SLAC-PUB-2762
June 1981
(T/E)

*
EXCLUSIVE PROCESSES IN QUANTUM CHROMODYNAMICS

Stanley J. Brodsky
Stanford Linear Accelerator Center
Stanford University, Stanford, California 94305

and

G. Peter Lepage+
Laboratory of Nuclear Studies
Cornell University, Ithaca, New York 14853

ABSTRACT

Large momentum transfer exclusive processes and the short dis-
tance structure of hadronic wave functions can be systematically
analyzed within the context of perturbative QCD. We review predic-
tions for meson form factors, two-photon processes yy-=MM, hadronic
decays of heavy quark systems, and a number of other related QCD
phenomena.

I. INTRODUCTION

One reason why detailed, quantitative tests of quantum chromo-
dynamics! are so difficult is that measurements of basic quark and
gluon subprocesses must be done within the confines of hadrons.
Fortunately, it is often possible to isolate the largely unknown bound
state hadron dynamics in terms of process—independent probability
distributions and amplitudes. The predictions for both inclusivel
and exclusive?~5 reactions which involve large momentum transfer can
then be factorized into hard-scattering quark and gluon subprocess
amplitudes, Ty, representing the short distance physics, convoluted
with evolved distribution functions or amplitudes containing the long
distance dynamics.

As we shall discuss in this talk, large momentum transfer exclu-
sive reactions such as elastic lepton-hadron, photon-hadron and
hadron~hadron scattering can provide an extensive, experimentally
accessible, and perhaps definitive testing ground for perturbative
QCD.® 1In particular, the power-law behavior of these reactions
directly tests the scale-invariance of the basic quark and gluon
interactions at short distances, as well as the SU(3)-color symmetry
of the hadronic valence wave functions. The normalizations of the
exclusive amplitudes (both relative and absolute) test the basic
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flavor and spin symmetry structure of the theory as well as the asymp-
totic boundary condition for meson valence state wave functions
obtained from the meson leptonic decay rates. The angular variation,
helicity structure, and absolute sign of exclusive amplitudes test the
spin and bare couplings of quarks and gluons. In addition the pre-
dicted logarithmic modifications of exclusive amplitudes reflect the
asymptotic freedom variation of the running coupling constant and the
singularities in the operator product expansion of hadronic wave
functions at short distances. In the case of exclusive processes such
as meson form factors and the two-photon reactions vy + MM, the deri-
vations can be carried out with the same degree of rigor as that for
the QCD predictions for structure function moments. An implicit
assumption of all such analyses is that the short distance behavior
of any nonperturbative or confinement dynamics is more regular than
that given order-by-order in perturbation theory.7

A convenient representation8 of a hadronic bound state in terms
of quark and gluon constituents is the set of Fock state wave func-—
tions Y\ as defined at equal time 1 = z+t on the light-cone. We
will choose the physical gauge At = A0+A3 = 0. By using light-cone
quantitization (or equivalently, infinite-momentum-frame methods),
we can define charge and number operators which are diagonal in the
Fock state basis, i.e., conserved quantities which do not change
particle number. The amplitude to find n (on-mass-shell) quarks and
gluons in a hadron with 4-momentumI”*d1rected along the z-direction

and spin projection S, is defined as (kT = kY # k3)
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The valence Fock states (which in fact dominate large momentum trans-
fer exclusive reactions) are the |qq> (n=2) and |qqq> (n=3) com-
ponents of th? Teson and baryon. For each fermion or antj —~fermion
constituent Yg (kj{>%X4,s4) multiplies the spin factor u(ky )//E? or
v(kl)//ﬂ$ The wave functlon normalization condition is

j'w(“)(k S ' [d K ][dx] =1, (1.2)
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By studying the wave functions themselves, one could in principle
understand not only the origin of the standard structure functions,
but also the nature of multi-particle longitudinal and transverse
momentum distributions, helicity dependences, as well as the effects
of coherence. For example, the standard quark and gluon structure
functions (probability distributions) which control large momentum
transfer inclusive reactions at the scale Q< are

— kJ_a<Q~
i@ )2 @ T [ )| [ o]
- n,si,Sz

x a(x-xa)‘ , - (1.3)

where d (Q ) is due to the wave function renormallzatlon of the con-
stltuent a. Note that only terms whlch fall-off as ]w} ~ (kia)—
(modulo logs) contribute to the Q dependence of the integral. These
contributions are analyzable by the renormalization group and corres-
pond in perturbative QCD to quark or gluon pair production or frag-
mentation processes associated with the struck constituent a. In
general, unless x is close to 1, all Fock states in the hadron con-
tribute to Gyyg. [Multi-particle probability distributions are simple
generalizations of Eq. (1.3).] Inclusive cross sections for reactioms
such as deep inelastic_lepton or photon scattering can then be obtained
by convoluting Ga/H(x,Q) with the elementary hard scattering quark or
gluon subprocess cross sections doa COmputed for on-shell constituents
(a) collinear with hadron H. The scale Q is controlled by the momen-
tum transfer in the subprocess and the available phase-space for the
spectator constituents. A detailed discussion is given in Ref. 9.

In the next sections we shall show how exclusive processes in
QCD can be directly related to the valence Fock states w —-and w
for mesons and baryons. 424



II. CALCULATIONS OF QCD EXCLUSIVE PROCESSES

The simplest illustration of the calculation of exclusive reac-
tions in QCD is the evaluation of the FWY(QZ), Y =+ w0 tran31t10n form
factor, which is measureable in two-photon ee -+ eemn® (Y Y+ 10) reac-
tions [see Fig. 1(a)]. The form factor is defined via the amplitude

o 2 HVpo T
T ie F (Q ) e Py € 94 . (2.1)
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+ + analysis of the yy* + 7m0
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() (d) state contributions such
as (c) are power-law
X suppressed in a physical
- x> gauge. The factorization

of Fy (Q ) is shown in (d).
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The lowest order contribution is shown in Fig. 1(b). We choose a
frame with

q = (q+,q_,31) = (0,2p-q/p+,ql) ; qf - =" ,
p' = (p+,p—,pl) = (p+,M2/p+,3l) . (2.2)

We then compute the Y*y-*wo amplitude in time-order perturbation
theory in terms of the light-wave Fock state amplitude:

o(xk ) = F.T. <‘T¢( >’+ . (2.3)

The denominator associated with the fermion propagator is proportional
to (klﬁ-xlql)z. For large Q2 one then easily finds (xy+x%p = 1)

<

d"k

2 2 1
F (QZ) - 2/n_c (eu—ed)f dx 1 ) (2.4)
TY Q2 / X%, 16ﬂ2 W




where
5 = min xi Q .
i=1,2

The QCD radiative corrections to this result can be organized in the
following way: First consider the loop integration (zl,y) associated
with gluons which attach  to the exchanged fermion [Figs. 1(c) and
1(d)]. For the ultraviolet region &, > Q the vertex and self- energy
insertions lead to the fermion line renormalization factor dg (Q ).
For 2l< Q, one obtains either higher corrections in as(Qz) to the
qqi—y >y amplltude or in the case of Fig. 1(c¢), power-law suppressed
contributions (in At=0 gauge). The gluons which are exchanged between
the quark legs are 1ncluded in the definition of ¥ (x, kl) and lead to

a power-law tail Y (x, kl) ~ kIz This implies a logarlthmlc Q depend-
ence for the (gauge-independent) "distribution amplitude"

k2<Q2
* ¢’k
- 1 L
$(x,Q) = dp" (O v/~ o3 W(X,kl) . (2.5)
T
Since zT =0, 22 = -zf ~ é(l/Ql), and one can compute the Q dependence

of ¢ from the operator product expansion of w(z/Z)w(—z/Z) in Eq. (2.3)

near the light- -cone!® to leading order in a
; g s*

) 2\=Yp,
¢ (x,Q) = Xlxzng;) <2n %) a C3/2( l—xz) , (2.6)

where the y, are the standard nonsinglet anomalous dimensions. Alter~

natively, thls result can be obtained via an evolution equation of the
form?

as(Qz)

Q* 25 6(x,Q) = = — fdy V(x,y) 6(y,Q) 2.7)
3Q 0

where V(x,y) is computed from the single gluon exchange kerpel. We
thus obtain

1
2 2 dx ~
Q%) = f ¢ (x,Q)
TY /3 Q2 X %,
oo 22 2\ Yn
) nc(eu ed) E a <2n Q_) (2.8)
2 £ n 2

Q n=0,2 A
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with corrections of order as(Qz) and m2/Q
mines the wave function at the origin:

2. The decay m-+>uv deter-

1
a £
2o fax ¢_(x,0) = X (2.9)
6 X ¢n x,0Q . .
0

In the case of the pion form factor, a similar analysis givesz-5
(see Fig. 2):

167\'(! (Q ) x : ’Q ¢(Y, )
F (Q ) = fdx fdy . (2.10)
7 g 0

x(1- X) y(l-y)

Again to leading order in aS(QZ) and mz/Qz.

2= - Q2
X y
- :(4:1 ( TH> (¢>:
f~x I-y Fig. 2. Factorized
structure and leading
QCD contributions for
§é¥ § the pion form factor

A(TH) _ §V . +oee in QCD.
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Figure 3 illustrates this QCD prediction for Q F given 3 dif-
ferent initial functions ¢(x, Qo)atQ% 2 GeV? with representative

values of the QCD scale parameter A2 In each case the normalization
is uniquely determined by (2.9); all curves ultimately converge to
the asymptotic limit Q Fp > lémag (Q )f For Fig. 3, we have multi-

plied (2.10) by (li—mg/Qz)"l to allow a smooth connection with the
low Q% behavior suggested by vector dominance models.

The behavior exhibited in Fig. 3 can be radically modified if
$(x1,Qp) has nodes or other complex structure in x;. However such
behavior is unlikely for ground state mesons such as the pion. For
these, one intuitively expects a smooth, positive-definite distribu-
tion amplitude, peaked about X],Xg ~ 1/2. Given these constraints,
the normalization of F_ (Q ) is largely determined by the breadth of
the distribution -- broad distributions [Fig. 3(c)] result in a large
form factor, narrow distributions [Fig. 3(b)] in a small one. The
magnitude of the form factor also depends to some extent upon the
scale parameter A2 through the factor o (Q ) in (2.10).
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An important questlon is the magnitude of the hlgher—order

corrections to Fy(Q?). Since the gluon carries momentum transfer

-t = (1-x)(1- y)QE, one expects that higher corrections will be mini-
mized if one takes the argument of ag in Eq. (2.10) to be a fraction
< 1/4 of Q2 A detailed calculation of the ag correction has been
recently given by R. D. Field, R. Gupta, S. Otto, and L. Chang,
with, however, the extra restriction that ¢(x,Q) = /3 f x(1-x).
Their result can be written (in the MS scheme) as:

Q*F (%) = 0.43a @) [1+0.110 +...] (2.11)

with o (Qz) = q (Q /16).

The complete calculation to this order also requires an evalua-
tion of the order ag corrections to the distribution amplitude. A
detailed calculation may be possible by analyzing the breakdown of
conformal invariance due to the Q2—dependence of the kernel in the
evolution equation. 12

Unlike the electromagnetic form factor Fy (Q ), the Y-+w° form
factor in leading order has no explicit dependence on o (Q ). Con-
sequently an accurate measurement of F_ (Qz) determlnes

/rdX (X,a)/x(l—xi]. This can be combined with the normalizing sum

rule13 [Eq. (2.9)] to constrain the x-dependence of ¢ﬂ(x,5). To
illustrate this, consider normalized distribution amplitudes of the
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general form

b )

2/3 (1~(n+1))2

6, (x,Q) (1-x)"x" 5 n>0 (2.12)

where large 3(5) implies a sharply peaked (at x=1/2) distribution
and small n(Q) gives a broad distribution. This ansatz gives a my
transition form factor

2n+1
T 3n

2 2
Q F (@) = 2f (2.13)

which is clearly quite sensitive to the parameter n.‘ For very high
Q2, n(Q) + 1 and thus?

+> — as Q° » = . (2.14)

The x-dependence of the integrand in Eq. (2.8) is identical to
that in Eq. (2.10) for Fﬂ(Qz). Consequently all dependence on ¢, can
be removed by comparing the two processes. In fact, a measurement of
each provides a direct determination of as(Qz):2

2

. F_(Q)

aS(QZ) - Zl'n' T +o(al) . (2.15)
Q°|F,, @]

Once the O(ag) corrections have been computed, this could be used to
measure o_ and the QCD scale parameter A for a given renormalization
prescription. 9

Of course all of these formulae are valid only at large Q7;
O(mz/Qz) corrections become important at lower Q2. However the Q2-+O
behavior of Fi, is fixed by the experimental rates for the decay
m° > 2y, or, equivalently as it turns out, by current algebra which
implies:

2 1 -
F__(Q7) -~ as Q°+0 . (2.16)
™ lmzfTr

To estimate the effects due to O(mz/Qz) corrections, we write FTr in
terms of a monopole form v
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(12 ~ .68 cev?)

which interpolates between the Q2==O and Q2==m limits. The mass scale
M2 is quite similar to that measured for Fﬂ(Q Y. If the best n(Q) in
Eq. (2.12) is appreciably different from n=1 at current Q2, this
mass~scale parameter might actually be more like

2 2ntl

2 _
M™(n) = .68 GeV 3

(2.18)

Predictions for other meson form factors are given in Refs. 2 and 13.
These meson form factor results can also be derived using re-
normalization group methods, as has been shown by Mueller and Duncan."
The essential method is to prove Callan-Symansik equations for moments
of the reducible quark scattering amplitudes. The evolution equation
method and the renormalization group methods are equivalent, differing

only in the organization of the calculation. The light-cone pertur-
bation theory Fock-state methods, however, have a number of advantages:
(a) direct calculation in the physical momentum-space kl and x vari-
ables; (b) simple connections between the Bethe-Salpeter wave func~-
tions, distribution amplitudes, and Fock state amplitudes; and (c)
straightforward analyses of higher Fock states. Finally, we emphasize
that the distribution amplitudes ¢M(X,Q) and ¢p(x;,Q) are physical,
gauge-invariant measures of the meson and baryon wave functions at
short distances.?

III. LARGE MOMENTUM TRANSFER EXCLUSIVE PROCESSES IN QCD

Let us now briefly review the essential points for calculating
an exclusive large momentum transfer hadronic amplitude in QCD. Away
from possible special points in the x; integrations (see below), a
general hadronic amplitude.47AB+CD(Q2,8C.m.) can be written as a
convolution over the x; of a connected hard-scattering amplitude
TH(Xi’si;Qz’ec.m.) with the valence quark distribution amplitudes:2

ki <Q

-1~ 2
" @ j d°k, qu(-l(x,kl) (3.1)

]

EN)

and
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kii< Q
05(55,8) = 22 @ f (6% Joqqq(xerkig) » 121,23 (3.2)

for flavor singlet mesons and baryons, respectively. The pion form
factor, for example, is given by2™% (see Fig. 2)

1 1

FN(QZ) = fdx fdy ¢:(y,5y) TH(x,y;Qz) %(X’ax) (3.3)

0 0

where Q = min(x,1-x)Q.

In TH each hadron is replaced by massless, collinear valence
partons, each carrying some fraction of the hadron's momentum. Thus
TH is the scattering amplitude for the constituents. The distribution
amplitude ¢ﬂ(x,Q), for example, is the amplitude for finding a quark
and antiquark in a pion carrying momentum fractions x and l-x, res-
pectively, and collinear up to the scale Q. The distribution ampli-
tudes are weakly (logarithmically) Q-dependent due to QCD scaling
violation. The detailed dependence can be derived via evolution
equations2 or the operator product expansion at short distances.10

The essential behavior of an exclusive amplitude at large Q
determined by Ty. For most Xy, @ all internal quark and gluon legs are
~far off-shell [p ~ Q , where Q is a linear function.of Q“ and the
%x;] in the lowegt- 8rder tree graphs for Ty. This is essential if
contrlbutlons k* << Q are to factorize, and thereby be absorbed into
the distribution amplltudes In higher orders Ty is defined to be
"collinear irreduci 1e , i.e., the transverse momentum integrations
are restricted to ki Q since the region k2 < Q is already included
in ¢. In general there can be endpoint reglons of integration
(x4 ~ 0) and/or pinch (Landshoff) singularities!" at particular values
of x4 for which intermediate propagators in the connected quark
scattering amplitude approach the mass shell, and factorization is
jeopardized. In the case of the meson form factors, and amplltudes
such as yy -~ MM, y +y > M, and ete™ » Mp...My at fixed angle, 16
these regions of integration lead to power-law suppressed contribu-
tions, even at the tree level. We then can obtain rigorous predic-
tions for these large momentum transfer processes, in particular Ty
has a consistent perturbative expansion in o (Q ).

For baryon form factors,2s17 it is ea51ly seen that any anomalous
contribution from the endpoint region xj ~ 1, X5,X3 ~ 0(m/Q) is
strongly suppressed by the Sudakov form factor which arises from the
loop corrections to the near on-shell, high Q , qyq vertex. The
leading contribution to the baryon form factor thus comes from the
hard scattering region. The Sudakov suppression of the endpoint
region implies an all orders resummation of the perturbative contri-
butions, and thus such derivations are not as rigorous as those for
the meson form factors.Z»%
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In the case of hadron-hadron scattering amplitudes, some contri-
butions to Ty have pinch singularities at finite values of the x; --
corresponding to multiple quark-quark scattering at large momentum
transfer with nearly on-shell intermediate states. However, these
regions of integration are again suppressed by Sudakov form factors
at the qgg vertices, and the hard-scattering region completely domi-
nates the pinch contributions. 18 1n fact, as conjectured by Mueller,
the leading contribution from these diagrams for meson—meson scatter-
ing arises from the region lk.] ~ ¢KQ2)1 € where £ = (2c+l)—

c = 8Cp/(11-2/3 ng). [For four flavors, € = 0.281.] In an Abelian
theory where the Sudakov suppression is stronger, [kzl ~ €(Q2). Thus
for meson-meson scattering at large momentum transfer we have

1

M

AB~CD f[dxi] ¢2(Xc’sc’a) ¢D(Xd’sd’6) TH(xi’si’Q ’ec.m.)
A GRERE) LGN B (3-4)

The hard scattering amplitude Ty includes the Sudakov form factors
whlch control and eliminate the pinch region. The effective value of
Q varies with the x4 phase-space integration. The leading power com-
puted by Mueller for Eq. (3.4) is

2)-3/2 -c fn (2¢+1)/2c ~ 2}-1.922
(Q ) / ( ) = (Q ) (3.5)

T > T

~compared to (QZ)'2 from dimensional counting. .

Although detailed results for hadron-hadron scattering have not
been completely worked out, we can abstract from the above analysis
some general features of QCD common to all exclusive processes at
large momentum transfer:

(1) All of the nonperturbative bound-state physics in the scat-
tering amplitude is isolated in the process-independent distribution
amplitudes. This is an essential feature of QCD factorization.

(2) Since the distribution amplitude ¢ is the L, = 0 orbital
angular momentum projection of the hadron wave function, the sum of
the interacting constituents' spin along the hadron's momentum equals
the hadron spin:

2 si- st . (3.6)

ieH

In contrast, there are any number of noninteracting spectator con-
stituents in inclusive structure functions and the spin of the active
quarks or gluons is only statistically related to the hadron spin in
inclusive reactions (except at the edge of phase space x = 1).

(3) Since all loop integrations in Ty are of order Q the quark
and hadron\passes can be neglected at large Q up to corrections of
order ~ m/Q. The vector gluon coupling conserves quark helicity when
all masses are neglected -- i.e., u¢'ﬂiu+ = 0. Thus total quark
helicity is conserved in Ty- In addition because of (2), the hadron's
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helicity is the sum of the helicities of its valence quarks in Ty.
We thus have the selection rule!®

> A—ZAH=O , (3.7)

initial i final

i.e., total hadronic helicity is conserved,up to corrections of order
m/Q or higher. Only flavor-singlet mesons in the 0t nonet can have

a two-gluon valence component, and thus even for these states the quark
helicity equals the hadronic helicity. Consequently hadronic helicity
conservation applies for all amplitudes involving light mesons and
baryons.20 Exclusive reactions which involve hadrons with quarks or
gluons in higher orbital angular states are suppressed by powers.

(4) The nominal power-law behavior of an exclusive amplitude at
fixed 6, . 1is (l/Q)n'4 where n is the number of external elementary
particles (quarks, gluons, leptons, photons,...) in Ty. This dimen-
sional counting rule?! is modified by the Q4~dependence of the factors
of ag(Q2) in Ty, by the Q2-evolution of the distribution amplitudes,
and possibly by a small power correction associated with the Sudakov
suppression of pinch singularities in hadron-hadron scattering. The
dimensional counting rules in fact appear to be experimentally well-
established for a wide variety of processes.

The helicity rule, Eq. (3.7), is one of the most characteristic
features of QCD, being a direct consequence of the gluon's spin. A
scalar or tensor gluon-quark coupling flips the quark's helicity.
Thus, for such theories, helicity may or may not be comserved in any
given diagram contributing to Ty, depending upon the number of inter-—
actions involved. Only for a vector theory, like QCD, can we have a
helicity selection rule valid to all orders in perturbation theory.

The study of timelike hadronic form factors using ete~ colliding
beams can provide very sensitive tests of this rule, since the virtual
photon in ete™ - v* > hpahp always has spin #1 along the beam axis at
high energies. Angular momentum conservation implies that the vir-
tual photon can '"decay" with one of only two possible angular distri-
butions in the center of momentum frame: (1+ cosZ28) for [AA-XB| =1,
and sin?g for !AA-AB[ = 0 where Ap g are the helicities of hadron
hA,B' Hadronic helicity conservation, Eq. (3.7), as required by QCD
greatly restricts the possibilities. It implies that Ap+ig = 0
(since the photon carries no "quark helicity"), or equivalently that
Ap~ AR = 2Xp = -2Xg. Consequently, angular momentum conservation
requires |A,| = |Ag| = 1/2 for baryons, and |Ap| = |rg| = 0 for
mesons; furthermore, the angular distributions are now completely
determined: !9

do + - = 2
Jeosd (e e - BB) « 14+ cos™ 8 {baryons)
(3.8)
do + - ~ . 2
dcost (e e - MM) « sin“® (mesons)

We emphasize that these predictions are far from trivial for vector
mesons and for all baryoas. For example, one expects distributions
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like l4-acosze, -1 < a < 1, in theories with a scalar or tensor gluon.
So simply verifying these angular distributions [Eq. (3.8)] would give
strong evidence in favor of a vector gluon.

The power-law dependence in s of these cross sections is also
predicted in QCD, using the dimensional counting rule. Such "all
orders" predictions for QCD allowed processes are summarized in
Table I.!9 Processes suppressed in QCD are also listed there; these
all violate hadronic helicity conservation, and are suppressed by
powers of m2/s in QCD. This would not necessarily be the case in
scalar or tensor theories.

TABLE I

Exclusive channels in e"e~ annihilation. The hAﬁBY* couplings
in allowed processes are -ie(pp - pg)¥ F(s) for mesons,
—ieﬁ(pB)ﬂJG(s)u(pA) for baryons, and -ie‘e,, opﬁepngMy(S) for
meson-photon final states. Similar predictions apply
to decays of heavy-quark vector states, like the
v,¥',..., produced in ete~ collisions.

o (e+e_ -~ hAEB)

+ - -
e e -+ hA(AA) hB(AB) Angular Distribution —(—+_—+_—)-
ole’e »u'w
T
e'e > nn KK sin’e KF()| 2 ~ /st
+ - R+ ke
6 (067 (0) KK sin’g : W F(e)|? ~ cfs?
2
Allowed 7%y (1) ,ny,n'y 1+ cos'g (na/Z)S!FMY(S)]z ~ c/s
+ - - -
in QCD e e - pli)p(Fh),mn,... 1+ cos’s |G(S)|2 ~ c/s®
- - 4
Pl2})a(3%) ,ns,. .. 1+ cos’s lc(s)]? ~ cfs
A BGER) YT, .. 1+ cos’e lets)|? ~ c/s*
+ - - - -
ee o+ p+(0)o (il),'rr+p ,K+K* seee 1+ cosze < c/s3
+ -
ot o2, sin’e < /s
Suppressed
+ ~ - - - 2 5
in QCD ee =+ p(i)pltis),pb, a8 sin“® < cls
p (k) 8(+%) , AR, . - - 1+ COSZG < c/s5
AR AGED, ... sin’e <cls’

The exclusive decays of heavy quark atoms (y,¥',...) into light
hadrons can also be analyzed in QCD.22’16’19 The decay ¢ -+ pp for
example proceeds via diagrams such as those in Fig. 4. Since Y's
produced in ete~ collisions must also have spin *1 along the beam
direction and since they can only couple to light quarks via gluons,
all the properties listed in Table I apply to ¢, ', T, T',... decays
as well. Already there is considerable experimental data for the Y
and ¢' decays. - -

Perhaps the most significanttestsarethedecays\%w'+pp,nn,....

The predicted angular distribution 1+cos26 is consistent with published
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data.l® This is important evidence favoring a vector gluon since
scalar or tensor gluon theories would predict a distribution of
sin28+-d7(as). Dimensional counting rules can be checked by comparing
the ¥ and ' rates into pp, normalized by the total rates into light-
quark hadrons so as to remove dependence upon the heavy-quark wave
functions. Theory predicts!®

8
) BR(y > pp) _ (M (3.9)
BR(Y' + pP) M,
where
BR(y + pp) = [(y > pp) . (3.10)

T'(y » light-quark hadrons)

Existing data suggests a ratio (va/Mw)n with n ~ 83, in good
agreement with QCD.

Many more examples of exclusive reactions which test the basic
scaling laws and spin structure of QCD are discussed in Refs. 2,7,19.
The essential point is that exclusive reactions have the potential
for isolating the QCD hard-scattering processes in situations where
the helicities of all the interaction constituents are controlled.

In contrast, in inclusive reactions the absence of restrictions on
the spectator quark and gluons allows only a statistical correlation
between the constituent and hadronic helicities.

IV. EXCLUSIVE TWO-PHOTON PROCESSES!S

The two-photon reactions (M = 7,K,p,w,...)

2
at large s = (k, + k,)
g%-(YY > MM) 12
and fixed 6
c.m
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provide a particularly important laboratory for testing QCD since
these "Compton" processes are, by far, the simplest calculable large-
angle exclusive hadronic scattering reactions. As we discuss below,
the large-momentum—~transfer scaling behavior, the helicity structure,
and often even the absolute normalization can be rigorously computed
for each two-photon channel.!3

Conversely, the angular dependence of the yy ~ MM amplitudes can
be used to determine the shape of the process~independent meson "dis-
tribution amplitudes," ¢y(x,Q), the basic short-distance wavefunctions
which control the valence quark distributions in high momentum trans-
fer exclusive reactions.

A critically important feature of the yy = MM amplitude is that
the contributions of Landshoff pitch singularities are power-law
suppressed at the Born level —-- even before taking into account
Sudakov form factor suppression. There are also no anomalous con-
tributions from the x ~ 1 endpoint integration region. Thus, as in
the calculation of the meson form factors, each fixed-angle helicity
amplitude can be written to leading order in 1/Q in the factorized
form [Q2 = p% = tu/s; 5% = min(xQ, (1-x)Q)] (see Fig. 5):

1 1

u{(\{y‘*m_{ = defdy ¢ﬁ(y’Qy> TH(X,Y9S,ec.m.) ¢M(X,QX) (4.1)
0 O

where Ty is the hard-scattering amplitude vy~ (qq)(qq) for the pro-
~ duction of the valence quarks collinear with each meson_and ¢M(X,Q)
is the (process-independent) distribution amplitude for finding the
valence q and q with light-cone fractions of the meson's momentum,
integrated over transverse momenta k; < Q. The contribution of
nonvalence Fock states are power-law suppressed. Further, the_spin-
selection rule (3.7) of QCD predicts that vector mesons M and M are
produced with opposite helicities to leading order in 1/Q and all
orders in aS(QZ).

(a) Pa

XDA

('"X)pA

=

‘m-y)pa

YP
8 )
Fig. 5. (a) Factorized_
k2 P2 structure of the yy - MM
Pg amplitude in QCD at large

momentum transfer. The Ty
amplitude is computed with

quarks collinear with the
outgoing mesons.
(b) Diagram contributing to

Ty (yy ~» MM) to lowest order
in ag.

4 — 81 408642
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Dimensional counting21 predicts that for large s, Shdd/dt scales
at fixed t/s or Bc.m. up to factors of &n s/Az.

Some forty diagrams contribute to the hard-scattering amplitudes
for yy -~ MM (for nonsinglet mesons). These can be derived from the
four independent diagrams in Fig. 5b by particle interchange. The
resulting amplitudes for helicity zero mesons are:

2
T++I B l6ﬂas 3970 (el-ez) a
T s 3s x(1-x)y(1-vy) l-—cos2e
- c.m.
(4.2)
2
- 1- - -
T+_) ) l6wus 39ma (e1-e2) ( a)-F eleza(y(l y) +x(1-x))
T—+$ 3s x(1-x)y(1-y) l-—cosze az-bzcosze
c.m. c.m.
where i} = (1-x) (1-y) t xy, the subscripts ++,--,... refer to photon

helicities, and ej, e, are the quark charges (i.e., the mesons have
charges *(ej -ejp)). To compute the yy - MM amplitude #);, (Eq. (4.1)),
we now need only know the x-dependence of the meson's distribution
amplitude ¢M(x,6); the overall normalization of ¢y 1is fixed by the

"sum rule' (n. = 3)

1

fM
f dx ¢M(X’Q) = (4'3)
A 2/3

where fy; is the meson decay constant as determined from leptonic
decays. Note that the dependence in x and y of several terms in
Tyys 1is quite similar to that appearing in the meson's electro-

magnetic form factor (2.10):

(4.4)

1 * ~ * ~
) 16Trons f ed ¢M(X,QX) ¢M(y’Qy)
Y TR y@-y)

0]
when ¢(x,Q) = ¢y(1-x,Q) is assumed. Thus much of the dependence on

$(x,Q) can be removed from .#,,, by expressing it in terms of the
meson form factor — i.e.,

Moy [ (Ce1-e9)?)
= l6ﬂaFM(s) 5
MM Lz - cos e;;m' 4.5)
u”.*._ (e]_ - 62)
b4{_+} = 16WGFM(S)L1 - coszec.m_+ 2{e1e9) g[ec.m.;¢M]
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ﬁp to éorrections of order ag and mz/s. Now the only dependence on
¢p» and indeed the only unknown quantity, is in the g~dependent
factor

: ¢§(x,5) ¢§(y,5) afy (1-y) + x(1-x)]
fdx AT G ey g 2_ 2.2
. - 0 c.m. .
g[ec.m.’¢M] - 1 (4.6)

k, o~ ko, ™
e d ¢>M(x,Q) ¢M(y,Q)
xey x(1-x) y(l-y)
0

The spin-averaged cross section follows immediately from these
expressions:

dg (2 _do 1 1w
dt s dcosec'm. l6wsz 4 e

Ak

) 2 2.2 2
Lo Fy() ) ((ey-29)") N 2{ere){(e1-25)")
o s <1 2 >2 2
- cos B8 1-cos 6
c.m. . c.m

g g[gc-m-;¢M] * 2<e162>2 gz[ec.m.;¢M] } o “r

In Fig. 6 the spin-averaged cross section (for yy = mm) are
plotted for several forms of ¢yu(x,Q). At very large energies, the
distribution amplitude evolves to the form

0y (%,Q) 3o B xA-0 (4.8)

and the predictions [curve (a)] become exact and parameter-free.
However this evolution with increasing Q2 is very slow (logarithmic),
and at current energies ¢y could be quite different in structure,
depending upon the details of hadronic binding. ,Curves (b) and (c)
correspond to the extreme examples ¢y = [x(1-x)]% and ¢y « 6(x-%),
respectively. Remarkably, the cross section for charged mesons is
essentially independent of the choice of ¢y, making this an essen-
tially parameter-free prediction of perturbative QCD. By contrast,
the predictions for neutral helicity-zero mesons are quite sensitive
to the structure of ¢y. Thus we can study the x-dependence of the
meson distribution amplitude by measuring the angular dependence of
this process.

The cross sections shown in Fig. 6 are specifically for YY -»>mm,
where tEe pion form factor has been approximated by Fw(s) ~ 0.4 GeVZ/s.
The m'm cross section is quite large at moderate s:
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0 0.2 0.4 0.6 0.8 1o by multiplying with the scale
. 22 = cos2 (8) . constants given in Ref. 15.
. d + - 2
af yy=mm) _ 4IFTT(S)I
do -
EE'(YY-+u+u ) l--c0846C o
(4.9)
4
~ 94&—%22— at 6 =7/2
c.m.

S

Similar predictions are possible for other helicity-zero mesons. The
normalization of yy-+MM relative to the yy-—n7 cross section is com-

pletely determined by the ratio of meson decay constants (fM/f ) and
by the flavor~symmetry of the wave functions, provided only that ¢M
and ¢, are similar in shape. Note that the cross section for charged
p's with helicity zero is almost an order of magnitude larger than
that for charged 7w's.

Finally notice that the leading order predictions [Eq. (4.5)]
have no explicit dependence on ag. Thus they are relatively insen-
sitive to the choice of renormalization scheme or of a normalization
scale. This is not the case for either the form factor or the two-
photon annihilation amplitude when examined separately. However by
combining the two analyses as in Eq. (4.5) we obtain meaningful
results without computing O(ag) corrections. The corresponding
calculations for helicity one mesons are given in Ref. 13. Hadronic
helicity conservation implies that only helicity-zero mesons can
couple to a single highly virtual photon. So Fy, , the transverse
form factor cannot be measured experimentally. For simplicity we
will assume that the longitudinal and transverse form factors are
equal to obtain a rough estimate of the yy-p;p, cross section
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(Fig. 7y Again we see strong dependence on oM | for all angles

except 8. ,p, ~ 7/2, where the terms involving g) vanish. Conse-
quently a measurement of the angular distribution would be very sen-
sitive to the x-dependence of ¢Ml’ while measurements at 6..p, = /2
determine Fy (s). Notice also that the number of charged p-pairs
(with any heficity) is much larger than the number of neutral p's,
particularly near 6. p, = /2. The cross sections are again quite
large with

+ -
do/dt (yy=>p,p,) 4
1ML 5 GeV
— _— (4.10)

+ -
do/dt (yy->u u ) s

Results for other mesons are given in Ref. 15.
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o
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) F 3

G C .

- L ] Fig. 7. QCD predictioms for
5/ L 4  Yy-+>pjp, with opposite helicity
: > *1 to leading order in QCD.
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The normalization given here
assumes that the p distribution
amplitude is helicity inde-
pendent.
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The yy>MM and y*y-+M processes thus provide detailed checks of
the basic Born structure of QCD, the scaling behavior of the quark
and gluon propagators and interactions, as well as the constituent _
charges and spins. Conversely, the angular dependence of the yy-+MM
amplitudes can be used to determine the shape of the process-
1ndependent distribution amplitude ¢y(x,Q) for valence quarks in the
meson qq Fock state. The cosf. , ~dependence of the yy->MM amplitude
determines the light cone x-dependence of the meson distribution
amplitude in much the same way that the xp, dependence of deep inelas-
tic cross sections determines the light-cohe x-dependence of the
structure functions (quark probability functions) Gq/M(X,Q)-
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The form of the predictions §iven here are exact to leading
order in as(Qz). Power-law (m/Q)< corrections can arise from mass
insertions, higher Fock states, pinch singularities and nonperturba-
tive effects. In particular, the predictions are only valid when
s-channel resonance effects can be neglected. It is likely that the
background due to resonances can be reduced relative to the leading
order QCD contributions if one measures the two-photon processes with
at least one of the photons tagged at moderate spacelike momentum g+,
since resonance contributions are expected to be strongly damped by
form factor effects. In contrast, the leading order QCD yjyy>MM
amglitudes are relatively insensitive to the value of q% or q% for
lag] << s.

Finally, we note that the amplitudes given above have simple
crossing properties. In particular, we can immediately analyze the
Compton amplitude yM-+>vyM in the region t large enough with s >> ]tl
in order to study the leading Regge behavior in the large momentum
transfer domain. In the case of helicity #1 mesons, the leading con-
tribution to the Compton amplitude has the form (s >> |t])

_ 2. 2
U”‘{M"YM = 167r0LFMl(t) (el+e2>

(4.11)

(xY A; - Aﬁ)

which corresponds to a fixed Regge singularity at J=0. 1In the case
of helicity zero mesons, this singularity actually decouples, and the
leading J-plane singularity is at J=-2.

V. APPLICATIONS TO HEAVY QUARK SYSTEMS

We can also use the above formalism for calculating exclusive
amplitudes such as the decay of heavy quark systems into light hadrons.
If we approximate the ¥ as a ICE) bound statesthen the lowest order
amplitude for ¥- pp proceeds by the 3 gluon intermediate state shown
in Fig. 4. The branching ratio is!®

-
- 2
I §~+3g~>pp) 6 3 Pew! (1)
= 3.2x10 a “(s) (5.1)
T'(y~+>3g—~+all) s /e SA
> 2
where lpCM|//§ ~ .4, s = 9.6 GeV“, and
*
¢ (Y419 X Y3t X3y

1
= d
i Of[ e N G E N GRS ENCE M A Ce)

8ge)

X1%9%3

(5.2)
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Notice that there can be no endpoint singularities in the x; and
y; integrations; the integrations are finite so long as b(x4,8) < Kx%
as x4 > 0 for some ¢ > 0. For this reason the present analysis is
perhaps more reliable than that of the electromagnetic form factor.
However, calculations of TI'(y » pp) cannot be carried beyond the first
order corrections without a deeper understanding of the heavy-quark
wave function. Still, the power-law behavior and hadronic helicity
conservation are features valid to all orders and, given the uncer-
tainties involved in analyzing heavy quark wave functions, they
remain the most interesting aspects of this and similar decays. 1In
addition, measurement of the BB branching ratios can be used as an
important conmstraint on the normalization and shape of the baryon
distribution amplitudes.

VI. RELATED QCD PROCESSES

The Fock state description of the hadron wavefunctions at equal-
time on the light-cone allows a systematic study of a large number
of QCD phenomena:

(a) The x - 1 behavior of structure functions can be analyzed

- perturbatively. Only the minimal Fock state components
contribute to the limiting behavior. The main power behav-
ior corresponds to the spectator counting rule_z3 with strong
spin correlations. The perturbative QCD predictions reflect
the elementary scaling of quark and gluon propagators in
the far-off shell domain. A striking QCD prediction is
that the helicity of the hadron tends to be carried by the
constituent with the highest x.2* The evolution of the
structure functions must take into account the strong-phase
limits at x - 1. Detailed discussions of these results and
the breakdown of the exclusive-inclusive correction are
given in Ref. 24.

(b) The Fock state structure of QCD at infinite momentum is
more complex than usually assumed in phenomenological
applications. 1In addition to the "extrinsic' gluons gen-
erated by QCD evolution, there are always "intrinsic" gluons
and non-valence quark components in the hadron wavefunction
which are insensitive to the momentum scale of the probe.25
For example, the A = *1 gluons exchanged between quarks,
boosted to infinite momentum, yield an intrinsic gluon com-
ponent to the Fock states. An even more striking example
is the prediction2® of "intrinsic charm'" in the proton and
meson wavefunctions. One can estimate,27 using the bag
model and perturbative QCD, that the proton bound state has
a luuch) component with a probability of ~1-2%. When this
state is Lorentz boosted to infinite momentum, the constit-
uents with the largest mass have the highest x. Thus heavy
quarks (though rare) carry most of the momentum in the Fock
state in which they are present. The usual parton model
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assumption that non-valence sea quarks are always found at
low x is incorrect. The diffractive dissociation of the
proton's intrinsic charm state provides a simple explana-
tion why charmed baryons and charmed mesons which contain
no valence quarks in common with the proton are diffrac-
tively produced at large x; with sizeable cross sections at
ISR energies.zs’28

The irreducible Fock state wavefunctions of a hadron are
strongly damped at x - 1 and x » 0, and thus do not yield
non-singlet Regge behavior in the leading twist structure
functions. If such Regge behavior exists it is specific to
reducible nonperturbative corrections to the quark legs. A
discussion will be given in Ref. 29.

The distribution amplitude can be used to normalize higher
twist (power—law suppressed) subprocesses in inclusive
reactions. For example, one can compute a C/Q2 contribu-
tion to the meson longitudinal structure function at large
x from the y*qq - qQ amplitude. This contribution is
normalized to the meson distribution amplitude which in

" turn is normalized to the pion form factor.30

2
2 Q )
Fg(x,Q) = %— Cp 2f k2 qs<k2) F_(k) (6.1)
T2 (1-x)

which numerically is Fp ~ XZ/Q2 (GeV2 units).

The dominance of the longitudinal structure functions
in the fixed W limit for mesons is an essential prediction
of perturbative QCD. Perhaps the most dramatic consequence
is in the Drell~Yan process 7p - 2t27X; one predicts31 that
for fixed pair mass Q, the angular distribution of the ot
(in the pair rest frame) will change from the conventional
(1+-cosze+) distribution to sin2(8+) for pairs produced at
large X1 . A recent analysis of the Chicago-Illinois-
Princeton experiment32 at FNAL appears to confirm the QCD
high twist prediction with about the expected normalization.
Striking evidence for the effect has also been seen in a
Gargamelle analysis33 of the quark fragmentation functions
in vp > W+U—X. The results yield a quark fragmentatiom
distribution into positive charged hadrons which is_con-
sistent with the predicted form: dNt/dzdy ~ B(1-2z)2 +
(C/QZ)(l-y) where the (l1~y) behavior corresponds to a
longitudinal structure function. It is also crucial to
check that the ete™ > MX cross section becomes purely
longitudinal (sinze) at large z at moderate Qz. Similarly
one can absolutely normalize higher twist3H (PT_G—scaling)
amplitudes such as qq - Mg and qq » Mg, which contribute
strongly to pp -+ MX inclusive reactions at sub-asymptotic
transverse momentum pp. The corresponding analysis of vy
induced reactions and yq > Mq subprocesses is discussed
in Ref. 35. The higher-twist amplitudes mq ~ gq and
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g -+ qg lead to dramatic high pp jet production processes
where there is no hadron energy in the meson beam direction
(see Ref. 36). Again, these cross sections can be abso-
lutely normalized to the pion form factor.

The Fock-state, light-cone perturbation theory methods
allow a straightforward analysis of the effects of initial
state hadronic interactions on QCD predictions for inclu-
sive reactions such as the Drell-Yan reaction pp ~ TRt &
As shown in Ref. 37, initial-state (Glauber) scattering
severely disturbs the transverse momentum distributions of
the interacting constituents. The Q; distribution of the
dimuon pair is therefore not directly related to the in-
trinsic transverse momentum of the quarks in the hadronic
wavefunction. Even more important, the color exchange
between active quarks and spectator constituents in the
hadron-hadron collisions leads to a non-trivial renormal-
ization of the QCD factorization predictions, which however
does not change the basic Al dependence of hadron-nucleus
lepton-pair production processes at large Q2. A detailed

* discussion will be given in Ref. 37.

An important task is to further constrain the form and
normalization of each Fock state wavefunction, especially
for valence Fock states. A particularly interesting con-
straint is provided by the wY -+ 2y decay amplitude in the
M% << R;Z limit. In a recent analysis with T. Huang, we
obtain the constraint38

l /'ITC_
f dx li)qc—l (kl = 0,x) = e (6.2)
0

which can be interpreted as a constraint on the non-
perturbative valence pion wavefunction at large distances.
This result, plus the boundary condition (2.9) for the
pion wavefunction at the origin, leads to the result that
the probability of finding the qq state in the pion is

< Y, for a wide range of parameters of the ki and x
dependence of Y, (x,k;). This result reinforces the argu-
ment that higher Fock states play an important role in the
destruction of light hadrons. A discussion of the con-
nection between rest frame and light-cone wavefunctions
is also given in Ref. 38.

Basic electromagnetic properties of hadrons such as low
Q2 form factors, magnetic moments, etc., can be defined
in terms of the light-cone Fock state and wavefunctions.
Detailed derivations are given in Refs. 2, 39. The
analyses are inevitably complicated by the fact that the
low Q2 form factors receive contributions from all of the
hadron Fock states, not just the valence |q§> and Iqqq)
components.
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(h) The methods used here have general applicability to atomic
physics and nuclear physics problems. For example, the
results discussed here for yy* - 70 can be taken over im-
mediately to vy ¥ > positronium with an obvious change of
parameters. The value of Ay~ sets the approximate scale
where51nucleax'physicsdescrgption in terms of hadronic
degrees of freedom must merge with the QCD description in
terms of quarks and gluons. It is also interesting to note
that nuclear Fock states are much richer in QCD than they
would be in a theory in which the only degrees of freedom
are hadrons. TFor example, if we assume that at low rel-
ative momentum a deuteron is dominated by its usual n-p
configuration, quark-quark scattering automatically
generates color-polarized 6-quark states such as
[ (wuu) g(ddd)g) at short distances. The implications of
QCD for large momentum transfer nuclear form factors and
the nuclear force at short distances is discussed in
Ref. 40.

(i) The fact that a meson can exist as a [qﬁ) state at small

" transverse separation implies that part of the time a
meson will interact only weakly in nuclear targets. Such
a state can be diffractively dissociated into q plus g jets
at relatively large transverse momentum separation. A
detailed discussion of such processes is given in Ref. 28.
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