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ABSTRACT 

We present a systematic analysis in perturbative QCD of large 

momentum transfer exclusive processes. Predictions are given for the 

scaling behavior, angular dependence, helicity structure, and normali- 

zation of elastic and inelastic form factors and large angle exclusive 

scattering amplitudes for hadrons and photons. We prove that these 

reactions are dominated by quark and gluon subprocesses at short distances, 

and thus that the dimensional counting rules for the power-law fall-off 

of these amplitudes with momentum transfer are rigorous predictions of 

-. 

QCD, modulo calculable logarithmic corrections from the behavior of the 

hadronic wave functions at short distances. These anomalous dimension 

corrections are determined by evolution equations for process-independent 

meson and baryon "distribution amplitudes" (b(x,,Q) which control the 

valence quark distributions in high momentum transfer exclusive reactions. 

The analysis can be carried out systematically in powers of as(Q2), the 

QCD running coupling constant. Although the calculations are most 

conveniently carried out using light-cone perturbation theory and the 

light-cone gauge, we also present a gauge-independent analysis and 

relate the distribution amplitude to a gauge-invariant Bethe-Salpeter 

amplitude. 
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1. Introduction 

In this paper we present a systematic analysis in quantum chromo- 

dynamics (QCD) of exclusive processes involving transfer of large m0menta.l 

The results lead to a comprehensive new range of rigorous predictions of 

perturbative QCD which test both the scaling and spin properties of quark 

and gluon interactions at large momentum as well as the detailed structure 

of hadronic wave functions at short distances. Predictions are possible 

for a huge number of experimentally accessible phenomena including the 

elastic and inelastic electromagnetic and weak form factors of hadrons,2 

and, more generally, large angle exclusive scattering reactions where the 

interacting-particles can be either hadrons or photons. We confirm that 

the dimensional counting rules3 for the power-law fall-off of these 

amplitudes at large momentum transfer are rigorous predictions of QCD, 

up to calculable powers of the running coupling constant crs(QL) or 

-(an Q2/A2)-l. Angular dependence, helicity structure, relative and 

sometimes even the absolute normalization can be computed for all such 

processes. 

A simple picture emerges from our analysis of these processes. 

For example, consider the proton's magnetic form factor, GM(Q2), at 

large -q2=Q2. This is most easily understood in the infinite momentum 

frame where the proton is initially moving along the z-axis and then is 

struck by a highly virtual photon carrying large transverse momentum 

q;=-q2. The form factor is the amplitude for the composite hadron to 

absorb large transverse momentum while remaining intact. In effect, an 

"intact" baryon can be pictured as three valence quarks, each carrying 

some fraction x i of the baryon's momentum 5 xi = 1) and all moving 

i=l 
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roughly parallel with the hadron. As we shall see, the more complicated 

non-valence Fock states in the proton (i.e., qqqqq,qqqg,...) are un- 

important as Q2+m. The form factor is then the product of three proba- 

bility amplitudes: (a) the amplitude, Q, for finding the three-quark 

valence state in the incoming proton; (b) the amplitude, TD, for this 

quark state to scatter with the photon producing three quarks in the 

final state whose momenta are roughly collinear; and (c) the amplitude, 

cp*, for this final quark state to reform into a hadron. Thus the 

magnetic form factor can be written (see Fig. la) 

1 1 

GM(Q2) = -- 
s / 

CdXI [dyI~*(Yi,~y)T,(Xi,Yi,Q)~(Xi,~x)[l +o(m2/Q2)J (1.1) 

0 0 

where [dxl : dxldx2dx3 6(1- F xi) and Gx E m';" (xiQ). 

To leading order in as(QL), the "hard scattering amplitude" TH is 

the sum of all Born diagrams for y*+3q + 3q in perturbative QCD.4 The 

transverse momentum fluctuations of the quarks in the initial and final 

protons are negligible relative to ql, as are all particle masses. 

These can be ignored in TH so that in effect each hadron is replaced by 

collinear on-shell valence partons. Since the final quarks are collinear, 

momentum of @(q,) +a~ must be transferred from quark line to quark line 

(via gluons) in Th. This justifies our use of perturbation theory in 

computing Th, since all internal propagators in the Born diagrams must 

then be off-shell by O(Q2>. Furthermore the most important dynamical 

feature of the form factor -- its power-law fall-off -- can then be 

traced to the behavior of TD, which falls for increasing Q2 with a factor zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

(~,(Q~)/Q~) f or each constituent, after the first, scattered from the 
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incident to the final direction: i.e., 

(1.2) 

where crs(Q2)=(4n/B)kn Q2/A2) 

-1 

is the running coupling constant. 

It is now clear that non-valence Fock states in the proton cannot 

contribute since all such states contain four or more constituents, each 

of which must be turned to the final direction. Thus TH for these states 

falls as ( as(Q2) /Q2)3 or faster and is negligible relative to (1.2) as 

Q500. [This observation, while strictly true in light-cone gauge 

(n*A=A+=Q), h as a different interpretation in covariant gauges -- see 

Appendix C. 1 Thus non-valence ("sea") quarks and gluons in the proton 

do not contribute. 

The "quark distribution amplitude" $(xi,Q) is the amplitude for 

-converting the proton into three valence quarks. The quarks each carry 

some fraction 

k: 
x. = $ = 

k!+k; zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

1 ; 
P P +P3 

of the proton's longitudinal momentum and are all collinear up to scale 

Q* In light-cone gauge, Q is simply related to the hadronic wave function: 

43 

~(Xi,Q) a d2kli $(xi,kli) . (1.3) 

[To be precise, $ is the Fourier transform of the positive energy pro- 

jection of the usual Bethe-Salpeter wave function evaluated at relative 

light-cone "times" z+= z"+z3 =O.I This amplitude is obviously process 
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independent. It contains the essential physics of that part of the 

hadronic wave function which affects exclusive processes with large 

momentum transfer. The distribution amplitude is only weakly dependent 

on Q2, and this dependence is completely specified by an evolution 

equation of the form (in leading order) zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

Q 
as(Q2) ' 

2 a ~(Xi,Q) = 4~ 

aQ2 
/ 

6dyl V(x i,Yi)~(Yi,Q) 

0 

(1.4) 

where V can be computed from a single gluon exchange kernel. The general 

solution of this equation is zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

02 
-. 

+(Xi,Q) . (1.5) 

Combining this expansion with Eqs. (1.1) and (1.2), we obtain the general 

form of GM: 

The factorized form of Eq. (1.1) implies a simple space-time picture. 

The exchange of large transverse momentum in the hard scattering amplitude 

TH occurs only when the relative separation of the constituents approaches 

the light-cone -- i.e., - ( z 
(0 . .(j))2 N (Zci) _ z(j))2 + zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA@(l/Q2). The 

1 1 

distribution amplitude $I is the probability amplitude for finding the 

valence quarks sufficiently near the light-cone; by the uncertainty 

principle, this corresponds to a momentum space wave function smeared 

over all k2 < l/z2 N Q2, as in Eq. (1.3). 
I- 1 

Each (polynomial) eigensolution 

zn(xi) (Eq. (1.5)) of the evolution equation is directly related to a 

-- 
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term in the operator product expansion of the wave function5 evaluated 

near the light-cone. The eigenvalues y, are the corresponding anomalous 

dimensions. 

Beyond leading order, both the hard scattering amplitude and the 

potential in the evolution equation have expansions in as(Q2): zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

T~ (Xi' y i,Q) = To(xi,Yi) + as(Q2)T1hi,yi) + . . . zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

v(xi’Yi, as(Q2)) = Vo(x i,yi) + as(Q2)Vl(Xi,Yi) + l l * 

a 

These corrections can be systematically evaluated and the basic equations 

(Eqs. (l.l).and (1.4)) made exact to any order in as(Q2). 

An essential part of the derivation of these results is an analysis 

of the end-point behavior of the xi and yi integrations in Eq. (l.l), and 

especially of the region x. + 1 or yi + 1. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
1 

So long as (l-xi) >> m/Q, we 

find that the distribution amplitude vanishes as $(xi,$ N (l-xi) 
da 

with e(G) > 1 as xi + 1. This follows from a perturbative analysis of 

the xi N 1 region coupled with the realization that ~(6) + 2 as 5+-m, 

which is a necessary consequence of the evolution equation (1.4). 

Consequently 0 and 4* vanish sufficiently quickly that the xi,yi zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAinte -  

grations are well behaved, at least for (l-xi) >> m/Q. CIn particular, 

the evolution of the amplitude eliminates any potential logarithmic 

singularities in the region 1 >> (l-xi) >> m/Q. InRef. 6, it is argued 

that such singularities do occur resulting in an additional correction 

to TB of order ai(Q)Ln(Q/m)TB; however this calculation neglects the 

effects due to the evolution of 0 occurring when higher order corrections 

are properly included.] 
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The region l-xi 5 m/Q must be analyzed separately. Contributions 

from this region were first discussed by Drell and Yan, and West.7 They 

related the Q2 dependence of these contributions to the x N 1 behavior 

of the deep inelastic structure function vW2. 
3 

Taking vW2 w (l-x) as 

x + 1, in accord (roughly) both with experiment and with naive theoretical 

expectations, the Drell-Yan-West connection implies a term in the form 

factor which falls as l/Q4 -- i.e., just as in Eq. (1.6). However, a 

detailed examination reveals that this term is suppressed by at least 

two full powers of as(Q2) relative to (1.6). Furthermore, in perturbation 

theory, gluonic corrections to the quark-photon vertex result in a Sudakov 

form factor-which suppresses the end-point contributions by additional 

powers of m/Q. Thus the infinitesimal region l-xi 5 m/Q makes only a 

negligible contribution to the form factor. It is also clear then that 

the Drell-Yan-West connection between deep inelastic scattering and 

.hadronic form factors is invalid in QCD. Notice finally that the proof 

of light-cone dominance (i.e., dominance of finite xi,yi region in (1.1)) 

in the asymptotic form factors does not even require consideration of 

the Sudakov corrections -- end-point contributions are suppressed by 

2 2 
as(Q ) for baryons, and, it turns out, by @(m/Q) for mesons. 

The remainder of the paper is organized as follows. 

In Section 2 we treat the simplest example of an exclusive process 

in QCD, the n"-fy transition form factor, Fn,(Q2). This quantity is 

measureable both in e+e- annihilation (e+e- -f IToy) as well as in two- 

photon reactions (ey + ev'>. The basic analysis tool is light-cone 

perturbation theory8 which is developed and summarized in Appendix A. 

The calculation of the Y*IT + y transition involves all the basic steps 

required in computing any of the hadronic form factors. A detailed 
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derivation of the meson's evolution equation (to leading order in as(Q2)) 

is also given in Section 2. General procedures for its solution are 

given in Appendix D. We also show that F 
TY 

is exactly normalized at 

Q2+m by the pion decay constant:' zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

lim Q2F,,(Q2) 71 . = 2f 

Q&O 

The absence of true infrared singularities in exclusive amplitudes 

is due to the fact that hadron states are color singlets. In particular, 

soft interactions (k 5 X) between initial and/or final quarks in TH all 

cancel since the quarks enter or leave in (collinear) color singlet 

states [see Fig. lb]. This also allows us to define a Fock state ex- 

pansion of the hadronic wave function in terms of states with a finite 

number of quark and gluon quanta. An important feature of light-cone 

gauge (as employed in Section 2), is that the leading terms in any ex- 

elusive amplitude are due to the minimal or valence Fock states in each 

hadron. Non-valence states are suppressed by powers of m2/Q2, as dis- 

cussed above. The use of light-cone perturbation theory together with 

the light-cone gauge thus leads to a number of significant computational 

simplifications. The generalization to other gauges and to covariant 

perturbation theory is given in Appendix C. There we also relate the 

quark distribution amplitude to the operator Se $ (with all fields 

appropriately smeared in the transverse direction), correcting certain 

defects in the analysis given in Ref. 10. 

Section 3 outlines a general procedure for computing corrections 

of order as(Q2) and higher in the form factors. This includes the 

analysis of higher order terms in TH (see also Appendix B) and in the 
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potential V for the evolution equation. The analysis of $(xi,Q) using 

the operator product expansion (OPE), as given in Ref. 5, is also reviewed 

here. In general, the formalism presented in this paper provides a 

gauge-invariant calculational method for composite system matrix elements. 

To simplify the analysis Sections 2 and 3 deal primarily with F 
nY 

[although the analysis of $(xi,Q) is obviously process independent]. 

As Q2+", this form factor is determined by the matrix element 

<OITJ~(Z)J~(O)~IT> with z2 N -l/Q2 + 0. The fact that z2+0 for this 

process is not obvious a priori, but rather is a consequence of the 

results given in Section 2. However, given this fact, one can determine 

the Q2 behavior of F ?ry directly by using the standard OPE of Jp(z)Jv(O) 

near the light-cone. This analysis gives results identical to ours. 

Unfortunately such an approach is useless for studying most other ex- 

clusive amplitudes. For example, in the case of the proton form factor, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

~(4~) - <PI J,$d 1~)' it is hard to see which is the "short-distance" to 

be analysed using the OPE. Only by dissecting the amplitude, as in 

Eq. (l.l), do we see that it is the structure of the hadronic wave func- 

tion near the light-cone, together with that of a hard subprocess (i.e., 

TH), which determines the form factor's behavior at large Q'. The "short- 

distance" is buried inside the process. So whereas the OPE analysis of 

JuJv is useful only for F 
v' 

the techniques developed in Sections 2 and 

3 for reducing such an amplitude to a form analogous to (1.1) are 

universally applicable. In addition they provide a compelling picture 

of the microscopic processes which govern this area of large p, physics. 

Detailed applications of our analysis to hadronic form factors 

-- 
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(mesons and baryons) are given in Section zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA4 . The techniques required 

to solve the more complicated baryon evolution equation are given in 

Appendix D. In addition to normalizing mesonic form factors, important 

predictions testing the spin of the gluon can be made for both mesons 

and baryons, including specific QCD spin selection rules. The absolute 

sign of meson form factors and the absence of zeroes are also non-trivial 

consequences of a vector gluon theory. We also discuss at length the 

end-point contributions to form factors. 

In Section 5 we describe the general features predicted for large 

angle exclusive reactions involving hadrons and/or photons. An important 

feature of the QCD analysis is the huge number of Born diagrams contri- -. 

buting to TH in purely hadronic reactions. This may help explain the 

. . 

anomalously large cross sections for ITP and pp elastic scattering at 90'. 

It also explains why the Landshoff pinch singularityl' plays no role in 

wide angle scattering, at least at current energies. Such contributions 

are overwhelmed by the large number of hard scattering sub-processes. 

Furthermore we show in Section 5B that the pinch singularity is suppressed 

by Sudakov form factors which fall faster than any power of t as -t-t" 

(at least in perturbation theory).12 The potential role of Landshoff 

processes in very high energy small angle processes (It] << s) is 

critically examined. A brief discussion of the data available for large 

angle scattering is also given. 

_ Finally in Section 6 we summarize our basic results and discuss 

future prospects. This paper is an elaboration of the results presented 

in Ref. 1. Similar results for the pion form factor were obtained 

independently by Efremov and Radyushkin.10$13y14 
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In this paper we show that large momentum transfer exclusive ampli- 

tudes are dominated by quark and gluon subprocesses at short distances. 

As in any calculation in perturbative QCD we implicitly assume that the 

most singular contributions of the theory near the light-cone are given 

by perturbation theory; i.e., that any non-perturbative contribution is 

relatively more regular at short distances. We also ignore here dis- 

tinctions between timelike and spacelike form factors since they are 

identical to leading order in as(Q2). 
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2. Summing Leading Logarithms in QCD 

A. The IT-Y Transition Form Factor 

The y*.rr'+y vertex in the amplitude for er-tey defines the n-y 

transition form factor F : 
TrrY zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

r = -ie2 F 
1-I 

Ty(Q2) E (2.1) 

where p, and q are the momenta of the incident pion and virtual photon, 

respectively, and E is the polarization vector of the final (on-shell) 

photon. In the standard "infinite momentum" frame where 

P7l : (P+,P-,P,) = (1 ,mi, 9) 

-. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

. . 
q = 0, q:-mz , ql) 

__\ q2 = -qf E -Q2 . 

F 
RY 

is given by15 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

+ 

FT,(Q2) = 

-ie 
2 r  

( 
El x 9 1 > 

where E = (O,O,el), cl*ql=O zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAis chosen. 

The lowest order contribution to F 
TY 

is (Fig. 2a; see also Appendix 

A): zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

X 

q2 (k l+q$+:2 k:+m2 2 

+ (l-2) 
(2.2) 

I- 
-m 

x1 x2 
IT 
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where Cdxl = dxldx2 6(1-x1 -x2) and eU d are the quark charges in 
, 

units of e. Here we are considering only the Lz= Sz=O component of 

the general qq wave function, i.e.,16 

c 1 
Y/ -- 

d4;i, 

cc A A - 4 
(2.3) 

where a,b are color indices, n =3 is the number of colors, and u,E,... zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
C 

represent on-shell spinor wave functions for the quarks and antiquarks. 

Charge conjugation invariance requires J, to be syrmnetric under the 

exchange l-+-+2. Neglecting quark masses relative to Q2, Eq. (2.2) 

becomes (see Appendix A) 

.- 
Fry zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(Q*) = 2$(ei- ei 

X 
(qlx2+kl) x ?l 1 

(2.4) 

( 

+ (x1++x2) . 
q, x 5 >(q1x2+kJ2 I 

Intuitively, the wave function must be peaked at low k 
I' 

since a 

composite particle has little amplitude for existing while its con- 

stitutes are flying apart with large k . 
I 

The leading behavior for F 
*Y 

as q 
I 
-+= is then obtained from (2.4) by neglecting kl relative to q,, 

and integrating over all kS 5 6 = mp(xi)Q, at which point the energy 

integrand: denominator in (2.4) damps out the 

-- 

This approximation would be valid up to corrections of order 

(m/Q)' +O if + - (l/k1)2+' with c>O as kl+m. Furthermore F would 
nY 
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then fall as l/Q2 since the kL integration in (2.5) would be insensitive 

to its upper limit. In fact, J, vanishes as l/k: up to a factors of I?nk: 

in QCD (see Section 2.B), so that the approxJZmation (2.5) is valid up to 

corrections of @(l/EnQ2).17 The integral 
7 

dkf$ then varies loga- 

rithmically with G2. In the next section we calculate this Q2 dependence 

in QCD. 

Notice that quark helicity is conserved at each vertex in (2.2) in 

the limit of vanishing quark mass, since the photon is a vector particle 

(Tables II and III). Thus only states having zero spin projection along 

the incident direction contribute; components of the pion wave function 

with Sz#O are suppressed in F my by zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAm/Q. Indeed, for pions, Sz#O 

-. 

implies orbital angular momentum LZ#O in IJJ and such a contribution 

vanishes after-the integration over d2kl in (2.5). Thus (2.3) is the 

only relevant component of the general wave function, up to corrections 

of order m/Q in F 
TY' 

The one-loop.radiative corrections to (2.4) include all two-particle 

irreducible corrections to the y*+qi + y amplitude (Fig. 2b). To 

analyze the contribution from each of these diagrams, we divide the 

integration over gluon momenta X 
I 

into two regions: (a) the collinear 

region, R 
2 -2 
I < Q ; and (b) the ultraviolet (U.V.) region, kf > c2. In 

the collinear region, each diagram, aside from the self-energy correction, 

has the general structure of Fig. 2c: zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

e 2 
;i2 

F w 
RY 

/  

dg2 

-A ;(-el)y,u(0)d" 
r 
hlL> Y, q + RI) 

!L2 

dk; +UQ 

I 
q;+fi;+... 

(2.6) 

where the dependence on the longitudinal momenta x i,y is implicit, and 
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where duv = -guv +(nuRV+nvR')/y is the transverse polarization sum for 

the gluon in light-cone gauge (n=A=A+=O) with R = (y,gt/y,Ill). The 

factor u(-El) yP d u'u(O) vanishes linearly with RI in this gauge. 

Consequently these terms are of the form 

-2 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAQ 
F N 
TY 

dk: $(kl) x constant . 

The use of perturbative QCD is valid here since only kf of order Q2 

contributes- The k1 integration does not diverge as R,+O. Vacuum 

polarization, self-energy, and vertex insertions into these diagrams 
._ 

combine to replace ez/4n by the running coupling constant zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

as(Q2) z 
4lT 

f3 9nQ2/A2 

(2.7) 

2 
where B = 11 - -n 

3 f'nf 
is the number of flavors and A2 is the QCD scale 

parameter. Thus these corrections from the collinear region are 

suppressed by us(Q2) relative to (2.5) and can be ignored for large Q2. 

Mass terms in the numerator of (2.6) are also negligible, being suppressed 

by m/Q in F 
TY' 

The ultraviolet region 
( 
k2 "2 

I 'Q 1 of these integrals is, by 

definition, dominated by the short-distance behavior of the theory, 

and thus is amenable to analysis via the renormalization group. Loop 

momenta in U.V. finite diagrams are of order Q2. As above, such contri- 

butions are suppressed by a factor as(Q2) and can be dropped in leading 

order. Vertex and self-energy corrections have U.V. divergences of the 
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generic form 

(2.8) 

where Fiy' is the form factor in the lowest order (Eq. (2.5)). From 

(2.7), the leading term becomes (y/8) RnRn (c2/A2> Fiy' after renormali- 

zation. The renormalization group requires that such terms exponentiate 

as higher order corrections are added, yielding zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

(2.9) 

To illustrate, consider the U.V. divergent part of the photon-quark 

vertex correction in light-cone gauge (Fig. 3): 

I\+ = zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAy+ 1 f$ /dk; cFa;;k') ik2 '*') 

O- -2 1 
Q $+- 

l-x 

x w,o>y 

u(x,kJ 

duv 

&,kL’ 

lJ A-i & 
Y,U(l ,o> 

where CF = (n2- 
C 

1) /2n 
C 

= 413. Here again the leading effect of vertex 

and propagator corrections is included in a,(k:) (Fig. 3). After some 

simple algebra, A+ becomes 

A+ = / 
dk; 

Y+ - k2 2(1-d + $ , 
-2 

I 
Q 

and the anomalous dimension associated with the QED vertex is -yF where 

(cf., Eq. (2.8)) 
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1 

YF = 'F 1+4 dx& 
s 
0 

. (2.10) 

The Ward identity in QED implies that the anomalous dimension for self- 

energy diagrams is then yF. The vertex and propagator corrections in 

Fig. 2b together introduce a factor (Rnc2/A2)-YF" into (2.5). 

Therefore to leading order in as(Q2), the n-y transition form 

factor in QCD can then be written as (recall 6 E min(xi)Q) 

1 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

F,,(92) = 
J 

dxldx2 6(1-x1 -X2) TH(Xi,Q) ~(Xi,~) 

0 

(2.11) 

-. 

where T H is the "hard scattering amplitude" for y*+qh -f y with on-shell 

collinear quarks: 

TH(Xi,Q) = 

2AT(et - ei) . 

x1x2 Q 

2 
(2.12) 

The "quark distribution amplitude" $(xi,Q) is the amplitude for finding 

constituents with longitudinal momenta x. 
1 

in the pion which are 

collinear up to the scale Q2: 

(2.13) 

In the next section, we demonstrate how the 'infrared' divergence at 

x=-l in yF (Eq. (2.10)) exactly cancels a similar divergence in $, and 

thus @(xi,Q) is well defined. 

Two-loop and higher corrections to the two-particle irreducible 

* 
y +qi + y amplitude are suppressed by additional powers of as(Q2), in 
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much the same way one-loop corrections are suppressed. This is illus- 

trated in Appendix B. The key ingredient of this analysis is that the 

amplitude for the emission of a collinear, virtual gluon by a massless 

quark vanishes -- i.e., u(x-y,!LL> yI, du'u(x,O) -t R1 -+ 0 when 111 + 0, 

as in Eq. (2.6). This property follows in physical gauges, such as 

light-cone gauge, from two observations: (a) the vector coupling of 

the gluon conserves the helicity of massless quarks; and (b) the polari- 

zation tensor du" for the virtual gluon admits only transversely polarized 

gluons (helicity = +l) as the gluons go on-shell (i.e., as RI * 0). 

Thus it is impossible to conserve angular momentum along the direction 

of motion when the quark emits a collinear gluon, and the amplitude must 
-. 

vanish. In covariant gauges, d 
W 

contains longitudinal polarizations, 

and-the amplitude ;(gl) yPdVvu(0) no longer vanishes as RI + 0. Then 

the collinear region in Eq. (2.6) is no longer negligible, giving a 

contribution zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

Q2 

1 

J 
2 

m 

Q2 

USC":) 

/ 

dk2 $(kll N 
. 

Indeed irreducible diagrams with any number of loops contribute to 

leading order in these gauges (see Appendix C). 

B. Quark Distribution Amplitudes and Evolution Equations 

for Mesons 

The qq wave function in Eq. (2.3) is the Fourier transform of the 

positive energy projection of the Bethe-Salpeter wave function evaluated 

+ 3 0 
at equal "time" z =z +z =O: 

‘4 - F.T.<OIW(O)ihz) In> 1 + o 
Z= 

. 
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The behavior of the distribution amplitude $(xi,Q) (Eq. (2.13)) at fixed 

xi as Q2 + 00 is therefore determined by the behavior of T$(O)G(z) for 

z2 = -z zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA2--1/Q2+0 . 
I 

This light-cone region can be studied using Wilson's 

operator product expansion and the renormalization group. This analysis 

is described in Ref. 5 , and again, very briefly, in Section 3. Here we 

derive a simple evolution equation directly from perturbation theory, 

which describes the variation of $I with Q2 (to leading order in as(Q2)). 

In practical applications, evolution equations are usually the most 

efficient tool for including the perturbative effects of QCD in $(xi,Q). 

An evolution equation is obtained by differentiating both sides of 

Eq. (2.13) with respect to Q2: 

.Q2 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAa 
- +(xi,Q) = 

aQ2 

4J(X,,S,)Q2 YF ~(Xi,Q) 
-- 

167~~ 
B 

Rn Q2/A2 . 

(2.14) 

The wave function $(xi,ql) satisfies the wave equation J,=SKJ, where S is 

the renormalized two-particle propagator and K is the sum of all two- 

particle irreducible qi + qq kernels (see Appendix A). The leading order 

kernel is the one-gluon interaction for which the wave equation becomes 

[see Fig. 4; also note that (Tl) from Appendix A is used to include 

instantaneous gluons] 

1 
d2R 

$(xi,91) = 

-471cF 

s / 

Cdyl 2 a (q2> 

hy41) 

" 

u(yl+ duV 

hi- 
2 

+m2 o 167~~ ' ' 
1 % 

m- 
IT 

x1x2 

S(Y2,-RI) V(X241L) 
I 
B(Y1-X1) 1 

X 
5 

YV 
Aiy yl-xl 

I m2- 
q:+m2 

71 
x1 

_ "i:," ^ ':p2 

1 

(2.15) 
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The leading effects due to vertex and propagator corrections are again 

included in the running coupling constant (cf. Fig. 3 >. As before, the 

dominant behavior for q, -f 00 is obtained from Eq. (2.15) by neglecting 

m,R relative to q, and integrating over R I I 5 ql (Fig. 4b). This follows 

since $(yi,RI) is peaked at low RI. In fact, it is then clear from 

Eq. (2.15) that $(xi,qI) + l/q: up to logarithms of q: as q 
I 

+ m, which 

implies that the corrections to this approximation are of order 

l/logQ2 - as(Q2). Thus to leading order Eq. (2.15) becomes zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

~(Xi,q,)Q2 as (Q2) 

16~~ 
= 2cF HIT 

x1y2 NY1 
-x1) 

-. 

Q2 

. . 

J 

dJ+: ~(Yi"I) 
x - 

16n2 

(2.16) 

YlY2 

where 6hlK2 
= l(0) when the constituents'helicities are anti-parallel 

(parallel). Our use of perturbative QCD is again justified since only 

momenta of order q, flow through the kernel. Combining this equation 

with Eqs. (2.14), (2.13) and (2.10), we obtain an evolution equation for 

x1x2Q 

2 a 
- zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA~(Xi,Q) = CF 

aQ2 

where 

(2.17a) 

V(Xi'Yi) xly2 8(y1-x1) 'h F + 
A 

= v(yi,xi) , (2.17b). 
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and Ai+,Q) = ~(yi,q) - ~(Xi,Q> - Notice that the infrared divergence 

in Eq. (2.16) at xi=yi is completely cancelled by that in yF (we have 

resealed x in Eq. (2.10) by x2 for the first and x1 for the second term 

in (2.17b)). This is only true because the color factor for the ladder 

kernel is identical to that associated with the propagator corrections. 

This in turn is a consequence of the color-singlet nature of the meson. 

High order kernels entering in the wave equation include all two- 

particle irreducible amplitudes for qi + qi (Fig. 5). However these 

corrections to V(xi,yi) are all suppressed by powers of as(Q2), because 

they are irreducible. This follows from the same arguments used in the 

previous section in analyzing corrections to TH. 

By defining 

. . 2 
Q dk2 

5 @ - 
=G 

s 

41 k: as&f) - En Rn A2 , (2.18a) 

we can recast the evolution equation in a more useful form: 

'dYlV(xi,Yi)~(Yi,Q) . (2.18') 

Given $(x,Qo), this equation can be integrated (numerically or otherwise) 

to obtain $(xi,Q) for any Q2 > Qt. Alternatively the general procedure 

described in Appendix D can be applied to determine the most general 

solution of (2.18): 

co 

~(Xi,Q) = X1X2 
c an ' i'2(Xl-x2) 

n=O 

(2.19) 
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aoX1X2 
hl+h2 = 0 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

~(Xi,Q) j 

hl+h2=fl ' 

(2.22) 

The coefficient a0 is just the renormalized quark-antiquark wave function 

evaluated at the origin in coordinate space. Combining Eqs. (2.20) and 

(2.13) for helicity zero states, we obtain 

= 
~(Xi,k~> 

-. 

where Z2 renormalizes the quark field operators in wave function $(xi,kL) 

(recall that yF (Eq. (2.10)) is the anomalous dimension associated with 

the quark self-energy). The same renormalization enters for the charged 

weak current, J' 
W 

= zy'(l-y5)d, whose matrix element between a pion and 

the vacuum is (for u=+; see Fig. 6):20 

<OlJ&r> = Z2 

=fi<: , (2.23) 

If we define <O(JG(n+> = fi fnpu, where f = 93 MeV is measured in the 
Tr 

decay n+uv, we obtain a sum rule for $(xi,Q): 

1 

a0 = 6 s [dxl 4$xi,Q) = 3 fr . 

0 5 

(2.24a) 
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where 

cF 
yn=B 1+4 

I 

n+l 26 - 

c 
1 hlh2 

2 i;' (n+l)(n+2) ' O ' 
1 

For pions, 6h Fi = 1 and only even n contribute since Cp(x,,x,,Q) = 

12 

+(x2,x1,9) is required (by C-invariance). The coefficients an can be 

determined from $(xi,Qo) by using the orthogonality relations for the 

312: Gegenbauer polynominals, Cn 

1 

2(2n+3) 

J 

312 

= (2+n)(l+n) 
d(xl-x2) Cn (xl - X2> ~(Xi,Qo) l (2.2’) 

-1 

The convergence of series (2.19) is assured by the elementary 

-. 

properties of orthogonal polynomial if (and only if) 0 satisfies the 

boundary condition18 

$(xi,Q) 5 Kx; as x. + 0 (2.21) 
1 

for some s>O. In fact, this condition is automatically satisfied by 

wave functions representing truly composite states -- i.e., by solutions 

of the homogeneous bound state equation (Eq. (A.5)) which are regular at 

high energies. In theories with an elementary field representing (or 

mixing strongly with) the meson, the bound state equation has a source 

term corresponding to the bare coupling @y5$, and consequently the wave 

function tends to a constant (PO) as xi + 0.l' 

Notice that as Q2 + m, the quark distribution amplitude becomes 

particularly simple since only the n=O term survives (yo<yn for all 

n> 0): 

-- 
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Equations (2.22) and (2.24a) completely determine the asymptotic 

behavior of the pion's quark distribution amplitude (given isospin 

2 
invariance these are identical for IT , or'>. Furthermore, sum rule 

(2.24a) is valid for all Q2, up to corrections of order as(Q2). Thus 

it imposes an important constraint upon the normalization of 9, at 

arbitrary Q2 when the amplitude is smooth and free of nodes in xi, as 

might be expected for a ground state wave function. 

Similar analyses follow for K mesons (fa + fK = 112 MeV) and for 

longitudinally polarized p-mesons. In the latter case, a0 is normalized 

using the decay P -f e+e-. Defining <OIJLmlp> = fimp fp eu implies 

-. 
ao= &- -2_fifp 

.- zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAC 

(2.24b) 

where f - 107 MeV. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
P 

Finally we can combine Eqs. (2.11), (2.12), (2.19) and (2.24) to 

obtain the QCD prediction for the IT-~ transition form factor:21 

+ 2(fp/Q2) as Q2 -f 01 . 
(2.25) 

Notice that because of boundary condition (2.21), the singularity in TH 

(Eq. (2.12)) at x2=0 does not result in additional factors of RnQ2. 

For this reason also we have replaced c by Q in (2.11) to leading order 

in as(Q2). [The replacement 6 + <xi>Q = Q/2 is perhaps more appropriate; 

but again the difference is non-leading.] 
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Similar results apply for the n-y form factor. Assuming SU(3) 

symmetry, we find (to all orders in as(Q2)): 

2 2- 2e2 
%+ = 1 eu+ed s = 1 

TY J5 e2- e3 ☺s l 

U 
(2.26) 

3. Beyond Leading Logarithms 

A. General Formalism in Light-Cone Gauge 

The preceding analysis [Section 21 for F 
TY 

can be generalized to 

include terms of any order in as(Q2). One source of such terms is the 

set of two-particle irreducible corrections to the hard scattering 

-. 

amplitude, TH. As illustrated earlier, these involve only hard loop 

momenta (RI N Q) and as such can be organized in a power series in 

as(Q2) (see Appendix B). 

Another set of terms corrects the approximation made in passing 

from Eqs. (2.4) to (2.5) -- i.e., from TJ, to TH+. The difference 

between these equation is 

X 
$x2 + kl) x E 1 q, x 5 

$x2 + kL) 
2 - 

2 eGi2 -k;) + (1*2) (3.1) 

"2% 

Clearly only kl N xiql or larger contribute. Since k1 is large, we can 

use Eq. (2.16) to replace $(xi,kL) by SKlg$ (to leading order): 
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(3.2) 

where Klg is the one-gluon exchange kernel and 6 = mp(yiQ). 6TH is then 

just the one-loop ladder correction to TH, but with the low kL region 

subtracted (Fig. 7a). Once all vertices and propagators are renormalized, 

it is suppressed by as(Q2) relative to TH. 

This analysis can be extended to arbitrary order in as(Q2) and a 

similar analysis can be applied to the distribution amplitude 9. The 

procedure is to use perturbation theory wherever loop momenta are 

restricted to be large -- restricted by an explicit subtraction for 

two-particle reducible loops or by the inherent properties of irreducible 

diagrams (in light-cone gauge) for the rest. Our ignorance about the 

theory at soft momenta (kL << G) is absorbed into the quark distribution 

amplitude (p, whose variation with increasing Q2 is nevertheless well 

determined. 

To facilitate this separation of hard from soft momenta, it is 

convenient to introduce a collinear projection operator which isolates 

the non-perturbative collinear region in two-particle reducible 100~s:~~ 

gQ(kL,RI) c 16n2 6(k,2) zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAe(Q 2- 1) . (3.3) 

Notice that 9 Q limits the flow of transverse momentum (!Lt c Q2) through 

functions to the right and replaces them by a delta function. Applying 

-- 
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9Q to the wave function, for example, gives (Fig. 7b) 

s,(k ,R ) $(xi,kL) = 16n26(k;) 

Q ' ' 

which up to a factor defines the distribution amplitude $(xi,Q). Re- 

placing J, bygQ+ is precisely the approximation made in going from 

Eqs. (2.4) to (2.5) -- i.e., where quarks in the hadronic wave function 

are replaced by a collinear (on-shell) qi pair whose longitudinal 

momenta are weighted by the distribution amplitude: TJ,+T9J, = TH$. 
Q 

We can express the exact wave function in terms of its soft component 

YQ$ through use of the bound state equation (A.5): zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

-. 

VJ = gQ$ + (-Q)$ = gQ$ + (1~9~) SKI/J 

= TQq, + G(')Kq$ (3.5a) 

where 

,(Q) = (1-9~) s go [w-~~)s]~ , (3.5b) 

and where S is the renormalized qq propagator. K is the sum of all two- 

particle irreducible kernels. 

Notice, in Eq. (3.4), thatgQ$ contains only momenta R: < Q2. The 

region {gf 2 Q2} is included perturbatively in G 
(Q) * 

Any two-particle 

reducible loop containing (l-9) is protected from collinear singulari- 
Q 

ties -- e.g., 

T(l-gQ)l$ = 

/ 

d2kl d2!L1 

- - 

161~~ 16a3 

T(k,,s,)[16r362(k, - al) -16a2~(l+(Q2- %;$(a,, 

J 
d2!$ 

= - 

161~~ 
[ 
T(Qq,) - T(o,q,)e(Q2 - Jf)]$(el) - 



-29- 

The exact r-y form factor can now be written (from Eq. (3.5)) 

FTy(Q2) = 
s 

d2k 

Cdxl I T(Xi,k~ ,S,)Jl(Xi,k~) 

0 
16a3 

1 

= 

/ 
Cdxl TH(xi,Q)4dxi,$ 

0 

(3.6a) 

where the general hard scattering amplitude is defined as 

TH E dF(${T+TG(')K} 

= d,(6){ T+T(1-~$SK+T(1-~$SK(1-~6)SK+... (3.6b) 

with the external quark legs having zero k1 (and thus on-shell when 

ignoring quark-masses). The quark distribution amplitude is . . 

+(x,,Q) - d,'(Q) 

Q d2k 

s 
* �☺(Xi,kl) l 

167~ 

(3.6~) 

The factor dF(Q) is related to the renormalization of the quark field 

operator SF(p) + dF(p)/ti as p2 
( 

3 -00 . 
> 

In leading order it is 

(%n Q2/A2)YF'B . 

The first term in TH (Eq. (3.6b)) is, to leading order, just that 

given in Eq. (2.12). The correction 8TH (Eq. (3.2)) appears in (3.6b) 

as the dominant part of the second term: T(l-&)SK % T 
Q 

(')(l-q)SKlg. 

Notice that TH includes all two-particle reducible and irreducible 

amplitudes for y*+qG + y with on-shell quarks. It is however "collinear 

irreducible" in the sense that the low momentum region of each two- 

particle reducible loop is removed by the subtractions involving9 . 
Q 

Thus there are no collinear singularities as kL + 0 in the loop 
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integrations of TH. After renormalization, TH is U.V. finite. It is 

free of infrared singularities as well, since the external particles 

are in color singlet states. Consequently, all loop momenta k: in T 
H 

are 

scaled by Q2 (i.e., other scales such as infrared cutoffs can be set to 

zero since there are no divergences in TH), and the hard scattering 

amplitude has a power series expansion in as(Q2): Q*T, = fo(xi) i- 

as(Q2)fl(xi) + az(Q2)f2(xi) + . . . corresponding to 0,1,2,... loop diagrams 

in the U.V. finite skeleton expansion. In principle, endpoint singulari- 

ties in the xi-integrations (e.g., as xi + 0 in (2.11)) can generate 

additional factors of RnQ2. However, as we have seen, the wave function 

vanishes sufficiently quickly in this region to prohibit such terms (see 
-. 

also the discussion in Section 4 ). 

. . 
Notice finally that TH is always manifestly gauge invariant to 

leading order, since it is a renormalized Born amplitude with its external 

(constituent) lines all on-shell. Thus it can be computed in any con- 

venient gauge using either light-cone perturbation theory or covariant 

perturbation theory. It is possible to make TH gauge invariant to all 

orders in a s by slightly redefining the factors dF(Q) appearing in Eqs. 

(3.6), but this of little practical value. 

An exact evolution equation for $(xi,Q) is derived by differentiating 

(3.6~) with respect to Q2: 

Q 2 $ ~(Xi,Q) = % and,l(Q) 

dQ zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1 $(xi,Q) + 

+Q) 

161~~ 
$J(Xi,ql)Q2 . 

The Callan-Symanzik equation for dF(Q) can be written 

Q 2 % Rn d,'(Q) = -v(as(Q2)) 

dQ 

(3.7) 
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where 7 = (as(Q2)/4n)vF+....23 Generalizing our earlier analysis, we 

can rewrite +(xi,ql) in terms of @ by combining the bound state equation 

(A.5) with Eqs. (3.5): 

dil zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(Q) 

Q24hir  s,) = 

d,' (Q) 

16~~ 16x2 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
Q2 [SW] 

dil (Q) 
= 

167~~ 

Q2[SK+SKG(')K]ZPQ$ 

- ��:P� ]☯dYI V(Xi,Yi,as(Q2)) +(Yi,Q) l 

= 

0 

Thus the general evolution equation is 

1 . . 

Q 
2 a 

as(Q2) 

2 ~(Xi,Q) = 4~ Cdyl V 
aQ I/ 

( xisYiYas (Q2)) $(Yi,Q) 

0 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

- ?(as(Q2)) ~(xi,Q) 

1 

where V = V (1)(~i,yi)+as(Q2)V(2)(xi,yi) + . . . has contributions from all 

two-particle irreducible kernels as well as subtracted reducible kernels 

(as in T 
H; 

see Fig. 8) -- i.e., V is collinear irreducible. 

Notice that Cp has contributions only from terms in the wave function 

having orbital angular momentum L =O. 
2.5 

All other terms vanish after the 

angular integration in (3.6~). The leading contributions from Lz#O 

terms are obtained by expanding the qG+y* -t y amplitude in powers of 

kL* qLh;, which has Ls =+I with respect to the k1 integration. These 

are then suppressed by l/Q or more and can be ignored. 
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As mentioned earlier, $(xi,Q) can also be studied via the renormali- 

zation group and the operator product expansion of TJI(O)$(z) with z+=O, 

2 2 Z z-z 
I 

N l/Q2 -t 0:5 

TJI(O)T(z) = c 2(z2 - 5 
is) z . ..z 

'm ,(i> 

m2n 
i 

(3.9) 

n 

X 
c d 

mnk zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
a . ..a ij(O) P-r  

k=O uk+l urn u1 

. ..Tp $(O) zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1 +... 

n 

where I'(i) = {1,y5,yu,yuy5,u 
1J.V 

1. In general, this expansion includes 

operators having explicit factors of the gluon field. However these do 

not contribute to the wave function <OIT+(O)$(Z)I~>~~+=~ since 

<01$(O>...Av...$(O)\r> = nv in light-cone gauge n*A=A+=O (the only 

other vector available is p,, but p:# 0), and n*z= z +=o. Fourier 

transforming (3.9), we obtain 

(3.10) 

where, as we found above, 0 
n 

= x1x2cn 3’2 (x 1 - x2> + zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAO(as(Q2)) and 

zn(Q2) = (an Q 2 2 -Yn[1+0(as(Q2))] . For pions, the anomalous dimension /A 1 

of En(Q2) is that associated with the operator $(0)yuy5?u . ..yu $(O). 

1 n 

For longitudinally and transversely polarized p-mesons, 
yJ5 

is replaced 

by yu and auv respectively. The evolution equation (3.8) is formally 

equivalent to the Callan-Symanzik equations for each term in (3.10). 

B. General Gauges -- Fock State Decomposition 

We required only the q{ wave function in Section 2. This is not 

the case in general gauges, where it becomes convenient to represent a 

hadron by an infinite column vector Y of wave functions -- one for each 
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of the Fock states qq,qqg,... in the meson, for example. In general, 

Y satisfies a bound state equation Y=SKY, which is an infinite set of 

coupled equations where the matrix K is the completely irreducible kernel 

and S nn is the n-particle propagator (Fig. 9). In complete analogy to 

the qq analysis just completed, we can define a projection operator 

which isolates the non-perturbative region in the n-particle intermediate 

state: 

(3.11) 

We can then systematically reduce F to the form F = TH 
q) _ + 

=Y T-Y qq 

Tcqqg)$ - 4~ . . . 
H 

where the hadronic distribution amplitudes, defined in 
qqg 

analogy to (3.6c), satisfy evolution equations. 
. . 

The first term in this series is precisely that described in the 

previous section. In light-cone gauge, the remaining terms are suppressed 

by powers of l/Q. For example, the leading hard scattering amplitude for 

the qqqq state includes diagrams such as in Fig. 10a which fall as l/Q 
4 

because of the additional propagators. Similarly the qqg contribution 

to F includes (Fig. lob): 
Try 

F(d N 

/ zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
Cdxl 

~u-x3.qlh u(x& 
O~,;i,) (Xi ,XiQ) (3.12a) 

=Y ((~-x,)~Q~)(x~Q~) 

where the leading order distribution amplitude is 

~~(Xi'Q) = (kn $)"'yjl d2kliduV Jlv(xi,kli) , (3.12b) 

and duv is the glupn's polarization sum. The only vertices entering in 
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+v 
(3.12a) are iy+u and uylu since d =O in light-cone gauge. There is 

then at most a factor q, in the numerator (and even this results in a 

factor kL*ql which integrates to zero). Thus F(q4g) 
TY 

falls faster by 

l/Q2 than Fiy') as computed earlier. Clearly adding further gluons to 

the Fock state leads to additional factors of l/Q or l/Q' for each gluon. 

+v 
Notice, however, that d does not vanish in general covariant 

gauges y and longitudinally polarized gluons (i.e., A+) can couple to TH 

2 + 
via the vertex Ey-u N q-= q, ( >> q ,qL). For this polarization, the 

numerator in (3.12a) cancels one power of QL in the denominator so that 

+id N zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1,Q2 

TTY 
and is no longer suppressed. Indeed Fock states having 

any number of longitudinally polarized gluons contribute to leading 
-. 

order in F 
TY' 

in such gauges. Just this problem is avoided by selecting 

a gauge in which virtual gluons have only physical polarizations -- i.e., 

n*A=A+=O gauge. We illustrate in Appendix C how this problem is 

overcome for covariant gauges through use of 'collinear Ward identities.' 

4. The Electromagnetic Form Factors of Hadrons 

A. Mesons 

Following the prescription set out in Section 3, we can reduce the 

pion's electromagnetic form factor to the form: 

1 

= 
s 

[dxl[dyl $*(yi,q) TH(xi,yi,Q) $(xi,Gx) (4.1) 

0 

where T contains all two-particle irreducible amplitudes for y*-l-q';i -* -+ qq9 
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and where the hard scattering amplitude is (Gy=min(yiQ), <=min(x,Q)) 

TH = dF(q) {T + T(l-yG )SK + KS(l-9; )T zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
X Y 

+ KS(l-9; )T(l -gox)SK + . . . )dF(iix) . (4 .2) 

Y 

Here the collinear projection operators 9 and LPO act to the left and 

to the right respectively, and, in analogy to (3.6c), the initial and 

final mesons are replaced by collinear qi pairs. The disconnected 

diagrams in T make no contribution to the first term in (4.2) because 

?P~T% + 0 when the quark lines are not connected. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
Q Q 

[For example, in 

Fig. lla,-the incoming and outgoing qq pairs can only be collinear 

(i.e., k 
. . I 

= k,+x2q, = 0) when x2 =0, at which point $(x,,G,) vanishes.] 

Thus the lowest order contribution comes from one-gluon exchange in 

the second and third terms of (4.2) (Fig. llb): 

TH(Xi,Yi'Q) = 16T:2as'Q2)k + --&]p+fl(as(Q2),m/Q)] (4.3) 

where e 
1 
and e 2 are the charges carried by particles 1 and 2 (in units 

of e). As for F 
TY' 

the boundary condition (2.21) on 0 implies that 

there is no singularity in (4.1) at yi or xi-O. Consequently, in 

leading order, we can replace 5, and Gy by Q in (4.1) to obtain the QCD 

prediction for the pion form factor (from Eq. (2.19) with 6 - =1):1y10P13 

hlh2 

_ F,o = 

HIT CF as (Q2) 

Q2 
lnzo,~, . . l zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAan(a. $irn 2[1 +‘@ScQ2) ’  m’Q)l ’  

(4 .4 ) 

The n=O term dominates as Q2 becomes very large and we obtain (Eq. 

(2.24 )): 14 ,1r 10 



(4.5) 

Figure 12 illustrates predictions for Q2Fn given three different 

initial wave functions at Qi = 2 GeV2: 

with representative values of the QCD scale parameter A2. In each case 

the normalization is uniquely determined by sum rule (2.24a); all curves 

ultimately-.converge to the asymptotic limit (4.5) (i.e., Fig. 12a). For 

Fig.. 12, we have multiplied (4.4) by (l+mi/Q2)-l to allow a smooth 

connection with the low Q2 behavior suggested by vector dominance models. 

The behavior exhibited in Fig. 12 can be radically modified if 

$(xi,Q ) 
0 

has nodes or other complex structure in x 
i' 

However such 

behavior is unlikely for ground state mesons such as the pion. For 

these, one intuitively expects a smooth, positive-definite distribution 

amplitude, peaked about x1,x2 m l/2. Given these constraints, the 

normalization of Fn(Q2) is largely determined by the breadth of the 

distribution -- broad distributions (Fig. 12~) result in a large form 

factor, narrow distributions (Fig. 12b) in a small one. The magnitude 

of the form factor also depends to some extent upon the scale parameter 

A2- through the factor as(Q2) in (4.4). 

Notice that we can completely remove dependence upon the distribution 

amplitude by comparing F 
=Y 

to FT (Eqs. (2.25) and (4.4)). In fact a 

measurement of each provides a direct determination of as(Q2): 
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a,(Q2) = 

1 
FT (Q2) 

=- 

4' Q21F,,(Q2) I2 

+ O(az(Q2)) . (4.6) 

The electromagnetic form factors of K+-meson and longitudinally 

polarized p+ -mesons follow from the same analysis but with fx replaced 

in the sum rule by fK and dfp respectively (Eqs. (2.24)). If the 

quark distribution amplitudes for these different mesons are similar in 

shape, the ratios of IT to K to pL form factors should be approximately 

ff : f;: 2f2 w 
P- 

1: 1.5 : 2.5 for Q2 large (becoming exact as Q2 + =J). 

An important constraint on the nature of the distribution amplitude 
.- 

for K-mesons can be obtained from the KI-KS transition form factor which 

is measurable at large timelike Q 
2 

in the reaction e+e- + KI,Ks. The K" 

.wave function analogous to (2.3) is 

Y =-- yKo(xi'kl) 

K" 4% 

where, because of the large ms/md ratio, YKo need not be symmetric 

inx f-+x zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
S d' 

Since TH conserves flavor, we have 

(~ )J%) /KS> 5 (";" ) Ju(O)I "AR') 

= <K" 1 Ju(0) 1 K"> . 

The transition form factor F 

KS+% 

(Q2) at large Q2 can then be written 

in the form of Eq. (4.1) with 
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and thus [using the expansion (2.19)] 

FKS’% 

(Q2) =(+)'""",:"'"F 

[J 

cdxl mcx:;') 2- jdxl '(x;;') 2 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

S zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAII zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

1 8nas (Q2)CF 
= - 

0 3 
Q2 

c azam(Ln $)lnBym+h.c] 

m(odd) 

x [l + O(as(Q2),dQ)] . 

-. 

Thus the form factor requires the odd (asymmetric under x=xd-x5 + -x) 

Gegenbauer com@onents of the K" distribution amplitude. Asymptotically, 

the transition form factor vanishes with an extra anomalous dimensions: 

where y 1= (8/3)(CF/B) (20.4 for nf= 3). If this ratio of form factors 

is indeed appreciable [i.e., of order 11, then the odd, asymmetric 

components play a major role in the structure of the kaon wave function. 

This would also imply a strong violation of the relation F .+(Q2) /FK+(Q2) 

5 * fz/fi at subasymptotic Q2. All of these results can, of course, be 

extended to mesons containing heavy quarks.25 

As for F 
w' 

quark helicity is conserved at each vertex in TH, 

which is then diagonal in (hadronic) helicity up to corrections of 

order m/Q. Consequently there are two selection rules restricting the 

helicities of initial (hi) and final (hf) hadrons:26 
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(a) Ah = hf-hi = 0 (for timelike photon: hl=-h2) 

(4.7) 

(b) jhl = Ihi ,I I l/2 . 
, 

The second rule is easily derived from the first in the Breit frame. 

There the net change in the hadron's angular momentum along the direction 

of motion is AJz = -hf-hi = -2h, because the helicity is unchanged while 

the momentum is reversed. As the photon has spin 1, only Ihl I l/2 is 

permitted, up to corrections of O(m/Q). 

Applying these selection rules to e+e- collisions beyond the 

resonance region, for example, we find that the final states ITP, pLp,, 

p.lp, 
are suppressed by wm2/Q2 (' in the cross section) relative to ITIT, KK zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

and pLpL final states. 

. . The selection rules are direct consequences of the vector nature 

of the gluon. In contrast, e+e- + p,p, is not suppressed in a theory 

with scalar gluons. Furthermore while each of the 'allowed' form 

factors is positive at large Qz in QCD, they are negative in scalar 

gluon theories, and then must vanish at some finite Q2 (since F(0) = 1). 

Scalar theories are probably already ruled out by existing data. 

B. Baryons 

Again from Section 3, the baryon's electromagnetic form factor 

has the form 

. 
1 

F,o = 
s 

CdxlCdyl 4*(x i,;ix) TH(Xi,Yi,Q) 9(Yi,~) 

0 

(4.8) 

where in leading order TH is the minimally connected amplitude for 

y*+3q + 3q (Fig. 13a), and Cdxl E dxldx2dx36 1 ( - Fxi). The distri- 

bution amplitude is the three-quark wave function integrated over 
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transverse momenta k(i)2 5 Q2: 
1 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

(4.9) 
where as before the factor (f,n Q2/n2)-3YF'2B is due to U.V. radiative 

corrections in TH. We can derive an evolution equation for 9 in direct 

analogy with the analysis of mesons. Indeed, since in leading order only 

pair-wise interactions occur between quarks (Fig. 13b), the evolution 

equation follows immediately from Eq. (2.17): zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

Q) + ~ ~a(Xi,Q) CdyI V(xi,Yi)~(Yi,Q) l 

.- (4.10a) 

Here 9 = x1x2x3?* 5 = anm(Q2/A2), and 

v(xi'Yi) = 2X1X2X3 c 
f#j 

‘(yi - Xi) ' (xk - yk) zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

= v(yi,xi) (4. lob) 

is the sum over interactions between quark pairs {i,ji due to exchange 

of a single gluon 
( 
CB E (nc+1)/2nc = 2/3). The infrared singularity 

at x i=yi is cancelled ( recall AT(y,,Q) : T(yi,Q)-;(xi,Q)) because the 

baryon is a color singlet. The evolution equation has a general solution 

of the form (see Appendix D): 
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~(Xi,Q) = X1X2X3 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAc 
n=O 

Ihl = l/2 

lhl = 3/2 

(4.11) 

where the leading Tn, y, are given in Table I, and h is the total quark 

helicity (= hadron's helicity since Lz=O). However in practice it is 

generally more efficient to integrate (4.10) numerically rather than 

expanding 4 as in (4.11). 

The most general electromagnetic vertex for a nucleon is 
-. 

r" = eS(p') y'GM(Q2) - 

t 

(p :;"" F2 (Q2) u(p) . . (4.12) 

where G M and F2 correspond to helicity conserving and helicity flip parts 

of Yu respectively (for large p,p'). The magnetic form factor GM is 

given by Eq. (4.8) with hard scattering amplitude zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
1,27 

TH = 64a2 (4.13a) 

where 

1 1 

T1 
= T3(1-3) = - 

x3 ( l-x$ 
2 

Y3GYQ3 

1 

Y2(l-Y,)2 

(4.13b) 

1 1 
T2 = - 

x1x3(1-x1) YlY3(l-y3) , 
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and ej is the electric charge (in units of e) of particle j). The hard 

scattering amplitude TH for form factors is most easily computed in the 

Breit frame 
[ 
G; = -s 

3 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1 using Feynman gauge. [ Recall that TN is defined 

with its external lines on-shell (for m=O) and is thus both gauge and 

Lorentz invariant.] Only the diagrams in Fig. 13a contribute. 

The (e.1 are determined by the flavor-spin structure of the nucleon's 
J 

distribution amplitude. The most general distribution amplitude for the 

proton is (h = 1/2)28 

4p = f [ 
d+(L)u+(3) +u+(l)d+(3) 

$6 
up - u+(l)d+Uh+(3) zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1 $(x,,Q) 

+ 
-[ 

dt(lhtW - u+(l)d+(3) 

42 
+ (l-2)+ (203) . 

.- (4.14) 

Amplitude 4' must be symmetric under interchange x 
A 

I t+x 3, and 0 anti- 

symmetric, by Fermi statistics, since the color wave function E 
abc'% 

is totally anti-symmetric. The neutron's amplitude is #n = -+,h - d) 

in the limit of exact iso-spin symmetry. From (4.11), +* becomes 

negligible as Q2+m, and $ 
S 
becomes totally symmetric under particle 

exchange. Consequently the flavor-spin structure of (4.12) tends 

asymptotically to that assumed in the SU(6) symmetric quark mode1.2g 

Convoluting (4.13) with (4.14), we obtain the prediction in QCD 

for GM(Q2):l 

2 ~$9~) zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
GM(Q2) = + Q4 z bm(gn $rn‘” [l + zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAO(as(Q2), J$J] 

2 2 

-f 321~~ C2 as(Q ) 

9 
Q4 

(-e-,,I (4.15) 
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where ell (eel,) is the mean total charge of quarks with helicity parallel 

(anti-parallel) to the nucleon's helicity (in the fully symmetric flavor- 

helicity wave function). For protons and neutrons we have (Eq. (4.14)) 

ei = 1 e”,, = 0 e; = -era = -l/3 . 

The constants b,,, C are generally unknown for baryons; however, by 

isospin symmetry, they are equal for protons and neutrons, and thus 

QCD predicts the ratios of form factors as Q2+m. 

4P 2 Figure 14a illustrates the predictions for Q GM(Q > assuming a 

wave function $(xi,Qo) 0: 6(x1 -1/3)6(x2- l/3) at Qi = 2 GeV2 (the 

absolute normalization is undetermined) and various values of the QCD 
-. 

scale parameter. Again we include an extra factor (1-t-.71/Q2)-2 in 

(4.15) to allow a smooth connection with data at low Q2. Similar curves 

are obtained for any reasonably smooth distribution amplitude O(xi,Qo). 

Only the ratio Gs(Q2)/G:(Q2) is particularly sensitive to the shape of 

the distribution amplitude. For illustration, this ratio is plotted 

versus n in Fig. 14b where @(xi,Q) = (x1x2x3)n is assumed for a given 

Q2* For each choice of n, the ratio decreases to zero with increasing 

Q2 as (kn Q2/~2)Yo-Y3 = (an Q2/A2) 
-32198 

. The ratio GE/G: = -1 at Qi 

for the &-function distribution amplitude used in Fig. 14a. For 

comparison, note that in a theory with scalar or pseudo-scalar gluons, 

diagrams in which the struck quark has anti-parallel helicity vanish. 

Thus scalar QCD predicts a ratio Gg/Gz + ei/ei = -l/3 independent of 

the distribution amplitude (assuming only symmetry under exchange 

X14+X3) 
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As for mesons (Eq. (4.7)), form factors for processes in which the 

baryon's helicity is changed (Ahf 0), or in which the initial or final 

baryon has lhl > 1, are suppressed by factors of m/Q, where m is an 

effective quark mass. Thus the helicity-flip nucleon form factor is 

predicted to fall roughly as F2 N mM/Q6, and the elastic ep and en 

cross sections become (-t = Q2 + 03) 

do 47ra2 2 2 

dt+ t2 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
s +u [ 1 2s 

2 
G;(-t) . (4.16) 

Cross sections for transitions such as ep+eA ((hAI =1/2) are .also given 

by Eq. (4.16) (with GM as in (4.15) but with C2 + CpCn>. Cross sections 

with IhAl =-3/2 are suppressed (by m2/t). The reaction e+e- -t A+A- is 

dom+ated by baryons with lh,l = l/2; the cross section for production 

of lh,l=3/2 pairs or deltas with lhAl =3/2 and l/2 is suppressed. 

Again most of these predictions test the spin of the gluon. For example, 

transitions ep+eA (IhAl = 3/2) are not suppressed in scalar QCD. 

Finally, notice that the x-integrations in (4.8) diverge linearly 

as x 
1 
or x3 + 1 if the distribution amplitude (b is replaced by a constant. 

Since compositeness only ensures that I#I(x~,~) 5 (l-xi)' as x 
i 
+ 1 with 

some E > 0 (Eq. (2.21)), end-point singularities are possible here. 

However, beyond the compositeness condition, there is strong evidence, 

both theoretical and experimental, suggesting that in fact e > 1 in which 

case the singularity is destroyed. The wave function's behavior near 

X. 
1 
1~ 1 can be analysed perturbatively, since large momentum 

II 
,(k,2+m2)/(1-xi) zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1 flows through the wave function in that region. We 

show in the next section that $(xi,kL) N (l-xi) as x. + 1 up to factors 
1 

of Rn(l-xi). By the Drell-Yan-West7 connection, this behavior also 

-- 
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determines the x N 1 dependence of the inelastic structure function vW2, 

giving VW2 N (l-x) 
2c+l 

= (1-x)3. This agrees with data, once corrections 

due to gluonic bremsstrahlung have been included. From Eq. (4.11), the 

exponent E = ~(6) is further increased (beyond s=l) as 6 + =, tending 

ultimately to E = 2. This evolution is due to the higher order corrections 

summed by the evolution equation. Thus the x-integrations are well behaved 

so long as 6 (= (1-xi)Q as xi -t 1) increases with Q -- i.e., for all xi 

external to the infinitesimal region l-xi 5 m/Q. The end-point region 

l-xi 2 m/Q (first discussed by Drell and Yan, and West) is strongly 

suppressed, as we show in the next section. Note that the correction 

6TH - fl('+, adQ/m)T,) suggested in Ref. 6 does not occur when higher 

order corrections, leading to evolution of 4, are properly included, 

since this term comes from the region 1 >> l-x i >> m/Q. 

C. End-Point Singularities 

An alternative mechanism for hadronic form factors was proposed 

some time ago by Drell and Yan, West' and others. Writing the meson 

form factor as (Fig. 15a) 

d2k 

-----$ $(x,klN*(x,kL + (l-x)qL) , (4.17) 

they observed that large transverse momentum flows through neither wave 

function when x is restricted to the end-point region l-x 5 X/Q where 

A2 N <k:+m2> is some typical hadronic scale. In this region, both 

wave functions are peaked at kf 5 h2 i.e., J, N ( B/(k:+X2)), and the 

integration over kl is convergent with only k,' w h2 << Q2 contributing. 

Thus the contribution to F(Q2) from the end-point region is governed 

only by the x behavior of $(x,X) as x + 1: 
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AF(Q2) N zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAi I dx +(x,X) I2 
l-:/Q 

+ (A/Q) 1+26 (4.18) 

where +(x,X) N (l-x)&* The Drell-Yan-West connection relates exponent 

6 to the behavior of inclusive structure functions before radiative 

corrections due to gluonic bremsstrahlung are included -- i.e., 

VW(O) 26 

2 
-f (l-x) as x -f 1. 

Since the distribution amplitudes, 4(xi,$, in Eq. (4.1) vanish as 

x. + 1, 
1 

the Born graphs for TH (Eq. (4.3)) g ive negligible contributions 

from the end-point regions. The contributions which do correspond to 
-. 

the Drell-Yan-West analyses first appear in our analysis in the one-loop 

corrections to T 
H' 

Consider the diagram in Fig. 15b. Here the one- 

gluon interaction kernel plays the role of the wave function in (4.18). 

This kernel vanishes linearly as x + 1 which implies 6=1 -- i.e., 

Klg 

2 2 
N (1-x)as/(kl+m ). Thus the end-point region in this diagram is 

suppressed by a full power of as(AQ)(A/Q) and is negligible relative 

to (4.4). It is readily demonstrated that higher order corrections are 

similarly suppressed.31 Terms in Klg which flip quark helicities also 

vanish linearly near x N 
l CKlg 

N m2(1-x)/(k:+m2)2), and therefore 

processes violating the helicity selection rules (4.7) are suppressed 

in the end-point region, as elsewhere. 

. Notice that based on this analysis, the Drell-Yan-West correction 

actually implies a pion structure function which vanishes as VW 
(0) N 
2 

(1-x)2 near x=1, rather than VW 
(0) 

N (l-x) as is usually assumed. 
32 

2 

Such behavior is certainly consistent with the data.33 
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For nucleons the end-point region contributes (Fig. 16) 

1 

AF(Q2) N 
s I 

dx (1-x)dT I+(x,r,k,(i) +)I2 

l-A/Q 0 

- (x/Q> 2+2* (4.19) 

6 
if the wave function vanishes as JI N (l-x) for x N 1 and k1 

(3 N x 

( 
then VW:') N (1-x)1+2& as x + 1). Perturbation theory again implies 

6=1 when, as in Fig. 17, the wave function is replaced by two-gluon 

interaction kernels -- K 
2g 

N (l-x)a2m2 
S 

/[(k:+m2)2(Lf+m2)]. This is 

consistent with data for vW2 and results in a correction to the hard 

scattering-amplitude of order 6THw (ai(XQ)/Q2)- at(hQ)TH. 34 Although 

6TH-is itself pegligible for large Q, further radiative corrections to 

this term are not obviously small since the presence of wee partons in 

the end-point region precludes use of the renormalization group. 

Potentially the most important are corrections to the photon-quark 

vertex (Fig. 18a). Since the struck quark is off-shell by only 

A2 - h2/(1-x) N hQ << Q2, these corrections result in factors of 

an(Q/h) in each order of perturbation theory (Appendix E). However 

such terms combine to give a Sudakov form factor for the quark which 

falls as a power of (X/Q).35 This elastic quark form factor tends to 

further suppress 6TH, and consequently the end-point region makes no 

significant contribution to the hadronic form factor. Interactions 

between the wee spectator-quarks are insensitive to Q and thus do not 

modify this conclusion. 

It is zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAsignificant that such Sudakov suppression only arises in 

the end-point region. Elsewhere (i.e., all xi,yi >> X/Q) Sudakov 
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logarithms, which do occur in individual diagrams, ultimately cancel 

because hadrons are color singlets (see Fig. 18b). Such cancellations 

cannot occur in the end-point region since a gluon joining the struck 

quark to a spectator quark (Fig. 18~) must transfer finite longitudinal 

momentum to the spectators (y >> A/Q) if it is to result in a Sudakov 

form factor (see Appendix E). This in turn destroys the end-point 

singularity of this contribution by forcing large transverse momentum 

through one wave function or the other. Thus there is no cancellation 

of the photon-vertex corrections in the end-point region. 

End-point contributions involving higher Fock states (Fig. 19) 

are suppressed by integer powers of A/Q due to phase space -- 
-. 

1 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

i J dxl dx2". 

l-X/q 0 

dxn 6(1- F zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAxi) N (X/Q)n-l. [Note $, is finite as 

xi + 0 since singlet wave functions cannot couple to infinite wave length 

quanta.1 Furthermore the only two gluon kernels which vanish linearly as 

x + 1 are those illustrated in Fig. 17b (in Feynman gauge). All others 

vanish quadratically and thus contribute (negligible) terms of order 

A/Q5 to F(Q). In particular a detailed analysis shows that helicity flip 

and h=3/2 terms are also suppressed in F(Q), indicating that the selection 

rules (4.7) are valid for end-point contributions as well. 

Finally, note that only end-point contributions to the form factor 

are directly related to the behavior of inclusive structure functions 

(vp;O) ,... ) near x N 1. Insofar as the end-point region is unimportant 

for hadronic form factors, the inclusive-inclusive connection as usually 

stated is incorrect. 
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5. Fixed-Angle Hadronic Scattering 

The techniques developed in Sections 2 and 3 can be applied in a 

study of hadronic cross sections da/dt(AB+CD) at fixed (t/s), or center 

of mass angle Bc m , as s.+m. Here, as for baryon form factors, 
. . 

potentially significant contributions come not only from hard subprocesses, 

involving transfer of large k1 between hadronic constituents, but from 

the end-point region as well (where k," w h2). The analysis is further 

complicated by pinch singularities (in the x-integrations) of the sort 

first described by Landshoff.ll However, as we will show, it is unlikely 

that either end-point or pinch singularities (i.e., 'soft' subprocesses) 

are relevant for fixed-angle scattering, at least at current energies. 

A. Hard Subprocesses 

For a process AB-tCD the fixed angle scattering amplitude due to 

hard subprocesses is 

1 

JZ(AB+CD) = 
J l--l 

Cdx,l ~~(xc,p,)~;(x,~p,) 

0 
i=a,b,c,d zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

X TH(Xi,S,’ 
c.m. 

(5.1) 

as s--to3 (p2 
1 

= tu/s) where the momentum transfer between hadronic con- 

stituents occurs via the hard scattering amplitude TH. In leading order, 

TH is the sum of all connected tree diagrams in which each hadron is 

replaced by collinear valence quarks (Fig. 20). This amplitude falls 

-- 

as -as (a,/4 
'; 2 as s-fm with 8 c m fixed, where n is the total number 

. . 

of constituents in the initial and final states together (in agreement 

with dimensional counting). The quark distribution amplitudes 4,,... 

tend to their asymptotic forms, Eqs. (2.22) and (4.11), for sufficiently 
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large P,2, and the cross section becomes 

$ (*B+cD) -f (as$))n-2(!Ln -$j2' yif(6c.m.) as s-+= (5.2) 

where for mesons yi=O, -4/3B for lhl =O,l while for baryons yi=-2/3B, 

-2/8 for Ih/ =1/2, 3/2. Given a process, function f(Bc m ) is uniquely 
. . 

specified up to an overall normalization constant, which in principle 

can be determined from form factor data. At lower pz, 
f(ec m 

) varies 
. . 

slowly (logarithmically) with p:, as in Eq. (5.1). 

The helicity structure of the amplitude is also completely determined. 

In particular, total hadronic helicity is conserved -- i.e., hA+hB = 
-. 

hC+hD.36 This leads to strong correlations between final state helici- 

ties-which would be absent in scalar gluon theories, for example. 

An important feature of this analysis is the enormous number of tree 

diagrams contributing to TH. Given a particular routing for the quark 

lines, there are more than 60,000 ways to connect them with five gluons 

in baryon-baryon scattering. When all quark flavor routings are included, 

there can be literally millions of Born diagrams in TH. Consequently 

amplitude (5.1) contains a very large dimensionless factor related to 

the number of diagrams -- even if the various contributions, all roughly 

equal in magnitude, are completely random in sign, one still expect a 

factor fi N 103. With about 2000 diagrams per quark routing (v'% w 102), 

one expects a similar though somewhat smaller factor for meson-baryon 

amplitudes. Although it is impractical to evaluate TH exactly for 

processes such as these, the amplitude (5.1) may well be calculable 

using Monte Carlo methods.37 Such a procedure will be described in detail 

elsewhere. 
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One interesting class of elastic amplitudes involves external 

photons in place of one or more of the hadrons -- e.g., yp + ap, 

YP + YP, YY + ==* For each of these the photon can be viewed as having 

two components: (a) the bare photon which contributes An=1 to the 

exponent in (5.2), and (b) the photon as a qi composite state (i.e., 

vector dominance) which contributes An= 2 in (5.2).36 While the first 

Fock state must certainly dominate for s + m, it is unclear which will 

be more important at moderate energies since they differ by only a 

single power of l/s. Detailed calculations (currently in progress) will 

determine the relative importance of these two terms. 

B. Soft Subprocesses 
-. 

Processes involving baryons receive contributions from the end-point 

region of the sort familiar from the form factor analysis (Section 4C). 

Consider, for example, the amplitude in Fig. 21a which contributes to rp. 

When l-x 5 X/ql, 
2 

only small k1 (-O(A 
2 
)> flows through either wave 

function. The amplitude is then a product of two factors: one is 

precisely the end-point contribution to the form factor (Eq. (4.19)); 

the other is the amplitude for nq + rq, which falls as l/s. Here, just 

as for the form factor, the net contribution from this region is 

suppressed by a:( Aq,). Furthermore a Sudakov form factor develops 

when radiative corrections are included in the rq amplitude (Fig. 21b). 

This tends to further suppress end-point contributions which therefore 

become negligible relative to (5.1) as s + m. 

Far more significant is Landshoff's pinch singularity. Consider, 

for example, the diagrams in Fig. 22a which contribute to rr71 elastic 

scattering.38 Momentum conservation requires (u=-r-f, t=-q:, rl- q l = 0) 
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xa + Xb = xc I- Xd 

ka+kb-kc-kd = (x 
C 
-xa)rl + (Xd-Xa)ql . 

At least one of kf,...,ki is of order s = rf+q: for most values of 

X 
a 
,...,x . 

d 
This results in a hard subprocess such as that depicted in 

Fig. 22b (where kc2 is large). However in the region zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

lxc-xal 5 X/r1 Ixd -xal s ‘k, (5.3) 

all wave function momenta can be small (O(A2)), and will be since the 

wave functions peak at low kt. Consequently the energy denominators for 

the intermediate states indicated in Fig. 22a become singular in this 

-. 
region: 

'-DI = (xcixa)r: + cxd -Xa$ + 2(kd -ka)*ql + 2(kc-ka)*rl 

k2 k2 < k; 
a -- - 

X 
&--- - + is 

a C % 
l-xd 

2 
+ (xc - xa> rl + cxd - xa)9f + 2&d -ka)*qL+ 2(kc -ka)-rL+ 6(A2)+iE 

DII 
+ -D; + 0(x2) . 

These denominators combine to give a B-function when the two time- 

orderings are added 

1. 1 

DI 
- y -hi &lrll + Aalqll) 
DII 

where Ac - (xc -xa)IrlI + 2(kc-ka>.;l 

and Ad = cxd -Xa) 14,t + 2(kd -ka>'il . 

Thus the leading contribution from this region is: 
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where J$ 
qq 

is the quark-quark elastic scattering amplitude (x(-l) for 

qq scattering): 

1 

s/t for equal quark helicities 

&qq = 8ras , (5.5) 

u/t for opposite helicites 
-. 

and where integrations over k2,...*h 
2 

a 
are implicit. In lowest order, 

.- 

the T-IT cross section due to the pinch singularity is then 

4 

C 
$( Trr+mr) zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1 

OS (s2+u212 
= - t5 3 

Ps us 

(5.6) 

which ultimately should dominate the hard subprocesses (Eq. (5.2) with 

n=8> by a full power of l/s as s+m at fixed 0 
c.m. l 

Note however 

that the hard subprocesses should be more important until very large s, 

given their anomalously large normalization. 

In fact, perturbation theory strongly suggests that the pinch 

singularity is negligible at large angles for all s. The radiative 

corrections to & result in Sudakov form factors which fall faster 
qq 

than any power of t as ItI +m.3g Corrections from gluons joining the two 

quark amplitudes cannot cancel the Sudakov (double) logarithms appearing 

in the separate amplitudes. For example, one might expect cancellation 

between the diagrams in Fig. 23 since pion B is a color singlet. However 
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if the singularity in DII is to be preserved, momentum must flow through 

wave function $3 in the second diagram. Together the two terms give 

(see Appendix F): 

where C is a color factor, t=xtt is the momentum transferred in c/tt 
VI 

and the external quarks are off-shell by k2 N 0(X2). We can neglect y 

and RI in the second wave function only when a: 5a 
2 
and y2 5 A~/(:(. 

So while there is a partial cancellation12 (i.e., of the infrared 

region) between the two diagrams, there still remains 

.- 1 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

-c ~ Y21’;l 

J J 
dLf as(if) 

(iz,l$ 

R2 II ‘,(x,9k~) 

-2c 
-B Rn 

1 

a2 

Such double logarithms exponentiate to give an overall factor 

l;l-2(CF/B) EnEn 1:/X2\+ 
in &Z 

qq 
when higher order corrections are 

included together with radiative corrections in the s and u channels. 

Thus the effective exponent of (l/t) appearing in the Landshoff cross 

section (5.6) is increased by 8(CF/f3) RnRn lF/h21', and the cross section 

is negligible as ItI N s + 00. 

_ Notice that the leading contribution from the pinch singularity is 

purely imaginary. Thus there remains at most a logarithmic singularity 

near the pinch region (5.3) in (5.1) for hard scattering amplitudes 

(which are purely real) such as in Fig. 22b. In perturbation theory, 
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this singularity is again destroyed by Sudakov form factors. For 

realistic processes such as pp+pp, terms in TH containing such a 

residue of the pinch singularity constitute a small fraction of the 

number of diagrams in T 4o 
H' 

Landshoff pinch singularities occur in both meson-baryon and 

baryon-baryon elastic scattering giving cross sections: 

da 

dtP.s. 

(MB) - f (u/s) 
t7+46(T) MB 

do 

dtP.s. 
(BB) - f (u/s) 

-. t8+ 66(T) BB 

(5.7) 

where 6(T) 5 2(CF/B) RnRn 1T/X214 in leading order, and F N t/4, t/9 

for MB and BB scattering respectively. Note that these cross sections 

are s-independent at fixed ItI << s, unlike the majority of hard sub- 

processes which fall as l/s2 or faster. Consequently the pinch terms 

might dominate da/dt for very large s when ItI << s is held fixed. 

Conversely, the relative normalizations may be such that the s-independent 

hard subprocesses prevail even in this region, in which case do/dt falls 

as l/t8 for MB-tMB, and l/t 
10 

for BB+BB (up to logarithms). In any 

case, perturbation theory suggests that the pinch contributions are 

ultimately overwhelmed by the others as ItI is increased, since 6(T) 

grows with ItI. 

It is interesting to compare elastic scattering amplitudes with 

those involving charge or flavor exchange (e.g., r-p-tr'n, rp+KC,...) 

for ItI << s. These latter processes require quark interchange (Fig. 241, 
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and therefore pinch contributions to do/dt at fixed t fall with 

increasing energy -- l/t is replaced by l/s in at least one of the qq 

amplitudes, which implies da/dt w 1/s2. Also interesting are processes 

in which spin or helicity is exchanged (e.g., ~~p-tpp). These have s- 

independent pinch contributions, but they are suppressed by an additional 

factor m2/t in the cross section. Hard subprocesses are much harder to 

distinguish from pinch contributions for processes such as these, and 

they may very well dominate do/dt even in the region ItI << s. 

Finally note that pinch singularities in photon-induced reactions 

(i.e., zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAYP+-TP,'.. ) occur only for the composite Fock states in the photon 

(i.e., vector dominance; see Section 5A). As the hard subprocesses for 

these Fock states are non-leading for large s, it is unlikely that pinch .- 

singularities are important for such processes, 

C. Comparison with Data 

Hard subprocesses account naturally for the two outstanding features 

exhibited by the data for fixed-angle scattering. First the measured 

energy dependences of baryon-baryon,41 and meson-baryon 42 cross sections 

are consistent with Eq. (5.2) over a large range of ec m , provided only 
. . 

that the effective QCD scale, A2, in (5.2) is assumed small (A2 2 .l) -- 

see Figs. 25-27. Second, the measured pp and np amplitudes are substan- 

tially 

number 

0’ = 
c.m. 

larger than naive estimates, as is expected because of the large 

of diagrams in TH. For example, defining the amplitudes at 

90' in terms of electromagnetic form factors, 

&PP 
= Kpp(4aas) C:(t) 

4P 
= KTp(4aas) F,(t) CM(t) 
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we find K m 5000 and K 
PP TP 

N 200 are required to fit the data. However 

the analysis leading to Eqs. (5.1) and (5.2) does not explain the small 

oscillations observed about the dimensional counting prediction in both 

xp and pp elastic scattering. Also, it is not yet clear whether the 

large, rapidly varying spin correlations observed in large angle polarized 

pp scattering are consistent with Eq. (5.1). 

The cross section43 for yp+yp appears to fall as * l/s6 at fixed 

angles (Fig. 28a) as would be expected from Eq. (5.2) if the photon is 

treated as an elementary particle (i.e., An=1 due to each y in (5.2)). 

Data44 for yp + r+n is also consistent with this picture giving a cross 

section dcr/dt N l/s7 (Fig. 28b). Other meson-photoproduction cross 
-. 

sections (yp + r'p, KA, ITA) show l/sn fall-off with n ranging from 7 

to 8, suggesting that in some of these the hadronic component of the 

photon may be important (it gives l/s8 rather than l/s7>, at least for 

s < 10 GeV2. 

The data for pp + pp may also show evidence for the Landshoff 

process in the region s >> It]. Experimental results45 for 5 GeV2 5 

ItI 515 GeV2 at energies s N 400, 800 and 3000 GeV2 are well fit by 

(*QCD 
=.l GeV) 

da - 1 

dt = 16as2 [ 
(4nas(C))' (5," +- 5 + 4aas(t) G:(t) ss]' (5.8) 

P 

where KL = .05 is the strength of the pinch contribution (Eq. (5.7) with _ 

S(r) set to zero since z N 1 GeV2 is so small), and ss = 500 gives the 

leading contribution in this region from hard subprocesses (Eq. (5.2)) -- 

see Fig. 29. As expected from diagram counting, I$, is much smaller than 
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5W 
but the additional factor s/Mp enhances the pinch contribution so 

that it predominates in the s N 3000 GeVL data. Unfortunately for this 

interpretation, the data is equally well fit by 

do 
-!- [4nas(t) Gi(t){NHs+ f Gs)12 

dt = 16as2 
(5.9) 

where now both 
%S 

3 510 and 
SE= 

8 represent hard subprocesses. Higher 

energy data may distinguish between (5.8) and (5.9) -- the first predicts 

do/dt + (1/t)8+66 xlogarithms, while the second gives da/dt + (l/t)"x 

logarithms. However even then the Sudakov suppression of the pinch 

(i.e., 6(F)) may obscure the differences. It is clearly important to 

compute KHS and ?HS in QCD (Eq. (5.2)). 

_. Notice finally that, even assuming (5.8), the pinch contribution at 

wide angles (ec.m.) is insignificant relative to hard subprocesses until 

energies s N lo5 GeV2. (The contribution expected from hard subprocesses 

is extrapolated from lower energy data using (5.2).) This is true even 

though we have neglected Sudakov suppression of the pinch, by setting 

6(K) = 0. Thus, as expected, pinch singularities are unimportant in the 

analysis of wide angle scattering, at least at current energies and 

probably for all energies. 
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6. Summary and Conclusions 

Thus far, the most extensive efforts in testing perturbative QCD 

have been concentrated in the area of inclusive reactions. In the case 

of deep inelastic lepton scattering, lepton-pair production, and e+e- 

annihilation cross sections, the basic scale-invariance of QCD is revealed 

through logarithmic modifications of QED or weak interaction amplitudes 

which must be verified over a large range of kinematics. Direct checks 

of the coupling of QCD at the Born level are possible in inclusive 

reactions such as e+e- annihilation into three or more jets, and the 

production of hadrons, jets, or photons at very large transverse momenta 

in hadron-hadron collisions. 

As we have discussed in this paper, large momentum transfer exclusive 

reactions provide an extensive, experimentally accessible, and perhaps 

definitive testing ground for perturbative QCD. In 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 W(3)-color symmetry of the hadronic valence wave functions. The 

normalizations of the exclusive amplitudes (both relative and absolute) 

test the basic flavor and spin symmetry structure of the theory as well 

as the asymptotic 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 predicted 

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 
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distances. The non-Abelian nature of QCD enters in a dramatic way in the 

normalization of hadronic scattering amplitudes. In the case of ratios 

such as Gi(Q2)/Gl(Q2) and M(e+e-+KI,KS)/M(e+e-+K+K-), nonleading 

anomalous dimensions of the hadronic wave functions can be observed 

directly. In other cases we can obtain a direct measure of as(Q2); 

e.g., 

as(Q2) = -$ 
Fn. (Q2) 

42 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI FJQ~) I 2 
+ @(as(Q2)) l 

It is now possible to extend the rigorous predictions of perturbative 

QCD to the entire domain of large momentum transfer exclusive reactions. 

The analysis presented here provides a systematic method for calculating 

elastic and inelastic form factors and the hard scattering contributions 

which dominate fixed-angle hadronic scattering amplitudes as a pertur- 

bation expansion in the QCD running coupling constant as. An essential 

part of this derivation is the determination of the short distance 

structure of hadronic wave functions. In particular, the process- 

independent distribution amplitudes $(xi,Q) (which specify the longitudinal 

momentum distributions for valence quarks collinear up to the scale Q) 

have a logarithmic dependence in Q which is completely determined by the 

QCD evolution equations derived here, or equivalently, by the operator 

product expansion of the hadronic Bethe-Salpeter wave function near the 

light-cone. The large transverse momentum tail of the hadronic wave 

functions $(xi,kli) is thus calculable in perturbative QCD; we emphasize 

that (modulo calculable logarithms), $(xi,kli) falls only as l/kfi at 

large quark transverse momenta -- not exponentially as is often assumed 

in phenomenological applications. 
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The central issue in this QCD analysis is the demonstration in 

perturbation theory that the large momentum transfer exclusive reactions 

of hadrons are indeed dominated by the interactions of the valence quarks 

at short distances. The absence of true infrared divergences in color- 

singlet matrix elements, together with the fact that the evolution of 

the distribution amplitudes at large Q2 prevents anomalous contributions 

from the end-point x iwl integration regions, are the critical elements 

in the proof of short-distance dominance for elastic and inelastic form 

factors at large momentum transfer. In the case of large transverse 

momentum hadron-hadron exclusive scattering at fixed ecm, Sudakov form 

factors -- which fall faster than any power -- asymptotically suppress 
-. 

pinch contributions to the amplitude which are not short-distance 

dominated. However, even without this Sudakov suppression, the pinch 

contributions are numerically overwhelmed at experimentally accessible 

energies by the large number of hard scattering subprocesses which 

contribute to meson-baryon and baryon-baryon scattering at large CM 

angles. 

Thus, as shown in Sections 2-5, each hadronic scattering amplitude 

can be computed at large momentum transfer Q from a hard scattering 

amplitude TH(xi,Q,8,,) -- calculated by replacing each hadron by 

collinear on-shell valence quarks -- convoluted with the distribution 

W amplitudes $(xi,G) for finding the constituents with light-cone momentum 

fractions xi 
-2 

at transverse separations -@(l/Q ), with 6 = (min xi)Q. 

By definition, all loops containing collinear divergences are summed 

in the distribution amplitudes rather than in TH. The gauge-invariant 

distribution amplitude $(x,,Q) plays the same role in exclusive amplitudes 
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as the quark and gluon probability distribution functions q(x,Q) and 

g(x,Q) play in inclusive reactions.46 In each case, the large Q" behavior 

of these functions can be analyzed from the operator product expansion 

or, equivalently, evolution equations 

aF(x,Q2)/,logQ2 = F(y,Q2) dy 

with distinct kernels V(x,y,as(Q2)) for each quantity. After renormali- 

zation, TH and V can then be developed in a perturbative expansion in 

as (Q2> . All the results are covariant and gauge-invariant, although the 

analysis is most easily carried out in the light-cone gauge using light- 

cone perturbation theory (see Appendix A). The infrared singularity 

which occursin the gauge-dependent anomalous dimension for colored fields 

in th-is gauge always cancels in physical matrix elements. A completely 

n 

covariant analysis for Fry(QL> and the connections with the Bethe-Salpeter 

wave function are given in Appendix C. The procedures required to extend 

the analyses to higher order in as(Q2) are given in Section 3. Alter- 

natively, one could obtain the higher order connections by calculating 

the perturbative amplitude for the scattering of collinear, massless 

on-shell quarks to a given order, and then identify the contributions 

not already included in the leading order results given here, in analogy 

to the methods used for inclusive processes. 

The most important dynamical features of the hadronic amplitudes 

at large momentum transfer -- their power-law fall-off in Q2, their 

angular dependence, and their helicity dependence -- are all determined 

by the Born contributions to TH(xi,Q,Ocm). We are thus lead to a large 

number of detailed, experimentally testable, predictions of QCD which 
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critically reflect its elementary scaling and spin properties at short 

distances. In particular there are two sets of universal predictions 

of QCD which follow from the properties of TH(x,Q2,ecm) to leading order 

in l/Q and to all orders in as(Q2): 

(A) The dimensional counting rules for the power-law behavior of 

exclusive processes: A- Q 
4-n 

, where n is the minimum number 

of external elementary fields (leptons, quarks, transversely- 

polarized gluons or photons) participating in TH. 

(B) The QCD helicity selection rules: Ah=0 (hadron helicity 

conservation). 

In the case of electromagnetic or weak form factors, hadron helicity 
-. 

conservation leads to an even more restrictive rule: lh,l I l/2 (minimal 

heli'dity for each interacting hadron). These helicity rules are special 

features of a vector gluon gauge theory. 

Thus form factors for processes in which the hadron's helicity is 

changed, or in which the initial or final hadron has helicity 1 1 are 

suppressed by powers of m/Q where m is an effective quark mass. Form 

factors for particles with opposite helicity dominate for q2 timelike. 

The QCD selection rules imply power-law suppression of Fi(Q2)/Fy(Q2), 

y*p -t A(h= 3/2), and e+e- + TP, pLpT, pTpT, A(h= 3/2)+A(h= -3/2), etc. 

The techniques developed here can be readily extended to other 

hadronic systems, including large momentum transfer reactions involving 

nuclei, pure gluonic states, heavy quark bound states, etc. Applications 

to the elastic and inelastic weak and electromagnetic form factors of 

baryons will be given in Ref. 2. We have also used similar methods to 

analyze the end-point x + 1 behavior of meson and baryon structure and 
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fragmentation functions in perturbative QCD, taking into account the 

correct kinematic limits on structure function evolution.47 As we have 

emphasized in Section 4, the Drell-Yan-West connection does not work in 

detail in QCD: for example, the perturbative diagrams which control the 

x -t 1 behavior of baryon structure functions (giving the nominal power 

F2 (4 N (l-x)') lead to contributions to baryon form factors which are 

suppressed by at least two powers of as(Q2). The leading contributions 

to form factors in QCD come from the short distance region kL <a(Q), 

not (l-x) N (m/Q), kL small -- as assumed in the Drell-Yan-West analysis. 

We can also apply the methods of this paper to the calculation of 

"high twist" subprocesses in inclusive reactions, such as the C/QL terms 
-. 

in the meson longitudinal structure function,33y48 power-law suppressed 

terms in the baryon structure function, and subprocesses involving more 

than the minimal number of interacting fields in high transverse momentum 

reactions.4g 

The testing of QCD in exclusive reactions is just beginning, but 

already there are a number of important phenomenological successes. The 

power-laws predicted by QCD for the pion, nucleon (and deuteron) form 

factors, and for large angle pp+pp, np-tnp, a*p+*'p, YP+YP¶ and 

yp+r+n scattering are consistent with the data. These scaling results 

give the best test so far for the essential scale invariance of qq+qq 

scattering and the q and g propagators. We emphasize that the specific 

integral powers predicted by perturbative QCD reflect both the scale- 

invariance of the basic interactions and the fact that the minimal color 

singlet wave functions of hadrons contain either 3 quarks or quark plus 

antiquark (or 2 or 3 gluons). The dynamics and symmetries of QCD are 
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thus directly tested. The fact that logarithmic modifications are not 

yet apparent in the data -- particularly in s 
10 
do/dt(pp+pp), which should 

roughly scale at fixed angle as a ;O(s), g' Ives evidence that as(Q2) is 

slowly varying -- i.e., that the QCD scale-constant A is relatively small: 

A eff 2 100 to 300 MeV. [The larger value is only possible if mass correc- 

tions are important. 1 

A more qualitative success of QCD is the fact that the pion form 

factor, computed with the asymptotic wave function normalized to the 

pion decay constant, is within a factor of -2 of the observed space-like 

data. The definitive check of the predictions for FT(Q2) will require 

an evaluation of the order as(Q2) correction, as well as further constraints 
-. 

on the pion distribution amplitude $(x,Q). As we shall show in a subsequent 

paper,50 measurements of the scaling properties and angular dependence of 

+o +,o 
the two-photon processes da/dt(yy+M@, with M=r-' , pL T and their ratio 

, 

to the corresponding e+e- -f M+M- cross sections can provide extraordinary 

checks on QCD and important constraints on the form of the distribution 

amplitudes at non-asymptotic momenta. These two-photon processes are the 

simplest non-trivial hadronic scattering amplitudes computable in pertur- 

bative QCD. Pinch contributions are power-law suppressed in this case. 

We also emphasize the importance of experimentally checking the ratio of 

+ 
Tf to K+ to p; form factors which are predicted to asymptotically approach 

the ratios f2: f2 
IT K 

: 2fp2 - 1: 1.5 : 2.5. The fact that the pion form factor 

has the same sign as its value at Q2=0 (i.e., no zeroes) is a non-trivial 

check of QCD; for scalar gluons, the meson form factor would change sign 

as Q2 increases. Another qualitative success of QCD is its apparent 

explanation of the surprisingly large normalization of the pp + pp 

and ITP -+ up scattering amplitudes and the magnitude of large momentum 
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transfer nuclear form factors. It remains an open question whether the 

large spin polarization observed in large angle pp + pp scattering at 

Argonne can be explained in terms of perturbative QCD mechanisms. 

Finally, we emphasize that the quark distribution amplitudes 

Q 

~(Xi,Q) N J 
d2k1$(xi,kLi) which control exclusive reactions at large 

momentum transfer, and the quark probability distributions q(xi,Q) N 

Q 

J 
d2kl (~(Xi,k~i) I2 ( summed over all Fock states), which control inclusive 

reactions at large momentum transfer, are each determined by the hadronic 

Fock state wave functions $(xi,kli). In principle the Jl(xi,kli) describe 

all hadronic matrix elements. A central goal of hadronic physics will be 

-. 
to utilize these wave functions to unify short and long distance physics, 

and make contact with hadronic spectroscopy, low momentum transfer reac- 

tions, and the whole range of non-perturbative physics. 
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APPENDIX A 

Light-Cone Perturbation Theory 

One of the most convenient and physical formalisms for studying 

processes with large transverse momenta is light-cone quantization, or 

its equivalent, time-ordered perturbation theory in the infinite momentum 

frame.8 Defining p' : P0kP3, we can parametrize a particle's momentum as 

pp = (P+.,-,;J = ( p+, 
Pf+m2 j 
P+ 

YP I 
) 

where p 
2 = p+p--pf = m2. 

( Note that in general p*k = 

YkL.) These variables naturally distinguish between 

+(p+k-+p-k+) - 

a particle's 

longitudinal and transverse degrees of freedom and when used in an 
. . 

appropriate frame lead to much simplification. This is particularly 

true in any analysis of collinear singularities as these appear as 

-divergences only in integrations over transverse momenta, k,' . 

For each time-ordered graph, the rules of light-cone perturbation 

theory are: 

(Rl) Assign a momentum k to each line such that 
lJ 

(4 k', kl are conserved at each vertex, and 

(b) k2=m2; i.e., k- = (kt+m2)/k+ and ku is on mass-shell. 

(R2) Include a factor e(k+) for each line -- all quanta are forward 

moving (k3 > 0) in the infinite momentum frame. 

(R3) For each gluon (or other vector boson) line include a factor 

d::)/k+ where duv is the (gauge-dependent) polarization sum. 

In Feynman gauge d 
W 

equals -g 
W' 

In light-cone gauge n*A=A+= 0, 
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dck) = c 
PV 

x=1,2 
EJk, a> EJk, a) 

= 
-g,,v + 

n,,kv+n k 

rl . kv ' 

where k*E: = nap = 0.51 The singularity at n*k=O is regulated by 

replacing l/n-k + n-k/ ( (,*k)2+E2 > . Dependence on E cancels in 

the total amplitude for a process. 

(R4) The gluon-fermion vertices are 

e. z(k) ye u(a) - - 
4iF m 

-. v(k) ye u(a) __ 
- e. @ JF 

v(k) ye v(a) - -, 

-eo@ @ l 

The factors l/G, l/m are omitted for external fermions in a 

scattering amplitude. 

(R5) The tri-gluon vertex is (Fig. A-la) 

-e. (p-q)'gu' + (q-k)'gPv + (k-p)'guP 

and the four-gluon vertex is (Fig. A-lb) 

2 e. gl-IPgVu - gvugvp 

{ > 
. 

Generally there are three independent ways of inserting the four- 

gluon vertex (Fig. A-lc); all must be included. 

(R6) For each intermediate state there is a factor 

1 

c k- - c k-+ic 

inc interm 
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where the sums in the "energy denominator" are over the light- 

cone "energies," k-, of the incident and intermediate particles. 

(R7) The fermion propagator has an instantaneous part (Fig. A-ld) -- 

,'/2k' -- where -m<k+ <CO is specified by momentum conservation. 

In light-cone gauge, the gluon propagator also has an instantaneous 

piece: n'nv/k+2 (Fig. le). [Two instantaneous propagators 

(fermionic or gluonic) cannot occur at the same vertex in light- 

cone gauge since n 
IJ W 
d zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

!JV 
= 0 and y+y+ = 0.1 

(R8) In Feynman gauge, ghost loops occur. For each ghost line (with 

+ 
momentum as in (Rl)) include a factor -e(k+)/k . The gluon-ghost 

vertex is eokv for Fig. A-lf. There are no ghosts in light-cone gauge. 
-. 

03 

. . zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAJ / 
d2kl 

(R9) Integrate dk' - 

0 16~~ 

over each independent k and sum over 

internal spins and polarizations. 

(RlO) Color factors are computed as for covariant diagrams (see Ref. 52, 

for example). 

In addition to these rules, there are several tricks which are 

useful in certain applications: 

(Tl) The instantaneous gluon propagator in light-cone gauge (see (R7)) 

can be absorbed into the regular gluon propagator by replacing k 

in the polarization sum d (k) (in (R3)) by k" = 
UV 

k+,xk-- c' k-, 

inc interm 

' k, 
(Fig. A-2a) where c denotes a summation over all particles 

‘/ interm 

in the intermediate state other than the gluon of interest. 

Similarly the instantaneous fermion propagator can be removed53 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAby 

replacing c u(k);(k) by g+m or z v(k);(k) by g-m as in 

spins spins 

Fig. A-2b. 
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(T2) In amplitudes with an external line off-shell (having momentum 

q? q2#m2), the energy denominators for intermediate states 

following the vertex with the virtual external line are modified 

by the replacement xk- -t c k-+q- where the light-cone energy 

inc inc 

q- = (s2 + 4:) /q+ 'is specified by momentum conservation (and not 

by on-shell kinematics as is usual). Thus the form factor in 

Fig. A-3 has energy denominators zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

(P, -k,)2+m2 k2 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
D1=p -~-~+i.s 

p+-k+ k+ 

q2+q: 
D2=pi--- 

(P, +q, -k1)2+m2 k2 
-. 

q+ p++q+-k+ 

-I+is . 

k+ 

. . 

This rule is equivalent to treating the (external) virtual particle 

as an on-shell particle but with mass q2 rather than m2 (=O in 

Fig. A-3). Amplitudes having several external lines off-shell are 

analyzed in a similar fashion. 

(T3) The contribution from each time-ordered graph is separately 

+ 
invariant under boosts along the 3-direction -- i.e., p 

+ 
+ KP , 

P- + K 
-1 - 
P 3 P, + p, for each momentum (internal and external) in 

the diagram. Each 

transverse boosts: 

for each momentum. 

gauges. 

time-ordered amplitude is also invariant under 

P+ 
+ +2 + 

-+ P , P- + P-+~P;Q,+P zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAQ,, P, + P,+P Q, 

This is true in both Feynman and light-cone 

A particularly useful spinor basis is constructed from the eigen- 

states of the projection operators: 
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-+ O-l- 

*+ E I+ = Y+ = ig zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

(A. 1) 

A += z&2$! 

where (A,j2= A?, A,AT=O, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAAf=A+=A2, 
It 

BA+=A,$, aLA+= ATa,, and B -yo, 
- 

The eigenstates of A+ are 

*+x = x 4 x(4) = -A- 
42 

i 

1 

0 

1 

0 I [ 
x(+1 = $ 

0 

1 

0 

-1 I , (A.21 

and the associated spinor bases for particles and anti-particles are 
-. 

u,(p) 
p++Bm+ZL*$L 

x(-t) 
. . -1 =- 

> 

u,(p) I 
/&+' 

1 xc+> 

(A-3) 

v+(P) 

I, 

= 
+ p+- ( 

Bm+ZJ*$L) 

v,(p) 1 

x(+) 

x (4) 

Taking p' + 00, we find that these are helicity eigenstates when viewed 

from the infinite momentum frame. Notice also that the phases assigned 

the anti-particle spinors are conventional for spin-l/2 eigenstates. 

Thus a state u+;+-u+;+ has spin zero (in the infinite momentum frame), 

for example. 

Matrix elements involving these states are tabulated in Tables II 

and III. 

In light-cone perturbation theory, a two-body bound state with total 

momentum p 
lJ 
= (P+,(M~+P;)/P+,P~) is described by a wave function: 
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Y(xi,kl;p) = 

~$)(xLp+,k~+x~~,) uxl (2) cx2p+, -kl+x2pI) 

5 5 

$hA7(Xiykl) 

(A.4) 

where xip 
+ 

is the longitudinal momentum carried by the i 
th 

constituent 

(Xl + x2 = l), and 2kL is the constituents ' transverse momentum relative 

to the bound states (u 
(2) is replaced by 3 for a bound state of a particle 

and an anti-particle). By Lorentz invariance (see (T3) above), $(xi,kl) 

is independent of p 
+ 

and p,, and thus we can set p ' = (1,M2,01) without 

loss of generality. This wave function is the positive energy projection 

of the familiar Bethe-Salpeter wave function evaluated with the constitu- 

ents at equal "time" T = (z+t>, -. 

/- 
-5 YBS(k;i) = 

Jl> 
(xl&$ J2) (x 2,-kl) 

5 % 

~(Xi,k~) 

+ negative energy components , 

and satisfies an exact bound state equation (Fig. A-4a). 

kz+rn: OD d2!I 

x1 

-k'+m' $(xi,kl) = jLdy?j 

x2 I 

~ K"(Xi,k~;Y., 
o 16~ 

1 
~,;M2)~(Yi,"l) 

0 

(A.5) 

where Cdyl E dyldy26(1-yl-y2). The interaction kernel ? is defined 

"K = 
;(')(x,,kJ ;(2)(x2,-kl) u(l)(yl,al) u(2)(Y2,-el) 

!JV,PO 
% 5 

K(xi.$;yi,QM2) 

y";T 5 

(A.61 
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where in perturbation theory i? is the sum of all truncated, two-particle 

irreducible54 amplitudes as illustrated in Fig. A-4b. A scattering 

amplitude involving the bound state is given by 

T= dy(x. ,k@ 
1 

(A.7) 

where &is the amplitude with the bound state replaced its constituents. 

Amplitude& must be two-particle irreducible with respect to the con- 

stituent l&es if double counting is to be avoided (Fig. A-5). [Note that 

Eq...(A.-/) is consistent with rule (R4) which assigns the spinor factor 

u/& (or v/G) to the interaction vertex of each internal fermion. 

Equation (A.7) has conventional (relativistic) normalization if the 

wave function is normalized so that 

2 -jdx, 3 jd,, 3 $*(xi,kl) zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

X 
a ~(⌧i,k~;yi,�l;M2)~(yi,�,) l 

3M2 

(A.81 

Notice that the second term in (A.8) contributes only when the inter- 

T action potential is energy dependent (which is not the case in most 

non-relativistic analyses). 

For illustration, consider positronium. The kernel for l-photon 

exchange is 

-- 
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it= 
- 16e2m2 

(kL- e1)2+ (x-y)2m2 

in the non-relativistic region kL,RI - O(am) and x - x1-x2 N O(a), zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

y = yl- zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAY2 N O(Q-1. Using this kernel and writing II2 = 4m2+4mc, 

Eq. (A.5) is approximately 

k2+x2m2 
I 

E- 
m 

~(xi, kl> = (4x1x2) 

2 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
X 

L-) y + (x (Q- I - y)Zn12 

This equation has ground state energy E 

relativistic wave functions 
. . 

J’(Yi,‘ll) 

* -u2m/4, as expected, and non- 

641~8~~ x2 

[ 

22 
k:+(xl-x2)2m2+ B ] 

v+ - v% 
para-positronium 

esiyiq 

ortho-positronium 

. 

. 

. 

where f3 = am/2. 

For use in Sections 2 and 3, the free propagator in (A.5) (i.e., 

So in Sil$ = &J) is replaced by the fully corrected propagator. Then z 
T 

includes only those two-particle irreducible amplitudes in which the 

q-q lines are connected, to avoid double counting. Analyses for Fock 

states containing three or more particles are similar to that presented 

here for qi states. For example, the qqq Fock state in the nucleon is 
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described by a wave function 

3 (i) 

yI(xi,kLi;P) = r-l 
UAi ( xiP',k,i+ XiPl) 

JI, X X (xiskli) 
123 

i=l 5 Jp' 

+ 
where again $ is independent of p and p,. 

-. 
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APPENDIX B 

Collinear Singularities and Two-Particle 

Irreducibility in Light-Cone Gauge 

In this Appendix, we demonstrate why higher order corrections to 

the two particle irreducible amplitude T(v*+qq -f y) are free of collinear 

singularities. It is convenient to express this amplitude as a sum of 

U.V. finite skeleton graphs composed of fully renormalized propagators 

and vertices (Fig. B-l). These diagrams are free of infrared divergences 

because the initial qq state is a color singlet. Being U.V. finite, the 

skeleton diagrams involve loop momenta of order q, or less. In fact we 

-. 

shall argue that only momenta ~2: * O(qz) contribute. Consequently each 

virtual gluon in Fig. B-l is off-shell by order Q2 and leads to a factor 

as (Q2) - Again it is the vertex and propagator corrections which combine 

to give these factors of as(Q2), as well as an overall factor dF -' (Q2) 

related to the renormalization of the initial q,; fields (see Section 3). 

Thus an n-loop graph in Fig. B-l contributes 

dil (Q2> 

Q2 

a~(Q2)fn(xi) ' as n+1(Q2)f n+l(xi) + '.. 
> 

. 

To illustrate why only 14' N q: contribute in an irreducible n-loop 

amplitude T(n) , we assume this to be true in all irreducible skeleton 

diagrams having (n-l) or fewer loops. Generally T 
b-d 

can be expressed 

in-terms of an amplitude T 
(n-1) having (n-l) loops, as in Fig. B-2. These 

are then two possibilities: 
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(a) T(n-l) is itself irreducible. Then by hypothesis all of its 

internal momenta are O(ql), and the corrected amplitude has the 

form 

,h> N s d’z - rqef);(-el) y 

Q2 
IJ 
u(O) d"vT~n-l)($q,) 

I 

(B-1) 

where, as in Eq. (2.6), T(n-l) (Rl,ql) is independent of 212 
2 

V << 4,s 

and falls as l/a: or faster when R: >> qf becomes infinite. 

(b) T(n-l) is two particle reducible. The reducible loops lead to 

collinear logarithms in T(n-l) 

.- i 

i.e., 7 dkf/k2 

m2 ' 

- Pn(Q2/m2) 

) 

which tend to cancel explicit factors of us(Q2). However upon 

adding a gluon, T Cd , which must be irreducible, has the general 

structure (Fig. B-2b) 

03.2) 

The transverse momentum, RI, of the added gluon enters as a lower 

cut-off in the logarithmically divergent loops (kLi) of T (n-1) , 

because of the topology of T Cd . Clearly only RI N O(ql) contri- 

bute and therefore only kli 2 O(al> N O(ql) are important -- the 

collinear logarithms in T (n-1) are destroyed by the extra gluon 

loop. 
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In both Eqs. (B.l) and (B.2), all loop momenta obviously are of order 

Sl' 
and so by induction this is true in all two particle irreducible 

.ampliutdes for y*+qq -+ Y. Notice that the integrations over longitu- 

dinal momenta cannot affect this conclusion since each internal line, 

having transverse momentum fi: hl qz, is for off-shell; there are no 

singularities in the x-integrations for these diagrams. 

As emphasized repeatedly here, the essential characteristic of 

these diagrams is that q, is the only momentum scale, aside from the 

U.V. scale parameter in as(Q2). Infrared and collinear cut-offs, quark 

and hadron masses, etc. can all be taken to zero -- i.e., they appear 

n 

in the form- A/Q, m/Q, . . . , and are non-leading for QL large. Indeed 

the absence of infrared and collinear singularities implies that the 

contribution from the infrared and collinear regions of phase space is zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

Q2 
negligible. For, rather than integrals such as 

,2 -L -L zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAJ dk2/k2 - Ln(Q2/m2) 

(+-co as m2-+O) in which k,' N m2 are significant, one finds integrals 

like Q2 
J 

2 dk,- /kL qL in which the region k: 5 m2 is suppressed by m/Q. 

Since qL is then the only scale, the amplitudes are determined by the 

short-distance structure of the theory, and perturbative QCD is 

applicable. 
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APPENDIX C 

Covariant Analysis of F 
TY 

In this Appendix, we reproduce the results of Section 2 using 

covariant perturbation theory and Feynman gauge. This leads to a gauge 

invariant formulation of the general analysis. We only sketch the 

derivation here; most of the underlying principles are thoroughly 

discussed in Sections 2 and 3. Also only the Abelian theory is analyzed 

(assuming a,(Q) << 1). The results are trivially generalized for non- 

Abelian theories. 

Using the same frame as in Section 2 (i.e., pu = (1,0,01) and 

ql-l = (O,qF;q,)), the exact ry transition form factor can be written 

(Fig. C-l) - 

1 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

FTIy(Q2) = 
Y5$ 
- 
fi zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1 Q(x,Q) (C.la) 

(C.lb) 

1 

+ (-,I2 dxdyldy2 Tr 

Y5ti 

(x,Yi,q) Jz 1 @(x,yi,Q) (C.lc) 

0 

+ . . . . 

Here the pion is replaced by collinear, on-shell constituents in the 

hard scattering amplitudes T, To, . . . for 
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The constituent quark, gluons and anti-quark carry fractions x, yi, and 

l-x- c yi respectively of the hadron's longitudinal momentum'(p+=l). 
i 

.The amplitude for finding the qqgn Fock state in the pion, collinear up 

to scale Q, is 

P*‘an (x,yi,Q) 3 
dry al...a 

- 
21T * zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

n(k,ri) 

cc.21 

where $ 

cxl...an 

(k,ri) is the Bethe-Salpeter wave function, k and ri are 

the quark and gluon four momenta, and al...an are the gluon polarization 

indices. Only that part of the general wave function having spinor 

structure y,# is retained: ._ 

(C.3) 

All other components result in additional factors of m/Q, and can be 

dropped. 

The hard scattering amplitudes are collinear irreducible in the 

sense of Section 3. The contribution from the collinear region -- i.e., 

- from k+k- - kf << Q2 -- of each loop is largely removed by subtractions 

as-illustrated in Fig. C-2. These subtractions are necessary to avoid 

double counting of lower order terms; soft, collinear interactions, with 

k: << Q2, are all absorbed into the distribution amplitudes (C.2). 

Consequently only kf 2 Q2 contribute in the hard scattering amplitudes, 
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other regions being suppressed by factors of m/Q. The amplitudes 

T,Tc,... then have valid perturbative expansions in as(QL). For 

example, the terms contributing to T(x,q) can be organized as a series 

of U.V. finite skeleton graphs (Fig, C-3) with renormalized vertices and 

propagators. Since the skeletons are U.V. finite and have only kf 
2 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

LQ, 

all loop momenta are scaled by Q -- the only scale greater than or equal 

to Q. Thus vacuum polarization corrections to an internal gluon line 

can be absorbed into a running coupling constant, a,(Q'). Furthermore, 

the photon vertex and fermion-propagator corrections are then related by 

the Ward identity, giving factors dF -l(Q) and dF(Q) respectively in leading 

order where 

. . - dF(Q) = e yFE[l + @(as(Q2))] (C.4) 

(C.5) 

and yF= 1. Thus only the first term in Fig. C-3 contributes to (C.la) to 

lowest order in as(Q2) (assumed <cl); an n-loop skeleton is suppressed 

by at least cx (Q2)" . 
S 

Amplitudes for the remaining Fock states (qig,...) 

are analyzed in the same fashion. In each case only the renormalized 

tree graph contributes to leading order in a,(Q'). 

In principle, one must also include states having additional q< 

pairs (Fig. C-4). However these are suppressed relative to (C.l) by 

powers of m2/Q2 coming from the additional hard propagators, and can 

be ignored. That this is not the case for multi-gluon states will 

become clear. 
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Consider now the term (C.la). Setting k' = (x,0,4>, we find 

(in leading order) 

dx 

0 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

@(x,Q> dil (Q) zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

( Tr[ld + KY,,Y~~~] 

\ -wq,2 
+ (x+(1-x)) \ 

! 

- 

(c-6) 

Thus F(O) is 
TY 

Fc o)(Q2) = j 
dx 

“Y 
@b,Q> d;‘(Q) TH(x,Q) 

0 

(C.7) 

with the hard scattering amplitude 

.- 

T@,Q) = 
2(et- ei) 

x(1-x)Q2 

. CC.81 

The qig contribution, Eq. (C.lb), has two denominators of order Q2 

after rationalizing the quark propagators (Fig. C-5). This term is 

negligible unless one of these is cancelled by the numerator. Con- 

sequently only the longitudinal gluon polarization contributes -- i.e., 

@uTu+ $@+T- 
2 + 

since q-=q, >> q ,q, in Tu. Thus, to leading order, 

(C.lb) can be rewritten 

$1) = 

u - 
dx * (-es) @+(x,y,Q) d,'(Q) 

Y 
0 

‘. 

cc.91 

where r' E (y,O,OL) is the gluon's momentum in Tu and where y-12 = s/y 

has been used in the numerator. Adding and subtracting 4+k to f in 
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the numerator, we can relate this qng amplitude to the q; amplitude 

in Eq. (C.6) via a 'collinear Ward identity:' 

raTa(x,y,q) = T(x,q) - T(x+y,q) . (C.10) 

Thus Eq. (C-9) implies 

1 

Fit) (Q2) = -es 
s 

dx $ zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAQ+(x,Y,Q> +Q)[T,(x,Q) - T@+y,Qj) . 

0 

This equation can be written more compactly: 

Fi:)(Q2) = esjds -& jdx $ @+(x,y,Q) d,'(Q) TH(x+sY,Q) 

0 0 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

1 
. . 

-J dx $,(x,9) zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAd;' (Q) T@ ,Q) 

0 

where now 

9,(x,a, 5 es)ds 6 ] $ 0+(x-sy,y,Q) 

0 0 

(C.11) 

(C.12) 

is an effective q4 distribution amplitude describing the qig state. 

Again for the q<gg state (C.lc) only longitudinally polarized 

gluons contribute since two factors of QZ are required to cancel the 

additional large denominators. Bose statistics require Cp aB(x,~l,~2,Q) = 

Ba 
@ (x,y2,y1.Q). and so we can apply the collinear Ward identity (C.10) 

twice to reduce @ 
a6 

TaB y 1/4@ *T-- to 

0 +I rarB+rarB 
12 21T @ 

+t 
=- 

y1y2 
2 a@ 2y1y2 

[ T(x,Q) -T(x+yl,Q) -T(x+y2,Q) +Ttx+y1+y2,Q)]. 

Thus term (C.lc) can be rewritten 
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1. 

F(2)(Q2) % fix $,(x,Q) d;'(Q) TH(x,Q) 
Trry 

0 

in leading order, where once more 

~,(x,Q) f ~ids~dS2 g~~~~ '*(x-y1s1-Y2s2,Yi,Q) 
. 

0 
1 

2O 

is an effective two-particle distribution amplitude. 

Terms involving three or more gluons are analyzed in the same 

manner. The final result for the ry form factor is then 

1 

F,y(62) = 
s 

dx $(x,Q) TE(x,Q) [I+ @(as(Q2),m2/Q2)] 

0 

with the complete distribution amplitude defined as (Fig. C-6) zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

$(x,Q) - d;‘(Q) x  f $x,Q) 
n=O 

= d;'(Q) cD,(x,Q) 

where for the qqgn state 

(C.13) 

(C.14) 

n 1 

c$,(x,Q) = > 
s 

dsl...dsn G...-& 
' dyl 

/ 

dy 
- 

n @+...+ 
- 

Yl '*- Y, (= 
X- 

i 
0 nO 

(C.15) - 

All effects due to longitudinally polarized gluons have been absorbed 

into (a(x,Q) -- an effective qq distribution amplitude. 

The variation of $(x,Q) as Q -+m is determined from Eqs. (C.2), 

(C.14) and (C.15) by the behavior of the Bethe-Salpeter wave functions 
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++...+ 
(k,ri) for large kL and/or rii ( N 6(Q)). We can analyze this 

behavior as we did F,,(Q2) itself. For example, in leading order G(k) zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

‘al...an 
for kL large is given in terms of the distribution amplitudes 0 

by the diagrams in Fig. C-7a,b. As above, higher order (collinear 

irreducible) interactions are suppressed, here by as(kf) or more, and 

can be ignored (Fig. C-7b). The analogous series for Jl+(k,r) is illu- 

strated in Fig. C-7c; all terms shown are leading order in as(Q2). 

We now combine these series, as indicated in Eqs. (C.14) and (C.l5), 

and integrate over k'- and X2 Sk : 5 Q2 to obtain an expression for 

@,(x,Q2)- @,(x,X2), as in Fig. C-8. Once more, the collinear Ward 

identity e-an be used to combine sets of diagrams (e.g., Fig. C-9), since 

only wave functions with longitudinally polarized gluons contribute. 
. . 

In this way the series pictured in Fig. C-8 can be reduced to an integral 

equation for b,(x,Q) (Fig. C-10): 

Q,kQ) = $Jx,A) +J& fdkf "$)jdy $Jy,k,> 

A2 0 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

X 
- + Tr [y+y5 L r,v5 -h Y'% - $1 

(xk--k:+ie)((x-l)k--k:+ie)((x-y)k--k:+ic) 

dk2 *sCkl) 

1 
4n2 jds -&j $ $m(x+(l-s)y) 

0 0 

k Tr [ y+y5 ? v+v5 ti] 
2 

a (k2) 1 

X 
((x-sy)k--kf+ic)(-yk--k:+is) 

j 
dk2 ' ' ds d 

1 41T / ds 

A2 0 

1 

X 
/ 

5!Y 
y qJ=-SY) 

'/4 Tr [ y+y5y5 16 y+(-ib] 

(C.16) 

0 
((l-x-( l-s)y)k--kf+ie)(-yk--k?ie) 



:. 

-86- 

where (C.2) is used to project out the relevant component of the wave 

function, and where k= (x,k-,kl), c= (x-sy,k-,kL), and z= (I-x-(I-s)Y, 

k-Al). We integrate over k- by closing the integration contour at 

infinity in the complex k- plane -- above (below) the real axis for 

x> y (x<y) in the first term, and always below the axis for the 

remaining terms. Using Cauchy's theorem, the integral equation becomes zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

4+,.&Q) = $oo(x,A) + 2 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
1-X 
l-y + B(Y-x) ; 

e(y-xl x 

y-x y k(y,kl) 
- v: O_(x,$fj 

. . Q2- 

J 

dk: as(k:) ' 

+2 - 
S{ 

dy 0(x-y) l-x _ 80+x) 1-y 
k,' 4T o _ x-y l-y L(Jq) y-x l-x L(x~kl) 

.2 

Here the substitution y + (y-x)(1-2s) was made in the second and third 

terms. Differentiating with respect to 5 (Eq. (C.S)), we obtain an 

evolution equation for #(x,Q)=dil(Q)$,(x,Q) -x(1-x)z(x,Q): 

1 

x(1-x) & t&Q> + y,ib,Q, j = 
J 

dy V(X,Y);(Y,Q) 

0 

where yF = 1 in Feynman gauge, and, in the same gauge 

v(x,y) = 2 x(1-yN(y-XI 1+ 

'I 
( &J+(;:::;:)/ 

(C.17) 

with AT = T(Y,Q) - k,Q> . 
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Equations (C.8), (C.13) and (C.17) completely determine the large 

Q2 behavior of Fx,(Q2). Aside from color factors, these resuits are 

: identical to those found in Section 2 (Eqs. (2.11), (2.12), (2..17b) and 

(2.18)). Furthermore definition (C.14) of the distribution amplitude zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

O&Q), is the same in both gauges, since in light-cone gauge (n*A=A+=O) 

$,(x,9)=0 for n# 0. Although yF and V(x,y) are separately gauge 

dependent, this dependence explicitly cancels in Eq. (C.17). Thus the 

formulation presented here allows a gauge invariant analysis of F .,(Q2) . 

The analysis of higher order (in as(Q2)) corrections to TH and V follows 

much the same pattern. These methods are also easily generalized for 

the study of other elastic processes. 

The structure of the complete distribution amplitude, I$, is best 

understood by Fourier transforming to coordinate space, First, from 

definition (C.2), the qqgn distribution amplitude can be written 

Qal-an (x,yi,Q) = 

NC11 
x i<OlT$(z)A 

wan 
(zl)...A 

wan 
(zl)...A (zn)T(0)la> (C.18) 

where z 
+ + 
=z =z =z 

1 i Li 
- 0 (=> z2 = z: = 0), and where the fields G, xa 

are not local operators but rather are smeared in the transverse 

direction over a region of radius zL N l/Q. This smearing is a con- 

sequence of the finite range of the kL, rli integrations in (C.2), and 

follows immediately from the uncertainty principle.55 Substituting 

(C.18) into (C.15) we find 



. ^ 

-88- 

where each derivative in (C.15) brings down a factor iz-yi/2 from the 

exponential ultimately giving z-X+/2 = zz Thus the full distribution 

amplitude is (l-s + s) zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
1 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA.I 

J 
- $(l-x)z- 

-ie ds z*x(zs) zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

cP(x,Q) =d,l(Q) se i 

(c.19) 

where again all fields are smeared in the transverse direction, and -. 

the line integral in the exponential is along the light-cone (i.e., 

The operator appearing in (C.19) is closely related to the gauge 

invariant operator (now with local fields) 

1 

-ie s ds z*A(zs) 

T?(z) e lJ(O) . (C.20) 

The two operators have the same collinear divergences (i.e., as m + 0), 

which must then be gauge invariant in each case. Since eoA" = 

<e,/$) $A" is renormalized, the ultraviolet divergences of the 

operator is (C.19) are the same as for TT$. By including a factor 

d;'(Q) in (C.19), we guarantee that the Q2 variation of (9(x,Q) is 

determined solely by the collinear singularities in leading order -- 

. 
i.e., the anomalous dimension of 0 is zero and $ is U.V. finite. Thus 

the evolution equation for $ is gauge invariant, since the collinear 

singularities are invariant (up to negligible corrections of order m2/Q2). 
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The ultraviolet structure of (C.20) is quite different. Since 

the fields are not smeared, additional divergences come from the s- 

:integration (including linear U.V. divergences). Note that $(x,Q) is 

not simply the Fourier transform of a matrix element of the gauge 

invariant operator (C.20), as was assumed in Ref. 10, for example. 

Among other differences, these two wave functions have different 

anomalous dimensions 56 --u=6+@(us(Q2)) for (C.20) (in any gauge). 

The derivation given in Ref. 10 mistreats the fermion propagator in 

the U.V. region (i.e., where gluon momenta are >> Q). 

Finally note that scaling violations in inelastic structure func- 

tions and fragmentation functions can be analyzed in close analogy to 
-. 

the discussion given here. In particular the non-singlet structure 

function is closely related to (C.19), zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAas it is given by 

s 

+(l-x)z- 
-1 dz- 

+Ns(x,Q) = dF (Q> 2n e 

-ies ds z*;i(zs) 

(C.21) 

The only difference is that here the matrix element is for forward 

scattering, unlike the non-forward matrix element in (C.19). Thus the 

same anomalous dimensions control the asymptotic behavior of (C.19) and 

(c.21). 
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APPENDIX D 

Analytic Solutions of Evolution Equations 

The meson evolution equation (2.18) is a first order differential 

equation similar in form to a one-dimensional diffusion (or Schrodinger) 

equation, but in which 5 plays the role of time t (or it). It is 

sometimes convenient to expand the general solution of this equation 

in terms of its eigenfunctions, Cpn(xi,Q), where 

& @n(Xi,Q) = -Y, $,(Xi,Q) 

=> ~n(Xi’Q) = x1x2 Tn(xi> e 
-YnS -. 

2 -'n 

= xlx2zn(xi) Rn Q 
.- ( ) A2 

and (Eqs. (2.17) and (2.18)) 

X1X2 {f - y,)~,(Xi) = ~ ~~dY1 V(Xi,Yi)~(Yi) . 

0 

CD.11 

(D-2) 

The eigenvalues y, are real since V(xi,yi) is both real and symmetric 

(V(xi,yi) = V(y,,x,)). Furthermore the zzo are then orthogonal with 

respect to weight w(xi) = x1x2, 

1 

/ 
CdXI W(Xi> ok em = Kn6nm , 

0 

and complete on the set of functions f(x) for which 

1 

/ 
Cdxl 

(f(xi) I2 

0 

W(Xi) < co * 

(D.3) 

(D-4) 

Thus boundary condition (2.21) ensures that the distribution amplitude 
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has a convergent expansion for all Q2: 

where by (D.3) 

0 (xi zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA,Q) = w(xi) c an pi) 

n 

. (D.5a) 

To find its eigenfunctions we first rewrite the potential (Eq. 

(2.17b)) in terms of x z x 
1 
-x2 and y 5 yl-y2: 

I 
V(x,y) = (1+x)(1-y)e(y-x) 
-. 

\ 

This potential- can readily be diagonalized through use of the basis 

zZo for which 

&hlfi2 

(n+l)(n+2) - 

n zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

El 
. 

I w(x) xJ> u 
j =0 jn 

where 
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I 

1+ (-l)n-j 
2$ G 

2 
\ 
(n+l)in?2) + 

4(j+l) \ 

(n-j)(n+l) 
j<n 

2'h 6 n+l 

u = 
(n+l)tn:2) - 

j=n 

jn 

0 j>n 

-1 
is a matrix representation of the linear (integral) operator w V on 

the basis {x"f. As Ujn=O for j > n, its eigenvalues are just the 

diagonal matrix elements, Unn. Furthermore the corresponding eigen- 

solution Tn(xi) must then be a polynomial in x of degree n. Since only 

the Gegenbauer polynomials Cn 3'2 (x) are orthogonal on -l<x < 1 with weight 

-. 

w(x) = 
2 

(l-x )/4, the eigensolutions of the meson evolution equation are . . 
~n(Xi zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA,Q) = X1X2Cn 

35 

with 

cF I 

n+l 26 - 

yn=B 1+4 

\ 

z 2 +- 
hlh2 

I 

(n+l)(n+2) l 

The same Gegenbauer polynomials appear in other theories -- scalar- 

gluon theories, QED, etc. -- though with different anomalous dimensions. 

This follows because the eigenfunctions of the evolution equation in 

each theory are polynomials orthogonal with respect to the same weight, 

W(Xi) = x1x2. This weight function is defined so that V(xi,yi)=V(yi,xi). 

_ For baryons, the eigenfunctions ;n(xi> and the anomalous dimension 

yn 
appearing in Eq. (4.11) are defined by 
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3 'F 

t f 

--- 
x1x2x3 2 g Yn TnCxi> = CdyI V(Xi,yi)~n(yi) 

0 

where the potential, V(xi,yi)=V(yi,xi), is defined in Eq. (4.10b). 

The y, are again real, and the {Tn(xi,) form a complete, orthogonal 

polynomial basis with weight w(xi) = x1x2x3.57 To determine these, we 

expand V on a polynomial basis 

1 v' xw = 
6h2ii 

2 wbq xYx;- (m+l)(m+2) 
1 

I 

m 

+ c. 
m-i+1+6h2K m-i 

\ i=l 
i(m+2) x1 

. . 

lx+1 
-3x4+ 

&h,h 

j=2 J (n+l)(n+2) - 3 

-I 
n 

I 

x 
i=l 

xyxg-i $(n)(n--)(-l)j ~l;+(;~~)~ 

1 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA=- 
2 Cl xi xj > 
i,j 

13 
u 
ij,mn 

. 

Here particles 1 and 3 have helicity parallel to the hadron's helicity 

h, and 6h i; equals l(0) when the helicity of particle 2 is anti-parallel 
2 

(parallel) to h -- i.e., 6h I; = 1 for Ih] =1/2 baryons, while 6h21; = 0 
2 

for Jhl=3/2. Since Uij,mn=O when i+j > m-+-n, the eigenfunctions are 

polynomials of degree M = m+n = 0,1,2,... with M+l eigenfunctions for 

each M. Furthermore the corresponding (M+l) eigenvalues are obtained 

by diagonalizing the (M+l) X (M+l) matrix U.. with i+j =m+n=M. The 
=J ,mn 

leading eigenfunctions are given in Table I. 
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APPENDIX E 

Sudakov Form Factors 

In this Appendix we review the features characterizing the double 

logarithms appearing in the free-fermion vertex function (i.e., Sudakov 

form factor). Using Feynman gauge in an Abelian theory, the lowest order 

correction to the vertex is (Fig. E-l): 

y - -$$dx x(1-x)Jd2kL 

0. 0 . . 

- 
k 

4: 
:f+x(l-x)A2 

>( 
(xql - k1)2+A2x(l-x) 

where the external fermions are off-shell by -A2. The dominant regions 

of integration are: 

2 
(a) A x << k 

2 

1 
<< x2q2 

1 
, x >> A2/q: 

(b) A2x (k xql) 
2 

2 
2 

<< - << x 
1 

q , x >> A2/q2 
1 1 

where the gluon is collinear with the initial fermion in region (a) and 

with the final fermion in region (b). These non-overlapping regions 

contribute equally, and therefore the total contribution (in leading 

order) is twice that from region (a): 



: 

22 

( ) 

91 

=-271 lJ 
LY Rn - 

A2 

(E.1) 

. 

Notice that logarithms are generated by both the x and k: integrations. 

The leading logarithms in each order of perturbation theory are readily 

summed to give the Sudakov form factor 

-a/2n(Rn q2/A2>2 
1 

q:/A2) 

r - yu e 63.2) 
Fc 

2 
which falls faster than any power as q, -f 03. In Abelian theories at 

. . 

least, non-leading logarithms are similarly suppressed. 

In QCD, a is replaced by the running coupling constant as(kf). 

This softens the high energy behavior of the loop integral and results 

in a Sudakov form factor that falls as (A 
2 2 cIln&nq2/A2 
/qL) 1 . 

-- 
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TABLE I 

Eigensolutions of the evolution Eq. (4.10) for Ihl = l/2 

(Tf"') and (hl =3/2 (T"') baryons. The procedure for 

systematically determining all T, is given in Appendix D. 

bn 
N a00 

Cd ai$) (d Cd air;’ (4 
a01 a20 a02 - - - - - - 

. . 

43-f 

'n I 
0 

312 

312 

713 
17/6 

1716 

120 1 

1260 1 -1 

420 2 -3 -3 

756 2 -7 -7 8 4 8 

34020 1 -1 -4/3 4/3 
1944 2 -7 -7 1413 14 1413 

120 1 

420 1 -3 

420 1 -3 

5760 1 -7/2 -7/2 7/2 712 7/2 

3024 1 -7/2 -7/2 2 8 2 

34020 1 -1 -413 413 

Y, = (2bnCB + $ cF)/B 
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TABLE II 

MATRIX 

ELEMENT 

ii A' "'UX 

v' u(q) U(P) 

q- e- 

U(P) y- u(q) 2 - 

p+s+ 

p .q +ip 
2 &L 

@- e- 
1 1 1 

xql+m 

p+s+ 

(p1fip2)-(q1+iq2) 

yi u(q) U(p) 

JPT IJsT 

1 2 
+ip _ q1kiq2 \ 

@JsT- P+ 9+ f 

U(P) 

F- 

L{p~.q,~ip,xq,+m'} T-$ { (plk ip2>-(q1+ iq2)) 

p+s+ P4 

S(P) - + i u(q) 
Y Y Y, 

4 +* ($1 

v- - P+ 

+i6 
i2) 

JF 

U(P) &+r u(q) 4 7 4m (6i1 + iSi2) 

F 
1 

JqT q+ 

0 

S$P) vv(s) = -;"(q) U,(P) 
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TABLE III 

MATRIX 

ELEMENT 

v A' 9-e UA 

y+ u(q) G(P) 

F v- 

y- u(q) V(P) 

v JST 

i u(q) V(p) 

J;;r y1 JST 

C(P) y-y+y- u(q) 

JPT w 

V(P) y-y+yi u(q) 

w QF- 

yiy+y- u(q) G(p) 

F 
1 

F- 

&+$ u(q) t(p) 

JPT 
1 

1F 

HELICIT'Y (X+1') 

0 

T-+!- (p1+ip2)+(q'+iq2) 

p+q+ 
{ 1 

Tm 4 (Si1?iSi2) 
++ 

r 1 P4 

T 
1 
pl* ip2 q1 f. iq2 

P+ q+ 1 

T-+- (p1kip2)+(q1kiq2) 

p+q+ 
1 > zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

T 4m (&il + iai2) 

P+ 

T& (6i1 

q+ 

t i6 
i2) 

0 

2 

P; q,+- iPlx ql-m2 

piT isijpj 
1 

qi+ iEijqj 

I+ 1 
1 

P+ q+ 

m 

f ic 
ij 
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Fig. 1. 

Fig. 2. 

Fig. 3. 

Fig. 4. 

Fig;- 5. 

Fig. 6. 

Fig. 7. 

Fig. 8. 

. Fig. 9. 

-107- 

FIGURE CAPTIONS 

(a) The general structure of the proton's magnetic form factor 

at large Q2. (b) Soft (infrared) interactions between color 

singlet hadrons cancel. 

Diagrams contributing to F : 
r-r 

(a) lowest order terms; (b) one- 

loop corrections; and (c) generic structure of one-loop correc- 

tions. 

One-loop vertex correction. 

(a) The bound state wave equation for +(xi,ql) to leading order 

in as(QZ). (b) The relation between Jl(xi,ql) and the distribu- 

-. 

tion amplitude. 

Higher order corrections to the potential V of the evolution 

equation (2.17). 

Matrix element of the charged axial vector current controlling 

the decay IT +- e3. 

(a) The @(as) correction to TH due to the subtracted one-loop 

ladder diagram. (b) The collinear projection operator acting 

on the wave function $(xi,kL). 

Terms contributing to the potential in the evolution equation; 

each diagram has several time orderings all of which contribute. 

Coupled bound state wave equation for multi-parton Fock states. 

Fig. 10. Hard Scattering amplitudes for non-valence Fock states. 

Fig. 11. Leading terms contributing to TH for the pion form factor. 

Disconnected diagrams (a) vanish when sandwiched between col- 

linear projection operators. 
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Fig. 12. 

Fig. 13. 

Fig. 14. 

Fig. 15. 

Fig. 16. 

Fig. 17. 

Fig. 18. 

Fig. 19. 

Fig. 20. 

QCD predictions for the pion form factor assuming various 

distribution amplitudes $(xi,Qo) at Qi = 2 GeV2 and various 

values of the QCD scale parameter A2. The data are from the 

analysis of electroproduction e-p + e-+T++n; C. Bebek et al., 

Ref. 24. 

(a) Diagrams contributing to TH for baryonic form factors. 

(b) Bound state equation for the baryon's three-quark wave 

function at large momenta. 

(a) Prediction for Q4<(Q2) 

A2 (in GeV2). The data are 

function is taken as $(x,A) 

for various QCD scale parameters 

from Ref. 30. The initial wave 

a 6(x1 - 1/3)6(X2 -l/3) at A2 = 

9 ~-3 
2 GeV2. The factor (l+mE/Q')-' is included in the prediction 

as a representative of mass effects, and the overall normali- 

zation is unknown. (b) The ratio of proton to neutron magnetic 

form factors for various distribution amplitudes. 

(a) The pion form factor in lowest order. (b) Lowest order 

term in Fr requiring analysis of end-point region l-x 5 X/Q. 

The nucleon form factor. 

End-point contributions to GM(Q2). 

(a) Terms contributing to the Sudakov suppression of the end- 

point region. (b) Terms in which the Sudakov (double) logarithms 

cancel when all are combined. (c) A term which cannot cancel 

the double logarithms in (a). 

Non-valence Fock states in C,(Q2). 

Diagrams contributing to TH for ?~p -f up. 
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Fig. 21. (a) The end-point region for "p -t np. (b) Diagrams responsible 

for the Sudakov suppression of this region. 

Fig. 22. (a) Amplitudes containing pinch signularities in TIT + urn. 

(b) Hard scattering subprocess obtained from (a) when kc is 

large. 

Fig. 23. Terms leading to the Sudakov suppression of the pinch singularity. 

Fig. 24. The pinch singularity for a process with flavor exchange. 

Fig. 25. Cross sections for pp + pp at wide angles (Ref. 41). The 

10 
straight lines correspond to a fall-off of l/s . 

Fig. 26. Cross sections for n&p + n'p at wide angles (Ref. 42). 

Fig. 27. Cross sections for r-p + r-p scaled by s8 (Ref. 42). 

Fig. 28. Cross sections for (a) yp + yp at wide angles (Ref. 43). 

(b) yp + r+n at wide angles (Ref. 44). 

Fig. 29. Fits using Eq. (5.8) for pp elastic scattering with ItI << s. 

The best fits obtained using Eq. (5.9) are indistinguishable 

from these. The data are from Ref. 45. 

Fig. A-l. Vertices appearing in QCD light-cone perturbation theory. 

Fig. A-2. Procedure for removing instantaneous propagators by redefining 

the non-instantaneous propagators. 

Fig. A-3. Sample vertex in light-cone perturbation theory. 

Fig. A-4. The two-body bound state equation in light-cone perturbation 

theory. 

Fig. A-5. Two-particle irreducible and reducible diagrams. 

Fig. B-l. U.V. finite skeleton expansion of the two-particle irreducible 

amplitude for y*+q< + y. 

Fig. B-2. Generic structure of diagrams contributing to TH. 
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Fig. C-l. 

Pig. C-2. 

Fig. C-3. 

Fig. C-4. 

Fig. C-5. 

Fig. C-6. 

Fig. C-7. 

Fig. C-8. 
. . 

Fig. C-9. 

Fig. C-10. 

Covariant gauge expansion of F RY in terms of qqgn distribution 

amplitudes, and hard scattering amplitudes for y*+qtg" + y. 

Collinear irreducible contributions to TH. 

Leading order terms in TH for qn Fock state. 

Multi-quark non-valence states are suppressed in F 
w' 

Leading terms in TH for qig states. 

Definition of the effective qq distribution amplitude. 

(a) The qy wave function at large k1 in terms of distribution 

amplitudes. (b) Non-leading contribution to JI(xi,kl) which 

is collinear irreducible. (c) The q<g wave function at large 

The effective q{ distribution amplitude (as defined in Fig. 

C-6) in terms of q(lgn distribution amplitudes. 

Use of collinear Ward identities to combine terms appearing 

in Fig. C-8. 

Integral equation for the effective q< distribution amplitude. 

Fig. E-l. The Sudakov form factor in lowest order. 
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