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Chapter 1

Soft interactions at the Large
Hadron Collider

At the Large Hadron Collider (LHC), measurements of soft hadronic processes such as
the extraction of the charged particle density are amongst the early analyses. Many of
these measurements have been performed at various experiments over a wide range of
centre-of-mass energies [1–14]. The momentum transfer in soft hadronic processes is in
general too small to calculate the interactions in perturbative QCD. Hence most of the
models describing these Minimum Bias events rely on phenomenology and introduce
tuneable parameters. The theoretical models can be adjusted to describe certain data
sets well, but their predictive power is somewhat restricted.

This chapter first introduces the LHC and Quantum Chromo Dynamics (QCD) fol-
lowed by a description of the properties of proton proton collisions. The focus is then
put on the models used by the Pythia and Phojet Monte Carlo event generators to
predict the charged particle density in hadron collisions.

1.1 The Large Hadron Collider

The LHC [15] has been built at the European Organisation for Nuclear Research (French:
Organisation Européenne pour la Recherche Nucléaire), also known as CERN in Geneva,
Switzerland. The LHC is a circular proton proton (pp) collider with a circumference of
26.7 km where two proton beams are accelerated in opposite direction and collide at four
interaction points. The design centre-of-mass energy of the pp collisions is

√
s = 14 TeV.

Figure 1.1 presents an overview of the LHC accelerator complex including the LHC itself
and its chain of pre-accelerators. The most notable of these accelerators is the Super
Proton Synchrotron (SPS), from which protons with an energy of 450 GeV are injected
into the LHC. The first proton proton collisions on November 23rd, 2009 were delivered
at this energy.

The LHC is housed in the same tunnel as the electron positron collider LEP [16],
which was operational between 1989 and 2000. Two interaction points are dedicated to
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LHC (7 TeV)

SPS (450 GeV)

ATLAS

Figure 1.1: Schematic overview of the CERN accelerator complex showing the LHC
and its chain of pre-accelerators. The location of the ATLAS experiment is also marked.

the general purpose experiments ATLAS (A Toroidal Lhc ApparatuS) [17] and CMS
(Compact Muon Solenoid) [18]. Furthermore, there are the LHCb experiment [19] fo-
cusing on b-physics and the heavy ion experiment ALICE (A Large Ion Collider Exper-
iment) [20].

Apart from the centre-of-mass energy, the luminosity - denoted as L - is the most
important benchmark parameter of a particle collider. The number of observed events
per time interval dN/dt is given by their production cross section σ and the luminosity
via dN/dt = L · σ. The instantaneous luminosity in a particle collider is defined as

L =
N2

b nb frev γr

4π εn β∗
F, (1.1)

where Nb the number of protons per bunch, nb the number of bunches per beam,
frev is the revolution frequency of the machine, γr the relativistic gamma factor, εn the
normalised transverse beam emittance, β∗ the beta function at the collision point and F
the geometric luminosity reduction factor due to the crossing angle of the beams at the
interaction point. The LHC is designed to deliver a peak luminosity of L = 1034 cm−2s−1.

Operating the LHC has not been without any problems. After the first proton beams
circulated in September 2008, a quench in one of the dipole magnets caused extensive
damage leading to repair works that lasted more than one year. As a safety precaution,
it was decided to start operating the LHC at a centre-of-mass energy of

√
s = 7 TeV

and upgrade to
√
s = 14 TeV after another shutdown period. As mentioned above, the

first collisions were finally delivered in November 2009 at a centre-of-mass energy of
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1.2 Quantum Chromo Dynamics

√
s = 900 GeV, which corresponds to the injection energies of the proton beams from

the SPS. Soon after, the LHC set a new world record for hadron collisions with the
highest centre-of-mass energy at

√
s = 2.36 TeV on November 30th, 2009. In March

2010, the LHC resumed operation with pp collisions at
√
s = 7 TeV and delivered an

integrated luminosity of 50 pb−1 in 2010. Data recorded at all three energies is used in
this thesis to measure the charged particle density. At the end of 2010, the heavy ion
programme of the LHC commenced with collisions of lead ions.

1.2 Quantum Chromo Dynamics

The theoretical framework to describe the fundamental interactions between the con-
stituents of a proton - quarks and gluons - is known as Quantum Chromo Dynamics
(QCD) [21]. It is based on the special unitarity group SU(3)C, which is the theoretical
manifestation of the fact that quarks occur in three colour charges. QCD is a non-abelian
gauge theory, which implies that the gauge bosons themselves also carry the charge of
the theory and hence interact with each other. The fundamental parameters describing
QCD are the coupling constant gS that is often used in αS = g2

S/4π, and the quark
masses mq.

The two experimentally most striking features QCD is able to explain are:

• Confinement
Single quarks are not observed as states which propagate over macroscopic dis-
tances, but they are confined inside hadrons. As the potential of the colour field
increases at large distances (the potential behaves as V (r) ∼ λr), quarks and glu-
ons are never observed as free particles. If two interacting partons are separated,
the energy of the field increases to such an amount that new interacting particles
are created and new colourless hadrons can be formed.

• Asymptotic freedom
Quarks and gluons, which are probed at high momentum transfers, can be treated
as freely moving partons inside a hadron. This is due to the fact that the cou-
pling constant is small at short distances Thus high-energy collisions of hadrons
are described perturbatively in terms of interactions between the partons. This
behaviour is denoted as asymptotic freedom.

Both phenomena are reflected in the running of the coupling constant αS. The renor-
malisation scale µR is an unphysical parameter corresponding to the chosen scale at
which the removal of ultraviolet divergences is performed. These ultraviolet divergences
occur in higher order corrections when calculating physical observables such as cross
sections. When one chooses this scale close to the scale of the momentum transfer Q2 in
a given process, the coupling constant αS (µ2

R ≈ Q2) indicates the effective strength of
QCD in that process. The running coupling constant is determined by the renormalisa-
tion group equation, which is based on the fact that physical observables cannot depend
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on the scale µR when the coupling is fixed, and given by:

Q2 ∂αS
∂Q2

= β(αS). (1.2)

In QCD, the β function has the perturbative expansion

β(αS) = −bα2
S

(
1 + b′αS + b′′α2

S +O(α3
S)
)
, (1.3)

where the b parameter refers to the leading order contribution and is given by (33−
2nf )/12π with nf the number of considered quark flavours. The expressions for the b′

and b′′ parameters, which denote contributions from higher order processes, can be found
in [21]. The value of β(αS) is negative, which reflects the fact that the strong coupling
decreases with increasing momentum transfer Q2 (∂αS/∂Q

2 < 0). The world average
of αS, which is commonly evaluated at the mass of the Z boson, is [22]:

αS(m2
Z) = 0.1184 ± 0.0007. (1.4)

The strong coupling constant is often parameterised as a function of ΛQCD, which is
referred to as the scale of QCD. When considering only processes at leading order, an
exact solution to Equation 1.3 is given by

αS(Q2) =
1

b ln
(
Q2/Λ2

QCD

) . (1.5)

The value of ΛQCD is approximately 200 MeV and is in general considered to de-
note the scale where perturbation theory is not applicable any more. Below this scale
phenomenological models are introduced to describe the interaction processes.

1.3 Proton proton collisions

According to their final state, pp interactions (pp → anything) are classified as elastic
or inelastic interactions, which are in turn decomposed into single, double and non-
diffractive processes [23]. The total cross section for pp interactions σtot(s) is given as
the sum of the cross sections of the individual sub-processes:

σtot(s) = σel(s) + σsd(s) + σdd(s) + σnd(s)︸ ︷︷ ︸
σinel(s)

. (1.6)

Whereas both protons emerge intact in elastic scatterings (p1p2 → p′1p
′
2), new parti-

cles are produced in inelastic scattering processes as illustrated in Figure 1.2. In single
or double diffractive processes, no internal quantum numbers are exchanged between the
colliding particles, but at least one of the incoming protons is excited and dissociates
into a spray of particles (p1p2 → p′1X or p1p2 → X1X2). Diffractive processes produce
particles dominantly in the forward direction with a gap at low rapidity. Non-diffractive
events are characterised by an interaction between the constituents of the proton and
typically produce particles in the central region. Due to the high centre-of-mass energies
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1.3 Proton proton collisions

at the LHC the final states of the individual production mechanisms overlap significantly.
For Monte Carlo event generators the differentiation of these mechanisms is nevertheless
vital to make meaningful predictions of the charged particle density.

ForwardBackward ForwardBackward

ForwardBackward ForwardBackward

p
1

p
1

p
2

EL SD

DD ND

Figure 1.2: Schematic view of charged particle production in η−φ space for elastic (el)
scattering (a), single diffractive (sd) (b), double diffractive (dd) (c) and non-diffractive
events (nd) (d). Diffractive events are characterised by a gap at central rapidity. [23]

A widely used method to calculate the total cross section in Equation 1.6 is based on
the Pomeron exchange model, in which pp interactions are described by the exchange of
a colourless and flavourless particle called the Pomeron (P) [24]. This model is applied in
a simultaneous fit to experimental data from various colliders. The optical theorem [25],
which is a general law of scattering theory based solely on the conservation of probability,
is used to obtain the total cross section. It relates the imaginary part of the hadronic
scattering amplitude fh to the total cross section in the limit of a vanishing momentum
transfer t ≈ 0:

σtot =
4π

s
Im(fh(s, t = 0)). (1.7)

The differential scattering cross section is in general given as the scattering amplitude
squared: dσtot/dΩ = |fh|2, where the scattering amplitude can be described by a
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diagram as shown in Figure 1.3(a). The interaction between the protons (elastic or
inelastic) are characterised by their momentum transfer t. Following the optical theorem
from Equation 1.7, the integral over this complex amplitude squared is then proportional
to the imaginary part of the scattering amplitude for momentum transfers t ≈ 0. This
is represented by the exchange of a Pomeron with the proton Pomeron coupling βPP
in the model used here (see Figure 1.3(b)). In principle the exchange of other particles
than the Pomeron also contributes to the total cross section. These contributions are
however negligible at LHC energies. The Pomeron exchange and hence the total cross
section is parameterised by an exponential function given by σtot(s) = Xppsε. The free fit
parameters were found to be X = 21.7 mb and ε = 0.0808 resulting in a total hadronic
cross section of 76.1 mb at

√
s = 2.36 TeV and 90.7 mb at

√
s = 7 TeV [24]. This

parameterisation of the total cross section eventually leads to an infinite cross section
and causes problems at ultrahigh energies as the Froissart-Martin bound [26] implies
that the increase of the total cross section is at most proportional to ln2 s based on the
conservation of energy. But with the above smallness of ε, the Froissart-Martin bound
is respected up to energies of about 1023 GeV [27].

2
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Figure 1.3: (a) Diagram of an interaction between protons with the four-momenta p1

and p2. The interaction can be elastic or inelastic here. (b) For a vanishing momentum
transfer, the squared interaction diagram is represented by the exchange of a Pomeron
with the vertex βPP.

To disentangle the contribution from the individual production processes, again the
optical theorem provides an estimate of the elastic cross section σel. Neglecting the small
real part of the scattering amplitude and assuming an exponential fall-off, the elastic
cross section is approximated by [28]:

dσel

dt
=
σ2

tot

16π
exp (Belt). (1.8)

The exponential behaviour of the elastic cross section is expressed by the slope

10



1.3 Proton proton collisions

parameter Bel, which is derived from experimental data. Integrating over t the total
elastic cross section is obtained as σel = σ2

tot/16πBel. This results in an elastic cross
section of ≈ 16 mb at

√
s = 2.36 TeV and ≈ 20 mb at

√
s = 7 TeV [23]. The inelastic

cross section is then derived as σinel = σtot − σel.

Inelastic processes are described by interactions of the constituents of the proton.
Only a fraction x of the four-momentum of the incoming protons is carried by the
partons, which can be either valence quarks, sea quarks or gluons. The momentum
fractions x1 and x2 of the colliding partons are given by [29]:

x1 =
M√
s
e+y and x2 =

M√
s
e−y, (1.9)

where M is the total invariant mass produced in the hard scattering process, s the
centre-of-mass energy squared and y the rapidity of M in the centre-of-mass frame. The
rapidity y can be expressed as y = 1/2 ln ((E + pz)/(E − pz)) with E being the energy
and pz the momentum component parallel to the beam axis of M1.
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Figure 1.4: MSTW leading order parton distribution functions for the two energy scales

Q2 = 10 GeV2 (a) and Q2 = 104 GeV2 (b) as a function of the momentum fraction x of
the protons. The gluon densities are scaled by a factor of ten in both graphics. [30]

1For massless particles, the rapidity is equal to the pseudorapidity, which is defined as η =
− ln

(
tan θ

2

)
, where θ is the polar angle as explained in Section 2.1
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The probability f iP (x, λ) to find a parton i inside the incoming beam of protons P
carrying a fraction x of the total four-momentum is described by the parton distribution
functions (PDFs). These PDFs also depend on the energy scale λ of the observed pro-
cess and have been measured amongst others in deep inelastic scattering experiments.
Such experiments have been performed for example at the HERA collider, where the
constituents of the proton were probed in electron (positron) proton collisions by the
exchange of a high energy photon. Figure 1.4 shows the leading order proton PDFs of
the Martin-Stirling-Thorne-Watt (MSTW) group [31] as a function of the momentum
fraction x at the two energy scales λ = Q2 = 10 GeV2 and λ = Q2 = 104 GeV2. These
PDFs were obtained by a simultaneous fit to deep inelastic and hadron hadron scattering
processes considering only leading order contributions in the strong coupling constant
αS. Although the PDFs have been evaluated including higher order corrections as well,
leading order PDFs in general yield the best predictions for Minimum Bias events when
using leading order Monte Carlo generators such as Pythia. At both energy scales, the
contributions of the u and d valence quarks to the PDFs are important at large values of
x (x ≈ 1/3) whereas the gluon density dominates for low momentum fractions. Due to
the high centre-of-mass energy at the LHC, most collisions will involve low momentum
fractions x and are thus dominated by gluon gluon interactions.

The cross section σnd for non-diffractive processes pp → ab can be factorised into
a sum over the partonic scattering cross sections over all sub-processes k between the
interacting partons i and j (σ̂kij→ ab(ŝ)) and the probability to find these partons, which
is described by the PDFs. It is given by:

σnd =
∑
i,j,k

∫
dx1

∫
dx2

∫
dt̂ σ̂kij→ ab(ŝ) f

i
P (x1, λ = Q2) f jP (x2, λ = Q2). (1.10)

For massless partons, the effective centre-of-mass energy ŝ is derived from the centre-
of-mass energy squared (s) and is defined by ŝ = x1x2s. The factorisation scale λ, at
which the partons are probed, is in general chosen at the same value as the renormalisa-
tion scale µ2

R. Both scales are assumed to be best described by the squared momentum
transfer Q2, which reduces to the squared transverse momentum p2

T if Q2 � ŝ. In
Figure 1.5, the calculated cross sections as a function of the centre-of-mass energy for
various processes are presented. As explained above, the total cross section σtot only
rises slowly as a function of the centre-of-mass energy. Contrary to that, the production
cross section of the Higgs boson strongly increases with rising centre-of-mass energy. At
an energy of

√
s = 7 TeV, it is already more than one order of magnitude higher than

at the Tevatron, which is the former most energetic particle collider currently operating
at
√
s = 1.96 TeV at Fermilab close to Chicago.

1.4 Pythia

A widely used tool to simulate collisions in high energy physics is the Pythia [32]
programme that has been developed by the Lund group. It comprises a coherent set
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Figure 1.5: Predictions for cross sections of various physics processes as a function of
the centre-of-mass energy

√
s. The dashed lines represent the centre-of-mass energies of

the Tevatron and the LHC. The discontinuities arise from differences between proton
proton and proton antiproton collisions. [30]

of physics models for the evolution from a few-body hard process to a complex multi-
hadronic final state. This includes simulating hard processes (predominantly up to lead-
ing order), multiple parton parton interactions, initial and final-state parton showers, the
behaviour of the beam remnants, string fragmentation and particle decays. For soft in-
teractions the Pythia model makes frequent use of empirical assumptions, which allows
to describe particular data sets well. Due to the non-universality of these assumptions
however, the predictive power of the resulting tunes of the model is limited for other data
sets at other centre-of-mass energies. The most important aspects to understand how
Pythia predicts the charged particle density and how this model has been adapted to
Minimum Bias measurements from previous experiments are discussed in the following.
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1.4.1 Non-diffractive events

For non-diffractive events Pythia uses a phenomenological adaption of QCD to provide
an accurate description of processes with low momentum transfer where perturbation
theory is not applicable anymore. The starting point of this model is the perturbative
QCD cross section (σnd) for parton parton interactions, which is given as a sum over
all possible processes and energy transfers of the partonic cross sections as expressed in
Equation 1.10.

The majority of interactions in hadron collisions is given by 2 → 2 scattering
processes, meaning that two incoming partons produce two outgoing partons such as
qq′ → qq′, qg → qg or gg → qq. The dominating 2 → 2 parton scattering process, the
t̂ channel gluon exchange gg → gg, is illustrated in Figure 1.6. The differential cross
section of these processes as a function of p2

T is given by

dσnd

dp2
T

=
∑
i,j,k

∫
dx1

∫
dx2

∫
dt̂ f iP (x1, Q

2) f jP (x2, Q
2)×

dσ̂ki,j

dt̂
δ
(
p2

T −Q2
)
. (1.11)

Incoming proton

Incoming proton

Proton remnant

Proton remnant

Initial gluon

Initia
l g

luon
Outgoing gluon

Outgoing gluon

Figure 1.6: Schematic view of the dominating 2 → 2 parton scattering process, the t̂
channel gluon exchange gg → gg.

In the |t̂| � ŝ limit, where p2
T ≈ |t̂|, the partonic cross sections σ̂kij for 2→ 2 quark

and gluon interactions show the same dependence on the p2
T scale and differ only by a

set of constant factors - also known as the colour factors [21] - which can be absorbed
into the PDFs. The summed-up partonic interaction cross section is then given by [33]:

dσ̂

dp2
T

=
8πα2

S(p2
T)

9p4
T

. (1.12)
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Thus, for constant αS and neglecting the x integrals, the integrated cross section in
Equation 1.10 above any chosen minimal transverse momentum pT,min is divergent in
the limit pT,min → 0 [34]:

σnd (pT,min) =

∫ s/4

p2T,min

dσ

dp′T
2 dp

′
T

2 ∝
∫ s/4

p2T,min

α2
S(p2

T)

p4
T

dp′T
2 ∝ 1

p2
T,min

. (1.13)

As a consequence of this divergence, the interaction cross section σnd as written in
Equation 1.13 exceeds the total cross section σtot, which was derived in Section 1.3. This
paradox occurs already at a minimal transverse momentum of approximately 2 GeV,
which is well above ΛQCD, so one cannot postulate a breakdown of perturbation theory.
This contradiction is partly resolved by allowing various partons of the incoming protons
to interact with each other - so-called multiple parton interactions (MPI).

Multi-parton interactions

As illustrated in Figure 1.7, each of the incoming hadrons may be viewed as a beam of
partons and hence there is a possibility of having several parton parton interactions when
the hadrons collide [34]. If an event contains for example two partonic interactions, it
also counts twice in σnd as this is an inclusive number. The total cross section is however
an exclusive number, meaning that any hadron hadron interaction is only counted once
for its calculation. Events with 〈n〉 = σnd(pT,min)/σtot > 1 are thus considered as events
with 〈n〉 2→ 2 parton interactions above the minimal transverse momentum pT,min on
average.

Assuming that all partonic interactions are equivalent and take place independently
of each other, the actual number of interactions is then distributed according to a Pois-
sonian distribution with mean 〈n〉:

Pn = 〈n〉n exp (−〈n〉)/n!) (1.14)

To account for possible correlations between the individual scatterings, it is conve-
nient to arrange them in falling sequence of pT values [33].

Up to this point it has been assumed that the initial state of all hadron collisions is
the same. But as the incoming hadrons are extended objects, the probability for one or
more partonic interaction also depends on both the matter distribution inside the hadron
and on the overlap between the colliding hadrons. Nowadays, the most popular model
uses an impact parameter dependent approach to describe the overlap and assumes a
double Gaussian matter distribution ρ(r) inside the hadrons, which is given by [35]:

ρ(r) ∝ 1− β
a3

1

exp

(
−r

2

a2
1

)
+

β

a3
2

exp

(
−r

2

a2
2

)
. (1.15)

This corresponds to a distribution with a small core region of radius a2, which contains
the fraction β of the total hadronic matter, embedded in a larger hadron of radius
a1. A small impact parameter b corresponds to a large overlap between the colliding
hadrons and thus to an enhanced probability for multiple interactions. On the other
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Incoming proton

Incoming proton

Proton remnant

Proton remnantProton remnnantnant

Figure 1.7: Schematic view of two 2→ 2 parton scattering process. These multi-parton
interactions explain why the interaction cross section can exceed the total cross section.

hand, larger impact parameters correspond to grazing collisions with a large probability
that no parton interactions take place at all. Obviously the matter distribution inside the
hadrons characterises the number of multiple interactions at a given impact parameter.
In Pythia, PARP(83) describes the fraction of matter β in the inner Gaussian and
PARP(84) determines the size of the inner Gaussian a2.

Evidence for multi parton interactions has been observed at the AFS [36] and
UA2 [37] experiments and they were directly measured by the CDF collaboration [38].

Limitations of perturbative QCD

The introduction of multi-parton interaction only partly solves the problem of the di-
verging cross section in Equation 1.13. As the model of multiple interactions does not
strictly obey energy and momentum conservation, the average energy ŝ of a scatter de-
creases slower with pT,min than the number of interactions increases. This would imply
that the total amount of partonic energy in the scattering processes becomes infinite
as pT,min → 0. This is possibly prevented by the fact that the incoming hadrons are
colourless objects. When the pT of the exchanged gluon is small and the corresponding
transverse wavelength λT (pT ∼ 1/λT) of the gluon is large, the gluon can no longer
resolve the colour charge of the individual partons inside a proton. A crude estimate for
the minimal transverse momentum of the gluon derived from Heisenberg’s uncertainty
principle would be

pT,min ∼
~
rP
≈ 0.2 GeV fm

0.7 fm
≈ 0.3 GeV ∼ ΛQCD, (1.16)

where rP denotes the radius of a proton. A minimal transverse momentum of 0.3 GeV
was however found to be too small and the proton radius has been replaced by the colour
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1.4 Pythia

screening length d, which represents the average size of the region within which the net
compensation of a given colour charge occurs as illustrated in Figure 1.8. Screening
effects are already known from Quantum Electrodynamics (QED) [39]. Contrary to
QED however, this effect becomes stronger at higher energies in QCD as the number of
partons increases at low x values. The partons then become more densely packed within
a proton which in turn causes a decrease of the screening length.

d d

resolved screened

λ   ~ 1/pT

partons

gluon

“wave”

T

Figure 1.8: Illustration of resolved and screened colour charges within a hadron depend-
ing on the transverse wavelength λT of the gluon. The screening length d is indicated as
the distance between two coloured partons (r and r̄ symbolise the colour charge).

Rather than choosing a discrete value for d and hence for the minimum pT, the
expression for the cross section formula as given in Equation 1.13 is multiplied by the
factor [40]:

αS(p2
T + p2

T,min)

αS(p2
T)

p4
T

(p2
T + p2

T,min)2
, (1.17)

which compensates the divergence in the cross section for pT → 0. This approach
is often referred to as the complex scenario compared to the simple scenario where a
discrete value for pT,min is chosen. The complex scenario resolves not only the problem
of the divergent cross section, but also provides a continuous pT spectrum and reduces
the calculations to perturbative QCD for pT >> pT,min. The cut-off parameter pT,min is
not known from first principles and is implemented in Pythia as

pT,min(s) = pT,0

( √
s

1.8 TeV

)ε
, (1.18)

where pT,0 is the bare value of pT,min and ε is used for the scaling to other centre-of-
mass energies. Both parameters have been tuned to data from hadron colliders and the
obtained values are approximately ≈ 2 GeV for pT,0 (PARP(82) in Pythia) and ≈ 0.25
for ε (PARP(90) in Pythia) . The cut-off parameter is evaluated at a fixed energy scale,
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which is in general taken to be the centre-of-mass energy of Run I at the Tevatron
(
√
s = 1.8 TeV).

Parton showering

The incoming and outgoing partons are coloured objects and hence radiate gluons which
in turn undergo all kinds of strong interactions. This is called parton showering. The
parton showers are ordered according to the Q2 scale of the process and their evolution
is described by the DGLAP splitting functions [41–44]. The process with the highest Q2

is by definition treated as the hard scatter and all associated showering processes are
then denoted as initial state or final state radiation depending on whether they occur
before or after the hard scatter.
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hard int.

ISR.

ISR.

ISR.

ISR.

mult int.

mult int.
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Figure 1.9: Schematic figure illustrating an incoming parton in an event with a hard
interaction occurring at pT,1 and three further interactions, each at lower pT values. All
interactions are subject to additional radiation (ISR) that is also described by the pT of
the parton. There is also the possibility (case 2 and 3) of two interacting partons that
have a common ancestor in the parton showers. [45]

An important choice, which strongly influences the predictions of Minimum Bias
distributions, is the association of the scale Q2 with a property of the initial parton -
denoted the ordering variable. The most common approach has been to use the virtuality
or the mass m of the parton (Q2 = m2). However, the current default has changed
to the pT of the parton (Q2 = p2

T) [45].2. This choice allows a simpler combination

2The switch was made in Pythia version 8.130. In previous versions, an option to enable the pT
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of parton showering with the multi-parton interaction model, which is illustrated in
Figure 1.9. This is due to the fact that the squared transverse momentum transfer p2

T is
a convenient measure for the hardness of an interaction (see Equation 1.11) and that the
multi-parton interaction model relies on the pT as ordering variable. Additional gluon
radiation can hence consistently be integrated within the individual interactions.

Beam remnants and hadronisation

As the strong interaction couples to the colour charge of the partons, the remaining
protons - somewhat loosely denoted as the proton remnants - are also coloured objects.
This leads to the formation of baryons and mesons from the proton remnants [33], which
can have an influence on the products of the hard scatter. This phenomenon is known as
Colour Reconnection and can also be tuned in Pythia. A stronger Colour Reconnection
leads to a lower average momentum of the produced particles, which has been observed
for example by the CDF experiment [46].

The last necessary step to predict the charged particle density is to describe how
colourless hadrons, which are the objects eventually identified in the detectors, are
formed from the coloured partons produced in scattering and parton shower processes.
This non-perturbative process is denoted as hadronisation or fragmentation, which is
described by the string fragmentation model in Pythia [47]. In this complex model,
the colour field between partons is represented by strings, where the end of each string
represents a quark or an antiquark. Gluons can be in between these quarks and cause
kinks in the strings. As the partons move apart and a string piece is stretched out, it can
break producing new quark antiquark pairs. The resulting quark pairs together with the
already existing partons then form the colourless hadrons. Remarkably, the uncertainty
on the hadronisation process is rather small for the prediction of the charged particle
density. Assuming fragmentation universality, meaning that the hadronisation process
in e+e− collisions is also valid in pp interactions, most of the parameters in the string
model are fixed to e+e− data and little possibilities of modifying the predictions of the
charged particle density remain.

Other issues such as the decay of unstable hadrons and a possible transverse momen-
tum of the partons before the collisions (primordial pT) possibly affect the predictions
of soft hadronic processes as well and are discussed in [40].

1.4.2 Diffractive events

In the scope of this thesis, the contribution from diffractive events to the measured
charged particle density is suppressed. At the edges of the considered phase space how-
ever, e.g. for events with low particle multiplicity and low pT particles, a significant
contribution from diffractive events is expected.

The most common approach to describe these diffractive events is based on Regge
theory, which is explained in Section 1.5, in terms of the exchange of a Pomeron (P) [27].
In QCD, the Pomeron is regarded as a colourless and flavourless multiple gluon [48].

ordered showering exists.
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Diffraction occurs when the Pomeron interacts with the proton to produce a system
of particles referred to as the diffractive system X. This is illustrated by a diagram
for a single diffractive process in Figure 1.10(a). Using the optical theorem the size of
the corresponding cross section is given by the squared diagram for small momentum
transfers t ≈ 0, which is explained in Section 1.3. As illustrated in Figure 1.10(b), the
resulting diagram contains the triple Pomeron vertex g3P with each Pomeron coupling
to a proton via the vertex βPP [49]. The proton-Pomeron coupling βPP is already known
from the calculation of the total cross section (see Figure 1.3(b)). The diffractive system
eventually dissociates into multi-particle final states with the same internal quantum
numbers as the incoming protons.

Incoming proton 
p

1 p
1

 = (p  - p )1

t 

1
2

Incoming proton

Scattered proton 

Diffractive

 system
m

X

2

β
P

(a)

=
g

3
t ≈ 0

β
P β

P

β
P

(b)

Figure 1.10: (a) Feynman diagram of a single diffractive process. A diffractive system
X is formed by the exchange of a Pomeron P. (b) In Regge theory, the squared Feynman
diagram is represented by the triple Pomeron vertex g3P.

The natural variables to describe these cross sections are the squared four momentum
transfer t = (p1−p′1)2 and the invariant massmX of the diffractive system. In the Schüler-
Sjöstrand model [27], which reverts to ideas from Good and Walker proposed already
in the 1960s [50], the diffractive cross sections have an inverse dependence on m2

X and
an exponential dependence on t. This model is in good agreement with existing data
in the intermediate region, where mX is considerably larger than the proton mass and
m2
X/s . 0.05, which indicates a rather low momentum transfer t [51]. The dominant

contribution to the cross section then originates from the triple Pomeron diagram as
shown in Figure 1.10(b).

As the triple Pomeron diagram is in principle only valid at small momentum trans-
fers t ≈ 0, the theory is not valid for arbitrary values of t and m2

X . Thus empirically
derived correction factors are introduced as explained in [40]. In the low mass region,
where mX � mp does not hold any more, ∆ resonances of the proton start playing an
important role and the cross section is enhanced by the correction factors. In the region
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of m2
X/s > 0.05 corresponding to a large momentum transfer, the correction factors

cause a suppression of diffractive events. For double diffractive processes, the correction
factors also account for a decrease of the cross section in regions where the two excited
protons overlap in pseudorapidity space.

The formulae for the cross section of single diffractive (σsd) and double diffractive
(σdd) processes in Pythia are

dσsd(PP→PX)(s)

dt dm2
X

=
g3P

16π
β3
PP

1

m2
X

exp (Bsd(PX)t)Fsd

dσdd(PP→XY)(s)

dt dm2
X dm2

Y

=
g2

3P
16π

β2
PP

1

m2
X

1

m2
Y

exp (Bdd(XY )t)Fdd. (1.19)

Fsd and Fdd denote the correction factors explained above while the slope parameters
Bsd and Bdd were introduced to account for a dependency between t and mX . The
coupling βPP is restricted by the expression σtot(s) = Xppsε for the total hadronic cross
section as derived in Section 1.3. Picking a reference scale of

√
sref = 20 GeV, it is given

as β2
PP = Xppsεref .

The diffractive cross sections discussed here only incorporate so-called soft diffractive
events. Experimental data however suggests more complex scenarios where the Pomeron
has a partonic substructure, which e.g. can lead to high-pT jet production [52]. In recent
versions of Pythia3 these hard diffractive processes are implemented. According to the
treatment of non-diffractive events in Section 1.4.1, proton-Pomeron hard scattering
processes are introduced together with special Pomeron parton distribution functions
(DPDFs). Once the partonic cross sections are defined, the standard Pythia machinery
for multiple interactions, parton showers and hadronisation is applied. This procedure
introduces tails with high-pT particles and a high charged particle multiplicity in the
spectrum of diffractive events [53].

1.4.3 Tuning to data

As many components of the soft interaction model are not known from first principles,
they have to be obtained from tuning the model parameters to numerous distributions
from Minimum Bias and Underlying Event measurements. These measurements have
been performed at a wide range of centre-of-mass energies (50 GeV - 1.96 TeV) at
pp and pp̄ colliders. Significant differences of the soft hadronic cross sections are only
expected at centre-of-mass energies below approximately 100 GeV between pp and pp̄
colliders [24]. This section focuses on the impact on the following distributions that will
also be measured in Chapter 6:

• Multiplicity distribution:
the number of events as a function of the number of charged particles per event.

3Starting with Pythia 8.130
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• Pseudorapidity distribution:
the total number of charged particles per unit of pseudorapidity as a function of
η.

Previous experiments at pp̄ colliders such as UA5 [54] and E735 [55] published their
measurements of the multiplicity distribution as a function of the so-called KNO (Koba,
Nielsen and Oelsen) variables, which are expressed in terms of the average particle
multiplicity 〈n〉 and the probability Pn of producing n charged particles in an event [56].
Theses variables provide a clear display of the fluctuations observed for both very low
and very high particle multiplicities. When the plots of 〈n〉Pn as a function of n/〈n〉
first appeared, it was suggested that these KNO distributions should be independent of
the centre-of-mass energy of the collisions. This appeared to be true for centre-of-mass
energies below 100 GeV at the pp ISR collider [57] until KNO scaling violation was
observed by experiments such as UA5 at higher energies. The violation of KNO scaling
was interpreted as a manifestation of the multi-parton interactions whose effects become
measurable as the centre-of-mass energy increases.

a  (PARP 84) = 0.2 fm2

a  (PARP 84) = 0.5 fm2

a  (PARP 84) = 0.8 fm2

UA5 data

a  (PARP 84) = 0.2 fm2

a  (PARP 84) = 0.5 fm2

a  (PARP 84) = 0.8 fm2

E735 data

!s = 1.8 TeV!s = 546 GeV

Figure 1.11: Comparison of KNO distributions between data at
√
s = 546 GeV (a)

and
√
s = 1.8 TeV and events simulated with Pythia where the value for the core size

of the matter distribution a2 (PARP(84) in Pythia) was varied. The shaded areas show
the increase of events in the tail of the multiplicity distribution with a denser core. [23]

As explained above, Pythia incorporates multi-parton interactions and offers var-
ious ways to tune them. One possibility is to modify the double Gaussian matter dis-
tribution (see Equation 1.15) inside a hadron. Figure 1.11 shows a comparison between
the KNO distributions at the centre-of-mass energies

√
s = 546 GeV and

√
s = 1.8 TeV
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as measured by the UA5 and E735 experiments and predictions from Pythia 4 with
different values for a2 in Equation 1.15, which determines the core size of the matter
distribution. Considerable changes of the predicted distributions, especially in the high
multiplicity tail, are observed when varying the core radius. As the core is made harder
and denser, which corresponds to a decrease of the radius (a2 = 0.2 fm), the overlap
between two colliding cores causes more multiple interactions and results in an increase
of the prediction for high multiplicity events.

Like the multiplicity distribution, the pseudorapidity distribution is strongly influ-
enced by the rate of multi-parton interactions. Besides the matter distribution inside the
hadron, the minimal transverse momentum pT,min as defined in Equation 1.18 regulates
the interaction rate. Figure 1.12 compares the pseudorapidity distribution in data at√
s = 546 GeV and

√
s = 1.8 TeV with predictions from Pythia where the values for

the bare minimal transverse momentum pT,0 was varied. All distributions show a central
plateau at low pseudorapidity and a falling density in the forward regions. The effect of
modifying the minimal transverse momentum is clearly visible. A significant increase of
the particle multiplicity is observed for lower values of pT,0. In Chapter 6, the measured
charged particle density is compared to various versions of Pythia that were tuned to
different data sets at various centre-of-mass energies.

p    (PARP 82) = 1.7 GeVT,0

p    (PARP 82) = 1.9 GeVT,0
p    (PARP 82) = 2.1 GeVT,0

p    (PARP 82) = 1.7 GeVT,0

p    (PARP 82) = 1.9 GeVT,0

p    (PARP 82) = 2.1 GeVT,0

CDF 

UA5 

!s = 900 GeV !s = 1.8 TeV

Figure 1.12: Comparison of pseudorapidity distributions between data at
√
s =

900 GeV (a) and
√
s = 1.8 TeV (b) and events simulated with Pythia where the

value of the minimal transverse momentum pT,0 (PARP(82) in Pythia) was varied. [23]

4The figures in this section were produced with Pythia version 6.2
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1.5 Phojet

The Phojet Monte Carlo event generator [58] provides an alternative approach to the
modelling of charged particle production at hadron colliders. It combines the ideas of the
Dual Parton Model [59] describing soft interactions and perturbative QCD describing
hard interactions. The Dual Parton Model is a non-perturbative approach that relies
on a large n expansion of QCD where n is the number of colours or flavours, which is
described by the exchange of Pomerons and Reggeons for hard and soft interactions.
Similar to the Pythia model however, Phojet relies on empirical methods such as a
minimal transverse momentum to calculate perturbative QCD processes for Minimum
Bias data. The basic principles of the Dual Parton model are:

• Unitarity
The concept of unitarity is based on the fact that the sum of probabilities of
all possible outcomes of any event is always 1. The unitarity bound seems to be
violated as the inelastic cross section becomes higher than the total cross section at
centre-of-mass energies of O(100 GeV). Unitarity is preserved by allowing multiple
interactions in hard and soft scatterings by introducing higher orders of Pomeron
exchange [60].

• Duality
The hypothesis of duality means that the same scattering process can be char-
acterised by different diagrams such as a t channel and an s channel diagram.
For example, the exchange of flavour such as charge in the process π−p → π0n
is described either by a t channel exchange of a Reggeon or via an s channel ∆
resonance of the proton. These diagrams are considered to be duplicates, meaning
that they give the same contribution to the scattering amplitude [48].

• Regge theory
Regge theory provides a phenomenological framework to describe particle produc-
tion processes, especially at low momentum transfers where the strong coupling
constant is large. The basic idea of Regge theory is that scattering amplitudes are
described by the exchange of particles, which can be parameterised by analytical
functions α(t) (so-called Regge trajectories). The behaviour of proton proton scat-
tering is dominated by the exchange of a Pomeron. The corresponding Pomeron
trajectory αP(t) is described by αP(t) = αP(0) + α′t = (1 + ε) + α′t. The Pomeron
intercept αP(0) and the slope parameter α′ are then obtained from experimental
data. The scattering amplitude f and hence the cross section is predicted to show
a power law behaviour on the centre-of-mass energy s: f ∝ sαP(t) [61]. This results
in an exponential behaviour of the scattering cross section, which is also used in
the Pythia model for diffractive events (see Equation 1.19).

The key concept of the Dual Parton Model at LHC energies is the exchange of
Pomerons for both hard and soft interactions. In Phojet, the Pomeron is regarded
as a theoretical object providing an effective description of the important degrees of
freedom of a sum of Feynman diagrams with low momentum transfer [62]. Contrary to
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the Pythia model, each exchanged Pomeron gives rise to two colour-neutral chains that
stretch between the valence quarks of one incoming hadron and the remaining di-quark
of the other incoming hadron. These chains can be regarded as the exchange of multiple
soft gluons compensating each others colour charge. An illustration of the dominant
two chain diagram responsible for diffractive interactions is given in Figure 1.13(a).
Additionally, higher order processes like loop, triple and double Pomeron exchanges
produce hard diffractive events [63]. Here the colourless chains couple to the sea quarks
of the incoming hadrons as well. Figure 1.13(b) shows how hard interactions like 2→ 2
gluon scattering are included in Phojet. The hard scattering cross section is obtained
similar to Equation 1.10 and the outgoing gluons are split into quark-antiquark pairs by
Pomeron exchange [60]. Similar to the approach used by Pythia, a cut-off parameter
pT,min is introduced to veto hard interactions in the non-perturbative regime. This cut-off
parameter is taken as a constant with a value of ≈ 2 GeV.
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Figure 1.13: (a) Soft interaction diagram containing one Pomeron split in two chains.
(b) Exchange of one soft and one hard Pomeron. The hard 2 → 2 gluon scattering
process is calculated in perturbative QCD.

In addition to the soft and hard interactions, Phojet allows the possibility to include
initial and final state radiation generated in leading-log approximation [58]. To obtain
predictions of the charged particle density, the final state partons have to be hadronised
into colourless objects. For this, Phojet is interfaced to Pythia, which implies that any
Phojet tune is linked with the particular version of Pythia used for the hadronisation.

Due to the different underlying physics models used for the two generators, the
amount of free parameters that can be set by the user differs substantially. Whereas
Pythia leaves the freedom to modify multiple parameters, the user is left with only a
few parameters to be adjusted in Phojet. Several comparisons between the predictions
of Phojet and published Minimum Bias measurements were made in order to validate
the use of Phojet at LHC energy scales. Figure 1.14(a) shows a comparison of the
pseudorapidity distribution as measured by the UA5 experiment at

√
s = 900 GeV with

the prediction from Phojet. In Figure 1.14(b), a comparison of the charged particle

25



Soft interactions at the Large Hadron Collider

transverse momentum between data from CDF at
√
s = 1.96 TeV and the corresponding

prediction from Phojet is presented. The agreement is good for high as well as low
transverse momenta. In the intermediate region of between approximately 1 - 2 GeV
however, a slight discrepancy is observed, which is believed to originate from the fixed
cut-off scale for hard interactions. This implies that the transverse momentum spectra of
the partons at the end of the soft and hard chains does not match. A smooth transition
as implemented in Pythia (see Equation 1.17) would probably result in a more accurate
description of the experimental data in this region.
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Figure 1.14: (a) Comparison of the pseudorapidity distribution between data from the
UA5 experiment at

√
s = 900 GeV and the corresponding prediction from Phojet.

(b) Comparison of the transverse momentum distribution between data from the CDF
experiment at

√
s = 1.96 TeV and the corresponding prediction from Phojet.

1.6 Summary

This chapter explained the physics models which are implemented in the Monte Carlo
simulation programmes (Pythia and Phojet) used to describe charged particle pro-
duction at hadron colliders. Both programmes have a firm theoretical basis in either
QCD or Regge theory, but make substantial use of empirical assumptions to describe
measurements from collider experiments. While Pythia starts the event generation
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with hard partonic interactions and subsequently includes effects which lead to soft par-
ticle production, Phojet initialises the event generation by describing the soft compo-
nents. The hard component is subsequently introduced to complete the event generation.
Despite their almost orthogonal approaches, both programmes have common features.
Hard partonic interactions for example are described by an expression for the inelastic
cross section, which is factorised in the partonic cross section and the PDFs (see Equa-
tion 1.10). The behaviour of the cross section at low transverse momenta is regulated by
a cut-off parameter in both programmes. Moreover, the apparent violation of unitary,
which appears when the inelastic cross section exceeds the total cross section, is resolved
in a similar way. Both models introduce multiple partonic interactions to explain this
paradox.

The measured charged particle densities in Chapter 6 will be compared to both
Monte Carlo generators. Pythia also serves as the model to simulate acceptance effects
of the detector as a lot of effort went into its development and the tuning to experimental
data over the past decades. One can argue that Phojet, which is more constrained and
not used for the simulation of detector effects, will provide a more objective comparison
between data and theory.
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