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To go beyond the leading-order prediction [Phys.Jo in
Eq. (2) generally requires going beyond the leadlng
order formula (1) for US (Q2). In the next order 26

represents the 'scale of the strong interactions'. The
renormalization group and operator product expansion
enable us to expand physical quantities in powers of
as (Q2) :

(3)
,., ~~~~
~~ ~~'Kl 1

Introduction

Theorists now believe they know how to make asymp
totic predictions for (almost) all hadronic processes
at large momentum transfers. To an increasingly total
degree, perturbative QCDl can now be applied to any
'hard' scattering process previously the domain of the
parton mode1 2. The basic physical picture of the par
ton model is retained, but perturbative QCD enables us
to compute novel modifications, subasymptotic correc
tions, and interrelations between different processes.
Much of the theoretical work underlying this explosive
expansion of applications of QCD has taken place in the
two years since the last lepton-photon symposium3

• This
accounts for much of the difference in character between
this and theoretical talks at previous symposia, al
though many prophesies can be found there4,s, particu
larly in the 1975 talk of Polyakov4•

Another reason for a major change in the character
of these talks has been the increasing pace of
attempts 6,7 to make quantitative confrontations of the
'classical' QCD predictions and exper~ental resultsS- 10,
particularly in the domain of deep inelastic scattering.
The first -- and largest -- part of this talk discusses
and assesses these different 'classical' tests of QCD,
such as 0tot (e+e- -+ ~adrons)ll, the channonium
model 12 , and deep inelastic scattering structure func
tions 13 . The second part of this talk discusses the
'asymptotically free parton model'14,lS and its applica
tions to inclusive final-state hadrons in deep inelastic
collisions 16 , the Drell-Yan process 17 , jets 1S ,19, and
the interactions of real photons at large momentum
transfers 20. The third part of this talk introduces
the application21 of perturbative QCD to exclusive
'hard' processes such as fonm factors and wide-angle
scattering, which has excited much interest in the last
few months. Section 4 mentions some new directions
which go beyond the ritual re-slUTlllation of leading and
non-leading logarithms in perturbative QCD. Section 5
summarizes prospects and problems for exper~ental

tests and theoretical applications of perturbative QCD.

where 61 = 102 - 38/3 f, 80 = 11 - 2/3 f. There is a
new integration constant Awhich is again an hadronic
'scale', ~ut comparison of formulae (1) and (3) shows
that A r A. Indeed, we see that the non-leading-order
tenn O(l/ln Q2)2 has a dependence involving In In Q2,
which is inconsistent with the s~ple A parametrization
of Eq. (1). Unless care is taken, the parametrization
of subasymptotic phenomena in QCD using a A parameter
is meaningless, and there is no reason why the A's ex
tracted from the subasymptotic corrections to different
processes should agree. However, if one works consis
tently using higher-order fonmulae such as (3), one can
in principle interrelate the A parameters measured in
different processes.

A further problem is that beyond leading-crder,
different prescriptions for renonmalizing QCD give dif
ferent results, unless one is able to sum over all
orders of perturbation theory, which is likely to be
never possible. We are therefore stuck with mnbiguities
corresponding to the arbitrariness in choice of renonma
lization prescription at any given order of perturbation
theory.

1. Classical Applications

Our ability to make high-energy predictions from
field theories of the strong interactions rests on the
renormalization group22. The quantitative predictivity
of perturbative QCD rests on its unique23 property of
asymptotic freedom 24

: the renormalization group shows
us that its effective coupling at a momentum scale Q
decreases, as (Q2) -+ 0 as Q2 -+ 00. Traditionally, the
tool for applying the renonnalization group and asymp
totic freedom to physical hadronic processes has been
the operator product expansion2s • Most 'classical'
applications of perturbative QCD, such as 0tot(e+e- -+
-+ hadrons) and deep inelastic scattering, depend on
these three ingredients.

Solving the renormalization group equations for QeD
in leading order, we find2

4 the asymptotic freedom pro
perty

Much of the art in comparing higher-order calcula
tions with exper~ent therefore lies in the choice of a
renonmalization prescription which makes for rapid con
vergence in calculations of the process (or finite set
of processes) being considered. Even better, one may
look for predictions which are independent of the choice
of renormalization prescription. In general, it should
be remembered that different prescriptions (as well as
processes) are characterized by different A parameters,
which may, however, be interrelated in the context of
lligher-order calculations as we will see quantitatively
later on. Let us first see these remarks illustrated
by more explicit examples.

1.1 ~total(e+e- -+ y* -+ hadrons)

The naive parton model prediction from Fig. la for
the physical quantity R :: o(e+e- -+ y* -+ hadrons)/a(e+e--+
-+ y* -+ 11+11-) is 2

121\
(1) (4a)

where f is the number of 'operational' quark flavours The leadin~ QCD correction of Fig. lb -- ignoring com-
(4mq « IQ21) and A is an integration constant which plications 4 due to the transition from space-like
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(0) (b)

'minimal subtraction' scheme (MS), where we only remove
the poles in liE encountered in the dimensional regu
larization procedure29 • The bottom line in (4c) refers
to the 'minimal subtractlon' scheme MS, where all
associated factors of (In 4n - YE) have also been re
moved 30 • The corresponding A parameters [cf. Eq. (3)J
are related by

Another 'classical' (in the sense that it was
generally accepted at the time of the previous symposium)
application of rerturbative QCD is to the decays of
heavy quarkonia 2. We yisualize these decays as taking
place through a heavy QQ annihilation at a very small
distance O(l/~) into a collection of light quanta:
gluons g, light quarks q, and photons. The simplest
instance is the paraquarkonium lSo(QQ) ~ 2g (Fig. 2a),
which is identified in leading order with the total
hadronic rate. The leading:order QCD ~rediction for
this rate relative to lSO(QQ) ~ 2y is l

Comparing theory and experiment, we find 3l the results
given in Table I for a centre-of-mass energy Q = 6 GeV,
and J\\1S = 0.5 GeV motivated by the deep inelastic ex
periments to be discussed later.

We see that with a good choice of renormalization
prescription -- in this case the MS scheme 3 ° -- the per
turbation expansion converges well. The present experi
mental error is much larger than the theoretical
uncertainty -- it is of the same magnitude as the first
order QCD correction, while the second-order QCD
correction is an order of magnitude smaller. The
principal experimental uncertainty is systematic, and
the precision of present theoretical calculations makes
worth while an experimental effort to reduce this error
to or below the present statistical error. An over-all
error of 3% seems to be an attainable and desirable
target.

1.2 Quarkonium Decays

(4b)

(c)

~ 1. [R. :: 3 ~eC{ 1+

Fig. 1 QeD diagrams for e+e- annihilation: a) in
zeroth order; b) in second order; c) in fourth order
in the strong gauge coupling.

Q2 < 0 (where the operator product expansion and renor
malization group analysis strictly applies) to time-like
Q2 > 0, which should be all right away from new quark
thresholds -- gives 1 1

The next-to-leading QCD correction (Fig. lc) to (4a)
has recently been computed28 , and gives

The second-order correction depends on the renormaliza
tion prescription. The top line in (4c) refers to the

We have used the asymptotically free coupling constant
at the 'scale' of the bound state, although it is not
clear until (or even after) a non-leading calculation
whether this is the appropriate coupling to use. A

Table 1

Theory and experiment for e+e- -+ hadrons

Source of ~ ~V"~ ••• QED Quark ~ ......
Totalcontribution naive parton leading QCD vaCUlDTI mass next-to-leading

model corrections polarization corrections QCD corrections

Value of ~R 3.33 0.32 0.13 0.088 -0.029 3.84

4.17
Experimental va1ue 31 ±0.O9 (stat.)

±0.42 (syst .)
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Fig. 2 QeD diagrams for paraquarkonium decay: a) in
lowest order; b) in next-to-lowest order.

calculation of the first-order QCD radiative correc
tions (Fig. 2b) to Eq. (6) has now been done 32 , with
the dramatic result

use in the onilHll decay rate fonnulae, which may COllSis
tently give more rapi4!Y convergent perturbation series
than using the MS or MS schemes for onium decay calcula
tions.

1.3 Deep Inelastic Scattering

This is the truly 'classic' application of pertur
bative QCD underwritten38 by all the paraphernalia of
the o~erator product expansion25 and the renonnalization
group 2. Moments of the deep inelastic structure func
tions

(9)

are related to the matrix elements of local operators
of definite spin, whose asymptotic behaviour is ex
plicitly calculable13 using the renonnalization group
and asymptotic freedom. (The prefix N indicates that
the moments should be Nachtpersonnalized39 to continue
the definite spin projection down to finite Q2. The
predictions apply to moments of the full deep inelastic

'cross-section', so all elastic and quasi-elastic final
states should be included40

.) For non-singlet cgmbina
tions of structure functions (e.g. F~p-en, FyN+vN) the
predictions for the moments (9) are13

MIV ((Q.'LJ~ Arll~~~")-4
N
:d., .. ~ljL1- ~(H:i) (10)

~4~~1
j:z.J

while for singlet combinations there are two leading
tenus:

(12)

(13)

and that

TIle predictions (10) and (11) for the moments of the
structure functions can be inverted41 to give the evolu
tion with Q2 of the structure functions directly. We
will return to this later. For the moment we consider
proposed tests of the moment bellaviours (10) and (11),
which are the direct predictions of the traditional
approach to perturbative QCD.

Two simple tests of the behaviour (10) expected
for the non-singlet moments in QCD have been proposed8•
On the basis of fonnula (11) one expects that

(8)
15
4

r(3Po~ ~l~s)

r{ 3r2. ~ \,d~s) These two formulae test different aspects of the theory.
In Eq. (12) the slope parameters dN/~ 1ust reflect the

AnoUler interesting problem is whether, despite the spin of the gluon coupled to the quark4 , assuming that
large magnitude of the radiative corrections, the ex- the scaling violation comes predominantly from the
pected two- and three-jet structures of onium final lowest-order bremsstrahlung of a gluon(~luestrahlung').

states 37 (ISO, 3pO, 3P2 + 2 jets, 3S 1 + 3 jets) may This can however only be strictly justified in an
nevertheless survive. After some more of these onium asymptotically free theory, of which QCD is the only
radiative corrections have been calculated, it may even example. In lowest order, all vector gluon theories
tum out that there is a better choice than as (4rnQ) to yield
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where the top (bottom) line refers to the MS (MS) re
nonnalization scheme, respectively. Included_in the
left-hand side of Eq. (7) are gg, ggg, and gqq final
states. In this case we see that the QCD radiative
corrections (7) are enonnous whichever of the two (MS
or MS) schemes we use.

What lessons do we draw from this debacle? It cer
tainly seems that the conventional lowest-order calcu
lations 33 for other onium decays (3S 1 + ggg or ggy,
3Po, 2 + gg, 3P1 + gqqJ are inval id for channonium,
very questionable for bottomonium, and perhaps only
barely applicable to toponium decays. It is clear that
more calculations of radiative corrections to onium
decays are in order. Corrections to the 3S 1 + ggg pro
cess are probably an order of magnitude more complicated
than those for ISO ~ gg. Corrections to 3S1 ~ ggy
should be intermediate in complication, and topical
because of present measurements 34 of the decay rate and
photon spectnnn for J/l/J + Y + X. Corrections to 3po, 2+
+ gg might be relatively s~p1e to calculate, and also
very topical because of the apparent 3

5 discrepancy be
tween the exper~entallydeduced 36 and lowest-order
theoretical ratios of their hadronic decays:



Higher-order corrections
to In moment slopes

We see that the coefficients ~ of a are small, indi
cating a good ~erturbation expansion for In MN ver~U5
In MM plots S- 1 , with corrections to the slopes WhlCh
are 0(10)% at moderate values of Q2. The lowest-order
(QCDl) and higher-order (QCD2) slopes are shown.in
Fig. 3 to~ether with data from v and eN.scatter~ng ex
periments 9. The data are clearly conslstent wlth.the
QCD predictions, but the errors are too large to dlS
criminate between the lowest- and higher-order QCD pre
dictions.

Table 2

M N CMN

2 4 0.42

4 6 0.21

6 8 0.15

o SESC -GGM

• SLAC- MIT

-- QCD I

---- QCD 2

3

CI)

>

(17)

~N
2- ~ .1 ][1- - -t 4~

-::
~(Ni\) j~1 ~

(14)- '2.. P\ ..!.

~M \ - M(Mtl) + +fr~ j

while all scalar gluon theories give 43

2-

dw [1- N~t\) I (15);

tAft! J- M(M-tf)

[ I + o(~) -t O(';)~-t ... J (16)

The complete 0(0. In) corrections have been calculated
for both singletSand non-singlet moments 44 , and one can
discuss their effects on the naive lowest-order predic
tions (10) and (11) at presently accessible Q2. What
about higher-twist effects 45 ? These are expected to
modify the naive leading-order perturbative QCD predic
tion by a factor

The second Rrediction (13) tests the asymptotic freedom
as '\J liln Q of QCD: in a fixed-~int theory.where the
coupling constant as + constant a # 0, the rlght-hand
side would grow like a power of Q2.

Many questions have been raised about the relia
bility and significance of tests of these moment pre
predictions of QCD. What about higher orders. of QeD
perturbation theory? One expects them to modlfy the
prediction (10) by a factor

(19)

z 2
::i

Fig. 3 Leading (QCDl) and next-to-leading order (QCD2)
predictions for logarithmic moment slopes, compared with
data taken from Barnett 49

As for the plots of [MN(Q2)J-l/ dN [Eq. (13)J, it
has been shown47 that they should be linear in In Q2 to
a good approximation, but that the extraction of A2.is
very uncertain. In fact the effective A parameter In
troduced in Eq. (10) is inadequate because it does not
take account of the expected In In Q2/ln Q2 [cf. Eq. (3)1
corrections to the leading-order moment predictions, and
in addition the subasymptotic corrections are N
dependent, so that the effective A parameter should vary
with N 50. The simplest renormalization prescription
independent way of doing this in a manner consistent
with the expected In In Q2/ln Q2 corrections is S1 to
parametrize the moments by

(18)

where m is some typical hadronic mass scale. These
corrections are difficult to compute, and the magnitude
of their effects at present Q2 is largely unknown46 .
Faced by experimental problems as well as these theore
tical questions about the fonns of the moments, many
people suggest 45 that one should perform direct analy
ses of the Q2 evolution of the structure functions
themselves. We will return later to this type of analy
sis: for the moment we concentrate on the primary QCD
predictions [formulae (10) to (13)].

1.4 Higher Orders of Perturbation Theory

The first point we will study is the effect of
higher orders of perturbation theory44. In keeping
with the general principles mentioned earlier on, we
will be looking for quantities with a good (rapidly
convergent) perturbation expansion, and quantities
which are independent of the renormalization prescrip
tion used. How do the proposed tests (12) and (13)
meet these criteria?

It has been shown47 ,48 that the second-order per
turbation theory terms in (16) enable us to compute the
corrections to the lowest-order values dN/~~ of these
slopes. We find 47

tNt ~N (&'t) ~ (~~)

-t lM. MM (&~JN (\+ (;X., -~I :- -t ...J
d., otM fA"l

.9' ~ - ~ ~'L
where the dN, drvt are two-loop anomalous dimensions. The [M (~1.)1 ~~ ~ '1_ -4 ~ <2: ".. ]
coefficients Crv1N of as in Eq. (18) are given in Table 2_

4

.45_ N J (~m,~1N\L ~o ~~~~I\~
for some experimentally interesting values of M,N.:L "'/,,~, ) fl l ..



Not only are the A parameters dependent on N, they also
dependS 1 on which structure function is being analysed,
e.g. F2 or F3 • All the different AN may be related to
the basic scale parameter of as, which we take to be
N4S. Shown in Table 3 below are values of the AN for
different N and structure functions, all expressed in
units of l\MS.

Table 3

Theoretical values of AN

dence of A S3 • The AN come together as N -+ 00 but differ
at finite N, so that one should not be overjoyed if neu
trino and electron/muon exper~ents get identical values
of AN! The "BEBC/GGIvf' and "CDHS" values of AN are much
closer together than the published values. This is partly
because the expected In In Q2/ln Q2 behaviour in the
moment parametrization (19) was not included originally,
and partly because of differences in the assumptions
under which the data were originally analysed, which are
given in Table 4 S2,S4. The unifonn analysis asslDllptions
used here are indicated by asterisks.

N 2 5 10

F2 1.34 1.95 2.54

F3 0.98 1.83 2.48

Figure 4 shows some values of AN extracted from experi
ment S2 , and curves illustrating the expected N depen-

A e(p-n),fL(p-n)

o Q2>2,5

• GGM-B E Be Q2> I

xeD HS Q2 > 6,5

F2

F3

Standardizing the analysis on each of these four
points has the effect of reducing the previous apparent
discrepancy, as does the inclusion of In In Q2/ln Q2 cor
rection terms. As for the electron-muon data in Fig. 4,
the crossed lines indicate an analysis without the
In In Q2/ln Q2 term; the circles indicate our est~ate

of the likely effect of including it S2 . Since the AN
are plotted on a logarithmic scale, and since theory
does not predict the absolute scale but only the ratios,
the theoretical curves may be moved together up or down.
The electron-muon data nicely reproduce the trend ex
pected theoretically, while the neutrino data are some
what discrepant but perhaps not grossly so. (Notice,
however, that the CDHS AG is about 40% different from
the electron-muon AG, whereas they are expected to
differ by < S%; all is not rosy.) The value of AMS
corresponding to the plotted theoretical AN curves is
shown on the vertical axis. The different exper~ents

probably correspond to the range

So far we have discussed exclusively non-singlet
structure functions which should have the simple asymp
totic form (10) (where AN is related to moments VN of
the valence quark distributions) r~ther than the more
complicated form (11) (where the AN are related to mo
ments GN and SN of the gluon and singlet quark distribu
tions). The more complicated structure (11) reflects
the fact that there are two singlet sets of operators,
made up of gluons and quarks 13

, corresponding to two
different singlet paEton distributions. These inter
communicate by the qq and GG pair creation diagrams of
Fig. 5b, as well as the basic gluestrahlung diagram of
Fig. Sa. The dN± are generally positive, except that
d2- = o. This means that M2(Q2) -- which in parton
language measures the longitudinal momentum fraction
carried by quarks -- is a fixed constant asymptotically.
This asymptotic constancy reflects an equilibrium42 be
tween the diagram generating gluons from quarks (Fig. Sa)

1.0

0.5
AijS

>
Q)

~

z
<

0.2

0·35 ~-tV " (20)

~
(b)

98765

N

4:32

Fig. 4 Values of AN defined by Eq. (19) extracted from
experiment S2 and compared with the N-dependences expected
from Qcn S1 • The vertical scale on the theoretical curves
is arbitrary: they may be moved up and down at will. Fig. 5 Vertices controlling scaling violations in
Shown on the vertical axis is the corresponding value of lowest-order QeD.
AMS 30.

Table 4

Analysis differences between BEBC/GGM and CDHS

Number of Fenni motion Radiative corrections Quasi-elasticsflavours

BEBC/GCN 3 Corrected* Not included Included exactly*

CDHS 4* Uncorrected Included* Parametrized
approximately

*Assumptions used
in computing the
AN in Fig. 4.

-416-



(ZZa)
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Fig. 7 Singlet moments of F~(p-n) p1otted S6 as described
[Eq. (21)J in the text, and a QeD straight line fit.
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+
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I
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........
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z
><

electron and muon data for 1.13 ~ Q2 ~ 22.5 GeV2 is
shown in Fig. 7. The data are consistent with the ex
pected linear behaviour and with

while a similar analysis (not shown) of MS (Q2) yields

•
0.1

0.3

0.2

0.7

0.5

0.6

1.0 - ---obelion vector oLuon (a"'= 1/2)

---QeD

0.8

0.4

Fig. 6 Moments of F2(X,Q2) compared 55 with predictions
of QeD and an Abelian vector gluon theory.

0.9

and that generating quarks from gluons (Fig. 5b). The
value of the equilibrium point depends on the field
theory being considered, and is different for QeD and
an Abelian vector gluon theory55. Shown in Fig. 6 are
present values of M2(Q2) for vN and ~p scattering, which
are both consistent with falling towards the asymptotic
QCD value rather than rising towards the asymptotic
Abelian value.

and denote

where f and g are known functions and RN was defined in
Eq. (2la). A plot 56 of this type for M3 (Q2) using

These values of the gluon moments are not absurd 57 , and
indicate that the singlet structure function data, as
well as the non-singlet data discussed earlier, are not
glaringly inconsistent with QCD perturbation theory.

1.5 Higher-twist Effects

We now tum to the thorny question whether the per
turbative analysis makes any sense, or is invalidated
by higher-twist effects. (Note .that 'higher-twist' is
theoretical jargon13 for O(m2/Q2) corrections to leading
order QCD predictions -- to my knowledge it has no
rational explanation.) It is a fact 45 ,58 that all deep
inelastic scaling violations so far observed can be
fitted by higher-twist effects alone without aid from
the QCD logarithms (10) and (11). This ambiguity in
the interpretation of scaling violations applies in
equivalent forms to direct analyses of scaling viola
tions in deep inelastic structure functions and to
moment analyses. Shown in Fig. 8 are perturbative QCD
and higher-twist fits 4S to BEBC-GGM data between Q2 of
1 and 70 GeV2• They are equally good 59 .

Theoretically we expect46 the higher-twist effects
on moments to be relatively more important at large N
(structure functions near X = 1):

(Zla)

(2lb)

(2lc)

When we come to higher singlet moments, there is no
asymptotically constant solution, and tests of the QCD
prediction (11) are more subtle. An approach pioneered
by the BEBC-GGM group8, followed by Duke and Roberts 53
and put into its most recent fonn by Perkins 56 , goes as
follows. Introduce two quantities

.,- SN
IN -:

VtJ

then if we plot XN(TN/TNo) - XN vertically versus
XN - XN horizontally (where TNo :: TN at some reference
momentum Q~), we should get a straight line

-4f7-
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Fig. 8 Fits to moments of xF~N(X,Q2) using perturbative Fig. 9 Fits to the third and fifth moments of xF 3 (X,Q2)
QeD (solid lines) and higher-twist effects (dashed lines) (BEBC-GGM data) using S6 two parameters A and T.
taken from Ref. 45.

(23)

fit. However, since both T and A2 measure closely re
lated hadronic scales, it somehow seems unreasonable
that either T » A2 or that A2 »T. If we apply the
restriction T = O(A2), as indicated by the curves for
T = (1/2,1,2) A2 in Fig. 9, we find that the preferred
value of A is reduced by a factor of the order of 1.5.
It remains to be seen whether this is a reasonable guess
at the magnitude of higher-twist effects. We theorists
should strive very hard to get a better theoretical un
derstanding of the magnitude of higher-twist effects,
and we hope that more precise d~ep inelastic data will
help to resolve the present A versus T arrrniguity. At
the moment this is the greatest uncertainty in the
analysis of deep inelastic scaling violations.

1.6 Direct Analysis of Structure Functions

Is the moment analysis we have been discussing up
to now the best way of testing perturbative QCD in deep
inelastic structure functions? The theoretical advan
tage of moments is that there are precise numerical pre
dictions for their behaviour: slope of In Ms versus In
M3 = 1.456 + 0.27 as + ••• , but experimentally they
are difficult to measure (sensitivity to elastics and
quasi-elastics, badly measured high values of X, etc.)
It has been su~¥ested45,61,62 that we should return to
the old method of directly analysing the scaling vio
lations in structure functions. We now have more re
fined tools than we had previously for doing this, in
particular the Altarelli-Parisi 63 equations which ex
press the QCD effect on the quark and gluon distribu
tions in a direct, mathematically elegant way. For a
valence quark distribution,

(24)

(26)

N <.<

wllere T is a duaensional higher-twist parameter that
cannot be calculated at the present level of theoretical
understanding. From the fonn of (23) we see that ne
glect of higher-twist effects is only justifiable4o ,46,6o
for

so that QeD perturbation theory should be a good approx
imation only non-uniformZy in N and Q2. In order to see
which N obey the criterion (24) at any given value of
Q2, we need to know the value of T. Theorists 46 have
suggested that

where (PI) is a typical hadronic transverse momentum,
presumab y 0 (l/RN), where ~ is the nucleon radius. A
good fit to the totality of electron, muon, and neutrino
scaling violations requires 4s ,s6

If one tries a combined fit using T and the leading
order A as free parameters, as shown in Fig. 9, one
finds s6 that their values are highly correlated with
any ratio of T/A2 between a and 00 giving an acceptable
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(31)

(Q2 = 3.2 GeV2) to be expected from lowest-order QCD
with a leading-order A~ 0.45 to 0.55 GeV. The crosses
are extracted from SLAC data, and the qualitative agree
ment is remarkable. This method of analysis is cer
tainly promising: it remains to be seen whether it can
be made as interestingly quantitative as the moment
a~lyses.

(28)

(29)

Analagous formulae exist for gluon and singlet quark
distributions [With analogous functions Pq+g(z), PC7+q(z), After all these analyses are done, what is the pre-
and Pg+g(z)] and the O(a~) corrections in '(27) are6e~- ferred value of A? As was emphasized above, stating a
plicitly known. The formula (27) and i!s ~riends are precise value has meaning only when higher orders.are
logically equivalent to the moment predlctlons (10) and computed and included in the analysis: Then we fln~

(11), with that the effective A parameters are dlfferent for dlf
ferent processes. For example:

Because of this equivalence, there are equivalent am
biguities and uncertainties in the treatment of higher
order and higher-twist effects, etc. However, Eq. (27)
enables us to compute directly the scaling violations
at some (Xo,Q~) in terms of the structure function at
X ~ Xo and some Q2 < Q~. This means that we do not have
to mow the structure function at low X :5 Xo, and in
fact t~e forms of Pg (z) and of the valenc: q~ark dis
tributlons for X > ria are such that the pr1nclpal con
tribution to Q2(d/dQ2)2qV (Xo,Q2) comes from X only
slightly> Xo. This makes the Altarelli-Parisi 63 equa
tion (27) a convenient one to work with. We can either
use it in the differential form (27)61 or in an integra
ted form62 :

Table 5 lists the methods and results of several differ
ent second-order analyses of deep inelastic structure
functions. Some are moment analyses; some are direct
structure function analyses. They quote values for a
number of differently defined A parameters, which have
all been translated into equivalent values of AMs' using
(31) and other analogous formulae.

Table 5

A parameters extracted
from deep inelastic structure functions

-0.01

-01°-0 -0.01
NO

(32)o·sc.rtV

Type of analysis Type of Corresponding value of A~1SA estimates

IlP-lln }
A~2 0.45 ± O.l?F;p-en moments 52

XFvN moments 52
~lS 0.5 ± ?3

XF~N moments 52 AF3 0.45 ± O.l? (BEBC-GGM)
n 0.35 ± 0.2? (ClliS)

F;N,~N directly62
\1S 0.7 ± 0.3

F;(p-n) directly62
A~1S 0.53 ± 0.16

XF~N directly62 A~,1S 0.46 ± 0.21

It is perhaps surprlslng that there should be so much
consistency between the different analyses, particularly
bearing in mind the gross differences in systematics
between direct and moment analyses. A reasonable mean
of all these values is

with an unlmown error. The analyses quoted above ignore
higher-twist effects. In line with the discussion above,
the effect of a 'reasonable(?), magnitude of higher
twist effects may be to reduce AMs by up to a third.
Some people might ask what is the point of determining
A~ffi very precisely, since the effects of varying it are
apparently almost ~perceptible. But remember that the
mass of the proton is probably roughly proportional to
A, and some day we hope to calculate it! A more innne
diate hope is to calculate in grand unified theories
the proton lifetime L which is roughly proportional to
A4 for smallish variations in A. The most recent cal
culations 64 suggest that AMS = 0.5 GeV [Eq. (32)J cor
responds to L ~ 2 x 10 30 years, with perhaps an error
of ±l in the exponent. Another ±l in the exponent
comes from uncertainty in AMs; and people about to commit
several years to an underground life would clearly like
to see this uncertainty reduced.

OJ---+----+1~----1---+--+-__+_---+---+---+-:::;:;:EPI_r______l

-0.02

where the kernel K is known explicitly to O(a~).

Several comparisons of formulae (27) or (29) with
experimental data have been made 61 ,62. As an example,
see Fig. 10 taken from a paper61 which uses the origin
al differential form (27). The shaded re~ion indicates
the trend of scaling violation in Q2(d/dQ )2F~p-en(X,Q2)

Fig. 10 SLAC-MIT data at Q2 = 3.2 GeV 2 are used 61 to
deduce (shaded region) the logarithmic scaling violation
to be expected 63 at that Q2 as a function of X, and com
pared with the experimental scaling violations.
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2. The Asymptotically Free Parton Model

The 'classical' applications of asymptotic freedom
and perturbative QCD were those sanctified by the re
normalization group22 and the operator product expan
sion25 . These processes were also in the domain of the
naive parton model 2, which however was also applied to
many processes where the renormalization group/operator
product expansion approach was apparently not ap~lica

ble65 • In the last two years it has been learnt 4 in
QCD perturbation theory how to justify, modify, and
extend the parton model in the bulk of these applica
tions. Let us first state the general result for an
inclusive hard-scattering process, and then briefly
review the elements of its derivation.

Let us consider, as an archetypal hard-scattering
process, hadron-hadron scattering to produce particles
at large ~ as illustrated in Fig. 11. The naive par
ton model would describe this process using distribu
tions Pi(Xi) of incoming partons, Born scattering cross
sections, and final-state fragmentation functions
Dj (Zj) :

CJ:: ~ (1<,) f'2 (l(~ ~~:q. ~~ Ct.)) ~.,. (~+) (33a)

(In any physical process there will in general also be
convolutions over initial and/or final distributions,
and a sum over the collisions of different parton
types.) Perturbative QCD takes into account radiative
corrections to the basic hard-scattering process,
coming for example from gluestrahlung (cf. Fig. Sa)
and pair creation (cf. Fig. Sb). These QCD radiative
corrections have several effects. One is to introduce
a scale (Q2) dependence into the initial parton dis
tributions and final-state fragmentation functions.
Another is to introduce the effective running coupling
(1) into the formulae for the Born cross-sections.
Another is to add to the leading-order cross-section
calculable higher-order terms corresponding to a power
series in US(Q2). Thus Eq. (33a) is replaced by

0- = P, (X" <p'1-)1'2 (~2., <Q.1,)
)( crEcm. (~s((Jll.n + c(ols(~~) (33b)

'1~3+

" t>3 le~ ,Q1.) \).,.("4,(Q1)

Fig. 11 The generic asymptotically free parton model 14
structure for large PT hadron-hadron collisions.

The Q2 scale is generally of the order of the large
kinematic invariants which are (ideally) taken to 00 in
a constant ratio in the hard-scatterin~ process (e.g.
Q2 = SX 1X2 in hadron-hadron collisions 6. The initial
parton distributions obey the Altarelli-Parisi63 equa
tions (27), while the fragmentation functions obey very
'similar (transposed) equations. These Q2 dependences
come predominantly from collinear gluestrahlung or pair
creation, as indicated in Fig. 11. The effective coup
ling US(Q2) in the Born cross-section emanates from ver
tex corrections, while hard gluestrahlung and wide-angle
pair creation are parts of the O[US(Q2)J correction terms
in Eq. (33b). The initial (or final) hadrons in
Eq. (33b) may be replaced by real photons20, while pairs
of hadronic legs may be replaced by virtual intermediate
bosons (y*,W* or Z*) or lepton pairs, and analogous re
sults apply.

Many groups of authors have participated in the
justification of the asymptotic free parton model
(33b)14. A key observation, first made in the context
of simple low-order diagrams 67 , was that the large
logarithms In Q2/pi (where Pi is an initial or final
parton momentum) factorized, external leg by external
leg, and being universal could be absorbed into the
definitions of the Q2-dependent distributions Pi(Xi,Q2)
and D· (Z . ,Q2). These could then be taken from deep
inel~ti~ scattering or e+e- ~ h + X, respectively, and
used in a multitude of other applications. Particularly
elegant are diagrammatic analyses 68 of the leading and
non-leading logarithms of QCD which reveal how the re
normalization group results [Eqs. (10) and (11)] are
built up diagram by diagram, and in particular they have
the jet structure of the hadronic final states18,1~. An
interesting way of restating the results uses cut ver
tices 15 , whose definition and renormalization strongly
recall those of local operators, and suggests a basis
for the asymptotically free parton model which is as
rigorous as the operator product expansion in perturba
tion theory. Of course, in all these analyses it is
assumed that non-perturbative (e.g. confinement) effects
do not alter the conclusions of the perturbative analy
sis. This assumption has been vigorously criticized65 ,
but an equivalent assumption has always been made in the
renormalization group/operator product expansion analy
sis of deep inelastic scattering. However, it remains
true that it has not yet been proved69 that non
perturbative effects do not mess up the beautiful for
mula (33b). Anyway, let us now summarize a few of the
interesting applications.

e+e- ~ h + X

The inclusive hadron cross-section in e+e- annihi
lation can be used70 as the definition of the fragmen
tation function D(Z,Q2) (cf. Fig. 12), which violates
scaling in a calculable way analogous to deep inelastic
structure functions. These violations are small at high
(PETRA/PEP) energies, and may best be seen by comparing
low-energy (SPEAR-DORIS) and high-energy data, or by

+ ...

Fig. 12 QeD prediction for e+e- ~ h + X.
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looking more systematically at inclusive hadron produc
tion in the centre-of-mass region between 1.5 and
3.5 GeV. It would be interesting to see Z-moments of
these inclusive hadron cross-sections 71 •

£ + h ~ £1 + hi + X

Jets

One can easily compute, in the framework of the
asymptotically free parton model, the cross-sections for
producing multiple jets in hard-scattering processes,
e.g. e+e- ~ 3 jets I8 (Fig. 15), £ + h ~ £1 + 2 forward

The cross-section for this process (Fig. 13) can be
written as

(34)

We expect violations of scaling, and the o[as(Q2)] terms
violate factorization I6 and generate hadrons at large
PT 72 relative to the incoming virtual intermediate
boson (y*,W*, or Z*).

Fig. 15 QCD prediction18 for three-jet events in e+e
annihilation due to e+e- ~ qqg.

Fig. 13 QCD prediction for £ + h ~ £1 + hi + x.

jets + 1 backward jet72 , hI + h2 ~ 3 large ET jets,
etc. 75 . All one does in Eq. (33b) is discard the final
state fragmentation functions and put in a higher-order
Born term, e.g. for a 2 ~ 3 reaction such as q + q ~ q +
+ q + g in large Pr processes. The fundamental extra
jet process is e+e- ~ qqg ~ 3 jets I8 due to wide-angle
gluestrahlung.

Photons

'Hard' processes with an initial or final real pho
ton can be considered in a very analo§ous way to that of
the treatment of partons and hadrons 2 • There are con
tributions where the photon has a direct interaction
(Fig. l6a), so that the initial parton distribution (or

(d)(c)(b)(0 )

The s~ple-minded Drell-Yan cross-sectionl 7 of
Fig. 14 is modified to become

In this case the violations of scaling are small in the
kinematic region 4 < Mt +£- =Q < 8 GeV where most of the
data exist, but the subasymptotic as(Q2) corrections
cause a Zarge reno~aZization73 of the cross-section by
a factor 0(2).

Fig. 16 a) The point-like photon; b) its hard structure
function; c) its hard fragmentation function, and d) the
soft part of its structure function, as seen20 in per
turbative QCD.

fragmentation function) in Eq. (33b) is removed, and the
Born cross-section involves an incoming (or outgoing)
real photon leg, e.g. for deep inelastic Compton scatter
ing76 y + q ~ y + q, and its QCD analogue77 . There are
also hard processes probing the ~oint-like distributions
of quarks and gluons in a photon 8 (Fig. l6b) and ana
logously point-like fragmentation functions of quarks
and gluons into photons (Fig. l6c) , which are absolutely
calculable and grow ex: In Q2. Finally there are soft
'hadronic' contributions (Fig. 16d) to these distribu
tions which fall with the conventional hadronic powers
of In Q2. This analysis gives a complete description of
photons in 'hard' processes wllich amounts to an under
standing of the old puzzle about when, and why, the pho
ton acts in a point-like way.

The large PT cross-section of Fig. 11 is given al
ready in Eq. (33fi). In this case a satisfactory des
cription of the present-day lar~e PI data may need all
the scaling violations [Pi(Xi,Q), Dj(Zj,Q2), as (Q2)]
available there, as well as substantial non-~erturbative

initial and final (fragmentation) state (pr) '+ It
seems reasonable to expect a large renormalization of
this cross-section analogous to that for the Drell-Yan
process (35), but the relevant computations have not yet
been done.

After this brief resume of some typical hard pro
cesses, we will now turn to a more detailed discussion
of some of them which are of most immediate phenomenolo
gical interest.

2.1 Leptoproduction of Hadrons

As mentioned above, quark and gluon fragmentation
functions should obey analogues 79 of Altarelli-Parisi 63

evolution equations. For example, for a non-singlet
corriliination of fragmentation functions DTI+ - DTI-:
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bN are subtracted). We see that a large breakdown of
factorization is expected at moderate Q2, even for rela
tively small values of M and N. Data from BEBC neutrino
exper~ents80 find qualitative agreement with perturba
tive ~D expectations already in the Q2 range of 1 to
10 GeV2

•

+SId.~ ( ~Yl 1(X, <t'l) ~ (Yt I (Ql) cr( D(s l~lJ)
~l )tz

+ I~y,f~~ f[t(Yh~'l.)+q(y,)~"t)J3(Y~JCl'l.)
Xt x? + (:f\ii'> Y'l.) 1"(j (o(s(d)}~"

+ O( r;(s((9,'l)y

2.2 Lepton-pair Production

As was reported at this symposium81 , many of the
qualitative features of the naive Drell-Yan ~].Ct armihila
tion mechanism17 for lepton-pair production La ~ AI,
angular distribution a(l + cos 2 8), a(n+N)/a(n-N) +

~ 1/4, •.• ] are present in the exper~ental data. Per
turbative QCD retains the bulk of these predictions 14 ,
but has many sources of renormalization of the basic
cross-section:

Notice in the first line of Eq. (38) the factor of 1/3
from colour ,and the Q2 dependence of the annihilating
q and q distributions (XF = Xl - X2 and Q2 = M2
= SX 1X2). In the second line of Eq. (38) is the re
normalization of the annihilation diagram· due to vertex
corrections and soft gluon corrections (see Fig. l8a).
The portion~ n2 comes directly from the continuation
from space-like to t~e-like Q2 of (In Q2/p2)2terms in
volved in comparing deep inelastic scattering and the
Drell-Yan process. This correction factor is very
large73 . For example, if we take as (Q2) = 0.37, a not
unreasonable value in the presently accessible range of

(37)

16

13

10

16 201284o

4

8

16

12
M

20 .....-~r--oy--.....,.......--.,...--~-.....,

Since the splitting function Pet-+<} has the same fonn as
in deep inelastic scattering, tne moments of the frag
mentation ftmctions have similar logarithmic behaviours:

where the anomalous dimensions c1M are the same as in
deep inelastic scattering. Most of the 0[as (Q2)] radia
tive corrections in (34) have been calculated. The
violation of factorization to which they lead16 can best
be expressed by taking double moments of the inclusive
cross-sections (34) in both X and Z:

~ t«t) ~ r~X r~~ l,I-'2 1V1-
1 oller-

~~ Jo Jo ~X~~

X l~~t-y~-fA~~M ~~ [1+ CMN ~~?-) ~"3
Figures l7a and l7b show respectively the total connec
tion coefficient ~ (37) and the extent to which fac
torization is broken (pieces of ~ of the form ~ and

y

soft g

y

q

q

yq,q

(e)

y

(b)

108

N
(0 )

4 6

N

(b)

2o

10
y

8
q q

6 19 (0 )

M

4 16 q q,Q

2

Fig. 17 The coefficients (37) of a s (Q2)/2TI corrections
in i + h + i + hi + X: a) of the total correction, and
b) of the contribution that violates factorization. Taken
from Altarelli, R.K. Ellis, Martinelli and pi (Ref. 16).

Fig. 18 Corrections of o[as (Q2)J to the Drell-Yan cross
section from: a) vertex corrections and soft-gluon emis
sion; b) hard-gluon emission; c) gq collisions; and
d) qq collisions.
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y
q

Fig. 20 A possibly85 important higher-twist correction
to TIN -+ (i+i-) + X.

(39)

q

t

U- 1-) -t

__ 9

q

Present data do not seem to be sensitive to the scaling
violations generated by the 1/Q2 behaviour in formula
(39)85. However, there is an associated expectation of
a deviation of the i+i- pair angular distribution from
the naive (1 + cos 2 8). One experiment 86 does see such
a deviation from the naive angular distribution (see
Fig. 21), but it is not yet clear whether this is in
deed due to higher-twist effects or whether it could
be an effect of higher orders in QCD perturbation
theory.

It was reported at this conference81 that several
experiments see an apparent excess in the i+i- pair
cross-section by comparison with the naive qq pair
armihilation mechanism. This is an 0(1) effect com-
parable to the first-order perturbative QCD correc
tions shown in Fig. 19. Are the two related? It

Q2, then the correction is 1 + (1.1). Since the first
order radiative correction is so large at present Q2,
we cannot legit~ately expect that the higher-order
radiative corrections are negligible. It is clearly
very important to try to get some handle on these
higher-order terms. In particular, it may be that all
or part-of the large TI 2 terms exponentiate, analogously
to (In Q2/Rt)

2 terms in the Pr distribution of Drell
Yan pairs 8 • [We may note facetiously that e 1

•
1 = 3,

neatly cancelling the colour factor in the first line
of Eq. (38)!J. The third-line terms in Eq. (38) refer
to contributions with hard gluestrahlung (see Fig. l8b),
where one or the other of the incoming q and q starts
with a longitudinal momenttnn fraction Yi f Xi. The
magnitude of this correction relative to the lowest
order diagram depends on the M2 and XF of the observed
i+i- pair, as well as on the projectile and target used.
Figure 19 shows that it can be important 83 in pN -+
-+ i+i- + X at IS = 27 GeV, at XF = 0 for large T =M2/s.
The qg and qg tenns (Fig. l8c) are not so important; in
fact Fig. 19 shows 83 that in pN collisions they are
small and have a negative sign. The negative sign need
not shock us since the "a" in Eq. (38) has its (positive)
leading logarithms removed and absorbed into the qq
contribution. Adding together all the o[a~(Q2)J terms
in Eq. (38), Fig. 19 shows that in pN col11sions they
are expected to give ~a/ao 0(1) for all values of T.
A calculation has also been made84 of some of the
0[a~(Q2)J terms coming from qq scattering (see Fig. l8d).
This calculation is not complete in the absence of cal
culations of higher-order radiative corrections to the
fundamental subprocesses exhibited explicitly in
Eq. (38). However, it indicates effects which may be
small at presently accessible values of T $ 0.6, but
0(1) for T near 1.

2.0 ,..--.--r-------,r-----,r----r--..--,

Fig. 21 The observed 86 angular dependence of (~+~-)

pairs in TIN collisions, and the dependence estimated 89

from higher-twist effects, as a function of the longi
tudinal momentum fraction XF of the (~+~-) pair.
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Fig- 19 Estimates 83 of o[as(Q2~ corrections ~cr to the
naive Drell-Yan cross-section ao for pN collisions at
~ = 27 GeV.

Perturbative QeD also predicts the production of
i+i- pairs at large PT accompanied by a large PT gluon
(Fig. l8b) or quark (Fig. l8c) jet73

• We return later
to attempts 82 to describe the distribution when
PT «Q. A suggestion going beyond conventional per
turbative QCD is that higher-twist effects (see Fig. 20)
may also make big corrections to the Drell-Yan cross
section at large values of XF, particularly in TIN
collisions 85 • According to this analysis the TI struc
ture function (modulo QeD radiative corrections) should
resemble
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remains to be seen whether the experimental renonna
lization is a universal factor or whether it varies
with XF and Q2 as expected by perturbative QCD. [Only
the second-line correction tenn in Eq. (38) is univer
sal, and it decreases ~ l/ln Q2 at large Q2.] There
is also the important theoretical task of seeking a
handle on the second- and higher-order QeD radiative
corrections which are probably not negligible, and may
render specious the present apparent consistency of
theory and experiment. Life is certainly different
from deep inelastic scattering, where the higher-order
QCD corrections are rather difficult to pick out ex
perimentallySl.

2.3 Jets

A first prediction is that there should be a large
PT cross-section in e+e- annihilation, where PT is meas
ured for example with respect to the thrust or spheri
city axis. There should be scaling in the fonn

(41)

where XT = 2PT/Q. Indeed a big and increasing large PT
cross-section has been reported by the TASSO Collabora
tions7 ,8s. Figure 24 shows their data, with an eyeball

In any hard-scattering process the predominant QCD
radiative corrections are those due to collinear glue
strahlung and pair creation (Fig. 5). These give rise
to dominant configurations of jets of partons (Fig. 22)

Fig. 22 Dominant two-jet configurations in e+e- ~

-+ hadrons and ~ + h ~ '1' + hadrons.

-- two jets in e+e- aIIDihilation, one forward and one
backward jet in deep inelastic leptoproduction, and so
on6S . Wide-angle gluestrahlung and pair creation give
extra jets (Fig. 23). If the jets are suitably de
fined, e.g. by an angular cut-offlS,l~, then the pro
duction of each extra jet costs an extra factor of
as(Q2) so that, for example, in e+e- annihilation

N

~
u

~
~

N I- 100
~

"C

b
"C

b......

10-1

o 13-17 GeV
• 27.4-31.6 GeV

Scaling prediction
for 27/31 GeV

/
Eyeball fit

to 13/17 GeV~

1976 prediction

for 32 GeV

a jet perturbation theorylS'6S. Explicitly, the
three-jet cross-section is 1S ,37

(40)

where Xq q = 2Ejet/Q. We will now study the phenomeno
logy of wlde-angle gluestrahlung, with particular refer
ence to the exciting new PETRA dataS7 reported88 at this
symposium.

Fig. 23 Subdominant three-jet configurations in e+e- ~
~ hadrons and £ + h -+ £' + hadrons.

p2 (GeV/c)2
T

Fig. 24 The PT distributions found by the TASSO Colla
boration87 at different centre-of-mass energies, com
pared with an eyeball fit to low-energy data, a related
scaling prediction for high-energy data, and an inter
polation of a 1976 prediction18 based on e+e- ~ qqg.

fi t to their low-energy (Q = 13 to 17 GoV) points com
pared with their high-energy (Q = 27.4 to 31.6 GeV)
points. At PT > 1 GeV, scaling is broken by (50 to
100)%, but this may be partly due to the logarithmic
corrections expected in Eq. (41). Also shown for com
parison is an inte~olation from larger Pr of a 1976
absolute prediction 8 for the magnitude of the large PT
cross-section, based on the three-jet cross-section (40)
and the assumption that quark and gluon jets fragment
similarly -- an assumption supported by neutrino produc
tion80 and T-decay data71 at lower Q2. Encouraged by
this quantitative success of a QCD three-jet prediction,
we are then led to ask whether the observed87 ,88 struc
tures (Fig. 25) are indeed the much-heralded QCD jets68 •

First off, the third QCD jet is due to a vector
gluon, and we have no experimental evidence for this.
There is some evidence for the vector nature of gluons
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Fig. 26 Angular distributions in the centre-of-mass of
the two least energetic jets expected 90 for e+e- ~ qq +
+ vector gluon or scalar gluon, and onium ~ 3 gluons.

that the range obtainable at PETRA and PEP will not be
sufficient. Perhaps LEP will give us a long enough
handle to enable us to see a decrease in US(Q2), but
this is not clear either. We may have to content our
selves with the qualitative fact that US (Q2) is small at
large Q2 so that perturbation theory is applicable, as
suggested by the PETRA analyses S7 ,ss.

A predicted aspect of QCD jets is the violatidn of
scaling in the fragmentation functions D(Z,Q2) 79. It
is predicted that the scaling violations in gluon jets
should be larger than those in quark jets91, because the
probability of collinear gluestrahlung from a gluon is
larger than that from a quark. Observations of gluon
jets at different Q2 may reveal this phenomenon.

Another predicted aspect of QCD jets is that they
should not have fixed PT. For example, the cross-section
a(£,o,Q2) for events in which less than a fraction £ of
the total energy emerges outside two o~positely directed
cones of opening angle °is predicted1 to obey

(42)

(43b)

(43a)(1+ 2.Gtd- &j

tX.

from dee~ inelastic scaling violations s
,42 and from T

decay71, 9: to test the vector nature in the e+e- ~
~ qqg process, we should look at the angular distribu
tions of three-jet events. For example, the normals
to the planes of vector gluon three-jet events should 37

have a distribution

Fig. 25 Three-jet event reported by the TASSO Colla
borationS7 at the Bergen Neutrino '79 conference in
June 1979.

We may also look at the angles in the planes. For ex
ample, if we look at three-jet events in the centre of
mass of the two less energetic jets at their angular
distribution relative to the axis of the most energetic
jet, we find 90 the results shown in Fig. 26. Vector
gluestrahlung gives a peaked distribution which is
approximately

and onium ~ 3-vector gluon jet decay has approx~ately

whereas scalar gluestrahlung has approx~ately

(43c) If we require that f(£,o) be constant, and keep E also
fixed, we find! 2 that the cone opening angle

After testing the predictions (42) and (43) we will know
whether vector gluons are being observed.

The next question is whether the gluon coupling is
asymptotically free (1) as expected for QCD. To tell
this really requires a large Q2 range, and it is likely

(45)

where p(E,f) is a calculable power wllich is in general
< 1/2, indicating that the typical Pr of hadrons grows
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Fig. 28 Two-, three-, and four-jet contributions 99 to
yy ~ hadrons.

One of the most exciting developments in recent
months has been the growing realization21 ,lOl that per
turbative QeD can be applied to a large ntmlber of ex-
clusive processes at large momentum tr~sfers -- .
examples are elastic form factors and wlde-angle elastlc
scattering.

As far as pion form factors are concerned, it can
be shown that in a light-like gauge the dominant

3. Exclusive Processes

Those where the nested-loop momenta ki descend into the
low k2 region before reaching the photon, fall into the
'soft' hadronic part. In the language of the Altarelli
Parisi 63 evolution equations, the point-like piece is
due to an electranagnetic driving tenn97

at ~ ~ (j(,<Q") ~ e~ -(e..... ( X1+ (\_ (.)7.)
()~'L ~ -rn

+ o(~(m.1,) SI~Yr. (i)f (Y,(21.)+ _. _ (47)
"2,1\ t Y q"'<r Y .,

Perhaps surprisingly, the three-jet and four-jet cross
sections also scale in the same way -- there are no
relative powers of l/ln Q2 as in e+e- ~ y* ~ 3,4 j~ts.
The extra IfIn Q2 coming from the hard QeD vertex 1S
cancelled by a In Q2 coming from a 'soft' propagator.

At present, very little data exist on 'har~' pro
cesses involv:ing photons, and it would be very mter
esting to look for some confirmation of the perturbative
QeD predictions loo .

Among the most interesting applications of pertur
bative QCD to processes involving real photons are the
production of two, three, and four jets in real yy
scattering99 (see Fig. 28). The two-jet cross-section

Shown in Fia. 27 are calculations of the exactly com
putable 'reduced functions' f(X) and g(Z). For compari
son, the dashed lines are the distributions as they
would be in the absence of QCD renonnalization (the
gluon ladders in Fig. 16). The first-order QCD radia
tive corrections to y*y scattering have also been com
puted98. They tum out to be larger than those
characteristic of deep inelastic scattering from a
hadronic target, and particularly important at large X.
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Fig. 27 a) Structure function for y ~ q, the dashed
line corresponding to the absence.of QeD c~rre~~ions,

and b) ditto for q ~ y fragmentat10n funct10ns .

As mentioned earlier, photons involved in 'hard'
nrocesses may either interact directly, or through
~oint-like distribution and fragmentation functions, or
through a 'soft' hadronic component. The distinction
between the second and third classes was first seen in
a renormalization group/operator product expansion
analysis of y*y scattering78 • These results hav~ been
reproduced and extend:d in a dia~ramrnatic ana~ysls of
hard processes involvlng photons . Ladder dla~rams

predom:inate : those whe::e all loop momenta ~re 1~ the
k2 > A2 perturbative reglJne add up to the pomt-Ilke
forms (Figs. 16b, 16c)

with Q. Neither of the effects (44), (45) has yet been
seen; present-day jets seem to have fixed \1 and are
probably largely non-perturbqtive in origin9 . This
non-perturbative origin is perhaps reflected in the
apparent similarity of gluon and quark jet widths as
deduced from T decays7l, whereas perturbative QCD pre
dicts that, asym~totically, gluon jets should be wider
than quark jets9 .

Since none of the above QCD phenomena have been
demonstrated at PETRA, it seems that QCD has not yet
been proven by jets. It is not even clear that the
existence of any type of gluon has been demonstrated.
Even a simple uncorrelated jet model with a power-law
PT cut-off yields quite a few three-jet events 95 . Some
people 96 have argued that the best way to test asymp
totically free perturbation theory in e+e- annihilation
may not be via jets at all, but just via measurements
of the angular distribution of hadronic energy and of
energy correlations. However, the recently observed
three-jet events 87 ,88 certainly have plenty of dramatic
value, and they may well turn out to have been the dis
covery of the QCD gluon.

2.4 Photons
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power-law fall-off with Q2 consistent with dimensional
counting1os, modified by logarithmic factors which are
slightly more complicated than in the TI case, reflecting
the greater complication of the wave function evolution
equation and photon matrix element (see Fig. 30). The
leading behaviour is found102 to be

~

~M llQ7-) c{ t'<s(~~l~ ttiA?') &If (52)

There are still questions about the magnitude of
the subasymptotic corrections to elastic form factors.
Theoretically, they de~end on unknown aspects of the
hadron wave functions 2 • Experiments suggest they
should be important at present Q2, because the leading
order QeD predictions do not compare unequivocally well
with the exper~ental data (Fig. 31). It would be nice

(49)

(50)

(51)

-t .•.

)(. Xl {}~ ¢(X~)c2.t.) 4- 3~2! ¢(Xl)&')1
'"' toly,fJ.Yt <b(I- YI-Y~) vtxi ,y\) ~(Y\.)eY/

diagrams involve the two-constituent qq component of the
wave fWlction. The dominant diagrams at large momentum
transfers are the generalized ladder diagrams of
Fig. 29. Their first effect is to yield an evolution
equationl02 for the meson wave function at large momen
ta:

Asymptotically21

Fig. 29 Leading-order contribution to the meson form
factor in QCD.

where Xl and X2 (Y1 and Y2) are fractions of longitu
dinal momentum carried by the quark and antiquark in
the meson, ~ = In In Q2/A 2, and V(Xi,Yi) represents the
kernel due to one-gluon exchange. In the case of the
pion, the vertex T of the virtual photon is quite simple
(Fig. 29) and the form factor has the general structure

where fn is the usual TI + ~v decay constant (~ 93 ~~V).

Non-leading corrections to (51) can also be computed.
They are controlled by the same anomalous dmlensions of
twist-2 qq operators that appear in deep inelastic
scattering. Indeed, one can do the entire analysis of
the n form factor using the operator product expan
sion l03 , under suitable asslUTIptions about the behaviour
of the non-perturbative aspect of the pion wave func
tion. In the case of the vector form factor of the TI,
all non-leading logarithms can be controlled using the
renormalization grou~, but this may not be true for
other form factors I

0 .

When we come to the nucleon fonn factors, the
analysis proceeds analogously with only slightly more
complications (see Fig. 30). The dominant component of
the Lucleon is the simplest qqq part i02 . It gives a

.-
:._ T+>

Q)

0.4(!)

0. " +::l
.......

01 •
0 ,

s
(!). •0 •0,2 ••

•

Fig. 30 Leading-order contribution to the baryon form
factor in QCD.

Q2 (GeV2)

Fig. 31 QeD predictions 21 for a) the TI form factor and
b) the p form factor; the shaded areas representing
subasymptotic uncertainties.

302010o
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to have on the one hand more theoretical understanding
of the subasymptotic corrections to the asymptotic re
sults (51) and (52), and on the other hand to have
better data at high Q2 in either the space-like and/or
the time-like region. Even if one cannot measure
e+e- ~ n+n- at high time-like Q2 because of the back
ground from e+e- ~ ~+~-, perhaps one could measure
e+e- ~ K+~ or pp.

The analysis of elastic form factors can be ex
tended to many other exclusive processes at large
momentum transfers, such as quasi-elastic form factors,
the production of individual hadrons, exclusive weak
decays of particles containing heavy quarks, and wide
angle elastic scattering. In general, dimensional
counting laws 105 will be reproduced for the powers of
Q2, with calculable corrections which are 1 02 for cross
sections:

(53)

where n is the total number of interacting constituents
and nB is the number of external baryons. One pheno
menon worth keeping an eye on is the polarization
asynnnetry in wide-angle elastic scattering, which would
be small in the conventional perturbative QeD approxi
mation of exchanging just vector gluons, but is experi
mentally measured to be large in wide-angle pp colli
sions at a beam energy of 11.75 GeV 106. It has even been
suggested107 that this problem may be the Nemesis of
perturbative QCD.

4. New Directions in QCD Perturbation Theory

All the applications of perturbative QCD that we
have discussed up to now have involved sums of the type

(j)

~ A", (r!s ~<l'l,r [1-+ o( ~0/,-z,/3 (53)
f\~'

and are either rigorously known to be described by the
renormalization group, or have been shown to behave in
a similar way directly in perturbation theory. Can we
do anything else? In particular can we sum series of
the type

DOg B.. (O<s ~t.mt.l (h o( Lt~"")3 (54)

"" ...,
which appear in the study of various physically in
teresting phenomena?

An example where a summation of the type (54) has
been achieved is the multiplicity of heavy quarks h in
e+e- annihilation108 , which is presumably to be iden
tified with the multiplicity of heavy mesons and bary
ons containing one of these heavy quarks h. The
dominant contributions to the h multiplicity come from
ladder diagrams, as in Fig. 32, where the final gluon

heavy quarks

Fig. 32 Dominant loa graph for the heavy hadron multi
plicity in e+e- annihilation.
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has an off-shell QS > 4~. The slUIIDlation of (as ln2Q2)n
terms (54) yields l a

-~

N~ cm1.) ~ (k(Q,~;) ~J(~)~~~ (55)

This rises more slowly than any power of Q2, but
faster than any power of In Q2, and is quite dramatic
at high energies (Fig. 33). Such a rise would be drama
tic evidence for the three-gluon vertex, which can be
seen from Fig. 32 to playa vital role in generating
the multiplicity curve. However, measuring the mul
tiplicity of heavy quarks at enormous energies is a
rather distant prospect, and although it is not (yet?)
justified in QCD perturbation theory, one might try to
apply formula (55) to ordinary hadrons by taking a cut
off Q~ = 0(1) GeV2, and multiplying the fonnula by
some over-all factor to take into account the uncom
putable hadronization of a low-mass gluonic cluster.
Such a procedure gives a hadron multiplicity rising
faster than the present data 88

, and may indeed be in
correct.

1.8 r------.------.----.-------,.---r-----.---~-_____,
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0 0.8z
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0 2

Fig. 33 Expected 108 Q2 dependence of the charm multi
plicity in e+e- annihilation.

Another instance where we may go beyond simple
logarithm summation is in the study of small to moder
ate Pr in 'hard' processes such as Drell-Yan82

• In
the region A2 « pf « MI+ i - we can re-sum perturbation
theory to obtain a Sudakov form factor. Looking at the
calculation in impact parameter space, we see that the
contribution of the large distance region is suppressed.
It has been conjectured that this result may be ex
tended to small p~ = OeA 2

), and it has been found that
the sensitivity to a finite non-zero primordial (Pr)
goes away as the process gets harder. The intuition
behind this result is illustrated in Fig. 34. In a

Fig. 34 Multiple gluon emission82 in Drell-Yan colli
sions.



and CHFMNP Collaborations 1 09 (Fig. 3Sb). The idea
that even small PT behaviour in 'hard' processes may be
accessible to QCD perturbation theory is certainly very
stimulating and worthy of further study.

Finally, the ambitious idea of "preconfinement"110
should be mentioned. The suggestion is that perturba
tion theory may continue to generate quarks and gluons
in a 'hard' process until such a stage that the entire
hadronic final state can be covered by finite-mass
colourless aggregates of quarks and gluons. These
blobs would be "preconfined" in that non-perturbative
effects would only have to operate over small momentum
transfers in order to convert the perturbative final
state into physical hadrons. This idea is very seduc
tive, but the presently suggested way of realizing it
is dependent on QCD containing quarks, and preslUllably
a purely gluonic world should also "preconfine" and
confine. Perhaps a more general realization of the
"preconfinement" idea can be found.

5. Prospects and Problems

The theoretical status of perturbative QCD is very
sound. The asymptotic behaviour at large momenta is
well understood, in principle, for both inclusive1l+ and
at least a large class of exclusive 21 processes. Also,
there is a systematic procedure for calculating sub
asymptotic corrections as a power series expansion in
as' a quantity which vanishes as the momentum scale in
creases. A number of these subasymptotic corrections
have been calculated, and they are of varying importance
in different reactions, indicating that as one might
have expected, the convergence of the perturbation
series is non-lUlifonn in Q2. One theoretical shadow69

on this rosy theoretical picture is that no general proof
yet exists that non-perturbative effects do not modify
the perturbative QCD predictions as is generally as~;unled.• 1

6

a)

52 3 4

P
1

(GeV)

10°L....-_....L--_---J.,...._--J._l...-.-...L...-_---L....-_----I
o

N
I
>
CD
(!)

01
E
u

10
2

'"f/)

Q
0
"~

rf/) Q.
'l:' "C

L&J

10'

Ivery hard Drell-Yan event, the incoming q and q will
lUldergo multiple bremsstrahlung of semi-soft gluons.
It might then be that the stochastic sum of the PT en
gendered in each of these radiations dominates over
the small initial (PT) which gets 'lost in the crowd'.
This possibility certainly fits the PT distributions of
Drell-Yan lepton pairs detected by the CFS (Fig. 35a)

Pl.

Fig. 35 QeD calculations 82 ,lo9 of the Pr distributions
of Drell-Yan pairs: a) at ~ = 27 GeV, and b) at ;; =
= 61 GeV, compared with experimental data.

10'

2 3 4 5 6 7

b)

8

Experimentally, there are various qualitative and
even semi-quantitative pieces of evidence in favour of
perturbative QCD, but as yet no convincing proof of its
validity. Since the strong coupling as is so much
larger than the weak and electromagnetlc couplings at
presently accessible values of Q2, anyapproxTInation
scheme is bound to converge much less rapidly than was
the case for QED, and blockbustingly convincing tests
analogous to (g-2) will be hard to find. Probably we
have to resign ourselves to a long haul of piling up
much circlUllstantial evidence in favour of QeD, rather
than achieving swift conviction by finding a smoking
gluon.

What are the ~ediate problems that seem interes
ting and ~portant to investigate? Theoretically, it
would be nice to see more results on

radiative corrections to onilUll decays (e.g. 3S 1 ~

~ ggy, ggg; 3PO,2 ~ g~; jet structures in final
states);

- higher-twist effects in deep inelastic scattering
(can one calculate them reliably, perhaps in a bag
model?);

- beyond the next-to-Ieading order in Drell-Yan (can
one get some control over the parts of these higher
order corrections which are not negligible?);

- higher-order effects in large PT processes (are the
corrections large as in Drell-Yan?);

- applications of the recent breakthrough in exclusive
processes (e.g. to weak decays, elastic scattering);

- going beyond summing single logarithms Ln (as In
(e.g. for multiplicities, "preconfinement").
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Experimentally there are many areas in which QCD per
turbation theory can be subjected to significant tests.
ro name but a few:

in e+e- annihilation: R, scaling violations in final
states, multiple jet studies, onium decays;

in deep inelastic scattering: more precise data at
high and low Q2 to try to separate QCD logarithms
from higher-twist effects, aLlar, final states;

in Drell-Yan processes: the nonnalization question-
is the cross-section really larger than the naive qq
annihilation model? and does any enhancement factor
vary with M2, beam type, Xp? angular distributions
and scaling properties;

- studies of h~rd processes involving photons (e.g.
photoproductl0n at large Pr, deep inelastic Compton
scattering, final-state photons in deep inelastic
processes, yy collisions);

- exclusive processes (are there logarithmic devia
tions from the nonnal dimensional counting rules?);

In assessing the progress made and work ahead we
should remember that so far there is precious little
direct evidence for fundamental aspects of QCD, such
as

- the vector nature of the gluons (some evidence comes
from dee~ inelastic scaling violations 42 and from
T decays 1, but none yet comes from the e+e- -+ 3 jet
analyses);

- asymptotic freedom (there is plenty of circumstantial
evidence that a.s is small at Q2 > 1 or 2 GeV2, but
only limited quantitative information from deep
inelastic scaling violations and quarkonium studies);

- the three-gluon vertex which underlies asymptotic
freedom and reflects the gauge nature of QCD. Pos
sible ways to see its effects include scaling viola
tions in gluon jets which should be larger than
those in quark jets91 [some tentative evidence from
J/~ and T decays?l], scaling violations in the gluon
distribution inside the nucleon [some evidence from
deep inelastic scaling violations 9,1 0 -- another
place to look would be 0t/or 111 J, the width of gluon
jets which should be broader than quark jets at large
Q2 92, the multiplicities of heavy quarks 10e ,112, and
asymmetries in heavy quarkonium decay1 13.

We have every reason to hope that progress on these
theoretical and experimental fronts will be rapid· in the
next two years, and that at the next lepton-photon sym
posium the rapporteur on QCD will be able to agree with
the Chicago Tribune1

14 that QCD is established.
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J. Ellis

Speaker - A.H. Mueller - Columbia University

Q. Tony Duncan and I have re-examined the Brodsky
Lepage calculations and we find that for the pion
form factor the subleading logarithms will organize
themselvels according to a renormalization group
equation. However, for the nucleon form factor, by
explicit example, we find logarithms at the non
leading level which cannot in fact be part of our
renonnalization group equation. So our conclusion
is that the Brodsky-Lepage calculation is an asymp
totic limit in an asymptotically free theory for the
pion, but not for the nucleon. In general, the fonn
factor is very complicated. For example, in ¢3 in
six dimensions, no fonn factors will come from a re
normalization group. For the pion, vector form fac
tors would, but scalar form factors would not. So
I think it is a very complicated situation.

A. So, if I understand you correctly, you say that
there are apparently non-leading logarithms which
actually dominate the leading logs?

Speaker - G. Wolf - DESY i

Q. I have a question on gluestrahlung in e+e- annihila
tion. The basic diagram gives two coloured quarks
plus a coloured gluon. In order to get singlet
states you probably have to sum various diagrams.
The question is, do you expect interferences alter
summation?

A. I do not quite understand your question. Do you
mean if you go to the central region where the three
jets join together? Is that your idea? Or do you
mean actually out in the jets themselves?

Q. I mean in the jets themselves.

A. I think that at least in perturbation theory it
looks like the jets fragment independently. There
should not be any interference between them. How
ever, the central region where the three of them are
coupled together I think is a very unknown region
and it would be very amusing to study it experimen
tally.

Q. Would that be in the Mercedes region?
Q. They are non-leading logarithms. I said they do not

fonm part of a renonmalization group equation. A.
Whether they dominate or not is not mown because
one does not know how to group them yet.

A. I see, so you just say that the prediction of Brodsky
and Lepage is uncertain for the nucleon form factor.

Q. At the moment it is a leading logarithm calculation
for the nucleon. For the pion it actually is a
limit of a renonmalization group equation which
holds to all logs.

That is right. That is the centre of the Mercedes
star. That, I think, would be a very interesting
region. There are other cases, for example at the
ISR, where we have seen large PT jets coming out.
We think we understand maybe what happens out in
these jets, but we do not really understand how they
couple together. Now at the ISR it is very com
plicated, because you have got four jets all coming
together. In e+e- when you have three, it is a
simpler situation and perhaps easier to study.

Speaker - S.G. Matinyan - Yerevan Physics Institute

Q. I would like to make a remark on the theoretical
calculations of elastic fonm factors. There are two
calculations of nucleon fonn factors. One is due to
Brodsky and Lepage, and the second is a calculation
uone in Yerevan, and they disagree. Unfortunately
the results of Yerevan have not reached to the
rapporteur but are circulating at the conference.
The result is that unfortunately Brodsky and Lepage
made a mistake where they relied on Leningrad re
sults. They did not check the results when they
separated the hard amplitude from the soft wave
function amplitude. They corrected some mistakes
but also made an additional mistake. The result
~btained by the Yerevan group is very strange, but
If you take the non-relativistic wave function of
the nucleon to be a point at the starting point of
the approximation, you will obtain a negative sign
for the proton fonn factor. It is very strange and
indicates that we absolutely do not understand the
non-relativistic nucleon structure. I would like
you to pay attention to this fact. It is very im
portant.

A. Okay. Thank you very much. If they send me that
paper then I will report on it. I think that one
point ·1 should emphasize is that this work on the
form factors does depend on assumptions about the
hadronic wave function. The softness of it has not
been justified in perturbation theory but depends
o~ assumptions which go beyond it. I should empha
SIze that one of the reasons why I need speed is to
escape from angry protesters about people I did not
refer to.

Speaker - J. Thaler - Illinois

Q. There is a big correction to the cross-section in
the Drell-Yan process. Why is there not a similar
big correction in the deep inelastic scattering?

A. What is actually computed when you do these large
corrections is the difference between, if you like,
the renormalizations of the deep inelastic cross
section and of the Drell-Yan cross-section. Now
whether there is a large renonmalization in any in
dividual one or in any individual other is a matter
of definition. Different renormalization prescrip
tions give you different renormalizations here and
there. What is invariant is the difference, and
that is the thing which I was quoting.

Speaker - V. Telegdi - ETH Zurich (and Chicago)

Q. I am confused by the facts. We have heard both
from you and I think from other people about this
mystic factor kappa of order two that destroys the
agreement between primitive Drell-Yan and experi
ment, taking experiment to be ll-pair production by
pions. But not so long ago the celebrated Columbia
Fennilab and so-forth experiment was taken as a
proof that colour exists because the requisite fac
tor was present. Furthennore, the Chicago-Princeton
experiment also seemed to agree with naive predic
tions. So, are we making progress or are we going
backwards?

A. Well I think we are probably progressing side ways.
If you look in the Oxford English Dictionary you will
find the definition of a parton -- it is a Scottish
dialect word for a "crab". And the quotation that
they gave is "moving as a parton is wont to do,
sideways" . But I have a serious answer to this
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question if you will permit me. This is, as I
understand it, the latest version of the comparison
between the CDHS sea and the CFS cross-section. You
will have to ask our distinguished summer-up why it
is that now they disagree whereas before they agreed.
As far as the CIT data is concerned, I understand
that originally when they reported approximate con
sistency, that was when they were using an AI •

12

extrapolation (correct me if I am wrong). Anyway,
if they use an Al correction, which is what one
would expect from Drell-Yan, then they find this
discrepancy. Now presumably if you are analysing
in the context of the Drell-Yan model you should
take Al rather than A1 • 12 • I should have perhaps
have said that I think the clearest evidence to
date probably comes from the NA3 Collaboration who
did not know that they should find two when they
fOlIDd two, and then they were shocked to find they
should have found it, if you see what I mean.
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