
SLAC–PUB–8998
September 2001

Diffraction Dissociation in QCD and

Light-Cone Wavefunctions∗

Stanley J. Brodsky
Stanford Linear Accelerator Center

Stanford University, Stanford, California 94309
E-mail: sjbth@slac.stanford.edu

Abstract

The diffractive dissociation of a hadron at high energies, by either Coulomb or
Pomeron exchange, has a natural description in QCD as the materialization of the
projectile’s light-cone wavefunctions; in particular, the diffractive dissociation of a
meson, baryon, or photon into high transverse momentum jets measures the shape
and other features of the projectile’s distribution amplitude. Diffractive dissociation
can thus test fundamental properties of QCD, including color transparency and in-
trinsic charm. All of these effects have an impact on exclusive decays of B mesons
and the study of CP violation. I also discuss recent work which shows that the struc-
ture functions measured in deep inelastic lepton scattering are affected by final-state
rescattering, thus modifying their connection to light-cone probability distributions.
In particular, the shadowing of nuclear structure functions is due to destructive in-
terference effects from leading-twist diffraction of the virtual photon, physics not
included in the nuclear light-cone wavefunctions.
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1 Introduction

The diffractive dissociation of a hadron at high energies, by either Coulomb or
Pomeron exchange, can be understood as the materialization of the projectile’s light-
cone wavefunctions; in particular, the diffractive dissociation of a meson, baryon, or
photon into high transverse momentum jets measures the shape and other features
of the projectile’s distribution amplitude, φ(xi, Q), the valence wavefunction which
controls high momentum transfer exclusive amplitudes. Diffractive dissociation can
also test fundamental properties of QCD, including color transparency and intrinsic
charm.

Diffractive dissociation in QCD can be understood as a three-step process:
1. The initial hadron can be decomposed in terms of its quark and gluon con-

stituents in terms of its light-cone Fock-state components. For example, the eigen-
solution of a negatively-charged meson QCD, projected on its color-singlet B = 0,
Q = −1, Jz = 0 eigenstates {|n〉} of the free Hamiltonian HQCD

LC (g = 0) at fixed
τ = t− z/c has the expansion:

∣∣∣Ψ;P+, ~P⊥, λ
〉

=
∑

n≥2,λi

∫
Πn

i=1

d2k⊥idxi√
xi16π3

16π3δ


1−

n∑
j

xj


 δ(2)

(
n∑
`

~k⊥`

)
∣∣∣n; xiP

+, xi
~P⊥ + ~k⊥i, λi

〉
ψn/p(xi, ~k⊥i, λi).

The light-cone momentum fractions xi = k+
i /P

+
π = (k0+kz

i )/(P
0+P z) with

∑n
i=1 xi =

1 and ~k⊥i with
∑n

i=1
~k⊥i = ~0⊥ represent the relative momentum coordinates of the

QCD constituents independent of the total momentum of the state. The actual
physical transverse momenta are ~p⊥i = xi

~P⊥ + ~k⊥i. The λi label the light-cone spin
Sz projections of the quarks and gluons along the quantization z direction. The
physical gluon polarization vectors εµ(k, λ = ±1) are specified in light-cone gauge
by the conditions k · ε = 0, η · ε = ε+ = 0. The parton degrees of freedom are thus
all physical; there are no ghost or negative metric states. Remarkably, the light-
cone Fock wavefunctions ψn/p(xi, ~k⊥i, λi) are independent of the proton’s momentum
P+ = P 0 +P z, and P⊥. The wavefunctions represent the ensembles of states possible
when the hadron is intercepted by a light-front at fixed τ = t + z/c. The light-cone
representation thus provide a frame-independent, quantum-mechanical representation
of the incoming hadron at the amplitude level, capable of encoding its multi-quark,
hidden-color and gluon momentum, helicity, and flavor correlations in the form of
universal process-independent hadron wavefunctions.

Progress in measuring the basic parameters of electroweak interactions and CP vi-
olation will require a quantitative understanding of the dynamics and phase structure
of B decays at the amplitude level. The light-cone Fock representation is specially ad-
vantageous in the study of exclusive B decays. For example, Dae Sung Hwang [1] and
I have derived an exact frame-independent representation of decay matrix elements
such as B → D`ν from the overlap of n′ = n parton-number conserving wavefunc-
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tions and the overlap of wavefunctions with n′ = n − 2 from the annihilation of a
quark-antiquark pair in the initial wavefunction.

2. In the second step, the incoming hadron is resolved by Pomeron or Odderon
(multi-gluon) exchange with the target or by Coulomb dissociation. The exchanged
interaction has to supply sufficient momentum transfer qµ to put the diffracted state
X on shell. Light-cone energy conservation requires q− = (m2

X −m2
π)/P+

π , where mX

is the invariant mass of X. In a heavy target rest system, the longitudinal momentum
transfer is qz = (m2

X −m2
π)/Eπlab. Thus the momentum transfer t = q2 to the target

can be sufficiently small so that the target remains intact.

In perturbative QCD, the pomeron is generally be represented as multiple gluon
exchange between the target and projectile. Effectively this interaction occurs over
a short light-cone time interval, and thus like photon exchange, the perturbative
QCD pomeron can be effectively represented as a local operator. This description
is believed to be applicable when the pomeron has to resolve compact states and is
the basis for the terminology “hard pomeron”. The BFKL formalism generalizes the
perturbative QCD treatment by an all-orders perturbative resummation, generating
a pomeron with a fixed Regge intercept αP (0). Next to leading order calculations
with BLM scale fixing leads to a predicted intercept αP (0) ' 0.4 [2]. However, when
the exchange interactions are soft, a multiperipheral description in terms of meson
ladders may dominate the physics. This is the basis for the two-component pomeron
model of Donachie and Landshoff [3].

Consider a collinear frame where the incident momentum P+
π is large and s =

(pπ + ptarget)
2 ' p+

π p
−
target. The matrix element of an exchanged gluon with momen-

tum qi between the projectile and an intermediate state |N〉 is dominated by the

“plus current”:
〈
π|j+(0) exp(i1

2
q+
i x

− − iq⊥i · x⊥|N
〉
. Note that the coherent sum of

couplings of an exchanged gluon to the pion system vanishes when its momentum
is small compared to the characteristic momentum scales in the projectile light-cone
wavefunction: q⊥i∆x⊥ � 1 and q+

i ∆x− � 1. The destructive interference of the
gauge couplings to the constituents of the projectile follows simply from the fact that
the color charge operator has zero matrix element between distinct eigenstates of the
QCD Hamiltonian: 〈A|Q|B〉 ≡ ∫

d2x⊥dx− 〈A|j+(0)|B〉 = 0 [4]. At high energies the
change in k+

i of the constituents can be ignored, so that Fock states of a hadron with
small transverse size interact weakly even in a nuclear target because of their small
dipole moment. This is the basis of “color transparency” in perturbative QCD [5, 6].
To a good approximation the sum of couplings to the constituents of the projectile
can be represented as a derivative with respect to transverse momentum. Thus pho-
ton exchange measures a weighted sum of tranverse derivatives ∂k⊥ψn(xi, k⊥i

, λi), and
two-gluon exchange measures the second transverse partial derivative [7].

3. The final step is the hadronization of the n constituents of the projectile Fock
state into final state hadrons. Since q+

i is small, the number of partons in the initial
Fock state and the final state hadrons are unchanged. Their coalescence is thus
governed by the convolution of initial and final-state Fock state wavefunctions. In
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the case of states with high k⊥, the final state will hadronize into jets, each reflecting
the respective xi of the Fock state constituents. In the case of higher Fock states
with intrinsic sea quarks such as an extra cc pair (intrinsic charm), one will observe
leading J/ψ or open charm hadrons in the projectile fragmentation region; i.e., the
hadron’s fragments will tend to have the same rapidity as that of the projectile.

For example, 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.
Consider the reaction [6, 8, 9] 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-front 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 [6]. The x1 = x, x2 = 1 − x dependence
of the di-jet distributions will thus reflect the shape of the pion valence light-front
wavefunction in x; similarly, the ~k⊥1 − ~k⊥2 relative transverse momenta of the jets
gives key information on the second derivative of the underlying shape of the valence
pion wavefunction [8, 9, 7]. 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.

The results of a diffractive dijet dissociation experiment of this type E791 at
Fermilab using 500 GeV incident pions on nuclear targets [10] appear to be consistent
with color transparency. The measured longitudinal momentum distribution of the
jets [11] is consistent with a pion light-cone wavefunction of the pion with the shape
of the asymptotic distribution amplitude, φasympt

π (x) =
√

3fπx(1 − x). Data from
CLEO [12] for the γγ∗ → π0 transition form factor also favor a form for the pion
distribution amplitude close to the asymptotic solution to the perturbative QCD
evolution equation [13].

The interpretation of the diffractive dijet processes as measures of the hadron
distribution amplitudes has recently been questioned by Braun et al. [14] and by
Chernyak [15] who have calculated the hard scattering amplitude for such processes
at next-to-leading order. However, these analyses neglect the integration over the
transverse momentum of the valence quarks and thus miss the logarithmic ordering
which is required for factorization of the distribution amplitude and color-filtering in
nuclear targets.

As noted above, 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) [7]. The amplitude for Coulomb exchange at small momentum
transfer is proportional to the first derivative

∑
i ei

∂
~kTi
ψ of the light-front wavefunction,

summed over the charged constituents. The Coulomb exchange reactions fall off less
fast at high transverse momentum compared to pomeron exchange reactions since
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the light-front wavefunction is effective differentiated twice in two-gluon exchange
reactions.

It will also be interesting to study diffractive tri-jet production using proton beams
pA→ Jet1+Jet2+Jet3+A′ to determine the fundamental shape of the 3-quark struc-
ture of the valence light-front wavefunction of the nucleon at small transverse sepa-
ration [8]. For example, consider the Coulomb dissociation of a high energy proton
at HERA. The proton can dissociate into three jets corresponding to the three-quark
structure of the valence light-front wavefunction. We can demand that the produced
hadrons all fall outside an opening angle θ in the proton’s fragmentation region. Ef-
fectively all of the light-front momentum

∑
j xj ' 1 of the proton’s fragments will

thus be produced outside an “exclusion cone”. This then limits the invariant mass
of the contributing Fock state M2

n > Λ2 = P+2 sin2 θ/4 from below, so that pertur-
bative QCD counting rules can predict the fall-off in the jet system invariant mass
M . The segmentation of the forward detector in azimuthal angle φ can be used to
identify structure and correlations associated with the three-quark light-front wave-
function [7]. One can use also measure the dijet structure of real and virtual photons
beams γ∗A → Jet1 + Jet2 + A′ to measure the shape of the light-front wavefunction
for transversely-polarized and longitudinally-polarized virtual photons. Such experi-
ments will open up a direct window on the amplitude structure of hadrons at short
distances. The light-front formalism is also applicable to the description of nuclei
in terms of their nucleonic and mesonic degrees of freedom [16, 17]. Self-resolving
diffractive jet reactions in high energy electron-nucleus collisions and hadron-nucleus
collisions at moderate momentum transfers can thus be used to resolve the light-front
wavefunctions of nuclei.

2 Heavy Quark Fluctuations in Diffractive Disso-

ciation

Since a hadronic wavefunction describes states off of the light-cone energy shell, there
is a finite probability of the projectile having fluctuations containing extra quark-
antiquark pairs, such as intrinsic strangeness charm, and bottom. In contrast to
the quark pairs arising from gluon splitting, intrinsic quarks are multiply-connected
to the valence quarks and are thus part of the dynamics of the hadron. Recently
Franz, Polyakov, and Goeke have analyzed the properties of the intrinsic heavy-quark
fluctuations in hadrons using the operator-product expansion [18]. For example, the
light-cone momentum fraction carried by intrinsic heavy quarks in the proton xQQ as
measured by the T++ component of the energy-momentum tensor is related in the
heavy-quark limit to the forward matrix element 〈p|trc(G

+αG+βGαβ)/m2
Q|p〉, where

Gµν is the gauge field strength tensor. Diagrammatically, this can be described as
a heavy quark loop in the proton self-energy with four gluons attached to the light,
valence quarks. Since the non-Abelian commutator [Aα, Aβ] is involved, the heavy
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quark pairs in the proton wavefunction are necessarily in a color-octet state. It
follows from dimensional analysis that the momentum fraction carried by the QQ
pair scales as k2

⊥/m
2
Q where k⊥ is the typical momentum in the hadron wave function.

[In contrast, in the case of Abelian theories, the contribution of an intrinsic, heavy
lepton pair to the bound state’s structure first appears in O(1/m4

L). One relevant
operator corresponds to the Born-Infeld (Fµν)

4 light-by-light scattering insertion, and
the momentum fraction of heavy leptons in an atom scales as k4

⊥/m
4
L.]

Intrinsic charm can be materialized by diffractive dissociation into open or hidden
charm states such as pp → J/ψXp′,ΛcXp

′. At HERA one can measure intrinsic
charm in the proton by Coulomb dissociation: pe → ΛCXe

′, and J/ψXe′. Since the
intrinsic heavy quarks tend to have the same rapidity as that of the projectile, they
are produced at large xF in the beam fragmentation region. The charm structure
function measured by the EMC group shows an excess at large xbj , indicating a prob-
ability of order 1% for intrinsic charm in the proton [19]. The presence of intrinsic
charm in light-mesons provides an explanation for the puzzle of the large J/ψ → ρπ
branching ratio and suppressed ψ′ → ρπ decay [20]. The presence of intrinsic charm
quarks in the B wave function provides new mechanisms for B decays. For example,
Chang and Hou have considered the production of final states with three charmed
quarks such as B → J/ψDπ and B → J/ψD∗ [21]; these final states are difficult to
realize in the valence model, yet they occur naturally when the b quark of the intrinsic
charm Fock state |bucc〉 decays via b→ cud. In fact, the J/ψ spectrum for inclusive
B → J/ψX decays measured by CLEO and Belle shows a distinct enhancement at
the low J/ψ momentum where such decays would kinematically occur. Alternatively,
this excess could reflect the opening of baryonic channels such as B → J/ψpΛ [22].
Recently, Susan Gardner and I have shown that the presence of intrinsic charm in the
hadrons’ light-cone wave functions, even at a few percent level, provides new, com-
petitive decay mechanisms for B decays which are nominally CKM-suppressed [23].
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 pen-
guin 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. Such intrinsic charm
contributions can be phenomenologically significant. Since they mimic the amplitude
structure of “charming” penguin contributions [24], charming penguins need not be
penguins at all [23].

3 Calculating and Modeling Light-Cone Wavefunc-

tions

The discretized light-cone quantization method [25] is a powerful technique for finding
the non-perturbative solutions of quantum field theories. The basic method is to di-
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agonalize the light-cone Hamiltonian in a light-cone Fock basis defined using periodic
boundary conditions in x− and x⊥. The method preserves the frame-independence
of the front form. The DLCQ method is now used extensively to solve one-space and
one-time theories, including supersymmetric theories. New applications of DLCQ to
supersymmetric quantum field theories and specific tests of the Maldacena conjecture
have recently been given by Pinsky and Trittman. There has been progress in sys-
tematically developing the computation and renormalization methods needed to make
DLCQ viable for QCD in physical spacetime. For example, John Hiller, Gary McCar-
tor and I [26] have shown how DLCQ can be used to solve 3+1 theories despite the
large numbers of degrees of freedom needed to enumerate the Fock basis. A key fea-
ture of our work, is the introduction of Pauli Villars fields in order to regulate the UV
divergences and perform renormalization while preserving the frame-independence of
the theory. A review of DLCQ and its applications is given in Ref. [27]. There has
also been important progress using the transverse lattice, essentially a combination
of DLCQ in 1+1 dimensions together with a lattice in the transverse dimensions.

Even without explicit solutions, many features of the light-cone wavefunctions fol-
low from general arguments. Light-cone wavefunctions satisfy the equation of motion:

HQCD
LC |Ψ〉 = (H0

LC + VLC)|Ψ〉 = M2|Ψ〉,

which has the Heisenberg matrix form in Fock space:

M2 −
n∑

i=1

m2
⊥i

xi

ψn =
∑
n′

∫
〈n|V |n′〉ψn′

where the convolution and sum is understood over the Fock number, transverse mo-
menta, plus momenta and helicity of the intermediate states. Here m2

⊥ = m2 + k2
⊥.

Thus, in general, every light-cone Fock wavefunction has the form:

ψn =
Γn

M2 −∑n
i=1

m2
⊥i

xi

where Γn =
∑

n′
∫
Vnn′ψn. The main dynamical dependence of a light-cone wavefunc-

tion away from the extrema is controlled by its light-cone energy denominator. The
maximum of the wavefunction occurs when the invariant mass of the partons is min-
imal; i.e., when all particles have equal rapidity and are all at rest in the rest frame.
In fact, Dae Sung Hwang and I [28] have noted that one can rewrite the wavefunction
in the form:

ψn =
Γn

M2[
∑n

i=1
(xi−x̂i)2

xi
+ δ2]

where xi = x̂i ≡ m⊥i/
∑n

i=1m⊥i is the condition for minimal rapidity differences of
the constituents. The key parameter is M2 − ∑n

i=1m
2
⊥i/x̂i ≡ −M2δ2. We can also

interpret δ2 ' 2ε/M where ε =
∑n

i=1m⊥i −M is the effective binding energy. This
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form shows that the wavefunction is a quadratic form around its maximum, and that
the width of the distribution in (xi − x̂i)

2 (where the wavefunction falls to half of
its maximum) is controlled by xiδ

2 and the transverse momenta k⊥i
. Note also that

the heaviest particles tend to have the largest x̂i, and thus the largest momentum
fraction of the particles in the Fock state, a feature familiar from the intrinsic charm
model. For example, the b quark has the largest momentum fraction at small k⊥ in
the B meson’s valence light-cone wavefunction,, but the distribution spreads out to
an asymptotically symmetric distribution around xb ∼ 1/2 when k⊥ >> m2

b .

We can also discern some general properties of the numerator of the light-cone
wavefunctions. Γn(xi, k⊥i, λi). The transverse momentum dependence of Γn guaran-
tees Jz conservation for each Fock state: Each light-cone Fock wavefunction satisfies
conservation of the z projection of angular momentum: Jz =

∑n
i=1 S

z
i +

∑n−1
j=1 l

z
j . The

sum over sz
i represents the contribution of the intrinsic spins of the n Fock state con-

stituents. The sum over orbital angular momenta lzj = −i(k1
j

∂
∂k2

j
−k2

j
∂

∂k1
j
) derives from

the n − 1 relative momenta. This excludes the contribution to the orbital angular
momentum due to the motion of the center of mass, which is not an intrinsic property
of the hadron [29]. For example, one of the three light-cone Fock wavefunctions of

a Jz = +1/2 lepton in QED perturbation theory is ψ↑
+ 1

2
+1

(x,~k⊥) = −√2 (−k1+ik2)
x(1−x)

ϕ ,

where ϕ = ϕ(x,~k⊥) = e/
√

1−x

M2−(~k2
⊥+m2)/x−(~k2

⊥+λ2)/(1−x)
. The orbital angular momentum

projection in this case is `z = −1. The spin structure indicated by perturbative theory
provides a template for the numerator structure of the light-cone wavefunctions even
for composite systems. The structure of the electron’s Fock state in perturbative
QED shows that it is natural to have a negative contribution from relative orbital
angular momentum which balances the Sz of its photon constituents. We can also
expect a significant orbital contribution to the proton’s Jz since gluons carry roughly
half of the proton’s momentum, thus providing insight into the “spin crisis” in QCD.

The fall-off the light-cone wavefunctions at large k⊥ and x→ 1 is dictated by QCD
perturbation theory since the state is far-off the light-cone energy shell. This leads to
counting rule behavior for the quark and gluon distributions at x → 1. Notice that
x→ 1 corresponds to kz → −∞ for any constituent with nonzero mass or transverse
momentum.

The above discussion suggests that an approximate form for the hadron light-cone
wavefunctions might be constructed through variational principles and by minimizing
the expectation value of HQCD

LC .

4 Structure Functions are Not Parton Distribu-

tions

Ever since the earliest days of the parton model, it has been assumed that the leading-
twist structure functions Fi(x,Q

2) measured in deep inelastic lepton scattering are
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determined by the probability distribution of quarks and gluons as determined by the
light-cone wavefunctions of the target. For example, the quark distribution is

Pq/N(xB, Q
2) =

∑
n

∫ k2
i⊥<Q2

[∏
i

dxi d
2k⊥i

]
|ψn(xi, k⊥i)|2

∑
j=q

δ(xB − xj).

The identification of structure functions with the square of light-cone wavefunctions
is usually made in LC gauge n · A = A+ = 0, where the path-ordered exponential in
the operator product for the forward virtual Compton amplitude apparently reduces
to unity. Thus the deep inelastic lepton scattering cross section (DIS) appears to be
fully determined by the probability distribution of partons in the target. However,
Paul Hoyer, Nils Marchal, Stephane Peigne, Francesco Sannino, and I have recently
shown that the leading-twist contribution to DIS is affected by diffractive rescattering
of a quark in the target, a coherent effect which is not included in the light-cone
wavefunctions, even in light-cone gauge. The distinction between structure functions
and parton probabilities is already implied by the Glauber-Gribov picture of nuclear
shadowing [30, 31, 32, 33]. In this framework shadowing arises from interference
between complex rescattering amplitudes involving on-shell intermediate states, as
in Fig. 1. In contrast, the wave function of a stable target is strictly real since it
does not have on energy-shell configurations. A probabilistic interpretation of the
DIS cross section is thus precluded.

It is well-known that in Feynman and other covariant gauges one has to evaluate
the corrections to the “handbag” diagram due to the final state interactions of the
struck quark (the line carrying momentum p1 in Fig. 2) with the gauge field of the
target. In light-cone gauge, this effect also involves rescattering of a spectator quark,
the p2 line in Fig. 2. The light-cone gauge is singular – in particular, the gluon
propagator dµν

LC(k) = i
k2+iε

[
−gµν + nµkν+kµnν

n·k
]

has a pole at k+ = 0 which requires an
analytic prescription. In final-state scattering involving on-shell intermediate states,
the exchanged momentum k+ is ofO (1/ν) in the target rest frame, which enhances the
second term in the propagator. This enhancement allows rescattering to contribute
at leading twist even in LC gauge.

The issues involving final state interactions even occur in the simple framework
of abelian gauge theory with scalar quarks. Consider a frame with q+ < 0. We
can then distinguish FSI from ISI using LC time-ordered perturbation theory [13].
Figure 1 illustrates two LCPTH diagrams which contribute to the forward γ∗T →
γ∗T amplitude, where the target T is taken to be a single quark. In the aligned
jet kinematics the virtual photon fluctuates into a qq pair with limited transverse
momentum, and the (struck) quark takes nearly all the longitudinal momentum of
the photon. The initial q and q momenta are denoted p1 and p2 − k1, respectively,

The calculation of the rescattering effect of DIS in Feynman and light-cone gauge
through three loops is given in detail in Ref. [34]. The result can be resummed
and is most easily expressed in eikonal form in terms of transverse distances r⊥, R⊥
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Figure 1: Glauber-Gribov shadowing involves interference between rescattering am-
plitudes.

T(p)

(a)

γ* (q)

T(p)

γ* (q)

D

T(p)

(b)

γ* (q)

T(p)

γ* (q)

k
1 k

1

p
2–k

1
p

2–k
1

k
2

k
1+

k
2

k
1–p –k

1p –

a DaDb DbDc Dc

k
2

p
1+

k
2

p
2+

k
2

p
2

p
2

k
2

p
1

p
1

Figure 2: Two types of final state interactions. (a) Scattering of the antiquark (p2

line), which in the aligned jet kinematics is part of the target dynamics. (b) Scattering
of the current quark (p1 line). For each LC time-ordered diagram, the potentially on-
shell intermediate states – corresponding to the zeroes of the denominators Da, Db, Dc

– are denoted by dashed lines.

conjugate to p2⊥, k⊥. The deep inelastic cross section can be expressed as

Q4 dσ

dQ2 dxB
=

α

16π2

1− y

y2

1

2Mν

∫ dp−2
p−2

d2~r⊥ d2 ~R⊥ |M̃ |2 (1)

where

|M̃(p−2 , ~r⊥, ~R⊥)| =
∣∣∣∣∣∣
sin

[
g2W (~r⊥, ~R⊥)/2

]
g2W (~r⊥, ~R⊥)/2

Ã(p−2 , ~r⊥, ~R⊥)

∣∣∣∣∣∣ (2)

is the resummed result. The Born amplitude is

Ã(p−2 , ~r⊥, ~R⊥) = 2eg2MQp−2 V (m||r⊥)W (~r⊥, ~R⊥) (3)

where m2
|| = p−2 MxB +m2 and

V (mr⊥) ≡
∫
d2~p⊥
(2π)2

ei~r⊥·~p⊥

p2
⊥ +m2

=
1

2π
K0(mr⊥) (4)
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The rescattering effect of the dipole of the qq is controlled by

W (~r⊥, ~R⊥) ≡
∫
d2~k⊥
(2π)2

1− ei~r⊥·~k⊥

k2
⊥

ei ~R⊥·~k⊥ =
1

2π
log


 |~R⊥ + ~r⊥|

R⊥


 . (5)

The fact that the coefficient of Ã in (2) is less than unity for all ~r⊥, ~R⊥ shows that the
rescattering corrections reduce the cross section. It is the analog of nuclear shadowing
in our model.

We have also found the same result for the deep inelastic cross sections in light-
cone gauge. Three prescriptions for defining the propagator pole at k+ = 0 have been
used in the literature:

1

k+
i

→
[

1

k+
i

]
ηi

=



k+

i

[
(k+

i − iηi)(k
+
i + iηi)

]−1
(PV)[

k+
i − iηi

]−1
(K)[

k+
i − iηiε(k

−
i )
]−1

(ML)

(6)

the principal-value, Kovchegov [35], and Mandelstam-Leibbrandt [36] prescriptions.
The ‘sign function’ is denoted ε(x) = Θ(x) − Θ(−x). With the PV prescription we

have Iη =
∫
dk+

2

[
1

k+
2

]
η2

= 0. Since an individual diagram may contain pole terms

∼ 1/k+
i , its value can depend on the prescription used for light-cone gauge. However,

the k+
i = 0 poles cancel when all diagrams are added; the net is thus prescription-

independent, and it agrees with the Feynman gauge result. It is interesting to note
that the diagrams involving rescattering of the struck quark p1 do not contribute to
the leading-twist structure functions if we use the Kovchegov prescription to define
the light-cone gauge. In other prescriptions for light-cone gauge the rescattering of
the struck quark line p1 leads to an infrared divergent phase factor exp iφ:

φ = g2 Iη − 1

4π
K0(λR⊥) +O(g6) (7)

where λ is an infrared regulator, and Iη = 1 in the K prescription. The phase is
exactly compensated by an equal and opposite phase from final-state interactions
of line p2. This irrelevant change of phase can be understood by the fact that the
different prescriptions are related by a residual gauge transformation proportional to
δ(k+) which leaves the light-cone gauge A+ = 0 condition unaffected.

Diffractive contributions which leave the target intact thus contribute at leading
twist to deep inelastic scattering. These contributions do not resolve the quark struc-
ture of the target, and thus they are contributions to structure functions which are
not parton probabilities. More generally, the rescattering contributions shadow and
modify the observed inelastic contributions to DIS.

Our analysis in the K prescription for light-cone gauge resembles the “covariant
parton model” of Landshoff, Polkinghorne and Short [37, 38] when interpreted in

11



the target rest frame. In this description of small x DIS, the virtual photon with
positive q+ first splits into the pair p1 and p2. The aligned quark p1 has no final
state interactions. However, the antiquark line p2 can interact in the target with an
effective energy ŝ ∝ k2

⊥/x while staying close to its mass shell. Thus at small x and
large ŝ, the antiquark p2 line can first multiple scatter in the target via pomeron and
Reggeon exchange, and then it can finally scatter inelastically or be annihilated. The
DIS cross section can thus be written as an integral of the σqp→X cross section over the
p2 virtuality. In this way, the shadowing of the antiquark in the nucleus σqA→X cross
section yields the nuclear shadowing of DIS [32]. Our analysis, when interpreted
in frames with q+ > 0, also supports the color dipole description of deep inelastic
lepton scattering at small x. Even in the case of the aligned jet configurations, one
can understand DIS as due to the coherent color gauge interactions of the incoming
quark-pair state of the photon interacting first coherently and finally incoherently in
the target.
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