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1. Introduction

Quantum Chromodynamics is atheory with remarkably novel and interesting features. Heavy
ion experiments at RHIC [fl] are now discovering unexpected new phenomena associated with
the high temperature phase of QCD where its quark and gluon degrees of freedom become mani-
fest. Experiments at HERMES [J] have con rmed QCD expectations for lea ding-twist single-spin
asymmetries which require both the presence of quark orbital angular momentum in the proton
wavefunction and novel nal-state QCD phases. Experimentsat HERA [3]] have shown that diffrac-
tive deep inelastic scattering, where the proton target remains intact, constitutes aremarkably large
percentage of the deep inelastic cross section, again showing the importance of QCD nal state
interactions. The SELEX experiment [B] has shown that single, and even double-charm, hadrons
are produced at high X in hadron collisions in agreement with analyses based on the intrinsic
charm [B] uctuations of the proton. Color transparency [§], a key fe ature of the gauge theoretic
description of hadron interactions, has now been experimentally established at FermiLab [[f] using
diffractive dijet production 77A ¥ jet jet A. The FermiLab experiment also provides a measure-
ment of the valence light-front wavefunction of the pion [g]. A similar experiment at the LHC
pA T jet jet jetA at the LHC could be used to measure the fundamental valence wavefunction of
the proton [g].

The LHC, in both proton-proton and heavy ion collisions, will not only open up a new high
energy frontier, but it will also be a superb machine for probing and testing QCD. The advent of
new hadron physics accelerators, such asthe 12 GeV electron facility at Jefferson Laboratory, the
FAIR anti-proton and heavy ion facilities at GSI, and the JPARC hadron facility will provide many
new opportunities to test QCD in its natural domain. In addition, many novel features of QCD,
such as timelike deeply virtual Compton scattering and two-photon annihilation, can be probed at
electron-positron colliders.

In thistalk | will emphasize a number of aspects of QCD which seem to violate conventional
wisdom:

(1) Asrecently noted by Collinsand Qiu [[L{], the traditional factorization formalism of pertur-
bative QCD for high transverse momentum hadron production failsin detail because of initial- and
nal-state gluonic interactions. These interactions produce the Sivers ef fect at leading twist [[L1]
with different signs in semi-inclusive deep inelastic scattering and the Drell-Yan reaction [[[7].
Double initia-state interactions [[L3] also produce anomalous angular effects, including the break-
down of the Lam-Tung relation [[I4] in the Drell-Yan process.

(2) Hard diffractive reactions such as diffractive deep inelastic lepton scattering ep ¥ epX
are leading-twist, Bjorken-scaling phenomena. In fact, as shown at HERA [], nearly 15% of the
inclusive deep inelastic cross section leaves the proton intact. Thisis now understood to be due to
nal-state gluonic interactions of the struck quark with the proton’s spectato rs [[[5], contradicting
models based on an intrinsic pomeron component of the proton.

(3) Asemphasized by Lai, Tung, and Pumplin [[L], there are strong indications that the struc-
ture functions used to model charm and bottom quarksin the proton at large X; have been strongly
underestimated, since they ignore intrinsic heavy quark uctuations of had ron wavefunctions. The
SELEX [f] discovery of ccd and ccu double-charm baryons at large x¢ reinforces other signals
for the presence of heavy quarks at large momentum fractions in hadronic wavefunctions, arigor-
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ous feature of intrinsic heavy quark Fock states. This has strong consequences for the production
of heavy hadrons, heavy quarkonia, and even the Higgs at the LHC. Intrinsic charm and bottom
leads to substantial rates for heavy hadron production at high xg [f[7], aswell as anomal ous nuclear
effects.

(4) The existence of dynamical higher-twist processes in which a hadron interacts directly
within ahard subprocessisarigorous prediction of QCD. For example, in the case of the Drell-Yan
reaction rip ¥ “*“iX the virtual photon becomes longitudinally polarized at high x¢ , re ecting
the spin of the pion entering the QCD hard subprocess [[L§]. In the case of high transverse mo-
mentum proton production the differential cross section d3dr?= =(pp ¥ ppX) scales as é a xed
Xr = 2pT:p§; [i9] far from the 1=p% to 1=p3 scaling predicted by pQCD [(]. This suggests that
the proton is produced directly in the hard subprocess, rather than by quark or gluon fragmentation.
The color transparency [[f] of the produced proton and the resulting lack of absorption in a nuclear
medium can explain the paradoxical observation seen at RHIC that more protons than pions are

produced at high pr in high centrality heavy ion collisions.

(5) A new understanding of nuclear shadowing and antishadowing has emerged based on the
presence of multi-step coherent reactions involving leading twist diffractive reactions [R1, 7).
Thus the nuclear shadowing of structure functions is a consequence of the lepton-nucleus colli-
sion; it is not an intrinsic property of the nuclear wavefunction. The same analysis shows that
antishadowing is not universal, but it depends in detail on the avor of the quark or antiquark
constituent [P3].

(6) QCD predicts that a nucleus cannot be described solely as nucleonic bound states. In the
case of the deuteron, the six-quark wavefunction has ve color-single t components, only one of
which can beidenti ed with the pn state at long distances. These hidden color" components [£3]
play an essential role in nuclear dynamics at short distances.

(7) Spin correlations are now playing an essentia role in hadron physics phenomenol ogy, par-
ticularly in single-spin correlations which are found to be unexpectedly strong in hadroproduction
at large xg and in the double-spin correlations which measure transversity. One of the most re-
markable phenomenain hadron physicsisthe 4:1 ratio Ryy of parallel to antiparallel rates seenin
large-angle elastic proton-proton scattering at Ecm * 5 GeV [P4]. This exclusive transversity” isa
possible signal for the existence of uuduudct resonances at the charm threshold [P5]. The absence
of transverse polarization of the Jy produced at high transverse momentum in pp ¥ J=¢/X isa
key dif culty for heavy quark phenomenology.

(8) It is commonly believed that the renormalization scale entering the QCD coupling is an
arbitrary parameter in perturbative QCD; in fact, just as in Abelian theory, the renormalization
scaleisaphysical quantity, representing the summation of QCD vacuum polarization contributions
to the gluon propagator in the skeleton expansion [Pg]. In general, multiple renormalization scales
appear in apQCD expression whenever multiple invariants appear in the reaction. These issues are
discussed in the next section.

These examples of unconventional wisdom highlight the need for a fundamental understand-
ing the dynamics of hadrons in QCD at the amplitude level. This is essential for understanding
the description of phenomena such as the quantum mechanics of hadron formation, the remarkable
effects of initial and nal interactions, the origins of diffractive phenome na and single-spin asym-
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metries, and manifestations of higher-twist semi-exclusive hadron subprocesses. A central tool in
these analyses is the light-front wavefunctions of hadrons, the frame-independent eigensolutions
of the Heisenberg equation for QCD H'FjW >= M?jW > quantized at xed light-front. Given the
light-front wavefunctions -y (X k»i; Aj), one can compute a large range of exclusive and inclu-
sive hadron observables. For example, the valence, sea-quark and gluon distributions are de ned
from the squares of the LFWFS summed over all Fock states n. Form factors, exclusive weak tran-
sition amplitudes [27] such asB ¥ ‘vt and the generalized parton distributions [Rg] measured
in deeply virtual Compton scattering are (assuming the handbag" approximation) overlaps of the
initial and nal LFWFSwith n=nandn=n’+2.

| will also discuss here a new approach [P9, B0] for determining light-front wavefunctions for
QCD using the AAS/ICFT correspondence between Anti-de Sitter space and conformal gauge the-
ories. ADS/CFT provides an analytically tractable approximation to QCD in the regime where the
QCD coupling is large and constant. In particular, there is an exact correspondence between the
fth-dimension coordinate zof AdS space and aspeci ¢impact variable ¢ which measuresthe sep-
aration of the quark constituents within the hadron in ordinary space-time. This connection allows
one to compute the analytic form of the frame-independent light-front wavefunctions of mesons
and baryons, the fundamental entities which encode hadron properties and allow the computation
of exclusive scattering amplitudes.

2. Setting the Renormalization Scalein Perturbative QCD

Precise quantitative predictions of QCD are necessary to understand the backgrounds to new
beyond-the-Standard-Model phenomena at the LHC . Thus it is important to eliminate as best as
possible all uncertainties in QCD predictions, including the elimination of renormalization scale
and scheme ambiguities.

It should be emphasized that the renormalization scale is not arbitrary in gauge theories. For
example in QED, the renormalization scale in the usua Gell Mann-Low scheme is exactly 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 QED running coupling has
dispersive cuts set correctly set at the physical thresholds for Iepton pair production k? = 4nm¢.
(In MS scheme, the renormalization scales are displaced to ei>3k2.) The renormalization scale
is similarly unambiguous in QCD: the cuts due to quark loops in the dressed gluon propagator
appear at the physical quark thresholds. Equivaently, one can use the scheme-independent BLM
procedure [P8, BT, BZ] to eliminate the appearance of the B-function in the perturbative series.

Of course the initial choice of the renormalization scale is completely arbitrary, and one can
study the dependence of a perturbative expansion on the initial scale using the usua renormal-
ization group evolution equations. This procedure exposes the 3 j dependent terms in the PQCD
expression. Eliminating the (3-dependent terms then leads to a unique, physical, renormalization
scale for any choice of renormalization scheme. In effect, one identi es th e series for the corre-
sponding conformal theory where the 3§ function is zero; the conformal expression serves as a
template [B3] for perturbative QCD expansions; the nonzero QCD B-function can then be system-
atically incorporated into the scale of the running coupling [BJ, B4, B9]. Thisleadsto xing of the
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physical renormalization scale as well as commensurate scale rel ations which relate observables to
each other without scale or scheme ambiguity [R6].

Asan example, consider Higgs production pp ¥ HX calculated viagg ¥ H fusion. The phys-
ical renormalization scale for the running QCD couplings for this subprocess in the pinch scheme
are the two gluon virtualities, not the Higgs mass. The resulting values for the renormalization
scales parallel the two-photon process in QED: ee ¥ eeH where only vacuum polarization cor-
rections determine the scale; i.e., the renormalization scales are set by the photon virtualities. An
interesting consequence is the prediction that the QCD coupling is evaluated at the minimal scale
of the gluon virtualities if the Higgsis measured at g = 0.

In a physical renormalization scheme [Bg], gauge couplings are dened directly in terms of
physical observables. Such effective charges are analytic functions of the physical scales and their
mass thresholds have the correct threshold dependence [B7, Bg] consistent with unitarity. Asin
QED, heavy particles contribute to physical predictions even at energies below their threshold.
Thisisin contrast to renormalization schemes such as MS where mass thresholds are treated as
step functions. In the case of supersymmetric grand uni cation, one nds anumber of qualitative
differences and improvements in precision over conventional approaches [Bg]. The analytic thresh-
old corrections can be important in making the measured values of the gauge couplings consistent
with uni cation.

Relations between observables have no scale ambiguity and are independent of the choice of
the intermediate renormalization scheme [B]]]; this is the transitivity property of the renormaliza-
tion group. The results, called commensurate scale relations, are consistent [B9] with the renor-
malization group [AQ] and the analytic connection of QCD to Abelian theory at Nc ¥ 0 [E1]. A
important example is the generalized Crewther relation [B4]. One nds aren ormalization-scheme
invariant relation between the coef cient function for the Bjorken sum ru le for polarized deep in-
elastic scattering and the R-ratio for the e*ei annihilation cross section. This relation provides a
generalization of the Crewther relation to non-conformally invariant gauge theories. The derived
relations allow one to cal culate unambiguously without renormalization scale or scheme ambiguity
the effective charges of the polarized Bjorken and the Gross-L lewellen Smith sum rules from the
experimental value for the effective charge associated with R-ratio. Present data are consistent with
the generalized Crewther relations, but measurements at higher precision and energies are needed
to decisively test these fundamental relationsin QCD.

Recently Michael Binger and | [B2] have analyzed the behavior of the thirteen nonzero form
factors contributing to the gauge-invariant three-gluon vertex at one-loop, an analysis which is
important for setting the renormalization scale for heavy quark production and other PQCD pro-
cesses. Supersymmetric relations between scalar, quark, and gluon loops contributions to the trian-
gle diagram lead to a simple presentation of the results for a general non-Abelian gauge theories.
Only the gluon contribution to the form factors is needed since the massless quark and scalar con-
tributions are inferred from the homogeneous relation Fg + 4Fg + (10 j d)Fs = 0 and the sums
2oc(F) - (d i 2)=2Fq + Fg which are given for each form factor F. The extension to the case of
internal masses leads to the modi ed sumrule Fyg+4FRug+ (9 i d)Fus= 0. The phenomenology
of the three-gluon vertex is largely determined by the form factor multiplying the three-level ten-
sor. One can de ne athree-scale effective scale Q2 (p3; p2; p2) as afunction of the three external
virtualities which provides a natural extension of BLM scale setting [P§] to the three-gluon ver-
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tex. Physical momentum scales thus set the scale of the coupling. The dependence of ngf on the
physical scales has a number of surprising features. A complicated threshold and pseudo-threshold
behavior is aso observed.

3. AdS/QCD asa First Approximant to Nonperturbative QCD

One of the most interesting new developments in hadron physics has been the application of
the AdS/CFT correspondence [A3] to nonperturbative QCD problems [B4, 8, B4, B, B8]. Already
AdS/CFT is giving important insight into the viscosity and other global properties of the hadronic
system formed in heavy ion collisions [A9].

The essential ansatz for the application of AAS/CFT to hadron physics is the indication that
the QCD coupling as(Q?) becomes large and constant in the low momentum domain Q = 1 GeV/c,
thus providing a window where conformal symmetry can be applied. Solutions of the QCD Dyson
Schwinger equations [BJ, p1] and phenomenological studies [B3, B3, b4] of QCD couplings based
on physical observables such as 1 decay [B5] and the Bjorken sum rule show that the QCD f3
function vanishes and as(Q?) become constant at small virtuality; i.e., effective charges develop an
infrared xed point. Recent lattice gauge theory simulations[46] and nonp erturbative analyses [51]
have also indicated an infrared xed point for QCD. One can understan d this physically [Bg]: in
a con ning theory where gluons have an effective mass or maximal wavele ngth, all vacuum po-
larization corrections to the gluon self-energy decouple at long wavelength. When the coupling
is constant and quark masses can be ignored, the QCD Lagrangian becomes conformally invari-
ant [B9], allowing the mathematically tools of conformal symmetry to be applied.

The leading power fall-off of the hard scattering amplitude as given by dimensional count-
ing rules follows from the conformal scaling of the underlying hard-scattering amplitude: Ty »
1=Q"i4, where n is the total number of elds (quarks, leptons, or gauge elds) participating in the
hard scattering [[70, [73]. Thus the reaction is dominated by subprocesses and Fock states involving
the minimum number of interacting elds. Inthecaseof 2 ¥ 2 scattering processes, this implies
do=dt(AB ¥ CD) = Fagucp(t=5)=5"i2; where n = Na+ Nz + Nc + Np and ny is the minimum
number of constituents of H. The near-constancy of the effective QCD coupling helps explain
the empirical success of dimensional counting rules for the near-conformal power law fall-off of
form factors and xed angle scaling [12]. For example, one sees the on set of perturbative QCD
scaling behavior even for exclusive nuclear amplitudes such as deuteron photodisintegration (Here
n=1+6+3+3=13)s''do=dt(yd ¥ pn) » constant at xed CM angle.

The measured deuteron form factor also appears to follow the leading-twist QCD predictions
at large momentum transfersin the few GeV region [[73, 74, [73].

Recently the Hall A collaboration at Jefferson Laboratory [[76] has reported a signi cant ex-
ception to the general empirical success of dimensional counting in xed CM angle Compton scat-
tering ‘fj—f(yp T yp) » @ instead of the predicted é scaling. However, the hadron form factor
Ry (T), which multiplies the yq ¥ yq amplitude is found by Hall-A to scale as t% in agreement
with the PQCD and AdS/CFT prediction. In addition the timelike two-photon process yy ¥ pp
appears to satisfy dimensional counting [[77, [/g].

The vanishing of the B function at small momentum transfer implies that there is regime
where QCD resembles a strongly-coupled theory and mathematical techniques based on conformal
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invariance can be applied. One can use the AAS/CFT correspondence between Anti-de Sitter space
and conformal gauge theories to obtain an approximation to nonperturbative QCD in the regime
where the QCD coupling is large and constant; i.e., one can use the mathematical representation
of the conformal group S0(4;2) in ve- dimensional anti-de Sitter space to construct a holographic
representation to the theory. For example, Guy de Teramond and | [R9] have shown that the am-
plitude ®(2) describing the hadronic state in the fth dimension of Anti-de Sitter space AdS 5 can
be precisely mapped to the light-front wavefunctions (-, of hadronsin physical space-time, thus
providing a description of hadronsin QCD at the amplitude level. The light-front wavefunctions
arerelativistic and frame-independent generalizations of the familiar Schr dinger wavefunctions of
atomic physics, but they are determined at xed light-conetime 1 =t + z=c the front form" ad-
vocated by Dirac rather than at xed ordinary time  t. We derived this correspondence by noticing
that the mapping of z ¥ ¢ analytically transforms the expression for the form factors in AAS/ICFT
to the exact Drell-Yan-West expression in terms of light-front wavefunctions.

Conformal symmetry can provide a systematic approximation to QCD in both its honpertur-
bative and perturbative domains. In the case of nonperturbative QCD, one can use the ADS/CFT
correspondence [(3] between Anti-de Sitter space and conformal gauge theories to obtain an an-
alytically tractable approximation to QCD in the regime where the QCD coupling is large and
constant. Scale-changesin the physical 3+ 1 world can then be represented by studying dynamics
in amathematical fth dimension with the AdS s metric. Thisisillustrated in g. ] 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 AJS/CFT. The evolution of the proton at different length scales is mapped
into the compact AdS; dimension z. The black hole represents the bag-like Dirichlet boundary condition
(LLI(Z)jZ:zO=1=/\QCD = 0); thus limiting interquark separations.

tion allows one to compute the analytic form [p9, of the light-front wavefunctions of mesons
and baryons. AdS/CFT also provides a non-perturbative derivation of dimensional counting rules
for the power-law fall-off of form factors and exclusive scattering amplitudes at large momentum
transfer.
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The ADS/CFT approach thus alows one to construct a model of hadrons which has both con-
nement at large distances and the conformal scaling properties which re produce dimensional
counting rules for hard exclusive reactions. The fundamental equation of AdS/CFT has the ap-
pearance of aradial Schr dinger Coulomb equation, but it isrelativistic, covariant, and analytically
tractable.
A key result from AdS/CFT is an effective two-particlelight-front radial equation for mesons[R9,
58]

2 s

i 472 V(O O =M (31)
with the conformal potential V({) = i (1 i 4L?)=47% Here {? = x(1 i X)b% where x = k*=P*
is the light cone momentum fraction, and b- is the impact separation; i.e. the Fourier conjugate
to the relative transverse momentum k. Thevariable {,0 = ( = A(géD, represents the invariant
separation between point-like constituents, and it is also the holographic variable z in AdS; i.e.,
we can identify = z. The solution to () is ¢(2) = zi :d(2) = Cz2J.(zM). This equation
reproduces the AdS/CFT solutions. The lowest stable state is determined by the Breitenlohner-
Freedman bound [[60]. We can model con nement by imposing Dirichlet bou ndary conditions at
@(z= 1=N\qcp) = 0: The eigenvalues are then given in terms of the roots of the Bessel functions:
Mk = BLk\qcp- Alternatively, one can add a con nement potential  j k2¢2 to the effective po-
tential V ({) [B7].

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

P i . ¢
@6 () =Brk X110 ({BrNacp) 6 2= Ak ; (32)

where By = i %/\QCD J1+L(BLk). The results display con nement at large inter-quark separa-
tion and conformal symmetry at short distances, thus reproducing dimensional counting rules for
hard exclusive processes. One can also derive analogous equations for baryons composed of mass-
less quarks using a Dirac matrix representation for the baryon system. Predictions for the baryon
spectrum are shown in g.4]

Most important, the eigensolutions of the AdS/CFT equation can be mapped to light-front
eguations of the hadrons in physical space-time, thus providing an elegant description of the light
hadrons at the amplitude level. The mapping isillustrated in g.3] The meson LFWF isillustrated
in g.4] The prediction for the proton Dirac form factor is shown in g.5[]

The deeply virtual Compton amplitudes can be Fourier transformed to b, and o = xi P*=2
space providing new insights into QCD distributions [62, B3, B4, B3] The distributionsin the LF
direction o typically display diffraction patterns arising from the interference of theinitial and nal
state LFWFs [B4, Bg]. Thisisillustrated in g.6] All of these processes can provide a detailed test
of the ADS/CFT LFWFs predictions.

It is interesting to note that 616 piorbdistribution amplitude predicted by AAS/CFT at the
hadronic scale is @:(x; Qo) = (4= 3m)f; x(1 i x) from both the harmonic oscillator and trun-
cated space models is quite different than the asymptotic distribution amplitude predicted from
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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.
L ocp =0.25GeV. The 56 trajectory corresponds to L even P = + statekthe 70 to L odd P = - states.

Figure 3: Holographic mapping of the wavefunctidr(z) in the fth-d'B'nension coordinate to the light-
front wavefunction as a function of the covariant impactrdimatez = = x(1i x)b,:

the PQCD evolution [67] of the pion distribution amplitudg;(x;Q! ¥)= P 3fpx(1i X). The
broader shape of the AAS/CFT pion distribution increases the magnitude lefating-twist per-
turbative QCD prediction for the pion form factor by a factor oE2@&ompared to the prediction
based on the asymptotic form, bringing the PQCD prediction close to the empideoaiorm fac-
tor [68]. Hadron form factors can be directly predicted from the oyeiéegrals in AdS space or
equivalently by using the Drell-Yan-West formula in physical space-tinfe form factor at high
Q? receives contributions from smadl» 1=Q, corresponding to smatth and 1j x.

Thex! 1 endpoint domain of structure functions is often referred to as a "sefthiRan
contribution. In fack! 1 for the struck quark requires that all of the spectators kavé&" =P* =
(k°+ k¥)=P* | 0; this in turn requires high longitudinal momerkal j ¥ for all spectators —
unless one has both massless spectator guark® with zero transverse momentln” 0, which
is a regime of measure zero. If one uses a covariant formalism, such Bsettiee Salpeter theory,
then the virtuality of the struck quark becomes in nitely spacelies i (k% + mA)=(1;j x)inthe
endpoint domain. Thus, actually! 1 corresponds to in nite relative longitudinal momentum;
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