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2
Monte Carlo generators

Monte Carlo (MC) generators are invaluable tools for comparing theoretical predictions
and experimental data. An MC generator uses random numbers to generate distributions
(cross section generators) or even complete events (event generators) following rules
dictated by a physics model. A multitude of generators exists that differ in purpose,
implementation of physics models, and accuracy. In this chapter, the main aspects of the
event generators used throughout this thesis will be discussed. Important differences in
implementations between these generators will be pointed out. Special attention is given
to the relatively recent developments to improve the description of processes with multi-
jet final states. Many searches for ‘new’ physics signals rely on accurate MC predictions
for multi-jet background. When comparing experimental data with such predictions,
understanding the strengths and weaknesses of these MC techniques will be essential.

2.1 Generator overview

In Figure 2.1 a schematic representation is given of tt̄H+X production in a pp collision.
The simulation of such an event by an MC generator consists of the following stages:
a hard scatter, initial and final state radiation, hadronisation and decay, and finally
the so-called underlying event. If the energy scales are well separated these various
subprocesses can be regarded as independent, a property of QCD described by the
factorisation theorem (see Section 1.2.3).

General purpose and specialised generators

Three ‘general purpose’ generators are available to perform the complete simulation
chain. Two of them, the Fortran versions of Pythia [94] and Herwig [95], are widely
used within the ATLAS collaboration. The third, Sherpa [93], is like the C++ version of
Herwig, being integrated and validated in the ATLAS software framework (Athena).

More specialised generators can be interfaced with these general purpose generators
to replace or improve a part of the simulation chain. For example, one could use another
matrix element generator like Alpgen [96] to extend the number of processes that can
be generated. Or, as is often done for ATLAS MC samples, interface with Photos [97]
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Chapter 2. Monte Carlo generators
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Figure 2.1: Illustration of tt̄H +X production in a pp collision. The ellipses indicate
the various stages of a hadronic event handled by an MC generator: the
hard scattering (HS) involving partons from the incoming protons (PDF),
initial state radiation (ISR), final state radiation (FSR), hadronisation and
decay of particles and the underlying event (UE). Figure (modified) taken
from [93].

and Tauola [98] for a more accurate description of QED radiation and tau lepton decay.
For a complete list of generators used in this thesis, see Appendix A.

The various stages of event simulation will be discussed now in the following subsec-
tions.
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2.1. Generator overview

2.1.1 Hard scattering

The hard scattering is the core process of the hadronic collision. It describes how the
incoming partons from the colliding protons interact with each other and produce new
partons. The process takes place at the largest energy scale (Q2), which corresponds
to the shortest distance. Often the mass or transverse mass1 of the particles produced
in the hard scattering is taken as the Q2 scale. At this scale the coupling constant is
small (αs ≪ 1) and therefore the matrix elements can be calculated perturbatively using
Feynman diagrams. Parton level configurations (the momenta of incoming and outgoing
partons) are generated by sampling the kinematic phase space of the partons. Each
configuration has a weight associated to it determined by the matrix element together
with the phase space measure, and the PDF’s. Using an unweighting procedure events
of unit weight can be produced with the probability equal to the cross section.

Colour flow

For further treatment in the parton shower and hadronisation stage, a colour configu-
ration has to be assigned to the incoming and outgoing partons. Some processes allow
for multiple colour flows through different Feynman diagrams. In that case, the inter-
ferences between these diagrams contribute to the cross section at order O(1/N2

c ) with
Nc = 3. There is some ambiguity in the selection of a specific colour configuration for
these interference terms. Pythia, Herwig, and Alpgen have different solutions to
deal with this problem [94, 99, 100]. These methods differ at the order 1/N2

c .

Matrix element generators

Matrix element generators are, unlike Pythia and Herwig, dedicated to the genera-
tion of (more complicated) parton level configurations. In ATLAS, Alpgen is used for
processes with multiple final state partons such as W + jets, Z + jets, and tt̄ + n-jets.
These multi-parton processes are calculated at tree level and thus do not contain virtual
corrections. When interfacing Alpgen with a parton shower special care has to be taken
to deal with multiple partons in the final state, see Section 2.2.3. Spin correlations are
also taken into account in Alpgen by handling the decay of particles such as top quarks
and W -bosons.

In MadGraph/MadEvent [101] the calculation of matrix element amplitudes for
any Standard Model process and for some models beyond the Standard Model is auto-
mated. It has a web interface to generate events and it writes out parton level configu-
ration in a common ‘Les Houches’ format [102]. These files can be then fed through any
showering program for further simulation. Although only used for W + jets and Z + jets
production in Chapter 7, it is more flexible in the choice of processes than Alpgen. This
flexibility is however at the cost of efficiency in speed, becauseMadGraph/MadEvent
does not use Berends-Giele recursion relations [103] like Alpgen.

By including both real and virtual corrections, the MC@NLO generator [104] can
give predictions with an accuracy up to NLO for certain processes. Also for this gen-

1transverse mass squared defined as: m2
T = m2 + p2T
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Chapter 2. Monte Carlo generators

erator, the interface with parton showering is highly non-trivial (Section 2.2.2). The
MC@NLO generator is the default generator in ATLAS for studying tt̄ events.

Finally, the AcerMC [105] generator has been optimised for simulating Standard
Model processes at the LHC using matrix elements fromMadGraph with LO accuracy.
In ATLAS it is used with Pythia’s parton shower for single top and tt̄bb̄ production,
and as an alternative for tt̄.

2.1.2 Parton showers

The incoming and outgoing partons of the hard scattering are coloured objects and hence
radiate gluons2. These gluons can, in turn, split further into gluons and quark-antiquark
pairs and so forth. This radiation is important for additional jet production in an event.
In MC generators the radiation is simulated by a parton shower or cascade. The parton
shower treats emissions at energy scales starting from the hard interaction down to the
hadronisation scale where perturbation theory breaks down.

Conventional parton showers

The radiation is a higher order correction to the matrix element of the LO hard process.
Inclusion however of emissions like q → qg in a matrix element calculation leads to
divergences when the emitted gluon becomes soft (Eg ↓ 0) or collinear (θqg ↓ 0). Instead,
the parton showers of Pythia, Herwig, and Sherpa use DGLAP splitting functions
[40, 41, 42, 43] with Sudakov form factors [106] to obtain an approximation of the
radiation in this region. In this type of parton shower there is a somewhat artificial
distinction between showering of incoming partons and showering of outgoing partons,
in the sense that in general such a distinction can not be given a gauge-invariant meaning.
The former is called initial state radiation (ISR), the latter final state radiation (FSR).
Both cases are shown in Figure 2.1.

Final state radiation

In the case of FSR, the probability for a parton a to split into partons b and c with
momentum fraction z and (z − 1) respectively, is given in the collinear limit by:

dPa→bc(Q
2
max, Q

2) =
dQ2

Q2

∑

b,c

∫ zmax

zmin

dz
αs(Q

2, z)

2π
Pa→bc(z)dz ×

exp

[

−
∫ Q2

max

Q2

dQ′2

Q′2

∑

b,c

∫ zmax

zmin

dz′
αs(Q

′2, z′)

2π
Pa→bc(z

′)dz′

]

︸ ︷︷ ︸

Sudakov form factor

(2.1)

with Pa→bc(z) the DGLAP splitting functions and Q2 the evolution variable with dimen-
sion mass squared. The exponentional term is the Sudakov form factor ∆(Q2

max, Q
2). It

2in addition, quarks can radiate photons as they are electrically charged particles.
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2.1. Generator overview

corresponds to the probability of not having a parton branching between the Q2
max and a

lower momentum scale Q2, otherwise parton a would not exist anymore at Q2. This in-
terpretation, resembling evolution in time, requires the evolution variable to be ordered,
eg. Q2

max > Q2
1 > . . . > Q2

cut.

Ordering variable

The most intuitive choice is to associate Q2 with the virtuality of a parton. Pythia’s
old default was therefore Q2 = m2. The current default has changed to the pT of the
parton Q2 = p2T ≈ z(1 − z)m2 [107]. This choice allows for the treatment of parton
shower and multiple interactions at the same time and it is more suitable for application
with CKKW(-L) (Section 2.2.3). Sherpa applies the same ordering as Pythia. Instead,
Herwig uses angular ordering Q2 = m2(1− cos θ) ≈ m2/(2z(1− z)). This means that
emissions at wide angles take place first, and subsequent emissions are done at smaller
angles. This mimics colour coherence of soft gluon emissions in a natural way. Colour
coherence leads to suppression of radiation in certain regions of phase space and has
been observed at LEP and the Tevatron [108]. In Pythia angular ordering is forced by
using a veto on the emission angle. However, because a first (soft) emission at a small
angle prevents a later (hard) emission at a wider angle, the parton shower of Herwig
suffers from dead regions. This is solved by matrix element corrections (Section 2.2.1).

The starting point Q2
max of the shower is supposed to match with the hard scattering

scale Q2 to prevent double and under counting. A cut-off Q2
cut of the order Λ2

QCD ∼
1 GeV2 is introduced to stop emissions when they are no longer resolvable. The scales
Q2

max and Q2
cut are therefore parameters of the showering algorithms which influence the

amount of radiation3. Below the cut-off scale the parton shower approach is not reliable
anymore and a hadronisation model is needed to describe the non-perturbative physics.

Splitting functions

The splitting functions of Eq.2.1 and shown in Figure 2.2 are the same as the ones used
in DGLAP evolution of the PDF’s. There are three possible QCD splitting functions at
leading order:

Pg→gg = 3
(1− z(1− z))2

z(1 − z)

Pg→qq̄ =
nf

2
(z2 + (1− z)2)

Pq→qg =
4

3

1 + z2

1− z

with nf the number of flavours and z and (1 − z) the momentum fractions carried by
the two outgoing partons. Note that there are also two QED splittings Pq→qγ and Pℓ→ℓγ

which are analogous to Pq→qg (but with a different factor for the charge).

3Note: the no-emission probability of the Sudakov form factor can be interpreted as a resummation
of the virtual corrections and non-resolvable emissions Q2 < Q2

cut
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Chapter 2. Monte Carlo generators

Pg→gg Pg→qq̄ Pq→qg

Figure 2.2: The DGLAP splitting kernels.

The soft divergences for z = 0 and z = 1 in the splitting functions are protected
by the lower cut-off Q2

cut in the ordering variable Q2, such that zmin = z(Q2
cut) > 0 and

zmax = 1 − zmin. Herwig uses slightly modified splitting functions for heavy quarks
which cause depletion of soft gluon radiation within angles smaller than mQ/EQ along
the direction of the emitting heavy quark. This effect is known as the ‘dead cone’.

Initial state radiation

Initial state radiation is done backwards in evolution variable Q2. The Sudakov form
factor ∆(Q2

max, Q
2) in Pythia and Sherpa is slightly modified and includes now the

ratio of PDF’s:

∆(Q2
max, Q

2) = exp

[

−
∑

a,c

∫ Q2
max

Q2

dQ′2

Q′2

∫ z+

z−

αs(Q
′2, z′)

2π
Pa→bc(z

′)
fb(x/z

′, Q′2)

z′fa(x,Q′2)
dz′

]

(2.2)

The ratio takes into account the probability that the incoming parton, which is fixed by
the hard scattering at a scale Q2

max, could have originated from partons present in the
hadron at a lower scale Q2 with momentum fraction x/z′. In Herwig the ratio is not
explicitly part of the Sudakov form factor, but it is taken into account in the Sudakov
reweighting [36].

Colour dipole model

An alternative parton shower model, based on radiation from colour dipoles [109, 110], is
provided by Ariadne [111]. In this model partons are not emitted from a single parton
(1 → 2), but from a dipole formed by two colour connected partons (2 → 3). This is
illustrated in Figure 2.3. The corresponding splitting functions are given by [110]:

Dqq̄ =
4

3

x2
1 + x2

3

(1− x1)(1− x3)
(2.3)

Dgg =
3

2

x3
1 + x3

3

(1− x1)(1− x3)
(2.4)

Dqg =
3

2

x2
1 + x3

3

(1− x1)(1− x3)
(2.5)

where xi are the final state energy fractions 2Ei/
√
Sdip in the dipoles centre-of-mass

system, with Ei the energy of the emitting parton and Sdip the total invariant mass of

2
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2.1. Generator overview

the dipole system. The term x3 corresponds to a gluon and the term x2 corresponds
to a (anti)quark. The splitting functions reduce to the DGLAP splitting functions in
the soft and collinear limit, when x1 → 1 and x3 ≈ 1 − z (and vice versa), with z
the momentum fraction of the emitted parton. In the case of e+e− → qq̄g the splitting
function Dqq̄ is even exactly the same as the tree-level matrix element. For the g → qq̄
splitting there is however no analogue in the dipole model. The splitting is added as
a process which, after the first gluon emission, competes with the possibility to emit
another gluon, according to the DGLAP splitting function. Both dipoles connected to
the primary gluon contribute to the probability of such splitting, as for a subsequent
gluon emission.

q1

q̄3

g2

g1

g3

g2

q1

g3

g2

Figure 2.3: Schematic representation of a dipole emission. A gluon g2 is emitted from
a qq̄ (left), gg (middle) and qg (right) dipole. The gluon in its turn forms
two new dipoles with the emitting partons.

Final state radiation is treated in Ariadne similar to other parton showers, cf. ac-
cording to Eq.(2.1), using p2T ordering with the appropriate dipole splitting functions.
Initial state radiation does not exist in this model. Instead, initial dipoles are formed
between the two proton beam remnants. The beam remnants are treated as extended
sources of which only part of the energy is available to the dipole emission. The lim-
itation in available phase space is accounted for by introducing suppression functions
of which the exact form depends on the type of initial emission. This is equivalent to
the suppression by the ratio of PDF’s in Eq.(2.2). At small x, the maximum allowed
scale for the emission W ≈ Q2/x is larger than the scale Q2 for conventional parton
showers. Besides, the emissions ordered in p2T are not ordered in rapidity and the other
way around. These features cause a higher forward jet rate and resemble the BFKL
behaviour explained in Section 1.3.1. The transverse momentum of the initial emission
is balanced by the particles in the hard scattering, which is, in the case of W + jets
production, the W boson [112].

Remarks on dipole model

Because the q → qg splittings relevant for gluon initiated processes are absent and
g → qq̄ splittings are accounted for by using the conventional DGLAP splitting func-
tions, ISR does not seem to fit in the dipole cascade completely naturally. However, the
dipole approach has some attractive features. Colour coherence effects are included by
construction and intermediate states between dipole emissions are well-defined4 (with

4This is actually a prerequisite for the CKKW-L method outlined in Section 2.2.3.
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Chapter 2. Monte Carlo generators

parton masses kept on-shell). The latter is not the case for virtually and angular or-
dered showers. There the virtual mass of a parton changes after a subsequent branching
and momentum reshuffling between partons is needed for energy and momentum con-
servation. The newer pT ordered parton showers implemented in Pythia and Sherpa
now borrow some features from the dipole model to properly account for momentum
recoils due to emissions. Finally it should be noted both HERA and LEP data were very
succesfully described by Ariadne [113, 114].

Accuracy

The accuracy of all the parton showers (in hadronic collisions) discussed above is formally
leading log (LL), αn

s log
2n, with splitting functions of O(αs). However with additional

corrections like accounting for the running of αs(Q
2), imposing angular ordering to

mimic colour coherence, and requiring momentum conservation, the shower algorithms
include some significant NLL features.

2.1.3 Hadronisation and decay

Hadronisation, also referred to as fragmentation, is a non-perturbative process which
describes the formation of colourless hadrons from coloured partons after parton show-
ering. Unstable hadrons in turn decay into stable particles which can finally be observed.
The two steps are depicted in Figure 2.1.

There are two hadronisation models available for event generators: string fragmen-
tation and cluster fragmentation. The former is implemented in Pythia, the latter in
Herwig and Sherpa.

String fragmentation

In string fragmentation the colour field between partons is represented by strings. Typi-
cally, at each end of a string is the (anti)quark of a quark-antiquark pair. Gluons are in
between these two quarks and cause kinks in the strings. The kinks influence the angular
distribution of the hadrons formed later on. The potential energy of a string grows when
partons move further away from each other. This leads ultimately to the break up of
the string, thereby creating new qq̄ pairs. Hadrons are formed from the existing partons
and the newly created quarks.

Cluster fragmentation

The cluster fragmentation is based on preconfinement: colour-anticolour quark pairs
end up close to each other in phase space. Gluons which remain after the parton shower
at Q2

cut are split nonperturbatively into quark-antiquark pairs and allow neighbouring
quarks to combine into colour singlet clusters. The clusters are massive and each cluster
decays into a pair of hadrons isotropically in the rest frame of the cluster. The hadron
type is determined by the available phase space. If the cluster is too light, it will decay
into the lightest pair of hadrons and exchange momentum with a neighbouring cluster

2

32



2.1. Generator overview

inside the jet. On the other hand, if the mass of a cluster is above a certain ‘fission’
threshold it decays into lighter clusters first.

Differences between string and cluster fragmentation have not been investigated in
this thesis. It has been assumed that differences have minor impact on the predictions for
the production rate and direction of central hard jets as these are mainly determined by
the hard scattering and parton shower. This is however not necessarily true for studies
involving the structure of jets. The hadronisation process alters the content and the
shape of jets, which might affect the detection and reconstruction efficiencies in the
simulation.

Decay

For both models the decay of the newly produced hadrons is done according to experi-
mental data as much as possible. As still much information is lacking, assumptions are
sometimes made for certain decay properties like branching ratios or simply not treated,
such as angular distributions due to polarisation.

Particles with a laboratory frame lifetime of about 30 picoseconds (cτ ≈ 10 mm) or
more are considered stable in ATLAS. Hence these include typically electrons, muons,
photons, charged pions, protons, neutrons, neutrinos, and strange flavoured hadronsK±,
K0

S, Λ, Σ
−, Σ+, Ξ−, Ξ0, and Ω−.

2.1.4 Underlying event

Besides the partons involved in the hard scattering, other partons in the proton rem-
nants also interact since they are coloured. These interactions are collectively called the
underlying event and are labelled “UE” in Figure 2.1. Although the underlying event
occurs mainly at low transverse momentum it can affect events with many high-pT jets
in the final state.

In this thesis, Pythia and Jimmy [115] are used for the modelling of the underlying
event. Both models use the idea that the 2 → 2 QCD process is dominating the underly-
ing event because it is the lowest order process in αs. Moreover, the cross section for this
process is large for low-pT scatterings as it behaves like ∼ 1/p4T . Since parton densities
in the protons are rather high for large centre-of-mass energies, multiple interactions are
possible which depend on the transverse momentum and the impact parameter, a mea-
sure of the overlap of the incoming protons. The different scatters for a specific impact
parameter are regarded as independent scatters obeying Poisson statistics. Pythia’s
model is more sophisticated compared to Jimmy. For example, it takes into account the
flavour structure of previous interactions in the underlying event by adjusting the PDF’s
and it has the option to interleave multiple interactions with initial state radiation using
a common p2T ordering variable [107].

Jimmy only provides a description of the underlying event. For the hard scatter-
ing, parton showering, and hadronisation it relies on Herwig. Because Herwig’s own
(rudimentary) underlying event model does not include multiple interactions, the two
are generally used in conjunction with each other.
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Chapter 2. Monte Carlo generators

Predictions

Both Pythia and Jimmy have been tuned to Tevatron data [116, 117]. Predictions for
the LHC using these tunings, however, are quite different for the two programs, as is
illustrated in Figure 2.4. This reflects the fact that aspects of the underlying event are
not yet entirely understood, such as the energy evolution of the underlying event model
— in contrast with parton splitting whose energy evolution is understood, and that the
underlying event models are incomplete5. In any case, further tuning of the parameters
using LHC data will be needed to acquire a realistic description of the underlying event.
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Figure 2.4: LHC predictions and CDF data of the average particle multiplicity 〈Nchg〉
in jet events as function of leading jet pT . Charged particles have
pT > 0.5 GeV and |η| < 1 and are in the transverse region (in azimuthal
angle φ) of the leading jet. The particle multiplicity in this region is a mea-
sure of the amount of activity due to the underlying event. Figure taken
from [119].

In Chapter 7 the impact of multiple interactions to the jet multiplicity in W + jets
as background to tt̄ production will be assessed.

5For example: much effort is currently being done to model colour reconnection and rescattering in
Pythia [32, 118]. Colour reconnection means that partons from the underlying event can interact with
partons from the hard scattering due to their colour charges. Rescattering refers to the possibility of a
parton interacting multiple times in a hard scattering.
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2.2. Combining partons showers with matrix elements

2.2 Combining partons showers with matrix elements

Matrix elements give a good description of wide angle, high-pT emissions of partons. At
the same time, parton showers are a good approximation for emissions towards the soft
and collinear limit. A number of techniques now exist to use the best of both worlds and
improve on the accuracy of conventional ME+PS generators. In the following sections
an overview of these techniques will be presented. Various methods to merge matrix
elements with parton showering will be discussed in more depth.

2.2.1 Matrix element correction for the parton shower

Significant improvements in the W and Z/γ∗ boson pT distributions are obtained when
applying a matrix element correction to the parton shower. This is shown in Figure 2.5.
At leading order the production of a boson is a 2 → 1 process. The transverse momentum
of the boson has to come mainly from the recoil against a parton generated by the
parton shower in the initial state. The parton shower model does not reliably predict
the emission of high-pT partons. In this region, the matrix element for boson production
plus the emission of one hard parton (2 → 2) is more accurate. A matrix element
correction to the parton shower thus means that the parton shower is modified in such a
way that its prediction for the hardest emission corresponds to what the (2 → 2) matrix
element would have predicted.

Figure 2.5: Comparison of Herwig predictions for the transverse momentum distribu-
tion of the Z/γ∗ boson compared to CDF data. The dotted line corresponds
to the prediction without matrix element correction, while the solid and
dashed lines include matrix element corrections. The latter also has an
additional intrinsic pT of 1 GeV. Figure taken from [120].
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Chapter 2. Monte Carlo generators

In Pythia the matrix element correction for gauge boson production in two steps
[121]. First, the parton shower is allowed to cover the full phase space up to the centre-
of-mass energy s instead of the hard scattering scale M2

W or M2
Z , since a hard parton

can be emitted before the boson production at a higher scale. Second, the splitting
probability for the first emission is reweighted in the parton shower, thereby giving the
same result for the hardest emission as the 2 → 2 matrix element would have done.

Herwig uses an angular ordered parton shower. This means that the first emission
is not always the hardest emission. The matrix element correction is therefore applied
slightly differently [122, 120]. Below the scale M2

W or M2
Z the splitting probability of the

parton shower for the hardest emission is reweighted as is done for Pythia. Above this
scale, the exact matrix element for one additional parton is used.

The matrix element corrections are suitable for gauge boson production with one
additional hard emission. A more generalised procedure for this and other processes
with multiple emissions will be discussed in Section 2.2.3.

2.2.2 Matching the parton shower with NLO matrix elements

Using NLO matrix elements instead of LO has several advantages. The inclusion of
real and virtual corrections gives a better description of the emission of an additional
parton, a considerably smaller sensitivity to the renormalisation and factorisation scales
µ2
R and µ2

F , and thus a more precise normalisation. To deal with emissions in the soft
and collinear regions and to define exclusive final states6 which can be passed on to
a hadronisation model, a parton shower is still needed. However, the complication of
possible double counting arises: emissions are accounted for in some regions of phase
space by both matrix elements and parton shower. The principle of double counting is
shown in Figure 2.6 for the process gg → tt̄+X .

double counting

Figure 2.6: Illustration of double counting between the third and fourth diagram.

The first diagram represents the LO process gg → tt̄ at O(α2
s), defined by the matrix

element, with an additional softer gluon from the parton shower. The second and third
diagram refer to the virtual and real corrections at NLO O(α3

s). Again, additional softer
gluons could arise from the parton showering. However, when such an additional gluon is
not soft, like in the most right diagram, the same state as the third diagram is generated.
Hence in that case there is double counting between the real emission from the NLO

6Here ‘exclusive’ means final states with a fixed number of additional partons, as opposed to ‘inclu-
sive’ which means final states with any number of additional partons.

2
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2.2. Combining partons showers with matrix elements

matrix element (2 → 3) and the emission from the parton shower with the LO matrix
element (2 → 2). Note that double counting can occur in the final state as well as in the
initial state.

MC@NLO

In Ref.[104] a method was derived to match the NLO matrix element with parton show-
ering without double counting. The result is called MC@NLO and has been extended
to include heavy flavour production as well [123]. The method is based on a modified
subtraction scheme, which can be represented in a simplified form [104]:

(
dσ

dO

)

msub

=

∫ 1

0

dx

[

IMC(O, xM(x))
a [R(x)− BQ(x)]

x

+ IMC(O, 1)

(

B + aV +
aB [Q(x)− 1]

x

)] (2.6)

Where O is the observable of interest. x is the energy fraction of the parton radiated
off, which is limited by a maximum xM(x) ≤ xM(0) = 1 . IMC(O, xM(x)) refers to the
distribution in the observable O as obtained by running the MC starting from a given
energy xM with a N + 1 body final state. Similarly IMC(O, 1) refers to the distribution
starting from a N body final state. B, V and R(x) correspond to the born level, virtual,
and real emission contributions respectively with a the coupling constant. Note that the
former two belong to the N body final states, whereas the latter to an N + 1 body. In
the soft limit the real contribution reduces to lim

x→0
R(x) = B. Finally, Q(x) is a splitting

probability function and is part of the Sudakov form factor in the MC:

∆(x1, x2) = exp

[

−a

∫ x2

x1

dx
Q(x)

x

]

with 0 ≤ Q(x) ≤ 1 and lim
x→0

Q(x) = 1. The reason for the presence of the Q(x) terms is

twofold: on one hand they prevent divergences due to the 1/x terms when x ↓ 0 and on
the other hand they prevent double counting. The terms depend on the shower imple-
mentation and are therefore MC generator specific. Although MC@NLO is interfaced
with Herwig, it is possible to use the MC@NLO method with Pythia [124].

The event generation occurs in a few steps. First a random x is picked with 0 ≤ x ≤ 1.
Then the event weight is determined for the N +1 body state IMC(O, xM(x)). Similarly,
the weight for the counter event IMC(O, 1) is evaluated. Because the two terms on the
right hand side of Eq.(2.6) are finite for every x, the events can be unweighted. However,
the weights are not positive definitive. Hence after unweighting events have either weight
+1 or −1. The resulting distributions have NLO accuracy for inclusive variables and
follows the leading log behaviour of the MC for small x with a smooth transition in
between.
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POWHEG

Another method providing NLO accuracy interfaced with a parton shower is Powheg
[125]. The basic principle behind Powheg (a Positive Weight Hardest Emission Gen-
erator) is similar to the matrix element corrections in Section 2.2.1:

dσ = dΦB

(

B(ΦB) +
{

V (ΦB) +

∫

R(ΦB,Φr)dΦr

})[

∆t0 +∆t
R(Φ)

B(ΦB)
dΦr

]

The cross section includes the born level B(ΦB), virtual V (ΦB) and real R(ΦB,Φr) con-
tributions giving the NLO normalisation. The hardest emission is reweighted according
to the matrix element. The modified Sudakov form factors defined as

∆t = exp

[

−
∫

θ(tr − t)
R(ΦB,Φr)

B(ΦB)
dΦr

]

represent the no-emission as well as, implicitly, the emission probability. Note that to-
gether these two probabilities are 1. Event weights in Powheg are all positive. For the
angular ordered shower in Herwig the first emission is not always the hardest emis-
sion. A truncated shower is needed in this case to correctly implement soft wide angle
radiation between the hard scale and the hardest emission.

A comparison for heavy quark production has been made between MC@NLO and
Powheg [126]. For tt̄ production results agree very well7. For bb̄ production, where
the higher order processes flavour excitation and gluon splitting are more important,
significant differences become visible between the two approaches. It is suggested [126]
that perturbative corrections, beyond the NLO accuracy of the two methods, are likely
non-negligible for bb̄ production.

Although foreseen in the near future, an implementation of the Powheg method
was not available yet in the ATLAS software framework at the time of writing this
thesis.

2.2.3 Merging the parton shower with tree-level matrix ele-
ments

Matching NLOmatrix elements with parton showers gives an improved description of the
first emission. But for the second and subsequent softer emissions this matching method
still relies on the parton shower. To enhance the predictions for multiple hard emissions,
required for estimation of events with many additional jets, alternative techniques have
been devised: CKKW [127], CKKW-L [128], MLM matching [100], and Pseudo-Shower
[129]. Note that these are no longer NLO.

General concept

The techniques are all based on the same idea: the phase space for emissions is divided
into a region handled by matrix elements, thereby including interference effects, and

7Except for a dip in the rapidity distribution of the hardest extra jet. This feature will be discussed
briefly in Section 2.2.4.
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a region handled by the parton shower. The former region corresponds to hard and
wide-angle emissions, the latter to the region for emissions in the soft and collinear
limit.

In Figure 2.7 an illustration is given of how the phase space could be divided by using
a cone of size ∆RMS around the emitting parton. The separation of phase space is needed
to prevent double counting as shown in Figure 2.8. Ideally, the resulting kinematical
distributions do not depend on this (unphysical) merging scale. To achieve a smooth
interpolation, the transition from matrix element to parton shower is done by reweighting
the emissions in the matrix element region with Sudakov form factors and the running
coupling constants evaluated at the emission scales, like in the parton shower region.
This results in exclusive final states suitable for further hadronisation.

In the following paragraphs MLM matching, CKKW and CKKW-L and their dif-
ferences in phase space division and reweighting techniques will be explained in more
detail.

∆η

∆φ

z

ME emission

∆RMS

∆η

∆φ

z

PS emission

∆RMS

Figure 2.7: Illustration of dividing the phase space into a region for emissions described
by the matrix element (left) and a region for emissions described by the
parton shower (right). In this example, the phase space is divided by a cone
with size ∆RMS =

√

(∆η)2 + (∆φ)2.

MLM matching

MLM matching8 [130, 100] is the simplest of the three merging techniques. Instead of
reweighting explicitly with Sudakov form factors it uses a veto on events which contain
emissions from the parton shower in the region already covered by the matrix element.
Tree level matrix elements are provided by Alpgen for various Standard Model pro-

8MLM: named after M.L. Mangano
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n=0 n=1 n=2 double counting

Figure 2.8: Tree level matrix elements merged with parton shower for the gg → tt̄
process. In the left diagram a collinear gluon is emitted by the parton shower
in addition to the tree level tt̄+0p matrix element. In the second diagram
a soft gluon is emitted by the parton shower in addition to the hard parton
from the tree level tt̄+1p matrix element. The two right diagrams illustrate
double counting: the configuration of a hard parton emitted by the parton
shower in addition to the hard parton from the tree level tt̄+1p matrix
element is the same as the tt̄+2p matrix element.

cesses with up to six final state partons and parton showering is done by either Pythia
or Herwig.

In the first step, parton level configurations are generated with constraints on the
transverse momenta pT,i and pseudo-rapidities ηi of the partons i and on the distance
∆Rij between the partons i and j. The scales at which the PDF’s and coupling constants
are evaluated are typically set equal to the mass or transverse mass of the particles
produced in the hard scattering: µ2

F = µ2
R =

∑

i[m
2
i + (pT,i)

2]. A configuration is chosen
according to the relative size of the cross section for each final state multiplicity n =
0 . . .N . Then a kT -algorithm [131] is run over the selected parton level configuration to
find the kT scales at which two partons merge into one. The kT scales are defined as:

dij = min(p2T,i, p
2
T,j)∆R2

ij with: ∆R2
ij = (yi − yj)

2 + (φi − φj)
2

diB = p2T,i
(2.7)

with dij the kT scale of two partons i and j and diB of parton i and a beam. Repeating
this until no further merging is possible, gives a reconstructed branching history as
illustrated in Figure 2.9. This history is required to be consistent with the colour flow of
the parton level configuration. The kT scale of each branching is then used to reweight
the coupling constant αs, which was initially evaluated at a fixed scale µ2

R:

w =
n∏

i

αs(d
2
i )

αs(µ2
R)

Then the parton shower is run with default settings, starting from the scale of the hard
scattering down to the shower cut-off. A cone algorithm9 is used to find jets (called
‘clusters’ throughout the matching procedure) in the showered event with a minimum
transverse energy ET,clus and cone size Rclus. Beginning with the hardest parton, for each

9In the case of MadGraph/MadEvent a kT -algorithm is used.
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parton a cluster is sought within a distance ∆R < 1.5 × Rclus. If such cluster is found
it is assumed to originate from the parton and it is not used further for matching with
other partons. For configurations with parton multiplicity n < N the event matches
and is accepted when all clusters are associated with a parton and when the number of
clusters Nclus is equal to the parton multiplicity n. In that case n = Nclus and the event
belongs to the exclusive sample Sn,excl. For the highest parton multiplicity configuration,
n = N , the number of clusters Nclus is allowed to be larger than N . These events with
N ≤ Nclus end up in an inclusive sample SN,incl. The exclusive samples Sn,excl and the
highest multiplicity inclusive sample SN,incl should be added up to give the total inclusive
sample Sincl = S0,excl + S1,excl + . . .+ SN,incl.

W−d1

d3

d2

dini, q1

dini, q̄1

dini, g1

d4

dini, q̄2

dini, q2

d5

dini, g2

Figure 2.9: Example of the clustering of a W + jets event. The values of the kT -
parameter at the nodes are such that dini < d5 < d4 < d3 < d2 < d1.
The parton showers of the incoming quark q1 and antiquark q̄1 start at the
scale d1 at which they annihilated. The parton showers of the quarks q2
and q̄2 start at the scale d4 at which the virtual gluon they came from was
produced, assuming that this gluon is softer than the gluon, g1. The parton
shower of the gluon g2 starts at the scale d2, and the shower of gluon g1
starts at the scale d3 at which the gluon which branched to produce it was
produced. Figure taken from [129].

Note that the cone algorithm used for finding clusters merely divides the phase
space for emissions between matrix element and parton shower. Modifying the matching
parameters should not alter the distributions of physical observables obtained from an
MLM matched sample Sincl. It only changes the relative contribution of the individual
samples Sn,excl and SN,incl to the total sample Sincl. For the same reason, the choice of a
jet algorithm in a physics analysis is independent of the choice for the cone algorithm
in MLM matching.

In the ATLAS software framework, MLM matching is implemented for Alpgen
with the Herwig parton shower. The method is used for simulation of the W + jets

41

2



Chapter 2. Monte Carlo generators

and Z + jets processes. In this thesis the method has also been used for tt̄ + n-jets
production. An implementation of MLM matching with the pT -ordered parton shower
of Pythia was not developed yet by the ATLAS collaboration.

CKKW

The CKKW prescription10 [127, 132] is implemented in Sherpa. CKKW differs from
MLM matching in the way the reweighting with Sudakov form factors is done. CKKW
uses analytically calculated Sudakov form factors with next-to-leading-log (NLL) accu-
racy. Parton level configurations are generated like in the case of MLM matching. The
PDF’s and the coupling constant are evaluated at the merging scale dini, which is lower
than the (transverse) mass scale used in MLM matching. Again a kT -algorithm is used
to obtain an evolution tree which gives the kT scales of the parton branchings with
d1 > d2 > . . . > dini. The definition of ∆R2

ij in Eq.(2.7) is slightly different for CKKW:

∆R2
ij =

2 [cosh(yi − yj)− cos(φi − φj)]

D2

With parameter D ∼ 1. The di scales are used to reweight events with the coupling
constants evaluated at the emission scales:

w =
n∏

i

αs(d
2
i )

αs(d2ini)

Reweighting with the Sudakov form factors is done in the following way. Internal lines
are reweighted with:

w = ∆(d2i , d
2
ini)/∆(d2j , d

2
ini)

which corresponds to the probability of no resolvable branching at dini between two
branching scales di and dj with di > dj. External lines are reweighted with:

w = ∆(d2i , d
2
ini)

corresponding to no resolvable branching at dini below the scale di. After reconstructing
the emission scales, the parton shower is run. The shower starts at the scale of the last
branching of each final state parton and goes down to the cut-off scale of the parton
shower. Events with parton shower emissions above the merging scale dini are rejected.
For events with the highest parton multiplicity, n = N , the scale dN is used instead of
dini.

Recently further improvements to the CKKWmethod have been proposed [133]. The
main modifications are the introduction of truncated showers to deal better with the
ordering of emissions and the usage of a slightly different jet algorithm. The modifications
will be implemented in a future release of Sherpa.

10CKKW: Catani-Krauss-Kuhn-Webber
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CKKW-L

CKKW-L11 is based on CKKW, but there are two important differences. Where CKKW
uses the kT -algorithm for reconstruction of the shower history and analytical Sudakov
form factors for the reweighting, CKKW-L relies completely on the parton shower itself
to reconstruct a history and calculate the accompanying Sudakov form factors. In prin-
ciple, CKKW-L works with any parton shower that has well-defined intermediate states.
Currently, a CKKW-L implementation for hadronic collisions is only available for the
W + jets process with Ariadne’s dipole cascade [128] using MadGraph/MadEvent
for matrix element generation.

Parton level configurations are produced at an initial scale Q2
0 like in the case of

CKKW. Then a shower history, generated by the dipole cascade itself, is selected which
corresponds to the parton level configuration. The shower history contains intermediate
states S0, . . . , Sn and accompanying emission scales p2T,1 > . . . > p2T,n. Reweighting is
now a bit more involved. First, events are reweighted with the ratio of PDF’s to have the
same starting point as the S0 state would have had as it was generated by the matrix
element at m2

W :

w0 =
x′
+fq(x

′
+, m

2
W ) · x′

−fq̄(x
′
−, m

2
W )

x+fi(x+, Q2
0) · x−fj(x−, Q2

0)

Then, for each dipole splitting another reweighting with PDF’s is done:

w1 =
n∏

i=1

RPDF
i

The exact form of the ratio RPDF
i depends on the type of dipole splitting [128]. In

conventional parton showers this reweighting corresponds to the PDF ratio in Eq.(2.2)
and cancels eventually with w0. The coupling constants are reweighted for each scale
like CKKW:

w2 =
n∏

i

αs(p
2
T,i)

αs(Q
2
0)

The reweighting with Sudakov form factors, eventually, is achieved via a veto algorithm.
The Sudakov form factor ∆Si

(p2T,i, p
2
T,i+1) corresponds to the probability of not having

emissions from a state Si between the scales p2T,i and p2T,i+1. The veto algorithm repro-
duces these probabilities for all intermediate states by performing trial emissions with
the dipole cascade, starting from a state Si at scale p2T,i, and rejecting the event if the
trial emission is above the scale p2T,i+1. For the initial state S0 the starting scale of the
cascade is p2T,max = W 2/4, where W is the total invariant mass of the hadronic collision,
which is a larger initial scale than for conventional parton showers. For the final state Sn

with n < N events are accepted as long as one of the parton parton pairs is not above
the merging scale Q2

MS, while for n = N all events are accepted. Finally, the parton
shower is allowed to continue until the shower cut-off p2T,cut is reached.

There are a few issues associated with the CKKW-L implementation in Ariadne’s
dipole cascade. First, the initial state q → qg splitting, with g the incoming gluon

11CKKW-L: variation on CKKW introduced by Lönnblad
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for the hard scattering, is missing. Although not essential for W + jets production, for
other processes, such as tt̄ + n-jets it might be a serious deficit. Secondly, the events
are weighted. Although it should in principle be possible to generate events with unit
weight, an unweighting procedure has not been implemented yet. Ariadne’s CKKW-L
method is not incorporated yet in the ATLAS software framework.

2.2.4 Comparisons

The performances of various implementations of the three merging techniques have been
extensively compared for e+e− → qq̄g at LEP [129, 134] and for production of W + jets
at the Tevatron and LHC [129, 135]. The results for e+e− → qq̄g using ME+PS merging
should be equal to the matrix element correction method explained in Section 2.2.1.
For the e+e− case it was shown that problems arise when applying MLM matching and
the CKKW method with parton showers using ordering variables other than transverse
momentum. In that case it is possible that unordered emissions happen, numerical values
of αs used in reweighting deviate from the parton shower, and discontinuities at the
merging scale appear in kinematical distributions. The CKKW-L method performs best
in that case.

Hadroproduction of W + jets

Results for hadroproduction of W + jets are in good agreement with each other. Fig-
ure 2.10 shows the cross section predictions, together with the uncertainty ranges, for
W + jets production by various methods. The cross sections correspond to the inclusive
production rates per jet multiplicity (ie. ≥ Njets) and are normalised to the average value
of the different methods. The main uncertainties originate from the choice of the scale
in αs and the merging scale.
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Figure 2.10: Comparison of the W + jets cross section predictions and uncertainty
ranges at (a) the Tevatron and (b) the LHC between various implementa-
tions of ME+PS merging. Normalised to the average cross section value
of the implementations per jet multiplicity bin. Figures taken from [135].
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At the Tevatron, results are in good agreement. At the LHC, Ariadne seems to
predict a systematically higher cross section. The explanation for this is that Ariadne’s
dipole cascade is not purely based on DGLAP evolution.

Top quark pair production

Comparisons for jet spectra in tt̄ production using parton showers with and without
MLM matching have also been made [136]. It was shown that uncertainties due to the
ordering variable used in the shower and the starting scale of the shower reduce signif-
icantly when applying MLM matching. This indicates that the techniques mentioned
above enhance the predictability of parton showers.

The MLM method in Alpgen has also been compared for tt̄ production with the
NLO accuracy of MC@NLO. Although most distributions show good agreement, the
most notable difference is in the jet multiplicity. This is shown in Figure 2.11. Again,
variance between the two approaches becomes more visible at the LHC, where the avail-
able phase space for hard parton emissions is much increased.

(a) (b)

Figure 2.11: Comparison between MC@NLO and Alpgen of the predictions for the num-
ber of additional jets in tt̄ production at (a) the Tevatron and (b) the
LHC. Alpgen distributions are generated from an inclusive sample (S1)
using matrix elements for tt̄ + 0 and 1 additional parton. Figures taken
from [137].

Another difference is visible in Figure 2.12, in the rapidity distributions of the hardest
additional jet y1. Where MC@NLO predicts a dip around y1 = 0, Alpgen peaks at
this value. This dip is not expected from the NLO calculation for tt̄ + 1 additional hard
parton [88]. In Ref.[138] it is demonstrated that the dip is likely caused by a mismatch,
beyond NLO, in MC@NLO’s treatment of emissions inside and outside the phase space
region accessible to the parton shower of Herwig. The Powheg method generates the
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hardest emission completely independently of the parton shower and does not predict a
similar rapidity dip [139].

(a) (b)

Figure 2.12: Comparison between MC@NLO and Alpgen of the predictions for the ra-
pidity distribution of the first additional jet in tt̄ production at (a) the
Tevatron and (b) the LHC. Figures taken from [137].

Data

Finally, the true test for the methods discussed in this chapter is experimental data.
A first comparison was made by DØ [140] and is shown in Figure 2.13. DØ measured
the ratio of the Z/γ∗+ ≥ n jet production cross sections to the total inclusive Z/γ∗

cross section in pp̄ collisions at
√
s = 1.96 TeV with a dataset of 0.4 fb−1 integrated

luminosity. Only events were selected in which the Z/γ∗ decays to e+e−. In Figure 2.13
data is compared with three different predictions. The first, mcfm [20], is a cross section
generator which calculated the Z+1 jet and Z+2 jets cross sections with NLO accuracy.
The second, ME+PS, is a variation on the CKKW prescription of Section 2.2.3 to
merge matrix elements with partons showering [129]. MadGraph/MadEvent was
used for generating the matrix elements and Pythia for the parton showering. The
third prediction is done with Pythia using the matrix element corrections outlined in
Section 2.2.1.

The agreement between the prediction obtained with the ME+PS method and data
is very good, while the Pythia prediction underestimates the ratio for higher jet mul-
tiplicities, and the mcfm prediction, although very good, is limited to a jet multiplicity
of two.

In more recent and detailed studies by DØ [141, 142, 143] and CDF [144, 145], also
the transverse momentum and angular distributions of jets measured in Z + jets and
W + jets events are compared with Monte Carlo predictions. It was found that Pythia
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Figure 2.13: Ratios of the Z/γ∗+ ≥ n jet cross sections to the total inclusive Z/γ∗ cross
section versus jet multiplicity. The uncertainties on the data (dark cir-
cles) include the combined statistical and systematic uncertainties added
in quadrature. The dashed line represents predictions of LO Matrix El-
ement (ME) calculations using Pythia for parton showering (PS) and
hadronisation, normalized to the measured Z/γ∗+ ≥ 1 jet cross-section
ratio. The dotted line represents the predictions of Pythia normalized to
the measured Z/γ∗+ ≥ 1 jet cross-section ratio. The two open diamonds
represent predictions from MCFM. Figure taken from [140].

and Herwig do not describe the distributions of jets well12. Predictions made with
various ME+PS methods, give good results for the shape of the jet spectra. However, the
predicted productions rates are systematically above or below the measured rates, with
large uncertainties due to the renormalisation scale. In all cases, the NLO predictions
by mcfm give the best agreement with data for both the shape and normalisation of
the leading and subleading jet distributions. Figure 2.14 demonstrates this.

2.3 Conclusions

As explained in the previous sections, various techniques exist for merging matrix el-
ements and parton showers. The most important feature of these techniques is an im-
proved predictability of the parton shower for production of multi-jet events. Predictions
for the Tevatron are in good agreement with data. Extrapolation to the LHC and com-
parison with other techniques show that the merging techniques are essential tools to
study multi-jet events. The current implementations only work with tree-level matrix
elements, ie. using loopless multi-leg Feynman diagrams. One step further, to one loop
matrix elements merging with parton shower, has been explored for e+e− → hadrons
events [146]. Work is ongoing to extend similar methods for hadronic collisions [147].
Again, the advantage would be a reduced scale sensitivity, leading to a better normal-
isation and, depending on the kinematical variable, NLO accuracy as in the case of
MC@NLO but now for multiple emissions.

12except for the leading jet when using the pT -ordered parton showering of Pythia.
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Figure 2.14: (a) The measured distribution of 1
σZ/γ∗

× dσ
dpT (jet)

for the leading jet in

Z/γ∗ + jet+X events, compared to the predictions of MCFM NLO. The
ratios of data and theory predictions to MCFM NLO are shown (b) for
perturbative QCD predictions corrected to the particle level, (c) for three
parton-shower event generator models, and (d) for two event generators
matching matrix elements to a parton shower. The scale uncertainties
were evaluated by varying the factorisation and renormalisation scales by
a factor of two. Figure taken from [142].

In this thesis a comparison of Alpgen and MC@NLO was performed for the tt̄
process at the LHC around the same time as Ref.[137]. The analysis in Chapter 6
however was performed in the ATLAS environment, including detector simulation and
offline reconstruction software. The result was used for a determination of the expected
systematic uncertainty due to the usage of Monte Carlo simulation in a tt̄ + n-jets cross
section measurement.

The difference in W + jets production rate predictions for the LHC by Ariadne
compared to other generators is striking. W + jets is one of the main backgrounds to a
tt̄ + n-jets cross section measurement and good understanding of this process is therefore
needed. An implementation of Ariadne using the CKKW-L method did not exist
yet in the ATLAS software framework. This was the reason to develop an interface
for Ariadne with the framework. The results obtained using this interface have been
studied and compared with the established generators in the ATLAS collaboration,
Alpgen (MLM matching) and Pythia. This work is presented in Chapter 7.
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