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1. Introduction

Quantum Chromodynamics is a theory with remarkably noveliateresting features. Heavy
ion experiments at RHIC [1] are now discovering unexpectedd phenomena associated with
the high temperature phase of QCD where its quark and glugreds of freedom become mani-
fest. Experiments at HERMES [2] have confirmed QCD expeamtatfor leading-twist single-spin
asymmetries which require both the presence of quark omuitgular momentum in the proton
wavefunction and novel final-state QCD phases. Experinsni&RA [3] have shown that diffrac-
tive deep inelastic scattering, where the proton targetinesrintact, constitutes a remarkably large
percentage of the deep inelastic cross section, again spdhe importance of QCD final state in-
teractions. The SELEX experiment [4] has shown that sirayie, even double-charm, hadrons are
produced at highg in hadron collisions in agreement with analyses based antitiesic charm [5]
fluctuations of the proton. Color transparency [6], a keyueaof the gauge theoretic description
of hadron interactions, has now been experimentally éstedd at FermiLab [7] using diffractive
dijet productionrtA — jetjetA. The FermiLab experiment also provides a measurement aofethe
lence light-front wavefunction of the pion [8]. A similar periment at the LHGA — JetJetJetA
at the LHC could be used to measure the fundamental valengefuvection of the proton [9].

The LHC, in both proton-proton and heavy ion collisions,lwibt only open up a new high
energy frontier, but it will also be a superb machine for mgband testing QCD. The advent of
new hadron physics accelerators, such as the 12 GeV eldattlity at Jefferson Laboratory, the
FAIR anti-proton and heavy ion facilities at GSI, and theARE hadron facility will provide many
new opportunities to test QCD in its natural domain. In additmany novel features of QCD,
such as timelike deeply virtual Compton scattering and plwoton annihilation, can be probed at
electron-positron colliders.

In this talk | will emphasize a number of aspects of QCD whiebm to violate conventional
wisdom:

() As recently noted by Collins and Qiu [10], the traditibfeectorization formalism of pertur-
bative QCD for high transverse momentum hadron productds ih detail because of initial- and
final-state gluonic interactions. These interactions peedthe Sivers effect at leading twist [11]
with different signs in semi-inclusive deep inelastic smang and the Drell-Yan reaction [12].
Double initial-state interactions [13] also produce anlmus angular effects, including the break-
down of the Lam-Tung relation [14] in the Drell-Yan process.

(2) Hard diffractive reactions such as diffractive deepastc lepton scatteringp — epX
are leading-twist, Bjorken-scaling phenomena. In facstasvn at HERA [3], nearly 15% of the
inclusive deep inelastic cross section leaves the protactinThis is now understood to be due to
final-state gluonic interactions of the struck quark with firoton’s spectators [15], contradicting
models based on an intrinsic pomeron component of the proton

(3) As emphasized by Lai, Tung, and Pumplin [16], there aangtindications that the struc-
ture functions used to model charm and bottom quarks in th@prat larges,; have been strongly
underestimated, since they ignore intrinsic heavy quadtudhtions of hadron wavefunctions. The
SELEX [4] discovery ofccd and ccu double-charm baryons at large reinforces other signals
for the presence of heavy quarks at large momentum fractiohadronic wavefunctions, a rigor-
ous feature of intrinsic heavy quark Fock states. This hasigtconsequences for the production



of heavy hadrons, heavy quarkonia, and even the Higgs atit@ Intrinsic charm and bottom
leads to substantial rates for heavy hadron productiorgatdi [17], as well as anomalous nuclear
effects.

(4) The existence of dynamical higher-twist processes iichiva hadron interacts directly
within a hard subprocess is a rigorous prediction of QCD dxample, in the case of the Drell-Yan
reactionrtp — ¢4~ X the virtual photon becomes longitudinally polarized athhwg , reflecting
the spin of the pion entering the QCD hard subprocess [18}hdncase of high transverse mo-
mentum proton production the differential cross sect;ijéf/ﬁE(pp—» ppX) scales aspi% at fixed

Xt = 2pr/+/S, [19] far from the ¥/ p? to 1/p$ scaling predicted by pQCD [20]. This suggests that
the proton is produced directly in the hard subprocesserditan by quark or gluon fragmentation.
The color transparency [6] of the produced proton and thdtieg lack of absorption in a nuclear
medium can explain the paradoxical observation seen at RRHCmore protons than pions are
produced at higlpr in high centrality heavy ion collisions.

(5) A new understanding of nuclear shadowing and antishampieas emerged based on the
presence of multi-step coherent reactions involving legdwist diffractive reactions [21, 22].
Thus the nuclear shadowing of structure functions is a apresece of the lepton-nucleus colli-
sion; it is not an intrinsic property of the nuclear waveftime. The same analysis shows that
antishadowing ishot universal but it depends in detail on the flavor of the quark or antiguar
constituent [22].

(6) QCD predicts that a nucleus cannot be described solatyesonic bound states. In the
case of the deuteron, the six-quark wavefunction has fiver-@dhglet components, only one of
which can be identified with thpn state at long distances. These “hidden color" componefis [2
play an essential role in nuclear dynamics at short distance

(7) Spin correlations are now playing an essential role oiréva physics phenomenology, par-
ticularly in single-spin correlations which are found toleexpectedly strong in hadroproduction
at largexg and in the double-spin correlations which measure trasgyerOne of the most re-
markable phenomena in hadron physics is the 4:1 Ri@of parallel to antiparallel rates seen in
large-angle elastic proton-proton scatterin@egt ~ 5 GeV [24]. This “exclusive transversity" is a
possible signal for the existence widuudc resonances at the charm threshold [25]. The absence
of transverse polarization of thizy produced at high transverse momentunpip— J/@¢X is a
key difficulty for heavy quark phenomenology.

(8) It is commonly believed that the renormalization scaleegng the QCD coupling is an
arbitrary parameter in perturbative QCD; in fact, just afAlrelian theory, the renormalization
scale is a physical quantity, representing the summati@Gid vacuum polarization contributions
to the gluon propagator in the skeleton expansion [26]. legad, multiple renormalization scales
appear in a pQCD expression whenever multiple invariarpgaipin the reaction. These issues are
discussed in the next section.

These examples of unconventional wisdom highlight the rieed fundamental understand-
ing the dynamics of hadrons in QCD at the amplitude level.sThiessential for understanding
the description of phenomena such as the quantum mechdtiadion formation, the remarkable
effects of initial and final interactions, the origins offdifctive phenomena and single-spin asym-
metries, and manifestations of higher-twist semi-exgkisiadron subprocesses. A central tool in



these analyses is the light-front wavefunctions of hadrtms frame-independent eigensolutions
of the Heisenberg equation for QCBI-|W >= M?|W > quantized at fixed light-front. Given the
light-front wavefunctions,un/H(xi,hi,)\i), one can compute a large range of exclusive and inclu-
sive hadron observables. For example, the valence, sek-god gluon distributions are defined
from the squares of the LFWFS summed over all Fock statéerm factors, exclusive weak tran-
sition amplitudes [27] such & — ¢vmT, and the generalized parton distributions [28] measured
in deeply virtual Compton scattering are (assuming the dbag" approximation) overlaps of the
initial and final LFWFS withn =/ andn=n'+ 2.

| will also discuss here a new approach [29, 30] for detenngjdight-front wavefunctions for
QCD using the AdS/CFT correspondence between Anti-derSipigce and conformal gauge the-
ories. AdS/CFT provides an analytically tractable appr@tion to QCD in the regime where the
QCD coupling is large and constant. In particular, thereni€gact correspondence between the
fifth-dimension coordinate of AdS space and a specific impact variablerhich measures the sep-
aration of the quark constituents within the hadron in cadirspace-time. This connection allows
one to compute the analytic form of the frame-independ@httdiront wavefunctions of mesons
and baryons, the fundamental entities which encode hadapegies and allow the computation
of exclusive scattering amplitudes.

2. Setting the Renormalization Scale in Perturbative QCD

Precise quantitative predictions of QCD are necessary dersitand the backgrounds to new
beyond-the-Standard-Model phenomena at the LHC . Thugntpsrtant to eliminate as best as
possible all uncertainties in QCD predictions, includihg tlimination of renormalization scale
and scheme ambiguities.

It should be emphasized that the renormalization scaletigrbitrary in gauge theories. For
example in QED, the renormalization scale in the usual GelhMLow scheme is exactly the
photon virtuality: u3 = k?. This scale sums all vacuum polarization corrections intodressed
photon propagator of a given skeleton graph. The resultradytic QED running coupling has
dispersive cuts set correctly set at the physical threshfad lepton pair productiork? = 4m?.

(In MS scheme, the renormalization scales are displacest ¥3k2.) The renormalization scale
is similarly unambiguous in QCD: the cuts due to quark loapshie dressed gluon propagator
appear at the physical quark thresholds. Equivalently,cameuse the scheme-independent BLM
procedure [26, 31, 32] to eliminate the appearance oftfienction in the perturbative series.

Of course thanitial choice of the renormalization scale is completely arbitrary, and oan
study the dependence of a perturbative expansion on thal istale using the usual renormal-
ization group evolution equations. This procedure exptise —dependent terms in the PQCD
expression. Eliminating thB-dependent terms then leads to a unique, physical, renizatiah
scale for any choice of renormalization scheme. In effeat inlentifies the series for the corre-
sponding conformal theory where tifie- function is zero; the conformal expression serves as a
template [33] for perturbative QCD expansions; the non£g@b B-function can then be system-
atically incorporated into the scale of the running couplial, 34, 35]. This leads to fixing of the
physical renormalization scale as well as commensurate sglations which relate observables to
each other without scale or scheme ambiguity [26].



As an example, consider Higgs productipp— HX calculated vigg— H fusion. The phys-
ical renormalization scale for the running QCD couplingstfas subprocess in the pinch scheme
are the two gluon virtualities, not the Higgs mass. The tasplalues for the renormalization
scales parallel the two-photon process in QEB:— eeH where only vacuum polarization cor-
rections determine the scale; i.e., the renormalizatiatescare set by the photon virtualities. An
interesting consequence is the prediction that the QCDIowmujs evaluated at the minimal scale
of the gluon virtualities if the Higgs is measuredigt = 0.

In a physical renormalization scheme [36], gauge couplergsdefined directly in terms of
physical observables. Such effective charges are anéilytations of the physical scales and their
mass thresholds have the correct threshold dependenc8gBconsistent with unitarity. As in
QED, heavy particles contribute to physical predictionsreat energies below their threshold.
This is in contrast to renormalization schemes sucM&svhere mass thresholds are treated as
step functions. In the case of supersymmetric grand urificabne finds a number of qualitative
differences and improvements in precision over conveatiapproaches [38]. The analytic thresh-
old corrections can be important in making the measurecesatd the gauge couplings consistent
with unification.

Relations between observables have no scale ambiguityrariddependent of the choice of
the intermediate renormalization scheme [31]; this is thaditivity property of the renormaliza-
tion group. The results, called commensurate scale raitiare consistent [39] with the renor-
malization group [40] and the analytic connection of QCD toefan theory alNc — 0 [41]. A
important example is the generalized Crewther relation. [®he finds a renormalization-scheme
invariant relation between the coefficient function for Bjerken sum rule for polarized deep in-
elastic scattering and tHeratio for theete~ annihilation cross section. This relation provides a
generalization of the Crewther relation to non-conforgpnallvariant gauge theories. The derived
relations allow one to calculate unambiguously withoubremalization scale or scheme ambiguity
the effective charges of the polarized Bjorken and the Gktmsellen Smith sum rules from the
experimental value for the effective charge associateld Ritatio. Present data are consistent with
the generalized Crewther relations, but measurementgla¢hprecision and energies are needed
to decisively test these fundamental relations in QCD.

Recently Michael Binger and | [42] have analyzed the behavidhe thirteen nonzero form
factors contributing to the gauge-invariant three-gluemtex at one-loop, an analysis which is
important for setting the renormalization scale for heaugrly production and other PQCD pro-
cesses. Supersymmetric relations between scalar, quatkil@on loops contributions to the trian-
gle diagram lead to a simple presentation of the results fgereeral non-Abelian gauge theories.
Only the gluon contribution to the form factors is needeasithe massless quark and scalar con-
tributions are inferred from the homogeneous relafignt 4Fg + (10— d)Fs = 0 and the sums
2oc(F) = (d—2)/2Fq + Fg which are given for each form factét. The extension to the case of
internal masses leads to the modified sum Fyle + 4Fuq + (9—d)Fus = 0. The phenomenology
of the three-gluon vertex is largely determined by the foattdr multiplying the three-level ten-
sor. One can define a three-scale effective s@dlg(p2, p2, p2) as a function of the three external
virtualities which provides a natural extension of BLM scaktting [26] to the three-gluon ver-
tex. Physical momentum scales thus set the scale of theingufilhe dependence Q“jgff on the
physical scales has a number of surprising features. A doatetl threshold and pseudo-threshold



behavior is also observed.

3. AdS/QCD asa First Approximant to Nonperturbative QCD

One of the most interesting new developments in hadron physis been the application of
the AJAS/CFT correspondence [43] to nonperturbative QCDIpros [44, 45, 46, 47, 48]. Already
AdS/CFT is giving important insight into the viscosity anither global properties of the hadronic
system formed in heavy ion collisions [49].

The essential ansatz for the application of AAS/CFT to haghtoysics is the indication that
the QCD couplingzs(Q?) becomes large and constant in the low momentum doairl GeV/c,
thus providing a window where conformal symmetry can beiafdpiSolutions of the QCD Dyson
Schwinger equations [50, 51] and phenomenological sty8zs3, 54] of QCD couplings based
on physical observables such aglecay [55] and the Bjorken sum rule show that the QD
function vanishes ands(Q?) become constant at small virtualitye., effective charges develop an
infrared fixed point. Recent lattice gauge theory simufeifb6] and nonperturbative analyses [57]
have also indicated an infrared fixed point for QCD. One catetstand this physically [58]: in
a confining theory where gluons have an effective mass ormmxvavelength, all vacuum po-
larization corrections to the gluon self-energy decoupliag wavelength. When the coupling
is constant and quark masses can be ignored, the QCD Lagrahgcomes conformally invari-
ant [59], allowing the mathematically tools of conformaisyetry to be applied.

The leading power fall-off of the hard scattering amplitiaegiven by dimensional count-
ing rules follows from the conformal scaling of the undenmlyihard-scattering amplituddy ~
1/Q"* wheren is the total number of fields (quarks, leptons, or gauge figidsticipating in the
hard scattering [70, 71]. Thus the reaction is dominatedubpsocesses and Fock states involving
the minimum number of interacting fields. In the case ef2 scattering processes, this implies
do/dt(AB — CD) = Fag_cp(t/s)/s"2, wheren = Na+ Ng + Nc + Np andny is the minimum
number of constituents dfl. The near-constancy of the effective QCD coupling helpdaéxp
the empirical success of dimensional counting rules fomisr-conformal power law fall-off of
form factors and fixed angle scaling [72]. For example, ores ¢be onset of perturbative QCD
scaling behavior even for exclusive nuclear amplitude$ siscdeuteron photodisintegration (Here
n=1+6+3+3=13) s''do/dt(yd — pn) ~ constant at fixed CM angle.

The measured deuteron form factor also appears to follolettting-twist QCD predictions
at large momentum transfers in the few GeV region [73, 74, 75]

Recently the Hall A collaboration at Jefferson Laboratof@][has reported a significant ex-
ception to the general empirical success of dimensionaitamyin fixed CM angle Compton scat-
tering d—‘t’(yp — yp) ~ @ instead of the predicteé scaling. However, the hadron form factor
Rv(T), which multiplies theyq — yq amplitude is found by Hall-A to scale q%‘ in agreement
with the PQCD and AdS/CFT prediction. In addition the tirkeltwo-photon procesgy — pp
appears to satisfy dimensional counting [77, 78].

The vanishing of thg3 function at small momentum transfer implies that there gme
where QCD resembles a strongly-coupled theory and matlgahtchniques based on conformal
invariance can be applied. One can use the AdS/CFT corrdepoa between Anti-de Sitter space
and conformal gauge theories to obtain an approximatiorotgperturbative QCD in the regime



where the QCD coupling is large and constant; i.e., one carthesmathematical representation
of the conformal grouf®0(4, 2) in five- dimensional anti-de Sitter space to construct adralphic
representation to the theory. For example, Guy de Teramondd 9] have shown that the am-
plitude ®(z) describing the hadronic state in the fifth dimension of AtgiSitter space AdScan
be precisely mapped to the light-front wavefunctiais, of hadrons in physical space-time, thus
providing a description of hadrons in QCD at the amplitudele The light-front wavefunctions
are relativistic and frame-independent generalizatidriseofamiliar Schrodinger wavefunctions of
atomic physics, but they are determined at fixed light-came t =t + z/c—the “front form" ad-
vocated by Dirac—rather than at fixed ordinary titm&Ve derived this correspondence by noticing
that the mapping af — ¢ analytically transforms the expression for the form fagtorAdS/CFT

to the exact Drell-Yan-West expression in terms of liglaafrwavefunctions.

Conformal symmetry can provide a systematic approximaio®CD in both its nonpertur-
bative and perturbative domains. In the case of nonpetiueb®CD, one can use the AdS/CFT
correspondence [43] between Anti-de Sitter space and ooafayauge theories to obtain an an-
alytically tractable approximation to QCD in the regime whéhe QCD coupling is large and
constant. Scale-changes in the physicalBworld can then be represented by studying dynamics
in a mathematical fifth dimension with the AgiBetric. This is illustrated in fig. 1.

Applications of AdS/CFT to-QCD

5-Dimensional
~— Anti-de Sitter

\\Spacetime

Black Hole .
Changes in

physical
length scale
mapped to
evolution in the
5th dimension z

x 4-Dimensional
Flat Spacetime

(hologram)

Figure 1: Artist’s conception of AAS/CFT. The evolution of the protatdifferent length scales is mapped
into the compacAdS dimensionz. The black hole represents the bag-like Dirichlet boundarnydition
(w(z)|z:20:1//\qco = 0), thus limiting interquark separations.

This connection allows one to compute the analytic form §8,of the light-front wavefunc-
tions of mesons and baryons. AdS/CFT also provides a ndorpative derivation of dimensional
counting rules for the power-law fall-off of form factors daexclusive scattering amplitudes at
large momentum transfer.

The AdS/CFT approach thus allows one to construct a modedarfdms which has both con-
finement at large distances and the conformal scaling ptiepewhich reproduce dimensional
counting rules for hard exclusive reactions. The fundaalezquation of AdS/CFT has the ap-
pearance of a radial Schrédinger Coulomb equation, butelagivistic, covariant, and analytically



tractable.

A key result from AdS/CFT is an effective two-patrticle ligiont radial equation for mesons [29,

58]
d? 5

472 V(0| Q) = 470(0) @)
with the conformal potentia¥ ({) = —(1 — 4L?)/4Z?. Here {? = x(1 —x)b? wherex = k*/P*
is the light cone momentum fraction, abd is the impact separation; i.e. the Fourier conjugate
to the relative transverse momentlm. The variable, 0< { < AééD, represents the invariant
separation between point-like constituents, and it is #isoholographic variable in AdS; i.e.,
we can identify{ = z. The solution to (3.1) isp(z) = z*%CD(z) = CZ%JL(Z///). This equation
reproduces the AdS/CFT solutions. The lowest stable statletermined by the Breitenlohner-
Freedman bound [60]. We can model confinement by imposingtdét boundary conditions at
®(z=1/Ngcp) = 0. The eigenvalues are then given in terms of the roots of thedésnctions:
A x = BLxN\acp- Alternatively, one can add a confinement potentia®{? to the effective po-
tentialV (¢) [47].

The eigenvalues of the effective light-front equation jaeva good description of the meson
and baryon spectra for light quarks [61], and its eigensmist provide a remarkably simple but
realistic model of their valence wavefunctions. The résglhormalized light-front wavefunctions
for the truncated space model are

PLi(x, Q) =BLiy/X(1— X)L ({BLrqep) B(2< Agép) (3.2)

whereB x = T%AQCD JisL(BLk). The results display confinement at large inter-quark separ
tion and conformal symmetry at short distances, thus remiod dimensional counting rules for

hard exclusive processes. One can also derive analogoasagufor baryons composed of mass-
less quarks using a Dirac matrix representation for thedrasystem. Predictions for the baryon
spectrum are shown in fig.2.

Prediction from Only one Entll{r Z light
AdS/QCD parameter! quark baryon
spectrum

Figure2: Predictions for the masses of the orbital excitations of thel /2 andl = 3/2 baryon states from
AdS/CFT using the truncated space model. All four-staestiisted by the Particle Data Group are shown.
Nogcp =0.25GeV. The 56 trajectory corresponds to L even P = + statekthe 70 to L odd P = - states.

Most important, the eigensolutions of the AdS/CFT equatian be mapped to light-front
equations of the hadrons in physical space-time, thus girayian elegant description of the light



hadrons at the amplitude level. The mapping is illustrateiigi.3. The meson LFWF is illustrated
in fig.4. The prediction for the proton Dirac form factor isogm in fig.5.

LF(3+1) AdSs

¥ (z,5)) - (2)

1-=)
U(a,b1) = /z(1 - ) $(0)

Figure 3: Holographic mapping of the wavefunctigr{z) in the fifth-dimension coordinateto the light-
front wavefunction as a function of the covariant impactrdimated = /x(1—x)b, .
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Figure 4: lllustration of the valenceyg Fock state light-front wavefunction of a meson predicted by
AdS/CFT.

The deeply virtual Compton amplitudes can be Fourier t@nséd tob, ando = x P /2
space providing new insights into QCD distributions [62, 68, 65]. The distributions in the LF
directiono typically display diffraction patterns arising from theenference of the initial and final
state LFWFs [64, 66]. This is illustrated in fig.6. All of theeprocesses can provide a detailed test
of the AdS/CFT LFWFs predictions.

It is interesting to note that the pion distribution ampdiéupredicted by AdS/CFT at the
hadronic scale ig(x,Qo) = (4/+/3m) fr/X(1—x) from both the harmonic oscillator and trun-
cated space models is quite different than the asymptasicilalition amplitude predicted from
the PQCD evolution [67] of the pion distribution amplitudg;(x,Q — o) = v/3fx(1—x). The
broader shape of the AAS/CFT pion distribution increasesrhgnitude of the leading-twist per-
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Figure 5: Predictions from AdS/CFT for the space-like Dirac form taoof the protonF;(Q?) for both
the hard wall (truncated space) and soft wall (harmonicllasai confinement) models. The currehis

modified by the metric. For example, in the soft wall modg(Q,z) =T (1+ %22) U (%22,0, KZZZ) , Where
U(a,b,z) is the confluent hypergeometric function [144].
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Figure 6: The Fourier transform of the skewneSglistribution of the generalized parton distribution pre-
dicted by AdS/CFT, giving information of the hadron in thghi-front coordinater = x~P* /2 [64].

turbative QCD prediction for the pion form factor by a factdrl6/9 compared to the prediction
based on the asymptotic form, bringing the PQCD predictlogsecto the empirical pion form fac-
tor [68]. Hadron form factors can be directly predicted frtra overlap integrals in AdS space or
equivalently by using the Drell-Yan-West formula in phydispace-time. The form factor at high
Q? receives contributions from small~ 1/Q, corresponding to smalll, and 1—x..

The x — 1 endpoint domain of structure functions is often referrecds a "soft" Feynman
contribution. In facik — 1 for the struck quark requires that all of the spectatorghavk® /Pt =
(K% 4-K?) /P — 0; this in turn requires high longitudinal momerka— —oo for all spectators —
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unless one has both massless spectator guark® with zero transverse momentm = 0, which

is a regime of measure zero. If one uses a covariant formatisoh as the Bethe-Salpeter theory,
then the virtuality of the struck quark becomes infinitelpsglike:kZ ~ — (k% +m?)/(1—x) in the
endpoint domain. Thus, actually,— 1 corresponds to infinite relative longitudinal momentum;
it is as hard a domain in the hadron wavefunction as high vemse momentum. Note also that
at largex where the struck quark is far-off shell, DGLAP evolution iseqched [69], so that the
fall-off of the DIS cross sections i§? satisfies inclusive-exclusive duality at fixeédP.

The AJS/CFT approach thus provides a viable, analytic fppt@ximation to QCD. In princi-
ple, the model can be systematically improved, for examplading the AdS/CFT eigensolutions
as a basis for diagonalizing the full QCD Hamiltonian. Anlmet of the AAS/QCD program is
shown in fig.8. The phenomenology of the AdS/CFT model islpegfinning, but it can be antic-
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Figure 7: The logistics of AAS/CFT which leads to an analytic first apg@gmation to QCD in its conformal
window.

ipated that it will have many applications to LHC phenomefar example, the model LFWFs
provide a basis for understanding hadron structure funstend fragmentation functions at the
amplitude level; the same wavefunctions can describe haronation from the coalescence of
co-moving quarks. The spin correlations which underly l&irend double spin correlations are
also described by the AJS/CFT eigensolutions. The AdS/C&drdnic wavefunctions provides
predictions for the generalized parton distributions amkvdecay amplitudes from first princi-
ples. In addition, a prediction from AdS/CFT for the protoRWF would allow one to compute
the higher-twist direct subprocesses suchuas- pd which could control proton production in
inclusive reactions at large transverse momenta from fiiatiples. The amplitudes relevant to
diffractive reactions could also be computed. We also guatie that the extension of the AdS/CFT
formalism to heavy quarks will allow a great variety of hedadron phenomena to be analyzed
from first principles.

4. Higher-Twist Contributionsto Inclusive Reactions

Although the contributions of higher twist processes aminally power-law suppressed at
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high transverse momentum, there are some phenomenolagaaiples where they can play a
dominant role. For example, hadrons can interact directthizva hard subprocess, leading to
higher twist contributions which can actually dominate roleading twist processes [18, 79]. A
classic example is the reactiom — ¢*¢~d which, despite its relativ%% fall-off, dominates the
leading twist contribution to the Drell-Yan reactiaiN — ¢/~ X at highxg, producing longitu-
dinally polarized lepton pairs. Crossing predicts that als® has reactions where the final-state
hadron appears directly in the subprocess su@dias — nX atz= 1.

The fundamental test of leading-twist QCD predictions ghhransverse momentum hadronic
reactions is the measurement of the power-law fall-off efiticlusive cross sectioggdp%(ABe

CX) = Le;g}%ﬂ at fixedxr = 2pr//sand fixedfcy wherenes¢ ~ 4+ . Hered < 1 is the correc-
tion to the conformal prediction arising from the QCD rurmitoupling and DGLAP evolution of
the input distribution and fragmentation functions [20{til8ng deviations from the leading-twist
predictions were observed at the ISR and Fermilab fixedetagperiments [80]. For example, the
Chicago-Princeton experiment [81] foungk; ~ 12 for pp— pX at large, fixedr. A compilation

of results for the power fall-off for hard inclusive hadromeactions is shown in fig.8.
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Figure 8: Power-law scaling [82] for hadron production at large tk@mse momentum from experiments at
the ISR, FermiLab, and the PHENIX collaboration at RHIC. Tésding-twist prediction isietf ~ 4. The
Neft ~ 8 scaling behavior observed at RHIC for bgth— pX andAA— pX atxr > 0.03 is consistent with
the dominance of a higher-twist direct process.

It is conventional to assume that leading-twist subpraesominate measurements of high
pr hadron production at RHIC energies. Indeed the data foctjieoton fragmentatiopp — yX
is quite consistent withett(pp — yX) =5, as expected from thgq — yq leading-twist subpro-
cess. This also is likely true for pion production, at leastdmallxr. However, the measured fixed
xr scaling for proton production at RHIC is anomalous: PHEN&{artsnes:(pp — pX) ~ 8. A
review of this data is given by Tannenbaum [82]. One can wgtded the anomalous scaling if a
higher-twist subprocess [20] , where the proton is mdidectly within the hard reaction such as
uu— pd and(uud)u — pu, dominate the reactiopp — pX at RHIC energies. This is illustrated
in fig.11. Such processes are rigorous QCD contributiong ddminance of direct subprocesses
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Figure9: Representative higher-twist mechanism for direct protodpction at large transverse momentum

based on the subprocass— pd. The cross section scaleslﬁ#%p = &F%M) wherengss = 8.
Pr

is possible since the fragmentation of gluon or quark jetsaiyons requires that the 2 to 2 sub-
process occurs at much higher transverse momentum tham-tbé observed proton because of
the fast falling(1— z)® quark-to-proton fragmentation function. Such “directictions can readily
explain the fast-falling power-law falloff observed at filker and fixedd., observed at the ISR,
FermiLab and RHIC [20]. Furthermore, the protons produdeetctly within the hard subprocess
emerge as small-size color-transparent colored stateghwvaineé not absorbed in the nuclear target.
In contrast, pions produced from jet fragmentation haventivenal cross section. This provides a
plausible explanation of RHIC data [83], which shows a drigzarése of thep — rrratio at highpr
when one compares peripheral with central (full overlagMydon collisions. This is illustrated in
fig.10. The directly produced protons are not absorbed heupions are diminished in the nuclear
medium.

5. Intrinsic Heavy Quarks and the Anomalous Nuclear Dependence of Quarkonium
Production

The probability for Fock states of a light hadron such as tlwtom to have an extra heavy
qguark pair decreases aﬁmé in non-Abelian gauge theory [84, 85]. The relevant matrensdnt
is the cube of the QCD field streng(Br:;v. This is in contrast to abelian gauge theory where the
relevant operator iEﬁ'\, and the probability of intrinsic heavy leptons in QED bountates is sup-
pressed as/ln?. The intrinsic Fock state probability is maximized at miniroéf-shellness. It

is useful to define the transverse mass = ,/k?, + m?. The maximum probability then occurs

atx = m'i/z?zl m’ : i.e, when the constituents have minimal invariant mass andl egpality.
Thus the heaviest constituents have the highest momenagticins and the highesgt. Intrinsic
charm thus predicts that the charm structure function hpg®tiat largex,; in excess of DGLAP
extrapolations [5]; this is in agreement with the EMC measwents [86]. Intrinsic charm can
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Figure 10: The ratio of protons to pions produced at lange in heavy ion collisions as a function of
centrality from the PHENIX experiment at RHIC [83]. The opamd solid symbols indicate neutral versus
charged pions. The rise of the' it ratio with pr is consistent with the hypothesis that only the pions are
absorbed in the nuclear medium. A comparison with the medsutr ratio in e" e~ and pp reactions is
also shown.

also explain thel /Y — pm puzzle [87]. It also affects the extraction of suppressedvGiatrix
elements irB decays [88].

The dissociation of the intrinsic charfjoud@ > Fock state of the proton on a nucleus can
produce a leading heavy quarkonium state at high= x; + X in pA— J/(XA since thec
andt can readily coalesce into the charmonium state. Since thstitgents of a given intrinsic
heavy-quark Fock state tend to have the same rapidity, smaiee of multiple partons from the
projectile Fock state into charmed hadrons and mesons asfalered. For example, one can
produce a leadind\. at highxs and low pr from the coalescence of tha&lc constituents of the
projectile juud@ > Fock state. A similar coalescence mechanism was used in@fysics to
produce relativistic antinydrogen A collisions [89]. This phenomena is important not only for
understanding heavy-hadron phenomenology, but also fderstanding the sources of neutrinos
in astrophysics experiments [90] and the “long-flying" cament in cosmic rays [91].

In the case of a nuclear target, the charmonium state willrbdyzed at small transverse
momentum and higle with a characteristid?’3 nuclear dependence since the color-octet color-
octet |(uud)sc(cT)sc > Fock state interacts on the front surface of the nucleaetddy]. This
forward contribution is in addition to th&! contribution derived from the usual perturbative QCD
fusion contribution at smaklr. Because of these two components, the cross section viglates
turbative QCD factorization for hard inclusive reactioA&][ This is consistent with the observed
two-component cross section for charmonium productiorentesl by the NA3 collaboration at
CERN [93] and more recent experiments [94]. The diffractiigsociation of the intrinsic charm
Fock state leads to leading charm hadron production andtastonium production in agreement
with measurements [95]. Intrinsic charm can also explaédthy — prpuzzle [87], and it affects
the extraction of suppressed CKM matrix elementB otecays [88].
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The production cross section for the double-ch&mbaryon [96] and the production df
pairs appears to be consistent with the diffractive disgmr and coalescence of double IC Fock
states [97]. These observations provide compelling edeldor the diffractive dissociation of
complex off-shell Fock states of the projectile and conttathe traditional view that sea quarks
and gluons are always produced perturbatively via DGLARut\am. It is also conceivable that
the observations [98] of\, at highxr at the ISR in high energyp collisions could be due to
the diffractive dissociation and coalescence of the ‘isii¢ bottom”|uudkb > Fock states of the
proton.

Intrinsic heavy quarks can also enhance the productiongitity of Higgs bosons at hadron
colliders from processes such ge — Hc. It is thus critical for new experiments (HERMES,
HERA, COMPASS) to definitively establish the phenomenolofjthe charm structure function at
largexyj. Recently Kopeliovich, Schmidt, Soffer, and | [17] have pwepd a novel mechanism for
exclusive diffractive Higgs productiopp — pH pin which the Higgs boson carries a significant
fraction of the projectile proton momentum. The productinachanism is based on the subpro-
cess(QQ)g — H where theQQ in the|uudQQ > intrinsic heavy quark Fock state has up to 80% of
the projectile protons momentum. This process, which usittated in fig.11, will provide a clear
experimental signal for Higgs production due to the smatkigaound in this kinematic region.

Intrinsic Chowm Mechanism for
Exclusive Diffraction Production

pp—J/Ypp
XJ 1y = Xc+ Xz

Exclusive Diffractive
High-Xr Higgs Production

Figure 11: Intrinsic charm mechanism for doubly diffractive high Higgs,Z° andJ/y production.

6. Hidden Color

In traditional nuclear physics, the deuteron is a boune siba proton and a neutron where the
binding force arise from the exchange of a pion and other mesbates. However, QCD provides
a new perspective: [99, 100] six quarks in the fundamergaiepresentation o$U(3) color can
combine into five different color-singlet combinations)yoane of which corresponds to a proton
and neutron. In fact, if the deuteron wavefunction is a prateutron bound state at large distances,
then as their separation becomes smaller, the QCD evoluiting from colored gluon exchange
introduce four other “hidden color" states into the deuten@vefunction [23]. The normalization
of the deuteron form factor observed at la@&[101], as well as the presence of two mass scales
in the scaling behavior of the reduced deuteron form fa@®t, [thus suggest sizable hidden-color
Fock state contributions such a&iud)s. (ddu)g.) with probability of order 15% in the deuteron
wavefunction [102].
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The hidden color states of the deuteron can be materializit &adron level as
ATt (uuyA~ (ddd) and other novel quantum fluctuations of the deuteron. Thesé lthdronic
components become more and more important as one probesuterah at short distances, such
as in exclusive reactions at large momentum transfer. Famele, the ratio
do/dt(yd — A*TA7)/do/dt(yd — np) should increase dramatically to a fixed ratio 2 :: 5 with
increasing transverse momentyrp. Similarly the Coulomb dissociation of the deuteron into-var
ious exclusive channelsd — € + pn, pprr,AA,--- should have a changing composition as the
final-state hadrons are probed at high transverse momendiiecting the onset of hidden color
degrees of freedom.

Recently the CLEO collaboration [103] has measured thedhiag ratios of
Y(nS — antideuteron X This reaction should be sensitive to the hidden-colorcsiire of the
anti-deuteron wavefunction since tife— bb — ggg— qqgqq@jggadaq originates from a system of
small compact size and leads to multi-quark states withrg@seolors. Itis crucial to also have data
onY — pnX where the anti-nucleons emerge at minimal invariant malss.cbnventional nuclear
physics expectation can then be computed from the conealati this distribution with the square
of the two nucleon “body” LFWF of the deuteron:

do
d®pn/En d*pp/Ep

g 1 _
[ e [ axuiycko ) x (Y — TpX) (6.1)

7. Diffractive Deep Inelastic Scattering

A remarkable feature of deep inelastic lepton-proton sdatg at HERA is that approximately
10% events are diffractive [104, 105]: the target protonams intact, and there is a large rapidity
gap between the proton and the other hadrons in the final stdiese diffractive deep inelastic
scattering (DDIS) events can be understood most simply tf@rperspective of the color-dipole
model: theqg Fock state of the high-energy virtual photon diffractivdlgsociates into a diffractive
dijet system. The exchange of multiple gluons between thar cipole of theqq and the quarks
of the target proton neutralizes the color separation aadsl¢o the diffractive final state. The
same multiple gluon exchange also controls diffractivetsemeson electroproduction at large
photon virtuality [106]. This observation presents a paradf one chooses the conventional parton
model frame where the photon light-front momentum is negaii+ = o° + ¢? < 0, the virtual
photon interacts with a quark constituent with light-conementum fractiorx = k™ /p* = xy.
Furthermore, the gauge link associated with the struckkg(the Wilson line) becomes unity in
light-cone gaugeA™ = 0. Thus the struck “current” quark apparently experienaegimal-state
interactions. Since the light-front wavefunctiogig(x,k ;) of a stable hadron are real, it appears
impossible to generate the required imaginary phase adsdavith pomeron exchange, let alone
large rapidity gaps.

This paradox was resolved by Hoyer, Marchal, Peigne, Sanaimd myself [15]. Consider
the case where the virtual photon interacts with a strangekguthe ss pair is assumed to be
produced in the target by gluon splitting. In the case of Regmm gauge, the strudquark continues
to interact in the final state via gluon exchange as desctilyetthe Wilson line. The final-state
interactions occur at a light-cone tinder ~ 1/v shortly after the virtual photon interacts with
the struck quark. When one integrates over the nearly-eli-sitermediate state, the amplitude
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acquires an imaginary part. Thus the rescattering of thekquraduces a separated color-singet
and an imaginary phase. In the case of the light-cone gatige n - A= 0, one must also consider
the final-state interactions of the (unstruckguark. The gluon propagator in light-cone gauge
dfc (k) = (i/K2 +i€g) [—gH + (nHKY +kHnV/n -K)] is singular ak™ = i -k = 0. The momentum

of the exchanged gludk'™ is of &(1/v); thus rescattering contributes at leading twist even imtdig
cone gauge. The net result is gauge invariant and is idémdichae color dipole model calculation.
The calculation of the rescattering effects on DIS in Feymrauwad light-cone gauge through three
loops is given in detail for an Abelian model in reference][T5e result shows that the rescattering
corrections reduce the magnitude of the DIS cross sectianafogy to nuclear shadowing.

A new understanding of the role of final-state interactiondéep inelastic scattering has thus
emerged. The multiple scattering of the struck parton visiaimtaneous interactions in the target
generates dominantly imaginary diffractive amplitudaging rise to an effective “hard pomeron"
exchange. The presence of a rapidity gap between the tardaliffractive system requires that
the target remnant emerges in a color-singlet state; thisade possible in any gauge by the soft
rescattering. The resulting diffractive contributiongve the target intact and do not resolve its
quark structure; thus there are contributions to the DIGcsire functions which cannot be in-
terpreted as parton probabilities [15]; the leading-twimttribution to DIS from rescattering of a
guark in the target is a coherent effect which is not incluitetie light-front wave functions com-
puted in isolation. One can augment the light-front wavefioms with a gauge link corresponding
to an external field created by the virtual photgmpair current [107, 108]. Such a gauge link is
process dependent [12], so the resulting augmented LFWHsadruniversal [15, 107, 109]. We
also note that the shadowing of nuclear structure functisrthue to the destructive interference
between multi-nucleon amplitudes involving diffractivé3and on-shell intermediate states with
a complex phase. In contrast, the wave function of a stabjetigs strictly real since it does not
have on-energy-shell intermediate state configuratiohs. physics of rescattering and shadowing
is thus not included in the nuclear light-front wave funopand a probabilistic interpretation of
the nuclear DIS cross section is precluded.

Rikard Enberg, Paul Hoyer, Gunnar Ingelman and | [110] h&esva that the quark structure
function of the effective hard pomeron has the same form egjtiark contribution of the gluon
structure function. The hard pomeron is not an intrinsid pathe proton; rather it must be con-
sidered as a dynamical effect of the lepton-proton intewactOur QCD-based picture also applies
to diffraction in hadron-initiated processes. The rescatt) is different in virtual photon- and
hadron-induced processes due to the different color emviemt, which accounts for the observed
non-universality of diffractive parton distributions. iSHramework also provides a theoretical ba-
sis for the phenomenologically successful Soft Color butgon (SCI) model [111] which includes
rescattering effects and thus generates a variety of fiagsstvith rapidity gaps.

8. Single-Spin Asymmetries from Final-State I nteractions

Among the most interesting polarization effects are shapi® azimuthal asymmetries in
semi-inclusive deep inelastic scattering, representiegorrelation of the spin of the proton target
and the virtual photon to hadron production plaég-:q X Pu. Such asymmetries are time-reversal
odd, but they can arise in QCD through phase differencedfareint spin amplitudes. In fact, final-
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state interactions from gluon exchange between the oudgpiarks and the target spectator system
lead to single-spin asymmetries in semi-inclusive deelagtie lepton-proton scattering which are
not power-law suppressed at large photon virtua@#at fixedxpj [11]. In contrast to the SSAs
arising from transversity and the Collins fragmentationdiion, the fragmentation of the quark
into hadrons is not necessary; one predicts a correlatitmtive production plane of the quark jet
itself. Physically, the final-state interaction phaseemias the infrared-finite difference of QCD
Coulomb phases for hadron wave functions with differingitattangular momentum. See fig.12.
The same proton matrix element which determines the syiit-correlationS. L also produces the
anomalous magnetic moment of the proton, the Pauli fornrofaahd the generalized parton dis-
tribution E which is measured in deeply virtual Compton scattering.sTthe contribution of each
quark current to the SSA is proportional to the contributigy), of that quark to the proton target's
anomalous magnetic momexy = 3 ;€qKy/p [11, 112]. The HERMES collaboration has recently
measured the SSA in pion electroproduction using tranevienget polarization [2]. The Sivers
and Collins effects can be separated using planar cooefatboth contributions are observed to
contribute, with values not in disagreement with theoryestations [2, 113]. A related analysis
also predicts that the initial-state interactions fromogiiexchange between the incoming quark
and the target spectator system lead to leading-twistesisigiih asymmetries in the Drell-Yan pro-
cessH1H2I — (T¢~X [12, 114]. The SSA in the Drell-Yan process is the same asabtined

in SIDIS, with the appropriate identification of variabldsit with the opposite sign. There is no
Sivers effect in charged-current reactions sincéthenly couples to left-handed quarks [115].

Final-State Interactions Produce
Pseudo T-Odd, (Sivers Effect)

¢ Leading-Twist Bjorken Scaling! 18- ﬁjf’f X (j

* Requires nonzero orbital angular momentum of quark
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Figure12: Final-state interactions in QCD and the physics of the legdivist Sivers single-spin asymmetry
in semi-inclusive deep inelastic lepton-proton scattgrin

If both the quark and antiquark in the initial state of the IB¥an subprocessjgq — pu*u~
interact with the spectators of the other incident hadrom finds a breakdown of the Lam-Tung
relation, which was formerly believed to be a general ptaaticof leading-twist QCD. These
double initial-state interactions also lead to a apgianar correlation in unpolarized Drell-Yan
reactions [13]. More generally one must consider subpessesvolving initial-state gluons such
asngaj — ¢/ in addition to subprocesses with extra final-state gluons.
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The final-state interaction mechanism provides an apmepligsical explanation within QCD
of single-spin asymmetries. Remarkably, the same matixeht which determines the spin-orbit
correlationS. L also produces the anomalous magnetic moment of the pro®auli form factor,
and the generalized parton distributiBrwhich is measured in deeply virtual Compton scattering.
Physically, the final-state interaction phase arises amftreged-finite difference of QCD Coulomb
phases for hadron wave functions with differing orbital @lagmomentum. An elegant discussion
of the Sivers effect including its sign has been given by Bk [112]. As shown recently by
Gardner and myself [116], one can also use the Sivers effettuitly the orbital angular momentum
of gluons by tagging a gluon jet in semi-inclusive DIS. Irsthiase, the final-state interactions are
enhanced by the large color charge of the gluons.

The final-state interaction effects can also be identifieith Wie gauge link which is present
in the gauge-invariant definition of parton distributiodi©$]. Even when the light-cone gauge
is chosen, a transverse gauge link is required. Thus in angegthe parton amplitudes need
to be augmented by an additional eikonal factor incorpoegathe final-state interaction and its
phase [117, 107]. The net effect is that it is possible to éefiiansverse momentum dependent
parton distribution functions which contain the effectlo# QCD final-state interactions.

9. Diffraction Dissociation as a Tool to Resolve Hadron Substructure and Test Color
Transparency

Diffractive multi-jet production in heavy nuclei providesnovel way to resolve the shape
of light-front Fock state wave functions and test color sarency [6]. For example, consider
the reaction [118, 119]71A — Jet +Jeb + A’ at high energy where the nucledsis left intact
in its ground state. The transverse momenta of the jets balso thak,; + K > =, < R 1a.
Because of color transparency, the valence wave functidimegbion with small impact separation
will penetrate the nucleus with minimal interactions, @iffting into jet pairs [118]. The&; = X,
xo = 1—x dependence of the dijet distributions will thus reflect thepe of the pion valence light-
cone wave function ix; similarly, thek, 1 — Kk, » relative transverse momenta of the jets gives key
information on the second transverse momentum derivafitteeaunderlying shape of the valence
pion wavefunction [119, 120]. The diffractive nuclear aityale extrapolated tb= 0 should be
linear in nuclear numbeA if color transparency is correct. The integrated diffreetrate will
then scale a#?/R% ~ A%3. This is in fact what has been observed by the E791 collaiorai
FermiLab for 500 GeV incident pions on nuclear targets [12hle measured momentum fraction
distribution of the jets with high transverse momentum igitto be approximately consistent with
the shape of the pion asymptotic distribution amplitugg?™(x) = v/3f,x(1— x) [8]; however,
there is an indication from the data that the distributiobrizader at lower transverse momentum,
consistent with the AdS/CFT prediction.

Color transparency, as evidenced by the Fermilab measuateroédiffractive dijet produc-
tion, implies that a pion can interact coherently throughuaucleus with minimal absorption, in
dramatic contrast to traditional Glauber theory based omxexd i, cross section. Color trans-
parency gives direct validation of the gauge interactidit@®©D. Color transparency has also been
observed in diffractive electroproduction pfmesons [122] and in quasi-elaspé — pp(A—1)
scattering [123] where only the small size fluctuations efttadron wavefunction enters the hard
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exclusive scattering amplitude. In the latter case an ahoowurs at,/s~ 5 GeV, most likely
signaling a resonance effect at the charm threshold [25].

10. Shadowing and Antishadowing of Nuclear Structure Functions

One of the novel features of QCD involving nuclei is tr@ishadowingf the nuclear structure
functions which is observed in deep inelastic lepton sdatieand other hard processes. Empiri-
cally, one findRa(x, Q%) = (Faa(x, Q%) /(A/2)F4(x,Q%)) > 1 in the domain @ < x < 0.2; i.e,, the
measured nuclear structure function (referenced to theedm) is larger than than the scattering
on a set ofA independent nucleons.

The shadowing of the nuclear structure functios(x,Q%) < 1 at smallx < 0.1 can be
readily understood in terms of the Gribov-Glauber theoryon&ider a two-step process in the
nuclear target rest frame. The incomiqg dipole first interacts diffractively*N; — (od)N;y on
nucleonN; leaving it intact. This is the leading-twist diffractive ej@ inelastic scattering (DDIS)
process which has been measured at HERA to constitute ap@a@ly 10% of the DIS cross
section at high energies. Tlug state then interacts inelastically on a downstream nuchéon
(qd)N> — X. The phase of the pomeron-dominated DDIS amplitude is diosmaginary, and
the Glauber cut provides another phaseso that the two-step process has opposite phase and
destructively interferes with the one-step DIS procgsdl, — X whereN; acts as an unscattered
spectator. The one-step and-two step amplitudes can atlyeirgerfere as long as the momentum
transfer to the nucleoN; is sufficiently small that it remains in the nuclear targes;, the loffe
length [124]L, = 2Mv/Q? is large compared to the inter-nucleon separation. In gffae flux
reaching the interior nucleons is diminished, thus redythe number of effective nucleons and
Ra(x, Q%) < L.

There are also leading-twist diffractive contributiopidN; — (qg)N; arising from Reggeon
exchanges in thechannel [21]. For example, isospin—non-singlet + Reggeons contribute to
the difference of proton and neutron structure functiomgng the characteristic Kuti-Weisskopf
Fop—Fon ~ x1-ar(0)  x05 hehavior at smalk. Thex dependence of the structure functions reflects
the Regge behaviorR(9 of the virtual Compton amplitude at fixe@? andt = 0. The phase of
the diffractive amplitude is determined by analyticity amdssing to be proportional tel+i for
ar = 0.5, which together with the phase from the Glauber cut, leadstwstructiveinterference
of the diffractive and nondiffractive multi-step nucleanplitudes. Furthermore, because ofits
dependence, the nuclear structure function is enhancegelein the domain @ < x < 0.2 where
antishadowing is empirically observed. The strength oRkeggeon amplitudes is fixed by the fits
to the nucleon structure functions, so there is little matdglendence.

As noted above, the Bjorken-scaling diffractive contribatto DIS arises from the rescattering
of the struck quark after it is struck (in the parton modehfeeq™ < 0), an effect induced by the
Wilson line connecting the currents. Thus one cannot at&ildDIS to the physics of the target
nucleon computed in isolation [15]. Similarly, since shadw and antishadowing arise from the
physics of diffraction, we cannot attribute these phenaatenthe structure of the nucleus itself:
shadowing and antishadowing arise because oftAeollision and the history of thgg dipole as
it propagates through the nucleus.

20



Ivan Schmidt, Jian-Jun Yang, and | [22] have extended theliglaanalysis to the shadowing
and antishadowing of all of the electroweak structure fiomst Quarks of different flavors will
couple to different Reggeons; this leads to the remarkatddigtion that nuclear antishadowing
is not universal; it depends on the quantum numbers of thelstquark. This picture implies
substantially different antishadowing for charged andtrawcurrent reactions, thus affecting the
extraction of the weak-mixing angt,. We find that part of the anomalous NuTeV result [125] for
6y could be due to the non-universality of nuclear antishadgvior charged and neutral currents.
Detailed measurements of the nuclear dependence of indivglark structure functions are thus
needed to establish the distinctive phenomenology of shiagoand antishadowing and to make
the NuTeV results definitive. Schmidt, Yang, and | have alemtified contributions to the nuclear
multi-step reactions which arise from odderon exchangetaadien color degrees of freedom in
the nuclear wavefunction. There are other ways in whichribis view of antishadowing can be
tested; antishadowing can also depend on the target and@arization.
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