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ABSTRACT
Geant4 is a toolkit for the passage of particles through matter. One of the applications is for LHC
detectors, where a good description of secondaries generated by inelastic reactions of energetic
primary kaons, pions, protons and neutrons is particularily important.
Geant4 offers two parton string models, the quark gluon string model and a diffractive model to
simulate interactions of high energy hadrons with the nucleons inside a nucleus. We will give a short
description of the theory underlying both models, show the object oriented design, and give details on
implentation. We will compare results obtained with these models to measured thin target data. We
will also present comparisons of Geant4 shower simulations using the above models for high energy
interactions with testbeam data for LHC detectors.
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INTRODUCTION

Geant4 [1] is a general purpose toolkit for the passage of particles through matter. The
interactions of particles with matter are simulated by a rich set of physics models. The simulation
for LHC detectors is one of the application areas for this toolkit. For these detectors a good
description of secondaries created through inelastic reactions of high energy pions, kaons,
protons, or neutrons, is very important. At high particles energies there are several models
available in Geant4 to describe inelastic hadronic reactions. In addition to a parameterized model,
there are two parton string models using two different theoretical approaches to describe hadronic
interactions, the diffractive scattering model and the Quark Gluon string model.
In the initial state, a nucleus is built consisting of individual protons and neutrons, the
nucleons. In both string models the first stage of the interaction of a high energy particle with at
least one nucleon of the nucleus is modeled using a string excitation specific to each of the two
string models. The result of an interaction between the primary and the nucleons of the nucleus
are one or several excited strings and a nucleus in an excited state. A string consists of two
endpoints with defined quark content and carries energy and momentum. The hadronization of
the excited strings into hadrons is handled by a longitudinal string fragmentation model. The
interaction of secondaries with the excited nucleus will be handled by a cascade model. Until this
implementation will be completed, secondaries are assumed to be produced outside of the
nucleus. The de-excitation of the excited nucleus is further simulated by nuclear fragmentation,
precompound, and nuclear de-excitation models.
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OBJECT ORIENTED DESIGN OVERVIEW

The string parton models are part of the Geant4 simulation toolkit. The design of the string
parton model was made with a set of goals, e.g. to allow re-use of code by several models, or to
allow to use one of several models or implementations. The latter is made possible through the
use of common abstract interfaces, where the classes of a given model provide the concrete
implementation. This also allows for easy integration of more models. Common functionality
between multiple implementations or between various models are shared in common classes. As
an example the model of the nucleus is shared between many of the theory driven models for
hadronic reactions in Geant4.

<<Purely Abstract>>
G4VStringFragmentation
1
FragmentString()

<<Concrete>>
G4PythiaFragmentationInterface

<<Abstract>>
G4VLongitudinalStringDecay
: G4KineticTrackVector
FragmentString()
GetLightConeZ()
LastClusterDecay()
CalculateQuarkFlavor()
SampleQuarkPt()
CreateHadron()
CalculateHadronTimeP...

<<Concrete>>
G4LundStringFragmentation
GetLightConeZ()

<<Abstract>>
G4VPartonStringModel
Scatter()
GetWoundedNucle...
Init()
1
<<virtual>> GetStri...
CorrectHadronMo...
SetThisPointer()

<<Concrete>>
G4FTFModel
GetWoundedNu...
GetStrings()
Init()
ExciteParticipan...
BuildStrings()
String()
GaussianPt()
ChooseX()

G4ExcitedString

<<Concrete>>
G4QuarkGluonStringModel
GetStrings()
GetWoundedNucleus()
CreateDiffractiveString()
CreateHardString()
CreateSoftString()

<<Concrete>>
G4QGSMFragmentation
GetLightConeZ()

Figure 1: Overview of the object model for parton string model classes.

An overview of the design of the parton string models of Geant4 using UML notation in
shown in figure 1. The interface of the parton string models to the Geant4 toolkit is defined and
partly implemented in the abstract G4VPartonStringModel class. The classes implementing the
diffractive string excitation G4FTFModel and the quark gluon string model G4QGSModel are
concrete implementations of this abstract G4VPartonStringModel class. The interface to string
fragmentation again is defined in an abstract class, G4VStringFragmentation. The model for the
longitudinal string fragmentation is implemented by the G4VLongitudinalStringDecay class. The
latter is abstract, as the fragmentation function is not implemented. This shares the algorithm
between concrete implementations and allows specific string models to use specific fragmentation
functions. The concrete classes G4LundStringfragmentation and G4QGSMFragmentation are
used, respectively, by the diffractive parton string and by the quark gluon string models. Other
string fragmentations schemes are possible, as e.g. indicated by the example of
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G4PhythiaFragmentationInterface. This is foreseen as an interface to the string fragmentation of
Phythia7 [2].
3 MODELING THE NUCLEUS
The nucleus is modeled as 3-dimensional spheric and isotropic ensemble of protons and
neutrons. Each nucleon is positioned randomly in configuration and momentum space. Nucleon
positions within the nucleus are chosen at random according to the nuclear density distribution.
For heavy nuclei, ie. nuclei with a mass number above 16, we use a density distribution of the
Wood-Saxon form:
ρ0
(1)
ρ(ri ) =
)
1 + exp( (ri −R)
a
where a = 0.545f m, R = r0 A1/3 , where the radius parameter r0 varies with nuclear the mass
number A as r0 = 1.16(1 − 1.16A2/3 )fm.
For light nuclei we use a density distribution from the harmonic oscillator shell model [4]:
ρ(ri ) = (πR2 )−3/2 exp(−ri2 /R2 )

(2)

where R is the effective nuclear radius, and depends on the mass number of the nucleus R ∝ A 1/3 .
To be consistent with Pauli’s exclusion principle, the sampling in configuration space is done
such that no two nucleons have a distance from each other less than 0.8fm.
The momentum of each nucleon is chosen random in momentum space with the Fermi
momentum pF as the maximum momentum
pF (ri ) = h̄c(3π 2 ρ(ri ))1/3

(3)

The Fermi momentum is a function of the density ρ(ri ) obtained from equation 1 or 2.
Momentum balance is achieved by choosing the direction of momentum for the nucleons such
that the sum of all nucleon momenta is zero.
For the purpose of further calculations, this nucleus is then collapsed into two dimensions
perpendicular to the direction of the primary particle. This way we take into account that at high
energies the coherence length of the string fragmentation is large in comparison to the thickness
of the (relativistically contracted) nucleus. All scattering is hence assumed to happen independent
of any time ordering, and to be correlated only through energy and baryon-number conservation.
4 DIFFRACTIVE SCATTERING MODEL
The diffractive scattering model simulates the interaction of an high energetic hadron with a
nucleus, where the incident particle may interact with one or several nucleons of the nucleons.
The incident particle can be a proton, neutron, pion or kaon. In general the primary will interact
with only few nucleons. To identify nucleons interacting with the primary, the impact parameter
is calculated for each nucleon. Using the impact parameter and the interaction center of mass
energy, the interaction probability is calculated from the inelastic and diffractive cross section
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Figure 2: Mean multiplicity for reactions p H → X at 200GeV /c. Open circles
are data [6], and full circles is simulation using the diffractive string model.The
two distributions are identical, except for the enlarged scale used for the lower
plot

respectively using the eiconal model. The interacting nucleons are selected using uniform
sampling of the interaction probability.
The diffractive scattering of the primary particles with a nucleon is modeled using an
approach similar to the one employed in [5]. In this approach the scattering particles only
exchange momentum:
p01 = p1 + q
p02 = p2 − q

(4)

where p1,2 are the momenta of the incoming, and p01,2 the momenta of the scattered particles,
and q is the momentum exchanged. A string is formed for each of the two scattered particles,
using the quark content of the original hadron by assigning the quarks of the hadron randomly to
the two string ends.
In the center of mass system and using light-cone coordinates, the momenta of the incoming
particles are
p1 = (E1+ , m21 /E1+ , 0)
p2 = (E2− , m22 /E2− , 0)
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and the momentum transfer is
q = (−qt2 /x− E2− , qt2 /x+ E1+ , qt )

(6)

The model does not naturally contain transverse momentum, hence the transverse momentum
qt is sampled from a gaussian distribution with a default width of 0.8 GeV, using a simple
multiple small-angle scattering assumption.
The longitudinal components q + and q − of the momentum exchange are obtained sampling
x+ and x− from the parton distribution:
u(x) = xα (1 − x)β

(7)

where for the diffractive string model the parameters are α = −1, and β = 0.
The masses of the resulting strings must fulfill the kinematic constraint
2
2
0−
p0+
1,2 p1,2 ≥ p1,2 + qt

(8)

where p21,2 are the masses of the incident particle and the nucleon.
As an illustration of result obtained from this model, we plot in figure 2 the mean multiplicity
for several particles types observed in the final state in reactions p H → X at a momentum of 200
GeV/c in the laboratory frame for the incoming proton.
5 QUARK GLUON STRING MODEL
The Quark Gluon string model, too, allows to simulate reactions of high energy hadrons with
nuclei and also to simulate high energy electro- and gamma-nuclear reactions. Unlike the
diffractive models, in this case, the colour flow is assumed to be between partons from the
interaction partners.
The nucleus is modeled as above. The impact parameter for each nucleon b i is calculated,
collapsing the nucleus into a plane orthogonal to the incident primary particle. The hadron
nucleon collision probabilities are calculated using the cross-sections of the eiconal model and
using gaussian distributions for the wave-functions of both hadrons and nucleons [8]. They are
used to determine the number of participating nucleons in the nucleus. In the quark-gluon string
model, each hadron-nucleon interaction is assumed to be mediated by the exchange of one or
more Pomerons. Hence for each pair of participants the number of Pomerons n is sampled. This
is possible as in the Regge Gribov approach the reaction probability can be factorized, and the
contribution of any pair of participants can be written as a sum over the number of Pomerons
exchanged:
∞
X
1
(n)
Pi (bi , s) = (1 − exp [−2u(bi , s)]) =
Pi (bi , s)
c
n=1

(9)

The individual contribution of the N Pomeron graph here reads as
(n)

Pi (bi , s) =

1
(2u(b2i , s))n
exp [−2u(b2i , s)]
c
n!
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Figure 3: Comparison of data and Monte Carlo prediction for the quark gluon
string model. We show rapidity and transverse momentum square distributions of π + produced in pion Magnesium reactions at 320 GeV. Open circles
are the Monte Carlo predictions, and points are experimental data [10].

where the Eikonal can be written as
u(b2i , s) =

z(s)
b2
exp( i ).
2
4λ(s)

(11)

Here s is the c.m.s. energy; c, z(s), and λ(s) are functions of the eiconal model cross section
description, that can be expressed in terms of the Pomeron vertex and trajectory parameters.
In this model a small fraction of interactions is diffractive, its probability is split off using
Baker’s shower enhancement factor c [9]:
1 − c tot
Pidif f (bi , s) =
(Pi (bi , s) − Pi (bi , s))
(12)
c
Strings are formed using the parton exchange mechanism by sampling of parton densities and
ordering pairs of partons into color coupled entities [11]. Each Pomeron is treated as a pair of
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colour triplet strings, where the string ends are attached to partons in the interacting hadrons.
Strings are then decayed as described later in this paper. The relative contributions from valence
and sea quarks are split, so that the fragmentation functions will look like
h
φhn = ah [Fvh (x+ , n)Fanti−v
(x− , n)
h
+Fvh (x− , n)Fanti−v
(x+ , n)
h
h
+(n − 1)(Fs (x+ , n)Fanti−s (x− , n)
h
+Fsh (x− , n)Fanti−s
(x+ , n))]

(13)

where v and s stand for valence and see respectively, and the functions F are the parton density
functions folded with the fragmentation functions and the transverse momentum function:
h

F (x± , n) =

XZ
i

1
x±

fi (x0 , n)Ghi (x± /x0 )T (pT , n)dx0

(14)

Examples of the predictive power of this model are given in Fig.3 and 4.
5.1

Electronuclear interactions

The quark gluon string model is also used to simulate electro- and gamma nuclear reactions.
This is done using a single interaction assumption and vector meson dominance. From there, the
quark-gluon string model can be applied as for any other hadron, once the Pomeron vertex and
slope parameters are properly adjusted. For electro-nuclear reactions, in addition, it is of course
necessary to assume an equivalent photon flux mediating the reactions, and to take into account
the virtuality of the photons. The cross section for a high energy gamma ray to interact with a
nucleus, and all aspects of the equivalent photon flux hypothesis and momentum transfer
calculations is presented in [12].
6

STRING FRAGMENTATION

A string created by the diffractive or the quark gluon string model is characterized by its four
momentum and its constituents, i.e. the quark contents at the two endpoints of the string. The
algorithm for hadronization of the string is common for both string models, except for the
fragmentation function used. The string repeatedly is split into a hadron and a new string, until
the energy in the strings gets too low for further splitting.
In the current implementation, a constituent can be a up, down, or strange quark or antiquark,
or a diquark or anti-diquark of up, down, or strange quarks. As strings fragment into hadrons,
strings must have integer charge, so only the following combinations of constituents plus the
charge conjugated combinations are allowed: q − q, q − (qq), (qq) − (qq). In the longitudinal
fragmentation model the constituents move in opposite direction increasing the tension on the
string. The string then breaks creating a new quark - antiquark q − q or diquark - anti-diquark
(qq) − (qq) pair. The different quark flavours are created with a relative probability of:
u : d : s = 1 : 1 : 0.27

(15)

Diquark - anti-diquark pairs are produced in 10% of all cases.
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Figure 4: Comparison of data and Monte Carlo prediction for the quark gluon
string model. We show invariant cross-sections of π + produced in pion Magnesium reactions at 400 GeV as a function of the pion kinetic energy. Each plot
describes a different scattering angle. Open circles are experimental data [7],
and points are Monte Carlo prediction.

Half of the newly created pair forms a hadron with one of the constituents, and the other half
of the newly created pair together with the remaining constituent forms a new string.
The quark content gives the charge of the hadron and its type. For mesons we create scalar
and vector mesons taking into account the mixing of neutral mesons. For barions we construct
barions from the lowest SU(3) octet (spin 1/2 barions) and from the lowest SU(3) decuplet (spin
3/2 barions).
The momentum of the hadron is the sum of momenta of the newly created quark or diquark
and of the split-off constituent. The quark or diquark carry only transverse momentum sampled
from a gaussian distribution using a width of σ = 0.5GeV. The antiquark or anti-diquark forming
the new end of the string is assigned the opposite transverse momentum to conserve total
transverse momentum. The momentum of the constituent consists of a transverse and a
longitudinal component. The longitudinal momentum is split off the string longitudinal
American Nuclear Society Topical Meeting in Monte Carlo, Chattanooga, TN, 2005
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momentum using a fraction z sampled from a fragmentation function. For the diffractive string
model we use the Lund fragmentation function [13]
f (z, mH , qt ) =

−b(m2H + qt2 )
1−z
exp(
)
z
z

(16)

where mH is the mass of the created hadron, and qt is the transverse momentum of the hadron.
For the quark gluon string model, we use [14]
f h (z, qt ) = [1 + αh (< qt >)](1 − z)α

h (<q

t >)

(17)

where the parameter α depends on the type of newly created quark or diquark, and the average
transverse momentum.
This process is iterated until the energy of the string gets too low to form further hadrons.
7 CONCLUSIONS
We have given an overview of the two parton string models, the diffractive scattering and the
Quark gluon string model. Their implementations in the object oriented Geant4 simulation
framework are shown. An outline of the underlying theoretical models is presented
Comparisons of experimental data to results obtained with the models presented were
performed, and some results of these comparisons are shown. Overall, good agreement for
distributions of multiplicity, rapidity, transverse momentum square, and invariant cross-sections is
observed.
Studies of complete test beam set-ups of LHC detectors comparing calorimeter performance
with Geant4 simulation including parton string models are ongoing. First results [15] compare the
description of shower shapes, energy resolution, and e/π ratio with simulation of the complete
test beam setup using different lists of physics models. In these comparisons, Geant4 simulation
including parton string models for high energy hadronic reactions describe the data as least as
good as other models, with a slight favor to the Quark Gluon string model over other models.
8
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