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We report on progress with the new Monte Carlo event generator
Herwig++. The chain of event simulation is briefly outlined and details
on current developments, particularly in the framework of Herwig++ are
given.
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1. Introduction

The advent of the LHC poses new challenges towards Monte Carlo event
generators. It was realised some time ago that it will become increasingly
difficult to maintain the “workhorse” Monte Carlo programs like PYTHIA
[1] and HERWIG [2]| in their present state throughout the era of the LHC.
Furthermore, the incorporation of new ideas to improve the event generation
was understood to be difficult. Therefore, it was decided to completely
rewrite the event generators [3,4]|. Besides, also new multi-purpose event
generators, like SHERPA are being developed [5,6]. In this report we focus
on the present status of this rewrite for the case of the program HERWIG
with its successor Herwig++-.

In Fig. 1 we show a sketch of the event generation. The simulation
usually begins with a hard signal process, in the figure this is chosen to be
a pair of leptons (red). Then we have initial state parton showers followed by
final state parton showers, these are the dark and light green gluon emissions
in the figure. Gluons are split into non-perturbative light constituent quark
pairs in the beginning of the hadronization phase. Then we form colourless
clusters which carry flavour and momentum information. The latter ones
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may eventually fission into lighter clusters, if necessary. Finally, clusters
decay into pairs of hadrons according to some simple statistical weights. At
the last stage of the simulation those hadrons that are unstable decay until
we are left only with a handful of hadron species, electrons and photons
— the particles that can be measured in an experiment. In the following
we shall go through the different simulation stages and describe the recent
status of the simulation in Herwig++.

@%ﬁ@

Fig. 1. Sketch of the simulation of a pp collision. There is no remnant handling in
this figure.

2. Matrix elements

There is only a small number of built-in matrix elements available in
Herwig++. The purpose of these is to have the possibility of testing all
possible complications of the following simulation steps. First of all there is
simple jet production in eTe™ annihilation, ete™ — ¢ and also the on-shell
production of a vector boson, eTe~ — Z°. For hadronic collisions we include
the following Drell-Yan type processes with coloured particles only in the
initial states,

hh — (v, Z°) = 070, hh — W* = (Fv(m,), hh—h°, hh — v,

as well as related processes with one additional hard jet in the final state
hh — (v, W, Z°) + jet, hh — hY + jet .

The latter ones play also a role for the hard matrix element corrections that

are included. Furthermore, we have the QCD 2 — 2 processes including
heavy quark pair production.



LHC Event Generation with Herwig++ 2263

Unlike in the previous generation of Monte Carlo simulation programs
this list is very short. However, we do have the possibility to easily ex-
tend this list as there is the possibility to read in event files in the common
Les Houches file format [7]. Most of the tree-level processes of interest for the
LHC are available from the commonly used, and well validated matrix ele-
ment generator programs, e.g. MadGraph, AlpGen, CompHEP, Amegic++.

One exception to this approach is, however, the case of BSM physics
simulation. We have the possibility to simulate spin correlations through-
out the long decay chains, typically occurring the decay of supersymmetric
particles, which may be abundantly produced at the LHC. As in this case
the production and decay are closely linked together, one cannot factorise
these two simulation steps and needs full control over both [§].

In order to utilise the spin correlation algorithm one needs access to
the full helicity information of each process in the generation chain. This
is achieved with the help of an implementation of the HELAS [9] helicity
matrix element within Herwig++ — extended to include also Spin 3/2 and
Spin 2 particles. Most matrix elements in Herwig++ are based on this code.

3. Parton shower and matrix element corrections

The parton shower in Herwig++ has been completely redeveloped. In
[10] new evolution variables have been proposed. The advantages of the
new variables are the smooth coverage of soft gluon phase space and the
consistent treatment of radiation from heavy quarks in the quasi collinear
limit. The implementations of the initial and final state parton showers in
Herwig++ are based on this approach. The formulation of the initial state
shower has been studied in greater detail also in [11].

The final state parton shower had been implemented and tested to a large
extend against LEP data in the first release (version 1.0) of Herwig++ [12].
We have compared to data on jet production, event shapes, single particle
distributions and the like. It was found that all relevant data can be de-
scribed as well as with the FORTRAN program. One particular improvement
that we would like to highlight is the description of the b quark fragmenta-
tion function, based on the parton showering off heavy quarks. In previous
HERWIG one always had to include extra hadronization parameters in order
to achieve a satisfactory description. In Fig. 2 we show a comparison of
Herwig++ to SLD data [13].

Looking at the parton shower in the Drell-Yan process and comparing
it to Tevatron data on Z° production it quickly becomes clear that a hard
matrix element correction [14] is important for transverse momenta larger
than the invariant mass of the produced vector boson. In Fig. 3 (left) the
phase space for the partonic sub-process ¢ — Z%g is shown. The light areas
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Fig. 2. Comparison of the b—quark fragmentation function from Herwig++ against

SLD data [12,13].

are filled by the Herwig++ parton shower whereas the dark grey area in the
middle (dead region) is filled only by an additional hard matrix element
correction. Clearly, when the emitted gluon is soft (§ — M?) the parton
shower emissions have access to the whole phase space, also to large angles.
The lack of emissions in the dead region becomes obvious when comparing
to data. The transverse momentum of the vector boson as measured by
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Fig. 3. Hard matrix element corrections in the Drell-Yan process. Phase space of
parton shower emissions (left). Comparison to CDF data [15] (right).
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CDF [15] is compared to the simulation with and without ME correction in
the right panel of Fig. 3, taken from [16]. The transverse momentum falls
off quickly above the Z%-mass.

Hard and soft/collinear gluon emissions in top decays have been recon-
sidered in [17]. It was found that the choice of kinematics in [10] was not
well-suited for this problem, particularly for the emission of soft gluons. The
choice of the reference vectors in the kinematics reconstruction of the gluon
emission has been modified instead. With this choice, a smooth coverage of
the whole three body phase space has been achieved. As in the Drell-Yan
case already, it is crucial that the hard matrix element correction is com-
plemented with a soft matrix element correction in order to have a smooth
population of phase space at the boundaries between soft /collinear emissions
and the hard emission region.

The hard and soft matrix element corrections are implemented for the
Drell-Yan process (i.e. W and Z production at hadron colliders), for eTe™ —
qq and for the top quark decay. Further improvements of the parton shower
and its matching to matrix elements will be described in Section 5.

4. Hadronization and hadronic decays

The hadronization model of Herwig++ has not changed much with re-
spect to the model in the FORTRAN program. The same cluster hadronization
model has been implemented. Only slight changes have been made in order
to allow for a more universal production of baryons.

In the first version, the hadronic decays have essentially been recoded
in order to mimic the behaviour of the FORTRAN program. These decayers
still exist and can be used. Currently, in a major effort, the decays of un-
stable hadrons have been completely redeveloped. First, a MySQL database
with the particle properties, including decay channels and their branching
fractions has been set up. Most of the information in this database is inde-
pendent of the program that will use it and basically reflects what is in the
Particle Data Book [18]. On top of that, many DecayHandlers have been
implemented that can actually handle all the decays within the framework of
Herwig++. This structure works but has not been validated very extensively
against data.

As already mentioned for the hard processes involving supersymmetric
particles, a cascade of hadronic decays implies spin correlations that are not
taken into account if all 1 — n body decays are handled independently.
In order to improve that situation, a spin correlation algorithm [19]| has
been implemented into Herwig++. The narrow width approximation is still
utilised here but angular correlations can be taken into account on the basis
of the spins of the particles involved. Apart from this specification the
algorithm is universal.
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As an example we consider the decays of a (pseudo-) scalar Higgs boson
into a 7 pair, followed by 7 — 7w decays. In Fig. 4 we show the angle ¢*
between the decay planes of the two 7 leptons and the angle §* between the
two pions in the H/A rest frame. Both distributions strongly depend on
the spin correlations among the final state particles. The figures show that
the spin correlation algorithm of Herwig++4 gives the same answer as the
program TAUOLA [20] which includes full matrix elements for the resulting
four body decays.
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Fig.4. Comparison of the distribution of ¢* and ¢* (see text) in (pseudo-) scalar
Higgs decays into 7 pairs between TAUOLA (full matrix elements) and Herwig++
(spin correlation algorithm).

A further improvement is that running particle widths are taken into
account for important resonances, resulting in different decay channels and
branching fractions, depending on the actual mass that an instable particle
has been assigned.

Whenever charged hadrons decay they may as well radiate a number
of soft/collinear photons and even a hard photon. The simulation of this
additional photon radiation, based on Yennie-Frautschi-Suura (YFS) expo-
nentiation is incorporated into a package SOPHTY [21] which is now also part
of Herwig++.

5. Current and future developments

In addition to the features that have been described in the previous
sections we currently have implemented the parametrisation of UA5 data in
order to have some underlying event simulation. It is well known that this is
really just a parametrisation and needs to be adjusted. Furthermore, not all
observables that are related to the underlying event can be described at the
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same time. One current development is the implementation of a multiple
interaction model, like JIMMY [22] in Herwig++. Nevertheless, currently all
physics models that are needed for a complete simulation of hadron collider
events are implemented and we believe that Herwig++ can be used for some
serious physics analysis already.

Needless to say, that the program is still not perfect. Recently, there has
been a lot of conceptual development in the area of matching higher order
matrix elements and parton showers. Some of these ideas will be included in
future versions of Herwig++. In the following we want to discuss the status
of these developments in greater detail.

5.1. CKKW matching

When asking for a more accurate description of exclusive jet observables
it will become more and more important to take into account angular corre-
lations from higher order matrix elements, which cannot be included in the
parton showering algorithm alone. Particularly when some of the extra jets
are required to be hard the parton shower cannot even access the regions of
phase space that are important for these observables.

For some higher order observables, say involving n additional hard emis-
sions, one would need access to the full n-loop matrix elements. Clearly, for
most observables this is out of reach. One way out, somewhere in between
the pure parton shower picture and the higher order computation is the
Catani—Krauss—Kuhn-Webber (CKKW) approach to matching higher order
matrix elements with parton showers [25,26]. In this approach one generates
an exclusive sample of events with up to n additional hard emissions with
respect to the leading order. In order to achieve this without the full n loop
calculation one still utilises the same NLL approximation (i.e. collinear/soft
logs) that one has in the parton shower alone, in order to describe proper jet
rates. However, when it comes to describing the angular details of the phase
space the full matrix element is used in place of the collinear information
alone. In this way one still has a NLL description of the jet rates, which is
believed to work fairly well but at the same time one has the possibility of
improving the hard, wide-angle gluon emissions.

This approach has proven to be very successful in describing additional
exclusive jets in vector boson production events at the Tevatron [27] as well
as some four jet angular distributions [24| at LEP. All this has been imple-
mented in the program package SHERPA [5]. Implementations for PYTHIA
and HERWIG have also been studied [32].

For Herwig++ this approach has to be modified in order to account
for the different parton shower evolution and the peculiarities of the angular
ordered parton shower. As a first step, this algorithm has been implemented
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for ete™ — jets at LEP [23]. As one of the results we see the distributions of
the Bengtsson—Zerwas and Nachtmann—Reiter angles in comparison to LEP
data in Fig. 5.
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Fig.5. The distributions of four jet angles with and without CKKW matching
compared to DELPHI data [23,24]. Thin lines show the contributions of different
multiplicity matrix elements (blue: ete™ — 4 jets).

An implementation of this algorithm for hadron—hadron collisions is un-
derway and will be important for the accurate simulation of processes with
one or more vector bosons and multiple jets. These in turn are important
(irreducible) backgrounds for various searches at the LHC.

5.2. NLO matching

Another, somewhat complementary, path towards improving the accu-
racy of Monte Carlo event generators is the use of full higher order matrix
elements. At the moment one only considers NLO corrections. The chal-
lenge is again, to avoid double counting of parton emissions that could both
originate from real correction matrix elements and from the parton shower.
The most prominent solution to this problem is MC@QNLO [28-30]. The
philosophy behind the development of this algorithm was to modify the ex-
isting parton shower Monte Carlo program, HERWIG in this case, as little
as possible. The knowledge of how soft and/or collinear partons are gener-
ated in HERWIG is used in order to define subtraction terms that are specific
to the parton shower program. With the help of these subtraction terms
one can generate processes with zero or one extra emissions with some spe-
cific (positive or negative) weight. These events are generated such that,
after parton showering and reexpansion in «ag the correct NLO behaviour
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is restored. Technically, MC@QNLO generates these event files which are
then simply read in by HERWIG, which then performs parton showering and
hadronization.

The very same approach can in principle be utilised with any Monte
Carlo event generator as long as the details of the parton showering are well
understood. One needs to redefine the subtraction terms according to the
specific kinematics used in the parton shower. This has been done now also
for Herwig++ [31]. The first process in order to test these ideas was etTe™
annihilation to hadrons. The results for event shapes differ not much from
the results that are obtained with the default program with a matrix element
correction applied, ¢f. Fig. 6 (left). The reason for this may be that the
same subdivision into parton shower phase space and hard matrix element
phase space is used. Of course, the overall normalisation is predicted more
accurately from the MCQNLO implementation whereas for the comparison
of the shape all histograms have been normalised to unity.

Another approach to the matching of parton showers and NLO matrix
elements from Nason [33,34] is based on the idea that the hardest emission
should always be generated according to the full matrix element. This is
not always clear in the parton shower. In order to achieve this, one has to
formulate a modified Sudakov form factor for the hardest emission. Then,
due to angular ordering one has to add in additional soft but wide angle
gluon emissions before this hardest emission in order not to destroy the
colour ordering of the process. This has been implemented into Herwig++,
again for the case of ete™ collisions [35]. In the right panel of Fig. 6 we see
that the description of the thrust distribution in eTe™ collisions has been
improved.
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6. Conclusions

We have reported on various parts of the simulation in which a lot of
progress has been made. The current status may be viewed as being suf-
ficiently sophisticated to have full simulations of hadron—hadron collision
events. Besides a handful of standard signals, also first processes of physics
beyond the standard model (BSM) can be simulated now. Furthermore, the
simulation of hadronic decays has been completely redeveloped.

In future versions the many developments that have been reported upon
will be included in the releases of Herwig++4. Major new developments
will focus on more BSM physics and improved matching of higher order
perturbative computations with parton showers. Furthermore, a multiple
interaction model will significantly enhance the simulation of the underlying
event.

I would like to thank the organisers for the invitation to this very pleasant
and fruitful conference and all members of the Herwig++ team for their
contributions to the results presented in this talk.

REFERENCES

[1] T. Sjostrand, S. Mrenna, P. Skands, J. High Energy Phys. 0605, 026 (2006).

[2] G. Corcella et al., HERWIG 6.5 Release Note, hep-ph/0210213; G. Corcella
et al., J. High Energy Phys. 0101, 010 (2001).

[3] M. Bertini, L. Lonnblad, T. Sjostrand, Comput. Phys. Commun. 134, 365
(2001).

[4] S. Gieseke, hep-ph/0210294.

[5] T. Gleisberg, S. Hoche, F. Krauss, A. Schalicke, S. Schumann, J. C. Winter,
J. High Energy Phys. 0402, 056 (2004); J.C. Winter, F. Krauss, G. Soff, Fur.
Phys. J. C36, 381 (2004).

[6] R. Kuhn, F. Krauss, B. Ivanyi, G. Soff, Comput. Phys. Commun. 134, 223
(2001); F. Krauss, R. Kuhn, G. Soff, J. High Energy Phys. 0202, 044 (2002).

[7] J. Alwall et al., Comput. Phys. Commun. 176, 300 (2007).
[8] M. Gigg, P. Richardson, hep-ph/0703199.

. Murayama, I. Watanabe, K. Hagiwara, -91-11; K. Hagiwara, D. Zep-
9 H. M I. Wi be, K. Hagi KEK-91-11; K. Hagi D.Z
penfeld, Nucl. Phys. B274, 1 (1986).

[10] S. Gieseke, P. Stephens, B. Webber, J. High Energy Phys. 0312, 045 (2003).
[11] S. Gieseke, J. High Energy Phys. 0501, 058 (2005).

[12] S. Gieseke, A. Ribon, M.H. Seymour, P. Stephens, B. Webber, J. High Energy
Phys. 0402, 005 (2004).



[13]
[14]

[15]
[16]
[17]
[18]
[19]
[20]

21]
22]

23]
[24]
[25]

[26]
[27]
28]
[29]
[30]
31]
[32]
[33]
[34]
[35]

LHC Event Generation with Herwig++ 2271

K. Abe et al. [SLD Collaboration|, Phys. Rev. D65, 092006 (2002); Erratum
D66, 079905 (2002).

M.H. Seymour, Nucl. Phys. B436, 443 (1995); M.H. Seymour, Comput. Phys.
Commun. 90, 95 (1995).

A.A. Affolder et al. [CDF Collaboration|, Phys. Rev. Lett. 84, 845 (2000).
S. Gieseke et al., Herwig++ 2.0 Release Note, hep-ph/0609306.

K. Hamilton, P. Richardson, J. High Energy Phys. 0702, 069 (2007).
W.M. Yao et al. [Particle Data Group]|, J. Phys. G 33, 1 (2006).

P. Richardson, J. High Energy Phys. 0111, 029 (2001).

S. Jadach, Z. Was, R. Decker, J.H. Kuhn, Comput. Phys. Commun. 76, 361
(1993).

K. Hamilton, P. Richardson, J. High Energy Phys. 0607, 010 (2006).

J.M. Butterworth, J.R. Forshaw, M.H. Seymour, Z. Phys. C72, 637 (1996);
J.M. Butterworth, J.R. Forshaw, M.H. Seymour, J.K. Storrow, R. Walker,
hep-ph/9506259.

S. Platzer, Diploma Thesis, Institut fiir Theoretische Physik, Universitat Karl-
sruhe, 2006.

H. Hoeth, Diploma Thesis, Fachbereich Physik, Bergische Universitat Wup-
pertal, 2003 [WUD 03-11].

S. Catani, F. Krauss, R. Kuhn, B.R. Webber, J. High Energy Phys. 0111, 063
(2001).

F. Krauss, J. High Energy Phys. 0208, 015 (2002).

F. Krauss, A. Schalicke, S. Schumann, G. Soff, Phys. Rev. D70, 114009 (2004).
S. Frixione, B. R. Webber, J. High Energy Phys. 0206, 029 (2002).

S. Frixione, B.R. Webber, hep-ph/0612272.

S. Frixione, P. Nason, B.R. Webber, J. High Energy Phys. 0308, 007 (2003).
O. Latunde Dada, B.R. Webber, in progress.

S. Mrenna, P. Richardson, J. High Energy Phys. 0405, 040 (2004).

P. Nason, J. High Energy Phys. 0411, 040 (2004).

P. Nason, G. Ridolfi, J. High Energy Phys. 0608, 077 (2006).

O. Latunde-Dada, S. Gieseke, B. Webber, J. High Energy Phys. 0702, 051
(2007).



