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Abstract. I review a number of QCD topics where the nuclear environment provides new insights into
fundamental aspects of the strong interactions. Quarks, gluons, and QCD in nuclear reactions
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1 Introduction

One of the most challenging problems in QCD is to un-
derstand nuclei in terms of their fundamental quark and
gluon degrees of freedom. Even the deuteron has exotic
features such as its “hidden” color degrees of freedom. In
this article I will review some new perspectives for nuclear
physics, such as nuclear form factors and the nuclear force
at short distances, which are consequences of fundamen-
tal features of QCD [1]. Conversely, the nuclear environ-
ment can bring new insights of hadron physics, such as
“color transparency” The topics include novel effects such
as flavor-dependent antishadowing and the breakdown of
sum rules for nuclear structure functions.

2 Hadron and Nuclear Observables
Light-Front QCD

Light-Front Quantization at fixed LF time 7 = t+2z/c (the
“front form”) provides a rigorous formulation of hadron
and nuclear physics, independent of the observer’s frame.
A detailed review is given in ref. [2]. The spectroscopy
of hadrons and nuclei can in principle be obtained as the
bound state eigenvalues and eigensolutions of the QCD
light-front Hamiltonian:

HECP Wy >= ME |0y > .

Here P~ = ik is the light-front (LF) time 7 = 2t =
t+2z/c evolution operator, and the LF Hamiltonian Hyp =
PtpP — Pgerp are derived directly from the QCD La-
grangian. The parameters P* = P? + P? and P, are
kinematical and define the hadron’s four-momentum. The
projection of the eigenstates on the free quark and gluon
Fock basis |n > defines the light-front Fock state wave-
functions

Y (zi ki i)

where > x; = 1,% " ky; = 0. It is convenient to choose
the “light-cone” gauge AT = 0 so that the gluons only
have physical polarization S = +1 and no ghosts appear.
Remarkably, the v (z;, k,;, \;) LFWFs are independent
of the hadron’s momentum P, P . There is no Lorentz
contraction of LFWFs [3,4]. The structure functions mea-
sured in deep inelastic scattering on a fixed target in the
rest frame is the same structure function measured in an
electron-ion coliider. In fact, the LF formalism is Poincare’
invariant — all formulae are independent of the observer’s
Lorentz frame.

The LF Heisenberg equation can be can be solved by
matrix diagonalization for QCD(1+1). [5]. The LF vac-
uum is trivial for QCD — there are no vacuum condensates.
In the case of the Standard Model, the usual Higgs VEV
is replaced by a constant scalar field — a zero mode. [6]

Current matrix elements, such as electromagnetic, weak,
and gravitational form factors of both hadrons and nuclei
can be computed from the overlap of light-front wave-
functions [7,?,?] It is important to note that there is no
formula analogous to the Drell-Yan-West LEWF overlap
formula for current matrix elements using quantization in
ordinary time ¢ (the “instant form”) because of the neces-
sity to include acausal, vacuum-induced currents.

The boost-invariant light-front wavefunctions (LFWF's)
of the hadrons ¥(x;, k. %,);), the eigensolutions of the
QCD Light-Front Hamiltonian, are also the basis for com-
puting the fundamental distributions E, H, etc., that un-
derly Deeply Virtual Compton scattering [10]. The light-
front formalism is also the basis for fundamental spin and
other sum rules. The hadron and nuclear distribution am-
plitudes ¢ g (z;, @) that appear in hard exclusive reactions
are computed from the LFWFs integrated over the inter-
nal transverse momenta [11,12]; they obey DGLAP and
ERBL evolution, respectively.

The hadronic and nuclear structure functions, trans-
verse momentum distributions, etc., which are measured
in deep inelastic lepton scattering (DIS) are based on
the absolute squares of the LFWFs, modulo final-state
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gluon exchange corrections which give the Bjorken-scaling
leading-twist Sivers pseudo-T-odd spin correlation [13] in
deep inelastic lepton scattering as well as diffractive deep
inelastic scattering (DDIS) [14] where the target remains
intact. The Sivers effect measures the pseudo T-odd cor-
relation iS - g x pg of the target spin with the photon
to quark jet production plane. The same interference of
L =0 =and L = 1 amplitudes also enter the anomalous
magnetic moment of the target. It would thus be partic-
ularly interesting to study the Sivers effect of a polarized
nuclear target.

3 Light-Front Holographic QCD

The spectroscopy of hadrons, together with their LEWFs,
can be predicted using a novel nonperturbative approach
to hadron physics — light-front (LF) holographic QCD [15—
18]. AdS/QCD provides new analytical tools for hadron
dynamics within a relativistic frame-independent color-
confining first-approximation to the LF QCD Hamilto-
nian; the results follows from the mapping of the Hamil-
tonian equations in Anti-de Sitter (AdS) space to the rel-
ativistic semiclassical light-front bound-state equations in
Minkowski space [16,17], which is the boundary space of
AdSs. This connection gives an exact relation between the

holographic variable z of AdS space and the invariant im-
T

pact LF variable ¢ = , /1% in physical space-time. This

—x
holographic connection also implies that the light-front
effective potential U ~ x2¢? in the LF Hamiltonian, cor-
responds to a modification of the infrared region of AdS
space. The LEWFs of the hadrons can also be determined
from AdS/QCD Light-Front Holography, as well as the
meson and baryon spectroscopy and dynamics such as the
meson and nucleon form factors.

The specific form of the LF potential U ~ £2¢2 in the
LF Hamiltonian is determined by superconformal quan-
tum mechanics [19-21,18,22,23], which captures the rel-
evant aspects of color confinement based on a universal
emerging single mass scale K = VA [24]. Only ratios are
determined, such as m,/m, = v/2 and Az;5/k since QCD
has no knowledge of MeV units. .

This novel nonperturbative approach to hadron physics
predicts universal linear Regge trajectories and slopes in
both orbital angular momentum and radial excitation quan-
tum numbers. A massless pion appears in the limit of zero-
mass quarks, and it gives remarkable connections between
the light meson and nucleon spectra [23,24]. The super-
conformal approach has thus the advantage that mesons
and nucleons are treated on the same footing, and the
confinement potential is uniquely determined by the for-
malism. Superconformal algebra leads to remarkable con-
nections between the masses of mesons and baryons of
the same parity supersymmetric relations between the
bosonic and fermionic bound states of QCD [25]. Remark-
ably, AdS/QCD and Light-Front Holography, combined
with superconformal algebra, predicts that the meson and
Baryon Regge trajectories in n and L coincide if one shifts
Lyr — Lp+1. The baryons are bound states of a 3¢ quark

and a 3¢ diquark cluster. One also predicts tetraquarks
with the same masses as the baryons; they are identified
as diquark antiquark bound states [25].

The analytic form of the QCD coupling a,(Q?) =
as(0) exp(—Q?/4x?) in the nonperturbative domain is also

determined [26], consistent with effective charge phenomenol-

ogy. One can also identify a transition scale Q)¢ between
perturbative and nonperturbative QCD.

4 The “Hidden Color” of Nuclear
Wavefunctions

The deuteron is traditionally regarded in nuclear physics
as a proton and neutron bound by a potential derived
from pion and other meson exchange. However, from the
standpoint of QCD, the deuteron is a composite of six
3¢ color-triplet quarks [27]. One can in fact form five
different color-singlet configurations from six color-triplet
quarks, only one of which corresponds to the standard nu-
clear bound state two color-singlet nucleons; however, if
the deuteron participates in a hard scattering reaction in-
volving high transverse momentum such as elastic lepton-
deuteron scattering or photodisintegration yd — np, all
five color-singlet configurations will participate. In fact
one can show that the five color-singlet configurations of
the deuteron distribution amplitude ¢4(z, Q) evolve by
ERBL evolution to equal weight at Q% — oo.

5 Cluster Decomposition of Nuclear
Wavefunctions

The deuteron Light-Front wavefunction can be written as
a convolution of the proton and neutron light-front wave-
function times a reduced two-body deuteron LEFWF in
the weak binding limit - a “cluster decomposition” valid
for relativisitic nuclear momenta [28,29,27] The deuteron
form factors then have the factorization:

Fa(Q?) = e (Q%) x Fy(Q?/4) x Fr(Q®/4).

In effect, the dependence of the deuteron form factor re-
flecting nucleon compositeness is factorized out as an effec-
tive reduced form factor f;(Q?). To first approximation,
each nucleon scatters with momentum transfer @ /2.

6 The Asymptotic Behavior of the
Form-Factors of Hadrons and Nuclei

The large-Q? behavior of the leading elastic form factors of
a hadron or nucleus can be related by dimensional count-
ing to the number n of its elementary constituents [30,
31]

1
Q?
In the case of the deuteron, the leading helicity-conserving

form factors then falls as A(Q?) ~ (é

)n—l

F(Q%) o (

)3, and since Q*F (Q?) ~
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const, the reduced form factor freduced(Q)?) is thus pre-
dicted to fall as a monopole. This is verified experimen-
tally [32]. The observed scaling of Q? f7educed(Q?) implies
that the nuclear potential (after removing the effects of
nucleon structure) displays the scale-invariant behavior of
a conformal theory. Its magnitude, much larger than ex-
pected from the small deuteron binding energy, indicating
a sizeable contributions from hidden color degrees of free-
dom [27,33].

More generally, hard scattering cross sections in QCD
obey the “dimensional counting rule”

do 1 P2
—(A+B D) = F(=£
dt( +B—=C+D) sN*2>< (s)

where N = nyg +ng +nc +np = 2411:1 7; is the total
number of elementary fields which participate in the re-
action. It is also the sum of the twist 7; (dimension- spin)
of the leading interpolating operators of each hadron or
nucleus. This scaling is a fundamental property of hadron
dynamics which follows nonperturbatively, from the light-
front holographic principle of AdS/QCD [34,35], or from
the near conformal properties of perturbative QCD; the
asymptotic freedom behavior of quantum chromodynam-
ics also leads to the counting rule behavior of hadronic
and nuclear amplitudes at short distances.

7 The Nuclear Force at Short Distance

The angular dependence of hard scattering pp — pp cross
section at high momentum transfer p% = %“ is consistent
with the postulate that the dominant interaction at short
distances occurs via the interchange of the common u and
d quarks [36]. This is the analog of “spin exchange” (i.e.,
electron interchange) in atom-atom scattering. Quark in-
terchange can be expressed as product of the LF wave-

functions of the incident and outgoing scattering hadrons

and leads to an amplitude T'(pp — pp) x u’;—; and thus a
cross section behaving at fixed center-of-mass angle 6cp
and fixed p%/s which scales as ‘fi—‘t’ o k%/s10 [36] Here s,
t, and u are the Mandelstam variables, and & is the fun-
damental mass scale of QCD as derived from light-front
holographic QCD. Thus quark interchange appears as the
dominant QCD mechanism which underlies the nuclear
force at short distances. It is analogous to the covalent

bond underlying molecular binding in atomic physics.

8 Color Transparency

It is normally expected that a hadron scattering on the
nucleons in a nucleus such as pp — pp elastic scatter-
ing can only occur on the A'/? peripheral nucleons since
the incoming proton and outgoing nucleons will be suffer
strong inelastic reactions or absorption. In fact, when the
scattering reaction occurs at high momentum transfer, the
reaction pp elastic scattering occurs undiminished on the
Z protons of the nucleus: do(pA — pp(A—1) = Zdo(pp —

pp). This phenomena, called “color transparency” occurs
since the participating protons can only scatter and in-
teract when their valence uud wavefunctions fluctuate to
small color-octet configurations [37,38]. The small-size vir-
tual configurations have negligible strong interactions are
thus effectively transparent as they propagate through the
nuclear domain. This remarkable phenomenon has also
been observed and confirmed quantitatively in reactions
such as diffractive dijet production 7A — ¢gX [39] and
quasi-elastic electroproduction of vector mesons [40].

9 Anomalous Baryon to Meson Ratio in
Heavy-lon Collisions

Color transparency can explain the remarkable fact that
the baryon production is observed to dominate meson pro-
duction at high p7 in central heavy collisions AA — HX
at RHIC [41]. For example a proton can be made directly,
and efficiently, in a hard pQCD scattering subprocess such
as uwu — pd, rather than from the standard quark-quark
hard-scattering reaction qqg — qq and quark jet fragmen-
tation process ¢ — pq’. In the case of fragmentation, there
will be sizeable same-side energy requiring large values for
the incident light-front momentum fractions x; and xo,
where the structure function strengths are small. Thus di-
rect production can dominate despite the higher power
law suppression of the hard subprocess. In this case the
produced proton is color transparent and suffers little fi-
nal state absorption as it propagates out of the nuclear
medium. The scaling behavior of the invariant production
cross section at fixed z7 = 2pr/+/s is also a powerful tool
in order to probe the dynamics of particle production. A
non-negligible contribution of higher-twist processes [42]
in which the hadron is produced directly in the hard sub-
process is needed to explain existing measurements.

10 Flavor-Dependent Nuclear Antishadowing

The shadowing and antishadowing of nuclear structure
functions in the Gribov-Glauber picture is due respec-
tively to the destructive and constructive interference of
amplitudes arising from the multiple-scattering of quarks
in the nucleus — two-step/one-step interference Glauber
processes [43]. See fig. 1. The two-step reaction involves
diffractive DIS on a front surface nucleon and then inelas-
tic scattering on an interior nucleon. This two-step ampli-
tude interferes destructively at small x with a usual one-
step DIS amplitude for the DIS event on the second nu-
cleon. The diffractive contributions to deep inelastic scat-
tering includes Pomeron and Odderon contributions from
multi-gluon exchange, as well as Reggeon quark-exchange
contributions.

The coherence of multi-step nuclear processes leads
to shadowing and antishadowing of the electromagnetic
nuclear structure functions in agreement with measure-
ments. Antishadowing arises from DDIS on the front nu-
cleon of the two-step amplitude due to I = 1 Reggeon ex-
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Fig. 1. Illustration of the interfering one-step and two-step processes that causes shadowing and antishadowing. In the case
of Pomeron exchange, nucleon N; sees two beams with opposite phase, causing shadowing. In the case of Reggeon exchange,

nucleon N; sees two beams with the same phase
causing antishadowing.

change [44]. Each quark and antiquark flavor thus has dif-
ferent antishadowing[45]. See fig. 2. This picture thus leads
to substantially different antishadowing for charged and
neutral current reactions, thus affecting the extraction of
the weak-mixing angle as well as explain why NuTeV does
not see antishadowing in charged-current neutrino DIS on
nuclei [46]. One also can have dependence of antishadow-
ing on the polarization of the beam and target. It is thus
important to check experimentally whether semi-inclusive
deep inelastic scattering reactions on nuclei — where the
struck quark flavor is tagged — have flavor-dependent an-
tishadowing,.

The fact that Reggeon couplings depend on the quan-
tum numbers of the struck quark implies not only the
non-universality of nuclear antishadowing for charged and
neutral currents, but also a dependence of antishadowing
on the polarization of the beam and target.

Shadowing and antishadowing are not properties of
the nuclear LFWFs, but are a consequence of the lepton-
nucleus reaction itself. The shadowed nucleons in the nu-
clear target are geometrically oriented transverse to the in-
cident beam. In contrast, the nuclear LEFWF, the eigenso-
lution of the QCD LF Hamiltonian, does not have knowl-
edge of the orientation of the incident beam. Thus, the

physics of shadowing and antishadowing of nuclear struc-
ture functions is not contained in the LEFWFs of nuclei.
Furthermore, the two-step processes that causes shadow-
ing and antishadowing involves propagation over a finite
inter-nucleon separation — a spatial dependence which is
contradiction to the usual assumption that the virtual
photons in the forward virtual Compton amplitude v*A —
~v*A have vanishing separation 22 — 0 as Q%> — oc.
Clearly shadowing and antishadowing phenomena negate
the usual assumptions required for the application of the
Operator Product Expansion. If antishadowing is flavor
dependent, it cannot compensate in sum rules with the
deficits caused by flavor-independent shadowing. All of
these considerations are incompatible with the derivation
of momentum and charge sum rules for nuclear PDFs.
There is thus no requirement that nuclear structure func-
tions obey the usual momentum and charge sum rules.

11 Positronium-Nucleus Scattering

Doubly Virtual Compton scattering on a proton (or nu-
cleus) can be measured for two spacelike photons ¢3, q3 <
0 with minimal, tunable, skewness ¢ using positronium-
proton scattering [ete”]p — ete p’. One can also mea-
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Fig. 2. Predictions for flavor-dependent antishadowing [45].

sure double deep-inelastic scattering and elastic positronium-dibaryon configurations allowed by QCD [49]. A dramatic

proton scattering.

Relativistic positronium beams can be created using
Bethe-Heitler eTe™ pair production just below the ete~
continuum threshold. An analogous process will create the
“true muonium” atom [~ p~] [47,48].

Doubly Virtual Compton scattering on a proton (or
nucleus) can be measured for two spacelike photons g2, qg <

0 and with minimal, tunable skewness by using positronium-

proton scattering [eTe™]p — eTep’. This is illustrated in
7?7 The doubly virtual Compton amplitude on a nucleus

Y (qa)A = 7" (@) A

will also be affected by the same multiscattering processes
that cause shadowing and antishadowing. See fig. 4. One
can also measure double deep inelastic scattering reactions
[ete™]p — eTe q¢,qp X, and coherent positronium-proton

scattering [eTe”]p — [eTe™]'D'.

12 Novel Multiquark States: Hexaquarks and
Octoquarks

The observation of a hadronic resonance d* in the proton-
neutron system with isospin I = 0 and spin-parity J* =
37T raises the possibility of producing other novel six-quark

example of an exotic six-quark color-singlet system is the
charge Q = +4, isospin I = 3, I, = +3 |uuuuuu > state
which couples strongly to 7+t +?T+. The width and de-
cay properties of such hexaquark resonances could be re-
garded as manifestations of“hidden-color” six-quark con-
figurations, a first-principle prediction of QCD — SU(3)-
color gauge theory for the deuteron distribution ampli-
tude.

The cross section for proton-proton elastic scattering
at large momentum transfer %(pp — pp) follows the
pQCD prediction

1040

T

(pp — pp) = F(Ocm

over the entire domain of hard scattering accessed by ex-
periments. However, a measurement by Court et al. [50]s
finds an unexpectedly large spin-spin correlation at p;qp =
12.7 GeV/c; i.e., /s =~ 5 GeV, Remarkably, the cross sec-
tion when both protons are polarized parallel and normal
to the scattering plane rises rapidly to more than four
times the cross section when the proton spins are antipar-
allel. This is the largest spin-spin correlation ever observed
in hadron physics, strongly contradicting pQCD expecta-
tions [51] The color transparency of the pp — pp cross
section disappears in the same kinematical region [52].
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Measure Deeply Virtual Compton Scattering Using

Positronium - Proton or Nucleus Scattering!

Measures difference of
LF times in proton or nucleus A .
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(&
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Fig. 3. Measurement of Doubly-Spacelike Virtual Compton Scattering using relativistic positronium beams. The two lepton-
quark interactions occur at separate LF times. The imaginary part (unitary cut) of the v*p — ~*p forward Compton amplitude
gives the inelastic lepton proton cross section. The real part of the amplitude contains the J = 0 fixed pole from the LF
instantaneous quark exchange interaction, The same double-spacelike amplitude contributes to the two-photon exchange contri-
bution to the muonic hydrogen Lamb Shift. The inelastic positronium proton scattering amplitude [eTe™]p — e~ e X measures

two-parton deep inelastic lepton-proton scattering.

Note that , /s ~ 5 GeV, is also the energy for produc-
ing hidden charm at threshold in the intermediate state-
for example, the formation of a baryon number B = 2
octoquark, a hidden charm |uuduudcé > resonance [53].
The natural quantum number in the pp amplitude for the
lowest-mass resonance is J = 1 = L = S with negative
parity, given that the ¢ and the ¢ have opposite parity. Re-
markably, the protons can form this state only if the spins
are parallel and transverse to the scattering plane.. The in-
terference of the resonance amplitude with the background
quark-interchange amplitude provides a reasonable fit to
the kinematic behavior of the pp — pp cross section at
large angle.

The production cross section for charm at threshold in
pp collisions is predicted to be ~ 1ub, which is compatible
with unitarity and analyticity. It is clearly important to
study its decay channels [54,55]. A related B =2,Q =1
octoquark could appear in vd at /s ~ 5 GeV.

The original observation of the octoquark could be
regarded as the first discovery of an exotic multiquark

state. Other octoquark states such as |uuduudss > and
|uuduudbb > should also exist.

13 Nuclear-Bound Quarkonium

QCD van der Waals interaction due to multiple gluon in-
teractions are capable of binding heavy quarkonia to nu-
clei [56], such as the J/¥A bound states, composites of
quarkonia and nuclei with no quarks in common. The
octoquark |uuduud@QQ > could be such a QCD bound
state. The parameters of the potential can be estimated
by identifying the multi-gluon exchange potential with
the pomeron contributions to elastic meson-nucleon scat-
tering. The gluonic potential can then be used to study
the properties of nuclear- bound states. The probability
of binding increases with nuclear number A since the non-
relativistic kinetic energy carried by the nucleus decreases
with increasing A.
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A A-1

Front-Face Nucleon struck

Front-Face Nucleon not struck

One-Step / Two-Step Interference

Double Virtual Compton Scattering on a nucleus v*A — v*A

Fig. 4. Doubly-virtual Compton scattering on a nucleus, including two-step/one step interference.

14 Color Binding of Exotic Hadrons

The tetraquarks predicted by supersymmetric algebra [25].

are diquark-antiquark bound states. [57] The binding be-
tween the 3¢ —3¢ diquark clusters is thus maximal — it has
the same color-confining strength underlying ¢g mesons
and quark-diquark baryons. In effect the 3¢ — 3¢ binding
is the analog of the ionic bond that forms molecules in
chemistry.

Pentaquarks such as the |uudcu > could also incorpo-
rate a sequence of color-triplet clustering:

|[[Ud]3c [dc]3c]3cu3c >

Alternatively, the pentaquark could be bound as a meson-
baryon molecule

| [uud] lc [Eu] lc >

by utilizing the attractive potential of the common u quark
interchange (or equivalently meson exchange ). This bind-
ing is the analog of the covalent bond of shared electrons
that forms molecules in chemistry. In effect the binding
of nucleons in nuclei utilizes the same covalent bond from
the interchange of shared quarks.
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