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Abstract

Hard hadronic exclusive processes are now at the forefront of QCD studies, par-
ticularly because of their role in the interpretation of exclusive hadronic B decays,
processes which are essential for determining the CKM phases and the physics of
CP violation. Perturbative QCD and its factorization properties at high momentum
transfer provide an essential guide to the phenomenology of exclusive amplitudes at
large momentum transfer—the leading power fall-off of form factors and fixed-angle
cross sections, the dominant helicity structures, and their color transparency prop-
erties. The reduced amplitude formalism provides an extension of the perturbative
QCD predictions to exclusive nuclear amplitudes. The hard scattering subprocess TH

controlling the leading-twist amplitude is only evaluated in the QCD perturbative
domain where the propagator virtualities are above the separation scale. A criti-
cal question is the momentum transfer required such that leading-twist perturbative
QCD contributions dominate. I review some of the contentious theoretical issues and
empirical challenges to Perturbative QCD based analyses, such as the magnitude of
the leading-twist contributions, the role of soft and higher twist QCD mechanisms,
the effects of non-zero orbital angular momentum, the possibility of single-spin asym-
metries in deeply virtual Compton scattering, the role of hidden color in nuclear
wavefunctions, the behavior of the ratio of Pauli and Dirac nucleon form factors, the
origin of anomalous J/ψ decays, the apparent breakdown of color transparency in
quasi-elastic proton-proton scattering, and the measurement of hadron and photon
wavefunctions in diffractive dijet production.
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1 Introduction

Exclusive processes provide a unique window for viewing QCD processes and hadron
dynamics at the amplitude level[1]. Hadronic exclusive processes are closely related to
exclusive hadronic B decays, processes which are essential for determining the CKM
phases and the physics of CP violation. The universal light-front wavefunctions
which control hard exclusive processes such as form factors, deeply virtual Comp-
ton scattering, high momentum transfer photoproduction, and two-photon processes,
are also required for computing exclusive heavy hadron decays[2, 3, 4, 5], such as
B → Kπ, B → `νπ, and B → Kpp [6]. The same physics issues, including color
transparency, hadron helicity rules, and the question of dominance of leading-twist
perturbative QCD mechanisms enter in both realms of physics. New tests of theory
and comprehensive measurements of hard exclusive amplitudes can be carried out
for electroproduction at Jefferson Laboratory and in two-photon collisions at CLEO,
Belle, and BaBar[7]. The perturbative QCD approach to exclusive processes is now
facing a number of strong empirical challenges. New data from Jefferson Laboratory[8]
for the ratio of Pauli and Dirac form factors of the proton appears to be at variance
with QCD expectations. This has led to a new focus on the range of validity of
leading-twist perturbative QCD predictions and the necessity to have better theo-
retical control on higher-twist contributions. The Pauli form factor is particularly
interesting, since it measures spin-orbit ~S · ~L couplings and thus the presence of or-
bital angular momentum in the proton light-front wavefunction. The new Jefferson
Laboratory results appear to call into question hadron helicity conservation[9, 10], a
key feature of the leading-twist predictions. It is often claimed that the leading-twist
predictions for the spacelike pion and proton form factors strongly underestimate their
empirical magnitudes. The assumed relation between diffractive dijet production to
the shape of the projectile light-front wavefunction has also been questioned. I will
give my perspective on these challenges to theory in this report. QCD mechanisms
for exclusive processes are illustrated in Figs. 1 and 2.

2 Perturbative QCD and Exclusive Processes

There has been considerable progress analyzing exclusive and diffractive reactions at
large momentum transfer from first principles in QCD. Rigorous statements can be
made on the basis of asymptotic freedom and factorization theorems which separate
the underlying hard quark and gluon subprocess amplitude from the nonperturbative
physics of the hadronic wavefunctions. The leading-power contribution to exclusive
hadronic amplitudes such as quarkonium decay, heavy hadron decay, and scattering
amplitudes where hadrons are scattered with large momentum transfer can often be
factorized as a convolution of distribution amplitudes φH(xi,Λ) and hard-scattering
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Figure 1: Representation of QCD hadronic processes in the light-cone Fock expan-
sion. (a) The valence uud and uudg contributions to the light-cone Fock expansion
for the proton. (b) The distribution amplitude φ(x,Q) of a meson expressed as an
integral over its valence light-cone wavefunction restricted to qq invariant mass less
than Q. (c) Representation of deep inelastic scattering and the quark distributions
q(x,Q) as probabilistic measures of the light-cone Fock wavefunctions. The sum is
over the Fock states with invariant mass less than Q. (d) Exact representation of
spacelike form factors of the proton in the light-cone Fock basis. The sum is over all
Fock components. At large momentum transfer the leading-twist contribution fac-
torizes as the product of the hard scattering amplitude TH for the scattering of the
valence quarks collinear with the initial to final direction convoluted with the proton
distribution amplitude. (e) Leading-twist factorization of the Compton amplitude at
large momentum transfer.
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Figure 2: (f) Representation of deeply virtual Compton scattering in the light-cone
Fock expansion at leading twist. Both diagonal n → n and off-diagonal n + 2 → n
contributions are required. (g) Diffractive vector meson production at large photon
virtuality Q2 and longitudinal polarization. The high energy behavior involves two
gluons in the t channel coupling to the compact color dipole structure of the upper
vertex. The bound-state structure of the vector meson enters through its distribu-
tion amplitude. (h) Exact representation of the weak semileptonic decays of heavy
hadrons in the light-cone Fock expansion. Both diagonal n→ n and off-diagonal pair
annihilation n+ 2 → n contributions are required.
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quark/gluon scattering amplitudes TH integrated over the light-cone momentum frac-
tions of the valence quarks[11]:

MHadron =
∫ ∏

φ
(Λ)
H (xi, λi)T

(Λ)
H dxi . (1)

Here T
(Λ)
H is the underlying quark-gluon subprocess scattering amplitude in which

each incident and final hadron is replaced by valence quarks with collinear momenta
k+

i = xip
+
H , ~k⊥i = xi~p⊥H . The invariant mass of all intermediate states in TH is

evaluated above the separation scale M2
n > Λ2. The essential part of the hadronic

wavefunction is the distribution amplitude [11], defined as the integral over transverse
momenta of the valence (lowest particle number) Fock wavefunction; e.g. for the pion

φπ(xi, Q) ≡
∫
d2k⊥ ψ

(Q)
qq/π(xi, ~k⊥i, λ) (2)

where the separation scale Λ can be taken to be order of the characteristic momentum
transfer Q in the process. It should be emphasized that the hard scattering amplitude
TH is evaluated in the QCD perturbative domain where the propagator virtualities
are above the separation scale.

The leading power fall-off of the hard scattering amplitude as given by dimensional
counting rules follows from the nominal scaling of the hard-scattering amplitude:
TH ∼ 1/Qn−4, where n is the total number of fields (quarks, leptons, or gauge fields)
participating in the hard scattering[12, 13]. Thus the reaction is dominated by subpro-
cesses and Fock states involving the minimum number of interacting fields. In the case
of 2 → 2 scattering amplitudes, this implies dσ

dt
(AB → CD) = FAB→CD(t/s)/sn−2.

In the case of form factors, the dominant helicity conserving amplitude obeys F (t) ∼
(1/t)nH−1 where nH is the minimum number of fields in the hadron H. The full
predictions from PQCD modify the nominal scaling by logarithms from the running
coupling and the evolution of the distribution amplitudes. In some cases, such as large
angle pp→ pp scattering, there can be “pinch” contributions[14] when the scattering
can occur from a sequence of independent near-on shell quark-quark scattering am-
plitudes at the same CM angle. After inclusion of Sudakov suppression form factors,
these contributions also have a scaling behavior close to that predicted by constituent
counting.

The constituent counting rules[12, 13] were originally derived in 1973 before the
development of QCD, in anticipation that the underlying theory of hadron physics
would be renormalizable and close to a conformal theory. The factorizable structure of
hard exclusive amplitudes in terms of a convolution of valence hadron wavefunctions
times a hard scattering quark scattering amplitude was also proposed. Upon the
discovery of the asymptotic freedom in QCD, there was a systematical development
of the theory of hard exclusive reactions, including factorization theorems, counting
rules, and evolution equations for the hadronic distribution amplitudes[15, 16, 17,
18]. In a remarkable recent development, Polchinski and Strassler[19] have derived
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the constituent counting rules using string duality, mapping features of gravitational
theories in higher dimensions (AdS5) to physical QCD in ordinary 3+1 space-time.

The distribution amplitudes which control leading-twist exclusive amplitudes at
high momentum transfer can be related to the gauge-invariant Bethe-Salpeter wave-
function at equal light-cone time τ = x+. The logarithmic evolution of the hadron
distribution amplitudes φH(xi, Q) with respect to the resolution scale Q can be de-
rived from the perturbatively-computable tail of the valence light-cone wavefunction
in the high transverse momentum regime. The DGLAP evolution of quark and gluon
distributions can also be derived in an analogous way by computing the variation
of the Fock expansion with respect to the separation scale. Other key features of
the perturbative QCD analyses are: (a) evolution equations for distribution ampli-
tudes which incorporate the operator product expansion, renormalization group in-
variance, and conformal symmetry[11, 20, 21, 22, 23]; (b) hadron helicity conservation
which follows from the underlying chiral structure of QCD[9]; (c) color transparency,
which eliminates corrections to hard exclusive amplitudes from initial and final state
interactions at leading power and reflects the underlying gauge theoretic basis for
the strong interactions[24] and (d) hidden color degrees of freedom in nuclear wave-
functions, which reflect the color structure of hadron and nuclear wavefunctions[25].
There have also been recent advances eliminating renormalization scale ambiguities
in hard-scattering amplitudes via commensurate scale relations[26] which connect the
couplings entering exclusive amplitudes to the αV coupling which controls the QCD
heavy quark potential.

3 The Pion Form Factor

The pion spacelike form factor provides an important illustration of the perturbative
QCD formalism. The proof of factorization begins with the exact Drell-Yan-West
representation[27, 28, 29] of the current in terms of the light-cone Fock wavefunctions
(see Section 7.) The integration over the momenta of the constituents of each wave-
function can be divided into two domains M2

n < Λ2 and M2
n > Λ2, where M2

n is
the invariant mass of the n-particle state. Λ plays the role of a separation scale. In
practice, it can be taken to be of order of the momentum transfer.

Consider the contribution of the two-particle Fock state. The argument of the final
state pion wavefunction is k⊥ + (1 − x)q⊥. First take k⊥ small. At high momentum
transfer where

M2 ∼ (1 − x)2q2
⊥

x(1 − x)
=
Q2(1 − x)

x
> Λ2, (3)

one can iterate the equation of motion for the valence light-front wavefunction using
the one gluon exchange kernel. Including all of the hard scattering domains, one can
organize the result into the factorized form:

Fπ(Q2) =
∫ 1

0
dx
∫ 1

0
dyφπ(y,Λ)TH(x, y,Q2)φπ(x,Λ), (4)
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where TH is the hard-scattering amplitude γ∗(qq) → (qq) for the production of the
valence quarks nearly collinear with each meson, and φM(x,Λ) is the distribution
amplitude for finding the valence q and q with light-cone fractions of the meson’s
momentum, integrated over invariant mass up to Λ. The process independent distri-
bution amplitudes contain the soft physics intrinsic to the nonperturbative structure

of the hadrons. Note that TH is non-zero only if (1−x)Q2

x
> Λ2 and (1−y)Q2

y
> Λ2. In this

hard-scattering domain, the transverse momenta in the formula for TH can be ignored
at leading power, so that the structure of the process has the form of hard scattering

on collinear quark and gluon constituents: TH(x, y,Q2) = 16πCF αs(Q∗2)
(1−x)(1−y)Q2 (1 + O(αs))

and thus[15, 16, 17, 11, 18, 30, 31, 32, 33]

Fπ(Q2) =
16πCFαs(Q

∗2)

Q2

∫ x̂

0
dx
φπ(x,Λ)

(1 − x)

∫ ŷ

0
dy
φπ(y,Λ)

(1 − y)
, (5)

to leading order in αs(Q
∗2) and leading power in 1/Q. Here CF = 4/3 and Q∗ can be

taken as the BLM scale[34]. The endpoint regions of integration 1 − x < Λ2

Q2 = 1 − x̂

and 1 − y < Λ2

Q2 = 1 − ŷ are to be explicitly excluded in the leading-twist formula.
However, since the integrals over x and y are convergent, one can formally extend the
integration range to 0 < x < 1 and 0 < y < 1 with an error of higher twist. This is
only done for convenience – the actual domain only encompasses the off-shell regime.
The contribution from the endpoint regions of integration, x ∼ 1 and y ∼ 1, are
power-law and Sudakov suppressed and thus contribute corrections at higher order
in 1/Q [16, 17, 11]. The contributions from non-valence Fock states and corrections
from fixed transverse momentum entering the hard subprocess amplitude are higher
twist, i.e., power-law suppressed. Loop corrections involving hard momenta give
next-to-leading-order (NLO) corrections in αs.

It is sometimes assumed that higher twist terms in the LC wave function, such as
those with Lz 6= 0, have flat distributions at the x → 0, 1 endpoints. This is difficult
to justify since it would correspond to bound state wavefunctions which fall-off in
transverse momentum but have no fall-off at large kz. After evolution to Q2 → ∞,
higher twist distributions can evolve eventually to constant behavior at x = 0, 1;
however, the wavefunctions are in practice only being probed at moderate scales.
In fact, if the higher twist terms are evaluated in the soft domain, then there is no
evolution at all. A recent analysis by Beneke[35] indicates that the 1/Q4 contribution
to the pion form factor is only logarithmically enhanced even if the twist-3 term is
flat at the endpoints. It is also possible that contributions from the twist three qqg
light-front wavefunctions may well cancel even this enhancement.

Thus perturbative QCD can unambiguously predict the leading-twist behavior
of exclusive amplitudes. These contributions only involve the truncated integration
domain of x and k⊥ momenta where the quark and gluon propagators and couplings
are perturbative; by definition the soft regime is excluded. The central question
is then whether the PQCD leading-twist prediction can account for the observed
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leading power-law fall-off of the form factors and other exclusive processes. Assum-
ing the pion distribution amplitude is close to its asymptotic form, one can pre-
dict the normalization of exclusive amplitudes such as the spacelike pion form factor
Q2Fπ(Q2). Next-to-leading order predictions are available which incorporate higher
order corrections to the pion distribution amplitude as well as the hard scattering
amplitude[21, 36, 37, 38]. The natural renormalization scheme for the QCD coupling
in hard exclusive processes is αV (Q), the effective charge defined from the scatter-
ing of two infinitely-heavy quark test charges. Assuming αV (Q∗) ' 0.4 at the BLM
scale Q∗, the QCD LO prediction appears to be smaller by approximately a factor
of 2 compared to the presently available data extracted from pion electroproduc-
tion experiments[34]. However, the extrapolation from spacelike t to the pion pole
in electroproduction may be unreliable, in the same sense that lattice gauge theory
extrapolations to m2

π → 0 are known to be nonanalytic. Thus it is not clear that
there is an actual discrepancy between perturbative QCD and experiment. It would
be interesting to develop predictions for the transition form factor Fqq→π(t, q2) that
is in effect measured in electroproduction.

Compton scattering is a key test of the perturbative QCD approach[39, 40, 41].
A detailed recalculation of the helicity amplitudes and differential cross section for
proton Compton scattering at fixed angle has been carried out recently by Brooks and
Dixon[41] at leading-twist and at leading order in αs. They use contour deformations
to evaluate the singular integrals in the light-cone momentum fractions arising from
pinch contributions. The shapes and scaling behavior predicted by perturbative QCD
agree well with the existing data[42]. In order to reduce uncertainties associated with
αs and the three-quark wave function normalization, Brooks and Dixon have normal-
ized the Compton cross section using the proton elastic form factor. The theoretical
predictions for the ratio of Compton scattering to electron-proton scattering is about
an order of magnitude below existing experimental data. However, this discrepancy
of a factor of 3 in the relative normalization of the amplitudes could be attributed
to the fact that the number of diagrams contributing to the Compton amplitude at
next-to-leading order (α3

s) is much larger in Compton scattering compared to the
proton form factor.

A debate has continued on whether processes such as the pion and proton form
factors and elastic Compton scattering γp→ γp might be dominated by higher twist
mechanisms until very large momentum transfers[43, 44, 45, 46, 47]. For example, if
one assumes that the light-cone wavefunction of the pion has the form ψsoft(x, k⊥) =

A exp
(
−b k2

⊥

x(1−x)

)
, then the Feynman endpoint contribution to the overlap integral at

small k⊥ and x ' 1 will dominate the form factor compared to the hard-scattering
contribution until very large Q2. However, this form for ψsoft(x, k⊥) does not fall-
off at all for k⊥ = 0 and kz → −∞. A soft QCD wavefunction would be expected
to be exponentially suppressed in this regime, as in the BHL model ψsoft

n (xi, k⊥i) =

A exp
(
−b ∑n

i [
~k2
⊥

+m2

x
]i

)
[48]. The endpoint contributions are also suppressed by a
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QCD Sudakov form factor[49], reflecting the fact that a near-on-shell quark must
radiate if it absorbs large momentum. If the endpoint contribution dominates proton
Compton scattering, then both photons will interact on the same quark line in a
local fashion and the amplitude is real, in strong contrast to the QCD predictions
which have a complex phase structure. The perturbative QCD predictions[39, 40, 41]
for the Compton amplitude phase can be tested in virtual Compton scattering by
interference with Bethe-Heitler processes[50]. Recently the “handbag” approach to
Compton scattering[46, 47] has been applied to pp → γγ at large energy[51]. In this
case, one assumes that the process occurs via the exchange of a diquark with light-cone
momentum fraction x ∼ 0, so that the hard subprocess is qq → γγ where the quarks
annihilate with the full energy of the baryons and nearly on-shell. The critical question
is whether the proton wavefunction has significant support when the massive diquark
has zero light-front momentum fraction, since the diquark light-cone kinetic energy
and the bound state wavefunction become far-off shell k2

F ∼ −(m2 + k2
⊥)/x → −∞

in this domain.
It is interesting to compare the calculation of a meson form factors in QCD with

the calculations of form factors of bound states in QED. The analog to a soft wave-
function is the Schrödinger-Coulomb solution ψ1s(~k) ∝ (1 + ~p2/(αmred)

2)−2, and the
full wavefunction, which incorporates transversely polarized photon exchange, differs
by a factor (1 + ~p2/m2

red). Thus the leading-twist dominance of form factors in QED
occurs at relativistic scales Q2 > m2

red [1].

4 Perturbative QCD Calculation of Baryon Form

Factors

The baryon form factor at large momentum transfer provides another important
example of the application of perturbative QCD to exclusive processes. Away from
possible special points in the xi integrations (which are suppressed by Sudakov form
factors) baryon form factors can be written to leading order in 1/Q2 as a convolution
of a connected hard-scattering amplitude TH convoluted with the baryon distribution
amplitudes. The Q2-evolution of the baryon distribution amplitude can be derived
from the operator product expansion of three quark fields or from the gluon exchange
kernel. Taking into account the evolution of the baryon distribution amplitude, the
nucleon magnetic form factors at large Q2, has the form[11, 17, 9]

GM(Q2) → α2
s(Q

2)

Q4

∑

n,m

bnm

(
log

Q2

Λ2

)γB
n +γB

n
[
1 + O

(
αs(Q

2),
m2

Q2

)]
. (6)

where the γB
n are computable anomalous dimensions[52] of the baryon three-quark

wave function at short distance, and the bmn are determined from the value of the
distribution amplitude φB(x,Q2

0) at a given point Q2
0 and the normalization of TH .
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Asymptotically, the dominant term has the minimum anomalous dimension. The
contribution from the endpoint regions of integration, x ∼ 1 and y ∼ 1, at finite k⊥ is
Sudakov suppressed [16, 17, 11]; however, the endpoint region may play a significant
role in phenomenology.

The proton form factor appears to scale at Q2 > 5 GeV2 according to the PQCD
predictions. See Fig. 3. Nucleon form factors are approximately described phe-
nomenologically by the well-known dipole form GM(Q2) ' 1/(1 +Q2/0.71 GeV2)2

which behaves asymptotically as GM(Q2) ' (1/Q4)(1 − 1.42 GeV2/Q2 + · · ·) . This
suggests that the corrections to leading twist in the proton form factor and similar
exclusive processes involving protons become important in the range Q2 < 1.4 GeV2.
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Figure 3: Predictions for the normalization and sign of the proton form factor at
high Q2 using perturbative QCD factorization and QCD sum rule predictions for
the proton distribution amplitude (From Ji et al.[53]) The curve labelled BL has
arbitrary normalization and incorporates the fall-off of two powers of the running
coupling. The dotted line is the QCD sum rule prediction of given by Chernyak and
Zhitnitsky[54, 55]. The results are similar for the model distribution amplitudes of
King and Sachrajda[56], and Gari and Stefanis[57].

The shape of the distribution amplitude controls the normalization of the leading-
twist prediction for the proton form factor. If one assumes that the proton distribution
amplitude has the asymptotic form: φN = Cx1x2x3, then the convolution with the
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leading order form for TH gives zero! If one takes a non-relativistic form peaked at
xi = 1/3, the sign is negative, requiring a crossing point zero in the form factor at some
finite Q2. The broad asymmetric distribution amplitudes advocated by Chernyak and
Zhitnitsky[54, 55] gives a more satisfactory result. If one assumes a constant value of
αs = 0.3, and fN = 5.3 × 10−3GeV2, the leading order prediction is below the data
by a factor of ≈ 3. However, since the form factor is proportional to α2

sf
2
N , one can

obtain agreement with experiment by a simple renormalization of the parameters. For
example, if one uses the central value of Ioffe’s determination fN = 8 × 10−3GeV2,
then good agreement is obtained[58]. The normalization of the proton distribution
amplitude is also important for estimating the proton decay rate[59]. The most recent
lattice results[60] suggest a significantly larger normalization for the required proton
matrix elements, 3 to 5 times larger than earlier phenomenological estimates. One can
also use PQCD to predict ratios of various baryon and isobar form factors assuming
isospin or SU(3)-flavor symmetry for the basic wave function structure. Results for
the neutral weak and charged weak form factors assuming standard SU(2) × U(1)
symmetry can also be derived[61].

A useful technique for obtaining the solutions to the baryon evolution equations is
to construct completely antisymmetric representations as a polynomial orthonormal
basis for the distribution amplitude of multi-quark bound states. In this way one
obtain a distinctive classification of nucleon (N) and Delta (∆) wave functions and
the corresponding Q2 dependence which discriminates N and ∆ form factors. More
recently Braun and collaborators have shown how one can use conformal symmetry
to classify the eigensolutions of the baryon distribution amplitude[23]. They identify
a new ‘hidden’ quantum number which distinguishes components in the λ = 3/2
distribution amplitudes with different scale dependence. They are able to find analytic
solution of the evolution equation for λ = 3/2 and λ = 1/2 baryons where the two
lowest anomalous dimensions for the λ = 1/2 operators (one for each parity) are
separated from the rest of the spectrum by a finite ‘mass gap’. These special states can
be interpreted as baryons with scalar diquarks. Their results may support Carlson’s
solution[62] to the puzzle that the proton to ∆ form factor falls faster[63] than other
p→ N ∗ amplitudes if the ∆ distribution amplitude has a symmetric x1x2x3 form.

In a remarkable new development, Pobylitsa et al.[64] have shown how to compute
transition form factors linking the proton to nucleon-pion states which have minimal
invariant mass W . A new soft pion theorem for high momentum transfers allows one
to compute the three quark distribution amplitudes for the near threshold pion states
from a chiral rotation. The new soft pion results are in a good agreement with the
SLAC electroproduction data for W 2 < 1.4 GeV2 and 7 < Q2 < 30.7 GeV2.

5 Hadron Helicity Conservation

Hadron helicity conservation (HHC) is a QCD selection rule concerning the behavior
of helicity amplitudes at high momentum transfer, such as fixed CM scattering. Since
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the convolution of TH with the light-cone wavefunctions projects out states with
Lz = 0, the leading hadron amplitudes conserve hadron helicity[9, 10]. Thus the
dominant amplitudes are those in which the sum of hadron helicities in the initial
state equals the sum of hadron helicities in the final state; other helicity amplitudes
are relatively suppressed by an inverse power in the momentum transfer.

In the case of electron-proton scattering, hadron helicity conservation states that
the proton helicity-conserving form factor ( which is proportional to GM) dominates
over the proton helicity-flip amplitude (proportional to GE/

√
τ) at large momentum

transfer. Here τ = Q2/4M2, Q2 = −q2. Thus HHC predicts GE(Q2)/
√
τGM(Q2) → 0

at large Q2. The new data from Jefferson Laboratory[8] which shows a decrease in
the ratio GE(Q2)/GM(Q2) is not itself in disagreement with the HHC prediction.

The leading-twist QCD motivated form Q4GM(Q2) ' const/Q4 lnQ2Λ2 provides a
good guide to both the time-like and spacelike proton form factor data atQ2 > 5 GeV2

[65]. However, the Jefferson Laboratory data[8] appears to suggestQF2(Q
2)/F1(Q

2) '
const, for the ratio of the proton’s Pauli and Dirac form factors in contrast to the
nominal expectation Q2F2(Q

2)/F1(Q
2) ' const expected (modulo logarithms) from

PQCD. It should however be emphasized that a PQCD-motivated fit is not precluded.
For example, Hiller, Hwang and I [66] have noted that the form

F2(Q
2)

F1(Q2)
=

µA

1 + (Q2/c) lnb(1 +Q2/a)
(7)

with µA = 1.79, a = 4m2
π = 0.073 GeV2, b = −0.5922, c = 0.9599 GeV2 also

fits the data well. The extra logarithmic factor is not unexpected for higher twist
contributions. This fit is shown in Fig. 4. The fitted form is consistent with hadron
helicity conservation. The predictions for the time-like domain using simple crossing
of the above form is shown by the dotted lines.

The study of time-like hadronic form factors using e+e− colliding beams can pro-
vide very sensitive tests of HHC, since the virtual photon in e+e− → γ∗ → hAhB

always has spin ±1 along the beam axis at high energies. Angular momentum con-
servation implies that the virtual photon can “decay” with one of only two possible
angular distributions in the center of momentum frame: (1+cos2 θ) for |λA−λB| = 1
and sin2 θ for |λA − λB| = 0 where λA and λB are the helicities of the outgoing
hadrons. Hadronic helicity conservation, as required by QCD, greatly restricts the
possibilities. It implies that λA + λB = 0. Consequently, angular momentum conser-
vation requires |λA| = |λB| = l/2 for baryons, and |λA| = |λB| = 0 for mesons; thus
the angular distributions for any sets of hadron pairs are now completely determined
at leading twist: dσ

d cos θ
(e+e− = BB) ∝ 1 + cos2 θ and dσ

d cos θ
(e+e− = MM) ∝ sin2 θ.

Verifying these angular distributions for vector mesons and other higher spin mesons
and baryons would verify the vector nature of the gluon in QCD and the validity of
PQCD applications to exclusive reactions.

It is usually assumed that a heavy quarkonium state such as the J/ψ always
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Figure 4: Perturbative QCD motivated fit[66] to the spacelike form factor ratios and
GE/GM and QF2/F1. The fit is described in the text. The data are from Jefferson
Laboratory[8]. Predictions for the time-like form factor ratios are shown as dotted
curves.
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decays to light hadrons via the annihilation of its heavy quark constituents to gluons.
However, as Karliner and I [67] have shown, the transition J/ψ → ρπ can also occur
by the rearrangement of the cc from the J/ψ into the | qqcc〉 intrinsic charm Fock state
of the ρ or π. On the other hand, the overlap rearrangement integral in the decay
ψ′ → ρπ will be suppressed since the intrinsic charm Fock state radial wavefunction
of the light hadrons will evidently not have nodes in its radial wavefunction. This
observation provides a natural explanation of the long-standing puzzle why the J/ψ
decays prominently to two-body pseudoscalar-vector final states in conflict with HHC,
whereas the ψ′ does not. If the intrinsic charm explanation is correct, then this
mechanism will complicate the analysis of virtually all heavy hadron decays such as
J/ψ → pp. In addition, the existence of intrinsic charm Fock states, even at a few
percent level, provides new, competitive decay mechanisms for B decays which are
nominally CKM-suppressed[68]. For example, the weak decays of the B-meson to two-
body exclusive states consisting of strange plus light hadrons, such as B → πK, are
expected to be dominated by penguin contributions since the tree-level b→ suu decay
is CKM suppressed. However, higher Fock states in the B wave function containing
charm quark pairs can mediate the decay via a CKM-favored b → scc tree-level
transition. The presence of intrinsic charm in the b meson can be checked by the
observation of final states containing three charmed quarks, such as B → J/ψDπ
[69].

6 Other Applications

There are a large number of measured exclusive reactions in which the empirical power
law fall-off predicted by dimensional counting and PQCD appears to be accurate over
a large range of momentum transfer. The approach to scaling of s7dσ/dt(γp→ π+n)

shown in Fig. 5 appears to indicate that leading-twist PQCD is applicable at momen-
tum transfers exceeding a few GeV. If anything, the scaling appears to work too well,
considering that one expects logarithmic deviations from the running of the QCD cou-
pling and logarithmic evolution of the hadron distribution amplitudes. The deviations
from scaling at lower energies[71] are interesting and can be attributed to s-channel
resonances or perhaps heavy quark threshold effects, merging into the fixed-angle
scaling in a similar way as one observes the approach to leading-twist Bjorken-scaling
behavior in deep inelastic scattering via quark-hadron duality[72]. The absence of
significant corrections to leading-twist scaling suggests that the running coupling is
effectively frozen at the kinematics relevant to the data. If higher-twist soft processes
are conspiring to mimic leading-twist scaling s7dσ/dt(γp → π+n), then we would
have the strange situation of seeing two separate kinematic domains of s7 scaling
of the photoproduction cross section. It has been argued[44, 73] that the Compton
amplitude is dominated by soft end-point contributions of the proton wavefunctions
where the two photons both interact on a quark line carrying nearly all of the pro-
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Figure 5: Comparison of photoproduction data with the dimensional counting power-
law prediction. The data are summarized in Anderson et al.[70]

ton’s momentum. However, a corresponding soft endpoint explanation of the observed
s7dσ/dt(γp → π+n) scaling of the pion photoproduction data is not apparent; there
is no endpoint contribution which could explain the success of dimensional counting
in large-angle pion photoproduction apparent in Fig. 5.

Exclusive two-photon processes where two photons annihilate into hadron pairs
γγ → HH at high transverse momentum provide highly valuable probes of coherent
effects in quantum chromodynamics. For example, in the case of exclusive final states
at high momentum transfer and fixed θcm such as γγ → pp or meson pairs, photon-
photon collisions provide a time-like microscope for testing fundamental scaling laws
of PQCD and for measuring distribution amplitudes. Counting rules predict asymp-
totic fall-off s4dσ/dt ∼ f(t/s) for meson pairs and s6dσ/dt ∼ f(t/s) for baryon pairs.
Hadron-helicity conservation predicts dominance of final states with λH + λH = 0.
The angular dependence reflects the distribution amplitudes. One can also study
γ∗γ → hadron pairs in e±e− collisions as a function of photon virtuality, the time-like
analog of deeply virtual Compton scattering which is sensitive to the two hadron
distribution amplitude. One can also study the interference of the time-like Compton
amplitude with the bremsstrahlung amplitude e±e → BBe±e−. where a time-like
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photon produces the pair. The e± asymmetry measures the relative phase of the
time-like hadron form factor with that of the virtual Compton amplitude.

The PQCD predictions for the two-photon production of charged pions and kaons
is insensitive to the shape of the meson distribution amplitudes. In fact, the ratio
of the γγ → π+π− and e+e− → µ+µ− amplitudes at large s and fixed θCM can be
predicted since the ratio is nearly insensitive to the running coupling and the shape
of the pion distribution amplitude:

dσ
dt

(γγ → π+π−)
dσ
dt

(γγ → µ+µ−)
∼ 4|Fπ(s)|2

1 − cos2 θc.m.

. (8)

The comparison of the PQCD prediction for the sum of π+π− plus K+K− channels
with recent CLEO data[76] is shown in Fig. 6. Results for separate pion and kaon
channels have been given by the TPC/2γ collaboration[74]. The angular distribution
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Figure 6: Comparison of the sum of γγ → π+π− and γγ → K+K− meson pair
production cross sections with the parameter-free perturbative QCD prediction of
Brodsky and Lepage[75]. The data are from the CLEO collaboration[76].

of meson pairs is also predicted by PQCD at large momentum transfer. The CLEO
data for charged pion and kaon pairs show a clear transition to the angular distribution
predicted by PQCD for W =

√
sγγ > 2 GeV. Similarly in γγ → pp one can see a

dramatic change in the fixed angle distribution as one enters the hard scattering
domain. It is clearly important to measure the two-photon production of neutral
pions and ρ+ρ− cross sections in view of their strong sensitivity to the shape of
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meson distribution amplitudes. Furthermore, the ratio of π+π− to π0π0 cross sections

is highly sensitive to the production dynamics. The ratio σ(γγ→π0π0)
σ(γγ→π+π−)

at fixed angles
which is very small in PQCD, and of order 1 in soft handbag models.

An interesting contribution to K+p → K+p scattering comes from the exchange
of the common u quark. The quark interchange amplitude for A + B → C + D
can be written as a convolution of the four light-cone wavefunctions multiplied by
a factor ∆− = P−

A + P−
B − ∑

i k
−
i , the inverse of the central propagator[77]. The

interchange amplitude is consistent with constituent counting rule scaling, and often
provides a phenomenologically accurate representation of the θc.m. angular distribu-
tion at large momentum transfer. For example, the angular distribution of processes
such as K+p → K+p appear to follow the predictions based on hard scattering dia-
grams based on quark interchange, e.g., TH((u1s)(u2u3d) → (u2s)(u1u3d) [77]. This
mechanism also provides constraints on Regge intercepts αR(t) for meson exchange
trajectories at large momentum transfer[78]. An extensive review of this phenomenol-
ogy is given in the review by Sivers et al.[79]

One of the most interesting areas of exclusive processes is to amplitudes where
the nuclear wavefunction has to absorb large momentum transfer. For example, the
helicity-conserving deuteron form factor is predicted to scale as Fd(Q

2) ∝ (Q2)−5

reflecting the minimal six quark component of nuclear wavefunction. The deuteron
form factor at high Q2 is sensitive to wavefunction configurations where all six quarks
overlap within an impact separation b⊥i < O(1/Q). The leading power-law fall off
predicted by QCD is Fd(Q

2) = f(αs(Q
2))/(Q2)5, where, asymptotically[80, 25],

f(αs(Q
2)) ∝ αs(Q

2)5+2γ . In general, the six-quark wavefunction of a deuteron is
a mixture of five different color-singlet states. The dominant color configuration at
large distances corresponds to the usual proton-neutron bound state. However, at
small impact space separation, all five Fock color-singlet components eventually ac-
quire equal weight, i.e., the deuteron wavefunction evolves to 80% “hidden color”[25].
The relatively large normalization of the deuteron form factor observed at large Q2

hints at sizable hidden-color contributions[81]. Hidden color components can also play
a predominant role in the reaction γd→ J/ψpn at threshold if it is dominated by the
multi-fusion process γgg → J/ψ. In the case of nuclear structure functions beyond the
single nucleon kinematic limit, 1 < xbj < A, the nuclear light-cone momentum must
be transferred to a single quark, requiring quark-quark correlations between quarks
of different nucleons in a compact, far-off-shell regime. This physics is also sensitive
to the part of the nuclear wavefunction which contains hidden-color components in
distinction from a convolution of separate color-singlet nucleon wavefunctions. One
also sees the onset of the predicted perturbative QCD scaling behavior for exclusive
nuclear amplitudes such as deuteron photodisintegration (n = 1 + 6 + 3 + 3 = 13)
s11 dσ

dt
(γd → pn) ∼ constant at fixed CM angle. The measured deuteron form factor

and the deuteron photodisintegration cross section appear to follow the leading-twist
QCD predictions at large momentum transfers in the few GeV region[82, 83]. To
first approximation, the proton and neutron share the deuteron’s momentum equally.
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Since the deuteron form factor contains the probability amplitudes for the proton and
neutron to scatter from p/2 to p/2 + q/2; it is natural to define the reduced deuteron
form factor[80, 25]

fd(Q
2) ≡ Fd(Q

2)

F1N

(
Q2

4

)
F1N

(
Q2

4

) . (9)

The effect of nucleon compositeness is removed from the reduced form factor. QCD
then predicts the scaling

fd(Q
2) ∼ 1

Q2
; (10)

i.e. the same scaling law as a meson form factor. This scaling is consistent with
experiment for Q >

∼ 1 GeV. In the case of deuteron photodisintegration γd→ pn the
amplitude requires the scattering of each nucleon at tN = td/4. The perturbative
QCD scaling is[84]

dσ

dΩc.m.

(γd→ np) =
1√

s(s−M 2
d )

F 2
n(td/4)F

2
p (td/4)f

2
red(θc.m)

p2
⊥

. (11)

The predicted scaling of the reduced photodisintegration amplitude fred(θc.m.) ' const
is also consistent with experiment[84, 82, 83]. See Fig. 7.
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Figure 7: Comparison of deuteron photodisintegration data with the scaling predic-
tion which requires f 2(θcm) to be at most logarithmically dependent on energy at
large momentum transfer. The data in are from Belz et al.[85] The solid curve is a
nuclear physics prediction[86].
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The postulate that the QCD coupling has an infrared fixed-point provides an
understanding of the applicability of conformal scaling and constituent counting rules
to physical QCD processes[12, 13]. The general success of dimensional counting rules
implies that the effective coupling αV (Q∗) controlling the gluon exchange propagators
in TH are frozen in the infrared, since the effective momentum transfers Q∗ exchanged
by the gluons are often a small fraction of the overall momentum transfer[34]. In this
case, the pinch contributions are suppressed by a factor decreasing faster than a
fixed power[12]. The effective coupling ατ (s) extracted from τ decays displays a flat
behavior at low mass scales[87].

The field of analyzable exclusive processes has been expanded to a wide range
of QCD processes, such as electroweak decay amplitudes, highly virtual diffractive
processes such as γ∗p→ ρp [88, 89], and semi-exclusive processes such as γ∗p→ π+X
[101] where the π+ is produced in isolation at large pT . An important new applica-
tion is the recent analysis of hard exclusive B decays by Beneke et al.[2] and Keum et
al.[3] Deeply virtual Compton amplitude γ∗p → γp has emerged as one of the most
important exclusive QCD reactions[90, 91, 92, 93]. The process factorizes into a hard
amplitude representing Compton scattering on the quark times skewed parton distri-
butions. The resulting skewed parton form factors can be represented as diagonal and
off-diagonal convolutions of light-cone wavefunctions, as in semileptonic B decay[94].
New sum rules can be constructed which correspond to gravitons coupling to the
quarks of the proton[90]. It is possible that the handbag approximation to DVCS
may be modified by corrections to the quark propagator similar to those which ap-
pear in the final state interaction corrections to deep inelastic scattering[95, 96]. In
particular, one can expect that the propagator corrections will give single-spin asym-
metries correlating the spin of the proton with the normal to the production plane in
DVCS [97].

The hard diffraction of vector mesons γ∗p→ V 0p at high Q2 and high energies for
longitudinally polarized vector mesons factorizes into a skewed parton distribution
times the hard scale γ∗g → gV 0 amplitude, where the physics of the vector meson is
contained in its distribution amplitude[88, 21, 98]. The data appears consistent with
the s, t and Q2 dependence predicted by theory. Ratios of these processes for different
mesons are sensitive to the ratio of 1/x moments of the V 0 distribution amplitudes.

The two-photon annihilation process γ∗γ → hadrons, which is measurable in
single-tagged e+e− → e+e−hadrons events provides a semi-local probe of even charge
conjugation C =+ hadron systems π0, η0, η′, ηc, π

+π−, etc. The γ∗γ → π+π− hadron
pair process is related to virtual Compton scattering on a pion target by crossing.
Hadron pair production is of particular interest since the leading-twist amplitude is
sensitive to the 1/x− 1/(1 − x) moment of the two-pion distribution amplitude cou-
pled to two valence quarks[21, 99]. This type of measurement can also constrain the
parameters of the effective chiral theory, which is needed for example to constrain the
hadronic light-by-light contribution to the muon magnetic moment[100].

One can also study hard “semi-exclusive” processes[101] of the form A+B → C+Y

19



which are characterized by a large momentum transfer between the particles A and
C and a large rapidity gap between the final state particle C and the inclusive system
Y . Such reactions are in effect generalizations of deep inelastic lepton scattering,
providing novel currents which probe specific quark distributions of the target B at
fixed momentum fraction and novel spin-dependent parton distributions.

7 Exact Formulae for Exclusive Processes

The natural formalism for describing the hadronic wavefunctions which enter ex-
clusive and diffractive amplitudes is the light-cone Fock representation obtained by
quantizing the theory at fixed “light-cone” time τ = t + z/c [102]. For example, the
proton state has the Fock expansion

| p〉 =
∑

n

〈n | p〉 |n〉

= ψ
(Λ)
3q/p(xi, ~k⊥i, λi) |uud〉 (12)

+ψ
(Λ)
3qg/p(xi, ~k⊥i, λi) |uudg〉 + · · ·

representing the expansion of the exact QCD eigenstate on a non-interacting quark
and gluon basis. The probability amplitude for each such n-particle state of on-mass
shell quarks and gluons in a hadron is given by a light-cone Fock state wavefunction
ψn/H(xi, ~k⊥i, λi), where the constituents have longitudinal light-cone momentum frac-
tions xi = k+

i /p
+ = (k0

i + kz
i )/(p

0 + pz) ,
∑n

i=1 xi = 1, relative transverse momentum
~k⊥i ,

∑n
i=1

~k⊥i = ~0⊥, and helicities λi. The effective lifetime of each n− parton con-
figuration in the laboratory frame is 2Plab

M2
n−M2

p
where M2

n =
∑n

i=1(k
2
⊥i + m2

i )/xi < Λ2

is the off-shell invariant mass and Λ is a global ultraviolet regulator. A crucial fea-
ture of the light-cone formalism is the fact that the form of the ψ

(Λ)
n/H(xi, ~k⊥i, λi) is

invariant under longitudinal boosts; i.e., the light-cone wavefunctions expressed in
the relative coordinates xi and k⊥i are independent of the total momentum P+, ~P⊥

of the hadron. Angular momentum conservation also has a precise meaning in the
light-front representation: for each n−particle Fock state,

Jz =
n∑

i=1

Sz
i +

n−1∑

i

Lz
i (13)

since there are only n− 1 relative orbital angular momenta[96].
Matrix elements of space-like local operators for the coupling of photons, gravitons

and the deep inelastic structure functions can all be expressed as overlaps of light-cone
wavefunctions with the same number of Fock constituents. This is possible since one
can choose the special frame q+ = 0 [27, 28] for space-like momentum transfer and
take matrix elements of “plus” components of currents such as J+ and T++. Since the
physical vacuum in light-cone quantization coincides with the perturbative vacuum,
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no contributions to matrix elements from vacuum fluctuations occur[102]. In the light-
cone formalism one can identify the Dirac and Pauli form factors from the light-cone
spin-conserving and spin-flip vector current matrix elements of the J+ current[29]:〈
P + q, ↑

∣∣∣J
+(0)
2P+

∣∣∣P, ↑
〉

= F1(q
2) ,

〈
P + q, ↑

∣∣∣J
+(0)
2P+

∣∣∣P, ↓
〉

= − (q1−iq2)
2M

F2(q
2) . More ex-

plicitly, the Pauli form factor can be calculated from the expression

−(q1 − iq2)
F2(q

2)

2M
=
∑

a

∫ d2~k⊥dx

16π3

∑

j

ej ψ
↑∗
a (xi, ~k

′
⊥i, λi)ψ

↓
a(xi, ~k⊥i, λi) , (14)

where the summation is over all contributing Fock states a and struck constituent
charges ej. The arguments of the final-state light-cone wavefunction are[27, 28] ~k′⊥i =
~k⊥i + (1 − xi)~q⊥ for the struck constituent and ~k′⊥i = ~k⊥i − xi~q⊥ for each spectator.
The Pauli form factor couples Fock states differing by one unit of orbital angular
momentum, since the initial and final states have opposite total spin Jz and the
constituent spins are unchanged in the overlap formula. In effect, one is measuring
the spin-orbit ~S · ~L in the light-front formalism. Thus the F2 form factor and the
anomalous moment directly measure relative angular momentum in the proton. This
is also true for the E generalized parton distribution determined in DVCS and the
single-spin asymmetries measured in DIS. In these cases, the quark contributions are
weighted by the square of the quark charges.

In the ultra-relativistic limit where the radius of the system is small compared
to its Compton scale 1/M , the anomalous magnetic moment must vanish[103]. The
light-cone formalism is consistent with this theorem. The anomalous moment coupling
B(0) to a graviton vanishes for any composite system. This remarkable result, first
derived by Okun and Kobzarev[104, 105, 106, 107], follows directly from the Lorentz
boost properties of the light-cone Fock representation[96].

The overlap formula for the form factors is invariant under ~q⊥ → −~q⊥. Thus at
large momentum transfer one obtains an expansion of form factors in powers of 1/q2

modulo logarithms. This also can be seen from a twist expansion of the operator
product expansion[108].

Exclusive semi-leptonic B-decay amplitudes involving time-like currents such as
B → A`ν can also be evaluated exactly in the light-cone framework[109, 110]. In
this case, the q+ = 0 frame cannot be used, and the time-like decay matrix elements
require the computation of both the diagonal matrix element n → n where parton
number is conserved and the off-diagonal n + 1 → n − 1 convolution such that the
current operator annihilates a qq′ pair in the initial B wavefunction. See Fig. 2(h). A
similar result holds for the light-cone wavefunction representation of the deeply virtual
Compton amplitude[94]. This feature will carry over to exclusive hadronic B-decays,
such as B0 → π−D+. In this case the pion can be produced from the coalescence of a
du pair emerging from the initial higher particle number Fock wavefunction of the B.
The D meson is then formed from the remaining quarks after the internal exchange
of a W boson.
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In principle, a precise evaluation of the hadronic matrix elements needed for B-
decays and other exclusive electroweak decay amplitudes requires knowledge of all of
the light-cone Fock wavefunctions of the initial and final state hadrons. In the case
of model gauge theories such as QCD(1+1) [111] or collinear QCD [112] in one-space
and one-time dimensions, the complete evaluation of the light-cone wavefunction is
possible for each baryon or meson bound-state using the DLCQ method[113, 112]. It
would be interesting to use such solutions as a model for physical B-decays.

There are now real prospects of computing the hadron wavefunctions and distribu-
tion amplitudes from first principles in QCD as exemplified by the computation[114]
of the pion distribution amplitude using a combination of DLCQ and the transverse
lattice methods and recent results from traditional lattice gauge theory[115]. Instan-
ton models predict a pion distribution amplitude close to the asymptotic form[116].
A new result for the proton distribution amplitude treating nucleons as chiral solitons
has recently been derived by Diakonov and Petrov[117]. Dyson-Schwinger models[118]
of hadronic Bethe-Salpeter wavefunctions can also be used to predict light-cone wave-
functions and hadron distribution amplitudes by integrating over the relative k− mo-
mentum.

8 Color Transparency

Each hadron entering or emitted from a hard exclusive reaction initially emerges
with high momentum and small transverse size b⊥ = O(1/Q̃). A fundamental fea-
ture of gauge theory is that soft gluons decouple from the small color-dipole moment
of the compact fast-moving color-singlet wavefunction configurations of the incident
and final-state hadrons. The transversely compact color-singlet configurations can
effectively persist over a distance of order `Ioffe = O(Elab/Q

2), the Ioffe coherence
length. Thus if we study hard quasi-elastic processes in a nuclear target such as
eA → e′p′(A − 1) or pA → p′(A − 1), the outgoing and ingoing hadrons will have
minimal absorption in a nucleus. The diminished absorption of hadrons produced in
hard exclusive reactions implies additivity of the nuclear cross section in nucleon num-
ber A and is the theoretical basis for the “color transparency” of hard quasi-elastic
reactions[24, 119, 120, 121]. In contrast, in conventional Glauber scattering, one pre-
dicts strong, nearly energy-independent initial and final state attenuation. Similarly,
in hard diffractive processes such as γ∗(Q2)p → ρp [88] only the small transverse
configurations b⊥ ∼ 1/Q of the longitudinally polarized vector meson distribution
amplitude is involved. Its hadronic interactions as it exits the nucleus will be mini-
mal, and thus the γ∗(Q2)N → ρN reaction can occur coherently throughout a nuclear
target in reactions without absorption or shadowing. Evidence for color transparency
in such reactions has been reported by Fermilab experiment E665[122].

The most convincing demonstration of color transparency has been reported by
the E791 group at FermiLab[123] in measurements of diffractive dissociation of a
high energy pions to high transverse momentum dijets; πA→ jet jet A; the forward
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diffractive amplitude is observed to grow in proportion to the total number of nucleons
in the nucleus, in strong contrast to standard Glauber theory which predicts that only
the front surface of the nucleus should be effective.

There is also evidence for the onset of color transparency in large angle quasi-
elastic pp scattering in nuclear targets[124, 125, 126], in the regime 6 < s < 25 GeV2,
indicating that small wavefunction configurations are indeed controlling this exclusive
reaction at moderate momentum transfers. However at plab ' 12 GeV, Ecm ' 5 GeV,
color transparency dramatically fails. It is noteworthy that in the same energy range,
the normal-normal spin asymmetry ANN in elastic pp → pp scattering at θcm = 900

increases dramatically to ANN ' 0.6 – it is about four times more probable that the
protons scatter with helicity normal to the scattering plane than anti-normal[127].

The unusual spin and color transparency effects seen in elastic proton-proton
scattering at ECM ∼ 5 GeV and large angles could be related to the charm threshold
and the effects of a |uuduudcc〉 resonance which would appear as in the J = L = S = 1
pp partial wave[128, 129]. The intermediate state |uuduudcc〉 has odd intrinsic parity
and couples to the J = S = 1 initial state, thus strongly enhancing scattering when
the incident projectile and target protons have their spins parallel and normal to
the scattering plane. A similar enhancement of ANN is observed at the strangeness
threshold. The physical protons coupling at the charm threshold will have normal
Glauber interactions, thus explaining the anomalous change in color transparency
observed at the same energy in quasi-elastic pp scattering. A crucial test of the
charm hypothesis is the observation of open charm production near threshold with
a cross section of order of 1µb [128, 129]. A similar cross section is expected for the
second threshold for open charm production from pp → charm pp. An alternative
explanation of the color transparency and spin anomalies in pp elastic scattering has
been postulated by Ralston, Jain, and Pire[130, 120]. The oscillatory effects in the
large-angle pp → pp cross section and spin structure are postulated to be due to the
interference of Landshoff pinch and perturbative QCD amplitudes. In the case of
quasi-elastic reactions, the nuclear medium absorbs and filters out the non-compact
pinch contributions, leaving the additive hard contributions unabsorbed. It is clearly
important that these two alternative explanations be checked by experiment.

In general, one can expect strong effects whenever heavy quarks are produced at
low relative velocity with respect to each other or the other quarks in the reaction since
the QCD van der Waals interactions become maximal in this domain. The opening of
the strangeness and charm threshold in intermediate states can become most apparent
in large angle reactions such as pp scattering and pion photoproduction since the
competing perturbative QCD amplitudes are power-suppressed. Charm and bottom
production near threshold such as J/ψ photoproduction is also sensitive to the multi-
quark, gluonic, and hidden-color correlations of hadronic and nuclear wavefunctions
in QCD since all of the target’s constituents must act coherently within the small
interaction volume of the heavy quark production subprocess[131]. Although such
multi-parton subprocess cross sections are suppressed by powers of 1/m2

Q, they have
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less phase-space suppression and can dominate the contributions of the leading-twist
single-gluon subprocesses in the threshold regime.

9 Self-Resolved Diffractive Reactions and Light Cone

Wavefunctions

Diffractive multi-jet production in heavy nuclei provides a novel way to measure the
shape of the LC Fock state wavefunctions and test color transparency. For example,
consider the reaction[132, 133, 134] πA→ Jet1 + Jet2 + A′ at high energy where the
nucleus A′ is left intact in its ground state. The transverse momenta of the jets balance
so that ~k⊥i +~k⊥2 = ~q⊥ < R−1

A . The light-cone longitudinal momentum fractions also
need to add to x1+x2 ∼ 1 so that ∆pL < R−1

A . The process can then occur coherently
in the nucleus. Because of color transparency, the valence wavefunction of the pion
with small impact separation, will penetrate the nucleus with minimal interactions,
diffracting into jet pairs[132]. The x1 = x, x2 = 1 − x dependence of the di-jet
distributions will thus reflect the shape of the pion valence light-cone wavefunction in
x; similarly, the ~k⊥1−~k⊥2 relative transverse momenta of the jets gives key information
on the derivative of the underlying shape of the valence pion wavefunction[133, 134,
135]. The diffractive nuclear amplitude extrapolated to t = 0 should be linear in
nuclear number A if color transparency is correct. The integrated diffractive rate
should then scale as A2/R2

A ∼ A4/3 as verified by E791 for 500 GeV incident pions on
nuclear targets[123]. The measured momentum fraction distribution of the jets[136] is
consistent with the shape of the pion asymptotic distribution amplitude, φasympt

π (x) =√
3fπx(1−x). Data from CLEO[137] for the γγ∗ → π0 transition form factor also favor

a form for the pion distribution amplitude close to the asymptotic solution[17, 11] to
the perturbative QCD evolution equation.

The diffractive dissociation of a hadron or nucleus can also occur via the Coulomb
dissociation of a beam particle on an electron beam (e.g. at HERA or eRHIC) or on
the strong Coulomb field of a heavy nucleus (e.g. at RHIC or nuclear collisions at
the LHC)[135]. The amplitude for Coulomb exchange at small momentum transfer is
proportional to the first derivative

∑
i ei

∂
~kTi

ψ of the light-cone wavefunction, summed

over the charged constituents. The Coulomb exchange reactions fall off less fast at
high transverse momentum compared to pomeron exchange reactions since the light-
cone wavefunction is effective differentiated twice in two-gluon exchange reactions. It
is also interesting to study diffractive tri-jet production using proton beams pA →
Jet1 +Jet2 +Jet3 +A′ to determine the fundamental shape of the 3-quark structure of
the valence light-cone wavefunction of the nucleon at small transverse separation[133].

There has been an important debate whether diffractive jet production faith-
fully measures the light-front wavefunctions of the projectile. Braun et al.[138] and
Chernyak[139] have argued that one should systematically iterate the gluon exchange
kernel from all sources, including final state interactions. Thus if the hard momen-
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tum exchange which produces the high transverse momentum di-jets occurs in the
final state, then the x and k⊥ distributions will reflect the gluon exchange kernel, not
the pion’s wavefunction. However, it should be noted that the measurements of pion
diffraction by the E791 experiment[136] are performed on a platinum target. Only
the part of the pion wavefunction with small impact separation can give the observed
color transparency; i.e., additivity of the amplitude on nuclear number. Thus the
nucleus automatically selects events where the jets are produced at high transverse
momentum in the initial state before the pion reaches the nucleus[132].

The debate[140, 138, 139] concerning the nature of diffractive dijet dissociation
also applies to the simpler analysis of diffractive dissociation via Coulomb exchange.
The one-photon exchange matrix element can be identified with the spacelike elec-
tromagnetic form factor for π → qq; 〈π;P − q|j+(0)|qq;P 〉. Here the state | qq〉 is the
eigenstate of the QCD Hamiltonian; it is effectively an ‘out’ state. If we choose the
q+ = 0 frame where q2 = −~q 2

⊥, then the form factor is exactly the overlap integral
in transverse momentum of the pion and qq LCWFs summed over Fock States. The
form factor vanishes at Q2 = 0 because it is the matrix element of the total charge
operator and the pion and jet-jet eigenstates are orthogonal. The n = 2 contribution
to the form factor is the convolution ψπ(x, k⊥ − (1 − x)q⊥) with ψqq(x, k⊥). This
can be expanded at small q2 in terms of the transverse momentum derivatives of the
pion wavefunction. The final-state wavefunction represents an outgoing wave of free
quarks with momentum y, `⊥ and 1−y,−`⊥. To first approximation the wavefunction
ψqq(x, k⊥) peaks strongly at x = y and k⊥ = `⊥. Using this approximation, the form
factor at small Q2 is proportional to the derivative of the pion light-cone wavefunc-
tion [eq(1 − x) − eqx]

∂
dk⊥

ψπ(x, k⊥) evaluated at x = y and k⊥ = `⊥. One can also
consider corrections to the final state wavefunction from gluon exchange. However,
the final quarks are already moving in the correct direction at zeroth order, so these
corrections would be expected to be of higher order.

10 Conclusions

Perturbative QCD provides an important guide to high momentum transfer exclusive
processes. The theory involves fundamental details of hadron structure at the ampli-
tude level. The hadron wavefunctions required for these perturbative QCD analyses
are also relevant for computing exclusive heavy hadron decays.

The leading-twist contributions to exclusive amplitudes derive from the kinematic
regime where the quarks and gluons propagators are evaluated in the perturbative
regime. There are many successes of the perturbative approach, including impor-
tant checks of color transparency and hadron helicity conservation. The successes of
perturbative QCD scaling for exclusive processes at presently accessible momentum
transfers can be understood if the effective QCD coupling is approximately constant
at the momentum transfers scales relevant to the hard scattering amplitudes. The
Sudakov suppression of the long-distance contributions is strengthened if the coupling
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is frozen because it involves the exponentiation of a double logarithmic series.

In this review I have argued that the new Jefferson Laboratory measurements of
the ratio of proton form factors are not necessarily incompatible with the perturbative
QCD predictions. I have also argued that the apparent discrepancy of theory with
the normalization of the spacelike pion form factor may be due to the difficulty of
extrapolating electroproduction data from the off-shell regime to the pion pole.

Further experimental studies, particularly measurements of electroproduction at
Jefferson Laboratory and the study of two-photon exclusive channels at CLEO and
the B-factories have the potential of providing critical information on the hadron
wavefunctions as well as testing the dominant dynamical processes at short distances.
Testing quantum chromodynamics to high precision in exclusive processes is not easy.
Virtually all QCD processes are complicated by the presence of dynamical higher twist
effects, including power-law suppressed contributions due to multi-parton correla-
tions, intrinsic transverse momentum, and finite quark masses. Many of these effects
are inherently nonperturbative in nature and require detailed knowledge of hadron
wavefunctions themselves. New systematic approaches to higher twist contributions
are required, such as the recent development of effective field theories[141, 142].

Diffractive dijet production on nuclei has provided a compelling demonstration of
color transparency and because of the color filtering effect of the nuclear target has
yielded strong empirical constraints on the shape of pion distribution amplitude. I
have argued that these “self-resolving” diffractive processes can also provide direct
experimental information on the light-cone wavefunctions of the photon and proton
in terms of their QCD degrees of freedom, as well as the composition of nuclei in
terms of their nucleon and mesonic degrees of freedom.
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