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ABSTRACT

Heavy quarks can expose new symmetries and novel phenomena in QCD
nol apparent in ordinary hadronic systems. In these lectures 1 discuss
the use of effective-Lagrangian and light-cone Fock methods to analyze
exrlusive heavy hadron decays such as T — pp and B — #rx, and alsa
to derive effective Schrodinger and Dirac equations for heavy quark sys-
tems, Two contributions 1o the heavy quark structure functions of the
protan and other light hadrons are identified: an “extrinsic™ contribution
associated with leading twist QCD evolution of the gluon distribution.
and a higher twist “intrinsic” contribulion due to the hardness of high-
mass Auctuations of multi-gluon coerrelations in hadronic wavefunctions.
A non-perturbalive calrulation of Lhe heavy quark distribution of a me-
son in QCD in one space and one time is presented. The intrinsic higher
twist contribulions 1o the pion and proion structure Munctions can domi-
nate the hadronic production of heavy quark systemsal [arge longitudinal
momentum fraction ry and give anomalous contributions to the quark
stricture functions of ordinary hadrons at large 73,. [ also discuss a num-
ber of ways in which heavy quark production in nuclear targets can test
fundamental QCD phenomena and provide constraints an hadronic wave-
functions. The tapics include calor transparency, finite formation time.
and predictions for c¢harm production at threshold, including nuclear-
bound quarkonium. | also discuss a number of QCD mechanisms for
the suppression of J/¢ and T praduction in nuclear collisions, including
gluon shaduwing, the peripheral excitation of intrinsic heavy quark com-
ponents at large 15, and the coalescence of heavy quarks with co-maving
speciators at low rp. The latter mechanism provides an alternative to
quark-gluon plasma explanations for the observed suppression of the J/v

in heavy-ion rollisions.
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INTRODUCTION

Although quantum chromadynamics has becen extensively tested in its per-
turbative large moment' m transfer regime, many fundamental non-perturbative
features of QCD involving confinement and the structure of hadronic wavefunc-
tions remain unexplored. Ideally, one should test a physical theory by varying
its basic paramelers or by modifying its externa! conditions. For example, in
the case of alomic physics, one can probe the validily of guantum electrody-
namics at small length scales by studying muonir atoms, and one can study the
induced physical changes in atomic structure by applying external electric and
magnetic fields. Wr also have the ability Lo change Lhe physical environment
and modify the basic parameters of QCD. For example, by studying hadronic
production processes in nuclei, we can probe QCD phenomena such as “color
transparency,” nuclear-induced hadronization, and possible effects due to the for-
mation of a quark-gluon plasma. We can identify non-additive nuciear modifica-
tions of structure functions. changes in jet evolution and hadronization, and the
various formation times associated with hadronization. Even more important, we
can use heavy quark systems lo change the basic mass scales of the theory and
thus probe QCD in extraordinary wavs not possible in ordinary hadrons. In fact,
as | shall emphasize in these Jecturces, the study of the propagation of heavy quark
systems in nuclear matter can be used to test a number of interesting features
of QCD such as gluon shadowing and anti-shadowing, induced gluon emission.
co-mover interactions, and the presence of intrinsic heavy quark Fock states in
the wavefunction of ordinary hadrons.

Ideally, one wonld have hoped to test the heavy quark physics of QCD in
toponium (if) and other hadrons carrying the top quark, The physics of such
systems has been discussed in a compreliensive review by Kuhn and Zerwas! Un.
fortunately, the present lower limit on the top quark mass m¢ > 89 GeV’ from
CDF? implies that the top quark will decay before significant QCD binding can
occur. Thus QCD studies of heavy particle bound staies have to be limited to
hadrons containing the charm and beauty quarks,

In QED, the essential physical differences between electronic (e~ Z) and heavy
muunic {p~Z) atoms is due to the difference in the lepton masses, Iowever, in
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QCD, the physical mass scale of light quark systems with m. < AIT' is sel hy
Agrs = 0.2 GeV’, the non-perturbative mass scale of the theory, or the scale asso-
ciated with chiral symmetry breaking. In the case of heavy quark systems (QQ)
with m% % Al chiral symmetry is explicitly broken and the physical scales are
primarily determined by mg. At low momentum transfers, the form factors and
photoproduction of light hadrons are largely ruled by vector meson dominance.
In contrast, appraximations such as the pole dominance of dispersion relations
are “ineffective™’ for heavy quark systems; the form factors of quarkonium are
controlled by the quark wavefunctions, just as in atomic physics.

There are other profound differences between light and heavy quark systems
in QCD. For example, as noted by Gupta and Quinn: the QCD hadronization of
the final state in ¢ *¢~ annihilation could not lead to standard jet behavior in a
world without light quarks. since color-singlet heavy quark hadron formation is
perturbatively suppressed by pawers of a,(m%). In another example, I!igur"i has
shown that the dominant “nuclear” force between heavy quark hadrons is the
exchange force due to quark inlerchangc,ﬁ rather than Yukawa meson exchange.
(See Fig. 1. ) On the other hand, Gribov ' has argued that confinement of heavy

quarks and gluons would not even occur in QCD without the existence of light

quarks. Q,
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Figure 1 {llustration of the interaction due to the interchange of common quarks
0 meson-meson scattering The quack (ntecchange amplitude can bie computed from
the convolution of the four light-cone wavefunctions vyla,kL,) Limes the nverse of a
hghl-cone cnergy denominator See Ref. 6.

In these lectures T will discuss a number of ways in which heavy quarks sim-
plify QCD physics as well as expose novel phenomena nol accessible in ordinary

hadrons, For example,
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e Since the quark mass acts a cutoff of final stale collinear singularities, jet
evolution is calculable in perturbative QCD. Calculations of fregmentation
functions Lo next-to-leading order and di-jet correlation moments for heavy
quarks are given in Refs. 8 and 9.

e Since heavy quark sysiems are effectively non-relativistic @@ bound states,
they can be described by an effective single time Schradinger equation.

e Since the amplitude for gluon emission by heavy quarks is proportional
to the quark velocity, the probability for higher Fock states QQg in the
quarkonium rest frame bound-state wavelunction is suppressed by powers
of Ai_ﬁf/ mzq.

¢ In the case of the D and B mesons, the heavy quark acts as a slatic
source whose internal interactions take place over a much shorter time
TQ = O(mal) than the times associated with the bound state scale. Thus,
we shall be able to show that such mesons can he described as the baund
states of a single-time (radiativelv—corrected) Dirac equation for the rela.
tivistic light quark.

¢ Asin the case of atomic systems, the hyperfine splitting and other features
of the bound state spectrum due to the heavy particle spin is inversely
proportional to the heavy quark mass!®  Furthermore, as emphasized by
Lepage and Thacker!® Wise and lsgur." and othcrs.] 2 the physics of
the light guark in heavy hadrons QF and Qgg is nearly independent of the
heavy quark mass or flavor.

s The effect of virtual heavy quark pairs in light quark systems can be sys.
tematically analyzed by effective Lagrangian methods as an expansion in
inverse powers of m%. The results are analogous 1o the Serber-Uehling
vacuum polarization and non-linear light-by-light scattering corrections in
atomic systems.

» Although the probability of intrinsic heavy quark Fock states such as ggqQQ
in the wavelunction of ordinary hadrons is suppressed by a power of .-’\%ngfm"‘q.
such wavefunctien fluctuations can dominale heavy quark strocture func-
tions at large 74, and lead to anomalous production of heavy quark systems
at large rp.” Thus intrinsic charm and beauty implies not only a hard
heavy quark contribution to deep inelastic structure functions but also a



sonrce for quarkonium and heavy hadron production at large 1 in ep and
pp collider fnl:pcrirmrnt.f:.“'15 An analogous effect for very virtual light-quark
pairs. the *intrinsic hardness™ of hadronic wavefunctions in QCD may pro-
vide a possible explanation of the relatively copious “cumulative produc.

N . . S [
tion™ of hadrons observed at negative r¢ in hadron-nucleus collisions.

Brecause of the large mass scales involved, virtual loop corrections to heavy
quark annihilation and decay processes such as T — ggg and T — ggo
can be analyzed in perturbation theory. The argument @ of the running
coupling constant can be fixed unambiguously by using the method of “au-
tomatic scale ﬁxing".w
The decay T — 4.\ provides an almost pure C = + gluonium source; the
shape of its photon spectrum is largely controlled b}" perturbative QCD. e
Since the dominant subprocesses for heavy quark production in hadron
collisions are based upon gluon fusion, gg — QQ and gg — @Qg. anc can
isulate glnon structure functions and study gluonic shadowing and anti-
shadowing in nuclear targets. In the case of charm production at very
high energivs where ry < 1074 ordivary QCD evolution leads to such high
glion densities that unitarity limits can be exceeded. In this regime gluon
distributions reach saturation and higher twist multi-parton processes in
the incident hadrons need to be taken into account. (See Fig. 2. ) Further
discussion may be found in Ref. 19.

The exclusive decays of heavy systems to a fixed number of light hadrons
such as Jfuv — pﬁm and B — xx can be analyzed using QCD perturbation
lhmr}‘.zl In these reactions one is sensilive to moments of Lhe hadron distri-
bution amplitudes &(r,. @}, the basic valence wavefunction, which control
large momentum transfer exclusive reactions.

Because of the attractive QCD van der Waals potential, it is possible to
furm nuclear bound quarkenium resonances such as g = He in low energy
hadron nuclear collisions at the charm threshold®® The existence of such
slates would allow the study of the purely gluanic QCD Van der Waals
nuclear potential,

The production of heavy quark systems at threshold allows the study of
hadron pliysics at low relative velocity. For example, the threshold produc-



tion of charm in pp collisions could have a profound effect 2 on the elastic
pp scaltering amplitude, accounting for both the strong spin correlation
anomaly observed by Krisch cf al’* as well as the apparent breakduwn of
color transparency seen in quasi-elastic pp scaltering observed by Carroll

cf af.zs
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Figure 2 Multi-gluon cantribution 1o charm production in high energy hadean
callisions Such higher twist contributions need to be taken account when the glucu
density reaches saturation '

One of the mox! interesting arcas of QCD phenomenology is the production of
heavy quark systems such as J/v". ¥’ and the T in hadron-nucleus and nucleus-
nucleus collisions. The available data are in striking contrast to expectations
based on gluon fusion; for example. the J/v is produced at large rf with a rate
loo larg'ez‘5 o be explained by conventional gluon distributions. In addition. the
dependence on nuclear number appears to depcndz? o *r = 1, — ra rather
than the gluon momentum fraction r2 in the nucleus as expected from QCD
factorization and gluon shadowing. The similarity of the A dependence for the
J/¢ and ¥*' excludes explanations based on final state absorption of charmonium.

Another remarkable feature of recent data from the E772° experiment at
Fermilab is the suppression of T production in prolon nucleus callisions at neg-
ative r# in the nuclear fragmentation region. This result suggests that the ob-
servations by NA3S™ of J{¢: suppression in high transverse energy in heavy ion
collisions may not require a specific nuclens-nucleus effect such as color screening
by a quark-gluon plasma. In fact, Vogt, Hoyer, and 1** have found that all of the



anomalous features of the data can be accounted for, once one takes into account
intrinsic heavy quark Fock components in the initial hadron wavefunction and
the eflects of heavy quark interactions with the co-moving spectatoran that are
produced iu the nuclear final state. The coalescence of the heavy quarks with
the light quark spectators corresponds to “induced hadronization.” For example.
capture reactions such as §Q — (§Q)g, produce heavy hadrons Q7 at the expense
of quarkonium QQ bound states.

In these lectures 1 will give & survey of same of the heavy quark phenomena
listed above | will emphasize two main analysis tools, the methad of effective
Lagrangians 14 which allows ane to efficiently catalog heavy quark effects at a
given order in I/mf.,. and the light-cone Fock expansion, which provides a simple
represeatation of hadron wave-lfunctions in terms of their relativistic quark and

ghion degrees of freedom.

EFFECTIVE LAGRANGIAN METHODS IN QCD

As 1 have em hasized in the introduction, heavy quarks can greatly simplify
QD analyses, {n the case of heavy hadrons (§Q) and (gg@ ). the heavy quark
van be treated as a static source with an internal time rg much shorter than
the houned state time 7y ~ .\i?]? This is immediately apparent in time-ordered
pertuchation theory where one sees that the leading diagrams have the minimal
number of energy denominators invalving the heavy quark. Furthermore, the
enerpy transfer to the miclens ¢® = ¢°/2mg vanishes in the heavy quark limit.

We thus expert that heavy mesons can be treated in terms of an eflective Dirac
rquation, where the light quark is relativistic, and the heavy quark provides a
static souree” The physics is even more simplified when one takes into aceount
the fact that the amplitude for the radiation of gluons with physical polarization
is of order g7 fi/img and the consequent spin splitlings are suppressed for heavy
quarks.

The emergence of an eflective Dirac equation from the QCD Lagrangian is
apparent using effective Lagrangian methods. In general an ultraviolet regulator
A is needed to define a renormalizable theory such as QCD. In effect all virtual
loops are cut-off if [p?) > A2 The cut-off A is usually taken to be much larger



than all physical scales in the problem. In fact, one is allowed to choose a smaller
value for A, but at the expensc of introducing new power-law suppressed Lerms

in an efleclive Lagrangian:m

LM = LM, (A), m(A) + i (l)nac“"(n (A),m(A)+ O (1)“' (1)
- 4] ] ¥ A n ] ] ! A

n=1

where

£ =~ FANF e L G [iphh) — m(a)] w4 @)

Due 1o gauge invariance, Lorentz invariance, and other symmetries. there are only
a limited number of terms which can conttibute at order 1/A™. Furthermore. as
emphasized by Lepage and Thackvr.w the coeflicients of each term in JELM can
be fixed Lo arbitrary order in a,{A) and m(A} by calculating an appropriate
on-shell quark-gluon scattering amplitude to the required order in perturbation
theory. As a ronsequence, all of the physics beyond 1he scale A is replaced by

eflective (non-renormalizable) local interactions.

As a first example of the use of effective Lagrangians in QCI. let us choose
A < mg. In this case, all effects of hieavy quarks in light quark and gluon hadronic

svstems are similated by the effective Lagrangian,
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The first term is equivalent to the Setber-Uchling vacuum pelarization correction
to low momentum transfer photon exchange in Abelian QED. The second term is
special to non-Abelian theories. Since this term couples vup 1o six gluons at order
I/m%, it can lead to a significant heavy quark pair content in the non-valence
wavefunctions of the proton and other light hadrons. (Sce Fig. 3. ) 1 return to

the piienomenolagical consequences of this in later sections,



Figure 3 Heavy quark paic fluctuation in the proton wavefunction due 1o nou-
Abellan trems i the effective heavy quark Lagrangian at order 1/},

Heavy (@ systems such as the T are essentially non-relativistic systems:
(r['i,) ~ 1710, The probability that the kinetic energy of the massive guark is
comparahle ta its mass is of arder " ad < 1073, Tt is thus advantageous Lo choose
A slightly larger than mg in the eflective Lagrangian so that all of the effects
of relativistic motmenta are restricted to the liigher order terts in the effective

Lagrangian. 1o fact, to order (g~} /A2, the effective Lagrangian for heav, quarks

has the form

PR LN R I A AL 7o o

. Ter, A |\ - i
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where one can use free scattering amplitnde caleulations to fix the infrared f-
nite coefficients ¢, to the desired order in perturbation theory. Furthermore, as
shown by Lepage and (';I..‘“\'ﬂ'",ln one can now use the Foldy-Wouthuysen trans-
formation to reduce the Lagrangian to two-component spinor form appropriate
ta heavy quarkonium. The resulting bound state equation is of the Schrodinger
form including relativistic, spin, and anomalous moment corrections in the ef-
fective potential.  An important advantage of this formulation is that one can
systematically expand in powers of both ¢*/m} and K.E./mgq since they are
each always small in the bound state equation.

It should also be noted that the effective Lagrargian methad can also be
applied to heavy mesons gQ where only the heavy quark is non-relativistic, In



this case, the heavy quark acets to leading order in 1/mg as a static source of
a non-Abelian QCD potential analogous to the Coulomb potential in muonium
(e ~u*). Ignoring radiative corrections 1o the light quark, one thus has

I"ﬁ - Mextemd(r) - mq]'ut'Diru(T) =0. (5)

More generally, one can correct the Dirac propagator for the light-quark line
lo include in the Furry picture all of its QUD radiative corrections. as in the
Erickson- Yennie formulation of the Lamb Shift of hydrogenic atoms ! (See Fig.
1)
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Figure 4 Reduction of the twe-particle scatlering amplitude for ¢@ — ¢@Q to
single-time Dirac-Furry propagation in the limit where the heavy quark hecomes in-
finitely massive. The double line (Furry propagatar) represents the light quark propa-
gating to ull orders in the effective {Conlomb-like] stalic patential of the heavy qeark.
The equation of mation for the light quark is an effective Jocal Dirac equation modified
by QCT} radiative currections.

Notice that by using the eflective Lagrangian method, one has efieclively re-
duced the multiple-time Bethe-Salpeter equation formulation of relativistic bound
states to an effective single-time Dirac equation which can be systematically im-
proved order by order in 1/mg. It should be emphasized that one must sum an
infinite number of crossed graph kernels in the Bethe-Salpeter equation in arder
to correctly reproduce the physics of the Dirac equation in a Coulomb field

The effective Lagrangian method allows one to separate high and low mo-
mentum transfer scales for virtually any problem in QCD. In general the physics
of virlual corrections from loop momenta [k%| > 7 is represented by a sum of
gauge invariant terms in the local Lagrangian up to the specified order in 1/ (32.

10
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Because of asymptotic freedom, one can calculate the coefficient functions as a
perturbative series in a,(@’) By choosing 14} appropriately, we can calculate any
high momentum transfer reaction from the expectation value of the 1/Q? term
in the effeclive Lagrangian. There are a number of immediate applications:

o The exclusive decaynof heavy hadrons to light hadrons, such as B — =~
in which the weak transition forces internal monientum transfer of order
Q% = ymy. Here p* ~ AEFS‘“ is a lypical hadronic mass scale in QCD,

e Exclusive scatlering amplitudes such as hadron form factor F (C,?z).3 > These
amplitudes involve internal momentum transfers of order @ = ¢ where cis
set by the average momentum fraction of the valence quarks in the hadron
wavefunctions.

® Structure lunctions at the endpoint r,, — 1. These processes require inter-
nal momentum transfers of order 07 = —12/(1 — 7). {Sce Fig. 5.)

¢ Exclusive decavs of heavy hadrons such as T — pp. Tliese processes involve
quark aunihilation at the momentum scale §? = mj.

¢ Intrinsic heavy quark fluctuations in light hadron wavefunctions, Again

these amplitudes requice virtual momentum exchange at the scale Q° = 'm"'q.

T‘

LB GR11AS

Figure 5 Domunant contribution to lhe prolon struclure function at z,, — |
Each internal prapagator is off shell of order £7 ~ —p? /(1 — z4,).

In these examples, it is easy to verifly that the leading order amplitude M

has the leading power behavior set by the dimensional counting rules:
M = 0]Q*] (6
where n is the total number of photon, lepton, quark, and glwon fields participat-

11



ing in the hard scattering. To this order. quark helicity is conserved which leads
in turn to hadron helicity conservation in hard exclusive QCD pnmceaises.36 In the
case of structure functions, one finds that the leading endpoint behavior {(before

QCD cvolution) has the form®’

Gornlr) ~ (1 - :r)’"-m........dna.\ )

where nypectatars is the number of quarks which must be brought o = = @ and
Al is the difference between the struck quark and parent hadran's helicity.

In each case. the normalization of the leading amplitude is controlled by
the zanvalution of the corresponding term of e effective Lagrangian with the
appropriate bound state hadronic wavefunctions in the low momenlum region

k2| < A°. We will make this more precise in the next section.

LIGHT-CONE WAVEFUNCTIONS ™

As was first emphasized by Dirar ™ in 1944, there are many advantages if
one quantizes field theories at a fixed time 7 = ¢t + =fc on the light cone rather
than at ordinary time £. The primary reason is that boust operators are kine-
mzlical rather than dynamical, so that solutions 1o the bound stale problem are
automatically obtained for any Lorentz frame. In contrast, in equal-time quan-
tization. calculating the boosted wavelunclion is as complicated as diagonalizing

the Hamiltonian itself.

In light-cane quantization. a free particle is specified by its four momentum
k¥ = (k*. k™, kg ) where k% = k9 £ k3. Since the particle is on its mass shell and
has positive energy, its light-cone energy is also positive: k7 = (k3 +m?)/k* > 0.
In perturbation theory, transverse momentum 3 k; and the plus mamentum
Y k* are conserved at each vertex. One can construct a complete basis of frec
Fock states (eigenstates of the free light-cone Hamiltonian) |n) (n] = I in the

usual way by applyving products of free ficld creation operatars to the vacuum

12



state |0) :
10}
97 : kM) = bH(k A1) df (ke 02) [0)

8
laig ¢ Eb) = Bk M) dt (g dz) ot (ks ) 10) ()

where 81, d' and a' creatc bare quarks, antiquarks and gluons having three-
momenta &, and helicities A,. Of course these “Fock states” are generally not
eigenstates of the full Hamiltonian Hrc. However the zero.particle state is the
only onc with zera total P*, since all quanta must have positive k*, and thus
this state cannot mix with the other states in the basis. The free vacuum is thus
an exact eigenstate of Hyc.
The restriction k* > 0 is a key difference between light-cone quantization
and ordinary equal-time quantization. In equal-time quantization, the state of
" a parton is specified by its ordinary three-momentum k= (&', k%, k). Since
each component of F can be either positive or negalive, it is casy to make zero-
momentu Fock states that contain particles, and these will mix with the zero-
particle state Lo build up the ground state. In light-cone quantization each of
the particles furming a zcro-momentum state must have vanishingly small k+.
Such a configuration represents a point of measure zero in the phase space, and
therefore such states can usually be neglected. Actually some care must be taken
here since there are operators in Lhe theory that are singular at kt = 0--e.g.
the kinetic cnergy (rj + M*)/k*. In certain circumstances, states containing
k* — 0 quanta can significantly alter the ground state of the theory. One such
circumstance is when there is spontanecus symmetry breaking. Note also that
the space of states that play a role in the vacuum structure is much smaller for
light-cone quantization than for equal-time quantization; the state of each partan
is specified by a two-momentum rather than a three-momentum since &+ = D.
This suggests that vacuum structure may be far simpler 1o analyze using the

light-cone formulation,
The light-cone Fock states form a very useful basis for studying the physical
= ..
states of the theory. For example, a pion with momentum P = (P*, PL) is

11



described by state

|r: P) = E/H'j‘_":::; n::.P+.x.*ﬁ'J_+ic'J_.'.A.> Ynge(n kL M) (9)

where the sum is over all Fock states and helicities, and where

[Ies=[[ine[1- 3=,
' ' ]

(10)

ﬁdﬂi;l, = [[ k16262 [ 3Ky,
1 ] J

The wavefunction ¥, /. r.k L1 Ay) is the amplitude for finding partons with mo-
menia (J'.P'*..'.'.T"J_ 4 k3,) in the pion. 1t does nol depend upon the pion’s mo-
mentum. This special feature of light-cone wavefunctions is not surprising since
z, is the longitudinal momentum fraction carried by the i*-parton (0 € 7, < 1).
and E_L. is its momentum “transverse” o the direction of the meson. Both of
these are frame independent guantities. The ability to specily wavefunctions
sinultancously in any frame is a special feature of light-cone quantization.

In the light-cone Hamiltonian approach. one chooses the light-cone gauge.
7-A =A% = 0, for the gluon field. The use of this gauge results in well known
simplifications in the perturbative analysis of light-cone dominated processes such
as high-momentum hadronic form factors. Furthermore it is indispensable if one
desires a simple, intuitive Fock-state basis since there arc neither negative-norm
gauge boson states nor ghost states in A* = 0 gauge. Thus cach term in the

narmalization condition
drd*k - .
fl-I 1‘6 a.L‘ ld'n/r(a-"kl"'\‘)l- =] (1])
n »\.

is positive.

14



Light-Cone Bound-State Equations

Any hadron state, such as |n) for the pion, must be an eigenstate of the
light-cone Hamiltonian. Consequently, when working in the frame where P, =
(P*.Py) =(1.05) and Py = MZ, the state |r} satisfies an equation

(M2 - Hic)ir) = 0. (12)

Projecting this onto the various Fock states (93|, (¢G¢]... resulls in an infinite

number of coupled inlegral cigenvalue equations,

o “ #'gﬁjr
kT, + m*
(M: - z _'L'—I'—"_') LT
. :
) | (13)
(931 V 1eg)  {qq(VIeFg) -7 [ Yeurr
= | {¢9al V' l¢7) {qqoiV lggq) | [ Yoiurr

where V' is the interaction part of ¢ Diagrammatically, 1" involves completely
irreducible interactions —f.e. diagrams having no internal propagalors—coupling

Fock states. {See Fig. 6.)

D[S o] [T =
== |5

Figure 6 Coupled eigenvalue equations for the light-cone wavefunelions of & pion.

These equations determine the hadronic spectrum and wavefunctions. Al-
though the potential is essentially trivial, the many channels required to describe
a hadronic statc make Lhese equations very difficull to solve, Nevertheless, it is
possible to find solutions numerically by diagonalizing the light-cone Hamiltonian
in a discrete basis of Fock states obtained by imposing periodic boundary condi-

0 N . .
tions” 1 return to an application of this approach to heavy quarks in the next

seclion.

15



In principle the hadronic wavefunctions determine all properties of a hadron.
The general rule for calculating an amplitude mvolwng wavefunction $&, de-
scribing Fock state n in a hadron with P = (P*, P L), has the form (see Fig.

7)

¥y daidky, - B L F
> /1 s e Fu ) IR PR o)
t

where Ti%) is the irreducible scattering amplitude in LCPTh with the hadron
replaced by Fock state n. If only the valence wavefunction is to be used, T.SM 15
irreducible with respect to the valence Fock state anly; e.g. T.iM for a pion has
no gq intermediate states. Otherwise contributions from all Fock states must be

summed, and T3 is completely irreducible.

.
* 1
[
{2}

| Tag +
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Y - '&. 1-x , BB 1AX

Figore 7 Caleolation of hadronic amplitudes in the light-cone Tock formalism

The leptonic decay of the =2 is one of the simplest processes 1o compute since

it involves only the 9§ Fock state. The sole contribution to =~ decay is from

(01t (d — 1) |77 ) = —v2PH§,

.!‘dnk_l_ (A ‘/_ U]
= [ St e 0 STt ) 2k 4 (1)
(15)
where n. = 3 1s the number of colors, fy = 93 MeV, and where only the L. =

S; = 0 component of the general g7 wavefunction contributes. Thus we have

drd’kl (A) r
_/lﬁrr’ Vg (3-ke) = 23

This resuit must be independent of the cutofl A provided A is large compared

(16)
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with typical hadronic scales. This equalion is an important constraint upon
the normalization of Lthe dii wavefunction, [t also shows that there is a finite
probability for finding a *~ in a pure du Fock state.

Hadronic Structure Functions and Light-Cone Wavefunctions

[n the Bjorken scaling limit, deep inelastic lepton scattering occurs if z,
matches the light-cone fraction of the struck quark. Thus the structure functions
ran be immediately related to the light-cone probability distributions:

20 F](I,Q) = i;;“—q—) == z Ez Galp('r' Q) (17)

where

dr,d*k L, - 7
Gplr-Q) =) f II e e e L A Y b - 2)  (18)

n.A, b=a

is the number density of partons of type a with longitudinal momentum fraction
rin the proton. (The §_, is over all partons of Lype a in Fock state n.) However,
the light cone wavelunclions contain much more information for the final state
of deep inelastic scattering, including multiparticle distributions, spin and flavor

correlations. and the spectator jet composition.

Hadronic Form Factors

The electromagnetic form factor of a pion is defined by the relation
(m: P'| Stz : Py = AP + PV F(~(P' = PF) (19)

where J&m is the electromagnetic current aperator for the quarks. The form factor
is easily expressed in terms of the pion's Fack-slate wavefunctions by examining
the g = + component of this equation in a frame where P = (1,0) and £' =
(1.§)) and §7 = Q@ = —g? Then the spinor algebra is trivial since a(k)yytu(l) =
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2vk+1+, and the form faclor is just a sum of overlap integrals analogous to the

nonrelativistic formula:m (See Fig. 8.)

FIH)=Y) ¢ j 1'["‘""‘*' WM 2 T M) (2, B M) (20)

3
Y 16w
Here ¢, is the charge of the struck quark, A? 3 ¢}, and

- By, — 2,50 + ¢, for the struck quark
lLh=4q. (21)
ki, — 2§ for all other partons.

Notice that the transverse momenta appearing as arguments of the first wave-
function correspond not to the actual momenta carried by the partons but to
the actual momenta minus z,4,, to account for the motion of the final hadron.
Notice also that [ and &; become equal as §, — 0, and that Fy — 1 in this
limit due to wavefunction normalization. The various form factors of hadrons

with spin are found by choosing initial and final hadron and helicities."

1 q’--Qz
!.Fld- (1-x) E‘
xk;
- %‘. W, v,
A
rd
p p+q
4.9t wWim7T

Figure B. Calculation of the form factor of a bound state from the convolution of
light cone Fock amplitudes. The result is exact if one sums aver all .

Let us now consider the meson form factor at high momentum transfer Q2.
If the internal momentum transfer exceeds the Lagrangian cut-off A then the
Drell-Yan convolution of bound state wavefunctions computed from £y does not
contribute to Fje(Q?). In this case the leading contribution is computed from the
effective Lagrangian term of order 1/Q2. Generally one finds that the amplitudes
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for hadron form factors can be written in a factorized form as a convolution
of quark distribution amplitudes ¢(z;, @), one for each hadron involved in the
amplitude, with a hard-scattering amplitude Ty 242 The pion's electromagnetic

form factor, for example, can be written as ™%

F.(Q% = ,-;.f:rfldy Sy Q) Th(z, ¥, Q) da(z,Q) (1 +0(é)) - {22)
D

[—2

Here Ty is the scattering amplitude for the form factor but with the pions replaced
by collinear ¢g pairs—i.¢. the pions are replaced by their valence partons. We
can also regard Ty as the free particle matrix element of the order 1/Q? term in
the effective Lagrangian for 4°¢g — ¢7.

The process-independent distribution amplitudezu ¢x(7.Q) is the probability

amplitude for finding the ¢7 pair in the pion with ry = rand 5z =1 -1

oule.@) = [ T4 PEL 4D (2 7y (23)

1673 - awl

- d:7 wapd o7 Q)
-t [ (017 e e

i T ==

The k, integration in Eq. (23) is cut off by the ultraviolet cutoflf A = @ implicit
in the wavelunction; thus only Fock states with energies |€] < Q2 contribute,

[t is important to note that the distribution amplitude is gauge invariant. In
gauges other than lkight-cone gauge. a path-ordered “string operator”
Pexp(f“1 dsig A(sz) + 1) must be included between the ¥ and . The line in-
tegral vanishes in light-cone gauge because A-z2 = A%:7 /2 = 0 and so the factor
can be omitted in that gauge. This (non-perturbative) definition of ¢ uniquely
fixes the definition of Ty which must itselfl then be gauge invariant.
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Is PQCD Factorization Applicable to Exclusive Processes?

QOue of the concerns in the derivation of the PQCD results for exclusive am-
plitudes is whether the momenturn transfer carried by the exchanged gluons in
the hard scattering amplitude Ty is sufficiently large to allow a safe applica-
tion of perlurbation theory®®  The problem appears 1o be especially serious if
one assumes a form for the hadron distribution amplitudes ¢4 (z;, @%) which has
strong support at the endpoints, as in the QCD sum rule model forms suggested
by Chernyak and Zhitnitskii'”

This problem has now been clarified by two groups: Gari «cf al®® i the
case of baryon form factors, and Mankiewicz and Szczepaniack:‘ " for the case
of meson form factors. Each of these authors has pointed out that the assumed
non-perturhative input for the distribution amplitudes must vanish strongly in
the endpoint region: otherwise, there is a double counting prablem for momentum
transfers occurring in the hard scattering amplitude and the distribution ampli-
tudes. Once one enforces this constraint. {¢.g. by using exponentially suppressed
wavefuncliousu) on the basis functions used to represent the QCI) moments, or
uses a sufficient number of polynamial basis functions, the resulting distribution
amplitudes do not allow significant contribulion to the high @* form factors 1o
come from sofl gluon exchange region. The comparison of the PQCD predictions
with experiment thus becomes phenomenologically and analytically consistent.
The analysis of exclusive reactions outlined in these lectures based on the effec-
tive Lagrangian method is also consistent with this approach. In addition, as
discussed by Botts!® potentially soft contributions to large angle hadron-hadron
scattering reactions from Landshoff pinch rontributions ¥ are st rongly suppressed
by Sudakov form factor eflects.

There also has been important progress testing PQCD experimentally using
measurements of the p — N* form factors. In a recent new analysis of existing
SLAC data. Stoler™” has obtained measurements of several transition form factors
of the proton to resonances at W = 1232, 1535. and 1680 Mel” As is the case
of the elastic proton form factor, the observed behavior of the transition form
factors to the N*(1535) and N*(1680) are each consistent with the @~ fall-off
and dipole scaling predicted by PQCD and hadron helicity conservation over the
measured range 1 < Q* < 21 GeV'2. In contrast, the p — A{1232) form factor
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decreases faster than 1/Q* suggesting that non-leading processes are dominant
in this case. Remarkably, this pattern of scaling behavior is what is expecied
from PQCD and the QCD sum rule a.nalyses;' 5 since, unlike the case of the
proton and ils olher resonances, the distribution amplitude ¢y-(z1,72,23.Q) of
the A is predicted 1o be nearly symmetric in the z;, and as first discussed by
Carlson and Poac™ a symmetric distribution leads to a sirong cancellation of
the leading helicity-conserving terms in the matrix elements of the hard scattering
amplitude for g9¢ = 1°¢gg. These successes of the PQCD approach, together
with the evidence for color transparency in quasi-elastic pp scatiering gives strong
support for the validity of PQCD factorization for exclusive processes at moderate
momentum transfer. It seems difficult to understand this pattern of form factor

behaviar if it is due to simple convolutions of soft wavefunctions,

’v,r Y
—(AE

ey
R

() b, 1A ol

wslhg' {x, E.l' T:‘;" Y
. lkal < A2 Jk"" > A2 -y

Figure & Fartorization of perturhative and non-perturhative contributions 1o the
decay 0. — 9. The matrix element Ty {cE — 1) is caiculated from the heavy quark
effective Lagrangian with A? ~ m},.

LIGHT-CONE QUANTIZATION AND HEAVY PARTICLE DECAYS

We can now apply the PQCD formalism outlined above for large momentum
transfer exclusive processes to heavy quark decays. For example for the decay
ne — 71 we can choose the Lagrangian cutoff A? ~ m?. To leading order in
1/m, ali of the bound state physics and virtual loop corrections are contained
in the ¢ Fock wavefunction vy, (zy, k1i). The hard scattering matrix element of
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the effective Lagrangian coupling ¢ — 49 contains all of the higher corrections
in a,(A?) from virtual mementa {4?| > A?, Thus

1
Mnc— v = [y [ e e, ba) T e = 1)
0
(25)

1
= /d:r o, A) T},M(CE — 7]
a
where ¢(x, A®) is the g, distribution amplitude. This factorization and separation

of scales is shown in Fig. 9. Since the 7, is quite non-relativistic, its distribution

amplitude is peaked at r = 1/2 and its essentially equivalent Lo the wavefunction

at the origin (7 = a).
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Fignee 10 Calculation of J/v — pp in PQCD.

One of the most interesting examples of quarkonium decay in PQCD is the
annihilation of the J/v" into baryon pairs. The calculation involves the convo-
lution of the hard annihilation amplitude Ty (et — gg9 — uuduud) with the
J/v, baryon, and anti-baryon distribution amplil»udes.2 045 {See Fig. 10. ) The
magnitude of the compuled decay amplitude for ¢+ — Pp is consistent with ex-
perimeni assuming the proton distribution amplitude computed from QCD sum
rules®® The angular distribution of the proton in ete™ — J/¥ — pji is consistent
with hadron helicity conservation; i.e. opposite proton and anti-proton helicity.

The effective Lagrangian method has boen used by Lepage, Caswell. and
Thacker'® to systematically compute the order a,(@) corrections to the hadronic
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and photon decays of quarkonium. The scale & can then be set by incorporating
vacuum polarization corrections into the running coupling constant!” A complete
suramary of the results can be found in Ref. 52,

Annihilation of Quarkonium to Exclusive Channels

One of the autstanding puzzles in charmonium physics is why the J/y decays
with a large branching ratio into vector plus pseudoscalar mesons: BR(J/v —
pr) = (125 0.10) x 10~2, and BR(J/» — K"K} = (3.840.7) x 10~?, whereas
RR{v' — pr) < 8.3 % 107% and BR(v' — K*K) < 1.78 x 1073, PQCD predicis
a strong suppression into such channels since they necessarily violate hadron
helicity conservation”®  The appears to respect this theorem. However, the
pseudo-scalar vector decays of Lhe J/u are highly anomalous if they arise {from
short-distance decay subprocesses in QCD.

The puzzle would be solved™ if there exists a JPC = 1-- gluonium statr
with mass sufliciently close to the J/v (but not to the ¢'}) to affect its hadronie
decavs

However, that is not the only puzzie. The branching rat! - for the decay
of the . inte two vector mesons {pp. h*R . 6¢) and also pf are not small even
though they are all first-order forbidden by hadran helicity conservation in PQCL.
JTweever, as pointed ont by Anselmino, Genovese. and Predazzi®' these decays
would he affected hy the presence of a tri-zZluomum pseudoscalar state with a mass
clase (within 60 MeV) to the 5. It is in fact plausible tha. 1=~ gluonium
state 1s found near the J/e, that a 0~ gluonium sate will also be found naar
the 5, The test of this explanation is that the more massive quarkonium states

obey the hadran helicity conservation selection rules.

Exclusive Weak Decays of Heavy Hadrons

An important application of the PQCD effective Lagrangian formalism is to
the exelusive decayvs of heavy hadrons te iight hadrons, such as BY — w*n-,
K.k~ Toa good approximation, the decay amplitude M= {(B{Hw|r*r")

35 raused by the transilion b — WtE thus
M = [ephGr/V2 (v~ || B®) (26)
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where J, is the 3 — 1 weak current. The problem is then 1o recouple the spectator
d quark and the other gluon and possible quark pairs in each B? Fock state to
the corresponding Fock state of the fina! state #=. (See Fig. 11. ) The kinematic
constraint that (pg — pe)® = m? then demands that at least one quark line is far
off shell: p2 = (ypg —pe)? ~ —umpg ~ —1.5 Gel’2, where we have noted that the
light quark takes only a fraction (1 —y) ~ (k3 + m3)/my of the heavy meson’s
mamentum since all of the valence quarks must have nearly equal velocity in a
bound state. In view of the successiul appnlit'.iﬂ.ion.'l‘-mI of PQCD factorization to
form factors at momentum transfers in the few Gel'” range, it is reasonable 1o
assume that (|p§|) is sufficiently large compared Lo A%ﬁ that we can begin to
apply percurbative QCI methods.

“ (b) "o

Figure 11 Calculation af the weak docay & — w7 in the PQCU forinalism of Ref.
21. The gluon exchange kernet of the hadron wavefunction is exposed where hard
momentum transler is required.

The analysis of the exclusive weak decay amplitude can now be carried out
in parallel to the PQCD analysis of electroweak form factors © a large Q2. The
first step is to iterate the wavelunction equations of mation so that the large
momentum 1ransfer through the gluon exchange potential is exposed. The heavy
quark decay amplitude can then be writlen as a convolution of the hard scattering
amplitude for Q§ — W*¥¢§ convoluted with the B and = distribution amplitudes.
The minimum number valence Fock state of each hadron gives the leading power

law contrilution. Equivalently, we can choose Lthe cut-off scale in the effective
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Lagrangian A? < ump so that the hard scattering amplitude Tu(Qq — Wy
must be computed from the matrix elements of the order 1/A* terms in 6L, Thus
Ty contains all perturbative virtual loop corrections of order a,{A®). The result

is the lactorized form:

1 1
M(B — rx) = jdrfdw»(y.ﬁ)?‘utﬁw(r./\) (27)
1} {1

which is rigorously correct up to terms of arder 1/A%. All of the non-perturbative
corrections with momenta (k| < A? are summed in the distribution amplitudes,

In order to make an estimate of the size of the B — w7 amplitude we shall

take the simplest possible forms for the required wavefunctions
xly) x 15 u(l — y) (25)

for the pion and
wlfp + maglrl (29)

! 2 =
[] -T T (lf-r]

oa(r) x

for the B, each normalized to its meson decay constant. The above form for
the heavy quark distribution amplitude is chosen so that the wavefunction peaks
al equal velocity; this is consistent with the phenemenological forms used to
describe heavy quark fragmentation into heavy hadrons. We estimate ¢ ~ 0.05
to 0.10. The functional dependence of the mass term g(r} is unknown: however,
it should be reasonable to take g(x) ~ 1 which is correct in the weak binding

approximation.

Ouc now can compute the leading order PQCD decay amplitude

MB® 1 x) = Bz Vo P (V41 B) (30
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where

i 1—t
-y B’TOJ[QZ)
(rm V1 B% = — == fdr | dy¢p(z)exly)
[/

N TrPe- w1 F17v* (P + Mpolz))ry) (31)
KB

+ TelPe-157"(F2 + Mg)r"(Po + Mpa(x)) 157
- M31Q°

Numerically, this gives the branching ratio
BR(I" — z¥57) ~ 107 %N (32)

where £ = 10|V33/V,y| is probably less than unity, and N has strong dependence
on the valueof g: N = 180 for g = | and N = 5.8 for ¢ = 1/2. The preseni

experimental limit® is
BR(B" - ztr ) <3 x 1074, (33)

A similar PQCD analysis can be applied to other two-body decays of the B:
the ratios of the widths will not be so sensitive to the form of the distribution
amplitude, allowing tests of the flavor symmetries of the weak interaction.

LEADING TWIST QCD PREDICTIONS FOR HEAVY QUARK
PRODUCTION

We now turn to one of the most important applications of QCD to collider
physics - the production of heavy quarks.“ It is well known that the dominant
QCD contributions to heavy quark productiion in hadronic collisions is computed
from the sum of leading twist gg and ¢7 fusion subprocess cross sections.® The
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resulting hadronic cross section obeys QCD factorization:

dd'( HA H“f. —'Q.\’) _ Z

dip/E
)
{34)

- _
x [ drids, Tealis2a 227828 G0, 1 )Goten, )
It seems remarkable that the same structure functions that appear here also
apprar in deep inelastic lepton scatiering even in the rase of heavy ion collisions,
since intuitively one would expecl strong initial state distortions of the nuclrar
steneture functions.  In fact such initial state interactions will not affect the
inclusive cross section if the target length conditions E, > p*Lp and Ey > pL4
are satisfied, where Ey is the energy of parton « in the rest frame of targel B and
#* is a characteristic QCTV mass scale’® At such high cuergies. coherence occurs
hetween Glauber seattering on diffecent target centers, and there is insuflicient
time for the parton to have an inelastic reaction which can change its mass by as
mmeh as g°. Below this scale, normal atienuation ocenrs. However initial stale
interactions will alwavs lead to an excess of central region multiplicity and an
inerease of the heavy quark pair transverse momentum. However, if the target
length conditions are satistied, this is a unitary effect which daes not effect the
total integrated heavy gquark praduction rate. Proofs that this factorization is
valid to all orders in pectucbation theory to leading order in l/mf;, have heen
outhined by Collins, Soper, and Sterman’ and by Bodwin® A recent analysis
by Qiu and Sterman™  shows that the factorization of structure functions and
subprocess cross sections is even valid to next to leading order in llm"'Q,

The calenlation of the next to leading order in a,(@"’) corrections to this
result s highly non-trivial. The main results are given in Rels. 63 and 61.
At essential point 18 that very large corrections from 2 — 3 suliprocesses crass
sections such as g — QQg contribute to this arder reflecting the importance of
having a spin-one gluon in the {=channel. In fact the gluon exchange subpro-
cesses actnally dominate the leading order 2 — 2 annihilation subprocesses in the
forward dicection and at ryras mzq.

1 have indicated in the QCD factorized formula that three high momentum

scales thust be determined: the value of @ in the perturbative expansion of the
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subprocess cross section and the values of E?;,éz which set the QCD evelution
scale of each structure function. However, it is not universally agreed on how or
even whether one should try to set these scales in the lowest order predictions.
In my view there is no such ambiguity: Lepage, Mackenzie, and 1" have ad-
vocated a procedure called “automatic scale fixing.” Once one chooses a definile
renormalization scheme to define and normalize the running coupling constant,
one can set cach scale § by requiring that the form of the prediclions has no
explicit dependence on the number of light fermion pairs: i.e. that the effects
of fermion pair factorization are all correctly summed in the running roupling
constant. This procedure is equivalent 1o the standard procedure used in QED.

In addition to these leading twist contributions to heavy quark production,
we will also need to ronsider higher twist (power-law suppressed in 1 /m;";,) con-
tributions which arise from the heavy quark content of the hadron wavefunctions

themselves. The analysis and effect of such components is discussed in the next

seclions.

THE HEAVY QUARK CONTENT OF NUCLEONS

One of the most intriguing unknowns in nucleon structure is the strange
and ctiarm quark structure of the nucleon wavefunction® The EMC spin crisis
measurements indicate a significant s¥ content of the protan. with the strange
guark spin strongly anti-correlated with the proton spin. Just as siriking. the
EMC measurements™ of the charm structure function of the Fe nucleus at large
zp; ~ 0.4 appear to be considerably larger than that predicted by the conventional
photon-gluon fusion model, indicating an anomalous charm content of the nucleon
at large values of r. The probability of intrinsic charm has been estimated® 1o
be 0.3%.

As emphasized in the previaus sections, the physical content of a hadron in
terms of its quark and gluon constituents can be represented by its light-cone
wavelunclions ¥n{T, pi A), which are given by thr projectien of the hadron
wavefunction on the complete set of Fock states defined at fixed light-cone time
r=14+ :/c.n Here xy = (E, + ppa)J(E + pi). with 3° 2, = 1, is the fractional
(light-cone) momentumn carried by parton i. The determination of the light-cone
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wavefunctions tequires diagonalizing Lhe light-cone Hamiliorian on the free Fork
basis. This in fact has been done for QCD in one-space and one time dimension
using a momentuin space method of discretization called discretized light-cone
quanlization ( DLCQ).*  Efforts are now proceeding Lo solve the much more
complex problem in 341 dimensions. E 'en without explicit solutions, a greal
deal of information can bhe obtained at high k; or the end-point z ~ ] region
using perturbative QCD since the quark and gluon propagators become far ofl-
shell. In particular one can obtain dimensional and spectator counting rules whicl
determine the end-point behavior of structure funclions. etc.

One of the mast suecessfu) applications of the DLCQ methed has been to
QCD in oenc-space and one time dimensions. Complete numerical solutions have
hren obtained for the meson and baryon spectra as well as their respective light
cone Fock state wavefunctions for general values of the coupling constant., quark

masses, and color.

In Fig. 12 [ show receat results obtained by Hornbostel®™ for the structure
functions of the lowest mass meson in QCD(1+1) wavelunctions for N, = 3 and
two quark favors. As seen in the Rgure, the heavy quark distribution arising from
the 9GQQ Fuck component has a two-hump character. The second maximum is
expected since the constituents in a bound state tend 1o have equal velocities.
The result is insensitive to the value of the Q° of the deep inelastic probe. Thus
imtrinsic charm is a feature of exact solutions ta QCD(1+1). Note that the
integrated probability for the Fock states containing hicavy quarks falls nominally
as gﬁjm"q in this super-renormalizable theory, compared to ngmé dependence
expected in renormalizable theories.

In the case of QCD(3+1). we also expect a Lwo romponent structure for heavy
quark structure functions of the light hadrons. The low rr enhancement reflects
the fact that the gluon-splitting matrix elements of heavy quark production favor
low r. On the other hand, the QQg7 wavelunction also favors equal velocity of the
constituents in order to minimize the ofl-shell light-cone energy and the invariant
mass of the Fock state constituenis. In addition, the non-Abelian eflective La-
grangian analysis discussed abave allows a heavy quark Auctuation in the bound

sate wavefunction to draw momentum from all of the hadron's valence quarks
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at order l/m‘f",. This implies a significant contribution to heavy quark structure

functions at medinm to large momentum fraction r. The EMC measurements of
: o 66

the charm structure function of the nucleon appear to support this piclure.
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Figure 12 The heavy quark structure function @(2) = Ggyami{r) of the lightest
meson in QCN(1+1} with X, = 3 and g/my = 10. Two flavers are assumed with
(a) mg/m, = 1.001 and (b) mg/m, = & The curves ate normalized lo unit area
The probahility of the ggQ state is 0.56 x 16=2 and 0.11 x 10~ respectively The
DLCQ method for diagonalizing the light-rane Hamiltonian is used with anti-periodie
boundary cond:tions. The harmonic resolution is taken at A = 10/2. (From Rel. 67 )

It is thus useful to distinguish cxtrinsic and intrinsic contributions to struc-
ture funciions. The extrinsic contributions are associated with the substructure
of a single quark and gluon of the hadran. Such contributions lead to the logarith
mic evolution of the structure functions and depend on the mamentum transfer
scale of the probe. The inirinsic contributions invalve at least twa canstituents
and are associated with the bound state dynamics independent of the probe.
(See Fig. 13.} The intrinsic gluon distribulions are closely related 1o the re.
tarded mass-dependent part of the bound-siaie potential of the valence quarks,
A rather complete model for the intrinsic gluon distribution of the proton includ-
ing helicity correlations that salisfies known constraints is given in Ref. G8.

It is also important to distinguish extrinsic and intrinsic contributions to the
sea quark distributions. For example, the extrinsic contributions to the chann
quark sca only depends logarithmically on the charm quark mass at Q? » m?.
The intriusic contributions are suppressed by two or morc inverse powers of the
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Figure 1 Mlustratians of {&) extringic (leading twist) and (b) intrinsic (higher
twist Op? fen)) QCU contributions to the charm structure function of the protan
G.jpir) The magnilude of the intrinsic contribution is controlled by the multi-gluon
correlation paramieler g 1n the proton wavefunction The intrinsic contribution donu-
nates (7,070 at large ¢

heavy quark mass. Nevertheless, these contributions can still be importani and
dominate in certain kinematic regions, particularly large 7. The intrinsic contri-
hutions have a number of remarkable properties which we return to below.

1 is well-known that the light-cone Fock state expansio., is physically equiv-
alent to the ardinary equal time deseription of a hadron moving at large momen.
tum £ For example, to deseribe ep scattering in the CM or HERA colliding beam

cotfiguration we consider the equal time Fock expansion of the praton in QCD,
i = uudy + |uudg) + ... + |uudQ§) + ... (35)

where g() refers 1o a light (heavy ) quark and g to a gluon. At high energits. mast
scatlering processes in electroproduction only involve states of the protan that
were furtied long before the collision takes place. The individual Fock components
“lifetimies™ At (hefore mixing with other components) which can be estimated
from the uncertainty relation AEA? ~ 1. At large hadron energies E the energy
difference becomes small.
2
AF = b (m? - Y TP (36)

2F - T,

Fock components for which 1/AE is larger than the interaction time have thus
formed hefore the scattering and can be regarded as independent constitucnis
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of the incoming wavefunction. At high energies only collisions with momentum
transfers commensurate with the center of mass energy, such as deep inelastic
lepton scattering (@* ~ 2mv) and jet production with pr ~ O(E.m) produce
states with lifetimes as short as the scattering time.

The above arguments show that a typical scattering process is essentially
determined by the mixture of incoming Fock states, t.r. by Lthe wavefunctions of
the scattering particles. This is 1rue even for collisions with very heavy quarks
or with particles having very large py in the final state, provided only that the
momentum transferred in the collision is small compared 10 E.m. The cross
sections for such collisions are thus determined by the probability of finding the
corresponding Fock states in the beam or Larget particle wavelunctions; ¢f. Eq.
(35). An example of this is provided by the Bethe-Heitler process of ¢te™ pair
production in QED. A high encsgy photan can materialize in the Coulomb field
of a nucleus into an ¢*¢~ pair through 1he exchange of a very solt photon. The
creation of the massive ¢* ¢~ pair occurs long before the collision and is associated
with the wave function of the photon. The collision pracess itself is soft and does
not significantly change the moment um distribution of the pair. Similarly, heavy
quark production in hadron collisions or electroproduction at any Q7 at high
energics {Eem 3> mq) is governed by the hard (far off energy-shell) components

of the hadronir wavefunction.

THE STRUCTURE OF INTRINSICALLY-HARD STATES'*

The leading extrinsic contribution to is ene gluon splitiing into a heavy quark
pair, G — QQ (Fig. 13(a)). We call this contribution extrinsic since it is inde-
pendent of the hadron wavelunrtion. except for its gluon content. The extrinsic
heavy quarks are, in a sense, “copstituents of the gluon™. The extrinsic heavy
quark wave function has the form

YIS (70) = Ta ThiG — QQ) g (37)

1

The square of the gluon amplitude I'¢ gives the ordinary gluon structure function
of the hadron. The gluon splitting amplitude 7y is of order 1/n,(m5 + pzrq).
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and AF is the energy difference (36). The integral of the extrinsic probability
[grenemnme (2 gyer p"',-q for prq $ O(mgq) brings a factor of mg. Hence we sec
that the probability of finding extrinsic heavy quarks {or large pr) in a hadronic
wavefunction is only logarithmieally dependent on the quark mass {or pr). The
production cross section of the Q@ pair is still damped by a factor I/mzo. this
being the approximate transverse area of the pair.

Intrinsic heavy quark Fock states'" arise from the spatial overlap of light
partons. A lypical diagrams is shown in Fig. 13(b) . The transverse distance
between the participating light partons must be < O(1/mg) for them ta be able
to produce the heavy quarks. The wave function of the intrinsic Fock state has

the general structure
- - 1
‘l'llllﬂflﬁll‘ -_ - {7 — , 3 o
l9gQQ} =Ty Tytij = QQ) zxp (38

Here Ty, is the two-parlon wavefunction, which has a dimension given by the
inverse hadron radius, T(17 — Q@) is the amplitude for two {or. more generally.
several) light partons 1. 1o create the heavy quarks, and AE is the energy
difference (6} hetween the heavy quark Fock state and the hadron. A sum
over differenl processes, and over the momenta of the light partons, is implied in
(38). In renormalizahie theories such as QCD, the amplitude Ty is dimensionless.
Hence, up to logarithms, the probability |WiMrinsic|2 for intrinsic heavy quarks is
of O(1/m}) (after the pi integration). This is smaller by I/m’Q as compared to
the probability (17) far exirinsic heavy quarks.u'ﬁg as is true of higher twist. The
relative suppression is due 1o the reqniremenl that the two light partons be at a
distance $ 1/mg of each other in the intrinsic contribution, It is easy to see that
the intrinsic contributions of a given order in the inverse quark mass correspond
1o the matrix elements of the heavy quark effective Lagrangian.

In rontrast to the extrinsic contribution (3), which depends vnly on the inclu-
sive single gluon distribution. an evaluation of the intrinsic Fock state (4) requires
a knowledge of multiparton distributions amplitudes. In particular, we need also
the distribution in transverse distance between the partons. Our relative igno-
rance of the multiparton amplitudes Ty, for hadrons makes it difficult to reliably
calculate the magnitude of the intrinsic heavy quark prabability. We can, how-
ever. cstimate ' the distribution of intrinsic quarks [rom the gize of the energy
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denaminator AE, as given by (36). It is clear that those Fock states whick mini-
mize AE, and hence have the longest lifetimes, also have the largest probabilitics.

In fact, taking
lq,il".filll‘ll.‘ IZ ~ ]/(AI‘.‘)'E . (39)

one finds that the maximum is reached for

Ve +
Ty = (40)
ZI V "'3 + P%,

implying equal (longitudinal) velocities for all partons. The rule (39) has been
found to successfully describe the hadronization of heavy qua.rks.w'"

Using the probability (39). we see from (40) that partons with the largest mass
or transverse momentum carry mosl of the longitudinal momentum. This has
lang been one of the hallmarks of .ntrinsic charm. We also note that the intrinsic
heavy quark siates have a larger transverse size than the exirinsic ones, although
hoth tend to be small, of O(1 /m% ). The extrinsic heavy quarks are produced by
a single (pointlike) ghion, (Fig. 14(a)) whereas the intrinsic mechanism is more
peripheral {Fig. 14(b})). This means that rescattering and absorpticn effects
for intrinsic states produced on heavy nuclei will be relatively more significant.
compared to that for extrinsic states. In addition to the heavy quarks Q, such
rescattering may affect the light partons involved in the intrinsic state. These
tight quarks tend 1o be separaied by a larger transverse distance than the heavy
guarks, further enhancing the rescattering.

Consider now the formation of intrinsic heavy guark states in nuclear wave
functions. At high energies, partons from different nucleons can overlap, pro-
vided only that their transverse separation is small. Thus the parions which
create intrinsic heavy quarks can come from two nucleons which are separated by
a longitudinal distance in the nucleus. It is reasonable to assume that partons be-
longing to different nucleons are uncorrelated, i.c. that the two-parton amplitude
T'i; in Eq. {38) is proportional to the product [T, of single parton amplitudes.
Hence the amount of intrinsic charm in nuclei may possibly be more reliably cal-
culated than for hadrons. The probability for inlrinsic charm will increase with
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Figure 14 QCD mechamsms for charmonium production (a) Conventional gluon-
gluon fusion mechanism (b) Ilustration of intrinsic charm contribution 1o pp — J/v-X
due to the “diffractive™ excitation of the intrinsic heavy quark Fock state. Notice thal
the interaction 15 with a perrpheral light quark of the projectile. (c) Ilustration of
intrinsic charm contribution to ep — ¢'J/vX due 10 the "Coulomb” excilation of the
intrinsic heavy quark Fock state Notice that the interaction of the soft pholon s with
a peripheral light quark of the projert)le

the nuclear path length as 4°/3. Morcover. the total longitudinal momentum of
the intrinsic quark pair, being supplied by two different nucleons. can be larger
than in a single hadron, and can in fact exceed the total momentum carried by
one nucleon.

All that we have said above concerning heavy quark Fock states apphies
equally 1o states with light partons carrying large transverse momenium. [is.
ing Eq. {39) as a guideline for the probability of intrinsic hardness. we see in
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fact that the partan mass and pr appear in an equivalent way. Remarkably.
QCD predicts that these high mass Auctuations ocrur in Lthe nucleon and nuclear
wavefunctions with the minimal power law fall off: P{M? > M3) ~ 1/ M3. We
again expect that the intrinsic mechanism will be dominant at large zp, and in
particulas in the rumulative (g > 1) region of nuclear wavefunctions. In each
case one can materialize the large mass fluctuations in electroproduciion even at
minimal photon mass @?. The crucial experimental requirement is the ability to

identify the target fragments in the target fragmentation region.

CONSEQUENCES OF INTRINSIC HEAVY QUARKS
IN HADRONIC AND NUCLEAR COLLISIONS'®

The concept of intrinsic charm was originally inspired by hadron-hadron scat-
tering experimcntsﬂ shawing unexpectedly abundant charm production at large
IF = 2pcharm/ Eem. When extrapolated to small z 5, the data suggested total
charm cross sections in the millibarn range. far beyond the predictions (20 - 50
ub) of the standard QCD gluon fusion process, illustrated in Fig. 14(a). Later
data with good acceptance al low z5 showed that the total charm cross ser-
tion actually is compatible with the gluon fusion p:'rJt:r.'s'.s.T3 Nevertheless. more
evidence was also oblained showing Lthat charm production al large zp, albeit
a small fraction of the total cross section. remains larger than experted.T * The
large zF data also shows correlations (leading particle effects) with the guantum
numbers of the beam hadron that are incompatible with gluon fusion.”

The intrinsic charm production mechanism (Fig. 14(b}) would normally be
expected to give a contribution smaller than the extrinsic one, due to the ]/mé,
suppression from the requirement of spatial overlap of initial light partons. How-
ever, at sufficiently large zr the intrinsic mechanism will dominate, because the
momentum of several incoming partons can be transferred to the heavy quarks.

Experiments on chartn production from nuclear targets have also shown an
anomalous dependence on the nuclear number A. I the open charm (D, A) cross
section is paramelrized as

do

drr o Actarl (41)
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then ajrp ~ 02} ~0.7...09 s obtained ™ For heavy nuclei (4 = 2000 this
means a factor of 2. .. 3 suppression in the cross section, compared te the leading
QUD expectation {0 = 1). In this respect, the charm production data is quite
different from that of massive u-pair production, for which a is found to be very
close to 1.7

In the following sections 1 shall argue that intrinsic heavy quarks of the
hadronic Fock state wavelunctions allows ane to understand the observed devia-
tions from the perturbative QCD predictions based solely on fusion subprocesses.
There are, in [act. a number of interesting phenomenological cansequences of
intrinsic charm and beauty in the proton wavefunction:

# The charm and beauty structure functions of the proton are expecied to
be much harder than that predicted by photon-gluon fusion. The EMC
measurements of the charm structure function measvred in pf'c — ppl¥
has a magnitude approximately 20 times larger than that predicted hy
fusion. 1t will he particularly interesting to sec if HERA measurements
confirm this anomaly and also find a signifirant b-quark distribution at
large ry,.

o Heavy quarkonium can be produced at large £ in the beam and Large
fragmentation regions. A dramatic example is low Q7 Coulomb excitation
of the proton in clectroproduction ep — ¢'J/y X' where the intrinsic ¢ in the
prolen can combine their momenta to pradure heavy guarkonium states ont
lo large v in the proton fragmentation region. (See Fig. 14(c). ) This test
will be particularly interesting at the HERA ep collider, requiring forward
acceptance of di-leptons. [n this process. the photon excites the proton by
interacting with the valence quarks. Hoyer, Mueller, and 1'* have estimated

that intrinsir hardness leads to cross sertions of order

de N (1 - :r;-)2
dlog Q* Méa )
and
da (1-aF) (42)

oy i 75
dlog @ A o7
The normalization and mass scale of these terms is supplied by the multi-
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particle distribution amplitudes in the proton wavefunction.

More generally, soft gluon exchange with spectator quarks in intrinsic heavy
gquark Fock states can lead to significanl cross sections for charmonium
and upsilon production at large zf in hadronic collisions. In fact, as we
shall emphasize in later sections there is ample evidence for anomalously
large J/4+ production in proton and pion induced reactions. In fact the
NA3 experiment has even observed the coincident production of two J/y:

particles with total = > Q.8.

Charm and heautly baryons and mesons can be produced at lasge 2 by the
recombination of the intrinsic heavy gquark with co-moving speclators in the
hadronic wavelunction. Again, the soft gluon or Pomeron interaction with
the target can be with the peripheral spectators of the beam hadron M not
necessarily the heavy quark pair. This mechanism can account for the
olbservations of high 15 A (dN/drp ~ (1 — x¢)?) seen in several ISR
exporimenls? ® the high r¢ =(csu) state observed in the hyperon beam
experiment wae2 ™ (dN/drp ~ (1 —z£)' 7). the high 2§ excess of D and
D mesons reported by the LEBC-EHS experiment in pp collisions, and the
anomalous charm production results of the nA experiment E400. Intrinsic
heavy gquarks imply that the distribution of charm and beauty hadrons at
low transverse momentum will be much mare copious at large rapidities at
the 55C and LHC than usually assumed.

The fact that the production of the intrinsic charm system can be accom-
plished by collisions of the peripheral quarks at relatively large impact dis-
lances in the incident Fock stale implies that thie main interaction in a
nuclear targel tends Lo occur on the front surface of the nucleus. This can
account for the observations by NA3 and E772 that charmonium produc-
tion in hadron nucleus collisions is prpportional to A%T~0T7 4y large rf
where intrinsic charm dominates over fusion mechanisms.

The presence of intrinsic charm in the proton implies that charm production
at threshold can be considerably larger than expected from fusion mecha-
nisms. This can be tested in exclusive charm electroproduction reactions

such as 4'p — DA.. cross sections near threshold. Such measurements of
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constrained charmed meson and charmed baryon final states can be used
Lo determine charmed baryon decay branching ratios, one of the .najor un-
certainties in the present determinations of the charmed baryon production
cross sections in hadron collisions.

® The hardness of the intrinsic heavy quark distributions in the proton implies
that the average energy of parton-parton subprocesses initiated by such
parton distributions will be higher than gluon-induced reactions.

& The enhanced coupling of Higgs particles to heavy quarks compensates for
the power law suppression of the intrinsic heavy quarks. Thus searches for
the Higgs based on intrinsic heavy quark distribulions at large r g may be
advantageous for high energy pp colliders.

[t thus is natural to attribute the anomalous nuclear dependence shown by

the charm praduction data with the dominance of the intrinsic charm component
at large rr. As | review in the next sections, the necessity for intrinsic heavy

quark contrihutions is especially clear in heavy quarkonium production.

SUPPRESSION OF HEAVY QUARKONIUM PRODUCTION
IN NUCLEAR COLLISIONS®"

One of the most striking nuclear effects in QCD is the observation at CERN
by NA-38™ that the ratio of J/¥ production te the lepton pair continuum is
strongly suppressed in miclens-nucleus collisions. The suppression of this ratio in
creases with the associated hadronic transverse encrgy Er and decreases with the
transverse momentum Pr of the pair. The NA3S results have raised considerable
interest since they appear generally consistent with the hope that a quark-gluon
plasma could form in high energy heavy ion collisions and thus screen the normal
color forces responsible for binding the @QQ. Such a "quagma” effect is naturally
enhanced in events that have high Er, since high associated multiplicity implies
that the two nuclei have collided with maximum overlap. In addition, one experts
that the suppression would be strongest in reactions where the pair has low /4
since geometrically Lthe color-screening in the plasma region can then act over
longer distances.

If the “quagma” explanation of quarkonium suppression is correct then this

d9



effect should be specific to heavy nucleus-nuclens collisions. However, recent
measurements of J/¢, ¢, and T production in high energy v A4 and pA collisions
at Fermilab by the E772 collaboration”® shaw that there is a striking suppression
of heavy quarkonium production even in hadron nucleus collisicus. These resuits
confirm the earlier measurements of the J/v nuclear dependence by NA3 and
E672. Perhaps the most remarkable result found by E772 is the observation that
T production in pA collisions is strongly suppressed at negative zf, t.e. in the
nuclear fragmentation region, but in not tie proton fragmentation region.

It is clear that one must resolve the origin of heavy guarkonium suppression
in hadron-nucleus collisions before one can make any conclusions about quark-
gluon plasma effects in heavy ion collisions. It is evident from the data that there
must be other non-additive nuclear effects which also can differentially suppress

heavy quarkonium production compared to lepton pair production.

Gluon Shadowing

An ohvious candidate for the suppression of heavy quarkonium in nuclear
collisions is the shadowing of the gluon distribution in the nucleus G, 4(x,Q) <
AG,/N{z1,Q) since the gluon-gluon fusion. gg — QD is expected to be the dom-
inant production subprocess in PQUCD. However, as emphasized in Rel, 27 the
shadowing of the structure function of the nuclear target predicts that the nuclear
suppression of the quarkonium cross section should be a factorized function of

the glion momentum fraction 2. do/drr ox Gyya(z2) x A%(*3),

In the case of J/v' production, the data on the rg-dependence of o is par-
ticularly dctai]ed.m'“ showing a remarkable decrease from @ = 1 near zfp =0 to
a =0.7...0.8 at Jarge rr. The data at different beam energies are very similar.
implying that Feynman scaling is valid. Thus the nuclear dependence exhibited
by the J/v data when compared ai different energies is actually a function of
rp = x) — 77 rather than z3. The nuclear suppression does not factorize into
a product of beam and target structure functions, as expected in leading twist.
The target dependence thus must be due to 2 higher twist effect, i.e. one that
is of O(I/mél, compared to the leading (faclorizable) QCD process. Moreover,
in the case of T production the values of the glion fraction z3 are too large to
expect much shadowing. Certainly gluon shadowing cannol explain the observed
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suppression of pA — TX production in the negative x§ region.

Although gluon shadewing by itself cannot explain the observed nuclear sup-
pression of heavy quarkonium, it must occur on general grounds. Hung Jung
Lu® and I have shown that the nuclear shadowing (suppression below addi-
tivity) of parton distributions at low r;, reflects the nuclear dependence of the
{off-shell) anti-parton nucleus cross section at high energies. This result follows
from the crossing behavior of the forward parton-nucleus amplitude as in the
Landshoff, Polkinghorne, Slmrt,al model. We also show Lthal in some cases anti-
shadowing (an enbancement above additivity) of structure functions occurs due
to coherent Reggeon contributions. In our analysis we expect thal the nuclear
gluon distribution will be shadowed more at xy, —+ 0 than nuclear quark distri-
butions since the gluon has stronger Glauber multiple scattering in the nucleus
due to its stronger color charge. It is difficult to predict the possible magnitude
of gluon anti-shadowing because of uncertainties in the coupling of Reggeon ex-
change to the forward gluon-nucleon scaltering amplitude. A useful estimate and *

model for gluon shadowing, including its evolution, has been given by Qiu.‘l ?

Final State Absorption of Quarkonium

Another mechanism which can suppress heavy quarkonium production in
nuclear targels is final state absorption of the Q@ bound stale, as expected in
the standard Glauber analvsis. The photoproduction cross section A4 — J/v.X is
an ideal process Lo isolate such effects. However, the dala show very weak nuciear
dependence. In fact SLAC measurements® imply that the effective J/y-nucleon
cross section is less than 4 m& at low energies, Ej,, ~ 20 GeV. At higher energies.
the ¢ quarks do not have time to separate significantly inside the nucleus. Thus
the J/y forms only after the charm quarks have left the nuclear environment.
and the suppression cannot be related to the size of the J/y wave function.’
This is also supporied by the E772 data showing that the nuclear suppression for
the ¥(28) and the J/¢ is the same2® Thus. because of colar transparency and
the finite formation time of the charmonium slate, one expects that the effective
J{y-nucleon crass section is even smaller at higher encrgies. This is due to the
fact that the ¢ siate is formed with a transverse size of order of the Compton
scale 1/mg. and it stays small over a distance proportional io its energy as it
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traverses the nucleus. In contrast, the NAJ and Fermilab E537 data show that
the nuclcar suppression strongly increases with the momenium of the J/y. In
addition, we note that the T-nucleon interaction cross section is much less than
that of the J/¢ due to the much smaller size of the b3 bound state. Neveriheless,
the E772 data shows significant nuclear suppression for T production.

Thus final state absorplion of heavy quarkonium cannot account for any of
the major features seen in the nuclear production data. Of course, such effects

must be present a1 some level and need to be included in a complete analysis,

Nuclear Suppression Due to Co-Moving Spectators

In any event in which heavy quarks are produced, there are many other
spectator quarks and giuons produced in the central and beam and target frag-
mentation regions. In the case of nuclear targets or beams, multiple scattering
processes can lead to a cascade of such secondary partons. Eventually, the spec-

tator partons hadronize t produce the associated multiplicity.

Il a given spectator parton has a similar rapidity as the @ or @, then the cross
scction for it to interact with the heavy quark can be very large. (See Fig, 15.)
In facl, a capture reactions such as gh — Bg al low relalive velocity will deplete
the production of the T in favor of open /3 production. Other caplure reactions
may include quark interchange processes such as b — Bu and pc — Ay, As
emphasized in Ref. 31, such reactions can account for many of the observed
features of heavy quarkonium suppression in nuclei.

As in the case of the quark-gluon plasma processes, the suppression of heavy
quarkonium due to capture reactions with co-moving partons occurs more strongly
in high ET and nuclear reactions since there is a higher density of co-moving
spectators. This suppression occurs dominantly at low Pr since again ihat is
where Lthere strong parton inleractions at low relative velocity. However, un-
like the quagma effect, suppression due to co-movers can occut in any type of
hadran-hadran o: hadron nucleus collision. Thus, at least qualitatively, co-mover
interactions can explain the main features of nuclear suppression, including T sup-
pression al negative zr in pA collisions and J/y' suppression in nucleus-nucleus
collisions as measured by NA3JS.

However, co-mover interactions cannot explain all of the features of the J /v
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Figure 15. [iustration of the interaction of produced charm quarks with co-
moving spectators. The charm quark can coalesce with any co-moving parton crested
in the puclear collision, thus enhancing charmed hadron formation at the expense of

charmonium production.

nuclear suppression data. In particular, the fact that the suppression of quarko-
nium production becomes strongest ai large values of rr in hadron-nucleus col.
lisions is not explained, since the density of co-moving spectators produced in a
nuclear collision is maximal in the central rapidity region. Another effect musi
still be present which we will discuss below.

It is interesting to nofe that the coalescence of valence quarks which are
co-moving with heavy quarks can play a role in explaining the leading particle
eflects seen in high r £ heavy meson and baryon production. This is analogous to
the strong final state distortion cffects one sees in Bethe-Heitler pair production
vZ — ete=Z when the electron has low relative velocity with the final stale

nucleus. This is discussed in detail in Ref. 84,

Coherent Hadronization

The QCD capture reaction §b — Bg is a fundamental process which should
occur in the final stages of heavy quark jet hadronization. This reaction is anal-
ogous to the reaction e“p — H+5 in QED. In thc atomic physics case. one can
greatly increase the probability of capture by bathing the reaclion in colierem
light of the same frequency as that of Lthe outgoing photon. Thus, in the nuclear
case one may also be able to coherently induce hadronization of heavy quark

capture reactions due to the presence of coherent co-moving gluons and hadrons,
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The signa) for coherent enhancement of the induced hadronization would be a
non-linear dependence of the capture process (and consequeni quarkonium sup-

pression} with increasing associated multiplicity.
Intrinsic Charm and the Nuclear Suppression of Quarkonium

As emphasized above, the mechanisms previously discussed cannot readily
account for the fact that the J/¢ cross section becomes increasingly suppressed
as rr increases. In fact, as emphasized by NA3,2‘i there is even a more serious
incompatibility with the standard gluon-fusion picture of heavy quark production:
the shape of the J/y» production at large z¢ is loo hard if one assumes the
standard (] — r)3 counting rule form for the gluon distribution in protons and
pions. The possibility that the gluon distribution itselfl could be much harder than
assumed in standard models is unlikely due to the successful fits to 9p — J/4- X
data.

A natyral explanation of the increase of the nuclear suppression in J/v pro-
duction with zr is provided by the existence of two production mechanisms, the
extrinsic and intrinsic ones’> As discussed above, inlrinsic charm production is
suppressed by a factor 1/m2. but this mechanism can still dominate the small
gluon fusion cross section at large rr. Since the intrinsic heavy quark state tends
to have a farger transverse size than the extrinsic ane, it will suffer more rescatter-
ing in the nucleus. The rr-dependence of a can then be understood as reflecling
the increasing importance of intrinsic Fock states at large zr. A comprehensive
treatment of these effects as well as the suppression of charmonium production
at low xr due 1o ro-moving spectators is given in Ref. 30. A short discussion of

this work is given in the next section.

SYSTEMATICS OF J/y PRODUCTION IN NUCLEAR COLLISIONS ™

Recently Ramona Vogt, Paul Hoyer, and 1* have presented a comprehensive
QCD--based model for the 2 and nuclear dependence of heavy quarkonium pro-
duction in photon-, hadron-, and nuclear-induced collisions. The z ¢ dependence
calculated in the model reflects both leading -twist QCD fusion subprocesses and
higher -twist intrinsic heavy -quark components of the hadron wavefunction. The
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mode! includes A-dependent effects due to final-state absorption, interactions
with co-movers, shadowing of parton distributions, as well as the intrinsic heavy-
quark components. The various effects are identified by comparisons with data
for J/¥, ¢', and T production in pion—, proton-, and nucleus-nucleus collisions.

As in the analysis of NA:I,2 ® we assume the existence of two production
components in order to explain the xr dependence heavy quarkonium produc-
tion. The first component, dominant at small to moderate values of zF, is the
perturbative QCD model of parton fusion™® To first approximation, this hard-
scattering approach predicts a linear A dependence, as in lepton pair production
by the Drell-Yan mechanism. Some absorption of the hadronic system can occur,
leading to a less than linear A dependence of J/y production by parton fusion.
In addition, several initial and final state eflects contribute to the A dependence
of parton fusion in the model, particularly the interactions of the heavy quarks
with co-moving spectators and the nuclear shadowing or anti-shadowing of the
target gluons and sea quarks.

In the model, the probability for the charm quarks to survive co-mover inter-

actions to produce a charmonium state is given by
s
S(b) =exp- /dr {ocov) n(7,b) , (43)
L]

where o, is the —co-mover absorption cross section, v ~ 0.6 is the relative velocity
of the charm quarks with the co-movers, and n(r, b} is the density of co-movers at
time T and impact parameter b. The integration extends from the time 7q, when
the co-moving secondaries are formed, until 77, the proper lifetime over which the
co-movers can interact with the charm quarks. In the case of heavy ion collisions
the rapidity density of co-movers increases with E7, the global transverse energy.
One then finds that in order to be compatible with the observed values of

Y(ET) = (do(A1 A2 — J/¢X)/dET)[(do{ A1 Az — p*u™)/dET)

in the NA38% experiment, one needs (o.,v) ~ 1.2 mb. (See Fig. 16). Simi-
larly, the nuclear suppression of the total T production cross section seen in the
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E772 800 GeV pA experiment can be accounted for if there is no strong flavor
dependence of the co-mover cross rection. (See Fig. 17). The suppression of
T production abserved at negative zf also appears to be accounted for by the

co-mover interaclions.
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Figure 16. The effective co-aver cross section is fixed at g0 = 2 mb from an
examination of the NA3S (a) O+U, {b) S+U, and (¢} O+Cu J/y production data at
V& = 10.4 GeV * The ealevlation with ac, = D is shown as » dashed line in figure
(a). (From Ref. 30.)
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Figure 17. The A dependence of T production rs delermined by ET72" Results
are shown for two nasumptions for o.o{T). The first, 0co(T) = oco(V), ia shown in the
solid curve, and the second, Feo{Y) = oe(V)(m, /my)?, is given by the dashed curve.
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Figure 18. The NA3 data for the “diffractive” cr “A?/®" componemt Bdoy/dzy
for ¥ production on nuclear targets is compared with predictions based on the intrinsic
charm zf distributions in p aud * prajectiles as given in Eqs. (37) and (38) of Ref
30. Figures {a}, (b}, and (c) are from the » data at 150, 280, and 200 GeV respectively,
Figure (d) compares the p beam data at 200 GeV with the cajculation.

The second component of the rr dependence is assumed to arise from an
intrinsic heavy quark component of the projcclile.”"s Since the charm quark mass
is large, thesc quarks carry a significant fraction of the longilndinal momentum,
contributing to the large ¢ portion of the cross section. In this picture, the
intrinsic ¢¢ stale is of smal) spatial extent and passes through the target while
the slower light quarks interact primarily on the nuclear surface, giving rise to a
near A*/3 dependence of intrinsic charm. The comparison of the predictions of
the model for intrinsic charm with the non-fusion “diffractive™ component of the
NAJ data is shown in Fig. 18. A comparison with the nuclear dependence of the
total J/¢* data in .4 and pA collisions is shown in Fig. 19.
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Figure 19 The nuclear 14 -dependence of J /v production from NAs™ Figure (a)
compares the model of Ref 30 with x~ induced J/v productian at 150 GeV' (solid
curve} and 280 GeV (dashed curve) Figure (b} compares 200 GeV J/y production
by == (solid curve), ** (dashed curve), and p {dot-dashed curve) beams with the
calculations.

Predictions for Heavy Quarkonium Production at RHIC

Vogt, Hoyer. and 1 have also used our model™ to predict the behavior of
quarkonium production at RHIC, the heavy-ion collider to be built at Brookhaven.
These calculations may serve as a benchmark against which the future data can
be compared in a search for new effects. Fig, 20{a) shows the predicted A depen-
dence in 100 GeV on 100 GeV pA collisions. We first present the A dependence
of the J/y production cross section. At v = my./+/5s = 0.015 and 75 = 0, the
nuclear shadowing contribution is quite important, large enough to be experi-
mentally confirmed or ruled out. The solid curve shows the full result whereas
the dashed curve shaws the prediction of the model leaving out gluon shadowing,.
There is a 25% difference in 0/4 with and without shadowing al high A. (The 1
results are similar.) We also show predictions for T production in pA collisions
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it is clear that all of the above A dependent cffects must be car cidered in
a complete QCD description of J/¢» and T production. All the contributions
we have examined in our model will be present in ihe ‘background’ of ultra-
relativistic heavy-jon collisions. In particular, it is necessary Lo understand J//v:
production in detail to scarch for exolic effects such as quark-gluon plasma pro-

duction.

The present experimental evidence for the existence of intrinaic charm in
hadronic and nuclear collisions must still be regarded as suggestive but not con-
clusive. More quantilative studies of the intrinsic charm wavefunction, using
multipartion distributions, coupled with betlter data on open charm al large zf
is clearly needed. Electroproduction studies can play a definitive role by measur.
ing the charm structure function in semi-inclusive reactions, and by measuring
the distribution of charrued hadrons and charmonium in the large rp proton

fragmentation region.

COLOR TRANSPARENCY

One of the most interesting QUD phenomena thal can be tested in nuclei is
“color transparenc_v."“':" A hasic feature of perturbative QCD is the assertion
that a hadron can only scatter through large momentum transfer and stay intaci if
its wavefunction is in a fluctuation® which contains only valence quarks at small
transverse separation by ~ 1/Q. QCD then makes the remarkable prediction that
the cross section for large momentum transfer quasi-elastic scattering such as
ep - epin a nucleus will be unaflected by final state absorption corrections. since
the scattering is dominated by a configuration of the valence-quark wavefunction
of the proton which has a small color dipole moment. (By definition, quasi-elastic
processcs are nearly coplanar, integrated over the Fermi motion of the protons in
the nucleus. Such processes are nearly exclusive in the sense that no extra hadrons
are allowed in the f al state.) Thus, al large momentum transler and energies,
quasi-clastic exclusive reaclions are predicted to occur uniformly in the anclear
voluine, unaffected by initia) or final state multiple-scattering or absorption of the
interacting hadrons. This remarkable phenomenon is called color transparency.

reflecting the transparency of the nucleus to small color-singlet configurations. As
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emphasized by Pire and Ralston?® the nucleus filters out the non-perturbative
soft-contributjons.

There are two conditions which sel the kinematic scale where PQCD calor
transparency should be evident and for whicl: quasi-elastic scattering cross sec-
tion will be additive in the proton number Z of the nuclear target. First, the
hard scattering subprocess must occur at a sufficiently large momentum trans-
fer so that only small transverse size wavelunction components y(r,, b, ~ 1/Q)
with small color dipole moments dominale the reaction. Second, the state must
remain small during its transit through the nucleus. The expansion distance is
controlled by the time in which the small Fock component mixes with other Fock
components. By Lorentz invariance, the time scale + = 2E5/AM? grows lin-
early with the energy of the hadron in the nuclear rest frame, where AM? is
the difference of invariant mass squared of the Fock companents. The scale in
momentum transfer that sets the onset of color transparency reflects the coherent
formation time ' The first test of this phenomenon in electropraduction will
be the NE-18 ¢A — ep (A — 1) two-arm coincidence test using the 9 Ge\' NPAS

injector at sLAC.”
93, K%

More generally, il is possible to use a nueleus as a “color filter” to
separate and jdentify the threshold and perturbative contributions to the scat-
tering amplitude. If the interactions of an incident hadron are controlled by
ginon exchange, then the nucleus will be transparent 1o those fuctuations of
the incident hadron wavefunction which have small transverse size. Such Fock
components have a small color dipole motrent and thus will interact weakly in
the nucleus; conversely. Fock components with slow-moving massive quarks can-
not remain compact. They will interacl strongly and be absorbed during their

passage through the nucleus.

The only existing test of color transparency is the measurement of quasi-
eiastic large angle pp scattering in nuclei at Brookhaven® The transparency ratio
is abserved Lo increase as the momentum transfer increasces, in agreement with the
color transparency prediction. However, in contradiction to perturbative QCD
expectalions, Lthe data suggests, surprisingly, that normal Glauber absorptiau
seems to recur at the highest energies of the experiment pyy ~ 12 GeV/e. Even

more striking is that this is the same encrgy at which the spin correlation Ay s
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is observed 1o rise sharply to Ayy = 0.6;“ i.e. the cross section for protans
scattering with their spins parallel and normal to the scattering plane becomes
four times the cross section for anti-parallel scatiering, which is again in strong
contradiction to PQCD expectations.

The Charm Threshold

1t is important 1o note® that the breakdown of color Lransparency and
the onset of strong spin-spin correlations both accur at /3 ~ § GeV or g, ~
12 GeV/e, which is just where the charm threshold occurs in pp collisions. At
this energy the charm quarks are produced al rest in the center of mass, and
all of the eight quarks have zero relative velocity, The eight-quark cluster thus
moves through the nuclear volume with just the center-of-mass velocity. Even
though the initial cluster size is small (since all valence guarks had to be at
short transverse distances to exchange their momenta), the multi-quark nature
and slow speed of the cluster implies that it will expand rapidly and be strongly
absorbed in the nucleus. This Fock component will then not coniribute to the
large-angle guasi-elastic pp scatiering in the nucleus: it will be filtered out.

The charm threshold effect will couple most strongly tathe J =L = § =1
partial wave in pp scattering? 3 (The orbital angular momentum of the pp state
must be odd since the charm and anti-charm quarks have opposite parity.) This
partial wave predicts maximal spin correlation in Ayy. Thus, if this threshold
contribution to the pp — pp amplitude dominates the valence quark QCD ampili-
tude, one can undersiand both the large spin correlation and the breakdown of
color transparency at energies close to charm threshold. Thus the nucleus acts as a
filter, absorbing the threshold contribution to elastic pp scattering, while allowing
the hard scaitering perturbative QCD processes to occur additively throughout
the nuclear volume™ Experimentally, a strong enhancement of Ay y is observed
at the threshold for strange particle production, which is again consistent with
the dominance of the J = L = § = 1 partial wave helicity amplitude. {See
Fig. 21.) The large size of Ay y observed at both the charm and strange thresh-
olds is striking evidence of & strong effect on elastic amplitudes due to threshold

production of fermian-antifermion pairs.

If the above explanation of the Ayx and color transparency anomalies is
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Figure 21. The spin-spin u}rmmetry Ann in pp elastic scattering as a function
of P At 8o = 7/2. The data™ are from Crosbie et af. (solid dats), Lin et al. (open
squares) and Bhatia et al. (open triangles). The peak at p, = 1.26 GeV /e carresponds
to the pA threshold. The dats are well reproduced by the interference of the broad
resonant structures at Lthe strange (P, = 2.35 GeV/e) and charm {pyn = 12.8 GeV/c)
thresholds, interfering with a PQCD background. The value of Ayy from PQCD alone

is 1/3. (From Ref. 23.)

rorrect, then one can identify the eflect of heavy quark thresholds in hadron col-
lisiuns by studying their elastic scattering at large angles, Through unitarity, even
a nearly isotropic threshold cross section of only 1 ub for the production of open
charm in pp collisions will have a profound influence on the pp — pp scattering
al /s ~ 5 GeV because of its very small cross section at 90°. The production of
charm at threshold implies that there is a coniribution with massive, slow-moving
constituents to the pp elastic amplitude which can modify the ordinary PQCD
predictions, including dimensional counling scaling laws, helicity dependence,
angular dependence, and especially the “color transparency™ of quasi-elastic pp
scattering in a nuclear target. Note ihat this effect wonld not affect the onset
of color transparency in quasi-elastic ep scattering, but it could appear in other
color transparency tests in electroproduction such as e4 — e'tn{A — 1).

There are many possible tests of color transparency in electroproduction,
photoproduction and hadron production in nuclei. In each case one tests for the
dominance of small components of the hadronic wavefunction in a hard-scattering
exclusive reaction. In the case of high energy J/¢ or T photoproduction, the
initially formed QQ state can propagate freely through the nucleus as a small
color-singlet forming the quarkonium state outside of the nucleus™  Detailed
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quantum mechanical analyses of the evolution of such systems have recently beeu

given in Ref. 90.

Nuclenar-Bound Quarkonium

I have argued above that the breakdown of color transparency and the sharp
increase of the spin-spin correlation Ay y in large angle pp — pp scaitering at
Vs ~ 5 (Gel reflrets the onset of charm production in the inelastic channels. More
gencerally, one can expert that any heavy quark system produced near threshold
on a hadronic targel will experience strong final state interactions, since there
is a long time for the system to interact strongly. For example, there should be
enhancements in the cross section to produce both open charm and charmonium
in electroprodurtion at threshold heyond that expected from photon-gluon fusion
due to hoth initial state jntrinsic charm components in the wavefunction, and
multi-gluon exchange interactions in the final state. The situation could be even
more interesting in a nuclear target.

For example, consider the reaction 4 e — 3 He(c?) where the charmonium
state is produred nearly at rest. At the threshold {or charm production. the
produced particles will be slow (in the center of mass frame) and will fuse into
a compound nuclens because of the sirong attractive nuclear foree. The charmio
nium state will be attractedd to the nucleus by the QCD gluonic van der Waals
forre. One thus expects strong final state interactions near threshold. In fact,
it is argued in Ref. 22 that the o system could bind ta the *He nucleus, Tt
is thus possible that a new type of exotic nuclear bound state will be formed:
charmonium hound to nuelear matter. Such a state should be observable at a
distinct 4 YHe center of mass energy. spread by the width of the charmonium
state, and 1t will decay 1o unique signatures, The binding encrgy in the pucleus
gives a measure of the charmonium’s interactions with ordinary hadrans and nu-
clei: its hadronic decays will measure hadron- nuclens interactions and test colon
transparency starting from a unique initial state condition.

In QCD. the nuclear farces are identified with the residual strang color inter-
actions due to guark interchange and maltiple -gluon exchange. Because of the
identity of the quark constituents of nucleons, a short-range repulsive compo-

nent is also present (Panli blocking). From this perspertive, the study of heavy
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quarkonium interactions in nuclear matter is particularly interesting; due to the
distinct flavors of the quarks involved in the quarkonium-nucleon interaction.
there is no quark exchange ta first order in elastic processes, and thus no one-

meson-exchange potential from which to build a standard nuclear potential. For
the same reason, there is no Pauli-blocking and consequently no short-range nu-
clear repulsion. The nuclear interaction in this case is purely gluonic and thus of

a different nature from the usual nuclear forces.

The production of nuclear-bound quarkonium would be the first realization
of hadronic nuclei with exotic components bound by a purely gluonic potential.
Furthermore, the charmonium-nurleon interaction would provide the dynamical
basis for understanding the spin -spin correlation anomaly in high energy pp elas-
tic sc:n.i.tering.23 In this case, the interaction is not strong enough toe produce
a bound state. but it can provide an enhancement at the heavy-quark thresh-
old characteristic of an almost-bound system. The signal for the production of
almost-bound nucleon (or nuclear) charmonium systemns near threshold is the
isotropic production of the recoil nucleon (or nucleus) at large invariant mass
My = M, . The experimental prospects for studying the formation of nuclear
bound charmenium in anti-proton nuclens collisions are discussed by Seth in his

coniribulion 1o these pro'cevdings.95

CONCLUSIONS

[n these lectures, | have shown how studies of the production and decay of
heavy quark systems allow us to probe QCD in extraordinary ways not possible
in ordinary hadrons. A number of novel heavy-quark phenomena predicted by
QCD are jusl now beginning lo be explored. such as color transparency, nuclear-
bound quarkonium, intrinsic charm and beauty, and enhancements due to heavy-
guark thresholds. Several intriguing effects appear imporiant for understanding
the observed suppression of heavy quark and quarkonivm production in nuclear
callisions, including gluan shadowing, the peripheral excitation of intrinsic heavy
quark components of hadron wavefunctions, and the “induccd hadronization™ due
to the coalescence of heavy quarks with co-moving spectators. The study of these

topics shonld lead to new insights into the mechanisms for jet hadronization, color
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confinement, the structure of hadronic wavefunctions, and other non-perturbative
QCD phenomena. | have particulatly emphasized the impact of intrinsic charm
and beauty distributions for the production of high momentum heavy particles
in ep pp and heavy ion colliders, including the production of quarkonium at high
zr in the proton fragmentation region at HERA. On the theoretical side, | have
discussed the utility of effective Lagrangian techniques and light-cone Fock-state
expansions for separaling perturbative and non-perturbative QCD phenomena in
heavy quark systems. An important applicalion of this analysis is a new form
of QCD amplitude factorization for calculating the decay of B-mesons to light

hadrons.
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