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Abstract

Herwig++ is the successor of the event generateRWIG. In its
present version 2.2.1 it provides a program for full LHC dvgen-
eration which is superior to the previous program in manypeets.
We briefly summarize its features and describe present watlsame
future plans.

1 Introduction

With the advent of the LHC era it was decided to completelyritevthe general purpose event
generatoHERWIG [1,2] in C++ under the name Herwig++, based on the packagPHEGH 3, 4].
The goal is not only to provide a simple replacementHaRwIG but to incorporate physics
improvements as well [5]. From 2001 until now Herwig++ hasrbeontinuously developed and
extended [6-10]. The current version is 2.2.1, cf. [11]. Phegsics simulation of the current
version is more sophisticated than the one of ForraRwIG in many respects. In this report
we will briefly summarize the status of the different aspexftshe simulation. These are the
hard matrix elements available, initial and final stateqgaghowers, the hadronization, hadronic
decays and the underlying event. We conclude with an outiogkanned future improvements.

2 Physicssimulation steps
2.1 Matrix elements

The event generation begins with the hard scattering ofiiieg particles or partons in the case
of hadronic collisions. We have included a relatively snmalmber of hard matrix elements.
These include e~ annihilation togg pairs or simply taZ® bosons and deep inelastic scattering.
In addition there is the Higgsstrahlung process~ — h°Z°. For hadron—hadron collisions we
have the QC2 — 2 processes including heavy quark production. For colosifiesl states we
have the following matrix elements,

hh — (v,Z°) = €707, hh—W* = Fy(mg), hh— b, hh—hZ°, hh—yy.
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We also provide matrix elements for processes with additigais in the final state, like
hh — (7, Z°, W) +jet,  hh — h® +jet .

In addition, there are matrix elements for perturbativeagle®f the top quark, which will be sim-
ulated including spin correlations (see below). There bgllsome more matrix elements added
in future versions, e.g. fdth — ¢qh®. Despite the rather small number of matrix elements, there
is no real limitation to the processes that may be simulatédkerwig++. In practice, one may
use any matrix element generator to generate a standartfde¢h?] which in turn can be read
and processed by Herwig++.

For processes with many legs in the final state we follow aedbffit strategy. When the
number of legs becomes large — typically larger than 6—-8ghastin the final state — it will
be increasingly difficult to achieve an efficient event gatien of the full matrix element. For
these situations we have a generic framework to build upixekements for production and
decays of particles in order to approximate any tree levefimmelement as a simple production
process with subsequent two or three body decays. This is@ goproximation whenever the
widths of the intermediate particles are small. The spimetations among these particles can be
restored with the algorithm described in [13]. Also finitediin effects are taken into account [14].
The full simulation of several processes of many models fysjts beyond the standard model
(MSSM, UED, Randall-Sunrum model) is thus possible in Hgtwi [15]. Here, all necessary
matrix elements for production and decay processes aréraotexi automatically from a model
file.

2.2 Parton Showersand matching with matrix elements

After the hard process has been generated, typically atge lscale~ 100 GeV-1TeV, the
coloured patrticles in the process radiate a large numbedditianal partons, predominantly
gluons. As long as these are resolved by a hard scale bfeV this is simulated with a co-
herent branching algorithm, as outlined in [16] which gatiees the original algorithm [17—-19]
used iNHERWIG. The main improvements with respect to the old algorithmba@st invariance
along the jet axis, due to a covariant formulation, and thprowed treatment of radiation off
heavy quarks. We are using mass—dependent splitting funscdnd a description of the kine-
matics that allows us to dynamically generate the dead-efeet. In addition to initial and final
state parton showers there are also parton showers in thg débeavy particles, the top quark
in our case.

When extrapolating to hard, wide—angle emissions, theopahower description is not
sufficiently accurate in situations where observables ni¢jpa large transverse momenta in the
process. In these cases we supply so—called hard matrieeterorrections that describe the
hardest parton emission, usually a hard gluon, with themdtrix element for the process that
includes that extra parton. In order to consistently dbscthe whole phase space one has to
apply soft matrix element corrections. Matrix element eotions are available for Drell-Yan
type processes, Higgs productionginfusion ande* e~ annihilation togg—pairs. In addition, we
apply a matrix element correction in top—quark decays [20].

From the point of view of perturbation theory, the hard maglement correction is only
one part of the next—to—leading order (NLO) correction toBlorn matrix element. The full NLO



calculation also includes the virtual part with the samelfgstate as the Born approximation.
When trying to match NLO calculations and parton shower rdlgms systematically, we have
to avoid double counting of the real emission contributiohngo systematic approaches are being
successfully discussed and applied in event generators@MIO [21-23] and the POWHEG
approach [24, 25]. In Herwig++ we have included working epda of matching in both ap-
proaches. The MC@NLO method, adopted to Herwig++ is desdrib [26]. Whereas the
POWHEG method has already been applied for several pracasséec— annihilation [27, 28]
and also for Drell-Yan production [29]. Parts of these immatations will become available in
future releases.

Another viable possibility to improve the description of Q@adiation in the event gen-
eration is the matching to multiple tree—level matrix eletse that describe the radiation of
additional jets with respect to the Born level. Theoreticahost consistent is the CKKW ap-
proach [30] which has been studied in the context of an angutkered parton shower in [31].

2.3 Hadronization and decays

The hadronization model in Herwig++ is the cluster hadratiin model which has not been
changed much from its predecessorHBRWIG. After the parton shower, all gluons are split
nonperturbatively intg;g pairs. Then, following the colour history of the parton ca$e, all
colour triplet—antitriplet pairs are paired up in cologdeclusters which still carry all flavour and
momentum information of the original partons. While these laeavier than some threshold
mass they will fission into lighter clusters until all clusteare sufficiently light. These light
clusters will then decay into pairs of hadrons.

The hadrons thus obtained are often heavy resonances thatevitually decay on time-
scales that are still irrelevant for the experiment. Theslrdnic decays have been largely rewrit-
ten and are modeled in much greater detail in Herwig++. WihileErRwIG they were often
simply decayed according to the available phase space welyjow take into account more
experimental information, like form factors, that allow fa realistic modeling of decay matrix
elements [32,33]. In a major effort, a large fraction of tleealy channels described in the particle
data book [34] have been included into Herwig++.

2.4 Underlying event

The underlying event model of Herwig++ is a model for mu#tiglard partonic interactions,
based on an eikonal model, similartmamy [35]. In addition to the signal process there are a
number of additional QCD scatters, including full partomskrs, that contribute to the overall
hadronic activity in the final state and eventually also gise to a (relatively soft) jet substructure
in the underlying event. The model has two important pararsgbne parameter, describing
the spatial density of partonic matter in the colliding pred. Secondly, there is one cut off
parametep | i, that gives a lower bound on the differential cross sectiorQf6D 2 — 2 jet
production. The model has been carefully tuned to Tevateta [B6]. Further possible bounds
on the model parameters have been studied in [37]. An atteenanodeling of the underlying
event on the basis of the UAS5 model [38] is also available fsiohic reasons.

Currently, the multiple partonic interaction model is lted to hard scattering while a soft



component is simply not present. For a realistic simulatibminimum bias events a soft com-
ponent is, however, very important. An extension into tHersgion, allowing us the simulation

of minimum bias events is currently being studied and idyike be included in the next release
of Herwig++.

3 Availability
The latest version of Herwig++ is always available from loegé:

http://projects. hepforge. org/ herw g

There one can also find wiki pages to help with questions cairgg installation, changing
particular parameters and other frequently asked questidhe installation process is straight-
forward on any modern variant of linux. The physics detdilthe program are now documented
in great detail in our manual [33]. The pdf version of the malntontains addional links to
the online documentation of the code. All important pararsehave been carefully tuned to a
wealth of available data and the code is shipped with defaarhmters that give the best over-
all description of the data that we have tuned to. Detailsheftine can also be found in the
manual [33].
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