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ABSTRACT 

Selected topics in QCD phenomenology are reviewed: the development of 
an effective jet perturbation series with applications to factorization, 
energy flow analysis and photon physics; implications of non-perturbative 
phenomena for hard scattering processes and the pseudoscalar mass spectrum; 
resonance properties as extracted from the combined technologies of pertur­
bative and non-perturbative QCD. 

The long-standing, solid prediction of what is now known as "perturbative QCD" is the 

asymptotic Q2 dependence of the moments of deep inelastic scattering stn1cture functions. 

Its formal derivation1
) using the light-cone operator product expansion (OPE) 2

) and renor­

malization group equations (RGE) 3
) has now been reformulated") in the language of perturba­

tion theory. In addition to making the underlying physics more transparent, this formulation 

has the advantage that it can be applied to processes for which a light-cone analysis was not 
appropriate: Drell-Yan dilepton production, semi-inclusive lepton-nucleon and e+e- inter­

actions, high pT phenomena in hadron interactions, jet analyses, and photon interactions. 

The result is that there is now a basis for treating these processes in terms of a perturba­

tive expansion in the "running" coupling constant as(Q2
), where Q2 is a momentum transfer 

characteristic of the process studied, a procedure which had, in fact, already been adopted 

by optimistic phenomenologists 5
). 

I shall outline the arguments involved in the perturbation theory derivation of the 

moment equation, indicate how it is extended to other processes, and comment on various 

phenomenological applications. QCD perturbation theory is known to be inadequate on pheno­

menological grounds because it cannot account for confinement, and in fact non-perturbative 
phenomena have been discovered6

) through the study of classical QCD Lagrangians. I shall 

briefly discuss possible effects of these phenomena on the results of perturbative QCD. 

However, calculations of non-perturbative phenomena are in their infancy, and results obtained 

so far can only be considered as indicative. I shall air once again the U(l) problem, which 

is the issue as to whether the observed pseudoscalar mass spectrum is compatible with QCD, 

and finally, I shall describe the most ambitious att6npt made so far to calculate resonance 

properties using the full apparatus of perturbative and non-perturbative QCD phenomenology. 

There are other applications of QCD to hadrons, notably heavy quark decays 7
) and the proper­

ties of heavy onia8
), which I will not be able to cover. Recent progress in the calculation 

of electromagnetic form factors 9 ) will be reported by De Rujula. 

1. MJ\IBNTS IN PERTURBATION TIIEORY 

The standard prediction for deep inelastic structure functions takes the form: 

1 
Mr. (C() :: f x" F<:x,Qa. )dx ( 1 '1) 

(> 
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where x is the usual Bjorken scaling variable; 

is the strong coupling constant; Q0 is an arbitrary normalization point conventionally 

chosen so that a (Q2
) <a (Q~) « 1, and y is a computable mnnber ("anomalous dimension"). 

s s -1 n lO) -n 
111e higher-order terms in (Jn Q2

) are calculable , but the (Q2
) terms are partly due 

to controllable mass effects 11
) and partly due to "higher twist" effects which cannot be cal­

culated with present technology. Tilere are two obvious difficulties in confronting (1.1) with 

the data: experiments are carried out at finite Q2
, and one does not know a priori when the 

q-n terms will become negligible, and arbitrarily small values of x = Q2 /2mp11iad cannot be 

attained in finite energy experiments except for small Q2
• Whether or not present data con­

firm the predictions (1.1) is a controversial issue which will be discussed by de Rujula. 

We shall ass1nne their validity and sketch their derivation in perturbation theory, so as to 

display the intuitively plausible features of quark and gluon interactions which may then be 

generalized to the analysis of other exclusive and semi-inclusive processes. 

First recall the OPE-RGE approach, which is based on the observation that the deep in­

elastic scattering cross-section is related via the optical theorem to the imaginary part of 

the amplitude for forward Compton scattering of a highly virtual photon (or W, Z) by a proton. 

The latter amplitude is given by the matrix element between proton states of a time-ordered 

product of two current operators: 

(1. 2) 

The operator product expansion
2

) says that the non-local (q2 -dependent) time-ordered current 

product can be expressed as a sum of local operators with the q2 clepenclence appearing in mul­

tiplicative coefficients: 

where cl. is the dimension 
1 

determined by dimensional 

an implicit factor cl 4 x (cl 

of O. in 
1 

analysis: 

-4), so 

(1. 3) 

w1i ts of mass. The power of Q on the right-hancl side is 

the current J = qy q has dimension three and there is 
µ µ 

the total dimension of the left-hand side is two. For 

Q2 + 00 the dominant tenn is the one of lowest dimension. (In the Bjorken limit, one takes 

instead v = p•q + 00 , v/Q2 fixed; the leading terms in this case have lowest "twist" = dimen­

sion minus spin.) 111e matrix elements (p I Oi Ip) are unknown, but the Q2 dependence is con­

tained entirely in the Ci which are determined from the RGE giving the result (1.1) for the 

leading term. 

While this procedure is very formal, the result has nevertheless a simple physical inter-
. 12 1 3) 

pretat1on ' • Once the moments are inverted the deep inelastic cross-section can be ex-

pressed as a sum over point-like lepton-parton scattering cross-sections, with, however, 

Q2 -depenclent parton distribution functions: 

<r ("-a'"+ N ~ x) = ~ .fi<x,.t,,Q
1

) a- ct" .... f• ~x) . 
l x 

(1. 4) 
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'I11e influence of quark-gluon interactions is made explicit by the integral equation for the 

derivative of the distribution functions 13
): 

TI1e change in the probability of finding 

it was emitted by parton j at y > x via, 

or quark pair creation by a gluon. 'I11is 

(l. 5) 

parton i at x depends on the probability T. . that 
Jl 

for example, gluon bremsstrahlung by a quark (Fig. 

picture provides an intuitive understanding 12
) of 

la) 

the qualitative features of scaling violations. 1\s Q2 increases, the lepton probe resolves 

each parton into many partons and "sees" increasingly softer quarks and an increasing anti­

quark component. It has also the practical advantage that use of Eq. (1. 5) rather than 

Eq. (1.1) allows a test 14
) of the theory without data at small x. However, at this stage, 

if we forget the formal derivation (l.l)-(1.3), we are still speaking a parton language: 

the Q2 dependence of a is put in by hand and transverse momentllln is neglected. s 

qi (x) 
a) b) 

qi (x) 

a5Tqiqi(~) =~ a 5 T9i qi ( ~) = ~70< 
Fig. 1 Primary mechanisms for the Q2 evolution of structure functions: a) momentum soften­

ing via gluon bremsstrahlung and b) sea enhancement via quark pair creation. 

Next we turn to perturbation theory 15
). QCD, a theory of quarks interacting with mass­

less vector gluons, has many similarities with QED, the theory of leptons interacting with 

massless vector photons. Notably we encounter certain infinities in evaluating amplitudes: 

a) ":infrared" singularities; the divergence associated with soft-gluon emission (Fig. 2a) 

is cancelled by divergences arising from virtual gluon corrections (Fig. 2b); b) "mass" 

singularities occur when a quark omits ~1 collinear gluon because tho quark can remain on 

mass shell. If~ is the transverse momentllln of the gluon, the bremsstrahlung amplitude is 

a) b) 

+ + ... 

'fe k-0 

Fig. 2 Diagrams which combine to cancel :infrarecl divergences: a) soft gluon brems­
strahlung and b) virtual gluon corrections. 

(1. 6) 
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where the use of the running coupling constant in Eq. (1.6) takes into account virtual gluon 

radiative corrections. Mass singularities vanish in the sum over collinear configurations 

of fixed total energy which arc physically indistinguishable. Now consider a contribution 

to deep inelastic scattering illustrated in Fig. 3. Because the gluon bremsstrahlung spectnun 

di verges for small transverse momenttm1 [Eq. ( 1. 6) J, the favoured configuration has all k} and 

q} small and ordered: 

I 
I 
I 

2. l. 

) ~,_ i ') ... > ~ ~ T 

p fnnmc k, 

---------

k:: 
Fig. 3 Multigluon bremsstrahlung contribu­

tion to deep inelastic scattering 

1 1 

(1. 7) 

For inclusive final states, the stun 

over final-state configurations eliminates 

mass singularities arising from small qiT' 

For the incoming quark line, we have to 

integrate over all the kfr. Because of the 

form (1. 6) for the bremsstrahlung spectrum, 

this integration takes a particularly simple 

form: 

Next we perform the x integration; since 

the dominant contribution comes from small 

k~ we can neglect the transverse momenta 

of the quark lines. Since the scattering 

is from a quark of fractional momentum x1, 

it plays the role of the Bjorken scaling 

variable and we get 

J dx 1 b ( 1- X/x 1) j dx2 T (x,/x,_) 
b Xf 

1 

j clx" T ( x;-~ ) 1 C x" > ; (1. 9) 

X11-f 

where as T(x/y) is the amplitude of Fig. la. 111e folded integrals of formula (1. 9) can be 

unfolded by taking moments; integrating (1.9) over x weighted with xm gives 

t 
J Jx x"' [(I.~)) = ( Tft\ Y' 

0 

) 

1 
\M::: J d')(x,..•1 T<x) 

i) 

TI1e moments of the strncture functions are obtained by summing over n; the result is an 

exponential 

" k 

M"" oC~ ~ (-rl'l\~kQ'lJ' = 
" . 

e T...1' ha Q 4 : ( ~ Q.,1-)T wi 

l 

(1.10) 

(1. ll) 
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which is the same as Eq. (1.1) with T = -y • Actually, the procedure used, which incorporates 
Ill Ill 

virtual gluon radiative corrections by the replacement a + a (kT2 ) at each vertex, is a valid s s 
procedure as long as k.} is large enough so that each quark line is sufficiently off-shell to 

be insensitive to bound-state effects. For this reason the chain in Fig. 3 has been divided 

into a subchain with kf > m2 = O(GeV), to which the integration and sunnnation procedure des­

cribed above is applied, and a subchain with kf < m2
, which is left unspecified but which 

does not govern the Q2 dependence. 

Note that 

a) Taking the derivative of Eq. (1.11) we get 

(1.12) 

which is obtained from the Altarelli-Parisi equation (1.5) by taking the mth moment. 

b) TI1e result (1.11) corresponds to the "leading log approximation". For example, we neglec­

ted the lower end of the integrations (z. > ln ln m2 ) in Eq. (1.8) and the transverse 
1 

quark momentum. 

c) The perturbation theory result can easily be reinterpreted in terms of the operator 

product expansion. TI1e squared amplitude corresponding to Fig. 3 is the imaginary part 

of the "ladder" contribution to Compton scattering (Fig. 4), whic!1 by definition has 

only large momenta lk2
1 > m2 running across its rungs. Once the momentwn integrations 

are performed, one gets an effectively local biquark operator with a Q2 -dependent coef­

ficient. Adding on the "soft" rungs at the bottom part of the chain of Fig. 3 corresponds 

to taking the matrix element between hadron states. 

k2 >m2 
T 

<P joj P> = 

p p 

Fig. 4 Operator interpretation of the contribution of Fig. 3 
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2. FACTORIZATION AND JETS 

We saw that the favoured configuration for a hard scattering 1jrocess is one in which 

bremsstrahlung gluons are all nearly collinear with an incoming or outgoing quark line. 111is 

corresponds to a two-jet configuration. 111e first subdominant configuration is one in '"hich 

one high Pr gluon is emitted. 111is forces a quark far off-mass-shell, and one power of ln Q2 

is lost; the amplitude is then 

(2.1) 

In this order we have to have either k1T or q1T large with k. , q.> again all nearly col-1>1 1 1 

linear. If large transverse momentum is emitted further down the chain, all the quarks above 

::.t are forced off-shell so that more powers of ln Q2 are lost. 111e hard gluon (as well as 

soft ones) is of course also dressed with collinear fragments, and one gets a three-jet con­

figuration as illustrated in Fig. 5. M1at we see emerging is an effective perturbation series 

in as(Q2
). 

Fig. 5 A leading subdominant contribution to deep inelastic scattering or e+e- annihi­
lation giving a three-jet final state 

2 + -For example, to zeroth order in a (Q ) e e -+ two jets via a quasi-collinear configuration 
s 

analogous to Fig. 3; in order a (Q2 ) we get the three-jet configuration of Fig. 5, and so s 
forth. In addition, for a process involving a hadronic target or trigger particle, the soft 

piece Cl<f :s m2
) at the bottom of the chain is independent of the number of hard transverse 

gluons emitted at the top of the chain. This means that the hadron structure/fragmentation 

function is a universal factor. For example, if the inclusive deep inelastic scattering 

cross-section is 

(2.2) 
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the cross-section for the leading subdominant process with an extra-high Pr jet is given by 

(2. 3) 

where the cross-section on the right-hand side is to be calculated to lowest order in pertur­

bation theory using the effective quark-gluon coupling constant as(pf). 

This result is knrn,11 as "factorization" in the sense that the unknown function which 

incorporates the bound-state properties is independent of the number of high Pr jets observed 

in the final state. A more general definition of factorization arises in the description of 

a process involving more than one target, projectile, or trigger hadron. Factorization was 

first studied in the lowest non-trivial order in perturbation theor/ 6
). A quark structure 

function is determined in perturbation theory by writing the cross-section for deep inelastic 

lepton-quark scattering in the usual parton language: 

(2.4) 

where o(y + i ->- i) is the point-like cross-section (e.g. Fig. 6a) for scattering from a parton 

i, and f. 1 (x,Q2
) is by definition the distribution function for finding a parton i in a quark. 

1 q 
The total cross-section can be calculated in perturbation theory via diagrams such as those 

in Fig. 6. Next, one calculates the cross-section for the production of Drell-Yan massive 

lepton pairs in quark-quark scattering via diagrams such as that of Fig. 7, and one finds 

that the result can be expressed in the form 

0-lt~ -7/7-+x) = ~ ~.Y.i. {1iCJ<dtz;i(xz>[CJ(~+1~J;u·)+O(~Q-a) .. ·J 
(2.5) 

+ 0( ~~) / 

q q q 

~---q 

+ ... 

q 

Fig. 6 Diagrams for deep inelastic lepton-quark scattering 

Fig. 7 Diagram contributing 
to the production of 
Drell-Yan lepton pairs 
by quarks 
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where f.
1 

and f~/ are the quantities extracted from the calculation of (2.4), and 
_1 q + - 1 q 

o(i + i -+ µ µ ) is the point-like parton-antiparton aimihilation cross-section. TI1e struc-

ture functions in fact contain mass singularities 

= ~(x-i) +· .. 
) 

(2.6) 

but these arc absorbed in a universal factor, which means that [to O(l/Q2 )] the Drell-Yan 

cross-section is calculable in terms of the deep inelastic scattering cross-section. Keeping 

just the first te1111 in brackets in (2.5) gives just the usual Drell-Yan fonnula; the 0(1/ln Q2
) 

terms cai1 also be calculated, and a large amount of work has gone into their study and compari­

son with data 17
). 

Analogously, the fragmentation functions for partons into quarks cai1 be defined by cal­

culating perturbatively the cross-section for "one-quark inclusive" e + e - aimihilation (Fig. 8), 

and relating it to the fragmentation functions via the fonnula 

(2. 7) 

q q 

y + y + y 
+ •.. 

q 
g 

Fig. 8 Diagrams for + -
-+ q + x e e 

TI1en a calculation of the two-quark inclusive cross-section shows that it can be expressed 

as 

Similarly, the semi-inclusive deep inelastic cross-section contains as factors the quark 

structure and fragmentation functions: 

(2.9) 

+ 
where "y" is a virtual photon, a w-, or a z0

, and high Pr hadron production in hadron collisions 

contains three "soft" factors: 

()( 1 •f -> f ( P•) + X) ~ Z x~' f 1t (x) fj
11

, ( x') ])t'.i~ (2J [ <Tf i + j-'> k (B./i)+~) + ~·~;:D) 
(2.10) 

where the cross-section on the right-hand side is calculated to lowest order in the running 

coupling constant as (p:f) . 
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'foe results (2.5) to (2.10) have been shown4
'

18 J to be correct when leading logs are 

sununed to all orders, with the infrared finite O(ln- 1 Q2
) or equivalently O[c\ (Q2

)] corrections 

determined by the next-to-leading logs, analogous to Fig. 5, and so on. However, the results 

have been demonstrated only for quarks and gluons as target, projectile, and trigger particles, 

since perturbation theory caimot probe the bound-state properties of the theory. The hope is 

that the soft blobs at the end of the ladders remain Q2 -independent and factorizable in the 

presence of non-perturbative effects which are necessarily present. We shall conunent later 

on this point. 

3. ENERGY FIDW ANALYSIS 

Since the properties of hadrons arc not amenable to study in pcrturbative QCD alone, 

one would like to find tests of the theory which are independent of these properties. TI1is 

is the principal motivation behind the various tests of energy flow patterns in e + e - armihi­

lation which have recently been proposed. We saw that QCD perturbation theory justifies a 

perturbative expansion in the effective coupling constant. In e + e - aimihilation the dominant 

configuration is two-jet-like, as in Fig. 3; the first subdominant configuration contains 

three jets, all with large relative Pr= O(Q), and can be calculated from the simple quark­

gluon bremsstrahlung amplitude using as coupJing constant c\CPP = as(Q2 )[1 + O(ln-1 Q2 )]. 

On the other hand, for a 1- - qq resonance, the dominant contribution is a three-jet confi­

guration (qq) 1_ ~ 3 gluons. 

Just as the observation of a (1 + cos2 8) distribution for two-jet events, character­

istic of the production of point-like spin-! particles, gave strong support to the physical 

reality of quarks, we hope that various angular correlations which cai1 be measured in three-

j et events on and off resonance will show the patterns expected for spin-one gluons. \\lhen 

multijet events show up with clearly separated jets, their properties can be directly studied 

in ternis of the energies and angles of separate jets. I think that few theorists expected 

to be seeing so soon such beautiful three-jet candidates as were shown during the talks of 

Si::iding and Wolf. At lower energies, for example at the T mass, three-jet structures are not 

visible to the eye, and a number of analyses have been proposed for extracting the hypothesized 

underlying jet structure and measuring the spin of the gluon. TI1ese tests are all based on 

the principle of avoiding infrared and mass singularities by sununing over states which are 

physically indistinguishable in a theory of quarks m1d massless gluons. 1he smne criteria 

also minimize sensitivity to our ignorance of the mechanism by which quarks and gluons are 

forced to "hadronize" to form the final state which is actually observed. 

As a first example, consider the Sterman-l\'einberg quantity which measures the fraction 

of energy flow through a cone of finite angle. For example, one can calculate perturba­

tively19'2 o) the probability that a fraction i:: of the total energy in e+e- aJUlihilation lies 

outside a region defined by two back-to-back cones of half-angle o. This quantity diverges 

if i:: or o is made arbitrarily small: 

(3.1) 
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'l11is divergence reflects the fact that for small s and o, one is approaching a perfect two­

jet configuration which is sensitive to quasi-collinear or soft multigluon emission, and the 

perturbation series no longer converges. So in order for such a test to be useful, one has 

to choose s, o sufficiently large: 

(3. 2) 

In addition, we know that jets have an intrinsic Pr spread, presumably governed by hadroniza­

tion effects which cannot be calculated perturbatively, but which are hopefully Q2 -independent. 

In order for these effects to contribute negligibly to the measured energy fraction outside 

a biconical region, we also have to choose 

(3.3) 

where <Pr> can at present only he detennined experimentally. 111at the criterion (3.3) is 
had 

still difficult to satisfy at energies as high as 10 GeV can be seen from Fig. 9, where the 

average energy flow as a function of the angle o, measured at 9.4 GeV, is compared with the 

QCD calculation21
). Nevertheless, such tests should become feasible at higher energies since 

the hadronization effects should fall like q- 2
, while the perturbative contribution drops 

only logarithmically. Figure 10 shows 20
) the probability, analogous to (3.1), for fractional 

energy flow outside the principal jet cones in deep inelastic scattering at two values of Q2
; 

the predictions are nearly indistinguishable. In addition, one can hope to improve comparison 

between theory and data by a re-summation of the perturbation expansion so as to account for 

the dominant contribution from multigluon soft/collinear bremsstrahlung, as will he discussed 

hy De Rujula. Since many of the hadronization effects are kinematic in that finite values of 

1.0 

ECM=9.4 GeV 

0.8 

0.6 

0.4 

0.2 

18° 54° 72° 90° 

8 

"1·ig. f) r,..., . ._.,..,..,...,,..,,..~~,... 0.,.. 21 ) ...... + ,1.-..+.-.. ·p.;th nrn """"'..,....Arl.;,...+.;An Fn."Y" +ho 
...._O _.. 1..JV.lll}JU.lJ...,;::, .ti VJ.. \...1.(.,1..\,.U 1·w..1.. li '-{V..L; 1--'.l...'----\..,L.L---.._ .. .1..V.l> --l.V,<, -..,~,,_~ 

average energy fraction outside a cone of half­
angle o 
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a) 

0
2

=10 GeV
2 

40 50 0 

30 

b) 

02 = 40 GeV
2 

10 20 30 40 50 60 

Fig. 10 The calculated probability2°) 1-f that a fraction E of the ener­
gy in the hadronic final-state rest frame in deep inelastic scat­
tering will lie outside back-to-back cones of half-angle o 

( c:), (o), etc., are directly related to the final-state multiplicity, a re-summation which in­

corporates multiqu<Jnta final state iv.ill more closely resemble the true mult.ihadron final 

state. Of course no improvement of the perturbation series will be able to reproduce the 

final confining stage of hadronization. 

The Sterman-Weinberg procedure tests only the perturbatively induced deviations from 

ideal two-jet events. 111ere are many other observables which can be calculated perturbatively 

and which are more specific to the search for gluon jets. The most popular energy flow varia­

bles are thrust 22
) (T), which measures the sum of parallel energies with respect to the axis 

which maximizes the parallel energy in one hemisphere of the event sphere; spherocity (S) 23
), 

which measures the sum of transverse energies with respect to the axis which minimizes that 

quantity; and spherici ty (S) 
2 4

), which differs from spheroci ty in that it measures the stun 

of energies squared. 11ffust and spherocity are "good" variables in that they are indistin­

guishable for physically indistinguishable collinear configurations, and therefore free of 

infrared singularities and insensitive to the details of hadronization in the limit of va­

nishing (pT) . Sphericity does not enjoy these properties, but is apparently 25
'

26
) better 

had 
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Fig. 11 Thrust distribution27
) for e+e- +hadrons at three centre-of-mass energies in 

order as in perturbative QCD. The solid (dashed) lines qqg show hard gluon 
bremsstrahlung without (with) hadronization, and are to be compared with a two­
jet model (qq)NP and the data28

) at 9.4 and 17 GeV (resolution smearing not 
unfolded). 

suited to data analysis than is spherocity. 

theorists and experimentalists. In Fig. 11 

111rust seems to enjoy the approval of both 

we show predicted thrust distributions27
) for 

e+e- +hadrons at three energies. The curves marked (qq)NP represent a simple model for 

hadronized two-jet events; the solid (qqg) curves are the calculated gluon bremsstrahlung 

contributions, and the dashed curves are their hadronized versions. The data points 28
) are 

at 9.4 and 17 GeV. Figure 12 shows 27
) thrust distributions on resonance, where (qq)NP is 

an estimate of the contributions from the non-resonant e+e- + qq background and the indirect 

decay T + y + qq. The solid (ggg) curve is calculated from T + 3 gluons, and the dashed 

10 1 

100 

10-1 

b I ,__ 
"CJ "CJ 10-7 
~lb 

10-3 

10-4 

10-5 

0.60' 0.12 b.84 0.9 

T 

Fig. 12 Thrust distributions 27
) on resonance for T + 3g 

with (dashed) and without (solid) hadronization 
effects. The two-jet (qq)NP background is nor­
malized to 1/6 of the three-gluon contribution. 
'Ihe data points 28 ) are with the two-jct contri­
bution subtracted out (resolution smearing not 
unfolded). 
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Fig. 13 Measured29 ) angular distribution of 
the sphericity axis and theoreti­
cal 30 J curve on resonance with the 
e+e- -+ qq contribution subtracted 
out 

line is hadronized. Figure 13 shows the angular distribution29 ) of the thrust axis with 

respect to the beam direction compared with the prediction 30 ) for the QCD T-+ 3g matrix 

element. The agreement is quite good and the assumption of scalar gluons, for example, 

cannot reproduce the data. 

As discussed by Soding, analysis of the T data in terms of the above variables shows 

consistency with the T -+ 3 gluons hypothesis and a clear deviation from the two-jet-dominated 

continuum. However, one would like more specific evidence for a three-jet structure of the 

final state. Analyses of increasing complexity, but still based on "good" (singularity-free) 

variables, have been proposed. For example, "triplicity"26
) (T3) is a generalization of thrust 

which measures the fractional energy parallel to the set of three axes which maximizes this 

quantity. Triplicity has the property that T3 = 1 for a perfect three-jet event; so measur­

ing both thrust and triplicity allows, in principle, the identification of an event as a 

three-jet configuration, as illustrated in Table 1. The analysis of the T final states in 

terms of triplicity has been discussed by Soding. Still more sophisticated analyses involve 

higher moments 31 ) in the (linearly combined) fractional momenta, up to a full reconstruc­

tion27' 32) of the energy flow as a function of the angle in the event plane. Other tests 30 • 33 ) 

exploit the fact that three quanta define three axes in the event plane, and various angular 

correlations (beam-jet, jet-jet, beam-event plane) can be exploited to test the spins of the 

final-state quanta. 
+ -As discussed by Soding, analyses such as these have been applied to the data in e e 

annihilation to look for the three-gluon decay of 1 onia, hard gluon bremsstrahlung in qq 

Table 1 

Range of T and T3 for different event type 

Event configuration TI:rust Triplicity 

1\vo jets T = 1 T3 = 1 

Three jets % < T < 1 T3 = 1 

Multi-jet \lz < T < 1 3/3/8 < T3 < 1 
l ... ~,"V',,-,. .,, 

= lt .,, 
·- 7 /7 0 

/2 J¥ ..;/u 
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final states in the continuum, and thresholds for new flavour production which are charac­

terized by low thrnst and high spherocity. Further applications include the study of cascade 

oniwn decays 2 7
' 
3 4

) • For example, the decays 

1-- -> '? ~~ 
4 ri~Jv-ovis 

) (3.4) 

- + + 
where P is a 0 , 0 , or 2 state, are predicted to be dominated by a two-gluon hadronic final 

state. Jet angular correlations with respect to the photon and beam directions are sensitive 

to the spins of the gluons and of the hadronically decaying state. 

Energy flow analysis can also be applied to the final state in hadron-induced reactions. 

The process 35 ' 36 ) 

J. +N-!) f.' + 3 jtts, (3.5) 

where two jets have high Pr relative to one another and to the target fragmentation jet, can 

arise from mechanisms like that of Fig. 5. It is found 36 ) that contributions to thrust and 

spherocity distributions have a much higher "hadronization" to "perturbative QCD" ratio than 

do the corresponding distributions in e+e- annihilation, while tests involving angular cor­

relations36) between the lepton and hadron planes appear to offer more promising tests of 

the theory. Other applications include 3 7
) 

(3.6) 

arising from the diagrams of Fig. 14, and 38 ) 

(3. 7) 

'Dle process (3. 7) is potentially very rich, as it involves in lowest order a variety of QCD 

perturbation theory diagranLs (Fig. 15), including the othen,rise elusive three-gluon vertex 

q .. 

.. 
Fig. 14 Contributions to the production of Drell-Yan lepton pairs 

with large transverse momentum 

X· + .y + ... 

,, /~"-
Fig. 15 Contributions to high Pr scattering in hadron collisions 
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Fig. 16 Calculated 39 ) angular distributions for 
jets from different fragmenting quanta 
in pp collisions at 540 GeV c.m. energy 

which is fundamental to the theory. Figure 16 shows a calculation 39
) of the angular distri­

butions for jets induced by different types of quanta in pp collisions at 540 GeV centre-of­

mass energy. Different quanta arise from different elementary scattering mechanisms, and 

their relevant importance depends on the parallel momentum of the scattered system, since 

the initial-state quanta have fractional momentum distributions which depend on their nature. 

If jet quantum nunmers could be identified, these processes would provide detailed tests of 

the theory. In any case they appear to provide a rich source of gluon jets. 

4. PHOTON PrNSICS 

As first discussed in terms of the operator product expansion40
), and more recently in 

the diagrammatic language41
) of perturbation theory, a real or quasi-real photon does not 

always act like a hadron. To see this 15
), consider the deep inelastic scattering of a highly 

virtual photon from a quasi-real one (Fig. 17). Just as for scattering from a proton, the 

favoured configuration is for the ki T small and ordered [Eq. (1. 7) ]. However, because the 

vertex at the bottom of the chain is point-like, the result of the kT integration is quite 

different. Instead of Eq. (1. 8) we get 

l. 
'l. 

1. 
k>11-1 T 2 k,T ( \(>l\,'1. T (Q '2. 

( d ~,.\ J IA '1 f t•'.-1, ot. J d k,,. ) ir1H1 ( 4.1) 

~.~h le,~ } ~'-Tt. )M ~2~ ~ .. ~~kl\~T R~tT 



y(Q) 

y (k2 :::Q) 

Fig. 17 Multigluon bremsstrahlung 
contribution to deep in­
elastic scattering from a 
photon 
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'!11e k2
1
, integration gives simply ln (k 2 T), which n ~1 

cancels the log in the k2 

1, integration, and so n-1 
on, giving simply a ln Q2 for the express ion ( 4 .1) • 

T11e x integration is the same as in Eq. (1. 9) , 

except that at the bottom of the chain the q -+ q 

transition function T(xn) is replaced by a y -+ q 

transition function TY(x ). Then taking the mth 
n 

moment and sumning over n gives 

( 4. 2) 

instead of Eq. (1. ll). The result ( 4. 2) is valid 

as long as knT > m2 such that as(m2 )/n « 1. In 

the case where the gluon emission chain continues 

down to some kJT '.S m2 before the quark-photon interaction closes the chain, the perturbative 

treatment has to be stopped at k2T = k~ T > m2
, giving the result (l.ll) with the low kT con-

n J+l 
tributions absorbed once again into a non-calculable, Q2-independent distribution function. 

However, since 

( 4. 3) 

the higher moments, which govern the high-x region, are suppressed much more strongly with 

increasing Q2 in (1.ll) than in (4.2), so that for large Q2 the contribution of (4.2) will 

be dominant except at very small x. In operator language, the result can be e:>,.1Jressed as 

follows. In addition to the biquark operator of Fig. 4, with coefficient O(a), there is a 

biphoton operator (Fig. 18) with coefficient O(a2). But while the matrix element of the 

biquark operator between photon states is a x [soft wave function], the matrix element of 

the biphoton operator is unity. T11e result 41
) for the photon structure function is shown 

in Fig. 19. 

Q 
Q. 

Q Q 03 

-x 
OOOQOOOOOITtiOYn 

~m 0.2 

k~ > m2 

ioon 0.1 

0 

Fig. 18 Operator interpretation of Fig. 17 

I 
Id 

I 
I 

I 
/ a 

,,.-:: 

b 

c 

0.5 1.0 

T11e functions xq~ and)xg Y in 
units of (a/n)tnQ2 41 

: a) xq 
for Ok = 2h ; b) xq for Qk 
= 1/ 3 ; c) xg; d) xq for Qk 
= % in Born approximation (no 
strong interactions). 
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TI1e photon has also a purely point- like 

contribution to hard scattering processes, so 

that processes involving real photons and large 

momentrnn transfers are dominated by two calcu­

lable mechanisms: a QED contribution (Fig. 20a), 

and a parton scattering contribution (Fig. 20b). 

'D1ese two contributions have different kinematic 

Fig. 20 1\vo calculable mechanisms for hard 
processes involving photons: 

characteristics which allow them to be distin­
guished42'43) experimentally and therefore test­

ed separately. Applications include production 

of photons 4 4
) with large transverse momentum 

relative to the jet axis in e+e- annihilation, 

a) point-like photon interaction 
and b) scattering from a parton 

J 
42 ,45) . + - . two-p1oton processes in e e scattering, 

and production of high Pr photons in photon­

hadron scattering43 ) These processes measure 

the fourth power of the 

Gell-Maim - Zweig charge 

5. INSTAI'<10N PHENOMENOLOGY 

charge of the exchanged quark and so can be used to distinguish 

assignments from those of the Han-Nambu model, for example46 ). 

TI1e study of non-perturbative phenomena in QCD has led to the observation
6

'
47

) that the 

physical vacuum is a superposition of states In> with non-trivial gluon field configurations 

which can be represented by: 

(5.1) 

where the angular parameter 8 which specifies the true vacUtun is a priori arbitrary. Ampli­

tudes for physical processes can be represented as vacuum-to-vacuum matrix elements of some 

(non-local) operator 0: 

(5. 2) 

where the equality on the right incorporates the fact that amplitudes involving tunnelling 

between vacua depend only on the difference v = n-n', and vis the topological quantrnn number 

(5. 3) 

i -i where F is the gluon field strength tensor and F its dual: 
~ ~ 

(5.4) 

The operator (5.3) is odd under P and CP, so that if 8 f 0, the aillplitude (5.2) violates P 

and CP as discussed in the talk of Iliopoulos. Here we shall ignore this possibility. All 
known solutions of the classical gluon field equations are self-dual or anti-self-dual: 

+ F' 
- 14v 

(5. 5) 
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The calculation of an amplitude (0) in (5.2) can be represented in a semi-classical approxi-
v 

mation as the corresponding Feynman amplitude in the presence of an external field with the 

property (5.3) and weighted with an exponential damping factor e-S, where S is the classical 

action: 

s I fd" Fi - i : 7j. X JI (X.) f" v (X} ::: + 
/f /' 

>O (5.6) 

for (anti-) self-dual solutions (5. 5). For small as, non-perturbative effects are strongly 

damped for large v. The case v = 0 reduces to the usual (zero external field) perturbative 

treatment, and the largest non-trivial field contribution is the one-(anti-)instanton con­

figuration 6 ) with v = ±1. This configuration corresponds to an effective external field 

localized at a space-time point z with space-time extension p. In this case a in Eq. (5.6) s 
is effectively the running coupling constant defined in Eq. (1.1) with the substitution 

Q + l/p, so that the effects of small instantons are increasingly suppressed. If processes 

involving high-momentum transfer are sensitive only to vacuum fluctuations over a space-time 

extension characteristic of the interaction, p "' l/Q, then retention of only the twmelling 

amplitudes of smallest action may represent a good approximation to non-perturbative effects. 

Tirn simplest such effect which can be studied is the non-perturbative contribution to 

e+e- + hadrons
48

), which is determined by the imaginary part of the photon vacuum polariza­

tion. TI1e one-instanton contribution is illustrated in Fig. Zla with quantum fluctuations 

(gluon exchange corrections to quark loops) neglected. The calculatfon differs from the 

free quark, or parton model, calculation in that the quark propagator has to be evaluated 

in the presence of an external instanton field 49
). TI1e amplitude is then integrated over 

the instanton position z and size p, weighted by a density fW1ction d(pA, mq/A). The size 

integration diverges for large p, but the imaginary part is finite and gives a correction 

to the cross-section ratio 

(J(e+C _..,ha6ro»5) 
<:rtete- ~.ft/-) 

q 

~_:-_:-,.riOl · · · · · ·"--Viz-~r--- ,/p ,' 
q - .... Instonton field 

a) 

h 

h h 

y(Q) 

h c) 

+ -
hg. L1 Diagrams tor evaluating instanton effects in a) e e +hadrons, 

b) 1 + h + 11 + X or e+e- + h + X, c) h + h' + 1+1- + X, 
1 + h + 1' + h' + X or e+e- + h + h' + X. 

(5. 7) 

b) 
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where Nf is the number of quarks with mq :S Q, and conventional estimates of A and mq have 

been used in determining the scale factor of 1 GeV. For Q :S 1 GeV the correction (S.7) is 

0(1), implying a breakdown of the approx:iJnation used, but it becomes rapidly negligible for 

higher Q2
, suggesting a nice rationale for precocious scaling: the resonance region neces­

sarily involves the non-perturbative aspects of QCD, but immediately above this region we 

recover the parton model results. 

As the next step in complexity we can consider processes involving a hadron as the 

target or trigger particle, i11ustrated in Fig. Zlb where h can be the target nucleon in 

deep inelastic scattering or the trigger hadron in one-particle semi-inclusive e+e- annihi­

lation. The corrections 50
) to the Q2 dependence again turn out to be ocq- 12

), but there is 

a correction 0(1) to the normalization. This is again intuitively plausible because the 

input quark distribution F(Q~) [or fragmentation function D(Q~)] is in any case not calcu­

lable in perturbative QCD and is expected to reflect the non-perturbative aspects of the 

theory which determine the properties of hadrons as bound states. 

Fina11y, we can consider the two-hadron semi-inclusive processes i11ustrated in Fig. Zlc, 

which can represent Dre11-Yan lepton pair production, one-particle semi-inclusive deep in­

elastic scattering, or two-particle semi-inclusive e+e- aru1ihilation. In the one-(anti-) 

instanton approximation these processes fail to exhibit factorization 51
). For example, if 

Fig. Zlb represents inclusive deep inelastic scattering, the resulting cross-section can be 

parametrized in terms of a structure function F(x, Q2
), but the Drell-Yan cross-section ex­

tracted from Fig. Zlc does not factorize in terms of the product of structure functions 

F(Q2 , x1 ) F(Q2
, x2 ). On the other hand, the Q2 dependence does factorize. If the moments 

of the structure functions are 

+ 0( Q-'1) (S.8) 

the appropriate double moments of the Drell-Yan cross-section take the form 

(S. 9) 

It is therefore of interest to test independently the factorization of normalization and of 

the Q2 dependence in double moments. 

As I emphasized before, the calculations done up to now are very rudimentary and should 

only be taken as indicative. Instanton phenomenology has also been applied to heavy-quark 
52) bound state systems , but the results depend on a cut-off which has to be imposed on the 

size integration53
). 

6. THE U(l) PROBLEM 
54) The U(l) problem arises from the manifest chiral synnnetry of the QCD Lagrangian: 

(6.1) 
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~vhere M is the quark-mass matrix. One can define vector and axial vector currents 

(6. 2) 

where a is a flavour index, which are conserved in the limit of vanishing quark mass, M + O, 

because in this limit the Lagrangian (6.1) conserves quark helicity. In the real world with 

finite quark masses, the symmetries associated with vector current conservation are observed 

to be approximate symmetries of the particle spectrum, while the "chiral" symmetries associated 

with axial current conservation are not. Chiral symmetry would imply approximately degenerate 

parity doublets; their absence is attributed to a spontaneous symmetry breaking such that 

the helicity-violating operators ~~ acquire (flavour independent) non-vanishing vacuum ex­

pectation values (qq) of 0. The original symmetry of the Lagrangian manifests itself through 

the appearance of massless (in the limit M + 0) pseudoscalar particles called Goldstone bosons; 

the action of an axial charge on a state jX) relates it to the same state plus the appropriate 

pseudoscalar. For the I = 1 axial current 

) (6.3) 

which is conserved form d = 0, the Goldstone boson is the nearly massless pion AjX) + jnX). u, 
The U(l) problem is the absence of an equally light I = 0 pseudoscalar, since the isoscalar 
axial current 

is also conserved in the limit m d = 0. u, 

(6. 4) 

In fact the last statement is not true in QCD. The "anomalous" .triangle diagram of 

Fig. 22 contributes a non-vanishing term to the divergence of the isoscalar current, while 

the analogous term for the isovector current cancels between the u- and cl-exchange contribu­

tions. More generally, for an SU(n) flavour-symmetric current 

Fi~, 7:7 Anom::i1011s rontrib11ti.on 
to the isoscalar axial 
current divergence 

(6.5) 
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the divergence is given by 

(6.6) 

The last term on the right of Eq. (6.6) can also be written as the divergence of a current 

= (6. 7) 

Then we can define a new "partially conserved" current 

= 

(6. 8) 

and we are apparently back to the same problem. However, the current A is not invariant 

under colour gauge transformations, so it has been argued 55
) that its m~trix elements, like 

those of quark and gluon fields, are unobservable, and the associated Goldstone boson is 

effectively confined. More recently, it has been pointed out56
) that non-perturbative effects 

violate chiral symmetry; the flavour singlet operator F• F which appears in vacurnn trnmelling 

1 . d [E (5 2)] · h f iev · h J · · f1 · · · 1 amp itu es ~q. . . vrn t e ·actor e 1s a e.1city-. ip operator since it coup es to 

qy 5 q through the gluon-quark coupling. 

However, it has been counter-argued 57
) that an examination of the Ward identities in­

volving only matrix elements of observable currents shows that the preceding remarks are 

insufficient to solve the U(l) problem. For example, if An is conserved, one gets the iden­
Jl 

tity 

(6.9) 
o< > n 

The right-hand side of (6.9) has to be non-zero because of the non-observation of a chiral­

symmetric particle spectrum, but the left-hand side can only be non-zero if there is a zero­

mass pole giving the contribution illustrated in Fig. 23. TI1is is one formulation of the 

U(l) problem. If we argue that the matrix element of Fig. 23 is unobservable, we have to 

consider instead the non-conserved current Aµ. 

P,, x( ...................... A_~ ........................... _ !'eso~ -~) 
' Pµ. l/p2 ~ 

Fig. 23 Pole contribution to the amplitude of Eq. (6.9) 
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For M = 0 we get the Ward identity 

;:
0 
]1<T(~(f)1C{o1 ts1.,>> = ~n <T(~ fo1'1's1-<)) + <~1-< > 

:: ~Ylt ~ <~o{ ~'"1"' > ) 
(6.10) 

where we have used the definition (5.3) and evaluated the amplitude between physical 6-vacuwn 

states, Eq. (5.2). The left-hand side has to vanish since there is no (approximately) zero­

mass pseudoscalar which can give a contribution like that of Fig. 23. 'D1en the right-hand 

side detennines the 6-dependence of vacuum expectation values of quark density operators; 

it can be solved by rewriting it in tenns of the combination (!qc/1 ± y 5 )qa), giving 

= ) ~.S(8!n) < q .c i-< >., 

I <1 o4 i" >0 (6.ll) 

1his means that in the chiral SU(n) limit, the vacuum expectation values of (qq) for the n 

massless quarks are 6-dependent, and furthermore if 6 f 0 they depend on the number of mass­

less quarks. 111is is contrary to our customary thinking, according to which (qq) is approxi­

mately flavour-independent and there is a smooth transition between the chiral SU(3) limit, 

where u, d, and s masses ca11 be neglected, and the still better approximation of chiral SU(2) 

symmetry, ms f 0, mu,d = 0. 

Is this limit-dependence a problem? Nature has chosen a fixed set of quark masses, and 

we cannot test experimentally the way amplitudes depend on how the chiral limit is approached. 

We have to rely on the experts to decide: at the time of writing, Crewther and Coleman are 

still arguing the issue. Crewther has offered a resolution57
'

58
) by speculating that the 

quasi-massless isoscalar Goldstone boson is absent only for isolated values of 6, one of 

them being the CP and P conserving value 6 = 0 which nature has apparently chosen. 

An alternative view 59
) is that an isoscalar "pseudo-Goldstone boson" docs occur, but that 

very large SU(3) symmetry-breaking effects in (qq)-(gg) mixing give it a large mass so that 

it can be identified with then'. 

7. RESONANCE PROPERTIES IN QCD 

As the final topic, I shall briefly describe the most ambitious attcmpt
60

) to date to 

combine results of both perturbative and non-perturbative QCD in a calculation of resonance 

properties. Just as the deep inelastic scattering cross-section is expressible as the imagi­

nary part of the matrix element of a non-local current-current product between nucleon states 

[Eq. (1. 2) ], the cross-section for e + e - annihilation into hadrons can be expressed as the matrix 

element of the same operator between vacuum states (vacuum polarization). However, in order 

to avoid the a priori uncalculable effects of thresholds and resonance structure for time-

like Q2
, it is more convenient to relate the cross-section to the vacuwn polarization through 

a dispersion rC'lation; defining 

<1 ( ;c1), j))(-1)) )=(J-"JY _Jzd!fY)lf(Q'-)_, 

Qi.= -rz >o, (7.1) 
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we can write a subtracted dispersion relation: 

(7. 2) 

Using the operator product expansion [Eq. (1. 3) J for the current-current product, the left­

hand side of (7.2) is expanded according to 

c2 u .... r/J· mc(<qo(~.,. > 
Q" 

(7. 3) 

Contributions to the three leading operators in the expansion are shown in Fig. 24. In per­

turbation theory the vacuum expectation values of quark and gluon density operators vanish, 

but we know that (qq) f 0 because of the chiral asymmetry of the vacuum and (F•F) f 0 because 

of vacuum tunnelling. In addition, there are the O(Q- 12
) non-perturbative effects discussed 

in Section 5. These are interpreted as a breakdown of the operator product expansion, which 

is therefore useful only for Q2 large enough so that they are negligible. To the extent that 

the right-hand side of (7.3) can be calculated fran theory, and the right-hand side of (7.2) 

can be evaluated using data, one gets a test of the theory. In particular, the leading term 

in (7.3) gives the asymptotic-freedom-corrected parton model result which relates R to the 

sum of squared quark charges. 

y q y .. 
7 \ q 

a) b) 

y 

q 

g g 

c) 

Fig. 24 Diagrams contributing to theleadingoperators in the current-current 
product expansion: a) unit operator, b) quark scalar density, 
c) gluon scalar density. 
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What one would like to do here is to probe resonance structure by chasing a value 

Q2 
<v 1 GeV which emphasizes the resonance region of the dispersion integral, but this 

presents two major problems. For such low values of Q2
, higher-order terms in the eA.'J)an­

sion remain important, and the integrand in Eq. (7.2) does not converge rapidly enough to 

damp high Q2 contributions to the integral. Shifman et al. have improved the situation by 

considering instead of (7.2) the quantity 

~ 
Q:n-> oo 

Ql-j,, = ft-12 

Then, instead of equating the left-hand sides of (7.2) and (7.3), one gets the relation 

(7 .4) 

m -'~ ~ '> 2 ' <r F > h 
~! M'f +~'I T"~~ ;,_., + .. 

(7. 5) 

This trick provides a double miracle: the right-hand side converges much faster for moderate 

M2
, and the integral on the left-ham side is rapidly damped for s > M2

• Therefore if we 

choose, for example, M2 = m2
, we can safely saturate the integral for the I= 1 part of the 

p A 

vector current with the p-meson contribution. The coefficient functions C. in (7.5) are 
1 

related to the Ci in (7.3) by 

(7. 6) 

and are calculated in the QCD leading log approximation. Some assumptions have to be made 

in evaluating the vacuum expectation values appearing in (7.5). The quantity m(qq) is deter­

mined by standard soft-pion techniques 

(7. 7) 

(F•F) can be evaluated for the preswnably dominant one-instanton configuration, but the size 

integration diverges. TI1e authors prefer to determine (F• F) from their analogous sum rules 

fur the channuniurn states, the result corresponds to an instanton size cut-off p < (200 ~·lcv)- 1 , 

which seems plausible. They also find a non-negligible contribution from the four-quark 

operator, which they approximate by 

(7. 8) 

and which can become large if the quark masses are very small. Using values of a arrl m s q 
which they justify on the basis of other calculations, they find [neglecting corrections 

0(1%)] 

rn excellent agreement with the experimental values 
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Equally remarkable results are obtained by considering currents with different quantum 

numbers, pseudoscalar densities, etc. 

However, the results appear to depend strongly on the choice of the parameters a and 
s 

mq, which are taken smaller than the values accepted by most theorists. For example, their 

value of as is the one extracted from lowest-order QCD charmonium analysis, which has been 

found to suffer large higher-order corrections 61
), rather than the higher values extracted 

from deep inelastic scattering data. In addition, the validity of their results depends 

on the ocq- 12
) non-perturbative corrections being negligible at the p mass. The effective 

scale parameter which was given as 1 GeV in Eq. (5.7) depends explicitly on m and a , and q s 
with the authors' undoubtedly controversial choice it is indeed< m . In spite of these p 
caveats, it would seem difficult to ignore the success their analysis has met with. 
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