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It is argued that in QCD it is possible to compute the asymptotic behaviour of exclusive processes such as form factors,
threshold behaviour of structure functions, production of low-mass jets, elastic scattering, ... . Only a few phenomenologi-

cal parameters are needed as an input.

1t is often stated that no firm predictions can be
made in QCD for exclusive processes. This point of
view is too pessimistic: in this note we will argue that
it is possible to compute the asymptotic behaviour of
form factors, structure functions at threshold, the
production of two fixed-mass jets in e*e~ collisions,
elastic scattering at a fixed angle and similar exclusive
processes.

Let us concentrate our attention on the simplest
case, i.e. the behaviour of the form factor as a function
of g2 when g2 - oo, The renormalization group tech-
niques have been used to compute the form factor of
the parton [1,2]; at first order in perturbation theory
dimensional counting rules may be derived [3,4] for
the bound-state form factor: the difficult problem is
to find the corrections to these rules. Particularly large
corrections may be expected in gauge theories: the
electromagnetic form factors of the electron and the
quarks are respectively given by [2,5]:

Fo(q?) > exp[—(a/4m) In2q?] ,
Fy (%)~ exp[- 75 Ing? In(ln ¢2)]
= [¢2]-@®/29)In(n ¢?) m

Both go to zero faster than any power of ¢2. If we
assume that the form factor of the bound state cannot
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be larger than the form factor of its constituents, the

bound-state form factor too must decrease faster than

any power, The same conclusion has been reached

using the prediction that the structure function at fixed

mass goes to zero faster than any power of g2 [6].
Both arguments are wrong: the correct result for

the form factor of the pion is [7,8]:

F (4%~ 8r/g¥) a(g®) /2, )

where f_ = 132 MeV.

It is easy to understand why the first argument is
wrong *!: let us consider the case of QED. The elastic
electron form factor corresponds to the process in
which the electron is accelerated without emitting
photons. The probability for such an event is given by
exp(—<{n)), where {n) is the mean number of emitted
photons which can be estimated semiclassically:

(ny = aln2? 42 [9]. During the elastic scattering of pos-
itronium, it is possible that the electron is accelerated
whern near to the positron and immediately after the
collision the electron shares its momentum with the
positron. The amount of classical radiation is small be-
cause of local charge compensation. This event may be

*1 The second argument is wrong because twist-4 operators
have been neglected in the light-cone expansion. They do
not have large anomalous dimensions and their contribu-
tion is proportional to 1/¢2; in the really asymptotic re-
gion the structure function at fixed mass will be dominated
by the twist-4 and not by the twist-2 operators, as is often
assumed.
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a) b t) K

Fig. 1. In (a) we show a diagram for the parton elastic form
factor, these diagrams are strongly suppressed by soft gluon
emission; in (b) and (c) we show the leading diagrams contri-
buting to the pion and the proton form factor, respectively;
these diagrams are not suppressed by soft gluon emission.

represented by diagram b of fig. 1 and its contribution
is proportional to the wave function at the origin.

As far as the-behaviour of the form factors of singlet
states is concerned, there is no serious difference be-
tween gauge theory and the other renormalizable the-
ories [10].

The corrections to the dimensional rules have been
extensively studied in renormalizable non-gauge theo-
ries {11]. Their results may be summarized in the fol-
lowing form factor expansion, which we write direct-

"ly in the case of an asymptotically free theory:

J(p -p') 25 C, yla(g?)]

—_—
p-pY=q*>= a,b

X g2 Ga*Tp)2=11 (1n 2y * b

X 0,()10X(010, (?"), 3

where all the references to Lorentz indices have been
suppressed for simplicity; O, is a generical local oper-
ator, 7, is the twist of O,, v, is the anomalous dimen-
sion and a(g?) is the running coupling constant. The
coefficient function C, ;, can be computed in perturba-
tion theory. If we apply eq. (3) to the asymptotic be-
haviour of the transition form factor from A to B we
find:

(AITIB) = F5p(q%) ~ g C, »(a(q?)

(A10,10)¢010, |BY
q2[(7'a +7p)2—1]

(In q?-)—(’m +p)2 )

The operator O, is an interpolating field for the
state A and eq. (4) tells us that the form factor is
dominated by the interpolating fields having lower
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twist, and among those having the same twist, by the
one having minimal anomatous dimension [12].

If we apply eq. (4) to the partons themselves we
find:

Fp(g®)~1/(Ing?)», 5)

where Tp is the anomalous dimension of the parton
field.

Egs. (4), (5) cannot hold in gauge theories: they
clash with eq. (1). However, in gauge theories v, is
not gauge invariant. It has been noticed that a gauge-
invariant definition of 75’1 {13} can be given by [14]:
’YSI = nlinl Tns (6)
where v,, is the anomalous dimension of the operator
0,, of twist 2 and spin n; indeed, eq. (6) holds in all
renormalizable theories, gauge theories excluded. An
explicit computation shows that v, ~ Inn. The gauge-
invariant anomalous dimension is infinite; if we inter-
pret this result by saying that the effective gauge-invar-
iant anomalous dimension increases like log g2, we
recover eq. (1). We conjecture that using this defini-
tion of anomalous dimensions of non-singlet operators,
eqs. (3),(4) are valid also for gauge theories.

The asymptotic behaviour of the form factor is
dominated by the twist-2 operators, in particular by
the axial current; that explains the presence of f in
eq. (3).

We can apply eq. (4) to the study of the threshold
behaviour of the electromagnetic structure function
Fi(x, q2) of the pion. The structure function can be
written as the sum of all transition form factors from
the pion to any state having mass W2 = m;: +((1
— x)/x)1q?]. In the limit g2 - oo at fixed mass W2,
one obtains:

FEW2,q%) > C'f2 (@2 (@Ha) ImT, (WD), ()

where Im T , (W2) is the imaginary part of the axial
current propagator. In the region where W2 is not too
small, it may be convenient to add also the contribu-
tions of the other operators and use the asymptotic
estimate for their imaginary part. One finds:

FE(W2,q%) > 2 Cp (a2 (qD)/q?) [ln W2[ln Q2177 , (8)

where C,, are computable constants and 1y, are the
anomalous dimensions of the twist-2 operators.
Similar results may be obtained for the proton:
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Fy(@®)~> C"12e2(q®)/[(¢?) (ln g2)70s] ,
FE(W2, %)~ C" (g} F,(¢2)

X Im[IT5 (W2)] /(In g2)70s )

where f,, =<0[051p), O3 being the three-quark oper-
ator of twist-3 having minimal anomalous dimensions
73 and [15 (W2) is the O propagator. Unfortunately,
in this case fp is not known, although its order of
magnitude may be estimated in the bag model. Notice
that £, cancels in the predictions for the threshold be-
haviour of the structure function.

We can also use the form factor expansion (eq. (3))
in order to compute the cross section to produce, in
e*e~ collisions, two clusters of mass squared W%,

W% < Q2. The same familiar chain of arguments leads
to:

' 2 2 :
> Cpy (WY (In W5)m o2 (O2)

, 10
n,m 4Q4 (In Qz)’y” *vm (10)
where the constants C,; m are computable.

As noticed in ref. [8] a heuristic interpretation of
eq. (2) can be given in the effective parton language.
Let us denote by ¢™(x, 1 — x; g2) the effective q2-
dependent amplitude to find a quark of momentum
xP and an antiquark of momentum (1 — x) P inside a
pion in the infinite-momentum frame. This amplitude
may be written as the sum of contributions of oper-
ators of twist 2 (twist 3 for the proton) and when g2
goes to infinity only the lowest dimension operator
(i.e. the axial current) survives. In this limit we know
the explicit form of the wave function and eq. (4) can
be simply obtained by plugging the asymptotic expres-
sion for the wave function in the first-order diagrams
of fig. 1. This observation suggests that the same pro-
cedure can be used to obtain parameter-free asymp-
totic predictions for large-angle scattering.

We conjecture that the correct results are obtained
by computing perturbatively the large-angle scattering
using as an input the same form of the wave function
of the hadron as for the electro-magnetic form factor.
In this way we reproduce the result of the dimension-
al counting rules [15]; for proton—proton scattering
we obtain:
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do/dt —~ t—lofgh [s/t, ()] /(In £)*703

=1-2F, (p) 1 [s/t, a(1)] . (11)

The function Z[s/t,a(t)] is now computable because
we know the asymptotic form of the proton wave
function, the only unknown parameter being fp. In
the conventional approach the wave function is un-
known and the function h[s/t, a(¢)] is incomputable;
this great simplification is an effect of anomalous di-
mensions.

Some complication may arise from the so-called
Landshoff diagrams [16]. In perturbation theory they
violate the dimensional scaling laws and give a contri-
bution proportional to -8 to large-angle proton scat-
tering. However, these diagrams represent the indepen-
dent scattering of partons in different points of space—
time. No local charge compensation is present and
strong gluon bremsstrahlung is expected. The Landshoff
process is depressed by [Fq (H112 and it is negligible
at large energies [17].

We are led to the conclusion that most of the large
transverse momentum exclusive processes are compu-
table in QCD, absolute normalization included, using
as an input only a very small number of phenomeno-
logical parameters. The verification of all these predic-
tions would be a very serious test of QCD.

It is a pleasure for me to thank N, Christ,
P. Menotti and A. Mueller for many illuminating dis-
cussions; without their help this work would never
have been written. [ am grateful to C. Bouchiat for
having brought to my attention the existence of ref,
[8] and to all the people of the Ecole Normale Supé-
rieure for their kind hospitality.
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