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Abstract: The asvmptotic freedom behavior of quantum chromodvpamics allows tt
rigorous calculation of hadronic and nuclear amplitudes at short distances
using perturbative methods. The implications of QCD 1oy larze mementur
transfer nuclear form facters and scattering procvsses, as well as for the
structure of nuclear wavelurctions and nuclear interactions at short dis-
tances are discussed. The necessity for color-polarized internal poclear
states is also discussed.

1. 1Introducticn

In gquantum chromedvnarics the fundamental degrees of {recdom of tadrans and
their iuteractions are the quanta of quark and gluen ficlds which obey an exact
internal SU(3) "color" svmmetry. It now scems possible that guantum chromo-—
dvnamics!) is the theory of the strong interactions in the same sense that guantum
clcCtrOdynamicg-aCrounts for electromagnetic interactions. I1: is well zaown that
the general structure of QCD meshes remarkably well with the facts of the hadronic
world, especially guark-based spectroscopy, current algebra, the approximate point-
like structure of large momentum transfer lepton-hadron reactions, and the loga-
rithmic violation of scale-invariance in decp-inelastic reactions. The cheory is
particularly successful in predicting the features of electron-positren annihila-
tion into hadroms: the magnitude and scaling of the total cross section, the
production of hadronic jets with a pattern conforming to elementary quz-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 guarks, and that the strength of the guark-gluon couplings
become weak at short distances (asymptotic freedom).

It is clear that if QCD is the carrect theory of the strong intcractions it
must account for the features and interactions of nuclei as well as mesons and
baryvons. Because of asyvmptotic freedom!), we caen 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 wavefuncrions. We will also discuss here a particularly
novel feature of QCD: 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: ¢.g.,
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This is in exact analpgy to the Fock state expansion .
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For definiteness we shall specify the sta[e§ at equal "time" 1 =t+z on
;:ghf—conu ). The tota) 3-mementa, k. and kT = k®+ k%, arc then conserved

p

2: L ), and the momentum-space wavefunction for each n-particle

Fack state component of a hadron with total momentum p is a function (spin-labcls
are s'uppu-ss'é'd) ¥= lf’(\]. ), where X = k}./p , Zkli=0, and ZXI. =], The
i

states are off the 'onorgy shell (k™

"light-front” formalism greatly simplifies relativistic bound state calcula-
tions since it is very similar to the ordinary non-relativistic mary-particle
theory; vssentially all theorer proved in the Qchrnudingvr theery hold for the
relatjvisgic thuur‘ at equal time on the light-cone. The "relativistic klnvtl
energy” (ky+m- )/\ plavs the role of the non-relativistic kinctic energy /°m
Although the results are independent of the choice of Lorentz frame, the variahlu
= k*/pT can be conveniently interpreted as the longitudinal momentum f{raction
k#/p% in an "infinite momentum' frame where p? -~ =. A summary of the caleulational
tules in light-cone perturbation theorv, and exewples of its use are given in
ref. 3 and references therein.

U(U tas a renormalizable perturbation theery which is an elegant gencraliza-
tion of QED. 1In addition to the gq‘,l,AL Dirac coupling of the color octet gluon
te thc color triplet ¢nd anti-triplet g and g, there are also non-Abelian 3-point
RRY ¢ d-point ggge couplings of the gluons The crucial distinction is in the
net sign of the vacuem polarization: in QED, the ¢ffective Coulomb interaction
\(O } increascs with the momentum transfer; in QCD the added sclf-gluon cauplings
rauses the effective strength of the quark and pluen interactions to decrease
logari[hmitgl]y at Jarge momentum transfer, as summarized by the asymptotic ex-

pression (Q- >> ﬁécu)

4m (2)

- .
a (@) (” R %nf)log(Q /‘an)

The parameter A cr sets the basic mass scale for QCD, and n; is the number of types
or "flavors" of quarks with ¢ffective mass much smaller LhanﬁQ. The fact that QCD
inrceractions rend to zero at large momentum transfer Q< >> Ajep ("asymptotic free-
dom™) alleve the rigorous perturbative calculation of hadronic interactions at
short distances. The fact that AQCD is empirically not very large-current esti-
mates give

AQCD < 100 - 300 MeV N
indicates that perturbative OCD calculations mav start to become relevant at had-
ronic and nuclecar distances of a fermi or less. In fact, as we shall sec¢ in the
foilowing discissions, OCD dyramics must be taken into account inm any nuclear
pracess where nucleorn structure 1Is relevant.

2, Short distance processes in QCD

In a series of rtecent papersq’“) we have shown that the predictions of per-
turbative QD can be extended to the whole domain of large momentum transfer ex-—
clusive reactions, including the form factors F(Q2) of hadrons as measured in
large momertum transfer electron scattering reactions eA +eB {Q==-t), and fixed
angle scat:ering processes do/dt (A+B+C+D) for s >> M2 with 2 = cosf. p Tixed.
1In general A, B, C, and D can be mesons, baryons, photrns, and nuclei! The re-
sults for mesan form factors have alse been derived using different methods by
Efremov aid-Radvushkin®) and by Duncan and Mueller®).



As an example, let us briefly consider the calculation of the nucleon form
factor’»“). Only the "valence" ;qcg> Fock state necds to be considered to leading
order in 1/Q since (in a physical gauge such as At =0) any additional gvark or
gluan forced to ahsorS targe momentum transfer (praportional te Q) viclds a power-
law suppression M/Q to the form factor. Further, because of the spin-1, helicicy—
conserving couplines of the gaupe gluon, overall hadronic helicity is conserved,
b1 =hg, again to ]eading7ordor in 1/Q. 7Thg}s QCD predicts the suppression of the
Pauli form factor: Fo(Q7)/F)(Q%) ~ ((M3/Q<).

The calculation of the nuclear form facter thus reduces ta a 3-tody prohlem.
The helicity-conserving form Factor Gy(Q<) can be written to leading order in 1/Q
in the factorized form [Gx = (m%n x;)Q1:

1 1
2 + ~ ~
GM(Q ) = /[dx][[dy] 4 (yi‘Q_\,)'IH(x.,\',Q) C(Xj.Qx) , (3)
o O
with [dxd=dx)dxpdxys (J-x =~ xp= x4q). Mere Ty(x,v,Q) is the probability amplitude
for scattering three quarks collincat with p to the final direction p+gq, as
illustrated in fig. 1. To leading order in ag(Q+),
2
x (Q9)]°
TH(X,_\'.Q) = T t(x,v) ()

where t(x,v) is a rational function of the light-cone longitudinal momentum frac-
tions xj and vi. The function e(xi,Q) gives the probabjlity amplitude for Finding
the valence quarks in the ancleon with light-cone fracticns x; at small relative
distances b, ~ (1/Q): v . <Q
2 T -
t(xQ) o f ATk D gLk ) . (5)

i1l

The "distribution amplitude” :(xi,Q) is the fundamental wavefunction which controls
high-momentum transfer cexelusive reactions in QCD; it is the analogue of the wave-
function at the origin in the non-relativistic theory. The (logarichmic) Q-
dependence of ¢ can be completelv determined by the operater product expansion at
short distances’) and the renormalization group, or by "cvolution equations” com-
puted from perturbative quark-quark scattering kernels at large momentum trans-
fer:v“). The high momerntur tail of the wavefunction for each hadren is thus
controlled by OCD perturbation theory.
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Fig. 1. (a) The general factorized structure of the nucleon
form factor at larpe Q2 in QCB. (b) Leading contributions to
the hard-scattering amplitude Ty.
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The QCD prediction for :ucleon form factors at large Q: to leading order in
ag(Q-Y e ") % 4 ug(Qz) - QE e
G;i(o_h) = - z_, b [in 7] - (6)
b q nm 22
Q n,m=0Q L

The- )n anomalous dimensions are known positive constants determlned by the evolu-
tion cquatson far the nucleon Jdistribution amplitude. Since « (Q ) is slowly
varving at large Q~ the most important dynamical beravior is the Q™" power-law
dependence of LH(Q ) which reflects the basic scale invariance of quark and gluon
interactions and the fact that the minimal Fock state of the nucleon contains three

Guarks ~- both nor-trivial fegturrs of QCD. The prediction (6) for GS(Q“) agrees
thh data for 3 < 0‘ < 25 Gevd provided A o < 300 MoV, as shown in fig. 2. A
cdetailed discussion is given in ref. 3. ?he QCD predictions for weak and electro-
magnetic elastic and transition baryon form factars and the n/p ratie are given in
ref. 8.

The power-law behavior of the QCD predictions for exclusive proresses at large

momentum transfler can be summarized by simple counting and helicity rules. To

leading order in 1/Q: (i) Total hadron helicity is conserved’). 1In particular
this implies that weak and electromagnetic form facters ate helicity conserving,
and indeper at of total spin. The domlnant form factor corresponds to hI »hF =0

or hI= hF= 4. (ii) Dimensional counting”) predicts the power~law scaling of
fixed-angle scattering processes:

== (AB -CD) ~ “) B (%))

vhere n = total number of constituent fields in A,B,C, and D, and the power-law
fall-off of helicity conserving form factors:
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Fig. 2. QCD prediction for QQGE(QZ) Fig. 3. Comparison of thﬁ ?1men-
for various scale parameters A< (in sional countlng Tule (Q-) F{Q-) ~
Gev2;. The data are from M. D. const, Q- >>M2) wita data. See
Mestayer, SLAC Report 214 (1978) and ref. 21 and refcrences therein.

references therein.


file:///qcj-j

2 1
F Q) ~ ——500 . (8)
H T
CRN
where ny is the number of comstituent (icids in H.
In particular, for the deuteron QCD predicts '+

a 1 5
F @) ~ (—) (9
Q-
fer the helicity rore - helicity zero elastic form factor. The other belicity

form factors are suprresscd by powers.  All of these results are moditficd by
catculable logarithm corrections, as in eq. (6). The derivations utilize the fact
that Sudakov factors suppress prssible anomalous contributions from end-point
integration regions and pinch singularitics’ ). The predictions for the power-
lav behavior reflect the scale-invariance of resormalizabhle interavtions and appoar
to be in accord with large momentum transfer experiments. A recent comparison with

data is given in fig. 3.

3. XNuclear applications ' quantur chromodynamics

The deuteron's Fock state structure is much richer i Q€D than it would be in
a2 theorv in which the enly degrees of frecdom arte hadrons.  Restricting ourselves
to the six—quark vaience state, we can readily gencrate states like

'n”h = a (uudllc(ddu)lc‘ + h\‘““d)gc(dd”‘gc\
+ ¢, (uuu)“:(d\hl) IC\V + dl (\)\111)8C(«1LIJ)SC\ . 1y

The first compenent corresponds to the usual n~p stvucture of the ducteron. The
second component corresponds to “hidden color' or "color pelarized” configurations
where the threc-quark clusters are in color-octets, but the overall srate is a
color-singlet. The last two components are the corresponding isobar configurations.
I{ we suppose that at low relative momentum the deuteron is duminated hy the n-p
configuration, then quark-cuark scattering via single gloon exchanpe generates the
color palarized states (b) and (d) at high k, 5 i.e., there must be mixing with
color-polarized states in the deuteron wavefunction at short distances.

It is interesting to speculate on whether the existence »f these new con-
figurations in normal nuclei could be related to the repulsive core of the nucleon-
necleon pntentia]l“)‘ and the Onhanccmentz}) of paritv-violating efferts in nuclear
capture recactions. One may also expect that there are resonance states with
nuclear guantum numbers which are dominantly color-pelarized. The mass of thesce
states is not known; if in the unlikely case they are nearly depencerate with
ordinary nucleons theu they could be lonp-lived and plav havoc with detailed
balance experiments. 1t has also beern spbcu]atedlh'zx)[hat such long~lived states
could have an anomonously large interaction cross scction, and thus account for
the Judek!") anomaly in cosmic ray and heavy ion experiments!’). Todependent of
these (wild) speculatiens, it is clearlv important that detailed high-resclution
scarches for these states be conducted, particularly in inelastic ¢lectron
scartering and tapped photon nuclear target experiments.

In analogv with the nuclear form factor calculation, the QCD prediction for
the leading helicity zeéro deuteron form factor has the form

. a ()] & IR R
F. (Q7) ~ il oA h (1)
D QZ nima nr TZ

where the first factor is computed from the sum of hard-scattering 6g+ v hg
diagrams. [See fig. £.]1 The anomalous dimensions can be calculated from a svstem
of ¢volutio~ eounations for the crupled six~guark corponents of the deuteron form
factor at short distances ).
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For a general nu(l‘ua [hn dH‘mULu[l4
pawer behavior is!71) Fa(@d) ~ 07y 1-34,
reflecting the fact that one must pav a
penalty of 15(03)/Q2 tuo move each quark
= constitucnt from p to p+q. The fact that
the momentum transfer must be partitioned
among the constituents implices that the
truly Lsviptotic regime increases with the
nucleon number Ao Nevertheless, the QCD
perturhative stroucture is stili relevant
even in the subasymptotic domain where the
nucleus can still be regarded to first
approximation as a bound state of nudleons.

In order to make quantitative predic-
tions, "cL us consider elastic electron-
denteron scattering in 2 general Loventz
frame. The deuteron form factor FD(QZ) in
the probability applitude for the nocleus
to sta, intact after ahs(rw)rg nonertus
transfer Q. Cilearly FD(Q Y fail at
least as fast as FP(Q )Fn(Q 14) since
each nurleon must change momentum from ~°_p
to ~%{p+q) and stary intact. Thus we should

Hard-~scattering contribu-
o the deuteron form facter.
The \nx:r.HJtlor of diagrar (a})
»5 an internal color-polarized
Diag: am (b) shows the rela-
g of the nuclear forw factor
to the N-X of f-shell scattering

amn11tude consider g "reduced form factor® (U(Q‘)
- ’ dofined vial0.1%,00)
F Q) F FEQ2/4) £ (o
pl@7) = FR@-/4) f,Q . 2

- »
Note that fD(Q‘) rust decrease at large Q- since it can be identified as the pro-
bability amplitude for the final n-~p system to rumaln a ground state deuteron,

In fact, the QCD counting rule eq. (8) predicts YD(Q )~ ]/Q~ for a scale invariant

theory. It is easy to se¢ that a Ty diagram such as 7ig. 4b, where a gluon
sediately transfers momentum g% to the other nucleo. , gives the form
2 Za2 JS(Q_) -
FD(Q ) ~ Fe(o /4) ——— . (:3)
1+Q7/m”

The mass psrameter m can be estimated!?) from the parameters in the meson and
nucleon form factors and is expected to be small (m2 ~ 0. 3 GeVv~ ). The comparison
of data'’) for fp(Q- 2) with the prediction!™) (Q2+0.3 Gev? )f (07 ~ const. is given
in fig. 5. Remarkably, the predlctzon
seems to be accurate from Q“ below SR e - -
1 GeV2 out to the limits of the ex- N
perimental data. T
In genvral, we can define re- .. '
duced nuclear form factors!®) oL

R F, (o) s .
00 s — e Y S
(Fy(@7/a%) 1 g

QCD then predxcts the power-behavicr
fD(Q ) ~ (Q° ) tas if the nucleons
were elementary)._ Comparisons with L~ . R
the data for D, HZ and HJ are given z

in ref. 10. The fact that - -
fgxpt(02> ~ (@2~ is a remarkable o )
success {or QCD. We note that the Fig. 3. Comparisan of deuteron forﬁ factor
usual nuclear ph,sics formula drta, Wi ith the OCir predictipn (1+Q< 2/m2y x

2, 2 2 f (Q 2y + const. at larpe Q The data are
FaQ7) = Fy(Q )andy(Q ) 15 rrom ref. 21,



which is supposed te remove the effects of the struck pucivon’s struciure is

im in QC
as in fip. 4c becomes far off-shell and

{A puclvon with momentun :pi- which absorbs rementur transfer gt
S 3
spaceiike (p+0y ~ s¢ that the

total y¥+x 'N* of f-shell Q;‘-dr-lu-ndum-v is not given by F\-(Q-').' The same d
which controls the nucleon form factar also controls the nucloar phvsics mechanism
whicli transfers momentum to the ather constituents in the nucleus.,  The definition
of the reduced form factor f[\(Q‘) takes inte aceount the correct partitioning of

the nuclear momenta, and thus, to first approximation, represents the noclear tors

factor in the limit of peint-like nuclear constituents. Tt may be of interest e

amics

See whether a consistent parameterization of nuelear amplitudes can be obtained if

ir vach nuciear scattering process, reduced "point” anplitondes are detined by

dividiny out the nuciear form factors at the correct parvtitioned momentum © ).

4, 0CD and the nucleon —- nucleon interaction

The aswmptotic-{recdon properes of O
ted cirectly din teres o
asic predivtion tor the

!
N \( ) foe ) tin)

2 . . R
where @7 = -t is the saquare of the momentum transfer.  The predicted fived anels

wicar forve at short

N oimplice that the o
herturhat | Qe

)
Pt
—nucieen arplits’ v is (moduleo lova-

msLatterd
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s. The
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scaling behavier ),

d- ; i
PR o e, =
s

is comsictent with the high momentum transfer data.  [See fig. 6.0 To actuallv
compute the angular distribution «f the N=N amplitude is a formidable task sinoe
even at the Bern level there are®) of the order of 3-10° connected Fevnman
diagrams in which five pluons interact with six quarks: in addition, Sudakov
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Fig. 6. Differential cross scctions for pp »pp scattering at wide
center of mass angles. Tihe straight lines correspond to the pre-
dicted powcr~taw fali-oif of /s, The data corpilation is from
P. V. Landshoff and J. C. Polkinghorac, Phys. Lert. 4B, 293 (1973).




suppresscd pinch singularities must be circumventod“s’ ). Considerable phenoneno-
legival progress has, however, been made simply by assuming that the deminant
diagrare invelve guark interchanget ). This ansatz seems to vield a wond approxi
mation to the ehserved large-anele barven and meson angular distributions and
harge correlations, as well as the ohserved crossing behavier hetween amplitudes
as n. o Applications to spin correlations are disvussed in
T, Jes Thie relation of the scaling bebhavier of the =X amplitude to the Q:
aucleon form factors (as in fig. 4¢) is discussed in detail in

f o~ proand phoe g

sertarhative stravture of QCD at short distances can alse he used te

dutermine the far oft=shell behavior of hadronic and nuclear waveiom tions and
their momentum distributions,  For example, the x near 1 bebavior of particlc
distributions in the bound state (at the kinematical end of the Fermi distribution
whers one constituent has nearly all of the available longitudinal m tuny

tar oft=chell dependence of the wavefunction.  Moauwle loyarst!
DT avier of perturbative QCD contributions to inclusive distributions i<
civino by the Mspoctator rule’™ ) Ix = (k:,; + kg)/(l‘“* O

2n-
= C {1~ x) (1%
v o1 Yara
a
R ciospectater eopstituents in the Pommd state foroed toarr
i -t momentur Sractions, Lo ruie hedds for the cose where tia } :

itios and A arc identicali ctherwise there is additional power-law suppros-
Y arples of i cetator rule are oNfds ~ (1-x) 3 for q/p, (-1 qor
c'Hf and (l-x)ll for T‘H3~ These rales can be tested in forward inclusive roas
for particles produced with tarpe longitudina! momenta, and in decp inclastic
non s\ugtk‘rin\' on hadron and nuclei-' ). In general, the impulse approsimation

S liest o0 )

(1uy

— (A o) = ) (i")
dQ7dx a2 vdQ 7 fea rea

the sar of incoherent contributions cach of which correspond te
1rks in the nuclear o7 hadronic target.

or one quark or clusters of g
. woussions, applications, and tests car be found in the refs. 10, (0]
2 oand ¢ The transverse momentu: distributions dNz/a/dks can alse be predicted
froc the perturbative QCD processes which contral the high momentum tail of the

bound-state wavefunction®™).

The continudty of nuclear phvsics and guantur chromodvnamics

svnthesis of nueclear dvnarics with the guark and wluon processes of
chraradyvaamics is clearly a Tascirating fundamental problem in hadreon

The short distance behavior of the nucleon-nucleon interaction, which
is rigoreusly determiped by QCD, must jein smoathlv 1 analveically with the larce
distan. ¢ constrairts of nuclcar phveics. As wi- have emphasized here, the Tunda-
mencal mass scale of QCD irs comparable with the inverse suclear radiuve; it Is thus
difficult to arguc that nruclear physics at distances below ~1 fo can be studiced in
isclation from QCD.

The constraints of asvmptotic QCD behavior -- especially its power-law scaling
and helicity selection rules =~ have onlv begun to be o xplaited.  For example,
dispersion relations and superconvergence relations for the bhadronic helicity
amplitudes should vield sum rules and constraints on hadreonic couplings and their
spectral”). The imposition of duality between the g-g~p and meson-nucleon degrees
af freedom implies evern stronger constraints. Hawever, it should be noted that
the existence of hidden-color states implievs that duality in terrs of ardinarvy
Preoi of the ¢xistence of the coler-pelarized
ary nuclear states or appearing as

hadrons cannot bhe¢ a true identic:
configurations —-- whether mixed with ord
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resenance excitations --— clearly would have dramatic implications for OCh and

nuylear phvsics.  Speculations on possible phenomena associated with hidden color

states bave been discussed in section 3.

rortant outstanding proxlem in the svnthesis prouvras is the artea!
aucleon-nucleon interaction from first criveiyjes in GCD,

valoulaticaal attenpts using the MIT kag model are viven in rofs, 27

hetween quark interchamee ampiitades and

The most s

of

cualitative similaritic
Tuson e hamn processes is glso evident ).

In this talk we bave tried to emphasize the continuity between nuclear anld
clementary particle dvnamics.  There are many other interestine aspoects or the
inturactions of quarks and gluens within the noclear enviroament which are revicwed
it ret. 20, Thore are alse important areas in hadron phesics whick require solu-
tions of JTew=hodv problems: ¢.uo.. the derivation of the barven spectrue teor threo
ractinm via a QCh confining potential: 9. It would alse beow 1 ta
tations for pesitranium-positronium scattering Cincluding pinch

coaares

. in anaiogy with muson-meson scatiering processes in QU We also
Bete that the raiculation™) of the meson and barvon farm factors at large momentur
transior in QCD represents a aon-trivial salution of a relativistic tew body

probles,
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