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MASTER 
Abstract: The asymptotic freedom behavior of quantum chromodvnami OK allows tl 

rigorous calculation of hadronic and nuclear amplitudes at short disi.inc(-
using perturbative methods. The imp] i cat ions of QCI) tor large monnu WIT 
transfer nuclear form factors and scattering processes, as welI as for the 
structure of nuclear wavefunctions ami nuclear interactions at short dis­
tances are discussed- Tht necessi ty for colnr-pol ,ivi zed i ntenia 1 mu'kMr 
states is also discussed. 

1. Introduction 

In quantum chronedvnanjcs the f uf.dameiita ! degrees of freedom ol iiadrons and 
cheir interactions are the quanta of quark and gluon fields which obey an •.•>:-u t 
internal SU(3) "color" symmetry. 11 now seems possible that quantum rhemo­
dynamics1) is _the theory of the strong internet ions in the saru- sense that nuontun 
electrodynamics accounts for electromngnetic internet ions. It is we 11 known that 
the general structure of QCD meshes remarkably well with the facts of the hadronic 
world, especially quark-based spectroscopy, current algebra, the approximate point­
like structure of laige momentum transfer Jepton-hadron reactions, and the loga­
rithmic violation of scale-invariance in deep-inelastic reactions. Tlie theory is 
particularlv successful in predicting the features of electron-positron annihila­
tion into hadrorrs.- the magnitude and scaling of the total cross section, the 
production of hadronic jets with a pattern conforming to elementary oui'k and 
gluon processes, and heavy quark phenomena. The empirical results are consistent 
with the basic postulates of QCD, that the charge and weak currents within hadrons 
are carried by the quarks, and that the strength of the quark-gluon couplings 
become weak at short distances (asymptotic freedom). 

It is clear that if OCD is the correct theory of the strong interactions it 
must account for the features and interactions of nuclei as well as mesons and 
baryons. Because of asymptotic freedom'), we can in fact make detailed predictions 
for nuclear form factors and scattering processes at large momentum transfer, as 
well as predict the asvmptotic short distance features of the nucleon-nucleon 
interaction and nuclear wavefunetions. We will also discuss here a particularly 
novel feature of OCD; the necessity for color-polarized (or "hidden-color") 
nuclear states. 

In terms of their Fock state description, the hadrons, including nuclei, are 
(color singlet) composites of quark and gluon quanta; e.g., 

I* > = a^ 2 )|ud> ->- a^|udg> + ... 

a ( 3 ) ' " u u ' ' a ( A ) ' 
|'D> = a'J. . | uud ddu> + ... 

This is in exact analogy to the Fock state expansion 
r s + -, + -
|positronium> = 3f?l e e > + a,., e e r 

* Work supported in part by the Department of Energy under contract number 
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iv. Q-D. For definiteness we shall specify the states at equal "time" 7 = t*s on 
the light-cone"). The total 3-momenta, k̂  and k + 5 k° + k z, are then conserved 
( Z-k . = 0, 2-* k. =T )• j n (^ t n o momentum-space wavefur.ction for each n-particlu 
Fock state component of a hadron with total momentum p is a function (spin-labels 
are suppressed") T'= YCx^k.j), where x. = kt/p +, JL k i = 0, and £ x . = 1. The 
states are off the "energy" shell (k~ = k° - k7*) 

i=l ^-tm ( i ) 

This "1 igkt-f ront" formalism greatly simplifies relativist! c bound state calcula­
tions since it is verv similar tn the ordinary non-relativistic many-particle 
theory; essential ]v all theorem proved in the Schroedinger theory hold for the 
re] At ivis t̂ ic theorv at equal time on the light-cone. The "re 1 at i vist i c kinetic 
energv" (k7+m~)/x plavs the role of tiie non-rel at ivis tic kinetic energy k~/2m. 
Al though the resul ts are independent of the choi ce of Lorentz frame, the vari ah le 
x = k /p can be conveni ent 1 v interpreted as the 1 ongi tudinal momentum frnct ion 
k''-/]tz in an "infinite momentum" frame wliere p z -•• •". A summary of the cnl mint ional 
rules in light-cnne perturbation theory, and exp.nples of its use are given in 
ref. 3 and references therein. 

OCD lias a renonr.al i?ab le perturbation theory which is an elegant generaliza­
tion of QF,D. In addition to the gq-Jv,/;Au Dirac coupling of the color octet gluon 
to the color triplet rnd anti-triplet q and q, there are also non-Abelian 3-noint 
ggn and i-point gggg 'oupl ings of the gluons. The crucial distinction is in the 
net sign of the vacuum polarization: in QFD, the effective Coulomb interaction 
:i(Q~) increases with the momentum transfer; in OCD the added self-gluon couplings 
causes the effective strength of the quark and gluon interactions to decrease 
logarithmically at large momentum transfer, as summarized by the asymptotic ex­
pression (Q 2 >> A 2 ) 

i in 

(''-T-fW^qCD) 
TIIL- parameter ^nrr s e t s t n e basic mass scale foi QCD, and n^ is the number of types 
or "flavors" of quarks with effective mass much smaller than Q. The fact that QCD 
interactions tend to zero at large momentum transfer Q" >> -QCP ("asymptotic free­
dom") alK"^ the rigorous perturbative calculation of hadronic interactions at 
short distances. The fact that AQ^Q is empirically not very large-current esti­
mates give 

A < 100 - 300 MeV 

indicates that perturbative OCD calculations mav start to become relevant at had­
ronic and nuclear distances of a fermi or less. In fact, as we shall see in the 
foll<ivin£ discissions, OCD dynamics must be taken into account in any nuclear 
process where nucleor. structure Is relevant. 

2. Short distance processes in QCD 

In a series of recent papers *u) we have shown that the predictions of pcr-
turbative QCD can be extended to the whole domain of large momentum transfer ex­
clusive reactions, including the form factors F(Q 2) of hadrons as measured in 
large momertum transfer electron scattering reactions eA-»-eB (Q- = -t) , and fixed 
angle scat:ering processes da/dt (A+B -+ C+D) for s >> M- with 2 = eosf c > m i fixed. 
In general A, B, C T and D can be mesons, baryons, photons, and nuclei! The re­
sults for meson form, factors have also been derived rising different methods by 
Efremov a.id-Radyushkin1') and by Duncan and Mueller'). 



As an example, let us briefly consider the calculation of the nucleon form 
factor" , L ) . Onlv the "valence" I qc q ̂  Fock state needs to be considered to leading 
order in 1/0 since (in a physical gauge such as A + = 0) any additional qrnrk or 
gluon forced to absorb large momentum transfer (proportional to (.)) yields a power-
law suppression M/Q to *!ie form factor. Further, because of the spin-1, helicity-
conserving c o u p l i n g of thr gauge gluon, overall hadronic lie H city is conserved, 
h j = hp, again to leading order in 1/Q. Thus QCP predicts the suppression of the 
Pauli form fartor: F-, (Q 2)/Fj (Q 2) ~ f ' ( M 2 / Q 2 ) . 

The calculation of the nuclear form factor thus reduces to a 3-hody problem. 
The helicity-conserving form factor C^fQ - 1) can be written to leading order in 1/Q 
in the factorized form [ Q x = (min x.j)Qj: 

1 I 
/[dx]/ tdy3 l ( > v V TH(x,y,Q) (jCx.,qx) (3) 

with [dx] = dxjdx2dx-j 
for scattering three 
illustrated in fig- 1 

(J-Xp x 2- x 3 ) . llere TH(x,y,Q) 
quarks collineai with p to tbe 
. To leading order in as(Q*-), 

is tl 
f itial 

c probability amp 1it 
direction p + q, as 

id 

TH(x,y,Q) = 
Q2 

t(x,y) CO 

where t(x,y) is a rational function of the light-cone longitudinal momentum frac­
tions x^ and y j . The function 4 (xj,0) gives the probabi 1 i ty ampli tude for finding 
the valence quarks in the nncleon with light-cone fractiens x^ at small relative 
distances b - f'(l/Q) : 

t(x,,Q) J •*- :u,.,k .) (•>) 

The "distribution amplitude" :(x:,Q) is the fundamental wavefunction which controls 
high-momentum transfer exclusive reactions in QCD; it is th* analogue of the wave-
function at the origin in the non-relativistic theory. The (logarithmic) Q-
dependence of $ can be completely* determined by the operati-i product expansion at 
short distances') and the rononnalizat ion group, or by "evolution equations" com­
puted from perturbative quark-quark scattering kernels at large momentun; trans-
f e r " ' ' ) . The high mome*:tun: tail of the wavef unc: ion for each hadron is thus 
controlled by QCD perturbation theory. 

(0) 

^ " v * ' i ^ 

Fig. 1. (a) The general factorized s t ruc tu re of the nucleon 
form factor at large Q2 in QCD. (b) Leading cont r ibut ions to 
the ha rd-sca t t e r ing amplitude T H . 



The QCD p r e d i c t i o n f o r ' i c leon forrr. f a c t o r s 
2 < Q 2 ) 

n,m=0 

large Q-
-,-T_-'"„ 

H]n' 
leading order in 

(ft) 

Tin- >;., anomalous dimensions are known positive constants determined by the evolu­
tion equation for the nucleon distribution amplitude. Since a s(Q-) is slowly 
varying at large Q--, the most important dynamical bei-avior is the Q power-law 
dependence of G^(Q-) which reflects the basic scale invariance of quark and gluon 
intiTactions and the fact that the minimal Fock state of the nucleon contains thre 
c-.tarks — both non-trivial features of QCD. The prediction (6) for GJJ(Q 2) agrees 
with data for 3 < Q^ < 25 CoV^ provided .\QCJ-J < 300 MeV, as shown in fig. 2. A 
detailed discussion is given in ref. 3. The QCD predictions for weak and electro­
magnetic elastic and transition baryon form factors and the n/p ratio are given in 
ref. R. 

Ttie power-law behavior of the QCD predictions for exclusive processes at larg 
momentum transfer can be summarized by simple counting and helicity rules. To 
leading order in 1/Q: (i) Total hadron helicity is conserved ). In particular 
this implies that weak and electromagnetic form factors arc helieity conserving, 
and indeper. at of total spin. The dominant form factor corresponds to hj = hp = 0 
or h,=hy=±h- (ii) Dimensional counting') predicts the power-lav. scaling of 
fixed-angle scattering processes: 

(AB -CD) F<* (7) 

where n = total nnnber of constituent fields in A, 
fall-off of helicity conserving forrr factors; 

,C» and D, and the power-law 

/te exocc 

__0.0i 

. 0.1 

V" 
• . * ' " * 

f 
0 t 

0 20 
(GeV?i 

F i g . 2 . 
for various scale parameters A- (in 
GeV-;- The data are from }U D. 
Mestayer, SLAC Report 21i (1978) and 
references therein. 

Fig. 3. Comparison of the dimen­
sional counting rule (Q-)n~1F(Q^) -
const. (Q~ >> M 2) wit.J data. See 
ref. 2] and references therein. 
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(Q-) 
] H - 1 

where n H i s t h e number of c o n s t i t u e n t f i e i d s in H. 
In p a r t i c u l a r , for t h e d e i i t e m n QCD p r e d i c t s ' * ' 

~(?) 
f o r tt e h e l i 
f o rn 1 ac t o r s 
ea lcu l able 1 
t h . i t ? ndakov 
i n t e g r a l ion 
law h. h a v i o r 
t O be i n ace 
d a t a i s n ive 

city fern * helicitv zero elastic-
are suppressed bv powers. Al1 o 

ogarithm corrections, as in eq. ( 
• factors suppress pussi hIe anomal 
regions and pinch singularities'' 
reflect the scale-invariance of 

ord with large momentum transfer 
n in fig. 3-

(«) 

CO 

forrr I l i - t n r . " h e U b e r he i i- i t 
f t h e s e r e s i l l s a re Hod i l i e 1 hv 
f>) Th • de r i va i o n s ut i l \s. • t i n a t 
Oll«- emit r i b it i n i s f rom e n d - ->o i n i 

< , '). T in p r e l i c t i o n s f o r t h e P 'UP i. r -
r e l o rma 1 i z a ,; t- l i t e - a c t i o n s a : id M > p i a r 
e x [ e r i n t e n t s . A r o c • iu conip. l r i s i 11 u t h 

The 
theory 

.•> t h e s 

3. Nuclear applications •-•' quart 

deuteron's Fock state structure is much 
in which the only degrees of freedom are 

r chroTi •"dvnami cs 

i cher i ' QCD t h a n i t wo i l d he 
h a d r o i i y R e s t r i c t i n g <> i r .se 1 \ 

>:-quark vale state, 
a.(uud). 

can readily generate states like 

, (uuu). (ddd) \C 
d!(uuu> 8 c(ddd) 8^ 

of tin diu The T:K- Mrst component corresponds to the usual n-p stvu< 
seconii component corresponds to "hidden color" or "color polarized" configurations 
where the three-quark clusters are in color-octets, but the overall state is a 
color-singlet. The last two components are the corresponding isobar configurations 
If we suppose that at low relative momentum the deuteron is dominated bv the n-p 
configuration, then nuark-quark scattering via single gluon exchange generates the 
color polarized states (b) and (d) at high k,; i.e., t lie re must be mixing with 
color-polarized states in the deuteron wavefunction at short distances. 

It is interesting to speculate on whoLher the existence iif these new con­
figurations in normal nuclei could be related to the rcpulsivi core of the nuclcon-
nccleon potential'•') , and the enhancement ; y) of parity-violating effects in nuclear 
capture reactions, f-ne may also expect that there arc resonance states with 
nuclear quantum numbers which arc dominantly color-polarized. The mass of these 
states is not known; if in the unlikely case they are nearly degenerate with 
ordinary nucleons thou they could bo long-lived and plav havoc with detailed 
balance experiments. It has also been speculated ' l*» : r) that such long-lived states 
could have an anomonously large interaction cross section, and thus account for 
the Judek ) anomaly in cosmic ray and heavy ion experiments1'). Independent of 
these (wiId) specula I ions, it is clearly imp ?rtant that de tailed hi gh-reso]ution 
searches for these states be conducted, particularly in inelastic electron 
scattering and tagged photon nuclear target experiments. 

In analogy with the nuclear form factor 
the leading helicity zero deuteron form factor 

5 „ 

Q" . n,m=n L . J 

a t i on , t 

t h e form 

-y°-
..D 

le QCD prediction for 

(1!) 

whore the first factor is computed from the sum of 
diagrams. fSee fig. ~.] The anomalous dimensions 
of evolutio- equations for the coupled six-quark components of th 
factor at short distances'"). 

hard-scattering 6q •+ y -*• 6q 
can be calculated from a svstem 

deuteron form 

http://th.it
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For a general 
power behavior is 1 •) F.(q-) 

asvmt 
1 - JA 

reflecting tho fact thai one must p.iv ,-i 
penalty of i s(Q^)/Q- to move each quark 
constituent from p to p+q. The (act that 
tile momentum transfer must be partitioned 
among trie constituents implies thai the 
t ru 1 y >.sv-,ptot i c reg: me i n^ruasi'S with t hi. 
nucleor. number A. Nevertheless, the QCD 
perturb at i vc .st rue turc is still re 1 c van t 
even in the subasymptot i c domain wluTv the 
nucleus can still be regarded to first 
approximation as a bo.md state of nm Icons. 

In order to make quantitative predic­
tions, L'L u.-. consider elastic elettron-
de'iter.m .scattering in a general Lorentx 

Fi ^ . ^ . Ha d -
t i i i s to I !K d 
T i n Co i [ r i b-j t i 

St I U - . Di a c : a 
i i o •is!) ip of t h 
t o t i n N-N i f r 
amp l i t ude . 

cat tering contrihu-
•uteron form factor. 
MI of diagram (a) 
.ernai color-polarized 
i (h) shows the re 1a-
nuclear fonr factor 

-shel1 scattering 

teron f nrn facte 
amp t i f.ide for t 

after absorbing 
rlv FD(Q-) 

I)4 -) 
L l l t U 

fail 

frame. The dei 
the prohabi 1 i ty 
to sta, intact 
transfer Q. Clt 
least as fast as Fp(Q-/i)Fn(Q-/i) since 
each nuc Icon must change moment urn from -~ \ 
to ~!r(p+q) and stay intart. Thus we ̂ ho 
consider u "reduced form factor" f,,(Q") 
defin.-d via , 0' p'^') 

F j > ^ ) fD(j2) 

u 
(i:) 

theory. It i? 
immediate]v transfers momentum 

Note that fij(Q-) trust decrease at large Q- since it can be identified as the pro­
bability amplitude for the final n-p system to rumain a ground state deuteron. 
In fact, the QCD counting rule eq. (8) predicts l"rj(Q~) "~ 1/Q" for a scale invariant 

easy to see that a T^ diagram such as fig- 4b, where a gluon 
^q1" to the other nucleo. , gives the form 

-, , - S(Q 2) 
F <CT) ~ F : ( ( T / M - - , . (13) 

U ' 1+Cf/m" 
The mass parameter m can be estimated1"1) from the parameters in the meson and 
nucleon form factors and is expected to be sinall (m- ~ 0. 3 GeV-) . The comparison 
of data-1) for f"o^"^ with the prcdi ction]'*) (Q-+0.3 GeV 2) f D(Q-1 -* const, is given 
in fig. 5. Remarkably, the prediction 
seems to be accurate from Q'- below ~'-c ? "'̂  "~ ~ ~ —• 
1 GeV- out to the limits of the ex- , 
perimer.tal data. 7.̂  -

In general, we can define re­
duced nuclear form factors 1 p) 

F.(Q-) 
(li) 

power-behavicr QCTJ then predicts the po 
f D(Q 2) - ( Q 2 ) 1 - A ias if the nucleons 
were elementary)- Comparisons with 
the data for D, H^ and H^1 are given 
in ref. 10- The fact that 
f e x p t ( Q 2 ) , (q2)-l i s a remarkable 
success for OCD. We note that the 
usual nuclear physics formula 

US) 

Vi' 

Fig. 3. Comparison of deuteron form factor 
d.-ua..with the OCI/ prediction (1+Q^/m-) * 
fnCQ1") -*• const, at large Q~. The data are 
from ref. 2 1. 
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whirr; i s supposed t c remove the e f f e c t s of t h e s t r u c k r u r i eo : i ' s s t r u c t u r e i s 
i n v a l id in QCD. !A nucleo l i w i t h momentum 'jp J- which a b s o r b s moment urn t r.ii:> iVr q L 

as in f i g . MC becomes f a r o f f - s h e l l and s p a r c l i k e (^p + Q ) 1 - ' . .n w , sc t h a t t he 
t o t a l >*+N*N* o f f - s h e l l Q- '-depcndeiiec i s not g iven bv F N < Q - ) . ! The same d v i i a m i ^ 
which c o n t r o l s t h e nucleol i form f a c t o r a l s o c o n t r o l s t he n u c h a r p h v s i i s median i SIT-
v h i eh t r a n s f e r s momentum t o t h e . o t h e r c o n s t i t u e n t s in t h e n u c l e u s . The de f i n i t ion 
of t h e r educed forir f a c t o r f^CQ") t a k e s i n t o accoun t t he ro r r e« t p a r t it i o n i n g of 
t in n u c l e a r momenta, and t h u s , t o f i r s t a p p r o x i m a t i o n , r e p r e s e n t s t lie mu l e a r I o r r 
l'iic t o r iv. t he 1 iir.i t of po in t - Ii ke nuc I e a r coris t i t uen! s . i t ma\ In- o! i ::t e r e s t : e 
s e e w h e t h e r a c o n s i s t e n t p a r a m e t e r i z a t i o n of n u c l e a r amp 1 i t udi «- can hi o b t a i n e d i l 
in t ai li n u c l e a r s c a t t e r i n g p r o c e s s , r educed "p . - i r . t " a m p l i t u d e s a r e d e t i n i d hv 
d i v i d i n g (Hit t he n u c l e a r form f a c t o r s at t he m r r e i t p a r t i t i o n e d noir:eir un- • ) . 

•i . OCA) and t h e nuc leo l i - - n i u l e o n i n t e r a c t i o n 

Tile as'.-mp tot. i c - f r e e d o r p r o p e r t y of OCIl imp I i e s t hat t h e ;n;i it , ir I o r c e at s h o r l 
d i s t a n c e s can he computed c i r e c t l v in t e r r s r: p e r t u r b a t ! v e iJC'i1 ha: . ' . -s . at t > r i :>• 
d: agrams . Tin h;is i c p r e d i. t i on : e r t ht nuc ! i-e;i-;iuc i eon r.rp I i t -...', i s ( r. e.h,'. e I •••>•• i — 
r i : Mr ; ,• f ac t \-TF) " •>") 

wht re Q" = - t i s t he s q u a r e of t h e niTn-ntuir t r a n s f e r . The p r e d i c t e d : i y.ed am.'].-
s ea I ins: bebav i or ') , 

S 

is consistent wi tii the hi gh moment nn: transfer dat a. [See fie., h , \ To act ua1 1 v 
compute tlie angular distribution of the N'-N amplitude is a formidable task si;ue 
even at the- Born level there are'') of the order of 3 • 10 connected Fevnman 
diagrams in which five gluons interact with six quarks; in addition, Sudakov 

>-3«i 1—1 1—1 f . i . u : i i i i i i i i i 1—i—i i i i—iiCf" 
S*-I5 20 30 40 60 80 s-*-'5 20 30 40 60 80 S*-i5 20 30 40 60 80 

F i g . 6- D i f f e r e n t i a l c r o s s s e c t i ons f o r pp - pp s c a t t e r i n g a t wide 
c e n t e r of mass a n g l e s . The s t r a i g h t l i v ^ s c o r r e s p o n d t o t h e p r e ­
d i c t e d p o w e r - l a v fa 1 1-off oi 1 / s 1-'. The d a t a corrpi 1 a t ion ifi from 
P . V. Landshof f and J . C. P o l k i n g h o r n e . P h v s . L e t t . • i-B, 293 ( 1 9 7 3 ) . 



s u p p r e s s e d p i n c h s i n g u l a r i t i e s must be c i r c u m v e n t e d 1 ' ' ' ) . C o n s i d e r a b l e plu-noneno-
l o g i c a l p iup rc t iv l i a s , however , been made s i m p l y bv assuming t h a t t he dominant 
d i a g r a m i n v o l w qua rk i n t e r c h a n g e - ' ) . T h i s a n s a t z seems t o y i e l d a IKHHI n n p r o x i -
r a t i o n t o t he o b s e r v e d l a r g e - a n g l e ba ryon and irvsnn a n g u l a r d i s t r i b u t i o n s and 
. b a r g e <. o r r e l a l i o n s , a s v e i l as t h e o b s e r v e d c r o s s i n g b e h a v i o r be tween a m p l i t u d e 
-oab as p: - pp and yp - pp . A p p l i c a t i o n s t o s p i n c o r r e l a t i o n s a r e d i s c u s s e d in 
r . : . J . . Ti.(.- r e l a t i o n <*: t h e s c a l i n g b e h a v i o r of t he N-N a m p l i t u d e t o tin- \}~ 
.ii :••.•!" d f i \ T !•: nuc1 eon i o m I" at t o r s ( a s in f i g . - r ) i s d i s c u s s e d in de t a i 1 in 

Tilt- p. r u i r ' M t i u - s t r u c t u r e of QC1> at s h o r t d i s t a n t e s can a l s o be usee t o 
di 11 rr'i m- l IK I a r of r - s h e 1 1 bel iavi o r of h a d r o n i c and mu l e a r wave i inn t i or.s and 
t h e i r T-ioTv-nuiir. d i s t r ihu t i o n s . For e x a m p l e , tlu- >: n e a r 1 b e h a v i o r of p a r t i . U 
d i s i i i b u t i o n s in t he bound s t a t e (a t t he k i n e m a t i c a 1 end i<f t in Fermi d i s t r i b u t i o n 
win r- on,- , .MT-t i t i lent ha:- n e a r l v .'ill o\ t he ava i 5 a b l e long i t ud i na 1 n r r n ; ! u:: > 
ri-r d r i - s t in l.'.r o M - s h e l l dependence of t h i wave f unc t ion . Meuulo l u i M n l i i r - s , tin 
pi-"-1 r '•>-•'.,.-iv i ,-r of per t u rba t i ve QCT> eont r i but i ons t o i n c l us i ve d i •-1 r i bu t i on-, i •-
••iv.: , h-. flu- " s p i . t a ' o i - r u l e " - ' ) I x_, = ( k^ + k j ) / ( p " + p 7 ) J 

d N a'A X " : 
""a "a 

v: s :•. : u is : hi nur-her of spectator cons t i ! ueP. t s in tbt bonne: -.late iir,.:: ;.• • arr'. 
«i- a 1 ; 1 • .:t-.t -, • -ni r o" ,-nt ur. f raot ions . Tlu r:;] e no i .is f or t b. . a^e wh- rt : i . :.<.'.:-
i t I *. •- or a and A ari identical; otherwise there is additional power-law suppres­

sion"!, f'xar.ples o! i iu- spectator rule an- nN/dx - ( 1 - x ) 1 for q/p, (l-v) 1" 1 l or 
c 'bj and i l - x ) 1 1 for p'tij. Thcs. rales can be tested in forward in, lusiw n ac­
tions for particles prodm ed with largi longitudinal momenta, and in deep ir.il.isti, 
1 ft yon s,at teri nc on liadron and nuc 11 i • ' ) . In genera 1 , the i rrpu 1 se ayprox i mat i on. 
:r;li,.s : •'••) 

*-^ , , , dN ,, 

rdx a \ dO /ea * ea dQ 

re; re^t-n; i nt- t fa s;ir of incoherent i ont r ibut i ons eat b. of whi ch cor respond t >• 
s, at t or i nc on urn- quark or clusters of quarks in tlu- nuclear or hadronic targi t . 
Yur:r.vT d ;so-.;ss;ons , ayy I i cat i cms , and tests can be found in t tie ri-fs. 1 f», \ u , Jo. 
Tl ar.J J' . The transverse monontin.: distributions dN^/^/dkr can also be predicted 
fro- tin- nerturbative QCD proresses which control the high momentum tail o: tin-
bound -<- tat;- wavef unct ion'') -

^ . Tlie font i niij t v of nuc lear p'nvsi cs and quantum ciiromodvnaTni cs 

Tin- svntlic-sis of nuclear dvnan'cs with, the quark ant! g) uon priuesses oi 
q'jan.tu- 11. roTTodvnar-. i cs is clearly a fascinating fundamental problem in hadron 
phc-sics. The short distance- behavior of the niu leon-nuc K-on interaction, which 
is rigorocslv determined bv OCD, must join smooth lv and analytically with the large 
distance constraints of nuclear phvsics. As we have emphas i zed here, the funda­
mental nass stale of OCD i s comparable with t':u- inverse i.ut tear radius; it is thus 
difficult to argue that nuclear physics at distances below - \ fn can be studied in 
isclation froir OCD, 

The constraints of asymptotic QCD behavior — especial lv its power-law scaling 
and helicitv selection rules — have on 1 v begun to be- .xploited. For example, 
dispersion relations and superronvergence relations for the badronic helicity 
amplitudes should yield sum rules and constraints on hadronic couplings and their 
sp&ctra ) . The imposition of duality between the q-q-g and meson-nudeon degrees 
of freedom implies even stronger constraints. However, it should be noted that 
the existence of hidden-color states implies that dualitv in terms of ordinary 
hadrons cannot be- a true identic/. Preo; of the existence of the color-polarized 
configurations — whether mixed with ordinary nuclear states or appearing as 

http://ir.il.isti


iv son ;in tv excitations — clearlv would have dr.iin.it i c implications for OCI) and 
IHK U'.ir phvsics. Speculations on possible phenomena H H S I H i.ilnl with ii i dden color 
slates have beer, discussed in Section i. 

The most important outstanding p r o M e m in the svnthesjs pn^r.ir is the .irti.,i] 
d. riv.Uion of the ncc 1 eon-c.uc leon i n U-ra.'t i on f mn: first rrir* i; '.<-s i:; 'XT), 
interest i r.g cnl c 11 .it i • oal attempts using the MIT hag mode1 :in riven in refs. 27 
nnd 2S. Tiii- cua1i t dt i w similarities between quark inter. hnnci ar:;> i i t -.nies an-! 
"'i ̂ 'v: i->:i har^i proci.ssi-s is also evident " ' ) . 

In this l .i Ik we have tried to emph.is i ?.v the enntinuitv hetw.eii m u le.ir and 
. I e-ii nt .irv particle dynamics. There are mam- other i nt e rest i m- aspiit-- o! the 
i :it t r.n t ion.s of quarks and g 1 uons within the nuc I ear envi roilmen t wli i i h are re v i ewe d 
in Tx. : . 2i>. Ihiiv are also important areas in hndron phvsics wliich require soln-
t ;OTT- of i"ew-bodv nrob I ems : e . g. , the der i vat ion of tlu barvon s p e d rum : or thin-
<-;.ia:vs i r,; t r.ii t ing via a OCD cor.f i n i ug potential' ') . It would ,i!so |>t useful tn 
h a w i-x:-1 i i i t so ; nt ion:- for posi t roni iim-posi t roni um scat ti-ring ( inc 1 ud ing pinch 
singularities") in nna-ogv with m.i son-meson scattering processes in O P ) . We also 
note that the calculation") of the meson and baryon form r.tctnrs at large monuntur 
;r;i;>:'i r in QC'D represents a non-trivial solution of a relativistie few hodv 
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