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1. INTRODUCTION 

A substantial fraction of the theoretical physics community 
tends to be rather smug these days. It feels that not only are the 

-weak-nd electromagnetic interactions known to be combined in a non- 
abelian gauge theory, but that the theory of the strong interactions 
is known to be Quantum Chromodynamics (QCD).l It is true that there 
are one or two minor technical problems to'be clarified, such as the 
mechanism by which quarks are.confined (if indeed they are), but the 
riddles of the nuclear interactions are supposed to be solved in 
principle. All very fine, but the rest of the community is entitled 
to ask for the positive evidence that QCD is correct. At present 
much of the evidence is either by default (no other plausible field 
theory seems capable of asymptotic freedom2 or confinement) or purely 
aesthetic (QCD is beautiful, it is a gauge theory as are our theories 
of the other fundamental interactions) or rather qualitative (char- 
monium,3 the approximate validity of the parton model,4 the Zweig 
rule,5 and so on). The community is surely entitled to see some 
direct experimental confirmation of specific theoretical numbers 
reliably predicted by QCD. 

-. 

The purpose of this talk is to review the status of reliable QCD 
predictions which either have, or soon can be verified by experiment. 
It is divided into three parts: 

1. A discussion of the classic application of QCD perturbation 
theory and asymptotic freedom to predict scaling violations in deep 
inelastic leptoproduction experiments.6 Emphasis will be laid on 
recent results fromtheBEBCneutrinocollaboration7 which provide the 
first direct experimental confirmation of the numerical values of the 
anomalous dimensions predicted6 by QCD. These data may constitute 
the best phenomenological evidence to date in favor of QCD. 

2. A review of recent advances in developing and justifying QCD 
perturbation theory predictions for a number of physical applications 
not underwritten by the operator product expansion and renormalization 
group arguments generally used to motivate the application of asymp- 
totic freedom to deep inelastic processes. These include predictions 
for two- and multi-jet production cross-sections in e+e-, lepton- 
hadron and hadron-hadron collisions8,g; a modified Drell-Yan formula 
for lepton-pair production in hadron-hadron collisionslo; and scaling 
violations in hadronic final states'l analogous to those seen in deep 
inelastic structure functions. Very few of these predictions have 
yet been confronted with experiment, but they promise to provide 
copious, precise and, reliable ways to verify or disprove QCD. 

3. A final mention will be made of attempts to address the 
question whether these predictions of QCD perturbation theory should 
be regarded as reliable, given the fact that non-perturbative effects12 
are presumably crucial in QCD (to confine quarks,13 for example). 
Analyses14 of the simplest non-perturbative corrections to the most 
basic deep inelastic process a(e+e- +y*+hadrons) indicate that they 
are negligible at large momentum transfers. This suggests that QCD 
perturbation theory predictions may indeed by reliable for the deep 
inelastic, large momentum transfer processes where the previously 
proposed experimental tests are to be made.15 

2 



2. DEEP INELASTIC SCATTERING 

The classic tests of QCD are afforded by deep inelastic lepto- 
production. Every field theory predicts that the structure functions 

" shouid violate scaling as Q2*, but QCD makes very specific predic- 
tions, owing to the fact that its coupling constant is asymptotically 
free at large momenta16: 

a#) z $p 121T 
Q2G (33i2Nf)1n(Q2/A2) (1) 

These predictions are expressible most precisely in terms of the Q2 
dependence expected for the moments" 

M,(N,Q2) - j=o'dx xN-2 Fi (x,Q2) (2) 

of the deep inelastic structure functions Fi (F2 and xF3 will be 
discussed here). QCD predicts6 that the moments Mi(N,Q2) should be- 
have as negative powers of log(Q2/A2)as Q2*, whereas any other field 
theory would predict power-law violations of scaling.18 The predic- 
tions are simplest for flavor non-singlet structure functions, such 
as FZP-F!jn, or the vector-axial vector interference structure func- 
tion xF3 measured in charged current vN and 3N scattering. For these 
cases 

Mi(N,Q2) = log log Q2& 
' logQ2,*2 

(3) 
Q2- 

where the powers d N were calculated6 to be 

dN = 4 
33-2Nf ' - I 

2 
N(N+l) (4) 

The predictions for flavor singlet structure functions are more 
complicated,6 with two leading terms differing by less than one 
power of log Q2/n2 in their asymptotic behavior as Q2*. 

The results (1) to (4) are guaranteed1p6g1g by the renormaliza- 
tion group to be the result of summing all the logarithms encountered 
in QCD perturbation theory. The moments (2) have the effect of 
picking out the matrix elements of operators of definite s,pin N17 in 
the operator product expansion of two electromagnetic or weak 
moments. The power dN is the anomalous dimension of scaling of the 
spin N operator. It results from exponentiation of the simple vertex 
corrections to the quark-antiquark.operator indicated in Fig. la. 
The behaviors of the moments of singlet structure functions are more 
complicated because there are two operators of the same spin N, a 
two-gluon operator as well as a quark-antiquark operator, and they 
mix together through diagrams like that in Fig. lb. 

While the predictions (2) to (4) are precise, it is often conve- 
nient to reexpress them in terms of the evolution with Q2 of the 
distribution of effective quark (or gluon) partons within the hadron 
target.20 This can be done by inverting the expressions (3) and (4) 
for the moments Mi(N,Q2) by using a Mellin Transform.21 The physics 
of the ensuing distributions q(x,Q2) (or g(x,Q2)> can be seen very 
clearly from Fig. 1 when we recall that x is4 the longitudinal momen- 
tum fraction carried by the parton. The anomalous dimensions dN are 
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determined by the basic vertices of Fig. 2, which cause the parton 
distributions to evolve either by bremsstrahlung (Fig. 2a) or by 
pair creation (Fig. 2b). The equation controlling the evolution of 
q(x,Q2) at large Q2 is just22 

Q ‘!!& (x,Q2) = d$- 9-j (Y,Q2>Pqs+, x 
J 0 iY 

+dy,Q2)Pm 
i 

(5) 

and the evolution of g(x,Q2) obeys an analogous equation.2 The 
"splitting" functions PqT, 
from the vertices of Fig. 2, 

Pg9, P P are easily calculable 
andar%xgo?!!o (for example) the 

equivalent photon distribution in WeiszZicker-Williams calculations in 
good old QED. As an example,22 

P9j-r I 
1+22 

<')='~ ‘ij (l_z~+ 2 3 6(z-1) 
1 

(6 

and so on. The 6 function in equation (6) just normalizes the 
fermion number to 1. The anomalous dimensions dN can easily be 
reconstructed by taking the moments of equation (S), and are given 
by the z moments of the "splitting" functions like Pqqinequation (6) 

There are two reasons for focusing on the Q2-dependent effective 
proton distributions q(x,Q2) and g(x,Q2). One reason is that they 
are the quantities directly related to the measured deep inelastic 
structure functions, and hence very convenient objects to work with 
phenomenologically. The other reason is that one might-hope that 
they would have more universal applicability, and we will indeed see 
in the next section that recent theoretical calculations indicate 
that the same effective parton distributions can be used in many 
other phenomenological applications, such as in calculating hard 
quark-quark scattering contributions to large pT hadron production, 
for example. 

One can anticipate directly from the diagrams of Fig. 2 certain 
qualitative features20 of the development of q(x,Q2) with increasing 
Q2- Clearly both the bremsstrahlung and pair creation processes tend 
to degrade the parton longitudinal momenta as Q2 is increased, and 
this can be seen directly by substituting the "splitting" function 
Pq-tq(z) (6) into the evolution equation (5). Therefore deep inelas- 
tic structure functions will tend to fall in towards x=0 as Q2*, in 
a manner indicated qualitatively in Fig. 3.20 This behavior can also 
be seen in the form of the anomalous dimensions dN (4). As N*, 
dN CL logN, so that higher moments Mi(N,Q2)+0 faster as NW. But the 
higher moments are seen from equation (2) to weight larger values of 
x closer to 1, and we see once more that the structure function at 
large x should fall to zero as Q2w. 

This trend is indeed seen in the data23'25: Figure 4 shows 
recent data from a FNAL muon scattering experiment, and superimposing 
data from different ranges of Q2 clearly manifests the qualitative 
behavior that we anticipated in Pig. 3. On the other hand, almost 
any field theory would predict an analogous fall in towards XFO,~O 



Fig. 1. Somediagrams contributing 
(a) to theanomalousdimensionsof 
quark-antiquarkoperators, (b) to Ah AA -. 
themixingof flavor singlet 
0perZtors. 

Fig. 2. Thebasicvertices for 
(a) gluonbremsstrahlungand 
(b) for q-q and gluonpair 
creation,whichcontrol the --c=I: << 

I-7, (0) (b) 11.1.1 
anomalous dimensions and the 
evolution of the quark and gluon distributions. 

because basic vertices analogous 
to the bremsstrahlung and pair 
creation creation graphs of Fig. 2 
exist in almost any field theory. 
What is specific to QCD is the 
characteristic logarithmic Q2 
dependence characterized by 
equations (1) to (4). 

To compare these predictions 
with experimental data, several 
groups 26s27 have constructed 
parametrizations of effective 
quark and gluon distributions 
which are consistent with the QCD 
moment equations (2) to (4) (or 
equivalently the evolution equa- 
tions (5) and (6)) and madepheno- 
menological fits to the experi- 
mental data on eN, PN and vN 
scattering. Sample graphs fromone 
such analysis27 are displayed in 
Fig. 5: the fits seem to work at 
least semi-quantitatively. The 
particular graphs shown have been 

iu^ 
0 . x 
Ii? 

Fig. 3. Qualitative pattern of 
scaling violation in deep ine- 
lastic structure functions 
anticipated in QCD and other 
field theories. 

selected because they are the only ones made with a completeanalysis 
of the O(l/log Q2/~2 and log log Q2/log Q2/~2) correction terms in 
the moments (4), which arise from higher order terms intheevolution 
(1) of as(Q2),in the anomalous dimensions, and in the matrix elements 
of the quark-antiquark operators. You see that the qualitative 
features of the fit are not greatly altered, so that one may conclude 
that QCD perturbation theory is reasonably convergent even at 
presently accessible values of Q2. This reflects the fact Q2=O(5to 
10) GeV2 is already quite large on a hadronic scale, as expressed by 
the value h'O(500) MeV found in typical analyses for the scale para- 
meter A appearing in the logarithms (1) and (3) of asymptotic freedom. 
This sort of scale for the strong interactions means that the typical 
perturbation parameter w is comfortably small, being0 (0.1 to 0.2) 
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Fig. 4. Data from a FNAL24deep 0.6 I ' 1 ' I , , 
inelasticp scattering experiment 

, ’ 

- Q2=4-8 GeV2 

.whena2=0 (5 to 10) GeV2. 
Although we see from Figs. 

4 and 5 that QCD and asymptotic 
freedom fit the deep inelastic 
data qualitatively and semi- 
qualitatively, we would like 
some more precisenumericalvin- 
dications of the predictions of 
the theory. In particular, we 
would like to have experimental s 
confirmation of the gold-plated IL" 
predictions (4) for the anoma- 
lous dimensions of QCD.6 Apre- 
liminary analysis of just these 
parameters is now forthcoming 
from the BEBC group,' analyzing _ $=I-2GeV2 - Q2=8-15GeV2 - 

vN and ?N charged current data 
both from their experiment at 
the CERN SPS and previous Gar- 
gamelle data from the CERN PS. 
They extract from their meas- 
ured structure functions the 
moments of the structure func- 0.2 0.6 0 0.4 0.8 
tions Fe and xF3. One point of ,-.. x‘ 1*,1.. 
sophistication is that they use 
a modification2g of the moments 
(2) which projects on to defi- 
nite spin even at subasymptotic 
values of Q2: 

M3(N,Q2)z 
I 

ldx x N-Z 2 

0 1+&z?? 
Q2 

1 
N+l 

f13(x,Q2) (7) 

In formula (7), M is the target nucleon mass, and the modifications 
to formula (4) just have the effect of removing trivial kinematic 
dependencies on the mass of the target. The first point to check is 
that the scaling violations seen in the moments of xF3 are indeed 
consistent with the logarithmic Q2 dependences expected from QCD. 
This they do by computing the quantities (Fig. 6) 

(8) 

which should be a log Q2- log A2. Graphs of the quantities (8) 
indeed indicate that they are approximately linear in 
log Q2,30 with the same intercept log A2: A-700 MeV, at least for 
N=2,3,4 and 5. Power dependence in Q2 with the ratios of anomalous 
dimensions found in lowest order for a vector gluon theory seems to 
give a significantly worse fit to the data. The linearity in log Q2 
and the common intercepts of the quantities (8) are non-trivialchecks 
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Fig. 5. Typical QCD fit to electroproduction23 scaling violations, 
taken from Ref. 27. 

of the QCD predictions (4). It is perhaps surprising that these 
properties hold all the way from Q2- -O(lOO) GeV2 all the way down to 
Q2=O(l) GeV2, with no trace of subasymptotic effects due to higher 
twist operators31 or quark mass effects.32 You might also wonder 
what the effects should be of the higher order QCD perturbation 
theory effects28 indicated schematically in equation (3). These have 
been evaluated by the BEBC group7 using the results of Ref. 28, and 
turn out to cause modifications of the linear behaviors of the quan- 
tities (8) which are smaller than the present experimental errors for 
Q2>O(l) GeV2. Thus not only do the scaling violations (3) and (4) 
appear in the BEBC data, but also they are not clearly self-inconsistent. 

The most convincing indication of the QCD predictions comes 
perhaps from comparing the Q 2 dependences of different moments 
M30U-i2). Because of the expected asymptotic behaviors (3),theratios 

(9) 

should become constant as Q2". Equivalently, if log M3(N,Q2) is 
plotted against log M3(N',Q2.) one should see a straight line with 
slope dN/dN'. 
log M3(KQ2>.7 

Figure 7 shows plots of different combinations of the 
The solid lines are not fits to the data, but are 

lines with the slopes predicted by QCD - the agreement is rather 



good, particularly when you re- 
call that some of the moments 
vary with increasing Q2 by about 
an order of magnitude. The fol- 
lowing table7 is a partial com- 
pilation of the best fit slopes 
on such straight line fits, com- 
pared with the theoretical pre- 
dictions dN/dN' of QCD. For . the predictions of a 
ZZr~~~~'scalar gluons33 are 
also shown. 

This remarkable agreement 
amounts to the first experimen- 
tal check of unambiguous numbers 
predicted by QCD. It seems that 
the characteristic logarithms of 
QCD are indeed the dominant 
scale-breaking effects in the 
xF3 structure function for Q2 
between 1 and 100 GeV2. Wemight 
term this situation "precocious 
scaling violation". 

In view of the successful 
comparison of theory and exper- 
iment in the xF3 structure 
function, it is natural to ask 
about the F2 structure function. 
Here the theoretical situation 
is more complex because of the 
new contributions6 to scaling 
violations that were mentianed 
earlier, arising from gluonsas 
well as quarks. It is possible 
to isolate7 the gluon piece in 
QCD taking moments of F2 and 
multiplying them by appropri- 
ately chosen (precisely speci- 
fied)7 functions of Q2: 

. 

=M2(KQ;) 

+G(N,Q;) X(Q2) (10) 

29 I r I 'I /I 1 

0 I IO loo 

I-” Q2 (GeV2) s,.,.w 

Fig. 6. Nachtmann2g moments of 
xF3, raised to the powers (Y1/dN).7 
QCD predictsanasymptotically 
linear dependence on log Q2. 

0.001 It” 4 ’ ” ’ ’ ’ ‘J 
0.0 I 0. I 0.1 I .o 

3-n LOG OF MOMENT uI!.II 

Fig. 7. Plots70fthelogarithmsofmomentsofxF3. Thesolidlineshave 
theslopesdN/dN- predictedbyQCDandothertheorieswithvectorgluons.' 
Thedashedlineshavethe slopespredictedbyascalargluontheory33with 
a small fixed point coupling. 
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TABLE I 

d7/d3 

QCD 
%periment 

Scalar 
gluon 
model 

1-11 

d5/d3 d6/d2 d6/d4 
1.46 1.76 2.53 1.29 

1.50+0.08 1.8420.20 3.00+0.51 1.291tO.06 

1.12 1.16 1.43 1.06 

0.55 

G2 = 0.62 f0.15 

a35 r I.5 2 3 5 IO 20 100 CP- 

t 
I I I I I I I 

0.06 - I I I I I I 

- N=4 G4 = 0.03 + 0.02 
. OD4 G . 

I.5 2 3 5 IO 100 Q2- 
O- I 1 Ill I 

I 
a04 - N=5 G5 = 0.02 f 0.0 I 

.r - 

o- 
1.5 2 3 5 IO loo 02- 

- 0.04 - I I IIll 
I I 

-0.1 0 0.1 

x (02) 11.1111 

-- 

Fig. 8. Scaling violations7 in the F2 structure functions. The data 
would be independent of X(Q2) if there were no q?i pair creation from 
gluons. The solid lines are QCD fits with the gluon moments indicated. 
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Fig. 9. Radiative corrections to p+(q) p+(q) 
e+e-+u+n- (qq), (a) with a photon 
(gluon) in the final state, and (b) 
with virtual correction to the 

.vertex. 

ytddgI ;;*tgl ~__ 

e- /l-(q) p-(q) 
1-1, (a) (b) 31.119 

where G(N,Qg) is the‘N'th moment of the effective gluon distribution 
s(x,Q') 

Y(Q2)z 
/ 

1 

x(Q2)z G(N,Q;) = odx x"-lg(x,Q2) (113 

Figure 8 plots a few of the quantities M2(N,Q2) Y(Q2) and indicates 
the clear need for the second, gluonic term on the right-hand side of 
equation (10). This term arises from quark-antiquark pair creation 
in the gluon field of the nucleon. The solid lines correspond to 
the gluons carrying O&J of the nucleon momentum at Qg=4 GeV2,34 and 
having an x distribution similar to that of valence quarks. 
Clearly the data are consistent with these lines, but this analysis 
is not yet sufficiently advanced to constitute a conclusive test of 
QCD. A similar analysis of F2 in deep inelastic eN and UN scattering, 
retaining all quark and gluon terms, has also been made,35 with 
results for G(2,Q2) and G(4,Q2) which are compatible with the values 
used in Fig. 8. 

The emerging picture is that not only are the qualitative trends 
of deep inelastic leptoproduction data23'25(see Fig. 4) compatible 
with QCD, but also semiquantitative QCD fits work very wel126*27 (see 
Figs. 5 and 8), and furthermore direct experimental quantitative 
confirmation of the anomalous dimensions predicted by QCD is now 
becoming available7 (see Fig. 7 and the Table).36 We await with 
interest the forthcoming results of analyses of large statistics 
CERN-SPS and FNAL vN and PN counter experiments. 

3. OTHER APPLICATIONS OF QCD PERTURBATION THEORY 

The successes of (renormalization group improved) QCD perturba- 
tion theory in the traditional applications to deep inelastic lepto- 
production whet our appetite for more areas to apply the theory. . 
There are other applications where the use of asymptotic freedom is 
underwritten by the renormalization group. But the most dramatic 
predictions, and the most rapid recent advances, may well lie in 
areas where the usual machinery of operator product expansions and 
the renormalization group is not directly relevant. The guiding 
principle has been that we cannot (yet) disentangle the infrared 
behavior of QCD, but we are able to study infrared behavior in per- 
turbation theory.37 The strategy is then to construct experimentally 
accessible quantities which avoid infrared singularities in 
perturbation theory, and not obviously vulnerable to incalculable 
non-perturbative effects. One tactic for doing this is to construct 
observables totally free'of perturbative infrared singularities, such 
as jet cross-sections in e+e- annihilation.gr38,3g,40 Another tactic 
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is to identify a number of processes where the infrared singularities 
are universal and can be factored out,41 leaving computable ultra- 
violet behavior to be compared with experiment. Examples are the 
Drell-Yan process hadron+hadron+i+R-+x 42 large pT hadron cross-sec- 

‘43 .tions^in deep inelastic leptoproduction and hadron-hadroncollisions, 
and final state hadron distributions in leptoproduction and e+e' 
annihilation.40*44 he T re follows a brief review of recently developed 
applications of QCD perturbation theory which adopt one or the other 
of these two tactics., 

Jets in e+e- Annihilation 

It has been known for a while that the infrared behavior of 
QCD perturbation theory is generally similar to that of QED.37 For 
some time this was a cause for dejection, since it had been hoped 
that QCD perturbation theory would reveal significant clues to the 
quark confinement mechanism. But nowadays confinement is expected to 
be an essentially non-perturbative phenomenon.12,13 Indeed, we are 
happy about the infrared similarities between QED.and QCD perturba- 
tion theory, because they enable us to take over from QED many of the 
well-understood techniques for constructing quantities which are 
infrared finite in perturbation theory. In QED it is knownlt5 that if 
one introduces any of a range of dimensionless cut-offs - for example 
demanding that all except a fraction E of the total center-of-mass 
energy in some process be emitted in two oppositely directed cones of 
center-of-mass opening angle 6 - then there are no singularities when 
infrared regulators such as a photon (+gluon) or a leptqn (+quark) 
mass are taken to zero.46 As an example, consider the lowest order 
radiative corrections to e+e'+p+p- illustrated in Fig. 9. There are 
diagrams with real photons in the final state (Fig. 9a), as well as 
interferences between e+e--tu+u' diagrams with (Fig. 9b) and without 
virtual radiative corrections. The two classes of diagrams in Figs. 
9a and 9b both have infrared singularities, but these cancel if one 
combines with the pure u+~- final state "degenerate" final states45 
with either a "soft" photon with center-of-mass energy fraction cc, 
or a "hard" photon emitted within a cone of angle 6 of either the 
r(+ or the P-. This QED procedure for defining infrared-finite cross- 
sections has a well-understood extension to all orders of perturba- 
tion theory.45 

Now consider QCD perturbation theory for e+e--t hadrons. The 
lowest two orders are identical with QED, apart from trivial group- 
theoretical factors, so that the cancellation of infrared singulari- 
ties will occur in the same way. Now one interprets9 the 
cross-section for all except a fraction c of the energy to be emitted 
within two cones of opening angle 6 to be the cross-section for 
e+e-+2 jets. The infrared finiteness of the 2-jet cross-section 
means that 

do(2 jet> 3 
~total d(cos8) = z (12) 
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where the coefficients of as/n in equations. (12) depend logarithmi- 
cally on the dimensionless cut-offs E and 6, and have recently been 
computed explicitly.47 The results (12) hold in QCD perturbation 
theory, but an act of faith is still necessary to believe that these 

.predictions are not invalidated by non-perturbative effects: perhaps 
thoseare connected with the finite pT width of the jets actually 
observed8 in e+e- annihilation and elsewhere. 

If the infrared similarities between perturbation theory QCD and 
QED persist in higher orders, then not only two-jet but also multi- 
jet cross-sections should be predictable in QCD. Indeed, it has 
recently been shown that infrared singularities vanish for suitably 
defined multi-jet cross-sections.48 The diagram of Fig. 9a for gluon 
bremsstrahlung at wide angles is an embryonic three-jet cross-section 
with a cross-section9 

L d2a(3jets> 2u 

'total dx&i 
=* [*j+ o(Y2 (13) 

where x and x, are the fractions of the center-of-mass energy Q 
carried'by theqquark and antiquark jets respectively: 
Xq(q) E 2Eq(9) jet/Q. We see from equation (13) that the gluon brems- 
strahlung three-jet cross-section in the e+e-+ hadrons continuum is 
expected to be O(us/,) ? O(lO)%. On the other hand; the dominant 
decay mode for a heavy I- quark-antiquark bound state such as the T 
is expected to be to three gluons.4g Therefore one might expect that 
for sufficiently massive mesons three-jet final states should pre- 
dominate,38 with a cross section 

1 d21'(3jets) _ 1 (l-x, > 2 (1-x2)2 (1-x312 
r 

+ + 
+ o as 

noy* % dx2 nz9 [ x:x: x$x? x:x; 1 77 
(14) 

It would certainly be very nice to verify experimentally the predic- 
tions (13) and (14). But how does one look for three-jet final 
states, particularly if they only constitute a small fraction of the 
total cross-section? 

It has been pointed out" that there are directly computable 
experimental variables which should have distributions free of 
infrared'singularities in QCD perturbation theory and hence be 
reliably (?) predictable. Final states with exceptional values of 
these variables should be fertile ground to search for multi-jet 
final states.51 The trick is to find variables whose values are 
identical for the three configurations whose infrared singularities 

‘must cancel: a lone quark (Fig. 9b) or a quark and either-a hard 
parallel or a soft gluon (Fig. 9a). Such variables will generally be 
linear in the momenta. One example is the "thrust" variable5' 

hadEons hlp'l 
Q 1 (15) 

where the maximization is performed with respect to the choice of a 
.thrust axis for measuring pII. A final state with T" 1 will have 
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Fig. 10. 
(a)Compari- 
sonWof the 
thrustdis- 
triktion 
from QCD 
perturbation 
theory with 
an estimate 
ofthenon- 
perturbative 
smearing of 
two-jetcon- 
figurations 
(b)ata cen- 
ter-of-mass 
energy Q=l8 
WJ, and (~1, 
(d), (e)dis- 
tributions 
of the had- 
ronenergy 
(Pointing 
vector) in 
the event 
plane corn- 
putedin QCq 
smeared (f), 
0 and (h) 
by non-per- 
turbative 
effects. 
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hadrons with highly collimated momenta, and the final state will 
have two jets. Events with low thrust T<l should mostly have a 
three-jet structure. The putative multi-jet cross-sections (13) and 
(14) correspond to thrust distributions - 

L‘ 2% 

atotal 3 = SF- 
2(3T2- 3T+2) ln 2T-1 -- 3(3T-2)(2-T) 

T(l-T) 1-T t 1-T) I (16) 

and 
1 

r nay* 
(5TZ-l2T+a).ln y +2T(;;T$$-TZ) 

1 (17) 

which are plotted in Figures 10a and lla respectively. If we select 
an event with low T, perturbation theory would predict that it be 
approximately planar. If we plot the angular distribution of the 
radiated hadronic energy projected on to the event plane (the 
"Pointing Vector"40 ), then for low T events it should haveanangular 
distribution characteristic of three-jet structures. The results 
corresponding to (13) and (14), computed with a model for the finite 
non-perturbative pT spread of each jet, are shown in Figures 10btoh 
and llb to h for the e+e- continuum and for T decay respectively. If 
QCD perturbation theory predictions for multi-jet cross-sections are 
indeed reliable as we believe, 48 then there shouldbemanyinteresting 
hadronic final states in e+e- annihilation. Similar infrared finite 
jet predictions can be made for eN, uN, vN and hadron-hadron colli- 
sions, but calculating them requires more understanding.of infrared 
singularities associated with individual hadrons in the initial or 
final state, which we now discuss. 

Factorizing Infrared Singularities 

Up to now we have permitted our ignorance of the infrared 
behavior of QCD to restrict ourselves to calculating quantities which 
have no infrared singularities. But we can relax this criterion by 
identifying classes of "hard" processes involving large momentum 
transfers where universal infrared singularities factorize out.11s41 
We can then study ratios of these cross-sections which are only sen- 
sitive to the calculable ultraviolet properties of the theory. To 
see how this program should work, let us contemplate the generic 
"hard scattering" process illustrated in Fig. 12: a certain number of 
large Q2 currents (virtual photons or W bosons?) interact with con- 
stituents from a collection of hadrons, of which some are in the 
initial and some in the final state. We presume that the constitu- 
ents a, b,... of the hadrons A, B,... have finite (momentum)2 pi, pg, 
. . . . while the (momentum)2 Qt of the currents, and all the momentum 
transfers between different active participants in the "hard" 
process all Jo0 in constant ratios. Suppose we calculate in QCD 
perturbation theory using a coupling constant renormalized at some 
large momentum Qg: a,(Qg). Then we will encounter logarithms in the- 
relevant Feynman diagrams which are of two types: In (Q2/q$) (to be 
called ultraviolet), and In (Q'/pi,b,...) (to be called infrared). 
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The only dependence on the bound state 
properties resides in the infrared 
logarithms, and the ho e is that this 

1P dependence factorizes s41 into separate 
. uniwrsal terms for each external had- 

ronic leg52: 

'%'Hard s o (a (Q2), ln Q2/~i) 

'LB, 
m9 

. . . Fh(a&Qz), ln Q2/9: 3 hQ2/pi) 

The ultraviolet logarithms will then 
arrange themselves so that the cross- 
section can be re-expressed in terms of 
the coupling constant at Q2: as(Q2),and 
one can then rewrite 

O"uHard t'dQ2) > xAyB, ... FAa tQ2) 

where UHard will be given in leading 
order by the Born terms. The universal 
distribution functions FAa(Q2) will be. 

Fig, 12. A generic hard 
scattering diagram with 
deep inelastic currents 
Qf to Q& and constituents 
a, b, c and d of hadrons 
A, B, C and D. All momen- 
tum transfers and Q2 are 
supposed large. 

the same in different scattering processes. In particular, those 
connected with initial state hadrons will be the same as in deep 
inelastic leptoproduction,41 and so should be identified as the 
effective quark and gluon distributions introduced earlier and 
obeying22 equations like (5). If there is also factorization of the 
infrared logarithms relating to final state hadrons,ll.then one would 
also have universal quark (or gluon)+hadron fragmentation functions, 
which would play roles analogous to those in the naive parton model,4 
albeit with scaling violations analogous to those for the initial 
distribution functions ‘(cf equations (2) to (5)). If we want, we may 
sum over all hadrons emanating from one of the final state constitu- 
ents, in which case we expect to cancel the associated infrared 
singularities and arrive at an infrared finite and hence calculable 
jet cross-section. 

To what "hard" scattering reactions'can this approach be applied, 
and what calculations have been done to support the factorization 
picture outlined above? If we first look at the total electroproduc- 
tion cross-section ep+e+x illustrated in Fig. 13 then the 'derived 

.- 

S-78 t 3391A12 

Fig. 13. A sample "hard" 
scattering cross-section: 
the total electroproduction 
cross-section is the modu- 
lus squared of the hardsub- p P P 
process y*+q+q, foldedwith s-71 s191*11 
the distribution q(x,Q2) of 
quarks in the proton. 

factorization is guaranteed by the renormalization group."" It 
tells us that the development of the structure function at large Q2 
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Fig. 14. Hard subprocesses 
relevant to (a) the elec- Y* 

troproduction cross-sec- cHard = 
> q q 

tion,, (b) large pT produc- 
tion in electroproduction; (0) 
(c) Drell-Yan pair prod& 
tion at large pT and (d) 
large pT production in 
hadron-hadron collisions. 
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is controlled by the anomalous dimensions (4), or equivalently the 
evolution equation (5). The Born term for UHard in equation (19) is 
just the point-like charge coupling of Fig. 14a. The infrared 
sensitivity resides in the boundary conditions to be fed into the 
evolution equation (5). When the leading logarithms in 
e+e-+ hadron C+x are studied, 11,43,53 they are also found to exhibit 
the desired factorization, with the point-like Born term of Fig. 14a 
and an infrared sensitive quark-thadron fragmentation function 
FH(Z,Q~), where Z-EC&. The high Q2 development of F,+C is con- 
trolled by anomalous dimensions and an evolution equation which is 
just the analytic continuation of equation (5), and reflects the 
same physical processes of bremsstrahlung and pair creation. (Notice 
though that the initial conditions for these evolution equations are 
infrared sensitive and not related by analytic continuation.) The 
factorization property becomes very important when it is demonstrated 
and used for e-@+*C+x, because it means that a simple partonesque4 
"building block" formula applies to the cross-section for producing 
final state particles with longitudinal momentum fractionZatlowpT: 

u(e+p+e+c+x = qtt s(x,Q2)e2 F q q&Q2l (20) 

A non-partonesque4 
43 

recess is the production of large pT jets in 
electroproduction. Here the lowest order hard process is wide 
angle "Compton scattering" y*+q+g+q (or pair production y*+g+q+y) as 
in Fig. 14b, and if the factorization property holds the only infra- 
red singularities are those connected with the target proton, which 
are the same as in the total electroproduction cross-section, SO 

that one may write 

'large pT jets = qf{ qtx,Q2)~(y*+q+&+Q)) 2 + gluon 
a,(Q 1 te- 

(21) 

Of course one may always study the production of individual final 
state hadrons at large pT, in which case formula (21) is just 
convoluted with the same fragmentation function Fq~ (Z,Q2) as 
appeared in equation (20). And so it goes. 

So far we have not considered processes with two initial state 
hadrons: 
pp+R+R-+x. 

the simplest such reaction is the Drell-Yan process 
Here again, infrared factorization42 hasbeendemon~trated~~ 

to all orders at the leading logarithm level, meaning that the naive 

17 



Fig. 15. The single fermion loop 
calculated14 in the presence of a 
background instanton field of size 
p located at the point z. 

y;' -_* 

- 
\ 2p / 

5-70 c '- 3391A14 

QCD modification of the usual parton cross-section formula is 
indicated: 

M4du 
dM2 

= 4y2 lq lldxq fd% $s (x,, M2)ii t$, M2)6bq~-M2/J 

+ob,h> (22) 

There are however some important QCD corrections to the usual parton 
physics of this reaction. First, the essential scale invariance of 
QCD at short distances means that there is no pT cut-off, and there- 
fore the average p$ of the lepton pair should grow aM2 (to within 
logarithms). Care should be taken in comparing this prediction with 
existing data, since <p$> may also depend on the value of rEM2/s 
being studied.54 The dependence on M2 and T should be carefully dis- 
entangled when comparing theory and experiment, but the growth with 
M2 at fixed T does seem to be present in the data. Another important 
remark concerns the O(%/TF) pieces in equation (22): the basic 
O(as/,,)o qq annihilation piece may be rather small in pp collisions, 
just because the proton contains relatively few antiquarks. Rival 
hard subprocesses which are naively suppressed by O(%/n.) such as 
g+q+(a+ll-)+q (see Fig. 14c), or even O(as/~)~ like q+q-t(P,+g-)+q+q, 
may also be just as important phenomenologically.55 The Drell-Yan 
process is probably rather free of these problems in np or cp colli- 
sions: their significance for the total pp+(a+&-)+x cross-section has 
not yet been fully calculated. 

The final "hard" process we should mention is pptlarge pT 
hadrons + x. This process is interesting because it may constitute 
the first theoretically "clean" testing-ground for QCD in pure 
hadronic collisions. The required factorization of all initial- and 
final-state infrared logarithms has been verified for the ieading 
logarithms in the lowest non-trivial order of perturbation theory,56 
and arguments exist that this factorization persists in higher 
orders.57 If so, this means that at very large transverse momenta 
the correct QCD prescription for the quark-quark cross-section of 
Fig. 13d is 

E du - (A+B-tC+x) = 
= d3pc a,zc,d Jidxa ~ldxb~l!k 

0 2 
XC 

x G(s'+t'+u') s* da 
71 dt’ tq,+q,-ts,+s,)l +* - l 

as ts ‘) (23) 
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where the dots comprise the "hard' scattering of other types of con- 
stituent, terms of higher order in as/r, and so on. The QCD 1argepT 
formula (23) has many sources of scaling violation, and its applica- 
tion is complicated by the non-zero pT of the initial-state constitu- 
entm The writer is no expert on large pT phenomenology, but it does 
seem possible that some fraction of present large pT data may indeed 
result from the fundamental "hard" scattering diagrams of QCD. 

Recent theoretical progress has made available many predictions 
of QCD perturbation theory for "hard" processes beyond the tradi- 
tional applications of Section 2 which were guaranteed by operator 
product expansions and the renormalization group. It would be 
important to find a comparably reliable and general theorem to under- 
pin these new applications of QCD perturbation theory, but already 
they look to be reliable predictions eager to be confronted with 
experiment. 

4. NON-PERTDRBATIVE EFFECTS AT LARGE MOMENTA 

So far we have concentrated on results which hold in perturba- 
tion theory in QCD. But we believe that non-perturbative effects12 
have some very important phenomenological consequences, such as quark 
confinement.13 We should ask whether non-perturbative effects are 
also important at large momenta, where we have made our applications 
of QCD perturbation theory so far. The normal procedure for studying 
non-perturbative phenomena is to use the functional integral and 
construct semi-classical approximations to it. The WKB approach 
first looks for solutions of the classical Euclidean fieldequationsJ2 
which correspond to minima of the action and hence stationary points 
of the functional integrand. One then does perturbation theory 
around each classical solution, adds them together weighted by the 
classical Euclidean actions e-A, and finally continues amplitudes 
back to Minkowski space. 58 This procedure is incomplete, in that 
there may be other non-perturbative configurations with larger 
actions, which nevertheless occur in large enough numbers (entropy) 
to overcome the exponential suppressions of their e-A factors.13 As 
a starting point we ignore this complication and concentrate on the 
classical extrema, which are known in the case of <CD to be multi- 
instanton (-anti-instanton) configurations.12 The action of a single 
instanton is known to be 

A an2 =- 
g2 

(24) 

where one-loop perturbative calculations5q in the presence of an 
instanton indicate that g2 in equation (24) is to be interpreted as 
g2(p) (of equation (1) with Q2 Z 
meter of the instanton. 

$2), where p is the usual size para-' 
Asymptotic freedom (1) means that A* when 

the size p-to, so that small instantons make relatively small contri- 
butions to the functional integral. We might hope that processes at 
large Q2 would somehow only "feel" small instantons of size p-l/Q, 
in which case the weighing of e-A and equations (1) and (24) would 
suggest that non-perturbative effects would fall like a power of 
Q2 as Q2+=. 

Some calculations to explore this possibility have been done 

19 



recently14: what has been studied is the contribution of the 
simplest non-trivial non-perturbative configuration (one instanton) 
to the most basic short distance or deep inelastic process 
(e+e'+hadrons at high Q2), evaluating the lowest order Feynman 
diagram (the simple fermion loop of Fig. 14). If the contribution 
to a(e+e-+hadrons) at large Q2 were dominated by small instantons, 
then this calculation could be regarded as the leading term of a 
non-perturbative calculation in the conventional "dilute gas approxi- 
mation"13 in which instantons (and anti-instantons) are supposed to 
be non-interacting and not very dense. 

It does indeed turn out that this one-instanton contribution to 
R%(e+e'+hadrons)/a(e+e-+p+u-) is controlled by such small instantons 
of size p=O(l/Q). The fermion loop of Fig. 13 is easily calculated14 
usingtheknown60 fermion propagator Sl(x,y;z,p;m) in the presence of 
an instanton located at z and of size p>>l/m: 

~~,v(x,~)"O/~(J11(x)Jy(y))[~'instanton=jdlt~I,jd~d(~) 
0 

-Tr(y~S1(x,y;z,p;m)y,sl(y,x;z,p;m)) 

+Tr(Y~s"(x,y;m)y~so(y,x;m)) 1 (25) 

The density function d(p) for the instantons is known from the work 

Transforming equation (25) to momentum space one finds 

6X;(Q) = fdp d(p) + + 36p21iixK2 

0 Q 0 

(26) 

(27) 

The first term in equation (27) gives a contribution to the real part 
of the vacuum polarization which is suppressed by O(l/Q41nQ2) rela- 

tive to the leading perturbative 'contribution.14 However its 

(singular) contribution to the absorptive part relevant to R is can- 

celled by the singularity in the second term at Q2=0. .The only 

contribution to the instanton piece (27) explicitly comesI from 

p=O(l/Q), and yields 

-ll-Nf/3 

with a related form14 fo 
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A numerical evaluation relevant between the strangeness and charm 
threshold yields 

F 1-(&)-12(ln Q2)367 
(29)- - 

if h-500 MeV. The detailed form and value of AR (28) and (29) are 
probably phenomenologically meaningless and undetectable, but they 
indicate that in e+e- annihilation there is probably some sort of 
non-perturbative "brick wall“ somewhere between 1 and. 2 GeV in the 
center-of-mass. Above this point QCD perturbation theory probably 
reigns supreme, whereas at lower energies non-perturbative effects 
are O(1). It is encouraging that this is just the region where 
vector meson resonances are known to lie. 

.- 

It is interesting that this simplest possible calculation 
supports the "non-perturbative perturbation theory" picture we hoped 
to find. But many more calculations are needed of more complex 
diagrams for more complicated processes in the presence of more 
intricate background fields before we can feel sure that non-pertur- 
bative phenomena are always small at large Q2. Nevertheless, we may 
legitimately hope that non-perturbative effects will not invalidate 
the elegant pattern of perturbative QCD predictions that we discussed 
in Sections 2 and 3. 

5. CONCLUSIONS AND QUESTIONS 

On the basis of the previous discussion, the following seem 
reasonable conclusions about the status of phenomenological applica- 
tions of QCD: 

The classic asymptotic freedom predictions of renormalization 
group improved QCD perturbation theory for deep inelastic lepto- 
production triumphantly pass present tests. In addition to the 
familiar qualitative successes of QCD fits to deep. inelastic scaling 
violations, we now find for the first time that the anomalous 
dimensions predicted by QCD are receiving direct experimental confir- 
mation. We look forward to detailed analyses of the large statistics 
vN and PN experiments which should be avaiiable soon. In particular 
we may hope for analyses of the flavor singlet structure functions 
which are as striking as the BEBC analysis7 of the xF3 structure 
function. 

Recent theoretical work suggests that there are many other high 
momentum transfer processes where QCD perturbation theory can 
legitimately be applied to make reliable predictions. These include 
jet production, final state hadron distributions in deep inelastic 
processes at small and large pT, Drell-Yan lepton pair production 
and hadron-hadron collisions at large PT. We look forward to 
experimental tests of these predictions. 

Finally, we see reason to hope that non-perturbative QCD effects 
may not invalidate the predictions of QCD perturbation theory that we 
have been discussing. Unfortunately, the other side of this coin is 
that a convincingly calculable and testable phenomenological manifes- 
tation of non-perturbative QCD has yet to be identified. 

This is just one of many open questions about applications of 
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QCD. A partial list might include: How can we be sure the strong 
coupling constant is really asymptotically free? Many of the tests 
of Section 2 would be successful if there was a fixed point reason- 
ably close to the origin, so that moments violated scaling by small 
powers of Q2 instead of log Q2. Presumably we should do experiments 
at much higher Q2, using for example30 high energy electron-proton 
colliding rings? What about ‘L/UT, where experimental results are 
not in dramatic agreement with experiment? 

-- 

Presently observed jets seem to have- a finite pi cut-off. Can 
we understand this, 'or (which may be equivalent) be sure that non- 
perturbative effects really don't mess up our perturbative jet 
predictions? Can we say something about the hadronic wavefunctions 
or fragmentation functions? At the moment we just factor out our 
ignorance about them. Although we have not discussed them here, 
heavy quark-onium states seem particularly amenable to perturbative 
analysis, but we are still short on rigorous theoreticalunderstanding. 

Finally, can we find some unambiguous and calculable physical 
manifestation of the non-perturbative QCD phenomena now,being 
intensively studied? We hope ultimately to be able to calculate the 
hadron spectrum, but in the meantime is there any way of "seeing" an 
instanton? Or a meron? 

There are still more open questions than closed solutions. 
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