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I. RAPIDITY GAPS IN DEEP INELASTIC SCATTERING

In the intuitive picture (Fig. 1) of Deep Inelastic Scattering (DIS), e + p →
e+X, the incoming electron emits a photon of high virtuality Q2, which scatters
incoherently on single partons (quarks or gluons) in the target. In the target rest
frame, the parton absorbs the large energy ν of the photon and is ejected from the
target. The separation of color charge between the struck parton and the target
spectator system gives rise to a color string. The breaking of the string fills the
rapidity interval between the fastest and slowest particles with an approximately
uniform distribution of hadrons.
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Fig. 1: In the intuitive picture (top left) of DIS the struck parton
generates a color string resulting in a uniform distribution of hadrons
in rapidity. Data [2] (right) shows that there is a large rapidity gap
in about 10% of the DIS events. This is often phenomenologically
described as due to “pomeron exchange” (bottom left).

1 Talk at the HadronPhysics I3 Topical Workshop in St. Andrews, Scotland, September 2004.
Based on work done together with S. Brodsky, R. Enberg and G. Ingelman [1].
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Well before the experimental discoveries, Ingelman and Schlein (IS) [3] proposed
hard diffraction, and in particular diffractive DIS (DDIS), as a tool for studying
the mechanisms underlying diffractive interactions. In Regge language, diffraction
and the rapidity gaps which persist at high energy are associated with pomeron
exchange; the structure of the ‘pomeron’ could then be elucidated.

In the IS approach the pomeron is a structure contained in hadron wave func-
tions. The fraction of diffractive events is then expected to be similar in all hard
processes. However, pp̄ collider data [4–6] shows that hard diffractive events with
a pair of high-p⊥ jets constitute only 1–2% of all jet events. Thus the diffrac-
tive fraction is considerably smaller in hadronically-induced events compared to
the DDIS/DIS ratio of about 10%. This is consistent with the QCD factoriza-
tion theorem for diffractive processes [7], which requires universality only in hard
diffraction induced by virtual photons. The pomeron apparently is generated by
the reaction dynamics rather than being part of the initial hadron wave functions.

The energy dependence of the DDIS data also disagrees with the IS pomeron
exchange model. In a Regge picture one expects the ratio of diffractive to inclusive
DIS cross sections to depend on the total hadronic mass W as

dσγ∗p
diff/dMX

σγ∗p
tot

∝ (W 2)2ᾱP−2

(W 2)αP(0)−1
'W ρ (1)

where MX (the mass of the diffractive system) is fixed and ρ ' 0.19. The ZEUS
data [8] shows ρ = 0.00± .03, in clear contradiction with the Regge expectation.
The observed W -independence of the ratio (1) suggests in fact a simple underlying
relation between diffractive and inclusive DIS.

The phase of power-behaved high energy scattering amplitudes is fixed by an-
alyticity and crossing symmetry: A ∝ exp(−iπα/2)sα for crossing-even ampli-
tudes. Diffractive amplitudes have α ' 1 and are thus dominantly imaginary.
This shows that rescattering effects, involving on-shell intermediate states, must
contribute in diffractive scattering. In the IS picture the pomeron is, on the other
hand, part of the initial target wave function which has no dynamical phase (for
stable targets such as the proton).

In the “Soft Color Interaction” (SCI) model [9] of diffraction the partons emerg-
ing from the hard collision are assumed to exchange soft gluons with spectators.
This redistributes color and makes it possible for the target spectator system to
emerge as a color singlet. In the Monte Carlo implementation of the model no
color string then attaches to the target system, creating a rapidity gap in the
hadronization phase. With a single parameter (the likelihood of rescattering) the
SCI model is able to quantitatively describe diffractive events both in DIS and in
hadron induced diffraction.

Rescattering of the struck parton in the color field of the target is an essen-
tial part of the standard leading twist dynamics of DIS, with observable effects
such as shadowing in nuclear targets and single spin asymmetries [10, 11]. The
rescattering is soft and transmitted by instantaneous ‘Coulomb’ gluon exchange.
In this talk I shall discuss the qualitative features of diffractive scattering which
emerge from such rescattering. This analysis [1] provides a QCD basis for the
scenario of the SCI model.
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II. PARTON DISTRIBUTIONS AND RESCATTERING

According to the QCD factorization theorem [12] the quark distribution of the
nucleon is given by the matrix element

fq/N (xB , Q
2) =

1
8π

∫
dx− exp(−ixBp

+x−/2)

×〈N(p)|ψ̄(x−)γ+W [x−; 0]ψ(0)|N(p)〉 (2)

where all fields are evaluated at equal Light Front (LF) time x+ ≡ t+ z = 0 and
small transverse separation x⊥ ∼ 1/Q. The Wilson line

W [x−; 0] = P exp

[
ig

∫ x−

0

dw−A+(w−)

]
(3)

physically represents rescattering of the struck quark on target spectators. The
expression (2) is derived in a ‘parton model’ frame where the virtual photon
is moving in the negative z-direction. This ensures that the photon meets all
constituents of the target at the same LF time, since it propagates with z ' −t
in the Bjorken limit. The LF matrix element (2) is invariant under boosts in the
z-direction, and may thus be considered in the target rest frame.

It is important to remember that x+ = 0 does not imply an instantaneous
process in the sense of ordinary time. The ‘Ioffe’ coherence length of the virtual
photon is LI ≡ ν/Q2 = 1/2mNxB , where the momentum fraction xB carried by
the struck parton is typically small (xB

<∼ 0.01) in diffractive scattering. Soft
rescattering of the struck parton in the color field of the target within a Ioffe
length from the hard vertex contributes coherently to the DIS amplitude, and
thus affects the cross section.

Only the longitudinal (A+) component appears in the path ordered exponential
(3). This component has no x+ derivative in the Lagrangian and is therefore
“instantaneous” in x+, as required for a matrix element evaluated at x+ = 0.
Transverse gluon exchange has a long formation length due to the Lorentz factor
Eq/mq ∝ ν of the struck quark, and thus occurs too late to affect the inclusive
cross section.

The path ordered exponential (3) ensures the gauge invariance of the matrix
element (2) and appears superficially to have no physical effect, since it reduces
to unity in LF gauge, A+ = 0. On the other hand, based on general principles of
quantum mechanics rescattering of the struck quark within the coherence length
should occur and affect the DIS cross section at some level. Moreover, diffraction
and shadowing effects are present in DIS data, and are normally attributed to
rescattering.

The physical effects of rescattering were studied in some detail in the pertur-
bative model of BHMPS [10]. The LF gauge gluon propagator is

dµν
LF (k) =

i

k2 + iε

[
−gµν +

nµkν + kµnν

k+

]
(4)

where n ·A = A+. The second term is absent in Feynman gauge and thus cannot
contribute to gauge invariant amplitudes, but it does change the relative weights
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of individual Feynman diagrams. In particular, the poles at k+ = 0 generated by
the propagator (4) are absent from the full (gauge invariant) BHMPS amplitudes
even though they occur in single diagrams. The contribution of a given diagram
depends on the iε prescription used at k+ = 0, but the sum of all diagrams is
prescription independent.

The BHMPS diagrams with struck quark rescattering vanish in the prescription
k+ → k+− iε due to a cancellation between the two terms in the square brackets
of the LF propagator (4). This is consistent with the Wilson line reducing to
unity. However, the remaining k+ = 0 poles in diagrams involving interactions
within the target spectator system (such as between p2 and p′ in Fig. 2 below)
then give a non-vanishing contribution to the scattering amplitude. In fact their
contribution must be equal to that of the struck quark rescattering in Feynman
gauge (the first term in (4)), as required by gauge invariance. LF gauge is thus
subtle in that interactions between spectators contribute to the DIS cross section
through the gauge dependent k+ = 0 pole terms.

III. DIFFRACTION IN DEEP INELASTIC SCATTERING

Let us now consider more closely the diffractive DIS process γ∗(q) + N(p) →
N(p′) +X. In addition to the standard DIS variables Q2 = −q2, ν = p · q/mN

and xB = Q2/2mNν it is convenient to introduce the two additional Lorentz
invariants

xP = q · (p− p′)/q · p (5)

β =
Q2

2q · (p− p′)
=
xB

xP
≈ Q2

Q2 +M2
X

(6)

where MX is the invariant mass of the diffractively produced system X. In the
IS pomeron model [3] xP is the momentum fraction carried by the pomeron and
β plays the role of xB in DIS on the pomeron. We take the invariant momentum
transfer t = (p− p′)2 carried by the pomeron to be small.

A. Mechanism for diffraction

The perturbative model of DIS studied in Ref. [10] provides insights into the
dynamics of diffractive DIS and allows one to see why the hard subprocess is the
same as in inclusive DIS, as implied by the diffractive factorization theorem [7].
Requiring a rapidity gap between the target and diffractive system imposes a
condition only on the soft rescattering of the struck quark, namely that the target
system emerges as a color singlet. As we shall see, this will not modify the Q2-
dependence of the diffractive parton distribution.

We refer to Ref. [10] for a detailed discussion of the properties of the DDIS
model amplitudes shown in Fig. 2. Here we only give the qualitative picture of
the dynamics of ep→ e′Xp′ suggested by perturbation theory:

(i) A gluon (k1) which carries a small fraction k+
1 /p

+ ∼ xP of the proton momen-
tum splits into (a) a qq̄ or (b) a gg pair. This is a soft process within the target
dynamics, consequently the parton pair has a large transverse size ∼ 1 fm.
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(ii) The virtual photon is absorbed on (a) one of the quarks in the pair, or (b)
scatters via γ∗g → QQ̄ to a compact, r⊥ ∼ 1/Q quark pair. The struck quark
(or QQ̄ pair) carries the asymptotically large photon momentum, p−1 ' 2ν. The
parton (p2) that did not interact with the photon also has large p−2 ' (m2

q +
p2
2⊥)/p+

2 owing to its small p+
2 ∼ xBp

+ (but p−2 /p
−
1 ∝ 1/ν vanishes in the Bjorken

limit).

Hard

Soft
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p

Q2
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Fig. 2: Perturbative contributions to rescattering in DIS. The struck
parton absorbs nearly all the photon momentum, p−1 ' 2ν, p+

1 ' 0
(aligned jet configuration). In (a) the virtual photon strikes a quark
and the diffractive system is formed by the qq̄ pair (p1, p2) which
rescatters coherently from the target via ‘instantaneous’ longitudinal
(A+) gluon exchange with momentum k2. In (b) the QQ̄ quark pair
which is produced in the γ∗g → QQ̄ subprocess has a small transverse
size r⊥ ∼ 1/Q and rescatters like a gluon. The diffractive system is
then formed by the (QQ̄) g system. The possibility of hard gluon emis-
sion close to the photon vertex is indicated. Such radiation (labeled k)
emerges at a short transverse distance from the struck parton and is
not resolved in the soft rescattering.

(iii) Multiple soft longitudinal gluon exchange (labeled k2) turns the color octet
qq̄ of Fig. 2(a) or the (QQ̄)g of Fig. 2(b) into a color singlet diffractive system.
The compact QQ̄ pair behaves as a high energy gluon since its internal structure
is not resolved during the soft rescattering.

The rescattering which turns the diffractive system into a color singlet oc-
curs within the Ioffe length in the target. The color currents of the gluon ex-
changes are thus shielded before a color string can form between the target and
the diffractive system. Consequently no hadrons are produced in the rapidity
interval ∼ log(1/xB) between them.

The effective scattering energy of the diffractive system on the target spectator
is given by p−2 ∝ 1/xB . As required by analyticity, the crossing-even two-gluon
exchange amplitude of Fig. 2 is imaginary at low xB , implying that the interme-
diate state between the two gluon exchanges is on-shell. Rescattering is necessary
to generate the dominantly imaginary diffractive amplitudes.
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B. Higher order effects at the hard vertex

In the above discussion we considered the hard virtual photon vertex only at
lowest order. Just as in inclusive DIS, hard gluon emission and virtual loops
give rise to a scale dependence in the parton distributions, and to corrections
of higher order in αs to the subprocess cross section. The perturbative gluons
radiated at the hard vertex in Fig. 2(b) have k⊥ � p2⊥ and k+ <∼ p+

2 . Hence their
rapidities ∼ log(k−/k⊥) ∼ log(k⊥/k+) >∼ log(p2⊥/p

+
2 ) tend to be larger than

the rapidity of the ‘slow’ parton p2. The hadrons resulting from the hard gluon
radiation therefore do not populate the rapidity gap. The gluons are radiated at
a short transverse distance from the struck parton and their transverse velocity
v⊥ ∼ k⊥/k

− ∼ k+/k⊥ is small. The struck parton and its radiated gluons thus
form a transversally compact system whose internal structure is not resolved in
the soft rescattering.

According to the above discussion, the size of the rapidity gap and the soft
rescattering are unaffected by higher order corrections at the virtual photon ver-
tex. This is corroborated by the SCI Monte Carlo, where one observes only small
variations of the ∆ymax distribution when varying the parton shower cut-off and
thereby the amount of perturbative radiation. Thus the Q2-dependence of the
diffractive parton distributions and the subprocess amplitudes are the same as in
inclusive DIS, in accordance with the diffractive factorization theorem [7].

(a)

k

γ∗

p

l⊥

fg(xIP , l2t , µ
2)

l⊥ + xIPp

k̃

q − k

p′

q

(b)

γ∗

p

l⊥

fg(xIP , l2t , µ
2)

l⊥ + xIPp
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p′

q

k̃

k

Figure 2: (a) Quark dipole and (b) effective gluon dipole interacting with the proton via a perturbative Pomeron

composed of two t-channel gluons. Here, l⊥ is a space-like 4-vector such that l2
⊥

= −l2t , and fg(xIP , l2t , µ
2) is the

unintegrated gluon distribution of the proton.

Here, a factor 1/BD from the t-integration, where BD ≃ 6 GeV−2 is the diffractive slope parameter, has been

absorbed into the parameters cq/G and cg/G of (2) and (3). Strictly speaking, the Pomeron flux factor (4)

should be written in terms of the skewed gluon distribution. At small xIP this gives rise to an overall constant

factor [4], Rg, which again we absorb into the parameters cq/G and cg/G.

In addition to the leading-twist contribution arising from Fig. 2(a) with a transversely polarised photon,

there is an analogous twist-four component of F
D(3)
2 arising from Fig. 2(a) with a longitudinally polarised

photon:

F
D(3)
L,P (xIP , β, Q2) =

(

∫ Q2

Q2

0

dµ2 µ2

Q2
fIP (xIP ; µ2)

)

FIP
L (β). (5)

The β dependence is again obtained from lowest-order perturbative QCD calculations [1]:

FIP=G
L (β) = cL/G β3 (2β − 1)2, (6)

where, as before, cL/G is taken to be a free parameter. The twist-four nature of this longitudinal component is

evident from the µ2/Q2 factor in (5).

We also include a non-perturbative (NP ) Pomeron contribution (from scales µ < Q0) and a secondary

Reggeon (IR) contribution to F
D(3)
2 (xIP , β, Q2), so that

F
D(3)
2 = F

D(3)
2,P + F

D(3)
2,NP + F

D(3)
L,P + F

D(3)
2,IR , (7)

with

F
D(3)
2,NP (xIP , β, Q2) = fIP=NP (xIP )FIP=NP

2 (β, Q2; Q2
0), (8)

F
D(3)
2,IR (xIP , β, Q2) = cIR fIR(xIP )FIR

2 (β, Q2), (9)

where cIR is taken to be a free parameter. Here, the non-perturbative Pomeron and Reggeon flux factors are2

fi(xIP ) =

∫ tmin

tcut

dt
eBi t

x
2αi(t)−1
IP

=
x

1−2αi(0)
IP

(

1− eBitcutx
−2α′

i
tcut

IP

)

Bi + 2α′i ln(1/xIP )
, (10)

with i = IP and IR respectively, and αi(t) = αi(0)+α′i t. The integration limits are taken to be tcut = −1 GeV2

and tmin ≈ 0 GeV2. For the non-perturbative Pomeron, we fix αIP (0) = 1.08 [5], α′IP = 0.26 GeV−2 and BIP =
2The couplings of the Pomeron or Reggeon to the proton are absorbed into the parameters ca/NP (a = q, g) and cIR.

3

Fig. 3: Diagram contributing to a two-gluon exchange model for DDIS
(from Ref. [13]). Since the upper vertex (diffractive system) has a
large transverse size the lower vertex of this amplitude is not given by
the generalized parton distribution of the target, contrary to what is
indicated in the figure.
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C. Two gluon exchange models

Diffractive DIS has been modelled also using two-gluon exchange [13]. These
models have been formulated in a frame where the photon is moving in the positive
z-direction, so that x+ = t+ z increases as the photon penetrates the target. In
this ‘dipole’ frame the virtual photon splits into a qq̄ pair (or, at higher orders,
into qq̄G, etc.) already a Ioffe distance before the target. The DIS cross section is
then determined by the scattering of the qq̄ color dipole from the target. As this
should be qualitatively similar to hadron-hadron scattering one can use previous
experience to model inclusive DIS, as well as diffraction and shadowing. The
simplest possibility is to describe diffraction via two-gluon exchange as in Fig. 3.

The qq̄ cross section in Fig. 3 must be related to the x+ = 0 matrix element
(2) since the dipole frame is related to the parton frame (where the photon moves
in the negative z-direction) by a rotation of 180◦ in the target rest frame. The
matrix element (2) does not transform simply under this rotation, so the relation
cannot be explicitly verified. Nevertheless, it is clear that the lower vertex in
Fig. 3 is not given by the Generalized Parton Distribution (GPD) of the target,
since the qq̄ pair in the upper vertex has a large transverse size. The situation is
thus qualitatively different from, e.g., deeply virtual meson production, γ∗p→ ρp,
where the qq̄ pair forming the ρ has a transverse size of O (1/Q). Deeply virtual
meson production is governed by the GPD’s but suppressed by several powers of
1/Q2 compared to the leading twist DIS and DDIS processes.

There is thus an essential difference between the two-gluon exchange model of
Ref. [13] and our rescattering picture [1]. In Fig. 2 the second (k2) gluon represents
rescattering via longitudinal (A+) exchange – a process which contributes also in
inclusive DIS. Diffractive events occur when the target remnant emerges as a color
singlet after the (multiple) soft rescattering.

IV. DIFFRACTION IN HARD HADRON COLLISIONS

Our description of diffraction in deep inelastic lepton scattering can be extended
to hard diffractive hadronic collisions. As required by dimensional scaling, only
a single parton from the projectile and target participate in the hard subprocess.
These leading twist subprocesses (including their higher order corrections) are
the same for inclusive and diffractive scattering. The soft rescattering of the
hard partons and their spectators is constrained by the requirement of a rapidity
gap in the final state. The partonic systems on either side of the gap must be
color singlets in order to prevent the formation of a color string in the later
hadronization phase.

The soft rescattering is quite different in hadron collisions as compared to DIS.
In hadron collisions both the projectile and target spectator systems are colored.
The rescattering gluons (k2 in Fig. 2) can thus couple also to the projectile rem-
nant. In Fig. 4 the compact qq̄ pair, which is created in the hard gluon–gluon
collision, is not resolved by the soft rescattering and therefore retains it color. To-
gether with the projectile remnant it forms a transversally extended color octet
dipole which can rescatter softly from the target remnant. A rapidity gap is
formed between the target remnant and the compact qq̄ pair if the target rem-
nant emerges as a color singlet after the rescattering. The probability for this
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is, however, different from target neutralization in DIS. This has been confirmed
experimentally: the ratio of diffractive to inclusive cross sections is of the order of
∼ 1% for a variety of hard processes observed at the Tevatron as compared to the
∼ 10% ratio of DDIS/DIS. In the small-x region, these ratios are approximately
independent of the momentum fractions in the proton. These observations are
well accounted for by the SCI model [14].

r ∼ 1/p⊥

N

N N'

⊥

⊥+ p

⊥−  p

�����
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�����
28 8
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p

8

8 11

1 8

Fig. 4: Illustration of diffraction through rescattering in NN →
2 jets+X in analogy with, and using the same notation as, the DIS
case in Fig. 2. The compact qq̄ pair which forms the jets is assumed
to be in a color octet (8) configuration. This pair rescatters coherently
and thus retains its color.

Events with two gaps and a central dijet system have also been observed at the
Tevatron [5]. These are called double-pomeron exchange (DPE) corresponding to
the conventional description where a pomeron is emitted from each of the colliding
hadrons, followed by a hard scattering between one parton from each pomeron.
In our framework these events have soft rescatterings involving both spectator
systems, such that the color of both interacting partons is screened and both
spectator systems emerge as color singlets. Such events can be generated, e.g., by
diagrams like that of Fig. 4 when the compact qq̄ pair is created in a color-singlet
state and thus does not rescatter in either the projectile or target. In fact, the SCI
model reproduces [14] the empirical observations, both in absolute normalization
and in kinematical distributions such as the dijet invariant mass. Again, the
underlying hard processes are the well-known perturbative QCD subprocesses
of fully inclusive cross-sections. The appearance of one or more rapidity gaps
depends on the soft rescatterings which affect the color topology of the event.

V. CONCLUSIONS

Hard diffractive processes such as diffractive DIS provide new insight into the
dynamics of QCD. We have emphasized that the subprocesses with large mo-
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mentum transfer are universal in all inclusive reactions: they involve a single
constituent from the projectile and target and are given by perturbative QCD.
The parton distributions reflect the LF wave functions of the colliding particles
and the soft rescattering of the partons emerging from the hard subprocess. The
rescattering is mediated by longitudinal gluons and occurs ‘instantaneously’ in
LF time as the partons pass the spectators. Hard partons which are radiated in
the subprocess itself are not resolved by the soft longitudinal gluons which scatter
coherently off the color charge of the struck parton. Hence the Q2 dependence of
diffractive parton distributions is governed by the usual DGLAP equations, both
for DDIS and in hadron-induced diffractive processes.

In a diffractive process the soft rescattering is constrained by the requirement
that the diffractive systems on either side of the rapidity gap are color singlets.
Since the configurations of color-charged spectators are different in virtual photon
and the various hadron induced diffractive processes, this requirement means that
diffractive parton distributions are process dependent. Comparisons of the parton
distributions for different projectiles and rapidity gap configurations can thus give
valuable information on the rescattering dynamics.

Our description of hard diffractive reactions provides predictions at several
levels of accuracy:

1. The hard subprocesses are identical in inclusive and diffractive scattering.
This applies also to hadron induced processes.

2. The Q2 dependence of diffractive parton distributions is governed by the
standard DGLAP equations. For DDIS this is a statement of the diffractive
factorization theorem [7].

3. The dependence on the fractional momentum x carried by the parton is sim-
ilar for diffractive and inclusive distributions. This reflects our assumption
that the overall momentum transferred in the rescattering is small, which
is supported by data.

4. The dependence on the diffractive mass (or β) of the diffractive parton
distributions arises from the underlying (non-perturbative) g → qq̄ and
g → gg splittings in the case of quark and gluon distributions, respectively.
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