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Field-theoretic pattern of violation of scaling in the timelike and spacehke regions
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We use the Gribov-Lipatov relation to distinguish which class of field theories, conventional type of
asymptotically free, can account for the scaling violation observed in ep and e +e interactions.

Asymptotically free theories give a better description of these deviations in both timelike and spacelike
regions. We also present some predictions for the single-particle inclusive distribution in e +e . interactions
for PETRA energies.

I. INTRODUCTION

We address ourselves to the problem of scaling
breaking effects observed in deep-inelastic lepton-
hadron scattering and in electron-positron annihila-
tion processes. Strict Bjorken scaling does not
hold in renormalizable field theories. ' It is there-
fore of importance to find out whether the data can
distinguish which class of field theories (if any at
all} are relevant, conventional type (C.T.} or
asymptotically free (A. F.) type.

An analysis along these lines has been done by
Tung' for the case of deep-inelastic electron-pro-
ton scattering. Within the limited range of the
kinematic variables, he finds that both types of
theories can account for the data.

In e'e annihilation, beyond the new particles,
the total cross section seems to scale (R = 5),
while there is a clear deviation from scaling in
the inclusive distribution e e -m + X. This devia-
tion from scaling follows the same pattern as that
observed in deep-inelastic scattering. One might
ask whether these scaling-breaking effects can be
described by a specific field theory. To that end
one is guid ed by the Gribov- Lipatov relation which
relates the structure functions in timelike and

spacelike regions. One can then exploit the wider
range of energies available when both regions are
considered together.

pend ence,

M(n, q') ~ C(n)e
Q2 ~Co

(2)

while for the nonsinglet part of asymptotically free
field' theories

A and G are parameters which in the following me
shall include in the definition of k. Then

~

~ ~

A. ln(q'/q, ') (C.T.)

G»Iin(q'/u')/in(q, '/W')l (A F ),

where q,
' is some reference value and p,

' is a
scale parameter (which we take to be 1 GeV').

We are interested in the isoscal. ar anomalous di-
mensions. These Pave the properties

Here C(n) is an unknown constant; it contains our
basic ignorance of the strong interactions. A(n) i.s
the calculable anomalous dimension of the leading
tensor operator in the Wilson expansion of the
product of currents in the definition of the struc-
ture function. For conventional theories, we have'

~(n} =A
b

n(n+ i)

II. BASIC FORMALISM

Let us define the moment integrals in the usual
way' and

x'(2) = 0,
~"'(n)-~'(n} sma«,

dxx" 'F(x, q') =M(n, q').

Strict Bjorken scaling would imply that M(n, q')
does not depend on q'. Renormalizable field theor-
ies on the other hand predict a factorizable q' de-

The condition A. '(2) = 0 simply expresses the fact
that the energy-momentum tensor has canonical di-
mension 4. For the asymptotic case we shall use
the foll. owing phenomenological formula which in-
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corporateq all. the above requirements:

x'(n) =-3 — +4 Q —.18 " 1
n(n+1) =, m

For the conventional field theories we take'

(6)

dence that w e have reached the "scaling" region. )
Most one-particle inclusive data in electron-posi-
tron annihilation are for pions. From Eq. (2) we
know that the q' dependence of the moments can. be
factored out and should not depend on the specific
type of hadron, so that we can write

(7)

Different choices from Eqs; (6) and (7) have been
considered by Tung. ' Within his range of q' avail-
abl. e he found little differences between them; they
merely result in a different choice of the normal-
ization constants A or G.

In the now familiar. way, given the structure
function F(x, qo') at some reference value q,' for
x,&x&1, Eqs. (1) and (2) can be used to evaluate
the structure function F(x, q') for all q' and x,&x
&1. We note that to determine F(x, q'), only
F((,q,') with x&/&1 is needed.

The general trend of scaling breaking derives
from the condition A.(2) = 0 and from the fact that
A. (n) is an increasing function of n. The require-
ment X(2) =0, which, as we have seen follows on
general grounds, implies that the area under
F(x, q') scales, i..e. , f dxF(x, q') is independent
of q'.

It is well known that because the higher moments
obtain their support mainly from the region x= 1
the structure function F(x, q') for large x will, be a
decreasing function of q'. Since the area under
F(x, q') must be conserved, this decrease can
only be offset by an increase at small x. As noted
by Tung' this is indeed the pattern observed in
deep-inelastic eP scattering. There, both con-
ventional and asymptotically free field theories
give similar. results for x&0.2 where most of the
experimental data are avail. able. ' Only at smaller
x (x&0.1) can one hope to disentangle the two
classes of field theories for a reasonable range of
q

The Gribov-Lipatov relation' gives a connection
between the structure functions in the timelike
and the spacelike region; it reads

l(X + . 2H'Q
x—(e'e -Ii+X) = F'"(x).

dx 3s (8)

This relation has a simple intuitive basis in the
parton model. ' lt is supported by the few available
proton data. We assume it to be.,vali;d in nature. '

Combining Eq. (8) with Eq. (1) we see that every-
thing we have said about F(x, q') can also be said
about xdo'/dx(e'e -h+y). In particular, we ex-
pect to see scaling-breaking effects, and these
should be governed by the same anomalous dimen-
sions as for the deep-inelastic case. (That the
ratio R is roughly constant above the region of
the new-particle production gives us some confi-

1

dxx" 'x—(e'e - w+)i) =C"(n)e4mn' 0 dx

(9)

Hence once the inclusive distribution xdo/dx(e'e
—m+)i) is known for some reference value qo', it
is possible, using the same technique as before,
to eval. uate this quantity for all q'. The q' depen-
dence should be governed by the same anomalous
dimensions A.(n). The region in x and q' available
is now much extended. In particul. ar, data are.
available at small x (x&0.1), where the difference
between the two types of field theories is expected
to be strongest, and for q'= 23-55 GeV' (SPEAR-II
regime), which is hopefully large enough to work
out the uncertainty in p.'. In short, we may hope
to distinguish. between the two types of field theory.

Finally we pote that the field theories can also
be compared for their respective merits in time-
l.ike and spacelike regions separately. '

III. RESULTS

The broad trends in scale breaking discussed in
Sec. II are indeed observed in the latest one-par-
ticle inclusive spectra do/dx(e'e -n +y) from
SPEAR." (In Fig. 1 we have adjusted the overall
normalizations of the data such that the areas
under the curves are the same for all q'. This
amounts at most to a 10% correction. ) The slow
decrease with q' for x&0.3 and the rapid increase
for x&0.2 are striking. There is also a shift of
the peak toward small. er x.

We used the ~s =4.8 GeV data as, input to cal-
culate the distribution at ~s= 6.2 GeV and Ws= 7.4
GeV. These are compared with the data in Fig. 1

for both types of field theories. The best values
for the parameters areA =0.4 and G=0.35. It is
seen that the A. F. theories fit the data much better
than the C.T. ones. C.T. theories give the wrong
q' behavior: for x&0.2 there is a decrease with q',
but the peak broadens and flattens. The area under
the curve is conserved only because of a substan-
tial increase in the small-x region. . Parameter A
cannot be taken too large since this would enhance
the very-small-x region too much, to such an ex-
tent that the forward dip even disappears. On the
other hand, A. F. field theories yield a q' behavior
qualitatively very much like that of the data. The
peak does not grow fast enough with q', but it in-
creases with q' and it shifts toward smaller x.
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FIG. 1. Comparison of the conventional theory and the asymptotically free theories at the SPEAR-II energies. Solid
line represents asymptotically. free theory and dashed line represents conventional theory.

The region x&0.25 is well described. As for the
C.T. case the small-x region puts an upper limit
on the value of G. The best value of G, G = 0.35,
compares favorably with G =0.16 as expected from
the four-color-triplet model. Different choices of
the anomalous dimensions, of the value of parame-
ter p,

' and/or use of a nonasymptotic expression
for k in Eq. (5) can all lead to changes in the value
of G. The value of G =0.35 differs from the best
value G =0.085 found by Tung' in deep-inelastic
scattering. For C, T. theories there is no theo-
retical value for A. The value A = 0.4 compares
withe =0.25 found by Tung.

Finally, since PETRA will be in operation with-
in some years, we also make predictions up to its
energy regime. These are shown in Fig. 2. 50- (a)

30

the observed q' behavior, only the A. F. theories
give qualitatively the features seen in the data.

We have also made predictions for the one-par-
ticle inclusive spectra in the PETRA regime. We
hope to report on a similar analysis for eP-ehX
and for the two-particle inclusive cross sections
in e e interactions. A similar analysis of the
scaling-breaking pattern for massive-lepton-pair .

production in pp collisions at Fermilab and
CERN-ISR energies has been reported elsewhere. "
¹teadded. After this work was completed

Gluck and Reya" have i.ndependently shown that

IV. CONCLUSIONS

The scaling-breaking effects seen in the single-
particle inclusive distributions in e'e . are similar
to those observed in deep-inelastic eP scattering;.
and one may argue that they have a similar field-
theoretic interpretation. In particular the Gribov-
Lipatov relation, which gives a direct relation be-
tween the timelike and space'like structure func-
tions, implies that both regimes are governed by
the same field theory. In a comparison with the
data, especially in the smaller-x region (x &0.2),
where one expects a very different behavior for
the two classes of field theories, it turns out that
the asymptotically free theories fare much better.
Although neither field theory gives a perfect fit to
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FIG. 2. Predictions at the PETRA energies. (a)»-
ymptotically free theory (b) conventional theory.
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only asymptotically free theories are compatible
with experiment and not other theories whose
fixed points are not at the origin of the coupling-
constant space. Thus, their result agrees com-
pletely with the present analysis. However, we
had to overcome the difficult task of continuing
from the spacelike to the timelike region. Besides,
since most of the data for e'e -h+y come from
x ~0.3, there might be some contamination corn-
ing from the nonleptonic decays of charmed par-
ticles, which we could not take into account prop-
erly. However, the interesting task of distinguish-
ing the two classes of field theories is too tempting-
to warrant a strict view on the field-theoretic va-

lidity of the Gribov-Lipatov relation or some con-
tamination from the nonleptonic decays of charmed
particles. With such a raison d'eA"e in mind, we
have addressed ourselves to the pattern of scale
breaking, whose analysis agrees completely with
the more theoretically oriented approach of Gluck
and Reya.
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