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INTRODUCTION

It is fmpossible in the time allocated for this talk to review
the whole of perturbative QCD so I have decided to restrict discus-
sion to a few specific subjects either because the are topical or
because they illustrate some general problems in pe¢ urbative QCD.
This means that I shall have to omit discussion of ny interesting
processes and I apolagize to those authors whose wor: is not discus-
sed. I will not have time to discuss comparions of NCD with data.

1 would first like to review some general prope Les of the
QCD perturbation expansion. Given some process P cal. ilated through
non-leading order, we are entitled to ask whether or not we have a
reliable expansion. P=A(l+B %)

It is a matter of personal taste to decide how large B an become
before it is clear that we do not have any confidence t. & the ex-
pansion is converging and hence that we have a reliable -ediction.
I shail take the attitude that B » 6 (corresponding to I a4
indicates a protlem. Unfortunately B is unambiguous if : . only if
alee —rhadrorb)

the process is not partonic and A contains no us.(eg R = oleer b))

If A contains a_ there are two ambiguities affecting the size of B.
They are the renormalization scheme used to define a_ and the scale
at which it is evaluated. Three popular renormalization schemes
are used. They are well known but for completness are described in
Table 1.

Table 1
Scheme Prescription Comment

MSZ) regulate by dimensional easy to use
regularization. Remove gauge iInvariant.
poles (¢) appearing in
4-dimensions.

) 1

MS remove < 4+ log (Aﬁ)-yE as above

4

MOM ) Subtract some 3 point vertex inconvenient
(momenta p,) at a Euclidean gauge drpendent,
point Py =~ u2 vertex dependent.

The relationships between these coupling constants is as follows.
a
-
o (1)
2 2
oy (¥) = Ay (W1 + 7.3 3]

o (?) = a W1+ .49 8

These two are really not distinct but it is convenient to think of
them as being so.



where g = 11 - 2nf/3 with n_ equal fo the number of flavors. The

f
above result is valid for four flavors in the MOM scheme defined in
Landau gauge using the three gluos vertex. For five flavors 7.3 is
repiace. by 6.1. Other schemes are also pcssible, for exemple a could
be defined through the value ¢f R at some value of the center

¢ 2
of mass energy (’s) 7; =~ (R/Z ey - 1) where e, ig the charge of the
ith quark. There is no a piord reason to prefer any of these schemes,
altheugh the presence of log 47 and Yy, in the M5 scheme makes it

look rather odd. The MOM scheme is difficult to use, but this
problem can be circumvented by working in the MS scheme and then
using the relationship above. The gauge dependence of aM is not
OM
a disadvantage.
It is conventlonal to express a in terms of a scale parameter
A, The form usuvally used is

2 1 Bl log log(n’/a%)
aw) = S T3 T 2, 7,2 @
éweolog(u /A7) -'ano log“ (u"/A")
This form is obtained by making an {terative solution of the two-~
loop renormalization group equac‘on for o It is not unique, a

term of the form E/log (p° /A ) could be added to the right hand side
and E is arbitrary. It is usually set to zero but other choices are

possible.s) Calculations are performed as power series in o and the
introduction of A seems superfluous. A has the additional disadvantage
that data quoted in terms of it appear to have very large errors.

Quoting oys (uz) for some value of uz conveys all the necessary
inforrmation without the disadvantages.

A second ambiguity 1s the scale u2 appearing in:é. In a pro-
cess charaterized by a single large momentum transfer 02 it is clear
that;? = Q2. But who is to say that 202 or Q2/2 is unreasonable?

We have the following formula
2 n2 Bo a

a (xQT) = a (@M1 - 4 () log x] 3)
It is clear that such a shift is capable of capable of
remving pieces proportional to Bo from B. The ambiguities
in the choice of u° are much worse if there is not one unique large
scale. &n example is large Py hadron production where s,t, and u are
all candidates for p~. It is of course obvious that if A contains
&  to some high power, then the corresponding B will be particularly

sensitive to scheme and scale ambiguities.



If the process P is partonic (e.g. Drell Yam, N

or large PT6))
A will contain some parton distribution functions (q(x, Hz)); there

is ambiguity in that the scal. dz must be specified, and B depends
on this choice. Usually M =  is chosen but this is not required

and indeed in some processes seems unreasonable.G)

Based on the foregoing observations one can get up a set of
satirical* rules for making a large correction small. If B is large
and positive any or all of the following will help to reduce it.

1) Use Oom
2) Shift u2 from Q2 to x02 with |x| <1land find 2 physical
reason to justify this choice of x.

3) As for (2) but change Mz in the parton distributions.

4) Exponentiate something. (See later.)
If B is negative apply the converse of these rules, It is difficult
to tell when an application of these rules is justified and when it
is not. To really test ones understanding it is necessary to go to

one more order; P = A(l + B (%) + C(%%z). Baving made ones choice

to fix B, C is unabiguous and one can ask whether it is large.
Unfortunately we have no such calculation. (R is known to order «
but there A is independent of o, and hence Bisunambiguous.) Let

us now see how these and other problems affict some actual
calculations. II. ONIA DECAYS

Consider the following ratio of widths for the 0-+(n°) ground

state of an onium made of quarks of mass mq and charge eq.

r'{n_ -+ hadrons) L%(UZ)
?T_E_:f___j____ - _23, _3_5__ 1+ EE] (4)
no YY 9eq a R

8)

With u = qu and in the MS scheme B = 22. In the momentum space

scheme with p = m_ B = 2.9) The choice of p can be justified by

the fact that in lowest order the hadr~nic system consists of two__
gluons each carrying energy mq. Let us now consider the lowest 1
state.

- 2, a2
F(1  ~ hadrens) _ 10(n -3) "s

T(1=~ + ed) 81ne2 a
q

1+

Ba
. (5

Again we will use the MOM schems and n-w since the hadronic system

consists of three gluons in lowest order, take u = 2mq/3 since this

All good satire 1s never far from the truth



is the average energy of each gluon. Unfortunately intuition fails

10)

for B = - 14, a large correction. The calculation was originally

done in MS scheme where for u = m B = 9, Of courge we here have
a rather extreme situation since the lowest order formula contains
ui. Nevertheless I think it is clear that we have a

problem. There are ratios of widths one can form in onium decays
which are independent of a_ in lowest order. For example consider

3
the ¢ = 1,2++ and 0++ statell)

- a
IO +yy) _ 15 %s
—TJJ-F(Z T -G (455D (6)

Before leaving onium decays it is perhaps worth remarking that at
some order in oy all predictions of the type discussed above become

sensitive to the onium binding force and predictions become unre-
liable unless one is in the region of quark masses and energy
levels for which the potential is dominated by the Coulombic term.

ITI. DRELL-YAN

The usual parton model formula for the production of u pairs
vf invarient mass Q in a hadronic process of total center of mass
energy /s is

2 dx. dx
d bn 2 172 2, 2
doynfot 3 i g g, e @
dq 9Q i 172

where qi(x,MZ) is the probability of extracting a parton of type 1
from a hadron with momentum fraction x. In lowest order
o= 4(1 ~ 2)
2
where Z = Eﬁ%::— . The corrections to this process are knowan) o is
172
replaced by

2as 4112
o= 81 -1+ -3—ﬂ[l+—3—]

20
s 3 e 2, {log(l - 2)
+ = ——_(1-z)+ 6 47_+2(1+Z)( 173 +)} (8)

The corrections of course aepend on M, M = Q yields like above re-
sult. The corractions are large. The lowest corder formula does
not depend on a_ so ve are immune from scheme and scale dependence.

It has been suggested that we take Hi = Qz(l ~ xi), this being

the typical off-shellness of a parton in the process. However even
after this modification the corrections are still large. Some



progress can be made if one
notices the piece proportional to

ﬂz. This accounts for a large

fraction of the correction, and
is proportional to the lowest

+ order (6(1 - 2)). This term has
its origin in the failure to

obtain an exact cuncellation be-
tween real and virtual graphs.

: Suppose we evaluate the graph of
Fig. 1(a) using a gluon mass X
to regulate the infra red diver-
gence. We obtain a contribution

to the Drell-Yan cross section

of the form log2 QZ/AZ. A similar
divergence is contained in the

real graphs Fig.l(b). These generate
a contribution proportional to

]logz(-Qz/X2)|, The sum of real
and virtual graphs removes the A
'>+ :
dependence but leaves a n . Since
this term is associated with the
leading infrared divergence, and

? hence with the quark form factor
one might expect that similar ﬂz
will appear in all orders. It is
known that if one sums these

leading divergences to all orders
the result exponentiates into the

so called Sudakov form factor}b)

Figure 1(a)

Figure 1(b) 2
One might expect that the ™ would

15) A more detailed argument on these lines leads

16)

also exponentiate.

to a form for 0 as follows. The form is readily given in terms

of the moments of
n-1
7 -jz o(z)dz

c_ = ex
n P

2
aziq ) [gj + 4 logZ 1+ £ £ )

with f(n) now small. Irrespective of whether one believes in this
exponentiation it is interesting to note that most of the correction
simply renormalizes the magnitude of the Drell-Yan cross-section

but does not change its shape as a function QZ/s. This has led to



a parametization of the data by lowest order Drell-Yan multiplied
by a so called K factor. The data seen to require a factor of order

(-3“' {4 logzn L ]>

2.3, but the K factor obtained abovele although
of the right order of magnitude is not completely independent of

2

Q" /s.

Recently the QCD corrections to L _d where q., is the tran-
q, d0dq, T

verse momentum of the u pair have been calculated.la)
organize their result in terms of a K factor defined by

The authors

( 1 do )leading order and

qT deQT correction
25

K 1 _do
(},) (qT deqm) leading order.

K is shown in figure 2 for Q = 6.5

and Ys= 19.4 GeV. Again we see
the correctlons are large. The
perturbation expansilon for large
:d qp muon pairs is valid provided

~Q. If m << << Q where
qr ~Q p < <@
mp is the mass of the proton, then

the perturbation expansion will be
EY 3 [ -] spoiled by coefficlents of order
12 log Q/g;. It is possible to resume

the perturbation expansion picking
out the leading term in log Q/qT

Figure 2 19)

to all orders in 0.5. Unfortu-

nately as yet we have no proof that such a resumation technique
{5 well ocdered, i.e. that terms coming from nonleadi-y logs do
not overwhelm those from the leading logs. 7I{ is far from clear
that the expansion should well -.dered since the leading terms
-log“Q /q% ) 2
sum to a factor of the type e and thus vanish as Q /qT
goes to infiniry despite the fact that every term in the expansion
is large. An algorithm has been proposed for all orders in log Q/qT

but as yet a proof is lacking.zo) Possibly related to the absence
of a proof are two other problems in Drell-Yan.



The whole Drell-Yan formalism for dc/dQ2 relies on the so

called factorization theorem.Zl) This theorem, proved with varying

degrees of rigour, states basically that when corrections to a par-
ton process are calculated divergences coming from the emission of
soft gluons cancel and collinear singularites can be absorbed in a
universal manner into definitions of the parton distributions. A
two loop calculation of the Drell~Yan rate revealed a non-cancelling

soft divergence.zz) This divergence is in higher twist so does not
yet invalidate the factorization theorem. It raises two problems.
The divergence can be removed by using a coherent state formu-

23)

lation, which includes incoming gluons. This observation raises

another question in that unlike the case of QEDZA) we are unable to

build a coherent state formalism valid to all orders. More worrying
perhaps is the possibility that at some higher order the soft diver-
gence problem will appear in leading twist.

In a recent paper interactions in the initial state have been

considered.zs) The authors consider interacticns becween spectators
and active partons (Figure 3) by soft gluon exchange. The exchange
of these soft gluons does not

affect the shape of QEE but does

dQ
affect the normalization. 1In the
usual formula there 1s a factor
of 1/3 coming form the fact that
the two amnihilating quarks must
be the same color. The gluon
exchanges enable the color to
fluctuate changing this factor.
Thus the usual formula should be
multiplied by a factor A with
1< A <3,

It should be clear from the
foregoing that we are far from
being able to make believable
quantitative calculations in
Drell-Yan. Indeed all recent

Figure 3 progress has been to confuse
and complicate the situation, one
can only hope that the next year will bring more positive develop-
ments. _
IV. EVENT SHAPES IN ee

Consider ee +A + B + anything and let the angle between A and
B be {(m-8). These are three rcgiuns of phase gpace to consider.



(a) 8~0
(by 8 ~n
(c) the rest.

In the final region orthodox perturbation theory 1s applicable, but
in the other regilons the expansion is ruined by coefficients

proportional to log € or log(m - 8. The situation here is similar
to the Intermediate qp Tange jn Drell-Yan. Leading logs can be re-

sumed and lead to Sudakov like factors.zs) However unlike the Drell-
Yan case a re-summation scheme valid to all orders can be estab-

lished.2/) This represents considerable progress but pressure of
space prevents detalled discussion the interested reader should con-
sult Ref. 27.

There is some controversy over the higher order corrections
in regilon (c). Three groups have completed a calculation of the

28-30 28,29)
structure through order a- Two of thzse groups™ ’ cast

thelr result in terms of thrust (or the shape parameter C).

ag={S) 2
£ A m® (10\

alm

do
ar =AM —

=l ﬂ
where 5 is the center of mass enerﬁy squared and T = Max —ier
where Py 1s the momentum of the i particle and pi||

is its component along some axis. A0 receives contributicn
from three body final states fqgg} and A, from three

and four body find states. The two groups agree on the values of
Al and A (Figure 4). Notice that the shape of A, is similar ro A

and that the correction is large

0.85
| 1 do a_(s) o
1000 —d—dT= Bo [1+ 17;]
Jo.s
£ where B 1s a constant. Near T =1
ool there are very large corrections
5 due to the presence of log2(1 -7
e P
b
(c.f. logze discussed above.) It
o t has been claimed that the origin
{ of the large corrections can be
recognized and that they can then
31
be summed to all orders. ) There
! .}
080 are 1% similar to those in Drell-

2
Yan, these along with log (1 - T)
will exponentiate. In addirion it
Figure 4 ) 2
is recognized that the scale u



should perhaps not be S but something smaller and T dependent.
These operations will reduce the size of the correction but unfor-
tunately the arguments are not rigorous, and in addition unlike
the Drell-Yan case a complete analytic formula is not available.

A third group of auchors30) prefers to discuss events in terms
of jets. To do this they require that all but a fraction of the
total energy e/2 be deposited into three cones of opening angle 6.
They are therefore excluding some fraction of the four body final

states included by the groups calculating %% . The cross-section
is presented in terms of do where X T largest (ZEi//;)

dxm
and Ei 15 the emergy of the i¥h jet. Of course %% depends on
nax

¢ and 6, Figure 5 shows the
result. The variation with € and
8§ 1s quite strong. The authors
claim that for a range of <,6 the
corrections are small. A cal-
culation of the same quantity
using the matrix elements of 12)
Ref. 28 obtains the same result
showing that there is no dis~
agreement between the various
groups. The range of ¢, § for
which the correction is less
than 30% i{s reported to be
- e >0.05 60° < § <36°. It is
clear then that if one wants to
] compare with data and extract a
Aih < 3@ 1 meaningful value of @, one must

Imax impose these g,8 cuts on the data.
Of course hadronizatio, will
smear ¢ and § restricting the
range of validity still further.
So what is the status of the perturbation expansion in ee? It

B

e, 81102,
€,6)=101,30°)

o

Vo do™Me, 8} Miaus
e

g

07

Figure 5

is clear that predictions for %% are not reliable. The intro-
duction of ¢,8 provides an additional ambiguity to be added to the
list in the introduction. It should not be surprising that for
some £, § the corrections can be made small. I do not know of any
a priori argument to arrive at the "correct”" valu:s of ¢,8, and it
is possible that we have merely defined the problem away to this
order and that it will return with a vengence when next order is
calculated. As with most processes the acid test awaits the
calculation of yet one more order.
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V. HIGHER TWIST

Corrections due to higher twist afflict all processes but it
is wsual to worry about it only 1if the QCD pertubation in leading
twist 1is well behaved. It is most relevant for attempts to extract
a. from deep inelastic scattering data. It is clear from most
discussion of higher twist that it 1is most important near the kine-
matic boundary x = 1. Most models of higher twist parameterize
it in terms of some x function which is usually not normalizable.
Some of these models are based on the concept of diguarks. None of
these models can be derived from QCD and their failure would not
cause me to declare that QCD were wrong. Phenomenolegical models and
their relationship to the data are considered by the next speakar34
so I will not discuss them here. I would like to refer briefy to
an attempt_to calculate higher twist using Bag model wave

functions. Consider the moments of a non singlet structure
function d
\n
© A (log Q2) P
rx“'zF(x Q¥ydx = T R~ " ° (11)
J : p=0 N
Q")

The usual QCD term corresponds to p = G in this series. The d 's

p,n
are calculable in QCD perturbation theory but the Ap n's are not.

,
The A's are related to matrix element of operators evaluated in
the proton state.

A~ <ple_ _|p>
np n,p
where 6 is some local operator. Given a model for the proton wave
function the A's can be calculated. The leading twist matrix
elements {p = 0) have already been evaluated.36 The calculation
is not straightforward as some modification of the bag wave functions
is necessary.36 However it was concluded that the A 's were

. o, 1
about the correct order of magnitude when compared to data. For
n =2 A, has been calculated recently.35 We have

2 2
T=2 A 1
1,00 = H 2% - L+ 0 () (12)
2 2 QZ Q4
with A = 100 MeV. Using the earlier estimate for the twist two

=2, 2.\ % 2 2
term (M . {Q )), the twist four term is of order 1% at Q° =5 GeV".

This is remarkably small. However as I remarked above higher twist
is expected to be most important for large n (x near 1); it will be
interesting to see such calculations.

Before leaving higher twist I would like to discuss the angular
distribution of Drell-Yan pairc. In nN » p~p+ x the u* angular
distribution can be parameterized as 1 + u(xl)cos 8 where %y is the

momentum fraction of the anti-quark:QQCD predicts a = 1. There is a

prediction 3 of the dependence of a with xl(Figure 6), due to

higher twist terms.



11

o b
v T Some data are shown.38) The pre-

dictions are not entirely free of

ta E parameters but the agreement is
startling. Recent dataBg) con-
10 I T | S S flicts strongly with the model,
a bur it appears that there may be
nal J a problem in the data analysis.
The model contains an arbitrary
o parameter, called Prs which sets
1 the scale of the higher twist
term. It appears from Ref. 39
051 e t-Chennel 9 that this parameter was taken
S Callims-Soowr Azis to be the p, of the b pair which
430 &2 o; n; o; "y it is not.%0) The model may not
5 yet be ruled out.
Figure 6

VI. DOES o RUN?

I would like to make some miscellanecuscomments about ag

N

before drawing conclusions. It has been pointed out that %(u”) is
2

strictly defined only in the Euclidean region for p~ < 0.%1) For

uZ > 0 it isnormal to use as(— uz), but maybe one should use

2
]as(vz)l . These differ only at small uz, in the latter case the

. 2
coupling constant tends to freeze as u reduces rather than
42)
increasing. A similar effect can be produced with a gluon mass. )
2
Of course this region of small u" 1s the region where as changes

most rapidly so a modification of the type indicated would be
helpful for comparison with certain data. There is a QCD pre-
diction for asymptotic behaviour of the baryon form facter
2 4+
g, (<)
2+4/3 B

2)] o

2
g (@) =Q% (al(q

where the normalization A is not calculab!:. We can therefore

44y

predict the Q2 evolution but not the normalization. Experimentcally .
4

Q gm(Qz) is roughly Q2 Iindependent and the data are in a Q2 range
where ey is expected to vary rapidly. Note here that Q2 <0 so

discussion of kef,4l) is not applicable. A similar experimental
conclusion as to the non-running of a  can be draw from wide angle

45)

exclusive data.
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The only positive evidence of a runnirg ag 1s from deep
inelastic scattering but extracting precise values seems to be

difficult.34) To sum up it appears that there is no process

where we have a quatitative disagreement between QCD and experiment.
Unfortunately it seems we are far from a definitive quantitative sucess.
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