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It is a special pleasure to return once more to this beautiful city of Bonn 
and to join together for this brief week with colleagues from the world over, 
temporarily insulating ourselves from the funding problems, the political Btrains 
and the nuclear danders of the transitory uorld of nan, and refreshing ourselves 
in the mutual search for an understanding of that one and only enduring Mature 
that governs us all. 
I. Introduction 

Eight year? ago I started my summary talk1 to the 1973 edition of this 
series of t>iar.njal gymnasia with the nap shown in figure 1. Who too lei then 
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anticipate that in the year ahead, as the frontiers moved forward, we would start 
discovering new worlds—of charm, of third generation structures—the heavy T 
leptonj and that in only a few years our progress toward achieving the dream of 
unification would be made with further confirmation of the Glashow-Salam-Weinberg 
ideas) that a theoretical edifice for a strong interaction dynamic* QCD would be 
constructed of gauge principles and would be extensively probed including in 
particular the properties and dynamics of gluonsi and that the phase map would 
change ita scale so extensively as shown in figs. 2 and 3. and in fig. 4 on a 
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logarithmic scale which is the one believed to 
be significant (except for new thresholds). 

The phase space has also become multidimen
sional as we study details of jets and of scal
ing behavior. We now asks what new scales are 
there ahead—the top quark, new generations be
yond the third, the grand unification scales, 
the w and 2° masses, spontaneous and/or dynami
cal symmetry breaking scales (i.e., elementary 
Higgs and pseudo-Goldstones)i preons? 

No spectacular new discoveries were report
ed at this meeting. Our zoo is empty, but very 
impressive progress has occurred during the past 
year and has been reported here: evidence in 
accord with general QCD behavior has accumu
lated. QCD is becoming a quantitative science, 
but we still have a long way to 90 before we 
know accurate values of a and how it "runs". 
Upsilonium and charmonium spectra and transition 
rates, and B and D meson decays have been 
reported. A new charmonium state has been 
observed which may in fact be the n y

Q . the first 
excited singlet state. Further evidence on 
gluons and their vector nature was presented Figure 4 
and the possible existence of gluonium, or glue-
ball states and maybe also of erypto-exotics has 
been described. The T lifetime has been measured, the limits of QED have been 
extended and possible candidates for axions have been reported. I have an 
impressive menu to summarise. Where to begin is a problem, when I summarized 
the conference here just eight years ago, it marked the end of an evolutionary 
period. A year later came the great November devolution of the J/*, charm, and 
the T lepton. So I predict another revolution, or phase change, by Christmas 
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1982. Perhaps that is why I was once again askod to summarise this Conference; I 
proved to be so successful a harbinger in 19731 £nd by a second revolution I 
don't just mean already predicted Z 1s and H's, but evidence anew that Nature's 
imagination is richer than ours as we cross new frontiers of the unknown.2 

The central topic of this Conference is the status of QCD. How decisive is 
the current experimental basis of QCD? J refer here to tests of behavior beyond 
the simple, or naive, parton model, for which it provides a justification in 
aeroth order, and thus we most come ta grips with dynamics. This is very 
difficult since we are dealing with a theory that must explain color confinement 
and therefore, in general perturbative calculations in terns of quarks and gluons 
are inadequate. The most fundamental test of QCD would be ita ability to explain 
confinement and to predict the hadron mass spectrum. Confinement has been 
strongly suggested by the lattice gauge calculations3 of K. Wilson, M. Creutz and 
others for a world with no flavor, but the observed hadronic mass spectrum has 
proved to be beyond the caleulational power of theoreticians so far. Our present 
choice then is to identify those observable processes amenable to a perturbative 
calculation or to identify those relations between physical processes insensitive 
to strong dynamics and to test them decisively using the operator product 
expansion method to separate out the short distance, or "hard", behavior that is 
known on the basis of the asymptotic freedom character of QCD from the 
nonperturbative or "soft" interaction parts. 

II. Electron-Positron Annihilations Total Cross Section 
The total e*e~ annihilation cross section to hadrons, o(ee • hadrons], 

is the goldplated process for QCD because as fig. 5 illustrates this process at 
high energies probes only the commutator of the 

/
„,,/ir u • t electromagnetic currents at the tip of the light 

6 <pHW«U,iO)]IO/ii < c o n e . Hence distances comparable to the dimensions 
j. of hadrons, where the physical behavior is sensitive 

q ni4E(„, _ iil.'S>̂  to the nonperturbative phenomenon of confinement, do 
not enter. Only the short distance behavior of the 
theory affects the results—and aB a result of the 
asymptotic freedom, or weak coupling, behavior at 
Short distances, we can apply perturbative QCD 
(PQCD).11 This is a process with no mass 
singularities and can be calculated by a presumably 
safe expansion in powers of the strong coupling 
constant a ( E 2 ) which decreases logarithmically for 
large er.-.igy E and is < 1/3 for E > S Gev. it is 
not a series in a (G2)[tn E/mln which could, and 
usually does, exponentiate into large corrections5'6 

Figure 5 |i.e., phase changes, anomalous dimensions, etc.). 
In the parton model the ratio H of 

o(ee * hadrons) to the point!ike process s>(ee + pj>) 
simply measures the sum over flavors and colors of the squares of the auark 
charges. Corrections to this have been calculated through order o| in QCD-. 

„ . j of [i + p . + c 2 ( ^ ) 2 ] + o((^3 3 ] ,i) 
At 30 GeV collision energy the first term gives an increase of roughly 5* above 
the sum of squares of charges. The coefficient C 2 is known from several 
independent and mutually consistent calculations; its numerical value depends on 
the specified renormalization procedure,5 but in any event is less than It. 
1 have four comments to makei 
1. In terms of testing QCD, and in terms of looking for evidence of possible new 
particles, it is impossible to overemphasize the importance of measuring R to an 
accuracy of about 2*. QCD has no easy or even credible "nonperturbative" escapes 
from a discrepancy Cor thie one process which is entirely governed by the short 
distance atructure of the theory. The preciae value of the QCD coupling constant 
depends on the scale parameter A. To second order. 

- ( * ! / 
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n. - number of flavors 
in the subtraction scheme of Bardeen7 et al,, the higher order perturbative strong radiative corrections are found to be small for both e +e~ annihilation and deep inelastic scattering.' If the latter process is used to fix the value of A very loosely between A - (100-500) HeV. H, in (1), is determined by first order QCD to better than 1 It at S » 1000 Gev 2; i.e., It * 3.84 and 3.90 For A - 100 MeV and A - S00 HeVi respectively. 
As difficult as it may be to determine R to • 2% accuracy, point-to-point, 

at perhaps 200 HeV Intervals over a very broad energy range, that information 
would be very valuable. Depending on A, the size of the a./» correction in (1) 
will differ in absolute value by 1-2% and will "run" in value by ~2l in the 
energy range 12-40 GeV. 
2. The theoretical analysis of H, including pED radiative corrections and the smoothing out of finite mass thresholds, has been performed by Barnett and collaborators8 so that the theory is in shape to meet such an experimental test. 
3. One needs to know R to better than 5% if there 1B to be hope in detecting integrally charged scalars (elementary Higgs or pseudo-Goldstone bosons In a bypercolor theory) which would contribute (asymptotically) 

AR - 1/4 Qjj or roughly yj^j s 71 
above the upsiion threshold. Do any such objects exist? Some theories conjecture9 that they may at masses of less than 10 GeV. ft color singlet "quark* of charge 1/3 would contribute - 3*j or an additional color triplet of charge 1/3 would add 9% to R. 
4. In making and interpreting fits to R we are assuming that the electromagnetic part of the process, i.e., the e +e~ annihilation via the electromagnetic currents, is well understood, this assumption can be made with confidence in the energy regime available for experimental study at PETRA and PEP because the measured electromagnetic cross sections are in complete agreement with the calculated cross section for + _ 

e e + u v 
eV 

Measurements10 have extended the limits on QED modifications to the point that 
AOED ~ 1 5 0 G e V o r' ir* t 9 C m s o f l*ptO" size 1 1 rtf £ 10" 1 6 cm. QBD remains at least 
f « the present our standard confident probe. Indeed we are now at the point 
that study of the angular distributions in Bhabha scattering, of the value of P, 
and of the front-back charge asymmetry in e~e • u p " production provides 
interesting limits on the weak-electromagnetic interference parameters in the 
standard model. For example, if mil four PBTBA experiments on »~e * u +u~ are 
combined statistically, as shown in Table I from Branson's talk, 1 2 one finds a 
3-standard deviation result for the front-back asymmetry with a value centered on 
the parameters of the "standard model" of weak-electromagnetic interference. 
Much more decisive data are still needed on this. 
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Table I Front-Back Asymmetry in ee * vv 

do 
•35 5- [P, {1 + cos's) + P 2 cose] + QED radiative corrections 

„2 
1 + 8 S g g; 2 « , 

S-H' 

H 2 

g » 4.49 x 10~ 5 GeV~2 

PP 7 , 1 0"« S gl * _ £ 2 " 
S-M^ 1+COS* 

PGP PETRA 

\u<*> Mark II Jade Hark J Pluto Tasso Average 

Observed -4 ± 3.S -11 i 4 - 3 * 4 + 7 • 10 -11.3 t 5 -7.7 - 2.4 

Expected 
(Standard 
Model) 

-4 -7.8 -7.1 -5.8 -B.7 -7.8 

Parameters of the "Standard Model" deduced from PETRA average 
(95ft confidence level) 
.31 < lgft! < 
sin2e„ a . 

.63 
25 ± .1 

To conclude this section I repeat, a measurement of R to an accuracy of a 
few percent would be of inestimable importance. Theoretically " has the 
following important features: 

• it is sensitive only to the short distance structure of the theory 
• one can calculate the corrections in powers of o„{s) 
• experimentally the highest values of s are available for this 

process and therefore the corrections in 1/s are small; 
already we have achieved s > 1000 GeV2 

• the absolute normalization of R is known, not just its functional 
variation over a limited kinematical range; note that at present 
energies 3/11, or more than 40%, of the contribution to R cones 
froa the "new matter," i.e., c and b quarks 

• values of « and of A cat) be determined free of any model 
dependence. 

Although we continually refer to QCD as a reference standard for analyzing 
the strong processes because of its royal pedigree as a local gauge theory, 
remain alert to the fact that its experimental roots are still far from 
quantitative. It is also true that a disagreement between R f c h and R #__ t would 
not necessarily be grounds to discard QCD, but might be evidence that Be don't 
underatand fully either the weak currents or the particle content of the theory 
in the relevant energy regiae—due to Higgs bosons, pseudo-Goldstone bosons in a 
hypercolor theory t or precursors of higher generations. In fact there is already 
same impatience at finding the sixth or "top* quark, although a very broad range 
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of mass predictions for it can be made, almost without theoretical input, as 
illustrated in Table II. 
III. Deep Inelastic Scattering 

The operator product expansion 
techniques as well as improved 
perturbation theory have permitted 
detailed analyses for many physically 
interesting and practically useful 
quantities beyond processes dominated 
by the light cone.='s Any tine a 
hadron mass scale enters a problem 
there is a nonperturbative element 
because the confinement scale also 
enters, as in the study of deep 
inelastic scattering illustrated in 
fig. 6. In the study of this process 
it is necessary to separate, i.e., to 

Table II 
Guesses for the Mass of the •Top* Quark 

11 t T 

2> =£ -

4) 

(2/3)' 
(-1/3)' 

3) -£ - — 1,35 GeV 
150 HeV 

smooth , ,„ „ v 

* n m ~ function o f ,N'°> 

23 GeV 

19 GeV 

43 GeV 

27 GeV 

Figure 6 

Figure 7 

These numbers are calculated using the 
"on shellBcurrent quark masses and are 
not renormalized by radiative correc
tions which may be significant. 
Estimate 12) is due to R. M. Garnett; 
estimate (4) is due to J. 0. Bjorken. 

factorize, the analysis into its hard parts and its 
soft parts. 1 3 The hard part of the process is that 
part dominated by the light cone and calculable 
perturbatively as a consequence of asymptotic 
freedom. The soft part is affected by the 
hadronization processes—and is not perturbatively 
calculable. However we can make progress if the 
dependence on the hard kinematical quantity, i.e., 
O 2 for inelastic scattering or p 2 for jet structure, 
can be isolated and treated perturbatively in OCD, 
while the soft part remains a multiplier, or better 
yet is related between different physical processes. 
In deep inelastic scattering the moments of the 
structure functions—i.e., weighted integrals over x 
from 0 to 1 are strictly given by the operator pro
duct expansion. The difficulty is, as illustrated 
in figure 3, that data are not available over the 
entire range of x. The structure functions them
selves, F(Q 2,x), are sensitive to QCD behavior away 
from the light cone by distances comparable to the 
confinement length, ~ 1/H. ,. , as illustrated in 

naoron 
figure 6. However we can use theoretically known 
properties of F(Q2,x) to analytically continue it 
starting from a very precise parametrization at any 
one value of Q 2. In practice, this continuation 
requires that we have precise data over a range of 
values. Similar continuations can be made in the 
analyses of jets although as yet no proof of the 
analytic structure has been given. 

Intuitively, we expect scale breaking of 
F(Qz,x) in QCD because of gluon radiation. This was 
first described intuitively by Kogut and Susskind 
and given a formal basis in the evolution equations 
of Altarelli and Paris!.5 As illustrated in figure 
7 the structure function is expected to grow at 
lower x values and to shrink for larger x > 1/2 as 
0 2 increases. 



i 

- 7 -

This can br; understood in terns of the increasing resolving power of the 
probing current.with increasing Q 2. what appears as a quark_on a larger scale is 
probed as a system of the quark with a cloud of gluons and gg pairs into which it 
cascades on smaller spatial scales. Hence the fractional momentum carried by an 
individual Quark being probed will appear smaller at high Q 2. Consequently, the 
structure function will shrink toward smaller values as C' grows. The rise 
(fall) of structure functions for snail (large) x is logarithmic with Q 2 due to 
the logarithmic dependence of aB itself. Thus, although the basic shape of the 
structure functions is not predicted, or calculable, from QCD, its Q 2 variation 
is. This in principle can be used to determine A and to relate different 
processes. It also can be used to determine the spin of the gluon—because the 
amplitude and angular structure for a quark to split up into a gluon and a quark 
of lower momentum, and for a gluon to create quark or qluon pairs, is sensitive 
to gluon spin. This in turn affects the shape of the scale breaking as a 
function of Qz as well as the relation with other processes. 

If this program fails to give consistent results for A and the structure 
functions when different processes are compared, the blame can of course always 
be attributed to imprecise data for analytic continuation, i.e., to the fact that 
the range of Q 2 values experimentally available is too limited. Also higher 
twist effects can lead to larger corrections as x approaches 1, as both Buras5 

and Mueller6 described in their lectures. These higher twist terms arise from 
graphs in which the struck quark subsequently interacts with other quarks and 
gluons (partons). They involve bound-state contributions and diguark correlation 
corrections and cannot be calculated perturbatively, but require introducing 
specific models or bound-state wave functions. 

In the study of deep inelastic scattering, or lepto-production, the operator 
product expansion of QCD provides a framework for systematically studying higher 
twist effects. However the hadronic matrix elements that enter can be computed 
only on the basis of specific models of the hariron wave functions, These have 
been studied now5 extensively in a Pock space wave function formalism by Brodsky, 
Lepage( and collaborators. A systematic analysis of the twist-4 contributions 
has recently been constructed by Jaffe and Soldate in the operator product 
expansion language, with matrix elements being evaluated on the basis of the MIT 
Sag model. 

With all these caveats in mind I summarize the status of inelastic lepton 
scattering (muon, neutrino, and electron) as presented to this conference!l< in 
Table III. 

TABLE III Deep Inelastic scattering Summary 

Observed scale breaking is consistent with a scale parameter 
A - 100-200 HeV 
BS 

The ntuon and neutrino data aqree within errors but there remains 
a 104 .-.irmalization difference with the lower energy SLAC/MIT data 
for electron scattering. This may be related to higher twist 
effects. 
The qluon distribution is, as expected, softer than the quark 
distribution and varies as - (1 - x l 5 - 6 . 
Higher twist terns are more important at large x, being enhanced 
by tl/tl-xlie (H 2/0 2]. 
The ratio, "R", of the longitudinal to transverse cross sections 
is small and positive but its variation with JC or Q 2 is only 
poorly known. "B" is proportional to a in QCD. 
There is no evidence for intrinsic charm at the It level 
(for x > 0.5} 
Observed patterns of jet broadening and energy flow in the final 
states give rough measurements of i , or A 

s B5 
The ratio of the "down" to "up" parton distributions decreases for 
x l 0.5 and shows a slow, if any, Q 2 variation as expected in QCD. 
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iv. Pinal States in e+e" annihilation 

The ftudy ot specific final states in e +a" annihilation, including both 
single particlas and jets, is a burgeoning industry. Kany masurements have been 
reported at this Conference10 up to the maximum energy of - 36.6 G*V, The 
physics cutout has been extensive and interesting, if not sensational, I review 
here five results that I found of particular interest! 

1. Multiplicity of charged particles 
2. The energy fraction in neutrals 
3. The question of scaling in the inclusive spectra 
4. Baryon production in final states 
5. Jet characteristics as signals of QCD. 

1. The mean multiplicity of charged secondaries has increased to a value of 
charged • 13 ± 1 at maximum PETRA energies. The energy dependence of 

The inclusive spectrum for charged particles, s(de/dx), with x t P/Vhsam, has 
n measured up to 36.6 GeV at PETRA. For 0.2 < x < 0.8 it is observed Eo 

<n>char<jed l s consistent with a logarithmic growth all the way from 2 to 36 GeV. 
However? as remarked by Feist," it is also consistent with a power growth 
• a1'* as predicted by Fermi in 1951 on the basis of a statistical model for 
hadron collisions. 
2. The energy fraction carried off by gamma rays and also the energy fraction 
carried away by ali neutral particles, including K 's and A's, have been measured 
at PETRA. They -.re roughly constant from 10 up to 35 GeV and equal, approximate
ly, 25% and 351, respectively. This means that the fraction carried off by neu
trinos is <10ti consistent with predictions of fractionally charged quark models. 
3. 
been measured up 
scale, within 20% experimental uncertainties, in accord with the parton model, as 
reported by Feist 10 in his talk. PEP results differ from this in that the same 
Mark 31 detector has compared its high energy spectra up to 29 GeV at PEP with 
SPEAR running at 5 GeV, and has also checked its 5 GeV data with Hark I. As re
ported by Hollebeek,10 it finds a substantial deviation from scaling. I have no 
theoretical prediction with which to compare the magnitude of the scaling viola' 
tion, but its trend with x is as intuitively to be expected. At high energy the 
spectra at small x < 0.1 increase due to gluon emission, which softens the x 
dependence in he same way as found in the scaling corrections to the structure 
functions in inelastic scattering. There are also data on the inclusive spectra 
for individual species. Hew results were reported for the neutral kaon spectrum 
l Ks + KL' w n * c h w a E measured to comprise 20% of all charged secondaries, 
independent of x. The p_ distribution of the R's ia also similar with that of 
nonstrange secondaries. 
4^ Baryon pairs are produced copiously. In particular, like sign pairs (pp and 
pp) were observed at PEP in 41 out of 110 baryon pair events, indicating that 
four or more baryons were produced 37% of the time. The baryons are observed 
only in a narrow momentum interval, 1/2 to 2 GeV, and do not constitute leading 
hadrons in their respective jets. However, it ia evident that diquark production 
must be a very important mechanism in forming the 
final jets as illustrated in fig. 8. 
5. Turning to jets, there is now a vast wealth of 
evidence obtained by very different analyses which 
support the general features predicted by QCD, in 
particular the J • 1 gluon contribution and run-
ing coupling constant. The PETRA groups in their 
presentation, as reported by Braunschweig,A° 
used Monta Carlo event generators and QCD produc
tion mechanisms for quark pairs and gluons to com* 
pare with the data. Several models of the hadron-
ization process were used (in particular, the Lund 
and Field/Feynmaii models) in order to reconstruct 
the event topologies. Detailed studies of the 
evenc structures in terms of p_ distributions, 
thrust, sphericity or triplicltj axes were made 
and, overall, a very good fit to first order QCD 
was achieved for a great variety of data. "2-jet" Figure 8 
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models all failed—including those defining hadronization with long p tails. 
They could fit oblateness but not the energy flow in the jets. The observed 
broadening and angular distribution among 3-jet events supports a j « 1 qliion 
interpretation. 

Ho clear differences vers established between gluon and guark jets, either 
at PBTRft or by Hark II comparing PEP and SPEAR data, but audi greater precision 
la needed to tie this point down quantitatively. The second order QCD correc
tions to the thrust distribution of jets were reported to be large and highly 
model dependent by Braunschweig.10 This result suggests how difficult it will be 
to attempt to determine e from analyses of jets. 

An alternative approach to the analysis of e +e~ jets is to Measure the ener
gy flow into calorimeters. One can study the energy moments in a given jet or 
the energy-energy correlation between two jets. Such studies provide less detail 
about the final states. Their interpretation relies on approximate theoretical 
analyses to leading log approximation. On the other hand, the advantage of such 
an approach is that one can directly describe the observations without recourse 
to a Monte Carlo model of the soft hadronization process. This makes it easier 
for me, in this summary, to describe what is being learned. I shall also rely on 
the energy moment analysis for persuasive evidence that a actually runs. 

_Consider first the energy flow into a set of calorimeters which cover a jet 
in ee annihilation. As one varies the cone anqle fi, i.e., the half opening angle 
of the individual calorimeters, the moment functions 

N 

l Ej e tJ 
alio vary. In eq. (3) N denotes the number of calorimeters covering the jet and 
n the moment. Theoretical predictions of the e dependence have been calculated:i 

for different moments using collinear kinematics and the leading loo 
approximation. 

The calculation follows steps in the cascade 
o. • gjx) + gll - x) 
g * q(x) + q(i - xj 

* g(x) + g(l - x) 
with successive decays strongly ordered in mass and perturbatively calculated for 
high mass states, when finally the "partem" reaches a hadronie mass the oerturb-
ative treatment fails but the calculation also stops since all products from that 
point on enter the same calorimeter as long as angle 6 is large enough. 

As $ increases to the point that one calorimeter, N •= 1, covers the jet the 
moments C (4) + 1 since all the energy is deposited in one calorimeter. For 
smaller 6, C nt«) will decrease. In particular, due to geometry alone, the second 
moment Cj(S), for example, would vary with the number of calorimeters as 

ZV w 1 .2 6 H 
where the last relation follows from the fact that N$? • constant in covering a 
jet with a fixed total solid angle. A deviation from this Quadratic dependence 
of C 2(t) would reflect additional physical dependence of the cascade process on 
t. The point is that larger values of 6 correspond to larger values of p_ 
and hence to smaller values of a running coupling constant •> as a function of 
P T or S. As shown in nollebeek's30 talk, such a dependence «-as, in fact, found 
by Hark II at PEP indicating that indeed the coupling constant does run. It has 
the eight qualitative behavior and a ~ .15-.16 at 30 GeV althouan I am not at 
all cure at this time how accurate a scale parameter A can be deduced from such 
an analysis. 

A study of the asymmetry in the energy correlation function between two jets 
is also sensitive to perturbative QCD behavior and allows a value of 0 to be in' 
ferred independent of details of the fragmentation process. In this aporoaeh one 
measures where the energy goes16--l.e., 

1 d* A . , 1 , ( I '»» I E* } 
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where the L E, and L E. are the sums over particle energies incident at 
angles {6i.*i) and (lL|]j, respectively, with x the angle between the directions 
of the two energy depositions; the sues extend-over all measurements H. By con
sidering two well separated jets—i.e., for 45 < K < 135 it is hoped that sen
sible and qualitatively reliable results can be obtained on the basis of perturb
ative QCD calculations for the emission of the initial hard quark pair plus 
gluon. There are no infrared problems in this region. The nonperturbative 
contributions to the hadronization process should be symmetric around x * */2» 
with gluon radiation required to produce any asymmetry. Therefore, the asymmetry 

n l * ' 0 Q I d COSJ! O C O S x J 

is proportional to a in lowest order/ corresponding to creation of a gluon jet( and independent of the soft hadronization. The observed asymmetry as reported by 
Bollebeek is consistent with the perturbative QCD result for a - 0.15 but 
higher order corrections are not all under control and therefore I can give no 
estimate on the numerical accuracy of this result. 

To summarize this section, all observed properties in the annihilation of 
e +e~ to hadrons can be explained naturally by QCD with spin 1 qluons. Ho other 
mechanism is known that can explain all the data, flowever, when we try to make 
quantitative conclusions, it is not possible to escape the fact that every pro
cess other than the total ee annihilation cross section, or H, involves some non-
perturbative ingredients. In order to illustrate the element of faith involved 
in invoking a model, or in extrapolating, as to how the quarks and gluons at 
short distances "hadronize" into observed states at large distances let us 
consider a toy world containing only massive quarkSi M, much heavier than the 
confinement scaler A, which is the intrinsic scale of pure QCD and characterise* 
the mass of glueballs in QCD. This toy world is vary different from our world 
with light quarks, m < A, in which perturbative QCD leads to each finite order of 
calculation and to leading order in m 2/Q 2 « 1 at high energies, to final states 
formed by soft hadronization processes as illustrated in fig. 8. However, in a 
toy world with only heavy quarks, H » A, these soft processes are excluded and 
the formation or a final state of glueballs of mass A, plus a heavy "oniurc" 
state, is suppressed order by order in perturbation theory by • M 2/0* << 1 at 
high energy. Indeed, production of hadrons at high energies in such a toy world 
would proceed primarily through the nonperturbative mechanism of string formation 
as illustrated in fig. 9. Such a nonperturbative contribution will always be 

present in a world with both light and heavy quarks, 
as recently emphasised by Gupta and Ouinn,** 
building on earl' 

ft 5 I & a t i o n c a n n o t "* * 
f i _ * 2 — * ff ,a? Furthermore, the 

to0(^~ T-^WX contribution to 
^^""B—i •.,—«—ST^ mated only if no 

V )f *ai»rtiii tioally bounded. 

building on earlier ideas of Bjorten. Its contribu
tion cannot be controlled in a I/O 2 * 0 Unit. 

the actual numerical size of such a 
a leading order process can be estl-

nonperturbatlve effects can be theore-
"oiutboii Eicajiy ooumied. This observation in no way dinin-

°"'"m ishes the need for making detailed experimental 
"a"'- ••"— studies of physical processes that require us to go 

beyond operator product expansions at short dis
figure 9 tances in order to compare data and theory. What we 

learn from then will shed important new information 
on QCD behavior beyond our present limited teats, 

but numerical and quantitative conclusions will in general be sensitive to 
nonperturbative effects and to corrections still to be analysed beyond the 
leading log approximations. 

in all discussions of QCfc there is great interest in the running behavior of 
a & and its dependence on the scale parameter A. The fact that a runs is not a 
fundamental new feature of QCD. It is the sign of the cunning to asymptotic 
freedom that differs from quantum electrodynamics (QBD). in testing QBD one sel
dom introduces explicitly the notion of a running fine structure constant because 
a has always been normalised on the electron mass shell for scattering in a uni
form external field with g • 0. Higher order radiative corrections have then 
been computed in terme of a, to the desired or needsd order of precision, 
although at present the measured hydrogen and muonium hyperfine structure and the 
electron and muon g - 2 values are demanding yet on* more order in precision 1 7 

from theorists. However, •• long ago as 1950 the running coupling constant was 
described in the pioneering work on the renormalization group by Gell-Mann and 
Low and by Petermann. An example of this is the difference in muon and electron 
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g - 2 values, which in fourtn order is - 2.2(a/*) z. This diCference is simply an 
expression of the difference between the fine structure constant when 
renoraalized by the vacuum polarization insertion for [ q 2 ) I / z - the mucin mass 
scale1* relative to its value for (g 2) 1'* - 0, i.e.. on the electron mass scale. 
V. The Mew Spectroscopy 

The new spectroscopy of particle physics has studied seven exotic new sys
tems, largely unheard of when we last met in Bonn, and all discovered since then: 
B, D, and P mesons, charmonium, upsilonium, gluonium, and cryp*?-exotics (or 
t-quark states). Many exciting and important new results about these systems 
have been reported to this Conference. They remind us of the importance of 
special purpose detectors and of precision studies at facilities that are not at 
the highest energy frontiers. 

The discovery19 at SPEAR of the n' which is believed to be the first radial
ly excited singlet state of charmonium, adds an eighth state to our Knowledge of 
the rich spectrum of bound states of the charmed auark and antiquark (co). 
Zn analyzing the bound states of massive quarks it is reasonable to rely on a 
static potential model for qualitative results when the quarks move slowly and 
the characteristic periods are long enough so that the gluon fields can be aver
aged into a static potential, including spin-orbit and spin-spin terms, relative 
to the instantaneous quark positions. 

For charmonium, with <v 2/c 2>j. - 0.25 and o s("j/ ) ~ 0.3, the potential 
model shouldn't be too bad, and the QCD radiative corrections shouldn't be too 
large. For states formed of more massive quarks such as upsilonium, the [bb) 
system, the predictions of a potential model should be more Quantitative since 
<v2/c2>_ • 0.1 and os(M.) - 0.23. For toponium, if it is ever discovered, at 
mass > 40 GeV, the system will even be more coulombic and static in character and 
truly~guantitative studies may be possible.20 In this connection, and to empha
size how rapid has been our progress in so short a time, I show in fig. 10 
the positrcnium spectrum. Only three transitions have been measured, but with 
what precision they are known, both theoretically and experimentally!" 

The n' fits naturally into the spectrum of charin-
onium as the n = 2 lSo state although the assignment 
is not yet detinite in the absence of data on its 
exclusive decay channels. Its mass splitting1''21 

below the *̂ is 
MJ , - M , = 92 ? 5 Hev 
* nc 

which is - 15% larger Mian theoretical calculations, 
including radiative corrections, of 80 t 10 MeV. In 
particular, there is a simple 'xoression for hyperfine 
splitting ratios in terms cf the leptonic decay 
widths, via the squares of the vave functions at th& 
origin: 

t"(»'-n;] 
«MlJ/*-n J 

ee 
.U/*> 

(4) 

The ratio observed for the mass splittings on the left 
hand side of (4) is 0.80 and for the decay widths on the right hand side is 0.62; 
it would be 0.44 if the decays were calculated in terms of quark masses coramon to 
hath the J/v end *' states instead of in terms of the f' to J/t mass ratios. 
This indicates the importance of including binding corrections, which are - 40* 
in this case. The values of the leptonic decay widths themselves are decreased 
by a factor {1 - (16/3)[a_[mj.t)/*]l - 1/2 by first order QCD radiative corrections. A number of different parametrizations in terms of theoretical potentials 
all agree with one another in giving satisfactory qualitative fits. 2 1 

From the above discussion one concludes that accurate quantitative fits to 
charmonium spectra are not possible. The study of the electric dipole transition 
rates from the *' to the n - 2 3 P 2 j o triplet gives ratios of decay rates in 
close accord with theory—i.e., (1/(2J+1)K3J r(»" + XJ+T) should be independent 
of J. but absolute rates are roughly a factor of two too low, again presumably 
due to large radiative corrections. 
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The radiative decays of the J/» itself -re of interest for the stud? of even 
Charge conjugation states, including gluonium or glueballs if they exist. To 
leading order in o s(iU/J - 0.3, the J/* decays to hadrons via a three-gluon 
state, one gluon being forbidden by color and two gluons by charge conjugation. 
The radiative decay via one geauu and two gluons is expected to occur 
(36/5) (a/us) (2/3) 2 - 10*. of the time and is thus a copious source of C «• + 
states. In this tray the Crystal Ball Collaboration at SPEhB1* reported the 
discovery of a 0 state at 1440 (ieV decaying to a < i and called-the 1(1440}. 
Evidence against its interpretation as the E(1420), the 1 pnrtner of the A, and 
DI1269), seems compelling, but.whether the i(1440] is a gluonium (or a glueball), 
or a radial excitation, or a qqqq eryptoexotic remains to be settled. Another 
vsry interesting new itute whose quantum numbers and quark configuration reaain 
to be confirmed in the 6(1640). It is suggested that its width of 2 2 0 ^ HeV 
is too narrow for a 2 * HIT bag state of gqqq and that it is sere likely a 
glueball. The QCD sun rule analysis of Voloshin and collaborators at ITEP in 
Hoscow, as reported in Shifman's talk, 2 0 favors a 2 glueball configuration. 

The spectroscopy of upsiIonium has yet to eserge from a sample as large as 
10 s or so decays as done for cbarmonium and so is not yet at the scrs level of 
precision and detail as achieved for the charmonium atom. However, this system 
is tnoie amenable to quantitative analysis, being even less relatlvistic, and 
already has taught us very valuable new information, 2 1" 2 First of all, the 
success of the simple potential model is entirely consistent with a flavor 
independent interaction, in accord with OCD. Also the absence of evidence of a 
string state between the n = 3 and n. « 4 excited JSj levels of T* and T " 
supports a very simple static potential picture of the bound state. The uosil-
oniiCT, radii are sufficiently small so th„t a multipole analysis of the hadronic 
decays via gluon emission can be made. In particular, the retardation factor is 

KR - (300 HeV) (0.2 fernii) - 0.3 < 1 . 
Thus in analyzing soft pion radiation in the hadronic transitions 

T " * T ' + mi 

nmhiMte **ponwtiA 

fef i P*»A» tr PCAC 

r,ne can approximately factorial the process as 
illustrated in fig. 11 and make a ntultipole ex
pansion of the gluon radiation. Following the 
procedure developed by Gottfried, van, and col
laborators at Cornell'3 the heavy quarks are 
treated nonrelativistically an£ their gluon 
matrix elements are given in electric dipole 
approximation by 

HE « r • i (5) 
Figure 11 where £ is the color electric field. The sub

sequent soft pion emission is then given by 
PCAC. Predictions from this multipole analysis 

are sensitive to the radius of the excited and ground states and in good agree
ment with the observations. Here the gluon radiation not characterized in a 
local gauge invariant theory by the radiated field strengths but expressed only 
in terms of potential amplitudes <as for J - 0 gluons, for example} the radii 
would be absent from (S) and transition ratios off by an order Of magnitude. 

The upsilonium system is also a very good factory of gluonium states. For 
energies off the peak the final state looks predominantly like the formation of 
two jets. On the T peak an analysis of the thrust indicates three jets are 
formed, corresponding to three gluon decay of a C • -1 state. The angular dis
tribution of the 3-jet axes indicates a gluon spin of J « 1. However, at ths T 
mass we are still dealing with relatively soft gluons so that predictions of per-
turbative QCD are not accurate. In fact, perturbative SCO predicts a 3-gluon 
distribution that is symmetrical and relatively flat in gluon momenta; whereas, 
what is ob=<-rved is two fast and one soft gluon. As reported to the 
Conference,22 the angular distribution of the fastest gluon relative to the beam 
axis is predicted to be 1 + .39 eoe2« for a gluon spin J - 1; whereas, for a 
J • 0 gluon the distribution would be 1 - cos 2e. After fragmentation of the 
gluon jet, the constant .39 is calculated to change to .20 * .03 for the 
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fragments and this is in good agreement with the observations at CBSB of 
.35 * .11. Similarly! the distribution of the noraal to the 3-gluon plane 
relative to the bean axis indicates unit spin for the gluon. 

Two theoretically important parameters in the T decay are the partial width 
to lepton pairs and the ratio of widths for T decay to 3 gluons relative to the 
decay width to muon pairs. The observed decay width to lepton pairs at CESS and 
DORIS agrees very well with predictions of static potential nodels for upsilonium 
as well as with comparable width predicted by the ITEP group based on the QCD 
calculations using the gluon condensate as described by Shifmann.20 

The calculation of the 3-gloon decay width has been carried through in a 
very important and impressive calculation by Lepage and HacKenzie2* 

*& . 10f«2 - ») 4 [1 • (9-1 * 0.5) i£li ] «> 

The very large numerical size of the radia'.ive correction in (6) indicates that 
this process cannot yet be used for quantitive determination of the coupling 
constant or scale parameter of PCD. Nevertheless, the approximate value of e 
is in good agreement with indications from the various jet analyses presented to 
this Conference and discussed earlier. I emphasize these results to make the 
point that when and if heavier onia states (toponium, etc.) are discovered and *re 
move further lntc the realm in which perturbative PCD can be applied wit̂ i some 
quantitative confidence, we will have further gold-plated tests of OCD i;. 
addition to the total annihilation cross section. 

The third excited state of upsilcnium T (4S) is a factory of B mesons. Thus 
we can anticipate accumulating quantitative results on the various decay modes of 
the B during the coming year or wo. These can be expected to be as valuable for 
understanding the decay mechanisms of the B as have been the very beautiful Quan
titative studies of K upson decay in the past, end as are the D and F meson 
decay* cf the present. In particular, we already know that many K mesons are 
observed in the semileptonic decays of the B. This indicates a predominant decay 
Chain of the bottom quark to the charmed to the strange cuark as is to be 
expected naively from the Kobayashi-Maskawa model with a small Cabibbo anole. 
Also the search for flavor changing neutral currents in B decays of the type 

B - t 7 x 
and other exotica have come up negative.22 This result puts stringent limits on 
models without a charge 2/3 "top" quark. 

One of the emerging threats to the "standard model" last year seemed to be 
the very large ratio of lifetimes for the D and n decays. A ratio of 10 as 
indicated by the initial round of experiments seemed larger than could be accomo
dated in the standard model. In particular, a spectator model which treats the 
light quark in the o system as being uninvolved in the decay or in final state 
interactions leads to the prediction 

T[D+] « T[D°) 
This threat to the standard model has now largely evaporated in the liqht of 
further experimental and theoretical results reported to this Conference. Indeed 
theory and experiment have established a detente with a "compromise" ratio 

•li^ 1 - 3 ± 1 . 

On one hand, the experiments, in particular photoproduction studies of charmed 
mesons, have orouqht this ratio of lifetimes down by a factor of roughly 
three. 2 5 At the sane time, extensive calculations summarized by Fritzscb2* indi
cate that, by turning the 'spectator* light guark into an "active participant' on 
the basis of OCD and its gluons, one can ilso account for a factor of 3 in the 
ratio. 

Many beautiful results on photoproduction were reported27 about which I have 
no comments to add except to say that itore and more the light meson spectroscopy 
advances as a quantative science. New results in the scatterinq of neutrino and 
antineutrlnos have come up with no surprises or dilemmas for our understanding of 
weak neutral and charged currents. The t lepton now has a lifetime reported from 
Mark II at PEP of T • (4.** 1.8) « 10" ! 3 sec which is In satisfactory'accord 
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with the prediction based upon t-u universality: T - (2.8 * 0.2) « 10~ 1 3 sec. 
He heard that two-gamma physics in the electron-positron scattering process 

in now experimentally under study 2 9 at the storage rings and that theory has a 
lot to say about this process,** illustrated in fig. 12. In particular, the two 

gamma decay widths of the even charge conjugation 
resonances can,now be measured accurately. This 
includes the 2 resonances and the o~ reso
nances. The production of 2 p mesons reveals an 
enhancement in the 4n decay channel in the near 
threshold. The structure of jets in the inclusive 
cross section has a tail falling as I/Pi which 
indicates the presence of a point coupling to the 
electromagnetic current tn addition to the softer 
vector meson dominance parts. Further, there are 
now initial studies under way ox photon structure 
function via the processes shown In figure 13, 
Finally, we heard a report of the axion search by 
Prcfessor Paissner and collaborators,31 but the 

final interpretation of this remains for the future. 
Theoretically, the axion predictions are very flexible 
and in the structure of grand unified theories1 one can 
accommodate at present without any difficulty either 
their observation or nonobservation. 

_ , « , . . . » " < I Z 7 0 I ' ' " i 
^ , -
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> -1 
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Figure 12 

VI. cy 
To sum it all up then, I would say that: 

Figure 13 1. QCO has made its mark and is here to stay with its 
J • 1 gluons. 
2, h quantitative determination of the strong coupling 

constant a , and scale parameter, A, remains for the future. The reliable 
processes from th» theoretical point of view for determining their values will be 
F or the study of the 3-glt>on decays of heavy onia still to be discovered. 
J. Very deep questions such as the scale of grand unification and the hierarchy 
problem, viz. why is the weak interaction lifetime of the neutron so many orders 
of magnitude shorter than the proton decay lifetime, or why is the qrand 
unification scale so much larger than the weak vector boson mass, remain beyond 
ojr understanding. 
4. All tneories, as so eloquently described in Professor_Okun's beautiful talk, 9 

lead us to expect to observe evidence of scalars in the ee annihilation process, 
whether they arise from dynamical or spontaneous symmetry breaking. Please find 
them! 
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