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Relations among high-p, exclusive cross sections, particularly for yy baryon-antibaryon
and for meson-nucleon scattering, test the applicability of perturbative QCD in the kinematic

regime of the experiments. This permits assessment of the importance of higher-order
corrections and non-leading-twist contributions to the Born approximation, the extent of the
"Sudakov suppression, " and the validity of the asymptotic approximation to the wave func-
tions.

PACS numbers: 12.35.Eq, 13.85.Fb

Ten years ago it was argued that exclusive hadron
scattering at large momentum transfer is essentially
a "short-distance" process, with the observed regu-
larities in the energy dependence reflecting the
quark composition of the hadrons, and with the ab-
solute normalization, energy, angular, and helicity
dependences computable (in principle) by use of
perturbative QCD. ' In the intervening time pro-
gress has been slow, largely because of the difficulty
of evaluating Born amplitudes involving many
quarks and gluons, and of analyzing the higher-
order corrections to them. Several processes have
by now been calculated to lowest order. The first
and cleanest theoretically was the pion form factor2;
then came nucleon form factors, yy +7' and

pp, yy pp, and a numerical study of 7r+m
m+m+. Recently an algebraic computer pro-

gram has been completed with which the hundreds
of thousands of Born diagrams required for more
complicated processes such as photoproduction,
meson-nucleon scattering, and nucleon-nucleon
scattering can be evaluated. Meanwhile studies
of the higher-order corrections in QCD have clari-
fied, but not completely resolved, the question of
which large —momentum-transfer processes are
governed by perturbative QCD and which may
inevitably involve infrared and confinement effects.
Briefly, the form factors should be simply calculable
within perturbative QCD while purely hadronic am-
plitudes seem to factorize into a perturbatively cal-
culable piece and a "Sudakov factor" which damps
the contribution of nonperturbative regions of
internal momenta. The Sudakov factors may be
calculable, at least if one is ready to re-sum pertur-
bation theory in a not entirely uncontroversial way.
However, incorporating them correctly and in-

tegrating the quark Born amplitudes over the had-
ron wave functions is a major task. It is not yet
known with certainty whether, with the Sudakov
suppression correctly incorporated, the nonpertur-

bative integration regions are completely or only
partially eliminated. "

Nonetheless, the complete evaluation of the Born
amplitudes sets the stage for a major theoretical ad-
vance in our ability to predict the cross sections in-
cluding their dependence on helicity, energy, and
angle. It is therefore particularly timely to point out
experimental means of directly determining wheth-
er these perturbative calculations are actually
relevant for the processes at hand in the regimes of
energy and momentum transfer being measured. '

If perturbative QCD is correct, the calculation of
physical hadron-scattering amplitudes can be ex-
pressed as a convolution of fundamental quark-
scattering amplitudes with wave functions of the
hadrons in terms of quarks. Apart from the overall
normalization, these factors are computable in the
asymptotic limit of infinite momentum transfer,
putting aside for the moment the problem of non-
perturbative contributions and the Sudakov sup-
pression. The question is, how accurate are the
asymptotic approximations at experimentally acces-
sible momentum transfers? Specifically:

Are the wave functions well approximated by
their minimal Fock-state components, qq and qqq
for mesons and baryons, respectively?

Do they have the SU(6) flavor-spin structure
predicted asymptotically?

Can the internal p, 's of the quarks inside the
hadrons be neglected?

Are the quark scattering amplitudes well approxi-
mated by lowest-order (i.e., Born approximation)
QCD?

Can higher-twist effects (e.g. , from quark
masses) be ignored in predictions of the quark-
scattering amplitudes in experimentally interesting
kinematic regimes?

Most importantly of all, are the exclusive
hadron-scattering amplitudes completely governed
by perturbatively calculable quark-scattering ampli-

28 I984 The American Physical Society



VOLUME 53, NUMBER 1 PHYSICAL REVIEW LETTERS 2 JULY 1984

on the same set of quark amplitudes. '

For yy BB the fundamental quark amplitudes,
3,, are shown in Fig. 1. There are fifteen different
reactions of the type yy BB with either the
baryon or antibaryon in the octet, which depend
(for each photon helicity combination) on only four
amplitudes: 30 3.' Eleven relations are thus
predicted among the hadron amplitudes. Nine of
these follow from U-spin invariance (the yy initial
state is a U-spin singlet) and are therefore sensitive
to the importance of mass differences, but not to
the importance of an SU(3) singlet "sea":

g+g =pp wo~

AX =%3(nn —AA); XOX = —2nn —3AA;

X+ Y' =pZ nZ =

AOY' = J3X Y' = , J3n—b

Note that U-spin cannot relate 8888 and 888&0 am-
plitudes. The two additional relations among the
amplitudes hold only if components of the baryon
wave functions containing additional qq pairs or
valence glue can be neglected, because if the
baryon Fock state contains more than three quarks,
the set of fundamental amplitudes must be enlarged
beyond the four A; of Fig. 1. These two new rela-
tions relate 8888 and 888~0 amplitudes and can be
written' as

pA =J2(pP+ nn —2AA —X X+);

nb =242(nn —AA)

Including final states with helicity- —', baryons adds
ten reactions (twenty if the baryon helicities are
measured) and involves two more amplitudes, A 4 s,
six fewer than U-spin alone would imply. A similar
analysis of meson-nucleon scattering is even more
impressive. For example, there are 66 reactions of
the type (sr+- or E+-)+p (m, E, q, q' or Pj+B,

Aq

FIG. 1. Independent quark amplitudes necessary to
completely determine yy BSB8, B8B~p, and B~ pB ~p,

with photon symmetrization and gluon connections un-
derstood. The + ( —) labels the chirality of the fermion
line.

tudes?
Every one of these questions can be answered

without recourse to absolute predictions, as we shall
see below, because the comparative study of a suit-
able set of experimental cross sections permits
separate evaluation of the legitimacy of each ap-
proximation being made.

I. Higher tw-ist effects due to quark masses and in
trinsic p, 's are measured by hadron-helicity non-
conservation. —Chirality is conserved at every ver-
tex by vector interactions, so that chirality conser-
vation is true to all orders in QCD. In the limit that
quark masses can be neglected, the helicity and
chirality are identical for quarks, and for antiquarks
the helicity is the negative of the chirality. Since
the helicity of a hadron is the sum of the helicities
of its quarks, as long as the p, 's of the quarks inside
the hadron are negligible compared to their longitu-
dinal momenta, it follows that Xh; = ghf, where h;
and hf are the initial and final hadron helicities. "
Non vanishing values for cross sections which
violate helicity conservation thus measure higher-
twist effects, independently of all other approxirna-
tions (including truncating the perturbative calcula-
tion, e.g. , in Born approximation), and should de-
crease as a power of s.

A new prediction which is stronger than chirality
conservation alone is that the amplitude for yL + yz
and yg +yg 8+3/2+8+3/2 vanishes identically,
if only the qqq Fock state of the baryon contributes.
That this is true diagram by diagram in Feynman-
gauge Born approximation was discovered by com-
puter. I have proven that the result holds diagram
by diagram to all orders this is most easily
demonstrated by use of the two-component formal-
ism of Ref. 8, which I extended to diagrams with
loops. The size of yl. ~&~+ yl (g) 8+3/2+8 3/

therefore is sensitive to the contribution of non-
valence components of the baryon wave function,
as well as the p, /p ~~

and masses of the tluarks, at the
actual s and t of the experiment.

II. The flavor chirality wav-e functions and the im

portance of nonvalence components in the Fock state-
wave functions are tested by relations among cross
sections. —At short distance, the hadron flavor-
helicity wave functions are those of SU(6) 3; e.g. , a
positive-helicity proton has the wave function
6 'i [2u+ u+d —u+ d+ u —d+ u+ u ]. The
scattering amplitudes for any hadronic process are
obtained by projecting the fundamental quark am-
plitudes relevant to that process onto the SU(6) fla-
vor wave functions of the physical hadrons. There-
fore nontrivial relations exist between various had-
ron cross sections following from their dependence
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TABLE I. Amplitudes for (7r —+ or K —+ }+p
(m, K, TI, TI' or $}+B8 or BIO in terms of the fundamental
quark amplitudes defined in Ref. 12. Reactions followed
by the same letter are proportional to one another, usual-
ly as a consequence of U-spin and isospin invariance at
large p, .

or B~o which depend on only thirteen quark ampli-
tudes in linear combinations completely determined
by the SU(6) wave functions, as tabulated in Table
I. Reference 12 gives complete results for all ex-
clusive processes of experimental interest and a de-
tailed discussion of what is tested by each relation.

In the event the predicted relations among the
amplitudes are not exact, the rate at which they im-

prove with s (as a power, or logarithmically, or not
at all) determines (respectively) whether their
failure is due to quark masses or nonvalence Fock-
state contributions, nonasymptotic flavor wave
functions, or unequal short-distance normalizations
of the baryon wave functions. '

III. The validity of perturbative QCD and of the
Born approximation to the quark-scattering amplitudes
can be determined by studying the phases of hadron
amplitudes In .Q—CD, a large-p, exclusive hadron-
scattering amplitude is determined by a sum of
quark-scattering diagrams, such as those shown in
Fig. 1 for yy baryon-antibaryon. Each amplitude
A; shown in the figure is actually a sum of many di-
agrams (one for each possible way of connecting
the quarks by the minimal number of gluons),
which must be evaluated for arbitrary momentum
fractions (x,} for the external quarks, and then in-
tegrated over the amplitudes for the quarks of the
hadrons to carry the fractions (x,}.The quark am-
plitude for any process is real in Born approxima-
tion; however, for a general hadronic process there
are kinematic configurations of the quarks (pinch
singularities in the integration over the (x,} '") in
which intermediate states are "on mass shell. "
Therefore by dispersion relations the hadron-
scattering amplitude has an imaginary part. Con-
finement, not present at any finite order of pertur-
bation theory, presumably prevents quarks from
propagating freely; it is not known what that implies
for the phases of the hadron-scattering ampli-
tudes. "

For yy BB, yy two mesons, and form fac-
tors, explicit examination of all diagrams shows that
the integrations over the wave functions do not take
any virtual intermediate quarks on mass shell.
Nonzero phases of yy annihilation amplitudes
therefore are only due to higher-order corrections
to the Born approximation and "should" be
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small —0 (n, )—and decreasing as lns. These
phases can be experimentally determined for

88', because with polarized photons 25 cross
sections (35, if helicities of final decuplet baryons
can be measured) depend on six magnitudes and
four relative phases of the quark amplitudes. '

It can be seen from Table I that in {or+-or
E- }+@ {7r,E, r), rl' or P}+Bsor Btc there are
66 independent measurable reactions of which 45
depend on distinct linear combinations of thirteen
(in general complex) 3;. With the absolute values
of 45 distinct linear combinations of the A; available
for measurement, the thirteen ~A;~ and their rela-
tive phases are highly overdetermined. Together
with the 21 proportionalities among cross sections,
these relations provide an extraordinary arena for
testing the theory. Comparison of phases in the yy
annihilation reactions where nonzero values are due
only to higher-order corrections, with those, say, in
meson-nucleon scattering where they are potentially
due both to higher-order perturbative corrections
and to contributions from nonperturbative regions
of the wave-function integration, allows assessment
of the importance of nonperturbative effects.

The tests discussed here of the assumptions
underlying the perturbative calculations do not rely
on the results of the calculations themselves. If we
are fortunate, these tests will demonstrate the va-
lidity of the perturbative QCD approximations for
large-p, exclusive hadron scattering in experimen-
tally accessible kinematic regimes. Then, thanks to
the great variety of hadrons and the diverse charac-
ter of available hadronic processes, including real
and virtual photons, the theory can be quantitative-
ly tested in literally hundreds of different reactions.
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