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1. Introduction

Quantum Chromodynamics is a theory with remarkably novel and interestihgés. Heavy
ion experiments at RHIC[][1] are now discovering unexpected new phena associated with
the high temperature phase of QCD where its quark and gluon degreeseddi become mani-
fest. Experiments at HERME§]|[2] have confirmed QCD expectations fdirlgawist single-spin
asymmetries which require both the presence of quark orbital angular maméntihe proton
wavefunction and novel final-state QCD phases. Experiments at HER¥ay8 shown that diffrac-
tive deep inelastic scattering, where the proton target remains intact, ctasstittemarkably large
percentage of the deep inelastic cross section, again showing the imgoofa@€D final state
interactions. The SELEX experimef} [4] has shown that single, and dveible-charm, hadrons
are produced at higke in hadron collisions in agreement with analyses based on the intrinsic
charm [b] fluctuations of the proton. Color transpareri¢y [6], a keyuie of the gauge theoretic
description of hadron interactions, has now been experimentally estabéiskermiLab [[[7] using
diffractive dijet productiontA — jet jet A. The FermiLab experiment also provides a measure-
ment of the valence light-front wavefunction of the pi¢h [8]. A similar expent at the LHC
pA— jet jet jetA at the LHC could be used to measure the fundamental valence wavefuottion
the proton[[p].

The LHC, in both proton-proton and heavy ion collisions, will not only opera new high
energy frontier, but it will also be a superb machine for probing and teQ@D. The advent of
new hadron physics accelerators, such as the 12 GeV electron facilig§fatson Laboratory, the
FAIR anti-proton and heavy ion facilities at GSI, and the J-PARC hadxailitfy will provide many
new opportunities to test QCD in its natural domain. In addition, many novairiesof QCD,
such as timelike deeply virtual Compton scattering and two-photon annihilatorhe probed at
electron-positron colliders.

In this talk | will emphasize a number of aspects of QCD which seem to violateeational
wisdom:

(1) As recently noted by Collins and Qju]10], the traditional factorizatiomtalism of pertur-
bative QCD for high transverse momentum hadron production fails in detedluse of initial- and
final-state gluonic interactions. These interactions produce the Siers af leading twist[[11]
with different signs in semi-inclusive deep inelastic scattering and the Daellf¥action [12].
Double initial-state interaction$ [[L3] also produce anomalous angulatgffecluding the break-
down of the Lam-Tung relatiof [L4] in the Drell-Yan process.

(2) Hard diffractive reactions such as diffractive deep inelastic lept@titeringep — epX
are leading-twist, Bjorken-scaling phenomena. In fact, as shown atHBRnearly 15% of the
inclusive deep inelastic cross section leaves the proton intact. This is rdevstood to be due to
final-state gluonic interactions of the struck quark with the proton’s spestfi], contradicting
models based on an intrinsic pomeron component of the proton.

(3) As emphasized by Lai, Tung, and Pump[in| [16], there are strong itiolisathat the struc-
ture functions used to model charm and bottom quarks in the proton aiigrgave been strongly
underestimated, since they ignore intrinsic heavy quark fluctuations cdmagvefunctions. The
SELEX [@4] discovery ofccd and ccu double-charm baryons at large reinforces other signals
for the presence of heavy quarks at large momentum fractions in Hadvamefunctions, a rigor-
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ous feature of intrinsic heavy quark Fock states. This has strong@qaossees for the production
of heavy hadrons, heavy quarkonia, and even the Higgs at the Liiithdic charm and bottom

leads to substantial rates for heavy hadron production ab&idfhd], as well as anomalous nuclear
effects.

(4) The existence of dynamical higher-twist processes in which a hddteracts directly
within a hard subprocess is a rigorous prediction of QCD. For exampleg icetbe of the Drell-Yan
reactionrtp — ¢ ¢~ X the virtual photon becomes longitudinally polarized at high reflecting
the spin of the pion entering the QCD hard subprocpgs [18]. In the ¢dsglotransverse mo-
mentum proton production the differential cross sectééfﬁ(ppe ppX) scales aspl? at fixed

xr = 2pr/+/S, [L9] far from the ¥/ pt to 1/p3 scaling predicted by pQCD) [P0]. This suggests that
the proton is produced directly in the hard subprocess, rather tharably gugluon fragmentation.
The color transparencj/|[6] of the produced proton and the resultikgoleabsorption in a nuclear
medium can explain the paradoxical observation seen at RHIC that matienprthan pions are
produced at higlpr in high centrality heavy ion collisions.

(5) A new understanding of nuclear shadowing and antishadowingrhaged based on the
presence of multi-step coherent reactions involving leading twist diffir@ettactions[[31[ 22].
Thus the nuclear shadowing of structure functions is a consequerbe t#pton-nucleus colli-
sion; it is not an intrinsic property of the nuclear wavefunction. The samaysis shows that
antishadowing isot universal but it depends in detail on the flavor of the quark or antiquark
constituent [22].

(6) QCD predicts that a nucleus cannot be described solely as nuctesmmd states. In the
case of the deuteron, the six-quark wavefunction has five color-siogheponents, only one of
which can be identified with thpn state at long distances. These “hidden color" compongnts [23]
play an essential role in nuclear dynamics at short distances.

(7) Spin correlations are now playing an essential role in hadron phyiseasomenology, par-
ticularly in single-spin correlations which are found to be unexpectedingtio hadroproduction
at largexg and in the double-spin correlations which measure transversity. One afdkere-
markable phenomena in hadron physics is the 4:1 Ryjgof parallel to antiparallel rates seen in
large-angle elastic proton-proton scatterinfat~ 5 GeV [24]. This “exclusive transversity" is a
possible signal for the existencewiduudc resonances at the charm thresh§ld [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 scale entering the QCDlingup an
arbitrary parameter in perturbative QCD; in fact, just as in Abelian thebgyrenormalization
scale is a physical quantity, representing the summation of QCD vacuunizptiam contributions
to the gluon propagator in the skeleton expansioh [26]. In general, mukiptemalization scales
appear in a pQCD expression whenever multiple invariants appear in timred hese issues are
discussed in the next section.

These examples of unconventional wisdom highlight the need for a fioewtal understand-
ing the dynamics of hadrons in QCD at the amplitude level. This is essentiahf@rstanding
the description of phenomena such as the quantum mechanics of haanatiém, the remarkable
effects of initial and final interactions, the origins of diffractive phenomand single-spin asym-
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metries, and manifestations of higher-twist semi-exclusive hadron stdgses. A central tool in
these analyses is the light-front wavefunctions of hadrons, the fradegpémdent eigensolutions
of the Heisenberg equation for QCBI-F|W >= M?|W > quantized at fixed light-front. Given the
light-front wavefunctionapn/H(xi,hi,)\i), one can compute a large range of exclusive and inclu-
sive hadron observables. For example, the valence, sea-quadtuenmddistributions are defined
from the squares of the LFWFS summed over all Fock statéerm factors, exclusive weak tran-
sition amplitudes[[27] such &8 — (v, and the generalized parton distributiohs|[28] measured
in deeply virtual Compton scattering are (assuming the “handbag" appriaithaverlaps of the
initial and final LFWFS withn=n" andn=n'+ 2.

| will also discuss here a new approa¢h|[R9, 30] for determining lighttfaeavefunctions for
QCD using the AdS/CFT correspondence between Anti-de Sitter spaamafarmal gauge the-
ories. AdS/CFT provides an analytically tractable approximation to QCD in tfimeewhere the
QCD coupling is large and constant. In particular, there is an exactspameence between the
fifth-dimension coordinateof AdS space and a specific impact variablehich measures the sep-
aration of the quark constituents within the hadron in ordinary space-timg cdhnection allows
one to compute the analytic form of the frame-independent light-front fwagéons of mesons
and baryons, the fundamental entities which encode hadron propertiediew the computation
of exclusive scattering amplitudes.

2. Setting the Renormalization Scalein Perturbative QCD

Precise quantitative predictions of QCD are necessary to understabhdadkgrounds to new
beyond-the-Standard-Model phenomena at the LHC . Thus it is impddadiminate as best as
possible all uncertainties in QCD predictions, including the elimination of renaatian 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 Gell Mann-Low schemeaddly the
photon virtuality: u3 = k?. This scale sums all vacuum polarization corrections into the dressed
photon propagator of a given skeleton graph. The resulting analytic @BDIng coupling has
dispersive cuts set correctly set at the physical thresholds for lggtsrproductionk? = 4my.

(In MS scheme, the renormalization scales are displacext¥3k2.) The renormalization scale
is similarly unambiguous in QCD: the cuts due to quark loops in the dressed ptopagator
appear at the physical quark thresholds. Equivalently, one can esehleme-independent BLM
procedure[[26] 31, B2] to eliminate the appearance oftffienction in the perturbative series.

Of course thenitial choice of the renormalization scale is completely arbitrary, and one can
study the dependence of a perturbative expansion on the initial scaltg theirusual renormal-
ization group evolution equations. This procedure exposeg thdependent terms in the PQCD
expression. Eliminating thB-dependent terms then leads to a unique, physical, renormalization
scale for any choice of renormalization scheme. In effect, one identifeseties for the corre-
sponding conformal theory where tiie- function is zero; the conformal expression serves as a
template [3B3] for perturbative QCD expansions; the nonzero @&Dnction can then be system-
atically incorporated into the scale of the running coupling [3]L{ 34, 35k [Bads to fixing of the
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physical renormalization scale as well as commensurate scale relationsrelatehobservables to
each other without scale or scheme ambigUity [26].

As an example, consider Higgs productiopp— HX calculated viagg— H fusion. The phys-
ical renormalization scale for the running QCD couplings for this subgirethe pinch scheme
are the two gluon virtualities, not the Higgs mass. The resulting values foeti@malization
scales parallel the two-photon process in QEB:— eeH where only vacuum polarization cor-
rections determine the scale; i.e., the renormalization scales are set by tbe pintialities. An
interesting consequence is the prediction that the QCD coupling is evaludtedirainimal scale
of the gluon virtualities if the Higgs is measuredit = 0.

In a physical renormalization schenie][36], gauge couplings are definettly in terms of
physical observables. Such effective charges are analytic fusaifdhe physical scales and their
mass thresholds have the correct threshold dependfrice]37, 3®teahwith unitarity. As in
QED, heavy particles contribute to physical predictions even at endogiesv their threshold.
This is in contrast to renormalization schemes sucM&where mass thresholds are treated as
step functions. In the case of supersymmetric grand unification, onedindmber of qualitative
differences and improvements in precision over conventional appesd8l]. The analytic thresh-
old corrections can be important in making the measured values of the gawglengs consistent
with unification.

Relations between observables have no scale ambiguity and are indejpeiithie choice of
the intermediate renormalization scherpg [31]; this is the transitivity propertyeafettiormaliza-
tion group. The results, called commensurate scale relations, are conf§fewith the renor-
malization group[[40] and the analytic connection of QCD to Abelian theofycat> 0 [E1]. A
important example is the generalized Crewther relatioh [34]. One findsosamaiization-scheme
invariant relation between the coefficient function for the Bjorken sulmfar polarized deep in-
elastic scattering and tHeratio for theete~ annihilation cross section. This relation provides a
generalization of the Crewther relation to non-conformally invariant galugeries. The derived
relations allow one to calculate unambiguously without renormalization scabhens ambiguity
the effective charges of the polarized Bjorken and the Gross-Llewsheith sum rules from the
experimental value for the effective charge associated Ritditio. Present data are consistent with
the generalized Crewther relations, but measurements at higher prexisi@mergies are needed
to decisively test these fundamental relations in QCD.

Recently Michael Binger and I[[#2] have analyzed the behavior of thee#timonzero form
factors contributing to the gauge-invariant three-gluon vertex at ame-lan analysis which is
important for setting the renormalization scale for heavy quark productidrother PQCD pro-
cesses. Supersymmetric relations between scalar, quark, and gluerérapbutions to the trian-
gle diagram lead to a simple presentation of the results for a general reliaAlgauge theories.
Only the gluon contribution to the form factors is needed since the massladsand scalar con-
tributions are inferred from the homogeneous relatignt 4k + (10— d)Fs = 0 and the sums
2qoc(F) = (d —2)/2Fq + Fg which are given for each form factér. The extension to the case of
internal masses leads to the modified sum Fye + 4Fvq + (9 —d)FRus = 0. The phenomenology
of the three-gluon vertex is largely determined by the form factor multiplyinghtee-level ten-
sor. One can define a three-scale effective s@dlg(p3, p2, p2) as a function of the three external
virtualities which provides a natural extension of BLM scale sett[n§ [26] tathinee-gluon ver-
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tex. Physical momentum scales thus set the scale of the coupling. Theoldeperongff on the
physical scales has a number of surprising features. A complicatetidtdesd pseudo-threshold
behavior is also observed.

3. AdS/QCD asa First Approximant to Nonperturbative QCD

One of the most interesting new developments in hadron physics has besptioation of
the AdS/CFT correspondende]43] to nonperturbative QCD probledBI[46[4]7[ 48]. Already
AdS/CFT is giving important insight into the viscosity and other global prigeeof the hadronic
system formed in heavy ion collisior{s [49].

The essential ansatz for the application of AAS/CFT to hadron physics iadivation that
the QCD couplingrs(Q?) becomes large and constant in the low momentum do@airl GeV/c,
thus providing a window where conformal symmetry can be applied. Soluicthe QCD Dyson
Schwinger equation$ [p0,]51] and phenomenological stufli¢$ [b2458f ®CD couplings based
on physical observables such aslecay [6p] and the Bjorken sum rule show that the Q@D
function vanishes ands(Q?) become constant at small virtualifye., effective charges develop an
infrared fixed point. Recent lattice gauge theory simulatipris [56] andertumbative analysep [67]
have also indicated an infrared fixed point for QCD. One can undetskas physically [58]: in
a confining theory where gluons have an effective mass or maximal watk|eall vacuum po-
larization corrections to the gluon self-energy decouple at long wavdleMyhen the coupling
is constant and quark masses can be ignored, the QCD Lagrangiandseconformally invari-
ant [59], allowing the mathematically tools of conformal symmetry to be applied.

The leading power fall-off of the hard scattering amplitude as given by diifoeal count-
ing rules follows from the conformal scaling of the underlying hard-sdatieamplitude: Ty ~
1/Q"4, wheren is the total number of fields (quarks, leptons, or gauge fields) participitithg
hard scatterind [79, ¥1]. Thus the reaction is dominated by subpracasdd-ock 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 4+ N + Nc +Np andny is the minimum
number of constituents dfl. The near-constancy of the effective QCD coupling helps explain
the empirical success of dimensional counting rules for the near-coafgower law fall-off of
form factors and fixed angle scaling J72]. For example, one sees &t ofiperturbative QCD
scaling behavior even for exclusive nuclear amplitudes such as deytieotodisintegration (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 follow the leadingQ®I3 predictions
at large momentum transfers in the few GeV regfof [7B[ 74, 75.

Recently the Hall A collaboration at Jefferson Laboratdry [76] hasmtep a significant ex-
ception to the general empirical success of dimensional counting in fixedr@i¥ Compton scat-
tering%—‘t’(yp — yp) ~ @ instead of the predicte§ scaling. However, the hadron form factor
Ry (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 timelike two-photon pgps- pp
appears to satisfy dimensional countifg [[/7, 78].

The vanishing of thg3 function at small momentum transfer implies that there is regime
where QCD resembles a strongly-coupled theory and mathematical techbi&ged on conformal
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invariance can be applied. One can use the AdS/CFT correspondetimeeh Anti-de Sitter space
and conformal gauge theories to obtain an approximation to nonpert@wli@b in the regime
where the QCD coupling is large and constant; i.e., one can use the mathenegiieakentation

of the conformal grouf®(4, 2) in five- dimensional anti-de Sitter space to construct a holographic
representation to the theory. For example, Guy de Teramond | [28]dm@wn that the am-
plitude ®(z) describing the hadronic state in the fifth dimension of Anti-de Sitter space éal$

be precisely mapped to the light-front wavefunctigis, of hadrons in physical space-time, thus
providing a description of hadrons in QCD at the amplitude level. The light-fr@vefunctions
are relativistic and frame-independent generalizations of the familiab8ictger wavefunctions of
atomic physics, but they are determined at fixed light-cone time + z/c—the “front form" ad-
vocated by Dirac—rather than at fixed ordinary tim&Ve derived this correspondence by noticing
that the mapping af — ¢ analytically transforms the expression for the form factors in AAS/CFT
to the exact Drell-Yan-West expression in terms of light-front wavetions.

Conformal symmetry can provide a systematic approximation to QCD in both iteromnp
bative and perturbative domains. In the case of nonperturbative @@b¢an use the AAS/CFT
correspondenced [#3] between Anti-de Sitter space and conformgéghaories to obtain an an-
alytically tractable approximation to QCD in the regime where the QCD coupling ig lang
constant. Scale-changes in the physicalBworld can then be represented by studying dynamics
in a mathematical fifth dimension with the Agietric. This is illustrated in fig[] 1. This connec-

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

4-Dimensional
Flat Spacetime
(hologram)

Figure 1: Artist's conception of AdS/CFT. The evolution of the protandifferent length scales is mapped
into the compacAdS; dimensionz. The black hole represents the bag-like Dirichlet boundanydition
(W(Z)|z:20:1//\qco = 0), thus limiting interquark separations.

tion allows one to compute the analytic forin][29] 58] of the light-front wamefions of mesons
and baryons. AdS/CFT also provides a non-perturbative derivatidm@nsional counting rules
for the power-law fall-off of form factors and exclusive scattering dimges at large momentum
transfer.
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The ADS/CFT approach thus allows one to construct a model of hadrwick Wwas both con-
finement at large distances and the conformal scaling properties wipcbdree dimensional
counting rules for hard exclusive reactions. The fundamental equatidnlS/CFT has the ap-
pearance of a radial Schrédinger Coulomb equation, but it is relatiisi@riant, and analytically
tractable.

A key result from AdS/CFT is an effective two-particle light-front ragigliation for meson§ [R9,

2
{—j'zz +V<z>} o(0) = 470(2), (3.1)

with the conformal potentia¥ ({) = —(1—4L?) /472 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 momentlkm. The variablel, 0 < { < AaéD, represents the invariant
separation between point-like constituents, and it is also the holograplablear 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 state is determined Byeitenlohner-
Freedman bound Jp0]. We can model confinement by imposing Dirichletdaoy conditions at
®(z=1/Ngcp) = 0. The eigenvalues are then given in terms of the roots of the Bessel fusiction
Ak = BLx\gcp. Alternatively, one can add a confinement potential{? to the effective po-
tentialV () [B7].

The eigenvalues of the effective light-front equation provide a goadri#ion of the meson
and baryon spectra for light quarksJ61], and its eigensolutions pecwicemarkably simple but
realistic model of their valence wavefunctions. The resulting normalized light-fvavefunctions
for the truncated space model are

P(%,{) = BLiy/X(1 =X)L ({BLxNacp) B(z < /\(SéD) : (3.2)

whereB x = rr%/\QCD JirL(BLk). The results display confinement at large inter-quark separa-
tion and conformal symmetry at short distances, thus reproducing dinmahsiounting rules for
hard exclusive processes. One can also derive analogous eguatibaryons composed of mass-
less quarks using a Dirac matrix representation for the baryon systentictiRnes for the baryon
spectrum are shown in f{g.2.

Most important, the eigensolutions of the AAS/CFT equation can be mapped tdrtigh
equations of the hadrons in physical space-time, thus providing an egsoription of the light
hadrons at the amplitude level. The mapping is illustrated ifi fig.3. The meson liFistrated
in fig.4. The prediction for the proton Dirac form factor is shown infig.5.

The deeply virtual Compton amplitudes can be Fourier transforméd @ndo = x P* /2
space providing new insights into QCD distributiops [63, [63.[64, 65]. Ttibutions in the LF
directiong typically display diffraction patterns arising from the interference of the irdtia final
state LFWFs [[4] 86]. This is illustrated in fip.6. All of these processegpoavride a detailed test
of the AdS/CFT LFWFs predictions.

It is interesting to note that the pion distribution amplitude predicted by AdS/CRheat
hadronic scale igy(x,Qo) = (4/+/3m) f\/X(1—x) from both the harmonic oscillator and trun-
cated space models is quite different than the asymptotic distribution amplitudietpdefrom
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Prediction from Only one E;l;liri);lllrg}(l)tn
AdS/QCD parameter! by Y
spectrum

1-2006
8694A14

Figure 2: 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-staestéisted by the Particle Data Group are shown.
Nocp =0.25GeV. The 56 trajectory corresponds to L even P = + statebthe 70 to L odd P = - states.

LF(3+1) AdSs

¥(z,5)) - (2)

= gj(l—,r)% i z

(1-=2)
Pz, b)) = Jo(1l —z) $(¢)

Figure 3: Holographic mapping of the wavefuncti@z) in the fifth-dimension coordinateto the light-
front wavefunction as a function of the covariant impactrdimate = /x(1—x)b, .

the PQCD evolution[[67] of the pion distribution amplitudg;(x,Q — ©) = v/3fx(1—x). The
broader shape of the AAS/CFT pion distribution increases the magnitude lefaiting-twist per-
turbative QCD prediction for the pion form factor by a factor of/@&ompared to the prediction
based on the asymptotic form, bringing the PQCD prediction close to the empidoaiorm fac-
tor [68]. Hadron form factors can be directly predicted from the oyeirigegrals in AdS space or
equivalently by using the Drell-Yan-West formula in physical space-tinfe 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 referred to as a "sefthiRan
contribution. In factk — 1 for the struck quark requires that all of the spectators kavé® /P =
(K®+Kk?)/P* — 0; this in turn requires high longitudinal momeria— — for all spectators —
unless one has both massless spectator guarkd with zero transverse momentlkn = 0, which
is a regime of measure zero. If one uses a covariant formalism, such Bsttiee Salpeter theory,
then the virtuality of the struck quark becomes infinitely spacekges —(k? +m?)/(1—X) in the
endpoint domain. Thus, actually,— 1 corresponds to infinite relative longitudinal momentum;
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Two-parton ground state LFWF in impact space ¢)(x, b) foraforn = 2, = 0,k = 1.

Figure 4: lllustration of the valencejg Fock state light-front wavefunction of a meson predicted by

AdS/CFT.

G. de Teramond, sjb
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Figure 5: Predictions from AdS/CFT for the space-like Dirac form &aabf the protonF;(Q?) for both
the hard wall (truncated space) and soft wall (harmonicllasoi confinement) models. The currehis

modified by the metric. For example, in the soft wall modg(Q,z) =T (1+ 4%22) u (%, 0, KZZZ) , where

U(a,b,2) is the confluent hypergeometric functidn [jL44].

it is as hard a domain in the hadron wavefunction as high transverse momeRttmalso that
at largex where the struck quark is far-off shell, DGLAP evolution is quenchél], [§o that the
fall-off of the DIS cross sections i®? satisfies inclusive-exclusive duality at fixed?.

The AdS/CFT approach thus provides a viable, analytic first approxim@&tiQCD. In princi-
ple, the model can be systematically improved, for example by using the AdSfigEfsolutions
as a basis for diagonalizing the full QCD Hamiltonian. An outline of the AdS/Q@iy@am is
shown in fig.B. The phenomenology of the AdS/CFT model is just beginnirtgt ban be antic-
ipated that it will have many applications to LHC phenomena. For example, thelrhBtVFs

10



Novel QCD Phenomena Stanley J. Brodsky

Hadvon Optics

1 _
Alo,by) = 5 / dce@CAby ,¢) o=l Pt =@

80 T T T T

(b) o
— b0l

-~ Ib,|=05

-~ b |~1.0

DVCS Amplitude using
holographic QCD meson LFWF

40

AR
i \
T
i \
TN
i |
17 W
1 |
i Rt
1 |
i i
| |
hi i b
. A
i W
7 "\, N7 N 0.02]
AN VN 0.015
s AR TEIRN 0.01)
[ 1 L L 1 0.005!
R -10 0 10 20 g o
o
The Fourier Spectrum of the DVCS ampli-

tude in o space for different fixed values of [by]

byl GeV units

Agcp = 0.32
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Figure 7: The logistics of AAS/CFT which leads to an analytic first apimation to QCD in its conformal
window.

provide a basis for understanding hadron structure functions agthéatation functions at the
amplitude level; the same wavefunctions can describe hadron formatiorttienoalescence of
co-moving quarks. The spin correlations which underly single and dagbiecorrelations are
also described by the AdS/CFT eigensolutions. The AdS/CFT hadroniefwastions provides
predictions for the generalized parton distributions and weak decay angdifusim first princi-

ples. In addition, a prediction from AdS/CFT for the proton LFWF would altove to compute
the higher-twist direct subprocesses suchuas- pd which could control proton production in
inclusive reactions at large transverse momenta from first principles.afiplitudes relevant to
diffractive reactions could also be computed. We also anticipate that thesexteof the AAS/CFT
formalism to heavy quarks will allow a great variety of heavy hadron phema to be analyzed
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from first principles.

4. Higher-Twist Contributionsto Inclusive Reactions

Although the contributions of higher twist processes are nominally poweslgpressed at
high transverse momentum, there are some phenomenological examplestivdyecan play a
dominant role. For example, hadrons can interact directly within a hangrgobss, leading to
higher twist contributions which can actually dominate over leading twist pease[I8[ 19]. A
classic example is the reactiemy — ¢/~ which, despite its relativ«-é‘7 fall-off, dominates the
leading twist contribution to the Drell-Yan reactigiN — ¢*¢~X at highxg, producing longitu-
dinally polarized lepton pairs. Crossing predicts that one also has remgtiogre the final-state
hadron appears directly in the subprocess su@ias — nX atz= 1.

The fundamental test of leading-twist QCD predictions in high transverseemtum hadronic
reactions is the measurement of the power-law fall-off of the inclusivmectionc%(AB —
CX) = F(e,?g}’f” at fixedxr = 2py//sand fixed6cy whereng st ~ 4+ d. Hered < 1 is the correc-
tion to thpeTconformaI prediction arising from the QCD running coupling and.R&evolution of
the input distribution and fragmentation functiops]|[20]. Striking deviatioomfthe leading-twist
predictions were observed at the ISR and Fermilab fixed-target expesif@d]. For example, the
Chicago-Princeton experimeifit]81] foungk s ~ 12 for pp— pX at large, fixedsr. A compilation
of results for the power fall-off for hard inclusive hadronic reactisnshown in fig.B.
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Figure 8: Power-law scaling[[§2] for hadron production at large tkamse momentum from experiments at
the ISR, FermiLab, and the PHENIX collaboration at RHIC. Témding-twist prediction i®ef ~ 4. The
Net ~ 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 subprocesses dominatareraasts of high
pr hadron production at RHIC energies. Indeed the data for direct pli@gmentatiompp — yX
is quite consistent withef(pp — yX) =5, as expected from thgq — yq leading-twist subpro-
cess. This also is likely true for pion production, at least for smalHowever, the measured fixed
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x7 scaling for proton production at RHIC is anomalous: PHENIX repagts(pp — pX) ~ 8. A

review of this data is given by Tannenbaum|[82]. One can understanantbmalous scaling if a
higher-twist subproces$§ [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 L]. Such processes are rigorous QCD contributions. The donerudretirect subprocesses

Bawyon cowv be made directly within hawd subprocess

Bjorken

p Blankenbecler, Gunion, sjb
_ Berger, sjb
Coalescence uu — pd Hoyer, et al: Semi-Exclusive
within hard
subprocess ép(w1, w2,73) < Njcp

Small colov-singlet
Color Tramsporent
Minimal same-side energy

u

Collision cawvproduce 3 Dactive = 6 qq — Bq
collinear quarks Neff= 2Nactive = 4
g ef= 8

Figure9: Representative higher-twist mechanism for direct protapction at large transverse momentum
based on the subprocess— pd. The cross section scaleslﬁﬁ% = F%TTT::?*M) wherenest = 8.

is possible since the fragmentation of gluon or quark jets to baryons redgbaethe 2 to 2 sub-
process occurs at much higher transverse momentum tham-tbéobserved proton because of
the fast falling(1— z)® quark-to-proton fragmentation function. Such “direct" reactions cadilg
explain the fast-falling power-law falloff observed at fixegd and fixed8., observed at the ISR,
FermiLab and RHIC[[Z0]. Furthermore, the protons produced directly wittérhard subprocess
emerge as small-size color-transparent colored states which are ndbedbé the nuclear target.
In contrast, pions produced from jet fragmentation have the normad sexgion. This provides a
plausible explanation of RHIC datf]83], which shows a dramatic rise gf therr ratio at highpr
when one compares peripheral with central (full overlap) heavy idisioms. This is illustrated in
fig.[[9. The directly produced protons are not absorbed, but the prerdiminished 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 the proton to daextra heavy
qguark pair decreases aﬁmg in non-Abelian gauge theory [8f,]85]. The relevant matrix element
is the cube of the QCD field streng@ﬁv. This is in contrast to abelian gauge theory where the
relevant operator iEﬁV and the probability of intrinsic heavy leptons in QED bound state is sup-
pressed as/ln;‘. The intrinsic Fock state probability is maximized at minimal off-shellness. It
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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 RHIE[83]. The opamd solid symbols indicate neutral versus
charged pions. The rise of th® i ratio with pr is consistent with the hypothesis that only the pions are
absorbed in the nuclear medium. A comparison with the medsufrr ratio in et e~ and pp reactions is
also shown.

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

atx, = m"L/z?:1 m' : i.e. when the constituents have minimal invariant mass and equal rapidity.
Thus the heaviest constituents have the highest momentum fractions arightéstk. Intrinsic
charm thus predicts that the charm structure function has supporjakigin excess of DGLAP
extrapolations[]5]; this is in agreement with the EMC measureménts [86]. ditraharm can
also explain the /¢ — pm puzzle [8F]. It also affects the extraction of suppressed CKM matrix
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: + Xz in pA— J/WXA since thec
andc can readily coalesce into the charmonium state. Since the constituents @nairgnsic
heavy-quark Fock state tend to have the same rapidity, coalescence of matifgas from the
projectile Fock state into charmed hadrons and mesons is also favoredexdfople, one can
produce a leading\. at highxg and low pr from the coalescence of thelc constituents of the
projectile|uuda@ > Fock state. A similar coalescence mechanism was used in atomic physics to
produce relativistic antinydrogen A collisions [89]. This phenomena is important not only for
understanding heavy-hadron phenomenology, but also for undénsgathe sources of neutrinos
in astrophysics experiments J90] and the “long-flying" component in cosayie [O1].

In the case of a nuclear target, the charmonium state will be produced httsmaverse
momentum and higke with a characteristi&?/3 nuclear dependence since the color-octet color-
octet |(uud)sc(cT)sc > Fock state interacts on the front surface of the nuclear tafget [176 Th
forward contribution is in addition to th&! contribution derived from the usual perturbative QCD
fusion contribution at smakllg. Because of these two components, the cross section violates per-
turbative QCD factorization for hard inclusive reactiopd [92]. This issistent with the observed
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two-component cross section for charmonium production observedebWAB collaboration at

CERN [93] and more recent experimerfts| [94]. The diffractive dissiociaf the intrinsic charm

Fock state leads to leading charm hadron production and fast charmprodanction in agreement
with measurements$ [P5]. Intrinsic charm can also explaidihe— prpuzzle [8F], and it affects
the extraction of suppressed CKM matrix elementB iecays[88].

The production cross section for the double-ch&gmbaryon [96] and the production df ¢
pairs appears to be consistent with the diffractive dissociation and cealss of double IC Fock
states [97]. These observations provide compelling evidence for thadiifle dissociation of
complex off-shell Fock states of the projectile and contradict the traditiaeal that sea quarks
and gluons are always produced perturbatively via DGLAP evolutibis dlso conceivable that
the observationd [98] of\, at highxg at the ISR in high energpp collisions could be due to
the diffractive dissociation and coalescence of the “intrinsic bottpmtith > Fock states of the
proton.

Intrinsic heavy quarks can also enhance the production probability gfsHigsons at hadron
colliders from processes such ge — Hc. It is thus critical for new experiments (HERMES,
HERA, COMPASS) to definitively establish the phenomenology of the chawmtsre function at
largexyj. Recently Kopeliovich, Schmidt, Soffer, and[[ J17] have proposed &hmechanism for
exclusive diffractive Higgs productiopp — pH p in which the Higgs boson carries a significant
fraction of the projectile proton momentum. The production mechanism is bastw 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 is illustrated [nffig.11, wilige a clear
experimental signal for Higgs production due to the small background ikitigsnatic region.

Intrinsic Chawrm Mechanism for
Exclusive Diffraction Production

pp—J/ypp
X7y =X, + 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 bound state of a protien@eutron where the
binding force arise from the exchange of a pion and other mesonic dtibegver, QCD provides
a new perspectivef [p9, 700] six quarks in the fundamengaiepresentation oU(3) color can
combine into five different color-singlet combinations, only one of whichliesponds to a proton
and neutron. In fact, if the deuteron wavefunction is a proton-neutrandbstate at large distances,
then as their separation becomes smaller, the QCD evolution resulting froragtglaon exchange
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introduce four other “hidden color" states into the deuteron wavefun{f@i The normalization
of the deuteron form factor observed at la@@[fL0]], as well as the presence of two mass scales
in the scaling behavior of the reduced deuteron form fagtgr [99], thggesst sizable hidden-color
Fock state contributions such @&uud)s.(ddu)s.) with probability of order 15% in the deuteron
wavefunction [10R].

The hidden color states of the deuteron can be materialized at the hadebadev
ATt (uuuA~(ddd) and other novel quantum fluctuations of the deuteron. These duabdriiedr
components become more and more important as one probes the deutdran dissances, such
as in exclusive reactions at large momentum transfer. For example, the ratio
do/dt(yd — A*TA7)/do/dt(yd — np) should increase dramatically to a fixed ratio 2 :: 5 with
increasing transverse momentyoy. 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 momentum, reflectiogsieof hidden color
degrees of freedom.

Recently the CLEO collaboratiop [7j03] has measured the branching rétios o
Y(nS — antideuteronX. This reaction should be sensitive to the hidden-color structure of the
anti-deuteron wavefunction since tife— bb — ggg— qqgqaaqaqaaq originates from a system of
small compact size and leads to multi-quark states with diverse colors. dicigcto also have data
onY — pnX where the anti-nucleons emerge at minimal invariant mass. The convemntiariehr
physics expectation can then be computed from the convolution of this digirilwith the square
of the two nucleon “body" LFWF of the deuteron:

1 5 do
A2k / dx gl (x.k, )2 x Y - TIpX 6.1
e ) XUk o e (V) 6.1)

7. Diffractive Deep I nelastic Scattering

A remarkable feature of deep inelastic lepton-proton scattering at HERAtigpiproximately
10% events are diffractivg [IPJF, J05]: the target proton remains irgadtthere is a large rapidity
gap between the proton and the other hadrons in the final state. Thesetié deep inelastic
scattering (DDIS) events can be understood most simply from the péx&petthe color-dipole
model: thegq Fock state of the high-energy virtual photon diffractively dissociatesamtiffractive
dijet system. The exchange of multiple gluons between the color dipole aofgthed the quarks
of the target proton neutralizes the color separation and leads to thectiiffréinal state. The
same multiple gluon exchange also controls diffractive vector meson elemdkggiion at large
photon virtuality [Z0B]. This observation presents a paradox: if onesém®the conventional parton
model frame where the photon light-front momentum is negaiive= q° + ¢ < 0, the virtual
photon interacts with a quark constituent with light-cone momentum fragtiork™ /p™ = xy;.
Furthermore, the gauge link associated with the struck quark (the Wilsonb@e®mes unity in
light-cone gaugeA™ = 0. Thus the struck “current" quark apparently experiences no ftatd-s
interactions. Since the light-front wavefunctiogs(xi, ki) of a stable hadron are real, it appears
impossible to generate the required imaginary phase associated with porrehnange, let alone
large rapidity gaps.
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This paradox was resolved by Hoyer, Marchal, Peigne, Sannino asdIhf§3]. Consider
the case where the virtual photon interacts with a strange quarksstpair is assumed to be
produced in the target by gluon splitting. In the case of Feynman gaugsrticks quark continues
to interact in the final state via gluon exchange as described by the WilsonTime 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-on-shell intateedate, the amplitude
acquires an imaginary part. Thus the rescattering of the quark prodsegmrated color-singlsg
and an imaginary phase. In the case of the light-cone gatigen - A= 0, one must also consider
the final-state interactions of the (unstruckgjuark. The gluon propagator in light-cone gauge
dfd (k) = (i/K2+ig) [-gHY + (nHKY +kHnY/n -K)] is singular akt = n -k = 0. The momentum
of the exchanged gludq'™ is of &(1/v); thus rescattering contributes at leading twist even in light-
cone gauge. The net result is gauge invariant and is identical to thediptde model calculation.
The calculation of the rescattering effects on DIS in Feynman and lightgange through three
loops is given in detail for an Abelian model in referericé [15]. Theltetiwws that the rescattering
corrections reduce the magnitude of the DIS cross section in analogyleansbadowing.

A new understanding of the role of final-state interactions in deep inelastitesog has thus
emerged. The multiple scattering of the struck parton via instantaneous titesaio the target
generates dominantly imaginary diffractive amplitudes, giving rise to antefée*hard pomeron”
exchange. The presence of a rapidity gap between the target arattilifrsystem requires that
the target remnant emerges in a color-singlet state; this is made possiblegawayg by the soft
rescattering. The resulting diffractive contributions leave the targettiataet do not resolve its
quark structure; thus there are contributions to the DIS structure fusctiich cannot be in-
terpreted as parton probabilitifs [15]; the leading-twist contribution to Bif frescattering of a
quark in the target is a coherent effect which is not included in the ligintfivave functions com-
puted in isolation. One can augment the light-front wave functions with aggiinlgcorresponding
to an external field created by the virtual phognpair current [I0[7[ 198]. Such a gauge link is
process dependerft ]12], so the resulting augmented LFWFs are inetsah [I,[I0]7[ 199]. We
also note that the shadowing of nuclear structure functions is due to tlreal®® interference
between multi-nucleon amplitudes involving diffractive DIS and on-shell ingsgliate states with
a complex phase. In contrast, the wave function of a stable target is staatlgince it does not
have on-energy-shell intermediate state configurations. The physiesaattering and shadowing
is thus not included in the nuclear light-front wave functions, and a flmibstc interpretation of
the nuclear DIS cross section is precluded.

Rikard Enberg, Paul Hoyer, Gunnar Ingelman and 1][110] have stibat the quark structure
function of the effective hard pomeron has the same form as the quatkizdion of the gluon
structure function. The hard pomeron is not an intrinsic part of the pro&her it must be con-
sidered as a dynamical effect of the lepton-proton interaction. Our Q@&ied picture also applies
to diffraction in hadron-initiated processes. The rescattering is difféenenirtual photon- and
hadron-induced processes due to the different color environmeitt) wbcounts for the observed
non-universality of diffractive parton distributions. This frameworkogisovides a theoretical ba-
sis for the phenomenologically successful Soft Color Interaction (8@tel [I11] which includes
rescattering effects and thus generates a variety of final states witltyayaids.
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8. Single-Spin Asymmetriesfrom Final-State Interactions

Among the most interesting polarization effects are single-spin azimuthal agyiesnia
semi-inclusive deep inelastic scattering, representing the correlation gjitnef the proton target
and the virtual photon to hadron production pla§§-:q X Pu. Such asymmetries are time-reversal
odd, but they can arise in QCD through phase differences in diffspgmeimplitudes. In fact, final-
state interactions from gluon exchange between the outgoing quarkssstadgét spectator system
lead to single-spin asymmetries in semi-inclusive deep inelastic lepton-prattiarsty which are
not power-law suppressed at large photon virtuaityat fixedXp [L3]. In contrast to the SSAs
arising from transversity and the Collins fragmentation function, the fragrientaf the quark
into hadrons is not necessary; one predicts a correlation with the pgiaalptane of the quark jet
itself. Physically, the final-state interaction phase arises as the infraiigzldifference of QCD
Coulomb phases for hadron wave functions with differing orbital angutamentum. See figJL2.
The same proton matrix element which determines the spin-orbit correftioalso produces the
anomalous magnetic moment of the proton, the Pauli form factor, and theatjeeé parton dis-
tribution E which is measured in deeply virtual Compton scattering. Thus the contributaech
quark current to the SSA is proportional to the contributgy), of that quark to the proton target’s
anomalous magnetic momexy = 3 ;€qKqy/p [1,[112]. The HERMES collaboration has recently
measured the SSA in pion electroproduction using transverse targeizattar [2]. The Sivers
and Collins effects can be separated using planar correlations; bdtibations are observed to
contribute, with values not in disagreement with theory expectatiphf R, Allated analysis
also predicts that the initial-state interactions from gluon exchange betweencibming quark
and the target spectator system lead to leading-twist single-spin asymmethiedirell-Yan pro-
cessH1H2I — ¢T¢~X [L3, L13]. The SSA in the Drell-Yan process is the same as that obtained
in SIDIS, with the appropriate identification of variables, but with the oppasge. There is no
Sivers effect in charged-current reactions sincefthenly couples to left-handed quarfs115].

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

* Leading-Twist Bjorken Scaling! i$- ﬁjm X Zi

* Requires nonzero orbital angular momentum of quark

¢ Arises from the interference of Final-State QCD
Coulomb phases in S- and P- waves; Wilson line effect;
gauge independent

p
current
quark jet

duasy final state

interaction

system

* Relate to the quark contribution to the target proton
anomalous magnetic moment and final-state QCD plgascs
©.

* QCD phase at soft scale

proton 11.2001
8624406

* New window to QCD coupling and running gluon mass in the IR

* QED S and P Coulomb phases infinite -- difference of phases finite

Figure 12: Final-state interactions in QCD and the physics of the legdivist Sivers single-spin asymmetry
in semi-inclusive deep inelastic lepton-proton scattgrin
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If both the quark and antiquark in the initial state of the Drell-Yan subpsoggs— ™y~
interact with the spectators of the other incident hadron, one finds &dwwa of the Lam-Tung
relation, which was formerly believed to be a general prediction of leanitg}-QCD. These
double initial-state interactions also lead to a apgianar correlation in unpolarized Drell-Yan
reactions[[13]. More generally one must consider subprocessdsinyanitial-state gluons such
asngaj — ¢/ in addition to subprocesses with extra final-state gluons.

The final-state interaction mechanism provides an appealing physicahakiptawithin QCD
of single-spin asymmetries. Remarkably, the same matrix element which deteth@rsgsn-orbit
correlationS- L also produces the anomalous magnetic moment of the proton, the Pauli fom fa
and the generalized parton distributi&rwhich is measured in deeply virtual Compton scattering.
Physically, the final-state interaction phase arises as the infrared-firideedite of QCD Coulomb
phases for hadron wave functions with differing orbital angular momenfimelegant discussion
of the Sivers effect including its sign has been given by Burkdrd8][1As shown recently by
Gardner and myself[1]L6], one can also use the Sivers effect to $tedybital angular momentum
of gluons by tagging a gluon jet in semi-inclusive DIS. In this case, the fiasd-interactions are
enhanced by the large color charge of the gluons.

The final-state interaction effects can also be identified with the gauge linkhvighjgresent
in the gauge-invariant definition of parton distributiofis J108]. Even wtnenlight-cone gauge
is chosen, a transverse gauge link is required. Thus in any gauge rtio@ paplitudes need
to be augmented by an additional eikonal factor incorporating the finalistat®ction and its
phase[[1]7[ 197]. The net effect is that it is possible to define trassweomentum dependent
parton distribution functions which contain the effect of the QCD final-stdézactions.

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

Diffractive multi-jet production in heavy nuclei provides a novel way tedlge the shape
of light-front Fock state wave functions and test color transparefjcy f6r example, consider
the reaction [[138 119]71A — Jet +Jeb + A’ at high energy where the nuclefsis left intact
in its ground state. The transverse momenta of the jets balance do thak » = g, <R 1.
Because of color transparency, the valence wave function of the pibrsmall impact separation
will penetrate the nucleus with minimal interactions, diffracting into jet p&irs[[1T8e x; = X,
x> = 1—x dependence of the dijet distributions will thus reflect the shape of the pience light-
cone wave function ix; similarly, thek 1 — K » relative transverse momenta of the jets gives key
information on the second transverse momentum derivative of the undgslyape of the valence
pion wavefunction[[139] 120]. The diffractive nuclear amplitude exifaged tot = 0 should be
linear in nuclear numbeA if color transparency is correct. The integrated diffractive rate will
then scale a#?/R% ~ A%3. This is in fact what has been observed by the E791 collaboration at
FermiLab for 500 GeV incident pions on nuclear targgts|[121]. The medsnomentum fraction
distribution of the jets with high transverse momentum is found to be approximatedystent with
the shape of the pion asymptotic distribution amplitugfg? ™{x) = v/3fx(1—x) [Bl; however,
there is an indication from the data that the distribution is broader at lowesveese momentum,
consistent with the AdS/CFT prediction.
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Color transparency, as evidenced by the Fermilab measurements oftdiéfrdijet produc-
tion, implies that a pion can interact coherently throughout a nucleus with mimibsairption, in
dramatic contrast to traditional Glauber theory based on a fixgdcross section. Color trans-
parency gives direct validation of the gauge interactions of QCD. C@aosprarency has also been
observed in diffractive electroproduction pfmesons[[132] and in quasi-elasp& — pp(A— 1)
scattering[[123] where only the small size fluctuations of the hadron waeg#én enters the hard
exclusive scattering amplitude. In the latter case an anomaly occyfs at5 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 Hrgishadowingf the nuclear structure
functions which is observed in deep inelastic lepton scattering and othpharesses. 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 the deuteronyés then than the scattering
on a set ofA independent nucleons.

The shadowing of the nuclear structure functiof(x,Q?) < 1 at smallx < 0.1 can be
readily understood in terms of the Gribov-Glauber theory. Consider aste{process in the
nuclear target rest frame. The incomiqg dipole first interacts diffractively*N; — (qq)Ny on
nucleonN; leaving it intact. This is the leading-twist diffractive deep inelastic scattefdigl$)
process which has been measured at HERA to constitute approximately filbf DIS cross
section at high energies. Tlyg state then interacts inelastically on a downstream nuchon
(qq)N2 — X. The phase of the pomeron-dominated DDIS amplitude is close to imaginary, and
the Glauber cut provides another phasso that the two-step process has opposite phase and
destructively interferes with the one-step DIS procesdl, — X whereN; acts as an unscattered
spectator. The one-step and-two step amplitudes can coherently intesiere as the momentum
transfer to the nucleoN; is sufficiently small that it remains in the nuclear targeg;, the loffe
length [128]L, = 2M v/Q? is large compared to the inter-nucleon separation. In effect, the flux
reaching the interior nucleons is diminished, thus reducing the numbereatie&f nucleons and
Ra(x, Q%) < 1.

There are also leading-twist diffractive contributiopifN; — (gqg)N; arising from Reggeon
exchanges in thechannel [2l1]. For example, isospin—non-singlet + Reggeons contribute to
the difference of proton and neutron structure functions, giving tlagacieristic Kuti-Weisskopf
Fap — Fon ~ X2~ 9R(O ~ x05 hehavior at smak. Thex dependence of the structure functions reflects
the Regge behaviar®(© of the virtual Compton amplitude at fixe@? andt = 0. The phase of
the diffractive amplitude is determined by analyticity and crossing to be ptiopatto—1+i for
ar = 0.5, which together with the phase from the Glauber cut, leadtwstructiveinterference
of the diffractive and nondiffractive multi-step nuclear amplitudes. Funtioge, because of its
dependence, the nuclear structure function is enhanced preciselydiorttzén 01 < x < 0.2 where
antishadowing is empirically observed. The strength of the Reggeon amplitifieed by the fits
to the nucleon structure functions, so there is little model dependence.

As noted above, the Bjorken-scaling diffractive contribution to DIS arfismm the rescattering
of the struck quark after it is struck (in the parton model fragfie< 0), an effect induced by the
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Wilson line connecting the currents. Thus one cannot attribute DDIS to sqshof the target
nucleon computed in isolatiof [L5]. Similarly, since shadowing and antistiagawise from the
physics of diffraction, we cannot attribute these phenomena to the seuittine nucleus itself:
shadowing and antishadowing arise because of'tAeollision and the history of thgq dipole as
it propagates through the nucleus.

lvan Schmidt, Jian-Jun Yang, and 1]22] have extended the Glaubbsi the shadowing
and antishadowing of all of the electroweak structure functions. Quarkgferent flavors will
couple to different Reggeons; this leads to the remarkable predictionubkan antishadowing
is not universal; it depends on the quantum numbers of the struck.qldnis picture implies
substantially different antishadowing for charged and neutral cureations, thus affecting the
extraction of the weak-mixing angt&y. We find that part of the anomalous NuTeV respilt]125] for
6y could be due to the non-universality of nuclear antishadowing for elaeaigd neutral currents.
Detailed measurements of the nuclear dependence of individual quackusé functions are thus
needed to establish the distinctive phenomenology of shadowing and dotighg and to make
the NuTeV results definitive. Schmidt, Yang, and | have also identifiedibotitins to the nuclear
multi-step reactions which arise from odderon exchange and hiddendmgoees of freedom in
the nuclear wavefunction. There are other ways in which this new viemtifteadowing can be
tested; antishadowing can also depend on the target and beam polarization
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