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HERWIG: a Monte Carlo Program for QCD at LHC

Giuseppe Marchesini
University of Milano—Bicocca and INFN Sezione di Milano—Bicocca, Milano
Italy

1. Introduction

Monte Carlo programs could be used for the partial description of particle physics production
at high energy. These particles are hadrons, such as proton, neutron, pion and many others.
They are described by QCD (quantum chromodynamics). At perturbative level QCD is
formulated as gauge interaction of quarks and gluons which have color number force. They
produce hadrons as physical bound states, see for instance (1). At non perturbative level,
controlled numerically by computer simulations, QCD produces physical hadrons. The mass
of the proton is about 1.672 x 10~%” kg ~ 0.937 GeV.

The FermilLab machine, see (2), has proton and antiproton running in the center of mass with
an energy of 2 TeV. It was intensively operating in the last years. The FermiLab is located near
Chicago.

The LHC (large hadron collider) machine is located at CERN, see (3). The machine is made
of two round circles which are 27 km long. Here particles are running near Geneva between
France and Switzerland. The two protons are running here one against the other with an
energy of 3.5 TeV ¢? so that the total mass of the colliding system is of 7 TeV. This machine
started at the end of 2009. It operates until 2011 and then it will start again at a double of its
present total colliding mass.

The LHC total colliding energy discloses a key point of the Standard model for particle
physics, the presence of the Higgs meson which is expected with a mass between hundred
and hundred and fifty time the proton mass, i.e. Myjggs between 100 and 150 GeV. The Higgs
meson is needed to give a simple description of the present Standard model. His absence
should generate a substantial problem to this theory which unifies all elementary particle
physics. A major point of the Higgs field is that it gives a mass to the weak boson Z and W+.
The above limit on Higgs mass are obtained from intense studies of present data on particle
experiments at FermilLab, see (2), and at CERN, see (3).

The Standard model is the present theory for elementary particles, except for gravitational
forces. This theory includes QCD and involves electroweak particles such as leptons (electron,
muon and tau) and corresponding neutrinos. It involves photons and massive electroweak
bosons as Z and W+.

QCD is the theory one uses for hadron interactions. Hadrons are strong interaction particles
such as barions (as proton, nucleon etc) and mesons (as pions etc.). By perturbative
description these fields interact via a gauge Lagrangian. Fields are given by partons, i.e.
quark, antiquark and gluon. Hadrons are made of bound states of these elementary fields. The
perturbative formulation does not allow to generate hadrons which are color singlet states of
partons (color is one of parton index). QCD hadrons are generated as bound states of quarks
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244 Applications of Monte Carlo Methods in Biology, Medicine and Other Fields of Science

and gluons acting near the initial or final states. They are not reconstructed by perturbative
order.

At perturbative level one needs to introduce an artificial scale My. Above this scale quark
and gluon interaction is well definite and perturbative analysis can be done. But at low scale
one has divergences for My — 0 and one needs to introduce hadrons. Such an impossibility
forces one to maintain a finite scale of My. It could be fixed by perturbative analysis and
its effective value is of the order of the proton mass. Below that infrared scale My one has
that non perturbative effects need to be involved to give hadrons in the initial or final states,
but this generation of hadrons could be treated only numerically and no clear theory is still
known.

One expects at the infrared scale My hadrons are composed as bound states of quarks and
gluons. They are single states composed as color space (i.e. singlet in color space). They
have a small mass and could be used to generate hadrons. Since no clear theory exists at the
moment, hadrons are generated artificially. Their states are mainly close in space-time.

The perturbation theory is intensively considered in many details here. It is the basis for
the Monte Carlo program called HERWIG (hadron reaction with interfering gluons). See (4).
Other similar models for particle generations in these events are given in two reports in (5).

1.1 LHC processes and the HERWIG model

The HERWIG Monte Carlo model is essentially based on many results of perturbative QCD.
It generates quarks and gluons in processes which are at short momentum distances. As we
discussed above, HERWIG involves partons with an infrared artificial scale My. These are the
relevant programs for many physical processes involving Higgs boson generation as we shall
see.

An important part of the HERWIG program is the study of Higgs field which is needed to
generate the mass of intermediated weak bosons Z and W*. Later we will comment on this
model.

The HERWIG Monte Carlo program for LHC starts from the collision of a pair of protons
and generates hadrons in the final state process. It could be generalized to include general
Standard model particles. Here we consider again simplifications by using only QCD
processes, see later for extensions.

The Monte Carlo program is characterized by analysing processes which are at short distances
or large momentum Qy,rq. They are very important for QCD and specific for Higgs search,
see later.

Each incoming proton is fragmented into three quarks at a scale My. One of this quarks
starts the hard process by generating further partons via successive radiation which are
characterized by the hard scale Qy,,,4. Later the produced final partons recombine to generate
the final hadron states as recombination of final partons at soft scale My. HERWIG processes
are then characterized by the hard physical scale Qy,;q and the artificial scale My. A general
picture of these collisions is then given in Fig. 1.

Here the two incoming protons are represented as black lines. Both protons have initial state
emissions. Each proton emits an interacting quark of virtual mass My which undergoes
successive emissions of quarks and gluons considered later for parton reconstruction at the
end of the full cascade (see green box).

All these collisions are characterized by the hard scale Qy,,q which enters in the hard event.
The hard parameter Qy,,,q is here the momentum of emitted hard parton with respect to the
incoming proton. Hard partons are generated in the hard collision at the center of this picture.
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HERWIG: a Monte Carlo Program for QCD at LHC 245

Fig. 1. LHC Monte Carlo evolution described by HERWIG program. Two protons are
incoming. A proton is made of three quarks. A generation of Standard model particles is
produced. Quarks are yellow and gluons are red

These partons and all other partons emitted in the initial state branching undergo successive
branching into softer partons. The final emitted partons have an artificial scale My. They
need to go under final hadron reconstructions. In the cascade a quark (a black line) undergoes
gluon cascade (yellow line) which emits again gluons or quarks and antiquarks. They decay
in the cascade to the soft mass M.

In hard collision photons are generated (green lines) and decay into a pair of electrons and
positrons.

The preconfinement model force all emissions to construct hadrons in the final state (see the
yellow boxes). For this reconstruction model see reference (6). Notice that incoming partons
emitted by one of the incoming proton are used to reconstruct final hadrons.

One has that parton evolution and hard scattering are within perturbative QCD physics
(at least to leading order). What is not included in hard QCD is the parton decay and
recombination here represented as green boxes. Here hadrons are generated as from Particle
Data Book, see (7).

The next picture in Fig. 2 represents the HERWIG model for the CERN machine for e*e™
collisions. First one has the e*e™ collision emitting a -y which dacays into g § starting the final
state branching. Here one sees g — gg and ¢ — gg. Then, after g7 formation out of each
final state gluon at My one generates color singlet q7. They form color singlets of small mass
(see later) which cluster into hadrons which may decay. Here hadrons are generated as from
Particle Data Book in (7).

1.2 Some indications on general evens

Complications to involve other processes in QCD or in more general theories could be here
included, see (3). They could involve the full electroweak model. First of all one could
generate electrons, positrons and photons and study their successive decay. Or one studies
the production of weak bosons such as Z and W+ and their decay. In the same way one
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Fig. 2. ete™ Monte Carlo evolution in HERWIG program

involves neutrinos and antineutrinos. Finally one could include the Higgs production with its
decay. This is actually the most studied program at LHC.

One could extend the model to study in HERWIG non electroweak processes as previewed by
extension beyond the Standard model.

The HERWIG program has been intensively used for various processes involving other initial
state particles.

1.2.0.1 FermiLab machine for pp collision.

The HERWIG program was used to study proton and antiproton entering the collisions as in
the collider near Chicago operating at 2 TeV. Many results have been obtained here and the
HERWIG program was heavily used. See (2).

1.2.0.2 DESY machine for pe collision.

The HERWIG program has been used to study other type of processes. One is the
electron-proton collision at DESY near Hamburg. There is an electron ring of 30 GeV running
against a proton ring of 820 GeV. Here the events are studied by using essentially the HERWIG
program with a different organization with one electron (or positron) as incoming particle
instead of a proton in LHC. This machine proved quite well many basis of QCD, the Standard
model and analyzed models beyond the Standard one. See (8).

1.2.0.3 CERN machine for ete~ collision.

The HERWIG program was also intensively used for LEP (large electron positron) at the
electron-positron collision with a total energy of about 100 and 200 GeV. See (9). This ete™
collider was at CERN and now it is replaced by the LHC machine. Many aspects of QCD have
been studied. The same for the Standard model and models beyond the Standard one. Here
the electroweak particles have been intensively studied.

In all these studies HERWIG was used to consolidate the theory and in particular its strong
forces. It is very interesting that many properties of perturbative QCD can be extended to all of
these hard processes. Again, the missing point of the hadron formation involving the soft scale
M are missed theoretically. They are represented as parton formation by preconfinement. For
a generalization to present energies at LHC see (10).

www.intechopen.com



HERWIG: a Monte Carlo Program for QCD at LHC 247

2. The LHC accelerator

The LHC is a proton-proton accelerator at 7 TeV in the center of mass (it will move to 14 TeV).
One of its main aim is the discovery of the neutral Higgs boson with a mass between hundred
and hundred and fifty time the proton mass, i.e. between 100 and 150 GeV. In Fig. 3 one has
the CERN accelerator.

CERN's Chain of Accelerators

" LIL : Linear Injector for LEP SPS : Super Proton Synchrotron
EPA : Electron-Positron Accumulator LEP : Large Flectran-Positron Collider
PS  : Proton Synchrotron LHC: Large Hadron Collider

Fig. 3. The LHC accelerator at CERN

The first picture represents the structure of the accelerator which is a ring of 27 km near
Geneva. The two proton beams run into two bunches one against the other. This machine
started measurements at the end of 2009. The construction is schematically represented in the
second picture with various other accelerators, see (3). The two proton bunches are running
in opposite directions and colliding in four places. The ATLAS and CMS detectors are the two
important data measurements on Standard model and beyond physics. Both collaborations
have more than 3000 peoples of many countries of all continents. The other two detectors are
LHCDb, specialized in particular on b-meson physics measurement and ALICE, specialized on
soft physics studies. See (3).

All recent CERN detectors are constructed underground, depending. The LHC/LEP machines
are placed at least at 50 m underground. Similarly for the measuring four detectors.

In Fig. 3 one sees the old CERN accelerator LEP (large electron positron) which was running
up to 200 GeV. Now it has been replaced by the LHC accelerator. Magnets have been changed
along these years.

One sees also the SPS machine for p and p hard collider which is now used mostly for neutrino
creation and collisions at Gran Sasso detector, see (12). In the past it was used as proton
antiproton accelerator as Spps at 650 GeV and used for Z and W discoveries, see (3). We do
not comment on the other small machines presented in the second part of in Fig. 3.

2.0.0.4 The LHC measurements.

At the LHC collider in Fig. 3 the ATLAS and CMS detectors are studying the Standard model
physics and its possible developments. First one has the search of the Higgs boson at a
supposed mass between hundred and hundred and fifty times the proton mass. The role
of this “particle is to break” the gauge structure of the theory and give the measured mass to
Z (My =91.2 GeV) and W+ (M = 80.3 GeV). All these studies are essentially done at large
scale Qparg- The machines used are the LEP eé collider at 100 GeV at CERN and the FermiLab
pp collider at 2 TeV.
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If this neutral Higgs meson is not found one should consider complications of the Standard
model. These complications are at the moment introduced to make the Standard model more
acceptable on basis of principle. Indeed the model has no theoretical control on the masses of
all particles as the hadrons and electroweak particles. An important example is the very low
mass of neutrinos. This can be explained within the Standard model with complications.

The HERWIG program allows the study of many processes within the Standard model and
beyond. Masses have to be introduced according to PDB in (7). In particular one searches new
particles at large scale not yet found. High order in QCD are also considered. New collisions
are also involved here.

As mentioned one problem of the HERWIG program is the presence of the soft scale My
previously discussed for the formation of hadrons. This is one of the key point of the HERWIG
program which involves the possibility of predictions of particle emission.

A final problem in the HERWIG model at LHC is the presence of soft collision contribution at
high Qparq.- They will not be discussed in detail in the following, but they are very important,
see (3).

3. The HERWIG Monte Carlo program: original structure

The HERWIG Monte Carlo is based on a first perturbative order of QCD analysis of
re-summed contributions to all orders of the emission of partons (quark, antiquark and gluon).
It involves a large ultraviolet scale Qp,rq and can be applied to all processes. They are:

* ¢ p collider at DESY with respective energy 30 and 820 GeV, see (8);

e ¢Te™ collisions at CERN with energy around 100 and 200 GeV, see (9):
* p p collider at FermiLab with total energy of 2 TeV, see (2);

e pp collider at LHC with 7 TeV, see (3).

The QCD program to first order involves elementary vertexes as

q—4q8 9—48 & —88 & —41- (1)

In general two loop orders are also partially considered in HERWIG. Examples are two loops
in parton splitting, next order in running coupling, higher order in parton hard collisions, etc.
Important extensions are the studies of QCD infrared correction to emissions. As we shall see
later they involve for instance the discussion on the scale of the running coupling.

In this paper we concentrate on a simplified form of hard QCD radiation, see (1).
Complications are of course typically used in (10).

Here we mainly consider LHC collisions with proton-proton interaction. This is the running
machine at CERN which will explore for instance the presence of Higgs meson. As mentioned,
in LHC the total incoming momentum of the two colliding protons is now given by 7 TeV. In
the future it will be 14 TeV.

One studies typically the process needed for the identification of the Higgs meson. Here
one selects a large value of the ultraviolet scale Qy,.q, typically a transverse momentum of
an emitted system of particles. Many other hard scales could be involved to study specific
objects or specific processes or particle production. As mentioned, both the Standard model
is involved and also its extensions.

Dealing with perturbative QCD we need to introduce a soft scale My which is an
artificial cutoff that characterizes the formation of incoming or emitting hadrons made
of hard quark and gluon. This fundamental parameter characterizes our missing pieces
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for the understanding of QCD. This parameter has to be fixed by perturbative analysis.
Phenomenologically it turns out to be larger than the proton mass.

The picture of HERWIG program for LHC is schematically described as follows. All these
pieces are at QCD perturbative order to some degree and partially extended to other models
(see later).

3.0.0.5 Initial state cascade of proton.

We consider first the incoming quark kg emitted by the incoming proton. Later this quark
branches into additional partons kq kj - - - k;, which are either quarks, antiquarks or gluons.
This branching is described by equations (1). The first incoming quark ko has a negative mass
Q3. In the fragmentation an off shell quark or gluon k; is emitted at a positive square mass
—Q?2. One finishes with |Q3| < |Q?|. The incoming parton ki undergoes a successive initial
state branching into partons ky, - - - k;,. Here one has an ordered succession of decay processes
with [Q3| < |QF] < -+ < |Q?]. These decays are repeated to all possible orders. Ordering
is defined by Sudakov distributions of quark or gluon fragmenting (see later). The lower
value is fixed at the soft scale MZ = |Q3|. The higher value is characterized by the hard scale

Q%] < Qb
3.0.0.6 Hard collision.

One finds the final emitted partons p; and pp of both incoming protons. They have large
square momenta | Q2| and |Q?,|. Note that the indices 7 and m are the final emitted partons in
the two proton decays. They undergo a hard collision giving two partons p3 and p4

p1+p2 — p3+pa- (2)

This process is computed in perturbative order and than needs a perturbative calculation (first
at leading order). Outgoing momenta p3 and p4 are at large positive square momenta Q% and
Q3 which are again characterized by Qﬁ ard- depending on the selected HERWIG process. This
can be generalized to include high order emission processes.

3.0.0.7 Final state parton branching.

At the end of the previous cascades, as described by (1), one ends up with many outgoing
momenta generated in the initial stage of the fragmentation of both incoming quarks and in
the outgoing momenta p3 and py4. All these momenta are off shell as required by the cascade
process. All of them will fragment by processes as a — bc with a the successive incoming
parton and b and ¢ the outgoing partons. During this decay all partons decrease their off shell
mass and via Sudakov form factors they reach the off shell artificial scale M.

3.0.0.8 Final state emission at Mg.

Note that the soft scale M3 that characterizes the final emitted parton is positive. Instead
the soft scale Q% involved at the beginning of initial state emission of incoming protons is
negative. However we set the same soft scale M3 = —Q3 even for initial emission. In the
HERWIG program the soft initial scale and the final scale are taken to be similar, but for
simplicity we unify them to be the same M.

3.0.0.9 Hadron formation via preconfinement.

At the end of all these cascades one finishes with partons which are at the scale My. All of
them form color singlets via preconfinement (see later in Fig. 7. They are parton systems
which could be converted into the measured particles (mesons or baryons). This conversion

www.intechopen.com



250 Applications of Monte Carlo Methods in Biology, Medicine and Other Fields of Science

is outside a perturbative analysis and is based on intuition of the non perturbative expression
of QCD.

3.0.0.10 Other processes.

Considerations on other processes in QCD, Standard model or non-Standard models will be
discussed later.

3.1 The decaying incoming quark

One starts with the fragmentation of each incoming proton into three quarks. One of these is
the incoming quark gg with an artificial space-like scale with M% = —Q% positive. The other
two quarks are spectators and they will be considered at the end of the general branching.
The quark g¢ undergoes a branching given by g — gg. The successive branching of g is given
by (1) and is also scaled with successive negative mass.

Consider the first process in which g at the original square scale |Q%| decays into g’ and g. As
before they are selected according to Sudakov decomposition (see also later). There are two
cases according to the fact that the quark g’ or the gluon g is the second outgoing parton after
the g branching.

In the first case the decaying process is ¢ — ¢'¢ with ¢4’ the incoming emitted quark with
negative square mass | Q7| >> |Q3|. Here g is the off shell emitted momentum to be discussed
later for the final state emission. The distribution to one loop is given by

1+ 22
1—2z°

Pq—wg(z) = Cr 3)
Here z is the fraction of the outgoing quark g’ with respect to the incoming quark g.

In the second case the decaying process is the symmetric one § — gq’ with g acquiring a
negative square mass |Q3| which is larger then |Q3|. Here the emitted quark 4’ is an outgoing
emitted quark and will be considered later. In this case one has equation (3) but 1 — z is the
fraction of the incoming gluon g with respect to the incoming quark 4.

The chosen processes which involves g’ or g are selected again by the Sudakov form factor.
This expression is determined by the exponentiation of the fragmentation distribution in (2)
so that the problem is here normalized in a self consistent way.

In the evolution it enter a;, the QCD running coupling. Its argument will be discussed later.

3.2 Fragmentation function for incoming parton
Consider an intermediated process in which the parton 2, with negative square momentum
—Q? is fragmenting into two partons 4,1 and by, 1. Here g, is a harder emitted initial
parton. This is given by

ap — agi1beg, 4)
with ay and 4/, the ordered incoming momenta with negative squared masses |Q?| <
[eF; +1|- Here by, is the emitted parton with positive square momentum entering the final
states to be considered later.
In conclusion the incoming initial quark gg branches accord (1). Its initial state successively
emitted partons ¢, - - - g, are bounded by the rule Q3| < |Q}| < -+ < |Q3|. Finally
they will stop at a maximum value |Q?| < Qﬁ rd the ultraviolet scale setting the transverse
momentum of final event. The QCD vertices considered at low perturbative orders are parton
decay into two partons, see (1). The Sudakov form factor is again here involved, see later.
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The general splitting functions for 2 — bc are given by

. 1+ 22
. n
Poogi(z) = (2 +(1-2)), (5)

2
A 1—z Z
Pgﬂgg(Z) ZZCA ( Z 1—Z (1—Z)>,

with z the energy fraction of a,;; with respect to the incoming hadron momentum. The

2_
coefficients Cr = I\%Ncl = % and C4 = N, = 3 are given by the Casimir operators of the

theory. Here 71 is the number of quark lines involved, typically less than n1¢ < 6 for the SU(3)
theory. Of course all these rules are valid when the quark g is replaced by the antiquark .
The Sudakov form factors define all these selections of momenta. They are needed to satisfy
sum rules. They are defined by

Qg2 -7 N5 A
In Sq(Q, Mg) = Z/ a7 dz 32 By pel2). ©)

The sum extends to all QCD channels. One has introduced a square momentum ¢ integrated
between the hard momentum Q2 (see later) and the soft one M%. Also the z integration
requires similar scale. In general they are integrated between z > % andz < 1-— % to cut
off the possible singularities in the P-functions. As we will see these rules fix the appropriated
sum rules for the distributions. For the soft scale M entering in the Sudakov factor and in the
evolution, see later.

All described events are determined by leading order evolution in hard QCD. Of course higher
orders need to be explored.

All descriptions are represented above by starting from the incoming momentum of the quark
entering the incoming proton. In reality (see (3)) the mathematical process is fixed in an
opposite way. One considers the hard scale Qﬁ arq Of the searched process. Then one fixes via
Sudakov form factor the negative square scale of the last of incoming parton with momentum
gn- When |Q?] is found by using (5) one starts again to determine the previous incoming
momentum |Q2 ;| with similar procedure. Then one ends up to the original incoming

momentum |Q3|. The original branching is then fully determined by using appropriated
Sudakov form factor and the selected distributions in (5).

3.3 General initial state evolution

Consider the fragmentation of an incoming parton a into an outgoing harder parton b. This
process goes to a successive emission of intermediate incoming partons. All masses are
arranged as increasing from a to b. This inclusive distribution is described as Dy, (x, Q).
Here Q? is the hard (positive) squared momentum much larger then the soft scale M3. Here x
is the fraction of momentum of outgoing momentum b with respect to the incoming original
parton a. The general fragmentation process assumes the general evolution equation found in
(11) given by

dz as
QzaQZDbu X, Q 2/ Q _Z “_Pb—wd( )Dca (E/Q2> ’ (7)
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where the distributions P, ,;.(z) are the ones described above to one loop with virtual
corrections coming from S;(Q, Mp). They are given by

1-o 1 2
b Q +
Py—qg(2) = Pygg(z) —6(1 - Z)/o dy Cr _‘1; ,

Pygq(z) = Pygg(1-2),
Pg—qq(2) = Pg—qq(2),

(8)

K 1—m CA —l—ZTl
Pg.g¢(z) = Pg—ge(z) —6(1 — 2) (/0 ¢ dyZCAlzy + ¢ f) p

where a cut off My/Q has to be set at the maximum of z in (5) and y in (8). Note that
the distributions P, j.(z) have a My/Q dependence. A similar dependence appears in the
distributionD,;(z, Q). This is removed when My — 0 limit is taken. Here the limits at
z = 1 corresponds to the presence of the Sudakov form factors in the evolution equation
(7). Equation (7) could be improved with two loop corrections. The running coupling «s
dependence on the scale will be described below.

The Sudakov factors are defined by requiring the following sum rules. The first is the
conservation of parton number when all events are generated. The second refers to the
conservation of the total momentum in the same conditions. The contributions depend on
the soft scale M3 but the sums are independent of M3 for small values. Of course the various
sums do not depend on the hard scale Q.

There are various distributions for various channels. They are the following

Dyq, Dgq, Dyq, Dpg, Dgp, Dygg. )

Again here one has the § — 7 symmetry. All these channels are active in the normal parton
evolutions. They contribute to the various channels and could be directly measured. There
are various measurements and comparisons with (7). At high energy the agreement with data
is quite good. Also the sum rules are quite reliably satisfied.

Later we will discuss also the distribution for the final state evolutions. They are not different
from the ones in (7) at one loop but they change both for higher loops and for the running
coupling dependence on the hard scale

3.4 The hard collisions

At this point two partons of momenta p; and p, are entering our collision in (2) with negative
square masses. They could be either quarks or gluons. Here p; and p; are the result of the
successive emissions out of the two incoming protons in LHC. Here they collide according to
the maximal hard scale Qy,.q selected for this process.

As given in (2) they generate the hard collisions giving outgoing partons p3 and ps. They
could be either quarks or gluons. At this level the theory predicts, at the large scale here
considered, only vertices with emissions as in (1). Other events could be used with more than
’mgo emitted partons. In all these events the partons p3 and ps have hard momenta given by
Qr ..

T}}:grgiistribution (2) in QCD is taken to the perturbative order at least to zero order. Indeed
the distribution is controlled by the hard scale for the process and then only low orders are
relevant. Complications to higher order are also considered. One could also consider non
QCD production as in the Standard model or beyond.
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3.5 The recombination
Consider the two proton collisions in the LHC process. At this point they undergo a hard
collision p1p — p3ps as in (5). In the Monte Carlo evolution one ends with:

* partons emitted by initial state radiation leading to p; and p,. They are off shell and have
mass much smaller then Qy,,.4;

* partons p3 and p4 emitted in the hard collision. They have momentum much smaller than
Ohard-

In addition to all these off shell partons p3 and p; and the radiation of p; and p, one has
to consider their final state emission. According to QCD rules all these partons decay as in
the usual rule with successive decaying processes a — b ¢ with a,b and ¢ given by quarks,
antiquarks or gluons. Here they have positive mass. Their radiate by emitting additional
partons according to QCD rules in (4). They radiated masses here are both positive and
decrease down to My. This is done according to QCD rules as in (7).

As before they are selected by the Sudakov decomposition. The results are again obtained
by the usual rules P, (). At one loop they are given in (5). Here z is the fraction of the
intermediate parton momentum with respect to the incoming parton emitted by initial legs.
Notice that the two outgoing momenta z and 1 — z are here involved, see (5).

The Sudakov form factors are given by the exponential integrations of P,_,;.(z). They are
given in (6). It is interesting that all these expressions as the parton distributions P,_,;.(z)
and the Sudakov factors are the same as the incoming distributions, see by (5) and (6).
However the emission distributions P,_,;.(z) and Sudakov form factors S,;(Q, Q) differ at
next to leading order in initial states and in final emissions. They have different expressions
depending on the facts that they change for the z dependence and the running coupling
expressions (as it would be mentioned later).

Finally one ends with many partons emitted in the final state with low momentum M)y
described above. They are partons which are generated by the radiation of p3 and p4 partons
in the hard collision (2). To them one adds the partons generated by decay of the hard partons
ki - - -k, radiated by the intermediate emissions out of initial states. As a result all final state
emissions are depending on the hard physical scale Qy,,q and the infrared artificial M%. To
these final partons emitted at scale M% one needs to add the pair of quark generated in the
initial proton fragmentation.

Summarizing all the evolutions, one finds a succession of final states parton emitted at scale
M%. They come from

* splitting of finally emitted partons p3 and p4 in (2);
* splitting of k; - - - k;, which are partons emitted by incoming legs;
¢ final sate evolutions of spectator partons emitted from the two protons.

All of these final state partons are obtained by the 2 — bc distributions in (5) and the Sudakov
form factors in (6).

3.6 Color recombination into hadrons

In QCD all emitted quarks and antiquarks have a color index N. = 3. For formal large color
index N, one has that all systems of emitted g and 7 from color singlet could be converted into
hadrons which do not have color index.

Consider an example of final state emission with quark and antiquark with mass close to M.
Take such a final state emission:
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* consider a quark g,,_1 decaying into a quark g, and a gluon g. Suppose that outgoing
quark g, has a final state mass My;

¢ then consider the gluon g decaying into an antiquark 4, and a quark. Suppose that
outgoing antiquark g, has a final state mass Mj;

¢ forlarge color N; one has that the quark and antiquark g, and g, form a large color singlet.
Its mass results of the same order as My. This will be soon proved;

¢ the emitted final quark and antiquark g, and 4, have a color singlet for large N.. One
has that these quark and antiquark form a color singlet and could be ready to generate a
hadron system (meson as quark and antiquark). Similarly for the formation of barion (out
of three quarks) or antibarion (out of three antiquarks).

So this is the basis for HERWIG formation of hadron final states. Without entering into this
perturbative analysis of QCD once could give the necessary information for preconfinement,
see (6).

Consider two final state partons g, and p;, emitted in QCD with low off-shell mass M. Let us
assume that we do not fix the color index of p, and p;, we sum over all of them. Their square
mass mﬁb = (pa + pp)? is arbitrary and simply smaller than the kinematical boundary. There
are no conditions from Sudakov factor since they cancel in the real emission distribution P(x)
and the Sudakov factor S(Q, Qo).

The situation changes when one considers two partons g, and 7, which are near in color as
the ones described above. Here one could follow the color line of quark g, and one ends into
the anti-color of antiquark g, (for large color ). The presence of this color separation generates
a Sudakov form factor of (6) with My dependence.

As usual this is not cancelled by a compensation coming from the evolution vertices P(z).
This is enough to force parton g, and 7, to be close in momentum. This fact, resulting from
the Sudakov factors in QCD, are enough to force the two partons to be close in momentum
with a mass of order of M.

3.7 The physics generation

At the end of the evolution one finishes with systems of partons. They are organized in color
systems of small mass of order of My and ready to form hadrons. Here one assumes that
only quarks and antiquarks are generated in the final state. The HERWIG program is then
organized in such a way to reconstruct hadrons out of these systems by using Particle Data
Book in (7).

There are complications when the Sudakov distribution generates color singlet partons with
mass not small enough. Here one needs to assume cluster formation according to simple rules
givenin (7). Of course this hadron generation is not constructed on the basis of QCD but based
on reasonable principles grounded on physical considerations.

Of course other types of hadron generations are considered. They are generated in cluster of
small mass color singlets of partons, see also (5).

3.8 Other processes
>From previous description it is clear that the HERWIG program could be extended to include
other particle data, at least on perturbative level. They are for instance the followings:

* Higgs production are considered with large mass. This is one of the most important part
of the Standard model which needs to be tested. They are based on the Standard model or
its extensions;
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* add electrodynamics predictions involving photon emission or recoils. This involves recoil
of hadron or photon emission out of partons;

¢ the Standard model prediction with emission of weak bosons, thatis ¢ — Zg orq — Wiq ;

e similarly one could consider in HERWIG the decay of Z and W¥ into partons, photons,
fermions, neutrinos, etc.

Many more extensions could be considered by taking into account also non Standard model
physics.

4. The HERWIG Monte Carlo program: relevant details

Here we consider some important details in QCD theory. Most of these considerations
are based on perturbative analysis. The derivations of these studies are actually based on
analytical studies and included in HERWIG program. An important point in this HERWIG
analysis is the presence of the infrared cutoff My which enters all analysis. One recalls that this
is due to our ignorance of non perturbative QCD converting all parton studies into hadrons.
The other important point is that processes in HERWIG program are considered by including
the physical scale Qparq Which enters in all hard processes.

4.0.0.11 The running coupling.

An important object to consider in QCD is the fact that the coupling is running in the
ultraviolet region, i.e. for large momentum Q. This is universal up to two loops and given by

0
Q50:(Q) =~ £L () - L 2@+ (10)
with By = 11 — % ng and 1 = 51 — % ny. Here ny is the number of flavors and Q is the hard
physical momentum. High order corrections have higher powers of B, with n > 3.
At large momentum Q gives

B 4 281 InIn(Q?/A?)

This function is decreasing at large Q% >> A? as inverse power of In Q/A. The coefficient of
this power is fixed by the two first orders of the expansion (10).

The parameter A is obtained from phenomenological calculation and is of order Ayzq = 200
MeV for n = 5. This is valid in the MS scheme one of the most used scheme in QCD. It is
interesting that in the Monte Carlo HERWIG program the value of A is larger than the value
at MS scheme by a factor 1.57 for n f = 5. It has been computed directly in the HERWIG
Monte Carlo scheme by perturbative calculations valid at large x. This expression holds both
for positive and negative Q2. It is defined by (11) at two loops.

The form of as(Q) is represented in the first part of Fig. 4. Comparison with data in various
processes is given such as in eTe™ collisions, in hadronic collisions, in heavy quark events.
The maximal scale of Q considered is up to Q = 200 GeV.

In the second part of Fig. 4 one has the average as(M;) at the mass My = 91.2 GeV. Various
measurements are here represented.

Here the a5(Q) determination is valid for Q larger than few GeV. The determination of as(Q)
is reduced at large Q. Here one expects that at large momentum in LHC the determination of
as(Q) will be rather good.
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Fig. 4. Parton evolution in QCD. First part:the running coupling a;(Q) as function of Q.
Second part: average as(M;)

4.0.0.12 Parton evolutions in initial states.

Consider the initial state evolution with energy fraction x of final parton b. Here parton
density Dy, (Q?, x) evolves as in (5) and one needs to define the running coupling dependence
on Q%. QCD analysis at present scales defines Q as the transverse momentum of emitted
initial state parton b. This is found from initial sate emission at limited scale used by present
machines, see (1).

At larger momenta one should use a more complex variable corresponding essentially to Q
given by angle of emitted parton with respect to the incoming original one given by proton
momentum. Experimental evidence of the relevance of this scale for Q is clear from various
analysis, see (1).

There are complications when one reduces x to very small values, well below x ~ 10~%. Here
the evolution is more complex than the one given in (14). The new equation in this region is
more complex and involves more degree of freedom. The new formulation is described in (14)
which is not considered in the HERWIG program.

4.0.0.13 Parton evolutions in final states.

Consider now the final state evolution with energy fraction x of emitted parton b. Here parton
density Dy, (Q?, x) evolves as in (5). One needs to define the running coupling with respect
to Q?>. QCD analysis at present scales defines Q as given by pj; rescaled by incoming e,
and final energy E, i.e. Q = pp; X ep/E =~ e,0,. Here 0} is the angle of emitted parton b.
This means that the new scale is essentially, for small momentum, of the order of the emitted
parton transverse momentum. This rescaling is due to QCD calculations accounting for soft
emitted gluon coherence, see (15).

This selection of the final state emission has been defined for many QCD quantities. The
important point here is that the scale Q decreases as one decreases the emitted angle 6, and
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the energy e,. This last dependence is the crucial one. It is for instance responsible for the
dependence on the multiplicity that we discuss now, see (1).

4.0.0.14 Multiplicity.

In et e emission at energy E the parton multiplicity has been computed, see (15), and is given
by

@\ 2Ne ., Q2
< N(Q) >~ Ny <lnﬁ) ex Bo lnﬁ

with A the QCD scale. Here Nj is a normalization constant to be defined experimentally.
It is the multiplicity evaluated at a scale Qp. This involves again the QCD scale discussed
before. In this expression we have neglected the two loop formulation. This is one of the most
measured quantity in QCD, see Fig. 5.
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Fig. 5. Multiplicity

Total multiplicities will be measured at LHC for various channels. The agreement of data with
(12) is expected to be very good.

4.0.0.15 Preconfinement and hadron formation.

In the Monte Carlo evolutions many partons are produced in the final state. They have a color
and they could generate hadrons made of color singlets. Then an important question is how
these partons are organized in the final state and how color singlet partons are organized with
small mass to form hadrons.

The reason that makes the mass of color singlet partons in QCD small, of order of M), is
the presence of a Sudakov form factor which damps the mass. Indeed, the singlet emission
of color partons (in the infinite N limit) contains this form factor which is fastly decreasing
with total momentum. In this way one finds that color singlet partons could form a system of
combined hadrons.

One checks by QCD evaluation, see (6), that in QCD color singlet partons are actually
generated with small mass of order of M. In this case one could implement into HERWIG
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calculation a reconstruction of hadrons. This reconstruction is reasonable but out of a formal
treatment of QCD calculations.

To construct hadrons out of color singlet partons in HERWIG one uses this QCD property
and looks into the Particle Data Book property, see (7), and identifies clusters of color singlet
parton system.
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Fig. 6. Preconfinement

In Fig. 6 one sees the distribution in the mass of two partons in e™e™ machine at various
energies. The left line gives the distribution in the mass of color singlet. As one sees changing
the total energy E the curves do not move and the distribution remains centered at My = 2
GeV.

The situation is different for the other lines which cluster two generic partons with no selection
of color charge. They move as the total energy E increases and no hadron cluster could be
formed.

4.0.0.16 Non perturbative QCD assumptions.

After the described process of hadron formation in QCD, in HERWIG evolution one could
explore other particle formations. They could involve Standard model processes as leptons,
neutrinos and weak boson formations. One of the most important case is the Higgs boson
generation with mass of order of hundred or hundred and fifty times the proton mass. They
will confirm the simplest case of the Standard model. I recall that the Higgs meson is so
important that is responsible for the formation of the mass of the weak bosons Z and W+.
Without the Higgs boson one has serious difficulties with the present version of the Standard
model.
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Other important processes which can be explored in HERWIG are non Standard model
processes. They involves the supersymmetric models or generalization of the Standard model
to implement new physics. See (16).

4.0.0.17 Single proton distribution.
The data on W W™ production distribution is given at FermiLab up to total momentum p; ~

70 GeV, see Fig. 7. Here one plots the inclusive distribution c;% in the transverse momentum

of WW pair. See (2).
The curves are again compared with the analytical behavior. The agreement with experiments
is quite well. One expects a similar behavior at LHC energy.
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Fig. 7. WW inclusive distribution at FemiLab

4.0.0.18 Particle clustering.

Consider the shape of the particle jet in Fig. 8 Measurements were done at e™e™ machine at
CERN. The jets are defined by giving a definite opening angle ycut. This is defined by fixing
momentum clustering as follows:

* given two emitted particles of momentum p; and p; one computes the variable y;; =
2min{E?, EJZ} with E the energy of p;

 if y;y = min{y;j} < Yo with all previously analyzed momenta p; and p;, then particles I
and | are put in a single particle k with p = p; + p; as a new momentum;

* replace until y;; < ycy1- This defines the order of jets with previous resolution.

Jets are resolved according to parameters which define the number of jets given in first point
above. Here one considers jet resolution given for 2, 3, 4, 5jets. They are distributed according
to Monte Carlo programs HERWIG and PYTIA. Data are taken from OPAL in e e~ collider at
CERN, see (9).

The first distribution is done according to the resolution parameter y.,+ given above. Mass
is fixed at E = 91 GeV at Opal at CERN, see Fig. 8. As one sees the average number of
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jets increases as one decreases the resolution ycut. That is the number of jets, as expected,
increases as one decreases the resolution. The plots are computable in perturbation theory
as for HERWIG. Of course, there is a minimum limit in the resolution ycut to avoid particle
identification.

The second plot represents the average values of jet resolution with respect to energy for the
detector at 91, 133, 177, 197 GeV. The average number of jets decreases as one increases the
total energy E.

4.0.0.19 The Higgs boson.

The experimental observation of one or several Higgs bosons will be fundamental for a better
understanding of the mechanism of electroweak symmetry-breaking. In the Standard model
these are various expressions for the Higgs meson. This means to give a mass to Z and W*. In
particular there are indications from previous experiments at FermiLab and CERN for e*e™
colliders that one has a Higgs meson mass between 100 and 150 GeV.

Here there are some important examples for the decay of standard Higgs meson. These data
are taken from ATLAS studies, see (3);

* H — 7y direct productions;

e H — 7 from the associated productionof W+ H, W+ Z and tf + H ;
e H — bb from the observed production W + H, Z + H and tt + H:

* H— ZZ — and Z into two leptons;

* H— ZZ — and ZZ into two leptons and two neutrinos;

e H— WT"W~ and H — ZZ with Standard model decays.

In Fig. 9 we consider possible rates for Higgs production and decay. We report the
determinations of the frequencies of the various channels by changing the H energy. The
estimation is done by ATLAS group, see (1).
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Fig. 9. Preview of particle measurements

4.0.0.20 The Higgs boson in SUSY physics.

The supersymmetric standard model is a usual way to generalize the Standard model by
including Supersymmetry, i.e. by adding a symmetry between bosons and fermions, see (16).
The curves in the first part of Fig. 10 give 1/a(Q) for the normal Standard model. As one
sees here in the case of the Standard model the three curves do not meat. They are close at an
energy Q ~ 10'°> GeV but do not meet. See details close to the expected mixing point.

In the case of SUSY model, see the second curve, data on 1/a(Q) are given for the three curves.
At Q = 10" GeV they actually meet and the model in principle can be unified. Actually the
unification energy is rather high. There are various analysis of the SUSY model and there are
various generalizations. See details near the mixing point.

The generalization of the Standard model and its analysis with HERWIG is used and analyzed
in principle. Important generalizations involve theories beyond the Standard model. We do
not enter here. See for example (17).

4.0.0.21 Associated soft interactions.

In all hard collisions also soft interactions are involved and need to be considered for many
measurements. These collisions are not considered here and could be found in the relevant
references, see (4; 5).

5. Summary

The original formulation of the HERWIG program was stated in 1983, see (4). Later it was
developed for various accelerators by using various QCD rules and their generalizations to
the Standard model and beyond. At the moment it is used for the LHC accelerator. Large
momenta are here involved to select very specific distributions. The search of Higgs is one
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of the major point for the HERWIG program. It is important for setting the Standard model
and the masses of Z and W*. Very important at this LHC scale are the observations of other
possible observables such as non QCD distributions in the Standard model and beyond.

All QCD perturbative calculations involved in the HERWIG program are obtained at leading
level. Some important non leading corrections are here included in many computed
quantities. Some important additions are discussed here.

The important point here is the presence of the hard scale Q},,.q. These selected hard processes
are under control of perturbative QCD analysis. Important processes are selected in this way.
Higgs search is one of the crucial point which was intensively discussed here. Extensions to
Standard model are easily treated here. Similarly for simple example beyond the Standard
model.

An important point is the presence of the artificial parameter of the infrared cutoff My. It
forces the absence of infrared divergences and is effectively close to the proton mass. This
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parameter forces one to implement the presence of the physical hadrons. They are generated
artificially by constructing hadron generation out of small mass color singlets of partons, see
(4). The HERWIG program is actually based on this reconstruction of hadrons. Actually one
can use different methods to generate hadrons but the essential basis are the same.

One element not considered in this study is the contributions from aspects that are beyond
perturbative QCD such as the role of soft interaction within hard collisions. Their behavior
is beyond perturbative QCD and then related to still not known quantities. They affect hard
interactions and are clearly controlled.

Many pictures here shown are obtained from Bryan Webber transparencies. He was very
important for my contribution to HERWIG.
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