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Abstract

We describe progress in the development of Monte Carlo event generators for the full simulation of collider physics
events on the hadron level. We briefly comment on all areas of simulation but focus on the matching of higher order
perturbative matrix elements and developments in multiple partonic interaction models.
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1. Introduction

Monte Carlo (MC) event generators have become an
indispensible tool for analysing data from recent col-
lider experiments. In the past decade the main multi-
purpose event generators  and  [1, 2, 3]
have been completely rewritten [4, 5] and a new gener-
ator,  [6, 7] has been established.

In this contribution we would like to summarize the
most important developments that have been made in
order to meet the requirement of increased theoreti-
cal precision. Furthermore, early data from the Large
Hadron Collider (LHC) has triggered new developments
in the modelling of the Underlying Event. Many de-
tails will be limited to the development of the ++
event generator.

In Fig. 1 we sketch the important simulation steps
during the course of event generation. We start out
with the hard scattering event (central blob), which de-
scribes the part of the simulation that happens at very
short distances and is assumed to factorize from the rest
of the event description. The distribution of energies
and relative angles of typically a handful of particles
is obtained from a Feynman diagram description of the
physical subprocess. However, the particles in the final
state are observed hadrons and will only be described by
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long–distance physics. To bridge this gap, parton show-
ers evolve the final state from the hard (short disctance)
scale Q to a small scale Q0 ∼ 1 GeV, thereby emit-
ting mostly collinear and soft gluons from all coloured
particles of the hard subprocess in the initial and final
state. At this scale, the perturbative domain ends and the
partonic degrees of freedom are converted into hadrons
(circles in the final state) via a hadronization model, the
cluster hadronization model in this case (white blobs).
Finally, many of the created hardons are unstable, short-
lived resonances that decay, possibly via other unstable
hadrons, into stable particles, that live long enough to
be probed by the detectors. In addition to this sequence
of physical processes, all triggered by the hard subpro-
cess, there may be additional (not so) hard processes,
also called multiple partonic interactions. These are
mostly fairly soft QCD interactions that also undergo
parton showering etc. and produce additional particles
in all the available phase space, although most of this
activity will be found in the forward region.

2. Hard process and parton showers

The simulation of tree level processes with the
available event generator programs is straightforward.
 already comes with the automatic matrix ele-
ment generators  [8] and ++ [9]. These
are capable of generating matrix elements of in prin-
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Figure 1: Sketch of the simulation of a typical hadron collider event.

ciple arbitrary complexity. The performance of generat-
ing events efficiently is, however, limited by the phase
space generation to processes with typically 8-10 parti-
cles in the final state.  and  come with a
number of processes built-in. These contain most of the
interesting standard model processes. Physics beyond
the standard model can also be modeled in both pro-
grams [10, 11, 12]. In , complex processes are
being built-up automatically from simple 2 → 2 pro-
cesses, followed by hard 1→ 2 and 1→ 3 body decays,
based on the narrow width approximation for heavy in-
termediate particles. Spin correlations are restored to a
good approximation, based on the algorithm described
in [13]. In addition, events that cannot be handled di-
rectly by the latter two generators, can be generated with
standard matrix element generators like ME [14]
and written to event files in the Les Houches Event File
(LHEF) format specified in [15]. These files contain
unweighted events that are specified in sufficient detail
such that they can be read in by the standard event gen-
erators which apply parton showers and hadronize the
partonic final states.

The parton shower evolution has been newly formu-
lated in various ways throughout all the event genera-
tors during the last decade. The development of -
++ was based on the reformulation of angular or-
dered parton showers for massive particles [16]. 
now uses transverse momentum ordered parton show-
ers that are interleaved with multiple partonic interac-
tions [17, 18].  by default has a parton shower
evolution [19] based on Catani–Seymour Dipole sub-
traction terms [20]. Alternatively  has imple-
mented a shower [21] that is based on dipoles similar
to the ones used in the  program [22]. Show-
ers based on subtraction terms have been worked out by
other groups [23] and also  has one implemented
[24]. The  approach [25, 26, 27] employs antenna
subtraction terms to formulate the parton showers and is
available as an add-on module for . The motiva-

tion behind the reformulation of parton showers, based
on subtraction terms for NLO calculations is the antici-
pated simplicity of matching fixed order calculations to
the parton shower algorithm. This will be discussed in
more detail below.

Fig. 2 compares the central transverse thrust, mea-
sured by CMS [28] to different event generator pro-
grams. As already known from LEP, the event gener-
ators are very well capable to describe this overall event
structure. Parton shower and hadronization parameters
are usually tuned to event shape data from LEP. The
same quality of description is achieved at hadron col-
liders. The same holds for the integrated jet shapes, cf.
Figs. 3 and 4. Here, the internal energy flow within a
single jet of given radius R is measured. Ψ(r) is the to-
tal energy of all particles in the jet with readius smaller
than r. It is expected that this observable, mostly given
by collinearly emitted particles is well described by par-
ton showers and the subsequent hadronization models.
This is indeed the case. One should note, however, that
at hadron colliders the underlying event contributes sig-
nificantly to the energy flow in each jet. Without a rea-
sonable modeling of this, the description would never
be as accurate as shown in the Figure.

3. Hard radiation

When considering harder radiation than in the pre-
vious section, the parton shower models still do some-
times remarkably well but often need to be supple-
mented with additional information about the momen-
tum distribution of the hard particles. This is to a first
approximation given by the matrix elements which in
turn are calculated from Feynman diagrams. The par-
ton showers only include information about the soft and
collinear part of these matrix elements and hence are not
sufficient to describe this alone. The first step towards
including hard radiation are so-called hard matrix ele-
ment corrections [31, 32]. The description of the high
pT tail of the transverse momentum spectrum of vector
bosons in hadronic collisions can not be described by
parton showers because the phase space that is accessi-
ble for hard gluon radiation is not sufficient. This can be
corrected by filling in the phase space for hard radiation
‘by hand’ with the hard matrix element. Once corrected
for the first hard emission, the approach breaks down
already for the second hardest emission and so forth.

The inclusion of matrix element information for mul-
tiple hard radiation has been achieved in the CKKW ap-
proach [33, 34, 35]. The algorithm merges tree level
matrix elements for a given process B and all subse-
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Figure 2: Transverse Thrust distribution from CMS [28] compared to
different event generators [29], (top: 90 < pT /GeV < 125, bottom:
125 < pT /GeV < 200).

Figure 3: Integrated jet shapes from ATLAS [30] compared to differ-
ent generators (80 < pT /GeV < 110; 1.2 < |y| < 2.1) [29].
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Figure 4: See caption of Fig. 3.

Figure 5: Sketch of leading process and processes with additional hard
radiation. The cone denotes the different domains of parton shower
and hard radiation, characterized by the separation scale Qini.

quent processess with a maximum of n additional hard
partons, cf. Fig. 5.

The hard radiation is separated from soft and
collinear radiation by a merging scale Qini below which
we trust the description of the parton shower and above
which the additional information from the hard matrix
elements should be used. Now, the rates for matrix el-
ements with m additional hard jets that are resolvable
above Qini are calculated on the basis of the leading
logarithmic approximation of the parton shower but the
angular information is taken from the matrix element.
This approach has been compared from a variety of im-
plementations in [36]. Care has to be taken when the
resolution scale of a jet algorithm to determine the num-
ber of hard jets above the merging scale and the merging
scale itself don’t concide in their physical meaning. In
addition, it is possible that the parton shower applied to

fill in the radiation below the merging scale is evolved
in a scale with a different physical meaning than the
merging scale. The resulting problems are usually seen
as bumps inside distributions which are not washed out
on the parton level [37]. To gain overall consistency
one has to apply so-called truncated showers in order
to fill the parton shower phase space properly, particu-
larly for soft, wide-angle emissions [38, 39]. Apart from
the overall normalization of all distributions which is
formally still leading order, the accuracy of spectra for
multiple jets is very remarkable. Shapes of high multi-
plicity events are reproduced in great detail where par-
ton shower only descriptions are clearly seen to fail.

Fig. 6 shows histograms of the scale at which an
event switches from a two-jet to a three-jet event in the
Durham kT -jet algorithm. The dashed vertical line de-
notes the matching scale Qini. In the upper panel one
can clearly see an imbalance of the contributions above
and below the matching scale, which is due to the lack
of truncated showers. In the lower panel, the truncated
shower is applied and it is ensured that all available
phase space is populated properly, hence the two con-
tributions are matched much more smoothly. The same
observable is shown in Fig. 7 against LEP data with an
uncertainty band that results from variations of the ar-
gument of αS and Qini. The agreement and stability are
quite remarkable.

The same algorithm, applied to hadronic collisions
gives matching of similar quality. Fig. 8 shows the mul-
tiplicity of additional jets in W plus jet events at the
Tevatron against data. One should note that the his-
togram is normalized such that the first bin is correct,
as the Monte Carlo (at LO) is not intended to describe
the overall normalization. The higher multiplicities are
matched very well and it is clearly seen that the parton
shower alone fails to describe this data.

4. Next-to-leading order

In a case quite complementary to the multi-jet case
above, where only one extra emission is of interest but
the overall normalization is supposed to be more ac-
curate it is important to match the MC simulation to a
next-to-leading order (NLO) matrix element. The aris-
ing problem is that extra hard radiation can be generated
from the real correction matrix element as well as from
the parton shower which leads us to a double counting
problem.

Let us consider the way out in more detail. An Ob-
servable O may be described at NLO quite symbolically
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Figure 6: y23 distributions at LEP on the parton level, without (upper)
and with truncated showers [39].

Figure 7: y23 distribution at LEP compared to the simulation with
truncated showers. The red band results from variations in scales [39].
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Figure 8: Multiplicity of additional jets in W events compared to
 [38].

via the following contributions,

〈O〉 = O(0)
[
B + V̄

]
+

∫
dxO(x)

R(x) − A(x)
x

. (1)

Here, B denotes the Born level contribution. R(x) is the
squared real correction matrix element, depending on
some real emission phase space variable x, with the di-
vergent behaviour 1/x factored out. The limit x→ 0 de-
notes the usual infrared divergent limit, where the emit-
ted particle becomes collinear or soft. A(x) is an arbi-
trary subtraction term which is sufficiently regular and
has the property A(0) = R(0) such that the logarithmi-
cally divergent contribution from the integral becomes
finite. Furthermore, A(x) is chosen sufficiently simple
in order to be integrated over the phase space x analyt-
ically, exhibiting the singular structure e.g. in terms of
a dimensional regularization parameter. Then, V̄ is the
virtual correction plus the integrated subtraction term,
such that all infrared divergences have been canceled.
Thus far, this procedure is known as subtraction method
and used in many recent NLO calculations [20, 40].

When applying a Monte Carlo simulation with the
hard process taken from either a Born kinematic con-
figuration (x = 0) or a real emission configuration we
add in an extra contribution that is proportional to the
splitting function P(x) that will also contribution to the
full NLO result, when expanded together with the Born
configuration. Therefore, one may modify the descrip-
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tion of the observable as

〈O〉MCNLO =O(0)
[
B + V̄ +

∫
dx

P(x) − A(x)
x

]
+

∫
dxO(x)

R(x) − P(x)
x

. (2)

Now, if the parton shower is applied to either the Born
type configuration (first line) or the real emission contri-
bution (second line), the respective contributions from
the splitting functions cancel on average with those
from the parton shower and we have formally arrived
at a proper NLO description of the observable. The
freedom we still have is, apart from the right soft and
collinear limits, the choice of the exact form of A(x) and
of the splitting function, that is, however, given by the
parton shower implementation to be matched. We can
now discuss the solutions of the double counting prob-
lem that have come up in the literature along the lines
of Eq. (2).

The pioneering paper on matching parton showers
and NLO calculations was [41]. There, the idea was
to take the parton shower at face value, i.e. P(x) was
worked out from the Fortran  (f) parton
shower and a convenient subtraction scheme (the FKS
scheme [42]) was used. Looking at Eq. (2), no partic-
ular simplification was achieved, but the integral in the
first line had to be calculated only once and for all for
the given parton shower algorithm. This had soon been
extended to heavy particles [43] and was also worked
out for more complicated processes [44, 45, 46]. By
now, the list of available processes is quite long [47]
and all processes are also available for the latest -
++ parton shower [48]. Fig. 9 shows a comparison
of the b quark transverse momentum relative to the par-
ent t quark in tt̄ production, simulated in @, once
with f and once with ++.

The second method which is now very frequently
used to match parton showers and NLO calculations is
called  (positive weight hard emission generator)
method because is overcomes the necessity of a small
number of negative events. It is apparent from the ob-
servation that Eq. (2) simplifies significantly whenever
not a given parton shower is used but the first emission
is constructed from a parton shower based entirely on
the real emission matrix element, i.e. P(x) = R(x). In
this case, the second line in Eq. (2) vanishes and hence
we only produce Born type events with weights given
by the inclusive NLO cross section Eq. (1). From there,
a single parton shower emission is constructed from a
special Sudakov form factor that contains the full R(x)
rather than the much simpler splitting function. As this
generation may be computationally quite intensive, it

Figure 9: b quark transverse momentum relative to t quark in tt̄ pro-
duction [48]. ++ (solid) vs f (dashed).

is only applied for the first hard emission. All subse-
quent emissions are formally beyond NLO and hence
here the usual parton shower can be used. The method
was first reported in [49] and soon extended to more
complicated processes [50, 51, 52, 53, 54, 55]. All pro-
cesses are available via a single program package [56].
The  method has also been used early on by the
 collaboration to implement a large number of
processes, first as external packages [57, 58] and now
for processes of varying complexity with the regular re-
leased version of  [59, 60, 61, 62]. Fig. 10 shows
the transverse energy flow in deep inelastic scattering
versus H1 data. The matrix element correction is clearly
needed, while the NLO matched result improves the sta-
bility of the prediction. The accurate information on
the addition of hard emission from the NLO calculation
becomes vital in the distribution of a 3rd central jet in
Higgs production events via vector boson fusion. This
can clearly be seen in Fig. 11.

In addition to the above methods, from Eq. (2) we
find another significant simplification if a custom parton
shower is implemented such that P(x) = A(x). In this
case, the integral in the first line vanishes and the sec-
ond line is exactly the subtracted real contribution that
is normally calculated in every NLO program that uses
the subtraction method. As already mentioned above, a
number of parton showers have been implemented using
the Catani–Seymour subtraction kernels [19, 23, 24].
Despite the fact that these showers have a number of
advantages due to the accurate shower kinematics and
the good approximation of matrix elements in the phase
space away from the collinear limit, the original motiva-
tion to use the subtraction kernels as shower kernels is
that the NLO matching becomes trivial for the above
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Figure 11: Rapidity of the 3rd jet relative to the two tagging jets in
VBF Higgs production [62]. Shown are simulations at LO (dashes),
with matrix element correction (dots) and NLO matched (solid).

reasons. Both, the  and the @ method
have been used in  [63] and  [24] to match
dipole showers to NLO calculations. In both cases, an
automated matching to existing calculations is intended,
e.g. by using the well-defined format for NLO output
[64]. A critical comparison of the two methods can be
found in [65]. It should be noted that particularly the
 method may be problematic when used with a
parton shower that is not ordered in the same transverse
momentum that is used for the definition of ‘hardness’
in this approach. Fig. 12 depicts this situation for a
pT ordered shower (above) and an angular shower (be-
low). In the first case, the hardest emission is gener-
ated first and all subsequent emissions have a smaller
pT , albeit not ordered in emission angle. In the latter
case the hardest emission is entered into the middle of
an angular ordered cascade. This situation can only be
achieved if the softer, large angle emissions are inserted
afterwards but before the hard emission. Otherwise, the
colour structure will be disordered resulting e.g. in a dif-
ferent multiplicity of charged particles inside the jet that
is generated by the parton in question. This truncated
shower is always included in the internal implementa-
tions of the NLO matched processes. Additional in-
stabilities might be expected when considering Fig. 13.
Despite the fact that both approaches are formally ac-
curate to NLO, the @ and  results differ
quite significantly. Additionally the LO curve clearly
indicates that some portion of phase space for the LO

Figure 12: Sketch of parton showers and subsequent hard emission in
pT ordering (above) and angular ordering (below).

Figure 13: Rapidity of the additional jet relative to the vector boson
pair in W−Z0 production [66].

parton shower is missed to be filled, hence the large
gap at central rapidities. Research towards the differ-
ences of the two matching approaches is carried out in
[65]. Fig. 14 illustrates that the new information gained
from NLO matching as opposed to ME+PS merging can
be the stability of the overall normalization. A simple
K factor is introduced for ME+PS result. Once again,
the parton shower alone doesn’t populate all physically
available phase space.

Recently, the two methods to merge matrix elements
with different multiplicities with parton showers and to
match NLO calculations with parton showers have been
combined to give a result that benefits both from the
increased accuracy of the overall normalization and re-
duced scale uncertainties from the NLO matching and
the increased accuracy in the description of large an-
gle or large transverse momentum emissions [67]. The
proposed method () has been tested with 
[68] and also has been implemented in the  pack-
age [69]. Figs. 15 and 16 show results obtained with this
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Figure 14: The transverse momentum of the Higgs boson in gg→ h0,
comparison of the POWHEG method with ME+PS merging and LO
plus parton shower alone [63].

advanced matching and merging. Fig. 16 shows that the
 approach gives a similar shape as the ME+PS
matched simulation while offering a more reliable pre-
diction of the normalization which is simply put in by
hand for the LO result. The NLO alone gives a much
softer tail of the HT distribution.

5. Hadronization and decays

The hadronization models in the discussed event gen-
erators have not changed much in the physical details
with respect to the implementations in the respective
Fortran programs.  has implemented a newly de-
veloped cluster hadronization model that is in many as-
pects quite similar to the cluster hadronization in 
but differs in details and has a few extensions [70].

The implementation of hadronic decays is very dif-
ferent from those in the Fortran programs. The pho-
ton radiation in the decay of hadrons is much more so-
phisticated and allows for multiple emissions, accurate
to higher orders [71, 72]. In addition, the decays of
τ mesons [73] and other hadrons is modeled in much
greater detail than before, reaching or even surpassing
the level of sophistication of dedicated decay packages.

6. Multiple partonic interactions

An important component in the modeling of high en-
ergy hadronic interactions is the underlying event (UE).
It is now established that most of the activity that is not

Figure 15: Distribution of the merging scale y01 from 0 to 1 jets in tt̄
plus jet events [68].

attributed directly to the hard process stems from ad-
ditional (semi-) hard partonic scatters, so-called multi-
ple partonic interactions (MPI). A first model, on which
most of the implementations are footed was formulated
in [74] and was the main model in  for a long
time. Models based on the assumptions made there, are
implemented recently in  and . In recent
 versions, however, the additional hard scatters
are interleaved with the parton shower [17, 18] such that
a different picture of an evolution in pT space emerges.
New developments in  aim at a smooth inclusion
of diffractive and soft interactions into the multiple in-
teraction picture, based on a Gribov–Regge–approach
[75]. In Fortan  the UE had been modeled in an
additional package  [76] that has added additional
hard scatters to the  simulation. This model had
also been studied with an additional soft component
[77]. Models similar to this hard and soft component of
multiple partonic interactions are now part of the -
++ implementation [78, 79].

With the advent of first LHC data it was soon real-
ized that the model needs an additional mechanism for
colour reconnections. The hard multiple interactions
are correlated arbitrarily in colour space which is un-
physical. Due to colour preconfinement one expects the
different scatters to be correlated such that neighboring
partons in momentum space are also close to each other
in colour space. As neighbours in momentum space
may as well stem from a different hard interaction in
the MPI model it must be possible that the colour con-
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Figure 16: HT distribution in WW events, comparison of MENLOPS,
POWHEG and ME+PS merging [69].

nections are reshuffled via the exchange of soft gluons
such that an overall tension between all colour strings is
somewhat minimized. This effect was already studied
at LEP where it could be expected in W pair production
events (see e.g. [80]) but was found to be insignificant.
At hadron colliders the situation is quite different. Im-
plications for the the top mass determination were stud-
ied in [81].

The implementation of a colour reconnection model
in  minimizes the ‘colour length’ λ which is the
sum of the invariant masses of all clusters after the par-
ton shower λ =

∑
m2

cluster. In order to minimize or re-
duce this sum, all clusters are iterated and for a second
random cluster is is checked whether a swap in colour
charges would reduce λ. If so, this is done with a certain
probability. It is indeed found that this algorithm leads
to much more physical results (Figs. 17 and 18).

With this model, tunes of minimum bias and under-
lying event data from the LHC (900 GeV and 7 TeV)
and the Tevatron have been performed. The underly-
ing event is usually measured in dijet events. Here,
the azimuthal region transverse to the two jets is se-
lected and the density of charged particles and the trans-
verse momentum flow are measured. It is found that
in the transverse region the activity is quite uncorre-
lated to the leading jets themselves. Fig. 19 shows the
density of charged particles with respect to ∆φ, the an-
gle between the leading jet and the additional particles.
The activity in the transverse region is clearly depleted
(π/3 < φ < 2π/3). Fig. 20 shows nicely that the trans-
verse activity decouples from the leading jet momen-
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Figure 17: Charged particle rapidity distribution in minimum bias
events with Nch ≥ 6. ++ 2.5 includes the colour reconnection
model, ++ 2.4 doesn’t.

tum for large momenta, as a plateau is formed, hence
the correct interpretation as underlying event activity.
Fig. 21 shows the correlation between transverse mo-
mentum and Nch which is very sensitive to the colour
structure of the event.

7. Conclusion

A lot of progress has been made in the development
of Monte Carlo event generators. The ‘new’ event gen-
erators ++,  and  are by now proba-
bly superior to the Fortran predecessors and offer a va-
riety of new features. Recently, most progress is being
made in the area of improving the perturbative descrip-
tion of events, nevertheless, there are still important
non-perturbative physics questions like the modelling of
multiple partonic interactions that are very relevant for
an accurate description of collider data.
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[32] E. Norrbin, T. Sjöstrand, QCD radiation off heavy particles,
Nucl. Phys. B603 (2001) 297–342. arXiv:hep-ph/0010012,
doi:10.1016/S0550-3213(01)00099-2.

[33] S. Catani, F. Krauss, R. Kuhn, B.R. Webber, QCD Matrix El-
ements + Parton Showers, JHEP 11 (2001) 063. arXiv:hep-
ph/0109231.

[34] F. Krauss, Matrix elements and parton showers in hadronic in-
teractions, JHEP 08 (2002) 015. arXiv:hep-ph/0205283.
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