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In high energy pp scattering the inclusive cross section for minijet production is very large.
Unitarity then implies a high probability for multiple interactions, and a large diffractive
cross section. As the proton has a substructure in terms of parton cascades, the diffraction
is not only elastic, but has a large component of diffractive excitation. The cascades can fill
the whole rapidity range between projectile and target, and in the Good–Walker formalism
the diffractive excitation is determined by the fluctuations in the evolution. Within the
Lund Dipole Cascade model, it is in this way possible to reproduce diffractive excitation
in pp collisions and DIS. The result shows a multi-regge behavior, with a bare pomeron
pole with α(0) = 1.21, α0 = 0.2 GeV−2 , and an almost constant triple-pomeron coupling
g3P ≈ 0.3 GeV−1 . It is also pointed out that the classification of diffractive events varies
between different formalisms, and cannot be uniquely defined. Therefore it is recommended
to study gap events rather than diffractive events. The results presented in this talk are
obtained in collaboration with Christoffer Flensburg and Leif Lönnblad.
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Introduction

It is often assumed that high energy collisions are driven by partonic subcollisions. This is
e.g. the case in the model implemented in the frequently used MC event generator Pythia
[1]. In high energy pp scattering the cross section for minijet production becomes very large,
and unitarity implies that multiple interactions, saturation, and diffraction become important.
Effects of saturation and multiple interactions are most easily described in impact parameter
space, as parton rescattering is represented by a convolution in transverse momentum space,
which corresponds to a simple multiplication in transverse coordinate space.
The proton has an internal substructure, which may be excited in a diffractive scattering
process, and diffractive excitation represents large fractions of the cross section in pp collisions
or DIS. In the Good–Walker formalism [2] diffractive excitation is described by the fluctuations
in the scattering amplitude. In most analyses of pp collisions this mechanism is used only for
low mass excitation, while high mass excitation is described by a triple-regge formula [3, 4],
where regge trajectories and couplings are fitted to experimental data (for recent analyses see
e.g. Refs. [5, 6, 7]).
The proton substructure is represented by a parton cascade, which at high energies is described by BFKL evolution. The fluctuations in this evolution are known to be very large [8].
An analysis of these fluctuations, within the Lund Dipole Cascade model, is able to reproduce
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the experimental cross sections for diffractive excitation in pp collisions or DIS [9, 10]. This
implies that the effective pomeron couplings in the multi-pomeron formalism can be estimated
without any new free parameters.
It should also be noticed that the classification of diffractive events varies between different
formalisms, and cannot be uniquely defined. Therefore it is recommended to study gap events
rather than diffractive events.
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The eikonal approximation and the Good–Walker formalism

As mentioned in the introduction, diffraction, saturation, and multiple interactions are most
easily described in impact parameter space. If the scattering is driven by absorption into
inelastic states i, with weights 2fi , the elastic amplitude is given by
X
T = 1 − e−F , with F =
fi .
(1)
For a structureless projectile we find:

 dσtot /d2 b = h2T i,
σel /d2 b = hT i2 ,
P

σinel /d2 b = h1 − e− 2fi i ∼ σtot − σel .

(2)

If the projectile has an internal structure, the mass eigenstates Ψk can differP
from the
eigenstates of diffraction Φn , which have eigenvalues Tn . With theP
notation Ψk = n ckn Φn
(with Ψin = Ψ1 ) the elastic amplitude is given by hΨ1 |T |Ψ1 i =
c21n Tn = hT
Pi, while the
amplitude for diffractive transition to mass eigenstate Ψk is given by hΨk |T |Ψ1 i = n ckn Tn c1n .
The corresponding cross sections become
X
dσel /d2 b = (
c21n Tn )2 = hT i2
(3)
X
dσdif f /d2 b =
hΨ1 |T |Ψk ihΨk |T |Ψ1 i = hT 2 i.
(4)
k

The diffractive cross section here includes elastic scattering. Subtracting this gives the cross
section for diffractive excitation, which is determined by the fluctuations in the scattering
process:
dσdif f ex /d2 b = dσdif f − dσel = hT 2 i − hT i2 .
(5)
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Dipole cascade models

Mueller’s dipole cascade model [11, 12, 13] is a formulation of BFKL evolution in transverse
coordinate space. Gluon radiation from the color charge in a parent quark or gluon is screened by
the accompanying anticharge in the color dipole. This suppresses emissions at large transverse
separation, which corresponds to the suppression of small k⊥ in BFKL. For a dipole (x, y) the
probability per unit rapidity (Y ) for emission of a gluon at transverse position z is given by
dP
ᾱ 2
(x − y)2
=
d z
,
dY
2π
(x − z)2 (z − y)2

with ᾱ =

3αs
.
π

(6)
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Figure 1: Distribution in the one-pomeron amplitude F in DIS for Q2 = 14 GeV2 and W = 220
GeV. The photon is here represented by a dipole with size r = 1/Q. The impact parameter b
is measured in GeV−2 .
The dipole is split into two dipoles, which (in the large Nc limit) emit new gluons independently.
The result is a cascade, where the number of dipoles grows exponentially with Y .
When two cascades collide, a pair of dipoles with coordinates (xi , yi ) and (xj , yj ) can
interact via gluon exchange with the probability 2fij , where
 
2
(xi − yj )2 (yi − xj )2
αs2
log
.
fij = f (xi , yi |xj , yj ) =
8
(xi − xj )2 (yi − yj )2

(7)

Summing over all dipoles in the cascades then reproduces
the LL BFKL result. The elastic
P
scattering amplitude is given by T = 1 − exp(− fij ), and the cross sections are given by
Eqs. (2, 3, 4).
The Lund cascade model [14, 15, 16] is a generalization of Mueller’s model, which includes:
– NLL BFKL effects
– Nonlinear effects in the evolution
– Confinement effects
For an incoming virtual photon splitting in a q q̄ pair, the initial state wavefunction is
determined by perturbative QCD. For an incoming proton we make an ansatz in form of an
equilateral triangle of dipoles. After evolution the result is rather insensitive to the exact form
of the initial state. The model is also implemented in a MC program DIPSY. The model
reproduces successfully the total and (quasi)elastic cross sections for DIS and pp scattering.
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Fluctuations and diffractive excitation

The fluctuations in the evolution are large, and the model can also describe diffractive excitation
within the Good–Walker formalism, without new parameters beyond those adjusted to the total
and elastic cross sections [9]. This is similar in spirit to the early analysis by Miettinen and
Pumplin [17]. In DIS saturation effects are not very important, while in pp collisions saturation
effects strongly suppress the fluctuations, and thus the cross section for diffractive excitation.
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Figure 2: Distribution in the one-pomeron amplitude (F , left) and the uniterized amplitude
(T , right) in pp collisions at 2 TeV. Notation as in Fig. 1.
γ ∗ p collisions
The distribution in the non-saturated scattering amplitude, F , is shown in Fig. 1 for
different impact parameters. The distribution can be approximately described by a power
dP
−p
(with a cutoff for small F -values), which is illustrated by the straight lines in the
dF ≈ A F
figure. The width of this distribution is rather large, and the approximation gives the ratio
dσdif f.ex. /dσtot ≈ 1 − 1/22−p . In the simulations the power p is rather independent of the
impact parameter, and therefore this result is also valid for the integrated cross sections. This
gives σdif f /σtot ∼ 0.13 at Q2 = 50 GeV2 , decreasing for larger Q2 , but fairly insensitive to the
energy W .
pp collisions
In pp scattering the Born amplitude is large, and therefore unitarity effects are important.
Figure 2 shows both the Born amplitude and the unitarized amplitude at 2 TeV for different
b-values. We see that the width of the Born amplitude is large, and without unitarization the
fraction of diffractive excitation would be similar to that for γ ∗ p for lower Q2 -values. (The
smooth lines are fits of the form AF p e−aF .)
However, the unitarized amplitude is limited by 1, and the width, and therefore the diffractive excitation, is very much reduced. This is in particular the case for central collisions where
the amplitude approaches the black disc limit, as seen in the right panel in Fig. 2. This result
corresponds to the effect of enhanced diagrams in the conventional triple-regge approach. The
impact parameter profile is shown in Fig. 3. We see that the cross section for diffractive excitation is largest in a ring with radius b ∼ 1 fm. This result also implies that factorization is not
satisfied when comparing diffractive excitation in DIS and pp scattering.
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Comparison with multi-regge analyses

It is also interesting to compare the results from the Good–Walker analysis with the multi-regge
formalism. To this end we study the contribution from the bare pomeron, meaning the onepomeron amplitude without contributions from saturation, enhanced diagrams or gap survival
form factors. When s, MX2 , and s/MX2 are all large, pomeron exchange should dominate. The
results of the MC for the total, elastic, and single diffractive cross sections are shown by the
crosses in the right panel in Fig. 3. We note that the results are very well reproduced by a
ISMD2010
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Figure 3: Left: Impact parameter distributions for hT i = (dσtot /d2 b)/2, hT i2 = dσel /d2 b, and
VT = dσdiffex /d2 b in pp collisions at W = 2 TeV. b is in units of GeV−1 . Right: The total,
elastic, and single diffractive cross sections in the one-pomeron approximation. The crosses are
model calculations and the lines are from a tuned triple-regge parametrisation.

triple-regge expression with a single pomeron pole, with the parameters
α(0) = 1.21, α0 = 0.2 GeV−2 , gpP (t) = (5.6 GeV−1 ) e1.9t , g3P (t) = 0.31 GeV−1 ,

(8)

which is shown by the straight lines. Also the t-dependence of diffractive excitation is well
reproduced.
These results can also be compared with multi-regge analyses, where e.g. Ryskin et al. [5]
obtain α(0) = 1.3, α0 ≤ 0.05 GeV−2 , Kaidalov et al. [6] find α(0) = 1.12, α0 = 0.22 GeV−2 ,
while Gotsman et al. [7] find α(0) = 1.335, α0 = 0.01 GeV−2 . Thus our values are somewhere
in between. We also note that the Good–Walker results are reproduced by a single pomeron
pole, i.e. not by a cut as expected in LL BFKL, or a series of poles as obtained with a running
coupling [18]. Also the triple-regge
coupling g3P is approximately constant, while in LL BFKL
p
it is proportional to ∼ 1/ |t| [12, 19].
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Can diffraction be uniquely defined?

Multipomeron diagrams are included in the dipole picture, with fixed multi-pomeron couplings.
However, all events with no gap are classified as inelastic. This can be compared to the formalism in Ref. [5], in which a large cross section for overlapping double diffraction is obtained.
To compare predictions from different models with each other and with experiments, we
need a unique definition of diffraction. One attempt might be events with two separate color
singlet systems, containing the original valence quarks. This could be obtained by exchange
of two (or more) gluons forming a color singlet. If such a state is obtained in a calculation in
perturbative QCD, a gap could, however, be filled by final state radiation or nonperturbative
strings, or else a gap could be formed by color reconnection. Thus diffractive events cannot be
uniquely defined by perturbative QCD. The definition varies between different schemes, and
for a specified event the diffractive capacity is not an observable. The solution must be: study
observables, meaning events with a gap.
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Summary
• In high energy pp scattering unitarity implies a high probability for multiple interactions,
and a large diffractive cross section. In the Good–Walker formalism elastic scattering is
given by the average of the scattering amplitude, while the fluctuations determine the
diffractive excitation.
• Parton cascades fill the whole rapidity range between projectile and target. The fluctuations in BFKL evolution are large, and within the Lund Dipole Cascade model they can
describe diffractive excitation within the Good–Walker formalism, to both low and high
masses.
• When the interaction approaches the black disc limit in central pp collisions, fluctuations
and diffractive excitation is suppressed. This leads to factorization breaking in comparisons of DIS and pp scattering.
• The result of the model calculations corresponds to a bare pomeron, which is a simple
pole, and an almost constant triple-pomeron coupling.
• Diffractive excitation is scheme dependent, and cannot be uniquely defined. Study gap
events.
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