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Abstract — A review on the state of the art of Monte Carlo tools for high energy hadronic collisions is

presented, with particular emphasis on recent theoretical developments and on the requirements posed

by the LHC physics program.

1 Introduction

The last few years have seen a very intense activity in improving existing Monte Carlo tools and developing new

ones. Looking back at the brilliant results extracted from data taken in the last decade at Tevatron Run I, and

beeing the LHC an hadronic machine like Tevatron, one may wonder whether for LHC detector simulation and

data analysis it should not be enough to run the packages available for Tevatron Run I by simply changing the

initial state (pp̄→ pp) and the center of mass energy
√
s ' 2 TeV → √

s = 14 TeV. However, mainly two aspects

make of the LHC a completely different machine with respect to Tevatron:

• the increase of a factor of O(103) in luminosity,

• the increase of a factor of ten in the available center of mass energy.

The first item makes of the LHC a particle factory with statistics much larger than any other machine built up to

now (see Table 1). With such a statistics, the ultimate goal of Standard Model (SM) physics at LHC should be

Table 1: Expected event rates at LHC (L = 1034 cm−2 s−1)

Process Events/s Events/year Other machines (total statistics)

W → eν 150 109 104 LEP / 107 Tevatron

Z → ee 15 108 107 LEP

tt̄ 8 108 104 Tevatron

bb̄ 106 1013 108 BaBar/Belle

QCD jets pt > 200 GeV 103 1010 107 Tevatron

QCD jets pt > 1 TeV 0.15 106

an absolute error of about 15 MeV and 1 GeV for MW and mtop respectively, a relative precision on mH of the

order of 0.1% and a determination (even if less precise) of Higgs couplings to gauge bosons and fermions. In

view of these peculiarities, the uncertainties in theoretical predictions could become a limiting factor in extracting

information from data analysis.

The large center of mass energy should allow the production of new heavy particles, which decay leaving signatures

characterized by large jet multiplicities. In order to control the backgrounds to such final states, we need reliable

theoretical calculations for multi-jet final states. The presence of large jet multiplicities is a feature of LHC, as can

be noted by looking at Table 2. While at Tevatron, going from a given final state to the same with an additional jet,

the cross section always decreases, at the LHC this does not always happen. In particular from the column N = 0
to N = 1 of Table 2, the cross section increases for all displayed processes, except for the bb̄bb̄ final state. The

main reason behind this behaviour, in addition to the available phase space, is the relevance at LHC of processes

initiated by gluons, whose parton distribution functions at small x are much larger than those related to quarks.
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Table 2: Comparison between LHC and Tevatron cross sections for some final states for different final state jet

multiplicities [1]. The event selections are specified in ref. [1].

Process +N jets N = 0 N = 1 N = 2 N = 3 N = 4
lνlbb̄, LHC (pb) 2.222(4) 3.013(9) 1.83(1) 0.831(8) 0.307(5)

lνlbb̄, FNAL (fb) 332.2(7) 86.2(4) 18.3(2) 3.17(3) 0.44(3)

tt̄tt̄, LHC (fb) 12.73(8) 17.4(2) 13.5(1) 7.55(6) 3.48(5)

tt̄bb̄, LHC (pb) 1.35(1) 1.47(2) 0.94(2) 0.457(8) 0.189(4)

tt̄bb̄, FNAL (fb) 3.44(3) 0.95(1) 0.154(1) 0.0187(2) 0.00187(5)

bb̄bb̄, LHC (pb) 477(2) 259(5) 95(1) 28.6(6) 25.0(3)

bb̄bb̄, FNAL (pb) 6.64(5) 2.25(3) 0.470(5) 0.076(1) 0.0025(5)

This signals the importance of higher-order corrections, which are by far dominated by QCD radiation. However,

for some precision observables, also electroweak corrections sooner or later will become important. For instance

in Drell Yan, the precise W -mass determination with the foreseen accuracy requires the inclusion of O(α) elec-

troweak and higher-order photonic corrections. We have already now programs dealing with these problems, such

as WGRAD and ZGRAD2 [2] for O(α) electroweak corrections, HORACE [3] and WINHAC [4] for higher order QED

corrections. In the high mass tails of electroweak resonances or in events with O(TeV) c.m. energies, the Sudakov

enhanced double logarithmic corrections, of electroweak origin, could become relevant. Last, but not least, also

QCD next-to-next-to-leading corrections, whose calculations have seen recently enormous progresses, could be of

the same order of electroweak corrections, being α2
s ' αe.m.. However the techniques for implementing next-to-

next-to-leading corrections in Monte Carlo programs are not yet established. In this contribution I will concentrate

on QCD Monte Carlo programs, by reviewing the features of the three general classes:

• Monte Carlo integrators,

• Parton Shower event generators,

• Multi-parton Monte Carlo event generators.

The last section will be devoted to reviewing recent progresses in combining the good features from different

classes of programs.

2 Monte Carlo integrators

To this class belong all programs able to calculate cross sections and distributions numerically, the numerical inte-

grations being performed with the Monte Carlo algorithm. Thanks to the flexibility of the Monte Carlo procedure,

such programs can give predictions for arbitrary event selections, but only partonic final states are generated. They

provide events with flat distribution on the phase space (unless variance reduction techniques such as importance

sampling are adopted) weighted with the matrix element of the process under consideration. For this reason they

are also called “generators of weighted events”. The typical use of a Monte Carlo integrator is to obtain predictions

in fixed order perturbation theory beyond leading order. At present the techniques (slicing and subtraction method)

are well established to build next-to-leading (NLO) Monte Carlo integrators. The cross section or any other ob-

servable distribution is obtained as the sum of the tree-level contribution coherently summed to the one-loop virtual

corrections to the process 2 → n, plus the real contribution σ(2 → n + 1), where the emission of an additional

gluon is considered. The fact that the gluon is massless (and the masses of the light quarks are not well defined)

is at the root of the infrared and collinear divergencies. These can be dealt with the above mentioned slicing or

subtraction methods, in order to obtain stable numerical predictions. The available codes cover many important

final states for LHC physics at NLO, such as, for instance:

• N jets N ≤ 3 [5],

• V V ′ V, V ′ = W,Z [6],

• V j [6],

• γ + 1 jet [7],
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• γγ [7],

• V +N jets N ≤ 2 [8],

• V + bb̄ [8],

• QCD production of H + 2 jets [9],

• heavy flavour production [10].

Also other NLO calculations are available, such as single top production (qb → bq ′ & qq̄′ → tb̄) [11], QQ̄H [12]

with Q = t, b, even if there is no corresponding publicly available computer programs up to now.

The knowledge of NLO corrections is important to test the theoretical uncertainty of the calculations by studying

their stability against variations of the renormalisation and factorisation scales. Monte Carlo programs able to treat

arbitrary event selections can be used to test the validity of the K−factors (defined inclusively as σNLO/σLO) at

the level of distributions, where different bins can receive different corrections. Even if they are very important

tools, Monte Carlo integrators have several limitations:

• while they work nicely in describing the effects of hard radiation, they fail in the region of soft/collinear

singularities, where pure perturbative calculations are unreliable. The accuracy of the calculations can be

increased in certain regions of phase space implementing resummed calculations, which are however valid

for one observable at a time;

• some multiparton final states will be important at LHC (for instance pp → tt̄bb̄ for Higgs physics). In this

case multiparton final state NLO virtual QCD corrections are necessary for a NLO Monte Carlo program,

which is however beyond the present technical possibilities. Standard techniques for the evaluation of virtual

corrections can not be applyed to processes with many (possibly massive) partons in the final states. Several

groups are working on this problem, investigating new seminumerical method to calculate virtual corrections

with arbitrary ecternal legs [13];

• the essential ingredient of any NLO calculations, namely virtual and real corrections, display strong cancella-

tions on the phase space, with the virtual part becoming negative. This prevents a probabilistic interpretation

of the elastic event and consequently the generation of unweighted events, which would be distributed in the

phase space according to the theory and with unity weight, and would be very useful for detector simulations;

• as already stated, Monte Carlo integrators provide only partonic events, which are not directly observed in

the detectors.

These shortcomings allow to introduce the nex class of Monte Carlo programs, the Parton Shower Event Genera-

tors.

3 Parton Shower Monte Carlo Event Generators

The key ingredient of this class of programs is the parton-shower technique, which allows to generate higher order

corrections starting from a simple (tipically 2 → 1 or 2 → 2) process. The parton-shower technique is a numeric

Monte Carlo solution of the DGLAP evolution equations, which allows the calculation of QCD (and also QED)

higher order radiative corrections in the region of collinear parton branching and/or soft gluon emission. The

subsequent parton emission is a stochastic Markov process in which successive values of the evolution variableQ,

the momentum fraction z and the azimuthal angle φ are generated (allowing for kinematics reconstruction). With

this method, leading logarithms are automatically resummed to all orders of perturbation theory. Starting from the

scale Q2 of the hard process, the next value Q′2 is selected by solving the equation

∆i(Q
2, Q2

0) = ξ∆i(Q
′2, Q2

0), (1)

where ∆i is the Sudakov form factor, i.e. the probability of no emission between the scalesQ2 andQ2
0. The process

of showering is completely factorized over the kernel amplitude, rendering the Parton Shower event generators

general-purpose tools, which provide in a natural way unweighted events. Supplementing the showered events

with some model of hadronisation, the Parton Shower event generators allow to describe the complete history

of the hadron-hadron interaction, from initial state radiation, hard scattering, showering, hadronization, to final
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state hadrons and leptons, including the underlying event (beam remnants, collisions between other partons in

the hadrons and collisions between other hadrons in the colliding beams). All these stages, apart from the hard

subprocess are process independent. The great advantages of Parton Shower event generators are their universality

and the possibility of providing an exclusive description of the events, i.e. the complete information for every

particle is recorded. For these reasons they are invaluable tools for detector simulations and they are so widespread

among the experimental community. The most commonly used Monte Carlo event generators are HERWIG [14],

PYTHIA [15] and ISAJET [16]. In view of the LHC era, where simulation and data analysis become more

and more complex and involve an increasing number of users, transparency and maintenance of the codes start

to become an important issue. For this reasons, a number of new codes are being constructed. These include

the completely new versions in C++ of HERWIG and PYTHIA. Both HERWIG++ [17] and PYTHIA7 [18] rely

on a common event generation framework called ThePEG [19] and concentrate on the specifici implemetation

of physics models for different aspects of event simulation. ThePEG, in turn, incorporates the organisation and

structure of the event generation itself. A completely independent approach is represented by the recent package

SHERPA [20], also written in C++.

4 Merging NLO calculations with Parton Shower Event Generators

While Parton Shower event generators describe correctly the radiation in the soft/collinear regions, with auto-

matic resummation of leading logarithmic terms, they fail to describe hard wide-angle radiation because of the

approximation in the matrix elements with additional radiation and as a consequence the cross sections are correct

at Leading Order (LO). For instance, as a result of quantum coherence between the diagrams describing gluon

emission from a color dipole, the emission of further radiation is limited within the cones built up with the two

emitting color charges. As a consequence the so called “dead zones” appear in the phase space, where radiation is

absent. A first improvement on that, which however leaves the cross section still accurate only at LO, is to correct

the parton shower approximation with matrix element corrections. HERWIG and PYTHIA have been corrected by

means of the exact (process dependent) O(αs) real matrix elements, by filling the dead-zones of the phase space

and by reweighting the Parton Shower weight of the hardest emission using the matrix element corrections. The

corrected processes are top quark decay, Drell-Yan and Higgs production. As can be seen from fig. 1 for the case

of Drell-Yan, these corrections are very small at Tevatron energies, while they are important at the LHC in the hard

tail [21]. Since virtual corrections are missing in this approach, the normalisation is still accurate at LO. Recently

Figure 1: W qT distribution compared with D0 data and calculated for LHC [21].

may efforts have been devoted to the problem of interfacing complete NLO calculations with Parton Showers

Event Generators. This program would have several positive features, such as: 1) the normalisations accurate at

NLO; 2) the hard tails of the distributions correct as in NLO calculations; 3) soft/collinear emissions treated as in

Parton Shower event generator, i.e. automatic resummation of the leading logarithms; 4) soft matching between

soft/collinear and hard regions without double counting; 5) generation of unweighted exclusive events. A potential

drawback could be the presence of negative weights. The problem has been studied by different groups, providing

three methods, implemented in respective codes.

One of them, MC@NLO [22], which is already available as a public code, is based on the NLO subtraction method

of the infrared and collinear singularities and is interfaced to HERWIG, even if the method is completely general. A

small fraction of the events (at the level of 10-15%) has negative weights. The NLO corrections for the following

final states are already available:
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• W+W−, W±Z , ZZ;

• tt̄, bb̄;

• H

• W±, Z , γ∗, lil̄j .

A comparison between the predictions of HERWIG, NLO calculation and MC@NLO is given in Fig. 2 for the pT

of the WW pair and for the W+ pT at LHC energy. As can be seen, MC@NLO reproduces HERWIG in the low pT

regions and the NLO calculation in the hard pT regions, as it should.

Figure 2: Example of comparison between HERWIG, NLO calculation and MC@NLO for two W distributions at

LHC [22].

The method proposed by the Grace group [23] is based on an hybrid NLO slicing and subtraction scheme. It

displays potential double counting problems, unless a particular tuning of the Monte Carlo is provided and negative

weight events are present. The corresponding code grcNLO is not yet available in the form of public package.

The Phase Space Veto proposed by M. Dobbs [24] is instead based on NLO slicing method. It avoids from

the beginning negative weight events but suffers from partial double counting between events generated with

parton shower and events generated via NLO matrix element. Up to now the method has been applied to W and Z
production, but no program is publicly available yet.

5 Multiparton Monte Carlo Event Generators

The previous strategy of merging NLO calculations with Parton Shower Monte Carlo programs is not feasible at

present for arbitrary multiparton processes. For such final states, even the calculation of exact LO matrix elements

can be a very difficult task, due to the very large number of Feynman diagrams involved. A further difficulty is

given by the complex peaking behaviour in the phase space rendering the numerical integration a non trivial task.

Some LO multiparton event generators were already available for Tevatron run I data analysis, such as for instance

PAPAGENO [25], VECBOS [26] and NJETS [27].

Only recently, thanks to helicity amplitude or completely numerical algorithms and of course computer power, sev-

eral matrix element event generators have been constructed, such as ACERMC [28], ALPGEN [1], AMEGIC++ [29],

CompHEP [30], GRACE [31], HELAC/PHEGAS/JETI [32], MADEVENT [33] 1). They can generate partonic

weighted and unweighted events. The strategy to describe real final states with hadrons is to pass the unweighted

event samples to the Parton Shower Monte Carlo for further showering and hadronization. This kind of modularity

(generate events with one program and further use them with another one) has been facilitated by means of the so

called Les Houches Accords [35]. As an example of the processes easily covered today we can list the processes

handled by ALPGEN:

• (W → f f̄ ′) +N jets, N ≤ 6, f = l, q ,

• (Z/γ∗ → f f̄) +N jets, N ≤ 6, f = l, ν,

1)It is worth mentioning PHASE [34], an event generator dedicated explicitely to complete Standard Model predictions for processes with

six-fermion final states.
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• (W → f f̄ ′)QQ̄+N jets, (Q = b, t), N ≤ 4, f = l, q,

• (Z/γ∗ → f f̄)QQ̄+N jets, (Q = b, t), N ≤ 4, f = l, ν,

• (W → f f̄ ′) + c+N jets, N ≤ 5, f = l, q ,

• n W +m Z + l H +N jets, n+m+ l ≤ 8, N ≤ 3,

• QQ̄+N jets, (Q = b, t), N ≤ 6,

• QQ̄Q′Q̄′ +N jets, (Q,Q′ = b, t) , N ≤ 4,

• QQ̄H +N jets, (Q = b, t), N ≤ 4,

• N jets, N ≤ 6,

• N γ +N jets, N ≥ 1, N +M ≤ 8, M ≤ 6,

• gg → H +N jets (mt → ∞) ,

• single top .

During the workshop MC4LHC held at CERN in 2003 [36], there has been an intensive activity aimed at validating

the accuracy of the programs through several tuned comparisons.

6 Matching partonic event generators to Parton Shower

The procedure mentioned above of interfacing matrix element unweighted events with Parton Shower is not free

of ambiguities. In order to generate partonic events, one needs to implement cuts at the partonic level. They

are unphysical, in the sense that the final jet cross-section should be independent of their choice, provided that

they are not harder than the cuts applied to the real jets. However, starting with looser partonic cuts increases

the probability of obtaining n jets from n +m partons after parton showering (giving rise to the double-counting

problem), as can be seen in Fig. 3, which shows the jet rates with the constraint Ejet
T > Ecut

T for the hardest jet

in W + 3 jets events at Tevatron, versus the parton separation ∆Rpart imposed at the level of ME generation.

The jets are reconstructed with the cone algorithm and the cross sections are normalized to the result obtained

with ∆Rpart = 0.7. The increasing ratio for smaller ∆Rpart is due to both the collinear divergence of the matrix

Figure 3: The rate for pp̄→W +3 jets at Tevatron as a function of the partonic separation cut ∆Rpart normalized

to the cross section for ∆Rpart = 0.7.

element for ∆Rpart → 0 and the increasing double counting for smaller ∆Rpart. A first approximation to the

solution of the problem could consist in requiring a jet matching for every parton [37]. With this recipe the shapes

of theW +3 jets example above become flatter, as diplayed in fig. 4, but still showing a residual dependence on the

parameter ∆Rpart. The general problem of matching multiparton matrix element calculations with parton showers
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Figure 4: The same as in fig. 3, requiring a jet matching for every parton [37].

has been extensively studied in the literature and for e+e− collisions a solution (CKKW) has been proposed and

tested on LEP data [38], which avoids double counting and shifts the dependence on the resolution parameter

beyond next-to-leading logarithmic (NLL) accuracy. The method consists in separating arbitrarily the phase-space

regions covered by matrix element and parton shower, and use, for all parton multiplicities, vetoed parton showers

together with reweighted tree-level matrix elements by means of suitable Sudakov form-factor combinations. The

necessary steps for the implementation of the procedure can be summarized as follows:

• select the jet multiplicity n according to the jet rates obtained with matrix elements with resolution yij >
ycut, defined according to the kT -algorithm [39] (yij = 2min(E2

i , E
2
j )/ŝ(1 − cosϑij));

• generate n parton momenta according to the matrix element with fixed αs(ycut) and reweight the event with

the probability of no further branching by means of Sudakov form factors;

• build a “Parton Shower history” by clustering the partons to determine the values at which 1,2,...,n jets are

resolved. In so doing a tree of branchings is constructed and the nodal scales characteristic of each branching

are used to reweight the event with running αs;

• apply a coupling constant reweighting factor αs(yi) / αs(ycut) ≤ 1 for every branching of the “Parton

Shower history”, where yi is the nodal scale;

• after successful unweighting, use the n-parton kinematics as initial condition for the shower, vetoing all

branchings such that yij > ycut.

The extension of the procedure to hadronic collisions has been proposed in ref. [40]. Recent detailed results of

the implementation of the procedure with the programs HERWIG, PYTHIA and SHERPA have been presented in

ref. [41, 42]. In the case of hadronic collisions there is a certain degree of arbitrariness, such as the choice of the

Sudakov form factors, the choice of the scale of αs (LO or NLO), the treatment of the highest-multiplicity matrix

element, the choice of the clustering scheme, the use of flavour or colour information to define the tree and the

related reweighting factors, the treatment of gauge bosons. All these uncertainties entail that a large degree of

tuning on the data (possibly process-dependent) will be needed, and further work remains to be done to find what

the correct prescriptions are. A systematic uncertainty of the order of 30% has been estimated in ref. [42].

Given these large uncertainties, a simpler recipe valid at leading logarithmic accuracy has been proposed by

M.L. Mangano in line with the proposal of ref. [37]. The steps can be summarized as follows:

• generate partonic events for different jet multiplicities (pT > pmin
T , ∆Rjj > Rmin);

• shower the events with default Parton Shower Monte Carlo;

• before hadronization, process the showered events with a cone jet algorithm;

• require partons-jets matching
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– require for each hard parton a jet within ∆Rmatch ' Rjet,

– reject the event if two partons match to the same jet or if one parton has no match,

– keep the event if all partons are matched;

• the above procedure defines the inclusive sample;

• for exclusive samples rejects events where there is an extra jet not matched to any matrix element parton.

The cross section is calculated as the product of the partonic cross section times the matching efficiency.

After these steps, the inclusive sample containing events with all multiplicities can be obtained combining exclusive

samples, and the physics analysis with inclusive samples should be as much as possible independent of generation

cuts. As can be seen from Fig. 5, for the case of the pW
T at Tevatron, the resulting uncertainty is at the level of

15-20%, complarable to the CKKW one.

Figure 5: Effect of different generation cuts on the integrated pW
T spectrum. Uncertainty of the order of ± 15%. The right

panel shows the ratios of the samples generated with PT20, PT30 and PT10R07, divided by PT10. The right panel shows all

four samples divided by a plain HERWIG W sample (by M.L. Mangano with ALPGEN).

The αs reweighting of the partonic events could be important on its own, because it should effectively give, in a

gauge-invariant way, the bulk of the NLO QCD corrections. This could be tested in cases where multijet NLO

calculations are available.

7 Summary

The last few years have seen intensive efforts in the development of methods to update existing Monte Carlo sim-

ulation programs or write new ones, in order to meet the requirements posed by the LHC: very high statistics for

all SM processes studied up to now and presence of multi-jet final states. In this contribution a review of the three

general classes (Monte Carlo integrators, Parton Shower event generators and Multi-parton event generators) and a

(not exhaustive) list of the available programs has been presented. After a discussion of the good features and lim-

itations of each approach, the techniques recently studied to merge different classes have been illustrated, namely

NLO calculations with Parton Shower event generators on one hand and Multiparton matrix element generators

with Parton Shower simulation packages on the other hand. While the field is very active with the approaching of

the LHC startup, the programs and methods already available could be thoroughly validated against the coming

Tevatron run II data.

I would like to thank the Organizers, in particular A. Ballestrero and C. Mariotti, for their kind invitation.
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