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Abstract

The Large Hadron Collider, currently under construction at CERN, will give direct
access to physics at the TeV scale for the first time. The lack of certainty over the
type of physics that will be revealed has produced a wealth of ideas for so-called
Beyond the Standard Model physics, all with the aim of solving the problems pos-
sessed by the Standard Model. The oldest and most well studied is supersymmetry
but new ideas based on extra dimensions and collective symmetry breaking have
been proposed more recently. In order to study these models most effectively, we
argue that they must be implemented within the framework of a Monte Carlo
event generator so that their signals can be studied in a real world setting.

In this thesis we develop a general approach for the simulation of new physics
models with the aim of reducing the effort in implementing a new model into the
Herwig++ event generator. The approach is based upen the external spin struc-
tures of production and decay matrix elements so that the amount of information
required to input a new model is simply a set of Feynman rules and mass spec-
trum. The first method uses an on-shell approximation throughout but this is later
refined to include the effects of finite widths, as these are found to be important
when processes occur close to threshold.

In all of the discussions regarding our new approach we make specific reference
to two models of new physics, the Minimal Supersymmetric Standard Model and
the Minimal Universal Extra Dimensions model. Our general matrix elements and
approach to finite widths are all demonstrated and tested using examples from
these two models. The concluding discussion makes use of a third model, the
Littlest Higgs model with T-parity, such that signals from the three models are
compared and contrasted using the general framework developed here.
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‘In the beginning the Universe was created. This had made a lot of people very

angry and been widely regarded as a bad move.’

— Douglas Adams, ‘The Restaurant at the End of the Universe’



Chapter 1

Introduction

Attempting to understand the world around us in terms of fundamental building
blocks began with the ancient philosophies, where “elements” were used to explain
the observed patterns in nature. While by modern-day standards the idea that
these elements are entities such as fire or water is known to be untrue, our basic

approach to understanding the universe remains the same.

The current theory of fundamental interactions, the Standard Model, has per-
formed extremely well when compared to data from many experiments over the
past thirty years and only a single particle remains undiscovered, namely the
Higgs boson. However, despite its successes the theory is known to possess prob-
lems, most notably the fine-tuning problem. Here, radiative corrections intreduce
quadratic divergences in the Higgs boson mass squared so that large cancellations
are required to keep the known gauge boson masses at the measured scale. If,
however, new physics enters at a different scale, this can serve to alleviate these
problems. In this thesis, Monte Carlo simulations of several new physics scenar-
ios are developed and used to study the phenemenological consequences of these

models. This chapter reviews the Standard Model and introduces three models
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of new physics that will be explored. Chapter 2 reviews Monte Carloe techniques
used in particle physics simulations. Chapter 3 describes a general method for
the simulation of new physics models and Chapter 4 extends the basic methoed to
include the effects of finite widths. In Chapter 5 comparisons of the three models
of new physics are presented, including work done with detector simulations and

finally Chapter 6 provides a summary and conclusions.

1.1 Standard Model

The Standard Model of particle physics has its roots in the theory of Quantum
Electrodynamics (QED), which is based up on the principle of local gauge invari-
ance!. The Lagrangian possesses a space-time dependent symmetry and invariance
under this symmetry requires the introduction of a new field, the gauge field. In
QED this field is identified with the photen and the requirement of invariance

under a local U(1) transformation, the gauge group, leads to a Lagrangian®

. 1, . _
L = ,“p,.yﬂaﬂ,w - ZF# Fpu - 6¢7#¢A,‘ - m'(p’lﬁ, ( )
N y S e—— —— 1.1

kinetic interaction mass

where 1) is the electron field, A, is the photon field and F*" is the electromagnetic
field strength tensor, that possesses an interaction term of the desired form. Also, it
is known that the photon is massless and the requirement of local gauge invariance
actually forbids a mass term for the photon field. In fact, generally, massless gauge
fields are a consequence of the invariance of a Lagrangian under any local gauge

transformation. While this is acceptable, and indeed required, for QED, extending

1 Although originally QED was not understood in the context of a gauge symmetry, it was
later realised that the theory could be formulated in such a way.
2A good discussion of this topic can be found in [1].
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these ideas to the weak interactions, governed by the W* and Z° bosens, would

not seem viable as the gauge particles need to be massive.

In 1964 the Higgs mechanism [2-5] was proposed as a method of both retain-
ing local gauge invariance and giving masses to the gauge bosons by breaking
the gauge symmetry in the ground state alone, a method known as spontaneous
symmetry breaking. Building on previous work done by Glashow, the symmetry
group of QED was extended to include the weak interactions and the propesed
Higgs mechanism, for which Glashow, Weinberg and Salam shared the 1979 Nobel
Prize [6-8].

1.1.1 Glashow-Salam-Weinberg Model of Electroweak Physics

Experiments at the Brookhaven National Laboratory in 1957 established that neu-
trinos (anti-neutrinos) were left-handed (right-handed)?, leading to the conclusion
that the weak interaction must be a chiral theory and distinguish between helicity
states. As a result the theory acts differently upon the left- and right-handed parts

of a Dirac fermion, through the use of the projection operators defined as
1
PL,R = 5 (1 F ")’5) . (12)

Given this requirement the enlarged gauge group of the electroweak model is given
by SU(2); x U(1)y, where the L denotes a left-handed doublet with weak isospin
T and Y is not the electromagnetic charge but a related quantity known as hyper-
charge. A fermion, for example the electron, is composed of a left-handed SU(2)

doublet field that transforms under both isospin and hypercharge transformations

3This lead to the belief that neutrinos were massless fermions, although this has now been
disproved. However, compared to the scales we are considering in this thesis, their masses are
negligible and will not play a role.
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and a right-handed singlet field which is charged under U(1)y alone. The complete

field is the sum of the two pieces, 1. = Ve, + Yer.

The gauge sector of the theory lives in the adjoint representation of the group
given above. The SU(2), gauge bosons are denoted W ®3 and the U(1)y gauge
boson as B,,. As discussed above, the symmetry must be spontaneously broken for
them to acquire a mass. Introducing a single complex doublet ¢, the Higgs field,

with a potential, see for example Ref. [9],
V(g) = A(8'9)" - 1’¢'e, (1.3)

where A, u? > 0 gives a minimum at

o
9| = \/; =7 (1.4)

where v is the vacuum expectation value of the Higgs field. Analysing perturba-
tions around this minimum and making a choice of gauge, here and throughout we
will use a unitary gauge?, leads to three degrees of freedom of the original Higgs
field appearing as the longitudinal components of the, now massive, gauge bosons.
The remaining component is a massive scalar field, the Higgs boson h°. Looking

at the mass terms for the gauge fields

2
L= % [(gWi —g¢B,) (g — ¢'B*) + 292W"W+] , (1.5)

where g is the SU(2) coupling, g’ is the U(1)y coupling and W* = (W!'iW?)//2,

41n other géﬁé;s, for exaxr;li)le”f’ﬁgoft gauge, the gauge bosons remain massless and instead,
the three components of the Higgs field appear explicitly in the interaction Lagrangian and have
to be taken into account when performing calculations.
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the W¥ beson now has a mass

My = %gv. (1.6)

However, the Wff and B, mass terms are no longer diagonal and to obtain physi-

cally independent states the fields are redefined such that

WI‘:’ ‘ cosby  sinby Zy
: L= , (1.7)
B, —sinfy cosfw A,
where
gl
sinfy = ——. (1.8)

/ g2 + gIQ
The mass eigenstates are now the Z° boson with a mass

1 o
Mz = zvv/g% + ¢, (1.9)

2

and the photon A,, which remains massless as required®. In comparison with
Eqn. (1.1) the introduction of local gauge invariance gives rise to interactions
between the fermions and gauge besons. Since the coupling between the photon
and the electron fields is a measured quantity, the electric charge e, we can relate
the above gauge couplings through

g'g e

/= v AR AR L=y (110)

As discussed at the beginning of this section, the electroweak model is a chiral

theory with the left- and right-handed components of the fermion fields transform-

5The photon does not acquire a mass because its symmetry generator is now 7° +Y/2, which
still leaves the ground state invariant.
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Fermion field | SU(2), x U(1)y charge

(2; -1)
( L )L

lR,' (1, —2)
(’Z ) (2; +1/3)

UR; (1; +4/3)

dp; (1;-2/3)

Table 1.1: The Standard Model fermion fields with their associated quantum num-
bers under the SU(2); x U(1)y gauge group. The {L,R} sub-scripts denote the
left- and right-handed components respectively and ¢ = {1, 2, 3}.

ing differently under a gauge transformation, requiring us to place the components
in different representations of the gauge group. Table 1.1 gives the field content
and charges under SU(2)p x U(1)y. A mass term for each fermion is also required
and it should have the same form as the electron mass term in Eqn. (1.1). How-
ever, the left- and right-handed components of the fermion transform differently

under a gauge transformation, therefore the term is written as

mypyp = m (YPr + P PL) (Poyy + Pry), (1.11)

which cannot be made locally gauge invariant. The remedy is, again, to use
spontaneous symmetry breaking by coupling each of the fermions to the Higgs
field. When the Higgs field acquires a non-zero vacuum expectation value, a mass
term is induced for each fermion with the value gsv/ V2. The constant g ¢ is known
as a Yukawa coupling and it must be different for each fermion and proportienal to
its mass. While this is a necessary procedure because we know that the fermions
are massive particles, it is entirely ad-hoc and the couplings are not predicted by

the model.
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1.1.2 Strong Interactions

The final ingredient of the Standard Model is the theory governing the strong
interaction, namely Quantum Chromoedynamics (QCD), a good intreduction for
which can be found, for example, in Ref. [9]. Its fundamental constituents are
the quarks, which were introduced after a plethora of low-mass hadrenic states
were discovered in early cosmic ray and collider experiments and there was a need
to classify them in some way. The quark model provided an elegant framework
by which this abundance of states could be built frem a small set of fundamental
objects, namely the quarks. However, it was soon realised that there was a problem
with this model and some of the observed baryons, for example the A*+ which is
composed of three u-type quarks. Given that the quarks are fermions® their overall
wave function has to be antisymmetric but with only spatial, spin and flavour
degrees-of-freedom, these types of baryon have symmetric wave functions. The
resolution of the problem came with the introduction of another quantum number
known as colour, where each quark would carry an extra index and the wave
function would always be antisymmetric in this new index and hence antisymmetric
overall. Also, as this new colour charge was not directly observed in experiment it

was proposed that only states of neutral colour could be ebserved.

From these requirements and the demand for a gauge theory of the strong
interaction, QCD was born. The theory places the quarks in the fundamental
representation of SU(3)

ar

Qo = qg ) (112)

@

6The quarks have to be fermions to explain the spin of the lower mass hadrons.
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where r, g, b are their colour indices. Requiring local gauge invariance of the
Lagrangian introduces eight massless gauge bosons, the gluons, each carrying a
colour charge of their own and transforming under the adjoint representation of
SU(3). Unlike the electroweak case, we do not spontaneously break the SU(3)

symmetry as massive gluons have not been observed.

As discussed above, the gluons carry colour charge and therefore interact with
each other. This is encoded in the form of the field strength tensor for a gluen
field G’;‘},

Flﬁ, =9,G2 - &,G,‘f - gszBCGfo, (1.13)

where A = 1...8, fABC are the SU(3) structure constants and g, is the coupling
strength for a coloured field. The additional term over the familiar form of the
electromagnetic field strength tensor makes QCD a non-abelian gauge theory and
hence self interacting. The structure constants f42¢ are related to the generators

in the fundamental representation of SU(3) t4 by

[t4,¢5] = ifAPCLC, (1.14)

a representation for which is provided by the eight Gell-Mann matrices A4, which

are shown, for example, in Ref. [9].

1.1.3 Standard Model Lagrangian

As briefly reviewed above, the electroweak model and QCD provide elegant de-
scriptions of the currently known fundamental constituents of matter and their
interactions. Combining these theories gives the Standard Model as it currently

stands, a spontaneously broken gauge theory under the SU(3)¢c x SU(2)L x U(1)y
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Sector 3 Physiéqi statés:
Scalar h°
Gauge boson g,7, W, Z°
Quark d,u, s c bt
~ Lepton Ve, € Vpy W, Vry T

Table 1.2: The particle spectrum of the Standard Model. The Higgs boson h° is
the only undiscovered particle.

Y

Figure 1.1: A self-energy diagram for the Higgs boson with a fermion running in
the loop, where gy is the Higgs-fermion coupling and for all SM fermions except the
top quark it is much less than 1. In the Standard Model there are also contributions
from gauge bosons and the Higgs boson itself running in the loop.

gauge group. The full Lagrangian is given by combining each of the sectors

3
‘CSM = Lgaug‘e + Z ‘C:”ermion + LHiggs’ (115)

i=1
with the particle content given in Table 1.2.

As has been discussed previously, the Standard Model is an extremely well
tested model and agrees with many tests to a high degree of precision. However,
despite its many successes there is a fundamental problem with the scalar sector
of the theory, namely the hierarchy problem. If we consider one-loop corrections
to the tree-level Higgs boson mass, there will be contributions from diagrams such

as that shown in Fig. 1.17. Computing the loop integral gives a correction to the

7In the Standard Model there are also contributions from W+ and Z° bosons and the Higgs
boson running in the loop.
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Higgs boson mass of

2
a3 = UL (03, 1 am3 log(Muy my)] (1.16)

where gy is the coupling of a fermion to the Higgs field, Ayy is the cut-off scale of
the loop integral and we have neglected terms finite in the Ayy — oo limit [10].
If the Standard Model is to be considered as valid up to a high scale, e.g. the
Planck scale O(10!° GeV), the Higgs boson mass would naturally prefer to live
at this high scale rather than at around a few hundred GeV where electroweak
precision data suggests it is. This would mean that in order for the physical mass
to have this value a large cancellation, or fine-tuning, between the tree-level mass
parameter and the one-loop correction has te occur. This is the hierarchy problem,
the natural scale of the Higgs boson mass is the highest scale in the theory and

not the electroweak scale as one would expect it to be.

The above calculation assumes that the Standard Model is valid over seventeen
orders of magnitude. Given this range it would seem naive to assume this is the
case and that there is no new physics until the Planck scale. In the next section
three models of new physics are presented, each of which attempts to solve the

hierarchy problem in a different fashion.

1.2 Beyond the Standard Model

There are many open questions concerning the Standard Model, for example why
are there three fermion generations, why are the Yukawa couplings for the fermions
all, with the exception of the top quark, much less than 1. The models described
and discussed in this thesis do not address any of these issues as it is expected that

a unified theory, possibly a quantum theory of gravity, would provide answers to
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Figure 1.2: A self-energy diagram for the Higgs boson with a heavy scalar particle
running in the loop.

such questions. The models introduced below all seek to remedy the more technical
problems with the Standard Model such as the hierarchy problem described in the

previous section.

1.2.1 Supersymmetry

The hierarchy problem illustrated in Section 1.1.3 can be remedied if one simply
supposes that additional fields exist and also contribute to the self-energy of the
Higgs boson. For example, if there exists a heavy complex scalar field S which
couples to the Higgs field with a term such as —\;|$|%|S|?, a loop of the form

shown in Fig. 1.2 will give a contribution to the Higgs boson mass of

Am} = 25 [y - 23 log(Auy /ms)], (1.17)
where again we have neglected terms finite in the Ayy — o00. Referring back
to the correction obtained for the fermion loop in Eqn. (1.16), one can see that
if two of these scalar fields exist then the piece that is quadratically divergent
would cancel exactly if Ag = |g¢|*> and only a mild logarithmic divergence would
remain. In supersymmetry (SUSY) this is precisely what occurs, for each Standard

Model fermion there are two corresponding scalar particles and if supersymmetry

is unbroken they have the required couplings.
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In order to have this correspondence between the fermionic and bosonic degrees
of freedom, some type of symmetry transformation @ is required that turns a

besonic field into a fermionic field and vice versa, i.e.

Q |boson) = |fermion), @ |fermion) = |boson). (1.18)

As this transformation involves changing the spin of the original state, the gener-
ator () carries a spin quantum number and hence is also a space-time symmetry.
The fact that this generator is a spinor object is impertant in evading the so called
“no-go” theorems, such as the Coleman-Mandula theorem, which states that the
only consistent symmetries of the S-matrix are a direct product of the Poincaré
group and internal symmetry groups [11]. The realisation that if the generator
was a spinor then this theorem does not apply was found by Gol’fand and Lihkt-
man [12] in 1971.

The algebra which Q and Q' follow in order to extend the Poincaré group,

generated by P* and M" | is as follows

[QaaPu‘,:[Qg'-;Pu]% = 0, (1198,)
[Qas M™] = i(d™)2Qg, (1.19b)
{Qa, Qs} = {Qa, @3} = 0, (1.19¢)
{Qa,Qs} = 2(6")aa P, (1.194)
where
Uu = (170-)’ (120&)
g = (1,—-a), (1.20b)

o = —(o*s" — o¥a"). (1.20c)
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Therefore, if there exists a fermionic state |f) with mass m, acting upon such a

state with @,

P*|b) = P*Qalf) = QaP’|f) = Qum®|f) = m* |b), (1.21)

produces a bosonic state with equal mass. Therefore, if one were to extend the sym-
metries of the Standard Model to include supersymmetric generators, we should
find counterpart states differing in spin by half a unit but that are degenerate
in mass. Since there is no evidence for the existence of these particles, we must

conclude that if supersymmetry is realised in nature it is a broken symmetry.

In a phenomenologically viable model we require that supersymmetry is broken
in the ground state but only in a way that does not spoil the cancellation of
the quadratic divergences in the Higgs boson mass for which we introduced the
symmetry originally. When we added the additional scalar field to cancel the
ultraviolet divergence we stated that a relationship between the dimensionless
couplings gy and Ag was required, i.e. A\s = |gy|?, for the cancellation to occur.
We therefore require this coupling relation to hold in the broken theory so that
the fine-tuning problem is not reintroduced. This type of symmetry breaking is
known as soft-symmetry breaking, where we write the Lagrangian for the broken
supersymmetric theory as

L = Lsysy + Lot (1.22)

where Lgysy contains all supersymmetry preserving terms and Lg contains the
soft-breaking terms. These soft terms also contribute to the Higgs boson mass
correction with an associated scale mgog, so that Am2 is proportional to this scale

and vanishes as required in the SUSY preserving limit.
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Supermultiplets

In the Standard Model Lagrangian, the matter fields are grouped into multiplets
according te their transformations under the gauge groups, e.g. the SU(2);, quark
doublet. If we are to include supersymmetric counterparts into the Lagrangian, we
need to find irreducible representations of the supersymmetry algebra to hold the
single particle states, namely supermultiplets. The two simplest multiplets which
are required to build a supersymmetric version of the Standard Model are known
as chiral and vector supermultiplets. A chiral supermultiplet holds a massless Weyl
fermion and an associated complex scalar, while a vector supermultiplet contains
a massless spin-1 gauge boson and its partner, a massless Weyl fermion known as

a gaugino.

In Section 1.1.1 it was demonstrated that the left- and right-handed components
of the fermion fields in the Standard Model transform differently under a gauge
transformation. As a result, SU(2) doublet and singlet fermions have to be placed
in different chiral supermultiplets so that for each Standard Model fermion there
exists two complex scalar fields known as sfermions. In order to distinguish the
two fields and identify the corresponding fermion, each scalar is labelled with the
helicity of its Standard Model counterpart, for example the scalar partner of the

SU(2) doublet electron field is denoted by é.

So far the chiral and vector supermultiplets all contain massless particles, there-
fore the Higgs mechanism is needed to break the electroweak symmetry of the
ground state. However, unlike the Standard Model, two Higgs fields H, and Hy
are required to give masses to the up- and down-type fermions respectively®. Fol-

lowing a similar procedure to the Standard Model Higgs mechanism the fields can

80ne reason for this is that twe doublets of opposite hypercharge are needed for the cancel-
lation of gauge anomalies [10].
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be written in component form as

Hu = , Hd = y (1.23)

where a total of eight degrees of freedom exist prior to electroweak symmetry
breaking. Upon the introduction of a vacuum expectation value for each of the
neutral Higgs fields, v, and v4, three components give masses to the SU(2) gauge
bosoens and the remaining five degrees of freedom are seen as physical Higgs bosons.
The mass eigenstates are the CP-odd A°, the charged scalars H* and the CP-even

h® and H® which are mixtures of the two neutral states.

In the gauge sector we have vector supermultiplets containing the Standard
Model gauge bosons W23 and B° and their SUSY counterparts the winos W23
and the bino B. After electroweak symmetry breaking we obtain the familiar W+
boson, Z° boson and photen and the corresponding SUSY fields, the charged winos
W=, the zino Z and the photino ¥. There is also a supermultiplet containing the
Standard Model gluon with its supersymmetric counterpart the gluino § which is
unaffected by electroweak symmetry breaking as it does net couple to the Higgs

field.

In the exact supersymmetric limit, as discussed so far in this section, the Stan-
dard Model and SUSY particles are degenerate in mass, see Eqn. (1.21). Adding
soft SUSY breaking terms into the Lagrangian lifts this degeneracy and introduces

a mass splitting between the Standard Model particles and their SUSY partners.
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Minimal Supersymmetric Standard Model

The states described in the previous section constitute the minimal set required to
form a phenomenologically viable supersymmetric version of the Standard Model,
the Minimal Supersymmetric Standard Model (MSSM). However, the discussion
is not complete as the mass eigenstates of the MSSM are not those discussed above

as we have yet to take into account supersymmetry breaking.

As discussed previously, the supersymmetric Lagrangian needs to be supple-
mented with terms that break supersymmetry but only such that the cancellation
of quadratic divergences in the Higgs boson mass are not spoilt [13]. Unfortunately,
as supersymmetry remains undiscovered, we are completely ignorant of how it is
broken. Thus we are required to add the most general parameterisation of all
soft SUSY-breaking terms into the Lagrangian, thereby adding 105 new masses,

mixing matrix parameters and couplings into the MSSM framework.

After the introduction of these soft terms, together with electroweak symmetry
breaking, there is a mixing of states so that the mass eigenstates are no longer the
same as the interaction eigenstates. For example, the mass terms for the neutral

gauginos B and W?° are given by components of the soft SUSY-breaking terms

1. - -~ 1 = ~

—émﬁB-B——aMﬂVOJV°+hcq (1.24)
where M; and M, are the so-called soft masses. After the neutral scalar Higgs fields
acquire vacuum expectation values, mixing terms between (B, W?°) and (H?, HY)
are induced and the mass matrix is no longer diagonal. In a basis defined by

G° = (B,W?°, H?, H%)T, the mass terms can be written as

—%é“AL@éV+ha, (1.25)
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with
{ M1 0 —CﬂSWMZ Sg‘SWMZ \
0 Mg CgCWMZ —SgcwMZ
Meo = , (1.26)
—CﬁSWMZ C,BCWMZ 0 —
\ SﬂSWMz —SﬂCWMZ — U 0 )
where sg = sinf, cg = cosf, sw = sinfy, cw = cosby, B is defined by

tan 3 = v,/vg and p is a parameter from the Higgs potential. After diagonali-
sation of the mass matrix the resulting eigenstates are known as the neutralinos
denoted by x? where i = 1,2,3,4. In a similar manner the charged partners W=

and H* mix to form mass eigenstates called charginos ¥ where i = 1, 2.

In the sfermion sector there is also mixing of the interaction states. While in
principle there can be mixing between all scalar states that carry the same electric
and colour charge, this is constrained heavily by phenomenology. For example,
if terms such as (m%)e#é‘;ﬂ,; are not suppressed then contributions to the decay
p~ — e~ 4+ produce unacceptably large rates. This suggests that the true SUSY-
breaking mechanism should naturally lead to suppression of these dangerous off-
diagonal terms. In minimal SUSY-breaking scenarios, as we will consider here, the
form of the parameters ensures that mixings of this type do not occur and all we
must consider is mixing of the partners of the left- and right-handed fermions. In
general we can write down terms that mix each of the sfermions “left” and “right”
states but since the mixing is proportional to the Yukawa coupling of the Standard
Model fermion, it is only considered for the 3rd generation sfermions %, b and 7.
As in the case of W? = B? mixing in the electroweak model, we can parameterise

the mixing by an angle 6. For example, in the stop case the interaction states £
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7 Sector Particlesr

dL’ ur, '§L, EL, bl) tl
squark

&1, Ve g, Dy 71, U

| e i i

gaugino | X3, X9, X3, X3, X7, X3, §
Higgs | h°, H®, A°, H*

slepton

Table 1.3: The new mass eigenstates of the Minimal Supersymmetric Standard
Model. The Higgs boson h° shewn here replaces the Standard Model version
denoted by the same symbol.

and {g mix to give the mass eigenstates £; and #, through

t cos, —sinb, tr
= , (1.27)

to sinf, cosf; in

2

where m; < mtgz. The mixing of the sbottom and stau states is of the same form,

with the angles 6, and 6, respectively.

Another important concept in the MSSM as it will be discussed throughout
this thesis is the existence of a discrete symmetry called R-parity. This symmetry
prevents any couplings that violate conservation of baryon and lepton number
from entering the Lagrangian and ensures an acceptably low rate for proton decay.
It is defined as R = (—1)2/*B*L where J is the spin angular mementum, B is
baryon number and L is lepton number. Hence for any Standard Model particle
R = +1 and for a SUSY partner R = —1. As a result of this assignment certain
interactions are forbidden since they violate conservation of R-parity, such as the
decay of the lightest supersymmetric particle (LSP), which provides an excellent
dark matter candidate. A summary of the new particle spectrum of the MSSM is

shown in Table 1.3.
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Earlier in this section we stated that the introduction of explicit SUSY breaking
terms introduces over one hundred new parameters into the MSSM Lagrangian.
While this does not prohibit the use of the model, it becomes impractical since all
of the parameters would have to be specified with each use. Instead we chooese to
work with a smaller set of parameters within a standard SUSY-breaking scenario
that makes certain assumptions about the behaviour of masses and couplings at
high scales, i.e. unification of gaugino masses at the GUT scale in supergravity
models. This drastically reduces the number of parameters which need to be

specified and makes the model more tractable.

1.2.2 Universal Extra Dimensions

While supersymmetry is by far the most popular and well studied candidate for
physics beyond the Standard Model, it is not the only possibility proposed. In the
past two decades there has been renewed interest in the ideas of extra dimensions,
first proposed by Kaluza [14] and Klein [15] in the early part of the 20th cen-
tury. The resurgence was initially due to the fact that string theory could not be
consistently formulated in a four dimensional space-time. However, these theories
took on a life of their own when the possibility of large extra dimensions® was
proposed, the so-called ADD model [16-19]. In ADD type models, extra spatial
dimensions are added and only gravity is allowed to propagate through them, leav-
ing the Standard Model fields confined to a four-dimensional brane. This results
in a lowering of the Planck scale as perceived from our point-of-view and therefore
offers a possible solution to the hierarchy problem. Along similar lines Randall
and Sundrum proposed that the fundamental Planck scale could be lowered by

the addition of a small extra dimension that possessed a large degree of curvature,

9In this context, large translates to millimetre sized.
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the RS model [20].

A common feature of all of the models discussed above is that the Standard
Model fields are confined to our four-dimensional brane. If this restriction is re-
laxed and all fields are free to propagate inte the extra spatial dimensions, one
enters a class of theories called Universal Extra Dimensions (UED), first proposed
by Appelquist, Cheng and Dobrescu [21]. Here, upon compactification of the extra
dimension(s), a new spectrum of particle states arises as Kaluza-Klein excitations
in the compact dimension that from our viewpoint look like massive particles. In
this thesis it is this type of model that will be considered, where only a single extra

dimension exists, for which some of the main metivations are [22]:

e a viable dark matter candidate;
e proton stability;

e phenomenologically similar to supersymmetry.

In order to be able to analyse the four-dimensional phenomenology of the model,
we first consider compactification of the theory from its original five dimensions

to our familiar four space-time dimensions.

Compactification

In a minimal type model there is one extra spatial dimension y along with the
familiar four space-time dimensions z#. We require the final Lagrangian that will
specify the low-energy interactions to be a function of z* only and therefore need
to integrate over the extra dimension to remove these degrees of freedom, i.e.
compactify the extra dimension. In order to do this we must specify the form

of the space over which we integrate, namely the compactification scheme. The
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choice in this model is to compactify on an S;/2Z5 orbifold such that 0 <y < 7R,

where R is the compactification scale!”

The five-dimensional Lagrangian is written as [21],

Lz*) = /dy {_Zz G2 [Faﬁ 2, y)Fiap(z ,y)] + Liggs(2",y)
+i(Q,U, D) (z*,y) (T*D,, + I Dy) (Q,U, D) (z*,y)

+ [Q(l‘u, y)j-\_uu(ﬂ?”, y)iUZH* (xll, y)

+ O(z*, y)dpD(a*, y)ioo H(z", y) + h.c.] } , (1.28)

where F*” are the five-dimensional field strength tensors, D, 4 = 8/8{z*, y} A,
are the covariant derivatives for the gauge fields, A, = —i E‘?ﬂ 3. AL T and Liges
contains the kinetic and potential terms for the five-dimensional Higgs fields. The
Q, U and D fields are the five-dimensional fermion fields transforming as an SU(2)
doublet and two SU(2) singlets respectively'!. The gauge fields are decomposed

in terms of z* and y as

Azt y) = \/__ {Ao(z“ ) + \/_ZAJ (z*) cos (g) } , (1.29a)

Aslaty) = \/7 ZA’ * smi ) (1.29b)

while the scalar fields are decomposed as in Eqn. (1.29a). The zeroth level is identi-
fied with the Standard Model gauge field and for j > 1 there exists a Kaluza-Klein

tower of states with a mass O(j/R). The polarisations along the fifth dimension

10The orblfold constructlon here s1mply amounts to a circle S; where the points at § and —6'
are identified and hence the coordinate runs over only half of the circle’s circumference.

1115 five dimensions it is not possible to define a matrix that has the same properties as 75
in four dimensions. Therefore, the five-dimensional theory contairns two fields for each Standard
Model fermion so that a four-dimensional chiral fermion can be constructed from the two zeroth
level states.
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A4 have no zero mode and serve to give masses to the higher-level modes. The
Standard Model fields acquire their masses through the usual Higgs mechanism

where only the zeroth component of H acquires a vacuum expectation value.

For the doublet and singlet fermion fields the decomposition is as follows,

Q(at,y) = ﬁ{@%(x")-rﬁ;[&@(zﬂ)cos (%)

+ PrQi(z#)sin (%)] } , (1.30a)

\/%R {u%(x“) +V2 ; [PR~L{j(z“) cos (%)

+ PLU?(z*)sin (%)] } , (1.30b)

U(IL‘“, y) =

where again the zeroth level is identified with the Standard Model field. The
masses for the zeroth level fermion fields come from their Yukawa couplings to the
Higgs field. For the j > 1 levels the Higgs terms on the last line of Eqn. (1.28)
induce mixings between the left- and right-handed modes so that the interaction

eigenstates are related to the mass eigenstates through

U —7scosa; sinay U
- , (1.31)
0y Yssina; cosa; | \ Q7
with
my
tan 2a; = —, (1.32)
J Mj

where my is the Standard Model fermion mass and M; = j/R is the mass of
higher level modes'?. It is clear from Eqn. (1.32) that mixing effects are only phe-

nomenologically relevant for the top quark as electroweak precision tests suggest

121t should be noted that this is only the case at tree level and radiative corrections will alter
this value. These effects will explained in due course.
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that R~! > 700 GeV [23].

After compactification, it may be expected that KK-number would no longer
be conserved due to the breaking of translational invariance along the fifth dimen-
sion. While this is true, there is a discrete subgroup called KK-parity that can
still be preserved. KK-parity essentially conserves the “evenness” or “oddness”
of an interaction and prevents some different KK-mode mixings in analogous way
to that of R-parity in supersymmetry. Unfortunately, the existence of KK-parity
conservation cannot be confirmed until the UV behaviour of the theory is under-
stood and is only present if terms that explicitly violate it are not included. In our
study we do not include terms that violate this parity since it provides an excellent

dark matter candidate, namely the lightest KK particle (LKP).

Minimal Universal Extra Dimensions

So far all of the masses for the KK-modes have been taken as the five-dimensional
momentum j/R, which leads to an enormous degeneracy in the spectrum of states.
As such, all of the states are sfable since they are prevented from decaying to
Standard Model particles by KK-parity conservation. However, the above mass
relation is only valid at tree-level and radiative corrections induce mass splittings
within the spectrum. The loop corrections come in two forms, first from bulk
contributions where internal propagators wind around the extra dimension and the
second from boundary contributions at the orbifold fixed points y = 0,7#R. The
first set of corrections are well-behaved and only depend on the compactification
scale, whereas the second set are divergent and require renormalisation. This
introduces an explicit cut-off A at which the boundary terms are assumed to vanish.

The details of these corrections for each field are given in Appendix A.

This completes the discussion of the new particle spectrum for the Minimal



Introduction 25

7Sect0r Partlcles

[ ] K J [ ] I.
u?, st ¢t b
Quark | VDD D

1.0
dy, uy, sy, cr, by, ,tl, ]

e:h, vee, ll::“', Vl.ua 71._’ vy
e ML
Gauge ", Z0, Wi, a1

Higgs | H), A3, HY

Lepton

Table 1.4: The new mass eigenstates of the Minimal Universal Extra Dimensions
model for j = 1, where @ and o denote a partner to an SU(2) doeublet and singlet
fermion respectively.

Universal Extra Dimensions (MUED) model. In this thesis we only concern our-
selves with the additional modes with j = 1, shown in Table 1.4. Phenomenologi-
cally, this is very similar to the MSSM spectrum with the exception that the new

partners all carry the same spin as their counterpart Standard Model fields.

1.2.3 Little Higgs

In Section 1.1.3 it was shown that the Standard Model Higgs boson mass is
quadratically divergent when radiative corrections are taken into account. One
might naively assume that this would occur for other particles in the Standard
Model. However, due to protection from various symmetries, this does not occur.
For example, the Lagrangian possesses a symmetry for the electron field v, in the
m, — 0 limit of the form

Pe — €979, (1.33)

Therefore, radiative corrections to the electron mass must be proportienal to m,
and vanish when m, — 0. Dimensional analysis therefore tells us that, at most, the
divergence is logarithmic in the cut-off scale A rather than quadratic, so that the

fermion masses remain at the required scale. This type of symmetry is known as
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a chiral symmetry and exists for all fermions in the Standard Model, whereas the
gauge particles are protected by a different symmetry, namely gauge invariance.
The problem with the Higgs boson mass is now apparent, it has no associated

symmetry to protect it against large radiative corrections.

Little Higgs models introduce symmetry mechanisms to protect the Higgs
mass, with original models proposed such that the Higgs boson became a pseudo-
Goldstone boson of a broken symmetry. However, a scale for the symmetry break-
ing that gave rise to the Higgs beson was necessary, which reintroduced fine-tuning
issues between the electroweak scale and the new symmetry breaking scale. More
recently, ideas based on collective symmetry breaking have been introduced to try
and alleviate these fine-tuning issues. The first Little Higgs models possessed a
global symmetry broken at a scale f so that new particles were introduced at this
scale. Unfortunately, to avoid constraints from electroweak precision data, f had

to be increased such that fine-tuning issues were again reintroduced.

The conflict with electroweak precision tests came mostly from mixing between
the new heavier mass spectrum and lighter Standard Model particles. It was
realised that a new discrete symmetry, analogous to R-parity in SUSY and KK-
parity in UED, would prevent this type of mixing and give a spectrum that was
phenomenologically viable, including a dark matter candidate [24-26]. The new
symmetry, known as T-parity, gave rise to a minimal Little Higgs model known
as the Littlest Higgs model with T-parity (LHT) and it is this model that we will

consider here.

Collective Symmetry Breaking

The Littlest Higgs model begins with an SU(5) global symmetry, which contains
an [SU(2) x U(1)]® subgroup identified as the gauge group. At a scale f both the



Introduction ) o 27

global and local symmetry groups are broken down te SO(5) and SU(2) x U(1)
respectively. From the point-of-view of the global symmetry breaking mechanism,
there are now ten unbroken generators!® so that a total of fourteen massless Gold-
stone bosons are present. Coupled with spontaneous breaking of the local sym-
metry, a set of heavy gauge particles is introduced with masses characterised by
the global symmetry breaking scale f, the partners of the Standard Model gauge
bosons. The longitudinal components of these heavy gauge bosons are formed

from four of the Goldstone bosons of the global symmetry breaking mechanism.

Perturbations around the direction of the vacuum expectation value of the
SU(5) field,
0 H/V?2 )

o H*/vV2 0

where H = (h*,h%" and

—igtt  —igt/V2
® = , (1.35)

~igh V2 =i(4°+i")/V

parameterise the remaining ten Goldstone bosons. After electroweak symmetry is
broken at a scale vgy the W and Z° bosons acquire a mass by eating three of

the components of the Higgs doublet H, leaving seven physical Higgs bosons h°,
¢°, #F, ¢* and ¢**.

We now discuss the action of T-parity upon the different sectors. A T-parity
transformation exchanges the fields charged under the [SU(2) x U(1)], , gauge

groups. The physical states are combinations of the fields which are either even or

13SU(N) has N2 — 1 generators, while SO(N) has N(N — 1)/2.
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Sector Parti@;lé égn?erptf
Quark |d_,u_,s_,c_,b_,t_,T,, T_
Lepton €, Ve—y U_, Vy—y T_, Vr
Gauge Ay, Zy, W;—{'

Higgs o, ¢°, ¢F, ¢*, ¢**
Table 1.5: The additional particle spectrum in the Littlest Higgs model with T-
parity. For the fermion fields, the subscript denotes the action under T-parity and

all other fields, with the exception of the Higgs boson h°, are odd under a T-parity
transformation.

odd under the action of T-parity, e.g. the T-even SU(2); gauge bosen is given by
(Wi + Ws,)/ v/2 and is identified as the Standard Model W+ boson. All Standard
Model fields are even under the action of T-parity and the new spectrum of “heavy”
states are odd under T-parity. In the fermion sector this also leads to a spectrum of
heavy T-odd fermions, one for each Standard Medel fermion. However, in contrast
to the MSSM and MUED model, there is only one partner for each of the fermions,
with the exception of the top quark. In addition to the T-odd partner of the SM
top quark there are two additional T-even and T-odd combinations of new singlet
fields that are required to avoid quadratic divergences in the Higgs boson mass,
since the SM top quark has a large Yukawa coupling. Table 1.5 gives the new
particle spectrum of the Littlest Higgs model with T-parity, where a subscript
denotes whether they are odd or even under the action of the T-parity. Again,
in contrast to supersymmetry, the additional particles have the same spin as their

Standard Model counterparts.

1.3 Summary

A common feature of the new physics models described above is the addition of

a new spectrum of heavy particles. Assuming these particles have masses around
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the TeV-scale, which is required so that the problems with the Higgs beson mass
are avoided, they will be detectable at the collider currently under construction at
CERN, the Large Hadron Collider (LHC). It is crucial, therefore, that we are able
to accurately predict the signals that both the Standard Model and any new physics
model will produce. To achieve this we use so-called Monte Carlo event generators
to compare theory and data. The next chapter will introduce the basic methods

of Monte Carlo simulations with focus on their uses in high-energy physics.



Chapter 2

Monte Carlo Simulations

‘All exact science is dominated by the idea of approximation.’

— Bertrand Russell

Theoretical predictions must be compared to experimental data in order to con-
firm the validity of any model. This requires the calculation of numerical values for
observable quantities so that a direct comparison with experiment can be made.
For real-world problems these calculations are generally not exactly solvable and
one must use numerical techniques to arrive at the required answers. The Monte
Carloe method is one such way of obtaining numerical results when an exact ana-
lytic answer is not possible. Throughout this thesis we will refer to Monte Carlo
techniques as a method for solving complex integrals, although they are by no

means limited to such applications.

The Monte Carlo method treats an integral as an average over a set of values.

For example, the integral I of a function g(z), which exists between the limits

30
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{z1, 22}, can written as

_ T2 . T2 g(m) 2 = (10— 2EI -\
I—/m1 g(z)dz = @ )fx( t)dz = (22 — 1) E[g(X)], (2.1)

where X is distributed according to the probability density function fx(z) with

1
, if 20 <zx<29,
fx(@@)=¢ 274 (2.2)
0, otherwise.

The average value of the continuous distribution E[g(X)] is estimated from a

discrete sampling of g(X) using N random selected points such that

I=Iy=(zs=

2 |

z (2.3)

The error on the estimated distribution I is given by the central limit theorem

as the standard deviation of g(x)

I=1Iy+ (2.4)

where

0% = (24 — ) / &) dz — [ / 9(z) dw] g} (2.5)

Equation (2.4) shews that the convergence rate for a one-dimensional integral
computed using the Monte Carlo method is 1/ VN. For a simple example such
as this it would be more efficient to use either the trapezium or Simpson’s rule
where the convergence is 1/N? and 1/N*, respectively. However, the convergence
of these methods becomes less rapid for higher dimensional integrals, whereas the

error for Monte Carlo method stays as 1/v N VN

1The accuracy of any Monte Carlo is also dependent on the availability of a good quality
random number generator which can produce sequences of uncorrelated numbers with very large
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2.1 Event Generation

In particle physics, the comparison of theoretical predictions with experimental
data is a complicated task. This is mostly due to fundamental barriers in our
observing powers. For example, consider the process utit — Z° — dd, which has a

differential cross section given by

do 11 - -
o= s M(ui — 2° — dd), (26)

where /s is the centre-of-mass energy, M is the matrix element and d2 = dcos 6d¢
forms the two-dimensional phase space where 6 and ¢ are the polar and azimuthal
angles respectively. In a theoretical prediction a value for the total cross section
is found by integrating over the phase space. However, in an experimental setting
single quarks cannot be iselated since they are always bound inte colour singlets.
Therefore, the colliding particles are composite objects, e.g. protens and antipro-
tons, while the observed final-state particles are a colour singlet combination of
the quark-anti-quark pair. In order to give an accurate description of real data,

all of this information must be folded into the theoretical calculation.

The aim of general purpese Monte Carlo event generators [28-33] is to imple-
ment theoretical models and produce events that are distributed as they would
be prior to interacting with a detector. This type of generator is generally based
upon simple initial processes but has the advantage that the output can be directly
compared with data. They will be described in more detail in this chapter. An-
other type of generator, known as a matrix-element generator [34-39], calculates
the full 2 — n matrix element for a given process but the output must still be

interfaced to a general-purpose generator to be able to compare it directly with

periods. For more information see, for example, the discussion in Ref, (27].
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data. The author of this thesis is also an author of the Herwig++ [28] program
and as such the descriptions that follow relate directly to this program, unless

otherwise stated.

A general-purpese event generator, such as Herwig++, produces events in well-

defined stages:

Hard subprocess The momentum of the primary outgoing partons are generated
from the initial state, which can be a parton extracted from a composite

object or an elementary particle such as an electron.

Parton shewer QCD radiation from coloured objects in the initial and/or final
state evolves the scale of the reaction from the perturbative scale of the hard

scattering down to the non-perturbative hadronization scale « Agcp.

Perturbative decays In BSM physics models, top quark, W%, Z° and Higgs
production, the hard subprocess contains heavy states that will subsequently
decay, perturbatively, to lighter objects. If the initial and/or final states of
the decay contain coloured particles, parton showers will also be initiated

from these states.

Multiple scattering In hadron-hadron reactions, the primary subprocess in-
volves only one parton extracted from each incoming state. However, the
remaining parts of the hadrons, the remnants, can also interact and pro-
duce other partonic processes. The additional processes take place in the

perturbative regime and therefore also initiate parton showers.

Hadronization At scales below the hadronization cut-off, the coloured objects
formed as result of the previous stages combine to form colour singlets,
called clusters. This is an entirely non-perturbative effect and is governed

by phenomenological models, such as the cluster model in HERWIG [29]
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and Herwig++ [28]. Other programs use different models such as the string
model in PYTHIA [31].

Hadron decays Finally, the unstable hadrens produced by the cluster model or
in the decay of other hadrons undergo non-perturbative decays to form the

observed hadrons.

The elementary particles and hadrons produced by the simulation are the states
that exist prior to their interaction with the detector in an experiment. In order
to study these effects, the output from the event generator is passed to a detector
simulation package which models the interaction of the particles with the detec-
tor. Packages such as GEANT [40] provide detailed modelling of the interactions’
between the particles with matter in the detector. Whereas other packages, such
as AcerDet [41] or PGS [42], provide a simple model based on smearing of the
position and momenta of the particles. The model in these simpler packages is
usually based on a parameterisation of results from the GEANT simulation and

they are useful for phenomenological studies.

In the new physics scenarios under discussion in this thesis, the important
stages of the event generation are the hard subprocess and perturbative decays.
This is because the new particles will all decay into the lightest new particle state
and a Standard Model particle. As such, the remaining stages can be handled,
essentially, without regard for the type of new physics in question®. As a result we

limit our discussion to the initial hard scattering and subsequent decays.

2This statement is not true in general as there are possible SUSY scenarios where, for example,
coloured sparticles can hadronize to form R-hadrons [43].
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2.1.1 Hard Process

In a general purpose event generator the initial hard subprocess is typically a
tree-level 2 — 2 scattering, such as the example given in the introduction to this
section. To produce real events, the first step is to assign a momentum to each
of the outgoing particles. This is achieved by using the Monte ‘Carlo procedure
to estimate the cross-section integral for the selected process. In a hadren-hadron

initiated hard process, the cross-section integral is given by
o= /d$1d$2Z@j(@M2)'fi.($1,Nz)fj(fz,/ﬂ), (2.7)
12

where f;(z, u?) is the parton distribution function for the ith parton with a fraction
z of the incoming hadrons momentum at factorisation scale u®. The partonic cross

section 0;; can be rewritten in terms of the differential cross section through

) . g . 1 2n dO‘U A ) :
6i(8, %) = 1dcosé? A d¢ 70 (8,0, 0, u%), (2.8)

where § = (p; + p2)? = 71725, 6 is the polar angle of parton three with respect to
the beam axis in the centre-of-mass frame and ¢ is the azimuthal angle. During the
estimation of the cross section, random values for the angles (0, ¢) are generated,
where ¢ is generated isotropically and 8 is sampled from the do;;/d(2 distribution
for the process being generated. These values are used to calculate the momenta

of the outgoing particles using

P34 = (\/ q% +m3 4, £p; sin ¢, £p; cos ¢, kg cos 9) ; (2.9)

3The cross geéﬁon should not depend on the factorisation scale 4 but since the perturbative
expansion is finite, a residual dependence remains.
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where p; = ¢siné and

(2.10)

2.1.2 Perturbative Decays

In both the Standard Model and new physics scenarios, the unstable particles
produced by the hard scattering process will undergo perturbative decays. Ideally,
the full matrix element for the 2 — n process, including beth production and

decay, would be used [34-39], however, in reality there are a number of issues:

e the time to compute the full matrix element, even if only the resonant dia-
grams are included, grows with the number of final-state particlés. This is
particularly problematic for the types of model considered here, which can

contain long decay chains;

o most new physics models introduce a large number of new states, which lead
to many possible production and decay mechanisms. If the full calculation is
used in all cases then the number of processes required becomes prohibitively

large;

e any new coloured states will emit QCD radiation in their production and

decay which must be simulated using the parton shower approkiimation.

Given these issues, for the foreseeable future, we will need to use general purpose
event generators [28,31,33] that treat the production and decay of heavy particles
in a factorised approximation, namely the narrow width approximation. We start

by considering the form of the propagator for an unstable particle.
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In scattering processes unstable states reveal themselves as resonances, where
the mass of the unstable particle is defined as the position of the resonance. The

form of the peak is known as a Breit-Wigner and is given by

1
p? —m?2 +iml

o x , (2.11)

where p is the four-momentum of the unstable particle, m is position of the res-
onance and I' is the decay rate of the unstable particle, known as the width. In
a field theory the tree-level propagator (p? — m?)~! receives corrections from all
orders in perturbation theory and the exact propagator can be represented as a

geometric series,

]. 1 ) Z
— = — 'M2 . ) 12
D p? — m2 + 2 — mg( t )p2—= - +..., (2.12a)
00 . . 1k
_— z 2
= —— | (—iM? ————] , 9.12b
gpz—mﬁ [( =3 (212b)
= : ; (2.12¢)

where my is the mass parameter found in the Lagrangian, p is the four-momentum
and M?(p?) is the sum of all amputated diagrams for 1 — 1 scattering and for an

unstable particle is complex valued. Defining the particle’s rest mass m by
m? — m2 —~ Re M?(m?) = 0, (2.13)

displaces the pole in the propagator such that

1 iz
—_~ 2.14)
D p?—m?—iZIm M?(p?)’ (2.14)
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where Z is defined by the Lehmann-Symanzik-Zimmermann (LSZ) reduction for-
mula [44] as

M(p — p) = ~ZM*(p*). (2.15)

The optical theorem, a good discussion of which can be found in Ref. [45], relates
the imaginary part of the forward scattering amplitude M(p — p) to the sum of

contributions from all possible intermediate states such that
1 ‘ .
ZTm M) = ~Tm M(p —p) = ~3 3 / A M(p — )%, (2.16)
f

where dIl; is the phase space for all pessible final states f. The decay rate I for

a particle of mass m is given by
1
r-- Z/dnﬂM(p SR (2.17)
f

so that the propagater for an unstable particle can be written as

1 1
D p?—m?+imI’

(2.18)

-where it is assumed that the resonance is narrow so that I'" has a fixed value over
the resonance. If this is not the case, the tails of the distribution will deviate from

the form given in Eqn. (2.11).

We can separate the production and decay by integrating out the propagators

connecting each step,

f

1 2 or
@ = M) iMT| ~ M (2.19)
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so that the cross section integral becomes an on-shell production step followed by

a series of cascade decays. By using this approximation we are assuming:

1. the resonance has a small width I compared with its pole mass M, I' < M;

2. we are far from threshold, v/s— M > T', where /s denotes the centre-of-mass

energy;
3. the propagator is separable;
4. the mass of the parent is much greater than the mass of the decay products;

5. there are no significant non-resonant contributions.

If these assumptions are valid, one obtains an estimate of the cross section with
an error of O(I'/M). In this and the subsequent chapter we will assume that
the narrow width approximation described above is valid and we will work in the
limit where all external states are on mass shell. In Chapter 4 we will consider
the effects of finite widths and present a method to include them into our Monte

Carlo approximation.

2.2 Spin Correlations

The decay of a heavy resonance can be performed either via phase space, using an
algorithm such as RAMBO [46] or MAMBO [47], or by including a matrix element
to give the distribution of the decay products. In the former case all information
concerning the spin structure of the event is lost since the decay is performed based
entirely upen kinematiecs. To be able to keep so-called spin correlation information,
the calculation of the outgoing momenta must be based upon a matrix element

for that process so that the dynamics of the process are also included. However,
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Figure 2.1: Production of a #t pair at an electron-positron collider, where the
top quark subsequently decays, via a W-boson, to a b-quark and a pair of light
fermions. The top quark can also decay to either a d- or a s-quark but these are
heavily suppressed by CKM factors.

if the two stages are performed naively as isolated calculations, no information
about the underlying spin structure of the physics model will be transmitted to
the final state and the angular distributions will remain incorrect. This is due to
the generation of the momenta in hard process and decay stages depending only on
the squared matrix elements for each process, so that the polarisation vectors and
spinors are summed over separately in each step. Therefore, we require a method
of preserving the necessary amplitude information so that the spin correlations
can be reconstructed as the simulation progresses. A general algorithm for dealing
with these correlations, which is both in keeping with the step-by-step approach of
event generation and also does not require larger spin density matrices for longer
decay chains, is demonstrated in [48-51]. Instead of describing the algorithm in
its general form, we will discuss its application to the process ete~ — tt where
the top quark subsequently decays, via a W-boson, to a b-quark and a pair of light

fermions, as shewn in Fig. 2.1.

Initially, the outgoing momenta are generated according to the usual cross-
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section integral

(271')4 dspt d3pf ete ™ —tt g gxete™ =it )
| 5o oo’ W AAg ) (2.20)

2s | (2r)32E, (2r)32E; %

where Mf\:r/\et_ ~% is the matrix element for the initial hard process and );; are the

helicities of the t and ¢ respectively. One of the outgoing particles is picked at

random, for instance the top and a spin density matrix calculated

M5 Mg e, (2.21)

¢ 1
pP = == 7
At N A A

with N defined such that Trp = 1.

The top is decayed and the momenta of the decay products distributed accord-

ing to

(2m)" 4'py Cowr tob W g grt—bW+
(27)32E, (21)%2E M. M3 9.22
2m; J (27)32F, (27)32Ew+ P Mis MAx (2.22)

where the inclusion of the spin density matrix ensures the correct correlation be-

tween the top decay products and the beam.

A spin density matrix for the W+ is calculated, because the b is stable?,

w+ _ l t t—bW+ g gxt bW
Py + Ny = NP,\,V\;MAH\WJ, XX, (2.23)

and the W decayed in the same manner as the top with the inclusion of the
spin density matrix here ensuring the correct correlations between the W decay

products, the beam and the bottom quark.

The decay products of the W are stable fermions so the decay chain terminates

4While the b-quark does dec”aiyi geai-leptonically, in the perturbative regime that we are con-
sidering here it is a good approximation te say that it is stable.



Monte Carlo Simulations B - ) 42

here and a decay matrix for the W

D', = —MW+”’ff'M*W+"f 7 (2.24)

AW+ )‘;’V AW"' )‘;/V"‘

is calculated. Moving back up the chain a decay matrix for the top quark is
calculated using the decay matrix of the W,

1
Dy = NMt"bW+Mf\f;5”W+ DY (2.25)

At Apy+ A+ Ny,

Since the top came from the hard process we must now deal with the f in a similar
manner. However, instead of using dy;», when calculating the initial spin density

matrix, as in Eqn. (2.21), the decay matrix of the top is used such that
t te—— xete™ — .
Pf\t—,\;_ = Mf\tft ttM)fA'e ttD,\tA' (2.26)

where again Trp = 1. The t decay is generated accordingly and the density
matrices pass information from one decay chain to the associated chain thereby

preserving the correct correlations.

The production and decay of the top, using the spin correlation algorithm, is
demonstrated in Figs. 2.2-2.4 and compared to the full matrix element calcula-
tion. The separate plots illustrate the different stages of the algorithm at work.
Figure 2.2 gives the angle between the beam and the outgoing lepton. The re-
sults from the simulation agree well with the full matrix element calculation which

demonstrates the consistency of the algorithm for the decay of the £.

Figure 2.3 gives the angle between the top quark and the produced lepton. This
shows the same agreement as the previous figure and demonstrates the correct

implementation of the spin density matrix for the t decay. Finally, Fig. 2.4 gives
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Figure 2.2: Angle between the beam and the outgoing lepton in ete™ — t —
bbityl~ 7 in the lab frame for a centre-of-mass energy of 500 GeV with (a) unpo-
larised incoming beams, (b) negatively polarised electrons and positively polarised
positrons and (c) positively polarised electrons and negatively polarised positrons.
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Figure 2.3: Angle between the lepton and the top quark in ete™ — tf — bblT 1yl
in the lab frame for a centre-of-mass energy of 500 GeV with (a) unpolarised in-
coming beams, (b) negatively polarised electrons and positively polarised positrons
and (c) positively polarised electrons and negatively polarised positrons.

the results for the angle between the final-state lepton/anti-lepton pair showing the
correct implementation of the decay matrix that encodes the information about
the ¢ decay. Again there is good agreement between our numerical results and
the full matrix element calculation giving us confidence in the validity of the spin

correlation algorithm.
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Figure 2.4: Angle between the outgoing lepton and anti-lepton in ete™ — tf —
bbl*y I~ 7 in the lab frame for a centre-of-mass energy of 500 GeV with (a) unpo-
larised incoming beams, (b) negatively polarised electrons and positively polarised
positrons and (c) positively polarised electrons and negatively pelarised positrons.

The above procedure is ideally suited for implementation in an event generator,
as demonstrated, where one would like additional processes to occur between the
hard production and decay such as showering of a coloured particle. Throughout
this thesis, spin correlations will play a vital role when diseussing the new physics
scenarios discussed in Chapter 1, therefore the algorithm presented here will be

used extensively.

2.3 Summary

In this chapter we have introduced the basic ideas of Monte Carlo techniques as a
method of numerically evaluating complex integrals. We have shown that by treat-
ing the integral as an average over a set of selected points, a selution is obtained
with a well defined error. This technique was carried into the particle physics do-
main by the concept of an event generator, which uses the Monte Carlo methed to

produce events that are distributed as they would be in an experiment. The main



Monte Carlo Simulations S S 45

steps of the event simulation were briefly described with the hard scattering and
decay phases discussed in more detail, including an algorithm for preserving spin

correlations throughout the simulation, as they are most relevant to this thesis.

The next chapter introduces a general framework, which has been implemented
in the Herwig++ event generator [28], for the simulation of physics beyond the
Standard Model.



Chapter 3

Simulations of New Physics

‘The most exciting phrase to hear in science, the one that heralds new discoveries,

is not ‘Eureka!’ (I found it!) but ‘That’s funny ...".’

— Isaac Asimov

The LHC, currently being built at CERN, will usher in a new era for high-energy
physics. It will become possible, for the first time, to probe physics at the TeV scale
and attempt to address some of the problems with the Standard Model that were
discussed in Chapter 1. As we do not know what type of new physics the LHC will
uncover, it is important to be able to explore a wide variety of models and analyse
their signals within a realistic setting. This, essentially, means implementing the

required model in a Monte Carlo event generator.

In the past each model was hard coded in to a generator, making the addition of
new models a time consuming process. Here we present a method, which we have
implemented in Herwig++ [28], aimed at minimising this effort. Our approach

requires two basic ingredients to be specified with each model, namely:

46
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Xi

. g ’ ’
lm Y [OF(1 =) + OF (1 + 5)]

Figure 3.1: Feynman rule for the x{xJZ° vertex where O;f’R are defined in the
text.

o the Feynman rules which specify the interactions among the new. particle

spectrum;

e a mass spectrum for the new particles.

The calculations, such as matrix element evaluation, are performed based upon

the spin structure of a process rather than hard-coding specific processes.

3.1 Feynman Rules

For a given combination of spins interacting at a vertex, if we assume the per-
turbative form of the interaction, there is a specific Lorentz structure and a limit
on the number of possible couplings for any given interaction. In eur approach,
each Feynman rule is factorised into a part depending on the Lorentz structure of
the interaction and a part governing the exact form for a specific interaction. For
example, consider the x{x9Z° vertex in the MSSM as shown in Fig. 3.1. A more
general rule for any fermion-anti-fermion interacting with a vector boson is given
by:

eyt [aLPL + aRPR] , (3.1)
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where c is the overall normalisation, P, r are the left- and right-handed helicity
projection operators and a®f are the left and right couplings respectively. To
specify the exact vertex for the interaction in Fig. 3.1 simply requires setting
c = g/cosby, at = O;JL and of = O;f where O:JL = —3NNj; + 3NuN7, and

IR_ IL*.

i

To use the vertex we need to be able to either evaluate it as a complex num-
ber or calculate an off-shell wave function that can be used as input to another
calculation. The ability to calculate not just the vertex as a complex number but
off-shell components as well, underlies the HELAS [52] method for matrix element
calculations. As an example, consider the three-body decay of the top quark as
discussed in Chapter 2. The HELAS approach factorises the problem into two
parts. First, for each helicity combination of the top and bottom quarks, a vector
wave function €, for an off-shell W+ with momentum g = p, — p, is calculated,

(9w — )

=5 @ _ig_vl’_ P - My~ 2
€, = U(Ps)y ( \/Eth> Lu(pt)qz_m%V_l_imwr. (3.2)

This is used as an input, along with the spinors for the light fermions, at the

second vertex to calculate the final matrix element for that helicity combination,

0}
Mooy = alps) (= 25Vi) Pevtor)e (3)

To obtain the spin-summed matrix element the procedure is repeated for all pos-

sible helicities of the external particles.

In our approach, the HELAS calculations are performed in terms of the Lorentz
structure of each perturbative vertex so that they can be reused with each specific
interaction of that vertex type. In addition, the HELAS formalism has a number

of advantages:
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e the basis states for the particles are provided, which can be stored and passed
between production and decay to ensure the spin correlations are consistently

implemented using the algorithm described in the previous chapter;

e we can use the spinors and polarisation vectors calculated when the particle
is produced to calculate their decays in a different frame, after an appropriate
Lorentz transformation, so that each step of the calculation can be done in

the most relevant frame;

e more complicated matrix elements can be evaluated from the basic building

blocks rather than calculated from scratch;

e the inclusion of particles other than scalars, spin=% fermions and massless

spin-1 bosons is relatively simple.

Appendix B describes our conventions for the wave functions and vertices used in

the HELAS method.

3.2 Hard Processes

The previous chapter discussed generating the outgoing momenta for the initial
hard scattering in a general purpose event generator. The cross-section integral in
Eqn. (2.8) depends on the matrix element of the process being generated and is
evaluated for each phase-space point chosen by the Monte Carlo procedure. The
general method of choosing these points does not depend on the process being
generated, so the matrix element evaluation is separated from the generation of
the phase space. In our approach, we limit the production mechanisms to 2 — 2
scatterings and as such the only piece of information that will change with each

BSM process is the computation of the matrix element.
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DPa — - De
Po—=——— —— P4
“s-channel” “t-channel”
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77N
pb pd pb J— = . pc
“four-point™ “u-channel”

Figure 3.2: Tree-level topologies for a 2 — 2 process. The arrows denote the flow
of momenta.

Using the factorised approach described above, the matrix element for a given
process can be written down based upon its external spin structure rather than for
an exact process. In Fig. 3.2 the possible topologies for a 2 — 2 process at tree level
are shown, along with the labels that we will use to refer to a specific diagram type.
To compute the matrix element squared for a given process, the tree-level diagrams
are calculated and split into so-called colour flows. An individual colour flow is
identified as a specific combination of colour matrices multiplying an amplitude
and a single diagram can contribute to more than one colour flow. For example,
consider the process gg — gg shown in Fig. 3.3. If the amplitude for the ith
diagram, stripped of its colour infermation, is denoted by M; the full amplitude

for the 3 diagrams is given by,

g o= if*NfM,, (3.4a)
go = ifHifeM,, (3.4b)

g5 = —if"ifieiMs, (3.4c)
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eu(P1) ToTOTTY——— @(ps)  EulP1) TTOUOTTY——— v¥(pa)

~1

A gi g9

eb(p2) 0000008« vi(py)  €0(P2) QQQ0QOS—+—— @(ps)
(1) (2)

u(ps)

v? (ps)

Figure 3.3: Diagrams contributing to the process gg — §§ where lowered Greek
letters denote space-time indices and raised Roman letters denote colour indices
in the adjoint representation. u,v are the spinors for the gluinos and ¢, , are the
polarisation vectors of the gluons. The momenta (p;, p2) are incoming and (ps, p4)
are outgoing.

where g; denotes the full amplitude and £ denotes the anti-symmetric structure

constants of SU(3).

The combination of structure constants in Eqn. (3.4c) can be rewritten using

the Jacobi identity to give
g3 = (F7 5% — f2 144 Ms, (3.5)

where it is apparent that the colour structure of the s-channel gluon exchange
diagram is simply a combination of the other two colour structures. The full

colour amplitude can therefore be written as

Mz = —[cr(M1 — M3) + co(Ma + M3)], (3-6)
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where ¢; denotes the combination of structure constants from above and the com-

bination of diagram amplitudes are the colour flows, i.e. M; — M3, denoted by
fit.

To square the amplitude given in Eqn. (3.6) requires both squaring the colour
flows M; — M3 and Mj + M; and squaring the colour structures c; 2. Given
that we are performing the amplitude evaluation using a numerical approach,
squaring these is a trivial task. However, to square the colour structures we need to
perform colour sums on each combination of structure constants. Taking the above
example, the two colour structures are given by ¢; = ifi % and cy, = ¢ fo%; fbic,
so that, in theory, there are four colour sums to perform, but in practice since

lei|? = |ez|* and ¢1¢5 = cac? there are in fact only two. Using the identity
[ =ity (3.7)

we can rewrite the colour structures in terms of the colour matrices of SU(3) such
that

jof? = Bt o 3.9
Using the identity 3y , tAt = Cpd,. gives

16
|ea]? = |eaf® = NeCh = 3 (3.9)

where for SU(3) Nc = 3 and Cr = 4/3. A similar calculation involving the
identity t°t%% = (Cr — S4)t® gives cicj = cocf = —2/3. It is noteworthy that the
ratio |¢1|2/c1cy o< (N2 — 1), the number of gluons, so that the interference term
is suppressed by a factor of (N3 — 1). While there are algorithms available to

perform such colour algebra [53], given the limited set of colour structures we are

1Note that the overall minus sign in Eqn. (3.6) can be dropped since it simply corresponds
to a phase that will not contribute to the final answer.
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Figure 3.4: A possible colour topology, in the large N¢ limit, for the s-channel
gluen exchange diagram contributing to the process gg — §g. The three remaining
possibilities are found by reversing the arrows appropriately.

dealing with, we choose to calculate those required by hand and store the answers

for later use.

The full matrix element squared for a general process ab — cd, summed over
final-state spins and colours and averaged over initial-state spins and colours, is

given by
Simp = s—grzw 13 (3.10)

where C;; is a matrix containing the squared colour factors c;cj, f denotes the ith
colour flow for the set of helicities A\, Z is an identical particle symmetry factor,
Sap is the number of polarisation states for each incoming particle and C,p is the

number of colour states for each incoming particle.

In addition to calculating the matrix element for a given scattering process,
we must also construct the colour topology that is associated with it so that the
parton shower and hadronization stages can proceed correctly. This is achieved by
choosing a colour flow probabilist’i’cally, based upon its contribution to the total
matrix element for the given process. Depending on the colours of the internal and
external states involved, there may be more than one possible colour structure for
each diagram. For the example in Fig. 3.3 each diagram has 4 possible colour

topologies, one of which is shown in Fig. 3.4 for the s-channel exchange, since
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Process Type
vV - U
VUV — ¢¢
vy - vV
vV — V¢
VV = ¢¢
VvV — v
vV - V¥
vv: - vV

Table 3.1: Spin structures for 2 — 2 scattering processes where ¢ is a scalar field,
¥ is a fermion field and V is a vector field.

both the gluon and gluino carry a colour and an anti-colour line in the large N¢
limit. If a diagram such as this is chosen, one of the possible topologies is selected
at random. While this does rely upon using the large N¢ limit, given the colour

structures that we are dealing with, it is a good approximation.

As discussed above, our approach is based on the external spin structure of a
2 — 2 scattering process so that the above procedure is only implemented for each
possible type of spin structure, a list of which is shown in Table 3.1. Coupled with
the Feynman rules for a given model, the so-called matrix elements listed produce
numerical answers for the spin-summed matrix element squared. In each case all
possible s-, t- and u-channel diagrams involving scalar, fermion, vector and tensor
exchange are included together with all possible four-point vertices so that the
cross section for a selected process can be estimated. To ensure that the method
described above is correct, each matrix element was written and compared to an
analytical expression in the MSSM [30, 54] and the MUED model [55], ence the

Feynman rules for each of these models were included.

As an example, the production cross sections for a range of processes in the

MSSM at SPS point 1a and the MUED model with the mass spectrum shown in
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'Pré,rtircilew j/lia:ssi (:G;e\i/)i Particle | Mass (GeV)
gi 626.32 Wi 535.49
tle 600.43 H? 517.65
b 588.28 it 514.79
ot 588.27 s 514.78
sy | 58827 e 514.78
s 588.27 Ve, 514.78
ul - 588.27 Vi 514.78
S 576.32 e, 514.78
u; | 576.31 A? 512.88
bS 574.91 HE 511.08
83 574.90 7 504.25
ds 574.90 I 504.25
e 574.20 e 504.25
Z) | 53581 | m | 50098

Table 3.2: The mass spectrum for the MUED model, calculated using Herwig++
with the information given in Appendix A, where R~! = 500GeV, AR = 20,
my = 0 and mye = 115 GeV.

Table 3.2, are given in Table 3.3. Given that the mass spectra are not the same
in each of the models, a fair comparison based upon the helicity structure of the
underlying model cannot be drawn. However, it is instructive to note that a typical
MUED mass spectrum does give production cross sections that are significantly

higher than those in the MSSM.

3.2.1 Majorana Particles

Supersymmetry introduces Majorana, fermions?

, namely the gauginos, into the new
particle landscape. This complicates matrix element calculations as some interac-

tions violate fermion number conservation. For example, consider the production

2A fermion field that is its owﬂ”cioinjugate,
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(a) (ib)

Process | Cross Section (pb) Process | Cross Section (pb)
ug — EziR 5.04 ug — g1u3 26.14
ug — gur, 4.84 ug — gqiu 25.35
99 — 99 3.93 99 — 9191 23.58
dg — Gdg 2.18 dg — g1dS 10.70
dg — gdr, 1.97 dg — gid? 10.21
ud — Gpdp 0.64 ud — uSds 3.46
ud — ady, 0.57 ud = uld} 3.29
uu — g 0.50 uu — ujug 5.05
Uy — UrUp 0.44 uu — UjUg 2.82
uyu = ULl 0.41 uu — ujug 2.76
ud — didr 0.26 ud — ulds 2.54
ud — igdy 0.25 ud = uSds 2.51
ut — Uiy 0.18 Ut — ujly 0.83
ut — Ugly 0.11 Ut — uU3 1.00
g9 — Ugils 0.16 g9 —= uShS 0.53
gg — uruj 0.14 99 — ula} 0.46
w — Up iy 0.10 ull — Uy - 0.96

Table 3.3: Partonic cross sections, produced using Herwig++ after 1 x 10° events,
for a range of strong interaction processes at the LHC in (a) the MSSM at SPS
point 1a and (b) the MUED model with R~! = 500GeV and AR = 20. The
processes are ordered in decreasing magnitude of the MSSM cross section.

~0 -0

q Xi _ q X _
> T - a(ps) b T ’ u(pa)
[}
Y v
—_ 1 ~0 = | ~0
q ! X;j q l Xi
——! . v(pa) -— : v(p3)

Figure 3.5: Neutralino pair production via t- and u-channel diagrams. The spinors
associated the neutralinos are denoted as u(p) and v(p), where the momentum p
is outgoing. There is also an additional s-channel diagram involving the exchange
of a Z° boson but this is not relevant to the discussion here.

of a pair of neutralinos in the MSSM, as shown in Fig. 3.5. The spinor assign-

ments for each of the neutralinos follow from rules intreduced by Denner et al. in
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Refs. [56,57]. The u-channel diagram arises because the neutralinos do not carry
a fermion flow arrow, so the outgoing particles can be exchanged. When calcu-
lating the matrix element for this type of process, the spinors for the ¢-channel
diagram are calculated first, followed by the two extra spinors for the exchange
diagram, where care must be taken te associate the two extra spinors with the

correct momentum and helicity.

3.2.2 Resonant Prdcesses

Often we are interested in the study of s-channel resenances which decay to Stan-
dard Model particles rather than the production of a new particle in a 2 — 2
scattering process. We therefore include a mechanism to study this type of pro-
cess. We will take as an example here the virtual exchange of a graviton, the
lowest lying state of a Kaluza-Klein tower. The graviton is predicted by various
models with extra dimensions where gravity is allowed to propagate in the bulk,
an example process is shown in Fig. 3.6. Here, the same procedure as above is
used to compute the matrix elements but now there is less work sincé there is only

a single s-channel diagram and hence a single colour flow.

In Randall-Sundrum type models, narrow graviton resonances at the TeV scale
are predicted that can be detectable by the LHC [58] through various hard sub-
processes. An implementation of the simplest RS model is included in Herwig++
and we have picked three processes involving graviton exchange, gg — G — ete™,
ull — G = eTe” and ut — G = v, to demonstrate the properties of processes
involving a spin-2 particle. The plots of the angular distribution of the outgo-
ing fermion/boson with respect to the beam axis in the centre-of-mass frame are

shown in Fig. 3.7 and were produced with our general matrix elements.






Simulations of New Physics 59

since the phenomenology has been much more widely studied, there are spectrum
generators [60-63] which give the mass spectrum and mixing matrices for a given
set of input parameters. All of this information is transmitted between these
programs in a standard format called the SUSY Les Houches Accord [64,65]. In
addition to calculating the mass spectrum, some programs will also generate a

decay table with corresponding widths and branching ratios.

If, on the other hand, a non-SUSY model is being studied, the mass spectrum
and decay information must be determined by another means. Our approach
takes this into account by including a mechanism to automatically determine the
possible two- and three-body decay modes once the new mass spectrum for a non-
supersymmetric type model has been calculated3. For a further discussion of the
details concerning the three-body decay modes, see Section 4.5. To determine the
branching ratios we calculate the partial width for each decay mode of a given

particle and the branching fraction of a specific mode i is given by

BR; = — 0t — (3.11)

E‘:l FJ"

..

Ly

where I'; is the partial width of decay mode 7 and the sum in the denominator
extends over the NV possible decays of the particle. A sample of the decay modes
generated by Herwig++ for the MSSM and the MUED model is shoewn, along with

their corresponding partial widths, in Table 3.4%.

For a two-body decay, the matrix element only depends on the mass-squared

values of each particle so the phase-space factor can be integrated separately and

3This mechanism can also be used with a SUSY model if the spectrum generator does not
provide a decay table.

4An example of a .complete decay table generated by Herwig++, for both the MSSM and
MUED model, is given in Appendix B.4.
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(a) (b)
Decay Mode | I (GeV) | | Decay Mode | Ti (GeV)
dp — xt,d | 331 d—» Wi,u| 011
dp — %0,d 0.29 dS — m,d 0.02
&L — Xe 0.12 e — y,e | 1.94x1073
Er— Xhe 021 | | e — m,e 3.22x107*
X9 —7E,7F | 0.01 70 - vt v | 7.24x1073
X3 — v, 2.02 Wi — ettt | 001
g — by,b 0.56 g1 — d5,d 0.11

Table 3.4: A sample of decay modes for (a) the MSSM at SPS point la and (b)
the MUED model with the mass spectrum shown in Table 3.2 where the mode
with the highest partial width is shown.

the partial width is given by

I(a— be) = 23 Mmp, (3.12)

2
8mm2

where S| M|? is the matrix element squared summed over final-state colours and
spins and averaged over initial-state colours and spins, m,p . are the masses of
the initial and two final-state particles respectively and p.,, is the centre-of-mass

momentum

1

1/2

Dem =

= 13
2m, (3.13)

[(m2 — (my + mc)?) (m2 — (mp — mc)?)]

Therefore, in a two-body decay with given kinematics, the matrix element squared
is the only quantity which will change depending on the specific decay. As a result,
when calculating the partial width for a particular two-body decay mode, we use
a hard-coded formula that is based on the Lorentz structure of the decay rather
than using the HELAS approach. The spin structures for the general two-body
decays are shown in Table 3.5 and the corresponding analytical expressions are

given in Appendix B.3. While, in principle, these expressions could also be used
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Two-Body
-V V | VTV
boVV Voo
68 ¢ | VoV V'
¢p—oV | T—¢¢
Vo0 ¢ | THT T
V¥V | T-VV

Table 3.5: Spin structures for general two-body decays where ¢ is a scalar, ¥ is a
fermion, V is a vector boson and T is a tensor field.

to generate the momenta when a two-body decay is simulated in an event, in
practice we want to include spin correlations so we must use the HELAS approach

during event generation.

The partial width for a three-body decay is given by [66]

| T T T
P(a — b,c,d) = ——r o dm2, d . (3.14
(a ~ ¢ ) (27T)3 32mg ‘/(‘mb‘i'mc)z mbc ‘/(mcd)inin m0d2| l ( )

where §|./\/I|2 is the matrix element squared summed over final-state colours and

spins and averaged over initial-state colours and spins and

2
(M2)max = (E; + E3)? - (\/E;,;2 —m3— \/E,;;2 - mg) ., (3.15a)

2
m2)min = (Er+E}2— (VEZ—m2+/E2-m3) , (3.15b)
cd c d c c d d

with E? = (m2, — mZ +m?2)/2my,. and E} = (m2 —m2, — m?2)/2ms,. In general, the
phase-space integration can no longer be performed analytically since the matrix
element is a complicated function of the invariant mass combinations m. and mcq4,
therefore it must be performed numerically. Given the low number of dimensions
of the phase-space integral in Eqn. (3.14), they are performed using standard

techniques rather than by the Monte Carlo method.
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Three—Bday
6— oUW
bV VWV
‘Il - \I,I \IJ” \I]III
V-9 VvV
Voo vyVv

Table 3.6: Spin structures relevent to this work for general three-body decays
where ¢ is a scalar, ¥ is a fermion and V is a vector boson.

In a general three-body decay there will be multiple diagrams that contribute
to the full matrix element and as a result the calculation will follow similar lines
to a 2 — 2 scattering process. For a particular decay, the diagrams are evaluated,
using the HELAS method, for a given set of helicities and added to an appropriate
colour flow. The full matrix element is given by summing over all possible helicities
of the external particles and including relevant polarisation, colour and symmetry
factors. Again the work is done at the level of the spin structures of a decay and
those included in our work are appropriate to the helicity structures of the models

discussed here and are shown in Table 3.6.

3.4 Results

3.4.1 Squark Decay

The spin correlation algorithm discussed in Chapter 2 was shown to work in the
case of tt production and decay. One of the simplest cases to consider for a SUSY
model is the different decay modes of a left-handed squark. Considering the decay
of the squark via the two modes (a) iy, — %3¢ — lzl*u and (b) iy, — x3g — I5l"u

and pletting the mass distribution of the produced quark and (anti-)lepton allows
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back-to-back. The value is given in [68] as

(m)? (m2, - mfz‘z’l (mig - m2,) , (3.16)

Using the values for the sparticle masses above one finds a value for the end-point

of 348.72 GeV which is consistent with the plots in Fig. 3.8.

3.4.2 Gaugino Production

As discussed previously, supersymmetry introduces Majorana fermions and it is
necessary to ensure that their spin correlations are implemented correctly in our
new framework. We consider three production processes and the angular distribu-
tions of the leptons proeduced in the subsequent decays. The SUSY spectrum for
each was again generated using SOFTSUSY and the masses for the points used in
each process are given in the relevant section.

ete” — X%}

Here we consider the production of the lightest and next-to-lightest neutralinos
with the decay of the %3 proceeding through (i) %3 — [Hl- — [*1~%} and
(i) x3 — Z°%%? — I71*x] at SPS point 1b. The relevant sparticle masses are
My = 306.55 GeV, mso = 161.78 GeV, m;, = 253.82 GeV. Fig. 3.9 shows how the
polarisation of the beam affects the angular distribution of the lepton produced in

the x3 decay.

The lepton shows a correlation with the beam polarisation because the neu-
tralino is a fermion and spin information is preserved when it decays. Figures 3.10

and 3.11 show the angular dependence of the final-state lepton for the case of
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Squark Decay

The use of the effects described above in the study of SUSY models has long been
recognised. In Ref. [71] a mechanism for the determining the spin properties of
particles involved in SUSY cascade decays using 7 polarisation was suggested. The
method involves analysing invariant mass distributions of different particle pairs

along the decay chain 4, — ¢x3 — ¢ — qT}F)Z? with the 7 decay restricted

* _ 7ty,. The various normalised invariant mass distributions are shown in

toT
Fig. 3.15 for g, = §r at SPS point 1a where mg, = 558.40 GeV, mzo = 180.96 GeV,
mz = 134.56GeV and my = 97.00 GeV. Since an experiment would be unable

to distinguish a near or far 7/7 their distributions are combined. The plots are

normalised to the appropriate maximum invariant mass where

(M2, e = (M20) e = (g =) (1= mlg/m,), (3.172)
(M) = (M20) e, = max { (3, = my) (1=, /mly)
(mgL - mfzg) (1 = mfzg/m%)} . (3.17b)

The differences in shape of the charge conjugate plots in Fig. 3.15 for the 7 and
m are due to the different helicities of the 7 and 7 as explained in Section 3.4.1.
The kinks in these distributions show the change from near to far leptons or pions
making up the main components of the event. Again our results are plotted along
with those from HERWIG with the TAUOLA package and there is excellent agree-
ment between the two sets of results and the distributions follow those of Fig. 3

in Ref. [71].

For comparison, the results from the analogous cascade in the MUED model
are also included in Fig. 3.15. These show a stark difference to the MSSM results,

with the exception of the 77 distribution, due to the different helicity structure of
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spin assignments [55]. This behaviour will be studied in more detail in Chapter 5.

3.5 Summary

This chapter has described a general approach to the simulation of new physics
scenarios, with the aim of reducing the amount of work required to incorporate
further models into the Herwig++ event generator. The HELAS method of calcu-
lating amplitudes was introduced so that the information necessary for the spin
correlation algorithm, described in the previous chapter, could be calculated. After
implementing the Feynman rules for the MSSM, various distributions showing the
propagation of spin correlation information throughout production and decay were
shown and compared to the HERWIG program. All were in excellent agreement,

demonstrating that this approach is viable for simulating models of new physics.

Throughout this chapter we have assumed that all particle states are produced
on mass shell. Given that we do not have a measured spectrum this approximation
may not be valid if some decays occur close to threshold. In the next chapter we
will describe a general procedure for extending the simulation to include the effects

of finite particle widths.



Chapter 4

Finite Width Effects

‘In physics, you don’t have to go around making trouble for yourself - nature does

it for you.’

— Frank Wilczek

When introducing the concept of a Monte Carlo event generater in Chapter 2,
we described how a width in a scattering process originates from corrections to the
propagator of an unstable particle. In the subsequent work we ignored the effects
of these widths entirely and worked soley within the narrow width approximation.
However, given our lack of knowledge of a specific mass spectrum, we cannot be
certain that the assumptions used in the narrow width approximation are strictly
satisfied. While there have been studies recently of the validity of narrow width
limit for some SUSY scenarios [72-74], nothing has been studied in relation to other
popular new physics models. In this chapter we describe a systematic method for
including off-shell effects in a Monte Carlo event generator with our main focus on

BSM studies.

As discussed in Chapter 2, the narrow width approximation allows the propa-

72
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gator connecting production and decay of successive decays to be integrated out.
This essentially means that part of the phase-space integral is approximated to
a constant when the correct assumptions are satisfied. Therefore, to improve the
accuracy of our simulation we wish to move away from the on-shell approximation
and include the effects from integrating over the connecting propagator. In the
past this has been accomplished in a variety of ways. For example, the FORTRAN
HERWIG [29] program included:

1. the full three-body matrix element, with an off-shell W* boson, for top

decay;
2. smearing of fundamental particle masses using a Breit-Wigner distribution;

3. a more sophisticated Higgs boson lineshape [75].

To improve our simulation of BSM physics, we include the weight factor

1 [ mI'(m)
™ /m A Z M2)? + AT (m)’ (41)

min

throughout the production and decay stages, where I'(m) is the running width of
the particle, M is the pole mass and Mumin mas are defined such that the maximum
deviation from the pole mass is a constant times the on-shell width. The factor

can be derived by considering a three-body decay that consists entirely of scalar

particles!. Using the notation in Fig. 4.1, the decay rate is given by

2r)* S~
I'(a —b,de) = % /d¢3 (Pa; Do D D) Y M| (4.2)

i=1

where d¢; is the three-bedy phase-space and |]\/i|2 = ¥ |M|?, the spin-averaged

'We in fact apply the same weight factor regardless of the spin of the particles involved.
Therefore in the derivation, although it is a slight abuse of terminology, we refer to the matrix
element squared as being summed over final-state spins and averaged over initial-state spins.
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Figure 4.1: A three-body decay consisting entirely of scalar particles where the
external particles a,b,d and e are all on-shell.

matrix element. The phase space can be written recursively as [66, 76]

d¢s (Pa; Db, Pa, Pe) = deba (Da; P, @) Az (g; Pas pe) (27)° dg?, (4.3)

where d¢, is a two-body phase-space factor and ¢ is the momentum of the inter-

mediate.

For the matrix element we assume that the intermediate particle of mass M

has n two-body decay modes so that

LY B |Ma,| .
Z M, | = (@2 — M2 Z: (4.4)

i=1

where |M,] ? and |IMe,| ? are the two-body spin-averaged matrix elements and I'(q)
is the width of the intermediate particle at scale gq. Substituting Eqns. (4.3, 4.4)
inte Eqn. (4.2) gives

(271’)3 Minax 2 q

e=bde) = o e, @y r e

min

4 n
< [aoial’ [anZLY BT @)
i=1

where we have limited the integral over ¢ to the region defined by the width cut
described above. The third integral in Eqn. (4.5) can be recognised as I'(¢ — d, e)
using

I'(a — b,c) (4.6)
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and the second as I'(a — b, ¢), with the intermediate particle at scale g, giving

(a — bd,e) = = / "™ 4g?T,— I ;(q) . (4.7)
T Jm? (¢ — M?)" + ¢*T'¥(q)

min

The weight factor is then identified as

-/ fpt ) R (48)
T I @ M+ PTG

min

The case for either production followed by decay or high multiplicity decays follows

similar arguments and the same factor is found.

It should be noted from the discussion in Ref. [75] that use of the running width
in the propagator of Eqn. (4.5) is enly valid if I'(g) ~ ¢ for large q. If ['(q) were
to grow faster than this then the width terms are dominant and the propagator
becomes of O(1/a), since I' ~ /a, the coupling of the ¢ — d,e decay. If I'(q)
grows linearly with g the extra terms do not become dominant and are simply

unenhanced higher order corrections.

The weight includes a momentum dependence into the calculation of cross
sections and decay widths thereby improving the approximation to the full matrix
element. The approximation is not without its problems as there can be issues
with gauge cancellations, which will be commented on in more detail and other
problems such as unitarity violations. Despite these issues, it is still a better

treatment than having all particles on mass shell.

While for the latter case convoluting the weight with the partial width calcu-
lation for a particular decay mode is relatively simple, this is not the case for the

production stage, so we will consider them separately.
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Figure 4.2: Feynman diagrams for the process gg — §*§ where the Roman indices
give the colour representation.

4.1 Oft-Shell Masses in Particle Production

For production we need to convolute the weight factor described above with the
cross-section integral. We achieve this by distributing the masses of the outgoing
particles according te Eqn. (4.1). This in itself is a simple task but what we will
show here, with an example from supersymmetry, is that gauge invariance can be

violated if these masses are used naively when calculating the matrix elements.

Consider the process gg — ¢*¢, for which the diagrams are shown in Fig. 4.2,
where we wish the outgeing squarks to have masses m3 and my4 respectively. Due

to the presence of external gluons, the Ward identity

P1uPa M* (p1,p2) = 0, (4.9)

where p; are the momenta of the gluons and M is the total amplitude, must be

satisfied.

The amplitudes M;, after replacing the external polarisation vectors with their
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momenta, are given by

(t —m3) 2 b
Mt = ;92———— my — t tdit?cv (410&)
° (t - mtz—diag) ( )
a2
My = =gt BTty (4.100)
(u - mu—diag)
2
: 9s
Ms = _? (t - U) (tZz ?c - git?c) ) (4100)
g2
M, = s ( ;it?c + tgit?c) ) (4'10d)

2

where s, ¢t and u are the Mandelstam variables, m;_ ,,_gioq are the ¢- and u-channel
masses and tf; are the SU(3) colour matrices. Equations (4.10a, 4.10b) show that
for any hope of achieving the correct cancellation we must set m; = m3 and
m, = my4. This also shows why, even in the on-shell case, one must take care
when using widths in scattering diagram calculations as these alone can give rise
to violations of gauge invariance. The total amplitude saturated with the gluon

momenta for the g g — ¢*¢ process is then
g2
%o (m3 — m) [, (4.11)

so that Eqn. (4.9) is enly satisfied if mg = my.

This requirement means that, in general, we cannot use off-shell masses when
calculating matrix elements since if we generate a process such as that shown, we
would violate gauge invariance. In our procedure the off-shell masses are used when
calculating the momenta of the outgoing particles involved in the hard interaction
but are rescaled, such that mz = my, for the matrix element calculations. To
demonstrate the validity of this procedure we compare the line shape of the top
quark from Herwig++ and Madgraph for the production of a top quark at the

ILC, the Tevatron and the LHC. In Herwig++ the top quark width is computed
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using the full three-body matrix element whereas in the Madgraph case just the
two-body decay of the top quark is used, due to rapid growth in the number of
diagrams that are required. In all cases Herwig++ generates the 2 — 2 productipn
process for the ¢t pair followed by the three-body decay of the top quark using
the treatment of off-shell effects described in the text. Madgraph was used to
calculate the 2 — 4 matrix element for the production of bW~ W+ including the

non-resonant diagrams.

To ensure that the amplitudes generated by Madgraph [34] were gauge invari-
ant, the “fudge-factor” scheme [77-79] was used. This involves calculating the
full amplitude without the inclusion of the width for any off-shell propagators and

multiplying the full amplitude, including non-resonant contributions, by

p2fM2
p? — M2 4+ iMT

(4.12)

for any propagator that can be on-shell, i.e. for which it is possible for p? = M?
within the physically allowed phase space. This is the simplest approach that
ensures the amplitude is gauge invariant [77], although it has the drawback that
the non-resonant diagrams are affected. A more detailed discussion of the issue of

gauge-invariance when including non-resonant diagrams can be found in [79)].

For the ILC case, Fig. 4.3, the Madgraph result is shown for both the process
including only the diagrams with a top quark line and also the process including all
electroweak diagrams, resonant and non-resonant, excluding the Higgs. There is
excellent agreement between our results and those performed with the full matrix

element giving us confidence in our procedure.

For hadron colliders we must consider the rescaling since there will be many

processes, not just those initiated by a vector boson, that will violate gauge invari-



Finite Width Effects 79

0.5 ) 5 = (’b)” T -
.00vvuuluvuvlurnul11—r|—l-rv—rr ] 0.00|||||||||||||7||r|l[r|r|—[ll

Herwig++ b F Herwig++ 9
+ Madgraph 4 L + Madgraph

0.100 -

o
=]
153
=)

0.010F

1/0do/dmyy/GeV™"
1/0do/dmyy/GeV™?

0.010F

0.005 0:005

0.001 | | | | = 0:001
I R ARSI NN N N WA S S A ST S T U AT WA MU Ly bt L )
165 170 175 180 185 165 170 175 180 185

Myy/GeV Myy/GeV

Figure 4.3: The line shape of the top quark for mP®® =174.20GeV and
Ty (mP") = 1.40 GeV at the ILC with the results of Herwig++ for ete~ — tf —
bbW W~ compared to the Madgraph calculation of ete~ — bbW W = with the
Madgraph result including (a) all diagrams containing a tep quark line and (b) all
diagrams excluding those containing a Higgs boson. In both cases the Herwig++
result uses our off-shell treatment while the Madgraph result includes all diagrams
for the 2 — 4 scattering process, including the non-resonant contributions.

ance when we take the top quark off-shell. Here we will compare two choices for the
momenta rescaling, first rescaling such that the masses have their on-shell value
and second rescaling to the average value of the outgoing masses (ms + m4)/2,
where the momenta are rescaled so as to conserve § and # in the centre-of-mass
frame. The results for the Tevatron and LHC are shown in Fig. 4.4. The Teva-
tron results are in excellent agreement with the matrix element for both cheices
of rescaling and the LHC is in good agreement except for the tail where there is
a small deviation. It is clear that either choice for the value of the rescaled mass
gives good agreement with the matrix element but in the LHC case choosing to
rescale to the average value of the outgoing masses gives slightly better agreement

with the full calculation.

Figure 4.5 shows the mass distributions for a left-handed up squark in the
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the decay § — bb; — x3bb, the partial width is

m (b 0
~ ~0 LT\ _ 1 l?nax 2 m? (1?1,_) X2 ) . — =
Lo sgen =2 [ " an gl G B

min

where the widths inside the integral are evaluated for the off-shell mass m. The
limits on the integration are determined by the on-shell width and are set such that
the maximum deviation from the pole mass of b, is 5T. As the intermediate particle
is a scalar, the inclusion of the weight factor should give exact agreement with the
full three-body calculation providing the integral is performed over the same phase
space and the width is calculated in the same manner. Fig. 4.6 demonstrates this
for SPS point la where the three-body phase-space is restricted to the same as
the two-body case. The spectrum was produced using SPheno 2.2.3 [62] where
mg, = 515.27GeV, I'(m; ) = 3.83GeV and myg = 180.58 GeV. The mass of the
b-quark is my = 4.20:GeV, which is the default value in Herwig++. The on-shell
result is also included for reference and the agreement between the full matrix

element calculation and our results show that the approximation is valid.

4.3 Examples

Here we present a range of processes in the MSSM and the MUED model demon-
strating the consistency of the inclusion of off-shell effects in Herwig++. In the

decay examples the comparison is always to the full three-body result.

4.3.1 Decay via an Off-Shell Fermion

A possible two-body decay of the #; squark in the MSSM is ¢, — ¥x%t, where

if mg, ~ mgo + m, the effect of the width of the top quark must be considered.
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Figure 4.10: The diagrams contributing to the process ud — X3 § followed by the
decay of the gluino to a strange quark and a left-handed strange squark.

weight factor in production and decay to simulate off-shell behaviour. In the case
of calculating cross sections for specific processes, this amoeunts to including the
effect of propagator widths in the Monte Carlo estimate of such a quantity. It is
important to note, however, that a general purpose event generator, which starts
from a 2 — 2 hard scattering and perturbatively decays the produced resonances,
will, in general, not include non-resonant contributions. This is a fundamental
limit of the approximations used to generate the events. Nevertheless, a good

approximation can still be achieved providing one uses the simulations with care?.

An example of a process that has no non-resonant centributions is the pro-
duction of a strange squark via ud — X § — %I 5L 5, the diagrams for which
are shown in Fig. 4.10. The results for the ratio of the off-shell to the on-shell
cross section as a function of the strange squark mass are shown in Fig. 4.11 for
SPS point 1la. The ratio is constant, with the off-shell result smaller due to the
integration limits no longer being taken to infinity, until m;, ~ 0.8m; where we
are in the threshold region for the decay of the gluino. The sudden steep rise as
the mass ratio approaches unity is due to the on-shell cross section going to zero

at threshold.

There is a counterpart process to that in Fig. 4.10 for MUED, where the x{ is

%In some specific cases non-resonant effects can be modelled by using a modified form of
Eqn. (4.1), for example the Higgs lineshape [75].
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(c) X3

Figure 4.12: Feynman diagrams for the three-body decay x5 — Xdete with a
(a) Z° boson intermediate, (b) left- and right-handed anti-selectron intermediate
and (c) left- and right-handed selectron intermediate.

decay but when including of off-shell effects for the two-body decay, the choice is

not so simple.

Here we use the three-body decay %3 — xJe* e~ in the MSSM to study this
effect. The full three-body decay is mediated by a Z° boson and both the left- and
right-handed selectron, as shown in Fig. 4.12, giving an interference between the
different channels. If the decay occurs as a series of cascades with a weight factor,
these interference effects will be neglected. To judge the extent of the interference
we compare the partial width for the decay via the full three-bedy matrix element
and the three-body matrix element with the Z° diagram, Fig. 4.12(a), removed

and performed as a cascade decay.

Figure 4.13 shows the results for a range of selectron masses, where both €,
and ép are degenerate, with Mg = 120.00GeV and Mz = 91.19GeV. For a
sufficiently large selectron mass there is good agreement between the two methods
as there is only a small interference with the Z° boson diagram. However, as the

mass is lowered so that the decay of the %3 through the selectron mode becomes
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factor occurs.

4.6 Summary

Incorporating the effects of finite widths into the simulation significantly improves
the accuracy of the physics description, especially clese to threshold. In BSM
models, given our lack of knowledge of a particular mass spectrum, these effects
could play an important role in many situations. For example, if a decay mode is
close to threshold and also taggable at a collider, the naive branching ratio expec-
tation from the narrow width approximation could deviate significantly from the
results with width effects included. This would cause preblems when attempting

to reconstruct theoretical parameters from experimental data.

Bearing this in mind we have demonstrated a model independent method for
including these effects in a Monte Carlo event generator and compared our results
using the Herwig++ event generator with the full three-body matrix elements for
a range of processes in the MSSM and the MUED model. The importance of
interference effects when considering the crossover between two- and three-body
decays was also studied and it was found that the on-shell cut-off was an adequate

point to switch between the two methods.



Chapter 5

Cascade Decays

‘Welcome to the real world.’

— Morpheus, The Matrix

A common property of the new physics models introduced in Chapter 1 is the
presence of a discrete symmetry, namely R-, KK- and T-parity. Since all of the
new particles in each model are odd under the action of the relevant symmetry, they
can only be pair-produced and the lightest particle in the spectrum is stable. This
particle provides a natural termination point for decay chains which are initiated
by the production of a particle from the new spectrum. In general these decay
chains, so-called cascade decays, can be long and the spin correlation algorithm is
ideally suited for studying such cascades. In this chapter we will use the method
discussed in Chapter 3, along with the Feynman rules defined in Appendix D, to
compare the invariant mass distributions of various combinations of particles along
a decay chain with the counterpart chains in the other models. First we present
the parton-level distributions for two types of decay chain, namely neutral and

charged cascades. Finally, an analysis using a fast detector simulation is presented

91
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Figure 5.1: A neutral chain cascade decay in (a) the MSSM, (b) the MUED model
and (c) the LHT. In the MSSM and the MUED model, these chains can also
be initiated by the decay of the heavy partner of the gluon, assuming the mass
spectrum will allow it.

with the aim of studying more realistic signals.

5.1 Parton Level

5.1.1 Neutral Cascades

We define a “neutral cascade” for each of the models being discussed as those shown
in Fig. 5.1, where for our purposes the lepton is either an electron or a muon. At
the parton level we can trace the origin of the quark and each of the leptons that
emerge from the cascade and form invariant mass distributions of these particles.
The distributions are highly sensitive to the helicity structure of the cascade and
therefore act as a probe of the underlying physics. To illustrate the effects of the
helicity structure of the cascades we match the mass spectra of the LHT and the
MUED model with a parameter point, namely SPS 3, in the MSSM. The masses

of the relevant particles are given in Table 5.1 and were produced using SPheno
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MSSM | MUED | LHT | SPS 3
i | @ | - | 93059
dp | d | d- | 86390
i, w | u_ | 860.39
dp | & | - | 82770
Car | W | - | 829.94
Xz Zi | Zy | 30359
& Wi | Wi || 543.154
| |1 | 28851
g e | - | 18080
X3 M vu || 161.04

Table 5.1: The mass spectrum for the particles in the MSSM at parameter point
SPS 3 with the counterpart states from the MUED model and the LHT also shown.
A dash indicates that no partner of this type exists in that model. All values are
in GeV.

2.2.3 [62].

The numerical distributions for the three models are compared to the analyt-
ical distributions, given in Refs. [55,80], in Fig. 5.2. Each plot is normalised to
unit area so that the distributions are only dependent on the helicity structure of
the chain and not the exact couplings. Figure 5.2(a) shows the same behaviour
as shown in Section 3.4.1 except that the lepton and anti-lepton curves have been
interchanged. This is expected since the slepton is left-handed in Fig. 5.1(a),
whereas in Section 3.4.1 we considered a right-handed slepton and therefore the
opposite helicity projections are involved. Comparing Figs. 5.2(a) and 5.2(b) with
Figs. 5.2(c) and 5.2(d), one can immediately see differences in the shapes of the in-
variant mass distributions which are a result of different underlying spin structures,
i.e. scalar — fermion and fermion — wvector. This is confirmed by considering

the plots in Figs. 5.2(e) and 5.2(f) for the LHT where the spins of the particles in-
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Figure 5.3: Numerical results for the lepton/anti-lepton invariant mass distribu-
tions in the three models discussed here, where z = my/(my;)max-

volved are the same as in the MUED model and therefore, given our normalisation,

their shapes must be the same.

The effects of a non-zero spin can also be seen in the dilepton invariant mass
distributions, shown in Fig. 5.3, where the MSSM distribution follows the phase-
space result since the intermediate particle is a scalar. However, for the MUED
model and the LHT, both distributions deviate slightly due to the intermediate

particle having spin one.

5.1.2 Charged Cascades

The cascades considered in the previous section all contained the partner to the
Z° boson for that model. If the spectrum allows it, the initial quark partner will
also decay via a charged intermediary, so-called “charged cascades”’, as shown in
Fig. 5.4. The spin correlations depend on whether the decay proceeds through a

W+ or a W~ boson [81] and the numerical distributions, again compared to the
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Figure 5.4: A charged chain cascade decay in (a) the MSSM, (b) the MUED model
and (c) the LHT. In the MSSM and the MUED model, these chains can also be
initiated by the decay of the heavy partner of the gluon if it is allowed by the mass
spectrum.

analytical ones, are shown in Fig. 5.5 with
. -1/2
24 =2 (m —m3) / Mg, (5.1)

where C = {§,q1,9-} and B = {5(%, WIi’WIjI:}

Comparing the results from the MSSM in Fig. 5.5(a) with those from the
MUED model and the LHT in Figs. 5.5(b) and 5.5(c) shows that it is very difficult
to distinguish between the two decay chains in the latter two models. This is due
to the presence of a triple-vector-boson vertex in both the MUED model and the
LHT, which is blind to the helicity of the decaying particle, i.e. it does net contain
any projection operators. However, the MSSM decay still proceeds through three
vertices that distinguish between left- and right-handed states, thereby giving a
larger difference in the two distributions. Again, with the above normalisation,
the distributions for the LHT are identical to the MUED model because the same

helicity structures are involved.
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Figure 5.6: Normalised invariant mass distributions where 2z = m;;/(m;;)max for
(a) g7 and (b) g7 pairs along the chain §;, — g%3 — ¢rE7T — ¢77 X} in the MSSM
with the 7 decays restricted to 7 — 7w, only.

5.2 Tau Decays

In the above sections we considered separate distributions depending on whether
the lepton was first or second in the cascade. In reality it would not be possible to
determine this information, therefore the leptons would be paired with the quark
and shown in the same histogram. Here we present similar distributions involving
a quark and 7-lepton to those shown abeve but we do not attempt to locate the
exact origin of each lepton. In addition, we present the distributions involving a

m meson from the decay 7 — 7.

The MSSM and MUED results, shown in Figs. 5.6 and 5.7, have already been
discussed in Section 3.4.3 but are given here for the mass spectrum at SPS 3
for clarity. It is apparent from comparing Fig. 5.6 to Figs. 5.7 and 5.8 that the
spin correlation effects are most notable in the MSSM where there is a greater
difference between the distributions involving a 7+ and a 7—. This is due te the
initial scalar particle restricting the form of the gl* distributions so as to conserve
angular momentum and therefore cause a greater difference when the gl, and gl

plots are combined.
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Figure 5.7: Normalised invariant mass distributions where z = m;;/(m;;)max for
(a) g7 and (b) gr pairs along the chain ¢* — ¢Z? — ¢rIr{¥T — g7 in the
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Figure 5.8: Normalised invariant mass distributions where 2z = m;;/(m;;)max for
(a) g7 and (b) gr pairs along the chain ¢_ — ¢Z3 — ¢7,77F — qrf vy in the LHT
with the 7 decays restricted to 7 — 7v, only.

Figure 5.9 shows the 77 and 77 mass distributions for the three models un-
der discussion. The 77 plot for the MSSM has the expected phase-space form,
while the MUED model and the LHT results show a similar deviation as before.
However, the dilepton result for the MUED model is in contrast to that shown in
Fig. 3.15, where there was no deviation from phase space, confirming that the spin
correlations in the dilepton invariant mass distributions are sensitive to the mass
spectrum. The distributions for the 77 invariant mass, Fig. 5.9(b), show signifi-

cant differences depending upon whether the underlying spin structure is that of
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Figure 5.9: Normalised invariant mass distributions for 77 and 77 pairs in neutral
cascade decays involving a 7 lepton for the MSSM, the MUED: model and the
LHT.

the MSSM or the MUED meodel.

While here we have not attempted to determine the exact origin of the taus and
pions in the decay chain, we have still both exactly identified the quark from the
initial decay and precisely determined the momentum of each of the particles in
the decay chain. In a real experiment however, this is impossible since free quarks
cannot be detected and resolution effects mean that measurements of energy and

momentum cannot be 100% accurate.

5.3 Fast Detector Simulation

We can approximate the effects discussed abeve using so-called fast detector simu-
lation packages, which take the output of an event generator and attempt to model
the interactions of the particles with a detector. We choose to use the AcerDet [41]
package as this is the simplest to interface with Herwig++. After running the fast
detector simulation, we are no longer able to isolate single quarks and the output
gives lists of jets and leptons with their associated momenta along with data de-

scribing the missing transverse energy in the event. Both the lepton’s flavour and
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MSSM | MUED | LHT | SPS 9
§ | @ ~ | 115261
dp | 4 | 4 | 1279.81
iy, w | u. | 127751
dp | & | - | 120220
in | W — | 1282.82
X VA 7% || 548.84
x| wE | wiE | 102094
I I I | 387.45
Ir b ] = || 3795
X3 Mmo| oya | 197.34

Table 5.2: The mass spectrum for the particles in the MSSM at parameter point
SPS 9 with the counterpart states from the MUED model and the LHT also shown.
A dash indicates that no partner of this type exists in that model. All values are
in GeV.

charge can be distinguished so that we are able to perform an analysis similar to
those above. In addition to presenting the distributions for SPS 3, we also compare

this with a different mass spectrum, SPS 9, which is shown in Table 5.2.

In order to try and observe the behaviour shown previously we must define cuts
and selection criteria to discard the events that we assume do not contain a decay
chain of the required type. First we will analyse the neutral cascades, shown in
Fig. 5.1, with one set of cuts and then the charged chains, shown in Fig. 5.4, with

a different set.

Neutral Cascades

For this analysis we require the following;:

o exactly two leptons of opposite sign, either electron or muon, each with a

&3
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pr > 10GeV;
e a total missing transverse momentum, P greater than 100GeV;

e a minimum of 4 jets, where the 4 highest pr jets have a pr > 50 GeV;

an effective mass Meg = g, + Z?:l i > 400 GeV;

mjt < (Mgt)max, Where the jet used to form the invariant mass is the jet

which forms (1) min;

o my < (Mi)max;

where (Mg )max and (My)max are the parton-level quantities. When considering
the jet-lepton invariant mass distributions, rather than show the individual lepton
and anti-lepton plots it is more instructive to use a quantity called the asymmetry,

defined as
_ dP/dij - dlj/gmﬂ,—

A* =
dP/dij + dP/de'[— ’

(5.2)

where dP/dmj;+ denotes the invariant mass distribution with respect to either an
anti-lepton or a lepton. Our results for the asymmetry at both mass points are
shown in Fig. 5.10, where in both the MSSM and MUED model, the production of
the heavy colour octet state and both left- and right-handed quark partners was
included. These plots demonstrate the dependence of this quantity on the mass
spectrum since for SPS 9, Fig. 5.10(b), there is a much greater asymmetry in both
the MSSM and MUED model.

The cuts defined above do not require the two leptons in the final state to be of
the same flavour, only of the opposite charge. This was deliberate so that the events
containing two different flavour leptons could be used to model background events
where the leptons are uncorrelated. By subtracting the distribution containing

only opposite flavour leptons from that containing all dilepton pairs we can achieve
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Figure 5.10: The jet-lepton asymmetry obtained using the first set of cuts defined
in the text for the mass spectrum at (a) SPS 3 and (b) SPS 9.

a better approximation of the required distribution. The main background events
will come from other processes in each of the three models, as Standard Model
background should be minimised with the above set of cuts. For example, in SUSY
there will be decays to other types of neutralino with different masses that will

skew the distributions.

The results, after the application of this subtraction procedure, are shown in
Fig. 5.11 for the three models considered here. For SPS 3, Fig. 5.11(a), all three
models approximate to the phase-space result whereas there is slight deviation
from this form at SPS 9, Fig. 5.11(b). Given this fact and the small amount of
asymmetry seen in the jet-lepton distributions shown in Fig. 5.10(a), it is logical
to conclude that for the mass spectrum at SPS 3 the relative numbers of different
production mechanismsand decays has the net effect of cancel the spin correlations
and very little difference between each model can be seen. The mass spectrum at
SPS 9 would seem to give more hope of discriminating between the models but

even here the differences are still quite small®.

1The peak in F1g5711(l;) for the LHT is at the lightest CP-even Higgs boson mass =~ 116 GeV.
It appears here because there is a coupling between the heavy Z° boson and the hA® which gives
a large enough rate to be detectable. It does not, however, affect thé conclusions drawn here.
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Figure 5.11: The dilepton invariant mass distributions obtained using the first set
of cuts defined in the text for the mass spectrum at (a) SPS 3 and (b) SPS 9.
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Figure 5.12: The jet-lepton asymmetry obtained using the second set of cuts de-
fined in the text for the mass spectrum at (a) SPS 3 and (b) SPS 9.

Charged Cascades

For this analysis we require the following:

e a single lepton with a pr > 10GeV;

e a total missing transverse momentum, P Breater than 200 GeV;

e a minimum of four jets, where the four highest pr jets have a pr > 50 GeV;
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Model | Parameter Point || Cross Section (pb)
MSSM SPS 3 2.39
7 SPS 9 0.32
MUED SPS 3 17.24
SPS 9 2.76
LHT SPS 3 0.17
SPS 9 0.012

Table 5.3: Production cross sections for the MSSM, the MUED model and the
LHT for both of the mass spectra considered here.

o an effective mass Meg = p_, + S P > 500 GeV;

e mj; < max(mgy), where the j is the highest-pr jet.

As there is only a single lepton in the final state, the only quantity that can be anal-
ysed is the jet-lepton invariant mass, where again we use the asymmetry defined
in Eqn. (5.2) to show the difference in the lepton and anti-lepton distributions. In
contrast to the neutral cascade, the plots for SPS 3 in Fig. 5.12(a) show a bigger
discrepancy between the MSSM, the MUED model and the LHT. However, upon
moving to SPS 9, shown in Fig. 5.12(b), the differences are again negligible and it
is difficult to distinguish between the three models. In particular, the LHT gives
virtually zero asymmetry in this and the neutral cascade cuts. The main reason is
due to the lack of a heavy partner for the gluon. In the MSSM and MUED model,
subprocesses such as ug — gq and ug — ¢1¢q; tend to dominate the preduction
cross section due to the relative abundance of u-quarks in the proton [80]. This
gives rise to slightly higher numbers of chains initiated by the partner of a quark
rather an anti-quark, leading to an asymmetry. However, in the LHT each pro-
duction mechanism gives a f_f_ final state which go on to decay with opposite

correlations, thereby destroying any asymmetry.
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Model | Parameter Point | Set 1 | Set 2 | Ny o 1 | Niy o
P 0.0 . 18777 91451
MSSM SPS 3 8 | 0.38
SPS 9 0.35 | 043 11050 13595
"SPS3 7.7 '. 1 1 1
MUED SPS 3 0.09 | 0.31 50715 | 527969
SPS 9 0.42 | 0.35 | 116385 97451
SPS3 0.12 | 052 | 1983 | 8252
LHT SPS , ,
B SPS 9 047 | 032 | 554 | 382

Table 5.4: Fraction of events passing the two sets of cuts defined in the text, along
with the number of events after 100 fb—! for set of cuts 1 and 2. The total number
of events generated was 1 x 107.

Table 5.3 gives the cross sections generated by Herwig++ after running both
of the above detector simulations. The values are consistently lower in all three
models for the second mass spectrum at SPS point 9, which is to be expected as
there is less phase space available due to the larger rest mass of each particle in the
spectrum, see Table 5.2. The differences in the values of the cross sections for each
model are due to both the helicity structures involved in each subprocess and also
the type of subprocess that can be generated. As discussed above, processes such
as ug — gq and ug = g1q; will enhance the cross section in the MSSM and the
MUED medel whereas this type of process is absent in the LHT, thereby giving it
a lower overall cross section in each case. We can see from Table 5.4 that a much
smaller fraction of events survive the first set of cuts for the first mass spectrum
in each model, which is most likely due to the lower masses producing jets that
are too soft to satisfy the cut requirements. The second set of cuts does provide a
larger event sample but as we have already discussed, the resulting asymmetry is

still small due to abundance of cascades with both sets of correlations.
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5.4 Summary

It is crucial that in future experiments at the LHC and any other collider, we
are able to distinguish between different possible types of new physics. This will
enable us to state with some confidence that the underlying physics in nature is
due to a particular model. Here we have shown some of pessibilities that can arise
for the MSSM, the MUED model and the LHT, which all relate to the use of
cascade decays in order to determine spin information. It is quite clear that to pin
down a certain model we will need more information than the types of distribution
presented here since there is very little discrimination between the three models

that we have investigated.

The results presented in this chapter have shown that the method described in
Chapter 3 is ideally suited to this kind of work since it allows the production of
a wide variety of processes with a minimal amount of werk when implementing a

new model.



Chapter 6

Conclusions

‘Life is infinitely stranger than anything which the mind of man could invent.’

— Sherlock Holmes, ‘A Case of Identity’

Throughout this thesis we have argued that the simulation of new physics sce-
narios should be as all encompassing as possible, given the lack of data concerning
physics at the TeV scale. The advent of the LHC will give us access to this scale
for the first time and it is important that we are able to study a wide variety of
models of new physics so that we can attempt to establish the true underlying
physics. In this thesis we have motivated three minimal models of new physics
that each attempt to address the problems with the Standard Model in different
ways, namely the Minimal Supersymmetric Standard Model, Minimal Universal

Extra Dimensions model and the Littlest Higgs model with T-parity.

A common feature of most BSM scenarios, including those discussed here, is the
addition of a new particle spectrum that is expected to be produced at a collider
with sufficient energy. To study the signals from the new particle spectrum most

effectively requires implementing each model in a Monte Carlo event generator.
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However, given the potentially large number of production and decay processes
that can occur, hard-coding each new model becomes a time consuming process.
To alleviate these issues, we have designed a new framework that requires only
a minimal amount of work to include a model of new physics in to an event
generator, namely Herwig++. Our new approach does not compromise on the
simulation of the underlying physics as we include a state-of-the-art simulation of
spin correlation and off-shell effects, so that effective comparisons between different
models can be made. While implementing our method to incorporate off-shell
effects in to the simulation we studied the effects of particle widths on various
production and decay processes in the MSSM and the MUED model. It was found
that they can play a significant role in the calculation of partial widths and cross
sections when these processes occur close to threshoeld. Given that we do not have a
measured mass spectrum, it is vital that these effects are included in studies since
if a real mass spectrum possessed a high degree of degeneracy, many processes

would be close to threshold and a naive study may misinterpret data.

Our final study used the general method already described to compare and
contrast the invariant mass distributions of cascade decays in the three different
models discussed. It was found that the Littlest Higgs model with T-parity and the
Minimal Universal Extra Dimensions model are very similar due to the presence
of the same helicity structures in the decay chains. A simulation incorporating a
minimal set of effects from a detector was also performed and it was found that,
mostly due to the presence of cascades with opposite correlations, it would be
difficult to distinguish the different behaviour predicted by each model under real

world conditions.

We have produced the state-of-the-art event generator for the simulation of

BSM physics including, for the first time, a generic framework for the treatment of
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off-shell effects. In addition, the Minimal Universal Extra Dimensions model and
Littlest Higgs model with T-parity have been simulated with full spin correlations
throughout production and decay. For the future we anticipate this approach
will be used to implement other models of new physics, for example the Next-to-
Minimal Supersymmetric Standard Model and the general Little Higgs model and

hope that more extensive studies in comparing different models can be performed.

In conclusion, our framework combines the state-of-the art physics simulation
of BSM physics in an event generator with the ability to easily add new models
and will allow easy comparison of the predictions of many models with data at the

LHC.



Appendix A

Kaluza-Klein Masses

As discussed in Section 1.2.2, the masses of the KK excitations are approximately
degenerate at each level if loop effects are ignored. Here we present the corrections

to each of the propagatoers from the bulk and boundary terms.

The bulk corrections are well-behaved and depend simply on the compactifica-

tion scale R such that [82]

39 e2(3) 1

2 - =7 _ _ q)
ou(m3,) = 2 1674 cos? Oy R?’ (A-1a)

2 _ 9 __€%(3) 1 )
hlmw,) = 3 1674 sin® Gy, R?’ (A-1b)

392¢(3) 1

2 — )
oi(mg,) = ~5 654 B2’ (A.1c)
bi(my;) = &(m3y,) =0, (A.1d)

where ((3) ~ 1.2020. .. and the couplings e and g, are evaluated at the compact-

ification scale.

The boundary terms are more complex as they are divergent and require renor-

malization where the assumption is that the boundary kinetic terms vanish at a
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cut-off scale A, which becomes another parameter in the theory. This can be
thought of as parameter that conceals our naivety about the UV behaviour of the
theory in the same way that the soft supersymmetric breaking terms hide our igno-
rance of a supersymmetry breaking mechanism. The boundary bosonic corrections

are given by [82]

1/5\? e? AR
2 = s ,
%2(mp,) = 3 (R) 1672 cos? Oy ln( j ) (A-2)

R (éﬂ) , (A.2b)

1672 sin? Ow j

3;%(7”71 L1 ) 1 (AR
2 ‘sin2@y  2cos20yw 1) 16m2 g

+m, (A.2d)

where Ay is the quartic coupling of the Higgs field, 7% is the mass of the Higgs at
the boundary and is usual taken te be zero. The mass eigenstates for the level-1
electroweak gauge bosons ; and Z; arise from diagonalising their mass matrix,

which in the B;, W} basis is given by [22]

R%+ 0p, + 19%0° 19'9v°
: (A.3)

i—g'gv2 R™2 + 6w, + igzv2

where ¢’ and g are the U(1) and SU(2) couplings respectively, v is the vacuum
expectation value of the Standard Model Higgs field and dp,, 0w, are the sum of

the two corrections factors given above. The masses are then

1 -
M = 5 |@R+m + 65, +w,)

£ /85, = Sw, — 2mly +mB)? + dmiy(my —md)|, (A4)
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where my;, z are the masses of the Standard Model W# and Z° besons respectively.

The corrections to the fermion modes have a similar form and are given by [82]

j 9 27¢? e? (AR
6 . = — 3 - ——— = = ]. - A-5
M = 8a?R < 9+ Tosmity | ooty ) P\ ) A5

Sy, = 873; = (3g3 + co:;ew) In (A]—R) , (A.5b)

bamy, = 732 = (393 + szo;) In (%) , (A.5¢)
4 2 2

Gme, = g (16:;62 bw | 163)22 0w> o (A_]_R) ! (A.5d)

hime, = SR 4cf§aw o (%E) ’ (A-5¢)

with the third generation doublet and singlet quarks receiving addition contribu-

tions due to their large Yukawa coupling g;,

37 AR
52szj = “397°R th In (']—) ) (A.6a)
37 - (AR

Using these corrections, the masses of the jth level KK-mode are given by [82]

m(?) )2 81(m? 8a(m?), '
" + @+ 81(m?) + 8a(m?) (A7)
mg + (‘é + 01(m) + 52(m))2 ’

for the spin-1 bosons and spin-1/2 fermions respectively, while the KK-Higgs

masses are given by

mf,;; =mio + (j/R)? + & (mf;j) + 62(.'m%,j), (A.8a)
mig = mj + (§/R)* + d1(my,) + da(mFy,), (A.8b)
m?{f =miy + (j/R)* + 5‘1‘(m§1j) + 62(,m§,], )- (A.8¢)



Appendix B
Helicity Calculations

B.1 Conventions

To numerically evaluate the matrix elements using the HELAS formalism we need
a specific representation for the Dirac matrices. Two options are available in

Herwig++, the conventional low-energy choice used in, for example [83],

HABER __
3 ’75 - ’

—0; 0 0 -1 10
(B.1)

and the original cheice of HELAS which is more appropriate at high energies

0 o; 01 HELAS -1 0
i » Yo N =

—0; 0 10 0 1
(B.2)
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The two representations are related by the transformation

R
YueLas = SYuaper Wwhere S = E . (B.3)

B.1.1 Wave Functions

For the spin correlation algorithm we need to store the basis states of the particles

involved in an interaction. Here we give the form of the basis states for spin-0, —%,

-2 and -2 fields.

Spin-0

The basis state is a complex number. For external particles it has the value 1,

however it can assume different values if it is calculated from an internal line.

1
Spin-—
P

The basis state for a spin—%} fermion is either a spinor or a barred-spinor. The four-

component spinors u and v! are calculated in terms of two-component spinors, as

in [52]
x+(p) = : Aa
v2Ip| (Ip| + p2) \ 2x+ i,
(p) . ( Petiby (B.4b)
x-(p) = - : -
2|p| (Ip| +p) el +.

1The l;é;r;;d-'gl;inors are related to the spinors in the usual way, i.e. @ = uf~.
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where p,, , are the z, y and z components of the momentum respectively, F is

the energy of the particle and |p| is the magnitude of the three momentum.

For the HELAS choice of gamma matrix representation the spinors are given by

uw(p) = a (B.5a)

( .
v(p) = KA : (B.5b)

| wa@hxa®) )

where wy(p) = +/E % |p| and the helicity A = +1. Similarly for the low energy

definition
u(p) = (w+(p)XA(p) , (B.6a)
\ Aw-(P)xa(p)
( w_{p) )
olp) = ~(P)x-A(p) | (B.6b)
\ —w+(2)x-A(P)
Spin-1

The basis state for a vector beson is a pelarisation vector £#, which is calculated

using, as in [52],

1
6Jll(p) = m (Oapzpmpypm *P%) s (B'Za)
1
E

ehp) = —— |‘p'|2 B.7c
3 p) - T E = 1Pz Py P2 ) ( . C)
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where m is the mass, pr = /p2 + pyE and &5 only exists if m > 0. The HELAS

choice for the polarisation vectors is

eHp, A= £1) = \/iimé‘(p)—z‘es(pa), (B.8a)
p A= 0) = ei(p), (B.8b)

which is available in Herwig++. However, by default an additional phase factor
exp(iAd), as in [83], is included in order to make the inclusion of spin correlations

in the parton shower easier.

Spi 3
n-—
P 2

Although there are no fundamental spin-% particles applicable to this thesis, we in-
clude the Rarita-Schwinger spinors both to allow the simulation of spin-% hadronic
resonances and the future inclusion of the gravitino. The spinors ¥* are calculated
using the Clebsch-Gordon decomposition. For massive particles the spinors are
calculated in the rest frame and then boosted to the required frame, while for
massless particles the spinors are calculated in the same frame as the momentum.

The decomposition is as follows:

P A=-2) = &(p,~1)¥(p,-1); (B.9a)
P A=-1) = %e”(p ) + s" (p,0)b(p, —=1); (B.9b)

6" (p,0); (B.9c)

&ﬁ

Ppa=1) = \/}“(P,l)tb ,=1) +
PpA=2) = (p,1)¥(p1). (B.9d)
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Spin-2

The basis state for a spin-2 particle is a polarisation tensor é*”, which is calculated

using the Clebsch-Gordon decomposition:

e (p, A =—2) = e*(p,—1)e"(p,—1); (B.10a)

pA=-1) = \ﬁ [*(p, —1)e"(p, 0) +*(p,0)e"(p, =1)]; (B.10b)
e (p,A=0) = \/>[8" (p, )e"(p, —1) + e¥(p, —1)e"(p, 1)

+2¢e#(p, 0)e” (p, 0)]; (B.10c)

e(p,A=1) = \/7[8” (p, 1)e”(p,0) + €*(p, 0)e” (p, 1)] ; (B.10d)

e (p,A=2) = e*(p, 1) (p,1). (B.10e)

Here this is applied in the frame in which the moementum is specified.

B.1.2 Lorentz Transformations

In addition to calculating the basis state for a given field, we need to be able to

transform it between different Lorentz frames.

The Lorentz transformation for a spinor is given by

¥(@') = ¥'(az) = S(ay(a), (B.11)

azlv

ozk *

where a;, = For a Lorentz boost along the direction specified by the unit

vector N with a magnitude 4 the transformation is given by

Shoost = €Osh (%) + sinh (g) 17’ (B.12)
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where tanhy = (. For a rotation by an angle ¢ about the unit vector fi the

Lorentz transformation is given by

Srotation = COs8 (g) + sin (g) 5ijkﬁk7i7j~ (B13)

The Lorentz transformation for a four vector is given by
e#(z") = L(a)ke" (). (B.14)

If we wish to boost by a factor 3 along a unit vector f the transformation is

( 5 -7 —yBhg —YBh3 w
—Bhy 1 —fiyw - Mhw  — Miaw ,
. , (B.15)
,—fyﬁﬁ,z — ’flz'fl,lw 1-— leﬁzw - ﬁ2ﬁ3w
\ _,Yﬁﬁ:; _ ﬁ3ﬁlw — ﬁ3ﬁ2w 1- ’fL3’fl3w )

where w = 1 — v and v = \/—11_$ The Lorentz transformation for a rotation by

an angle 6 about a unit vector 1 is

(1 0 0 0 \

0 A'fll‘fll +cs )\fllﬁz - 85ﬁ3 A’ﬁr'flg + 85’fl2
LF = , (B.16)

0 Agny + ssNs Adafa+c; Aoz — S5y

\o Migfy — ssfig Aiafig + s5fy  Aiafiz + c; )

where ¢; = cosd, s = sind and A = 1 — cosd. The transformations for the

higher-spin particles can then be constructed as products of the spiin-% and spin-1
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transformations, ¢.e.

() = Lla);S(a)y* (), (B.17a)

e™(z') = L(a)4L(a)4e™. (B.17b)

B.2 Vertices

The vertex structures given below are the perturbative. forms applicable to this

work. In general all of the momenta are defined as incoming.

B.2.1 Scalar Vertices

FFSVertex The vertex for the coupling of a fermion and anti-fermion to a scalar

boson is defined te have the perturbative form

icfaa® Py fids, (B.18)

X are the left/right couplings, P, are

where c is the overall normalisation, a
the helicity projection operators, f; is the wave function for the fermion, f;
is the wave function for the anti-fermion and ¢ is the wave function for the

scalar boson.

GeneralSVVVertex In addition to the perturbative form for the vertex coupling
a scalar and two vector bosons described below, there is a general form

for this interaction so that effective vertices, for example h® — gg, can be
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implemented. The form of the vertex is

ic|agg"” + axphph + axsphph + aszapivh + assphps

+aee" P paapag| €apeady, (B.19)

where p 3 are the momenta of the vector bosons, €3 are the wave functions
of the vector bosons, ¢, is the wave function of the scalar boson, c is the

overall coupling and a;; are the couplings of the different terms.

SSSVertex The vertex for the coupling of three scalar bosons is defined to have

the perturbative form

icg1 23, (B.20)
where ¢; 2 3 are the wave functions for the scalar bosens and c is the coupling.

SSSSVertex The vertex for the coupling of four scalar bosons is defined to have

the perturbative form

iCPLP20304, (B.21)

where ¢; 234 are the wave functions for the scalar bosons and ¢ is the cou-

pling.

VSSVertex The vertex for the coupling of a vector boson and two scalar bosons

is defined to have the perturbative form

—ic (p2 — p3) - €1¢203, (B.22)

where ¢; is the wave function of the vector boson, ¢, 3 are the wave functions
for the scalar bosons and p, 3 are the momenta of the scalar bosons and c is

the coupling.
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VVSSVertex The vertex for the interaction of two vector and two scalar bosons

is defined to have the perturbative form

icg" e1u€2, 9304, (B.23)

where €; 2 are the wave functions of the vector bosons and ¢34 are the wave

functions for the scalar bosons and c is the coupling.

VVSVertex The vertex for the interaction of two vector bosons and a scalar

beson is defined to have the perturbative form

icg"V€1u€2y¢3, (B24)

where € o are the wave functions of the vector bosons and ¢3 is the wave

function for the scalar boson and ¢ is the coupling.

B.2.2 Vector Vertices
There are a number of vertices involving vector bosons.

FFV Vertex The interaction of a fermion, anti-fermion and a vector boson is

taken to have the perturbative form

icfoy"a’ Py fies,, (B.25)

where c is the overall normalisation, a* are the left/right couplings, f, is the
wave function for the fermion, f, is the wave function for the anti-fermion

and €3 is the wave function for the vector boson.

VVVVertex The interaction of three vector bosons is taken to have the pertur-
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bative form

ig [(p1 — P2)79%° + (p2 — P3)*¢%" + (p3 — P1)P9°7] €1a€a5€3y, (B.26)

where €; 23 are the wave functions of the vector bosons and p, 53 are the

momenta of the vector bosons.

VVVVVertex The interaction of four vector bosons is taken to have the form
iCz [261 * €9€3 " €4 — €1 - €3€9 * €4 — €] - €4€9 63] s (B27)

where €234 are the wave functions of the vector bosons. For the quartic
gluon vertex this is the contribution of one colour structure. The others can

be obtained by an appropriate reordering of the input wave functions.

B.2.3 Tensor Vertices

There are a number of vertices involving spin-2 particles. The form of the Feynman

rules follows that of [84].

FFTVertex The interaction of a pair of fermions with a tensor is taken to have
the perturbative form

1K - v
==/ ['M(Pl = p2)y +W(p1 — P2)u = 29w (P, — P,) + 49‘“’mf]v fres”,

8
(B.28)
where « is the defined as 2/Acys—off, P1,2 are the momenta of the fermions, f;
is the fermion wave function, f; is the anti-fermion wave function and €4” is

the polarisation tensor for the spin-2 particle.

VVVTVertex The interaction of three vector bosons with a tensor is taken to
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have the perturbative form

gk
7 [Cuu,pa(pl - p2))\, + CIW»P/\’(pB - pl)a

+ Cuvox (p2 — P3)p + F, uvipok] 5’1)536952”’ (B.29)

where & is 2/Acut—off, P1,2,3 are the momenta of the vector bosons, 6‘1‘,2,3 are
the polarisation vectors and €} is the polarisation tensor. The C and F

symbols are defined as

CIW,W = gupgl/cr_ + g;wgup - g;wgpa, (B30a)
Fuu,paA = gupgo)\(p2 - Pa)u + guagp)\»(pS - pl)u

+9uroo (D1 — P2)y + (4 & V). (B.30b)

VVTVertex The interaction of two vector bosons with a tensor is taken to have

the perturbative form
us (m> C D p 0 BV B.31
) [(mv + 1 P2)Chu,po + ‘uv,pa'] €1€2€3 » (B.31)

where & is the defined as 2/Acy;_off, 7, is the mass of the gauge boson, p; ;
are the momenta of the vector bosons, €}, 3 are the polarisation vectors and
5" is the polarisatien tensor. The C symbol is defined as above and D is

defined as

D;w,pa = g;wk/lok2p - [gpcrkl‘ukZp + gppklak2u

—gpakluk2u + (N « V)] . (B32)

FFVTVertex The interaction of a pair of fermions with a vector boson and a
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tensor is taken to have the perturbative form

L9k ¢

T 2'(Cpu,p6 - guugpa)'yaf]EgGgu, (B33)

where & is the defined as 2/Acy—ofi, €5 is the polarisation vector for the
boson, f; is the fermion wave function, f; is the anti-fermion wave function
and €;” the polarisation tensor for the spin-2 particle. The C symbol is

defined above.

SSTVertex The interaction of a pair of scalars with a tensor is taken to have the
perturbative form
ik

;'5' [mgguu - plyp2u - pll/p2u + guupl ¢ pZ] fgwqbl ¢2, (B34)

where k is the defined as 2/Acy;_off; Acut—oft 18 the ultraviolet cutoff scale, mg
is the mass of the scalar, p; o are the momenta of the scalars, e5” the polari-

sation tensor for the spin-2 particle and ¢, 2 are the scalar wave functions.

B.3 Two-body Decay Formulae

Here we give the matrix elements for the two-body decays using the perturbative
vertex structures defined above where m, . are the masses of the decaying par-
ticle and two final-state particles respectively and pp. = mp/mq. The coupling
constants ¢ and a™® are defined with the relevant vertex and the formulae are
summed over final-state spins and averaged over initial-state spins but no sum-
mation or averaging over colour states has been performed. Table B.1 gives the

colour factors that should be included for the possible colour combinations.
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a| bc Colour factor
11 1
133 3
88 8
31 1
3
38 4/3
81 1
8| _
33 1/2

Table B.1: The multiplicative colour factors for a two-body decay a — bc as a
result of summing over final-state colours and averaging over initial-state colours
with No = 3. For an anti-colour-triplet initial state, the factors are identical to
those given for the colour-triplet initial state.

Scalar Decays

A scalar particle can decay into two scalars, two fermions, a scalar and a vector
boson or two vector bosons. The matrix elements for the decay into a pair of

scalars or fermions are

Z—lM(Sa -SSP = &, (B.35a)
SIM(Sa — BEJE = ¢m? [(jab? + a*P)(1 - 4 — u?)

— 2 pic(a™a® + a™a")] (B.35b)

while the decay where a vector boson appears in the final state is more complicated.

For a single spin-1 particle in the final state the matrix element is given by

— \ —2¢?m2 (1 + ud), m, =0,
D ME - SV =1 ,
S (2 — ) -2 +ud)+1],  m.>0

(B.36)

2
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When there are two vector bosens in the final state, the decay can proceed via the

tree-level or the loop mediated vertex. In the tree-level case the matrix element is

4, my =m, =0,

— treo 3, mp =0 or m, =0,
Y IMES BV V)P=¢

¢ 2 2)2 2, ,.2
< —9

+ 8uut +1], my > 0 and m, > 0.
(B.37)

For the loop-mediated case we only give the result for massless vector particles in

the final state

c2

Z|M loop V,V. )l — 5 [(az + agza3zg + a22a33) mi

+ ago(ags + a32)m§ + 4a(2)0] . (B38)

Fermion Decays

The possible two-body decay matrix elements for a fermion are

c2

SIME —~ BSIE = S [0 + 10"+ 4 — i)
+ 2p(a*Pa® + a*Ra®)], (B.39a)

~

¢ (o + 10 ) (1 + 1)

*L R *R L)]

— 4p(a*ta™ + a*"a me =0,

_ [
SIMOE = BYVIF =4 [jatf + o)

X(1+ pppd + p2 — 208 + p — 2p2)
*L R =R L

— 6pppi(a*ta + a*Fal)] me > 0.
(B.39b)
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Vector boson decays

The possible two-body decay matrix elements for a vector boson are

S IMV, = S8 = 3 (20 + 1) — (i — 12)°] (B.40a)
P C2m2
Y IMVe - BE) = - 3 [(a"* +1a"P) (g + 4 + (i — 12)* = 2)
—6(a*a® + a*RaL)ubuc] , (B.40Db)
)
MV, =V, S)? = ¢ B.40c
2
32 205 + (L+ pg = pd)] me > 0.
\ .,Ulb
[ 2m2
5 u; [(12 + 1)(5pg — 2242 + 5)] my =0,
czrr;2
o (1§ + 1)(5u5 — 22445 + 5))] me =0,
. b
SNIMVe =BV = {4 Cma
12432
X [(g + 18 — 2(pgp — gy — p2) +1) x
| (e +pd + 100 + 2 + pdp2) + 1)) mype > 0.
\

(B.40d)

Tensor Decays

The possible two-body decay matrix elements for a tensor particle are given by

c*m?

flM(Ta -89 = 1‘2(; (1 =4p2)?, (B.41a)
— cim?
DIMT~ FRP = 2 (3 4uf —323] (B.41b)
— 2,1.2
YIMT, - V)P = clg(f)a [13 + 5642 + 48] , (B.41c)
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where the final-state particles each have the same mass due the structure of each

vertex, as in Eqns. (B.28,B.31, B.34).

B.4 Sample Decay Tables

Below we give a sample decay table for the MSSM at SPS point 1a and the MUED
model with R~! = 500:GeV and AR = 20, the mass spectrum shown in Table 3.2.

B.4.1 Minimal Supersymmetric Standard Model

The output shown below is result of running Herwig++ for the MSSM with the
mass spectrum at parameter point SPS la, produced by SPheno 2.2.3 [62]. Any
decay modes with a branching fraction lower than 1 x 10~4, a parameter that is
controllable, are not included.

# Parent: ~“d_L Mass (GeV): 570.67 Total Width (GeV): 5.51428
# Partial Width/GeV BR

“d_L->"chi_10,d; 0.128924 0.02338
“d_L->"chi_20,d; 1.68235 0.305089
“d_L->"chi_30,d; 0.00884194 0.00160346
“d_L->"chi_40,d; 0.0856625 0.0155347
"d_L->"chi_1-,u; 3.30826 0.599944
“d_L->"chi_2-,u; 0.240787 0.043666
“d_L->"chi_1-,Z0,u; 0.0125989 0.00228478
“d_L->"chi_20,W-,u; 0.00966365 0.00175248
“d_L->"chi_1+,W=,d; 0.0197032 0.00357313
“d_L->"chi_1-,W+,d; 0.00672106 0.00121885
“d_L=>"nu_elLbar,e-,u; 0.00174899 0.000317174
“d_L->"e_L-,nu_ebar,u; 0.0021417 0.000388391
“d_L->"nu_mulbar,mi-,u; 0.00174936 0.000317241
“d_L->"mu_L-,nu_mubar,u; 0.00214082 0.000388233
“d_L->"nu_taulbar,tau-,u; 0.00186514 0.000338239
“d_L->"tau_2-,nu_taubar,u; 0.00112602 0.0002042

#
# Parent: “u_l. Mass (GeV): 565.263 Total Width (GeV): 5.76653
# Partial Width/GeV  BR



Helicity Calculations 130
“u_L->"chi_10,u; 0.0351368 0.00609322
~“u_L->"chi_20,u; 1.79926 0.312017
“u_L->"chi_30,u; 0.00520609 0.000902812
“u_L->"chi_40,u; 0.0626142 0.0108582
“u_L->"chi_1+,d; 3.68437 0.638924
"u_L->"chi_2+,d; 0.0772829 0.013402
“u_L->"chi_10,W+,d; 0.000608353 0.000105497
“u_L->"chi_20,W+,d; 0.0524849 0.00910165
“u_L->"chi_1-,W+,u; 0.00135626 0.000235196
“u_L->“chi_1+,20,4d; 0.0269893 0.00468034
“u_L->"chi_1+,W=,u; 0.00652142 0.00113091
"u_L->"nu_eL,e+,d; 0.00427371 0.000741123
“u_L->"nu_muL ;mu+,d; 0.00427423 0.000741213
“u_L->"nu_taul;tau+,d; 0.0044388 0.000769752
“u_L->"e_L+,nu_e,d; 0..000856598 0.000148547
“u_L->"mu_L+,nu_mu,d; 0.000856106 0.000148461
#

# Parent: “s_L Mass (GeV): 570.67 Total Width (GeV): 5.51435

# Partial Width/GeV  BR
~“s_L->"chi_10,s; 0.128931 0.023381
~“s_L->"chi_20,s; 1.68237 0.305088
“s_L=>"chi_30,s; 0.00889967 0.00161391
“s_L->"chi_40,s; 0.085708 0.0155427
~“s_L->"chi_1-,c; 3.30822 0.599928
“s_L->"chi_2-,c; 0.241018 0.0437074
“s_L->"chi_1-,20,c; 0.0123559 0.00224068
“s_L->"chi_20,W-,c; 0.00966353 0.00175243
“s_L->"chi_1+,W-,s; 0.0197023 0.0035729
“s_L->"chi_1-,W+,s; 0.00672113 0.00121884
“s_L->"nu_eLbar,e-,c; 0.00174894 0.000317161
~“s_L->"e_L~-,nu_ebar,c; 0.00214161 0.00038837
“g_L->"nu_mulLbar,mu-,c; 0.00174931 0.000317229
“s_L->"mu_L-,nu_mubar,c; 0.00214074 0.000388212
“s8_L->"nu_taulbar,tau-,c; 0.0018651 0. 000338226
“s_L->"tau_2-,nu_taubar,c; 0.00112597 0.000204189
#

# Parent: “c_L Mass (GeV): 565.271 Total Width (GeV): 5.76698

# Partial Width/GeV BR
“¢_L->"chi_10,c; 0.035139 0.00609314
~¢_L->"chi_20,c; 1.79927 0.311995
“c_L->"chi_30,c; 0.00531543 0.000921701
~“¢_L->"chi_40,c; 0.0627224 0.0108761
“c_L->"chi_1+,s; 3.68449 '0.638895
~“c¢_L->"chi_2+,s; 0.0773735 0.0134166
“¢_L->"chi_10,W+,s; 0.000608482 0.000105511
~“c_L->"chi_20,W+,s; 0.0524912 0.00910204
“c_L->"chi_1-,W+,c; 0.00135634 0.000235191
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“¢_L->"chi_1+,20,s; 0
“c_L->"chi_1+,W-,c; 0
“c_L->"nu_eL,e+,s; 0
“c_L=>"nu_muL ,mu+,s; 0
“c_L->"nu_taul, tau+,s; 0
“c_L->"e_L+,nu_e,s; 0
“c_L->"mu_L+,nu_mu,s; 0
#

# Parent: "b_1 Mass (GeV): 515.268

# Partial Width/GeV
“b_1->"t_1,W-; 0.550572
“b_1->"chi_10,b; 0.199242
“b_1->"chi_20,b; 1.46034
“b_1->"chi_30,b; 0.0637949
“b_1->"chi_40,b; 0.0650385
“b_1->"chi_1-,t; 1.85381
“b_1->"chi_1-,20,t; 0.000816592
“b_1->"chi_10,W-,t; 0.000427699
“b_1->"chi_20,W-,t; 0.000724339
“b_1->"chi_1+,W-,b; 0.00457917
“b_1->"chi_1-,W+,b; 0.00373815
“b_1->"nu_eLbar,e-,t; 0.000617642
“b_1->"e_L-,nu_ebar,t; 0.000422605
“b_1->"nu_muLbar,mu-,t; 0.000618048
“b_1->"mu_L-,nu_mubar,t; 0.00042232
“b_1->"nu_taulbar,tau-,t; 0.000739157
“b_1->"tau_2-,nu_taubar,t; 0.00099249
“b.1->"tau_1-,nu_taubar,t; 0.00923994

#
# Parent: “t_1 Mass (GeV): 400.717

# Partial Width/GeV
“t_1->"chi_10,t; 0.402674
“t_1->"chi_20,t; 0.266753
“t_1->"chi_1+,b; 1.53441
“t_1->"chi_2+,b; 0.0316715
“t_1->"chi_20,W+,b; 0.00206632
“t_1->"chi_1+,20,b; 0.000537068
“t_1->"chi_1+,h0,b; 0.000312008
“t_1->"nu_eL,e+,b; 0.000943163
"t_1->"nu_mulL ,mu+, b; 0.000943334
“t_1->"nu_taul,tau+,b; 0.000997305

#
# Parent: “d_R Mass (GeV): 547.94 Total

i# Partial Width/GeV
“d_R->"chi_10,d; 0.286256
“d_R->"chi_20,d; 0.00271294

“d_R->"chi_30,4d; 0

.0269887
.00652143
.0042739
.00427443
.004439
.000856658
.000856166

O OO0 OO0 OO0

.00467987
.00113082
.000741099
.00074119
.000769728
.000148545
.00014846

Total Width (GeV): 4.21614

BR

O OO0 00O O0OO0OO0OO0ODO0ODO0ODO0OO00OOO0OO

.130587
.0472569

. 34637
.0151311
.0154261
.439694
.000193682
. 000101443
. 000171801
.00108611
000886628
.000146494
. 000100235
.000146591
.000100167
.000175316
.000235402
.00219156

Total Width (GeV): 2.24131

BR

O OO OO OOO OO

.179661
.119017
.684605
.0141308
.000921927
.000239623
.000139208
.00042081
.000420886
.000444966

Width (GeV): 0.291108
BR

.000360151

0.
0.
0.

983333
00931937
00123718
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“d_R->"chi_40,d;
“d_R->"chi_10,20,d;
“d_R->"e_R-,e+,d;
“d_R->"mu_R-,mu+,d;
“d_R->"tau_1-,tau+,d;
#

# Parent: "u_R Mass (GeV):

#

“u_R->"chi_10,u;
“"u_R->"chi_20,u;
"u_R->"chi_30,u;
“u_R->"chi_40,u;
“u_R->"chi_10,20,u;
“"u_R->"e_R-,e+,u;
“u_R->"mu_R-,mu+,u;
“u_R->"tau_1-,tau+,u;
#

# Parent: “s_R Mass (GeV):

#

“s_R->"chi_10,s;
“s_R->"chi_20,s;
“s_R->"chi_30,s;
“s_R->"chi_40,s;
“s_R->"chi_1-,c¢c;
“s_R->"chi_2-,c;
“s_R->"chi_10,20,s;
“s_R->"e_R-,e+,s;
“s_R=>"mu_R-,mu+,s;
“s_R=>"tau_1-,tau+,s;
#

# Parent: “c_R Mass (GeV):

#

“c_R->"chi_10,c;
“c_R->"chi_20,c;
“c_R->"chi_30,c;
“c_R->"chi_40,c;
“c_R->7"chi_2+,s;
“c_R->"chi_10,Z0,c;
“c_R->"e_R-,e+,c;
“c_R->"mu_R-,mu+,c;
“c_R->"tau_1-,tau+,c;
#

# Parent: "b_2 Mass (GeV):

#

“b_2->"t_1,W-;
“b.2->"chi_10,b;
“b_2->"chi_20,b;

0.001156854
0.00016364
0.000146074
0.000146174
0.000164464

0.00397976
0.000562128
0.000501788
0.000502131
0.00056496

548.177 Total Width (GeV): 1.16473
Partial Width/GeV

O O OO O O O -

.14559
.0108586
.00144265
.00464329
.00036894
.000585056
.000685456
. 000658659

BR

. 983565
00932282
00123861
00398658
00031676
.00050231
.000502653
.000565503

O OO0 0 O O O O

547.936 Total Width (GeV): 0.291334
Partial Width/GeV

OO OO NEOOO©O

. 28626
.00273281
.000409627
.00119537
.26655e-05
.2708e-05
.000163636
000146072
.000146171
.000164461

BR

. 982585
.00938035
.00140604
.0041031
.000146449
.00024957
.00056168
.00050139
.000501732
.000564513

OO OO O0O0 OO0 OO0

548.165 Total Width (GeV): 1.16501
Partial Width/GeV

OO O OO OO O~

.14555
.0108706
.00153668
.00472072
.000142443
.000368816
.000585
.000585399
.000658599

OO 000000 O0

BR

.983289
.00933091
.00131802
. 00405207
.000122267
.000316577
..00050214
000502482
000565314

547.669 Total Width (GeV): 0.81577
Partial Width/GeV

0.193888
0.221612
0.0566178

BR
0.237674
0.271659
0.0694041
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“b_2->"chi_30,b; 0.116406 0.142695
“b_2->"chi_40,b; 0.129793 0:159104
“b_2->"chi_1-,t; 0.0724826 0.0888518
“b_2->"chi_10,20,b; 0.00013803 0.000169202
"b_2->"chi_20,20,b; 8.61701e-05 0.00010563
“b_2->"chi_1-,20,t; 0.002056341 0.00251714
“b_2->"chi_10,W-,t; 0.00107678 0.00131995
“"b_2->"chi_20,W-,t; 0.00222917 0.0027326
“b_2->"chi_1+,W-,b; 0.000358229 0.00043913
“b_2->"e_R-,et+,b; 0.000112962 0.000138472
“b_2->"mu_R-,mu+,b; 0.000113039 0. 000138567
“b_2->"tau_i-,taut,b; 0.000127197 0.000155923
“b_2->"chi_t1-,W+,b; 0.000167241 0.000205011
“b_2->"chi_2-,W+,b; 0.00309914 0. 00379904
“b_2->"chi_1-,h0,t; 0.00152502 0.00186943
“b.2->"nu._elbar,e=,t; 0.000268498 0..000329135
“b_2->"e_L=,nu_ebar,t; 0.000520299 0.000637801
“b_2=>"nu_mulLbar,mu-,t; 0.000268804 0.000329509
"b.2=>"mu_L-,nu_mubar,t; 0.000520204 0.000637684
“b_2=>"nu_taulbar,tau-,t; 0.000356084 0.000436501
"b_2->"tau_2-,nu_taubar,t; 0.00203701 0.00249704
“b_2->"tau_1-,nu_taubar,t; 0..00991454 0.0121536

#

# Parent: ~“t_2 Mass (GeV): 586.318 Total Width (GeV): 9.596

# Partial Width/GeV BR
“t_2->7t_1,20; 1.41663 0.147627
“t_2->"chi_10,¢t; 0.21062 0.0219488
“t_2->"chi_20,t; 0.634578 0.0661294
“t_2->"chi_30,t; 0.407323 0.0424471
“t_2->"chi_40,t; 1.82459 0.190141
“t_2->7t_1,h0; 1.54398 0.160898
“t_2->"chi_1+,b; 1.59034 0.165729
"t_2->"chi_2+,b; 1.88296 0.196223
“t.2->"chi_10,W+,b; 0.00218682 0.000227889
“t_2->"chi_20,W+,b; 0.0566992 0.00590863
“t_2->"chi_30,W+,b; 0.00125959 0.000131261
“t_2->"chi_40,W+,b; 0.00157203 0.000163821
“t_2->7chi_1-,W+,t; 0.0037224 0.000387911
“t_2->"b_1,u,dbar; 0.00160338 0.000167088
"t_2->"b_1,c,sbar; 0.00160067 0..000166806
“t_2->"chi_1+,Z0,b; 0.00959643 0.00100004
“t_2->"chi_1+,h0,b; 0.000969623 0.000101044
“t_2->"nu_eL,e+,b; 0.00190238 0.000198247
“t.2->"nu_mulL ,mu+,b; 0.00190261 0.000198271
“t_2->"nu_taul,tau+,b; 0.00197424 0.000205736

#

# Parent: “e_L-

Mass (GeV): 202.456

Total Width (GeV): 0.217129
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# Partial Width/GeV  BR
“e_L-->"chi_10,e-; 0.119487 0.550303
“e_L-=>"chi_20,e-; 0.0357026 0.16443
“e_L-->"chi_1-,nu_e; 0.0619397 0.285266
#

# Parent: “nu_el Mass (GeV): 186.25 Total Width (GeV): 0.157412

# Partial Width/GeV  BR
“nu_eL->"chi_10,nu_e; 0.149069 0.947
“nu_eL->"chi_20,nu_e; 0.00221491 0.0140708
"nu_eL->"chi_1+,e-; 0.00612797 0.0389296
#

# Parent: “mu_L- Mass (GeV): 202.472 Total Width (GeV): 0.217278

# Partial Width/GeV  BR
"mu_L-->"chi_10,mu-; 0.11951 0..550035
“mu_L-->"chi_20,mu~; 0.0357482 0.164528
“mu_L-->"chi_1-,nu_mu; 0.0620192 0.285437
#

# Parent: “nu_mul. Mass (GeV): 186.247 Total Width (GeV): 0.157396

# Partial Width/GeV BR
"nu_muL->"chi_10,nu_mu; 0.149063 0.947057
“nu_mulL=>"chi_20,nu_mu; 0.00221264 0.0140578
“nu_muL->"chi_1+,mu-; 0.00612044 0.0388857
#

# Parent: ~tau_l- Mass (GeV): 134.477 Total Width (GeV): 0.145033

# Partial Width/GeV BR
“tau_1-->"chi_10,tau-; 0.145033 i

#

# Parent: “nu_taul. Mass (GeV): 185.331 Total Width (GeV): 0.152848
# Partial Width/GeV BR
“nu_taul->"chi_10,nu_tau; 0.147228 0.96323
“nu_taul->"chi_20,nu_tau; 0.0015708 0.0102768
“nu_taul->"chi_1+,tau-; 0.00401209 0.0262488
“nu_taul->"tau_1-,u,dbar; 1.87282e-05 0.000122528
“nu_taul->"tau_1-,c,sbar; 1.86631e-05 0.000122102
#

# Parent: “e_R- Mass (GeV): 144.086 Total Width (GeV): 0.21233

# Partial Width/GeV  BR
“e_R-->"chi_10,e-; 0.21233 1

#

# Parent: "mu_R- Mass (GeV): 144.05 Total Width (GeV): 0.212099

# Partial Width/GeV  BR
“mu_R-->"chi_10,mu-; 0.212099 1

#

# Parent: “tau_2- Mass (GeV): 206.428 Total Width (GeV): 0.248301

# Partial Width/GeV BR
“tau_2-->"chi_10,tau-; 0.157886 0.635865

“tau_2-->"chi_20,tau-; 0.0423298 0.170478
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“tau_2-->"chi_.l-,nu_tau;

0.

Partial Width/GeV
.0909972

0480851

0.193657

BR
.0184813

#

# Parent: “g Mass (GeV): 604.485 Total Width (GeV): 4.92374
#

“g->"d_L,dbar;

“g->"u_L,ubar;
“g->"s_L,sbar;
“g->"c_L,cbar;
“g->"b_1,bbar;
“g->"t_1,tbar;
“g->"d_R,dbar;
“g->"u_R,ubar;
“g->"s_R,sbar;
“g->"c_R,cbar;
“g->"b_2,bbar;
“g->"d_Lbar,d;
“g->"u_Lbar,u;
“g->"s_Lbar,s;
“g->"c_Lbar;c;
“g->"b_1bar,b;
“g->"t_1bar,t;
“g->"d_Rbar,d;
“g->"u_Rbar,u;
“g->"s_Rbar,s;
“g~>"c_Rbar,c;
“g->"b_2bar,b;
“g->"chi_2-,t,bbar;
“g->"chi_1+,tbar,b;
“g=>"chi_2+,tbar,b;
“g=>"chi_1-,t,bbar;

#

# Parent: “chi_20 Mass (GeV): 180.576
#

“chi_20->"e_R-,et;
“chi_20->"e_R+,e-;
“chi_20->"mu_R-,mu+;
“chi_20->"mu_R+,mu-;
“chi_20->"tau_1-,tau+;
“chi_20->"tau_1+,tau—;
~“chi_20->~chi_10,d,dbar;
“chi_20->"chi_10,u,ubar;
“chi_20->"chi_10,s,sbar;
“chi_20->"chi_10,c,cbar;
~“chi_20->"chi_10,b,bbar;
“chi_20->"chi_10,e—,e+;
“chi_20->"chi_10,nu_e,nu_ebar;
“chi_20->"chi_10,mu- ,mu+;

-121301
.0909969
.121195
.557065
246285
.244699
242752
.244732
.242796
.257781
.0909972
.121301
.0909969
.121195
.b57065
.246285
.244699
.242752

. 244732
.242796
.257781

. 0005661254
. 000716014
.000551254
. 000716014

.0246359
.0184813
.0246145
.113139
.05002

. 0496979

. 0493024
.0497045
.0493114

. 06235648
.0184813

. 0246359
.0184813
0246145
.11:3139
.05002

. 0496979
.0493024
.0497045
.0493114
.0523548
.000111958
000145421
.000111958
.000145421

[= =« lNo o ol oo o oo NeBoloNoNoNo N Ne Nole o NeoNeoNe N ol

Total Width (GeV): 0.0212547

Partial Width/GeV
.000659992
.000659992
.000661677
000661677
.009256854
.00925854
.78696e-06
.58543e-06
.78693e-06
.57799e-06
.06674e-06
.36854e-06
.76114e-05
.36398e-06

D= OO Wd WhooOoOOOo

BR

.0310515
.0310515
.0311308
.0311308
.436599
.435599
.000225219
.000168689
.000225217
.000168338
.000237911
.000299629
.0008285687
.000299415

OO OO O0CO0OO0OO0OO0OO0OO0O OO o0
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“chi_20->"chi_10,nu_mu,nu_mubar; 1.76167e-05 0.000828837
“chi_20->"chi_10,taun-,taut; 5.19942e-06 0.000244624
~“chi_20->~chi_10,nu_tau,nu_taubar; 1.93629e-05 0.000910993
#

# Parent: ~chi_30 Mass (GeV): 363.907 Total Width (GeV): 2.01012

# Partial Width/GeV BR
“chi_30->"e_L-,e+; 0.00120245 0.000598199
~“chi_30->"e_L+,e~; 0.00120245 0.000598199
“chi_30->"e_R-,e+; 0.00243756 0.00121265
~“chi_30->"e_R+,e-; 0..00243756 0.00121265
“chi_30->"nu_eL,nu_ebar; 0.00644468 0.00320612
~“chi_30->"nu_eLbar,nu_e; 0.00644468 0.00320612
~“chi_30->"mu_L-,mu+; 0.00123363 0.000613713
“chi_30->"mu_L+,mu-; 0.00123363 0.000613713
~“chi_.30->"mu_R-,mu+; 0.00248477 0.00123613
“chi_30->"mu_R+,mu-; 0.00248477 0.00123613
“chi_30->"nu_muL,nu_mubar; 0.00644483 0.0032062
“chi_30->"nu_mulLbar,nu_mu; 0.00644483 0.0032062
“chi_30->"tau_1-,taut; 0.0102832 0.00511572
“chi_30->"tau_1+,tau-; 0.0102832 0.00511572
“chi_30->"tau_2-,taut; 0.0135199 0.00672592
“chi_30->"tau_2+,tau-; 0.0135199 0.00672592
~“chi_30->"nu_taul,nu_taubar; 0.00648979 0.00322857
“chi_30->"nu_taulbar,nu_tau; 0.00648979 0.00322857
~“chi_30->"chi_10,20; 0.228876 0.113862
“chi_30->"chi_20,20; 0.431301 0.214565
“chi_30->"chi_1-,W+; 0.591362 0.294193
“chi_30->"chi_1+,W-; 0.591362 0.294193
“chi_30->~chi_10,h0; 0.0416117 0.0207011
~“chi_30->"chi_20,h0; 0.0245225 0.0121995

#
# Parent:
#

“chi_40 Mass (GeV):

“chi_40->"e_L-,e+;
“chi_40->"e_L+,e-;
“chi_40->"e_R-,e+;
“chi_40->"e_R+,e-;
“chi_40->"nu_el,nu_ebar;
“chi_40->"nu_elLbar,nu_e;
“chi_40->"mu_L-,mu+;
“chi_40->"mu_L+,mu-;
“chi_40->"mu_R-,mu+;
“chi_40->"mu_R+,mu-;
“chi_40->"nu_muL,nu_mubar;
“chi_40->"nu_mulbar,nu_mu;
“chi_40->"tau_1-,tau+;
“chi_40->"tau_1+,tau-;

381.248

Total Width (GeV): 2.71974

Partial Width/GeV

.0265988
.0265988
.00997223
.00997223
.0684517
,0684517
.0266246
.0266246
.0100166
.0100166
.0684531
.0684531
.00698504
.00698504

OO O OO0 O0OO0O0OO0OO0OO0 OO

BR
.0097799
.0097799
.00366661
.00366661
.0251685
.02561685
.0097894
.0097894
.00368291
.00368291
.025169
.025169
.00256828
.00256828

OO0 O OO O0OO0OO0OO0OO0OO0OO O OO



Helicity Calculations

“chi_40->"tau_2-,tau+;
“chi_40->"tau_2+,tau-;
“chi_40->"nu_taul,nu_taubar;
“chi_40->"nu_taulbar,nu_tau;
“chi_40->"chi_10,20;
“chi_40->"chi_20,Z0;
“chi_40->"chi_1-,W+;
“chi_40->"chi_1+,W-;
“chi_40->"chi_10,h0;
“chi_40->"chi_20,h0;
“chi_40->"chi_10,W+,W-;

#

# Parent: ~“chi_1+ Mass (GeV):

#

“chi_1+->"tau_1+,nu_tau;
“chi_1+->"chi_10,W+;
“chi_1+->"chi_10,nu_e,e+;
“chi_1+->"chi_10,nu_mu,mu+;
“chi_1+->"chi_10,nu_tau,tau+;
#

# Parent: ~“chi_2+ Mass (GeV):

#

“chi_2+->"nu_eL,e+;
“chi_2+=>"nu_muL ,mu+;
“chi_2+->"nu_taul,tau+;
“chi_2#->"e_L+,nu_e;
“chi_2+->"mu_L+,nu_mu;
“chi_2+->"tau_1+,nu_tau,
“chi_2+->"tau_2+,nu_tau;
“chi_2+->"chi_1+,Z0;
“chi_2+->"chi_10,W+;
“chi_2+->"chi_20,W+;
“chi_2+->"chi_1+,h0;
“chi_2+->"chi_1+,b,bbar;

180.169

382,332

“chi_2+->"chi_1+,nu_tau,nu_taubar;

#

.0441713
.0441713
.0688748
.0688748
.0672175
.05613444
.695609
.695609
.180653
.378163
.000846196

OO OO0 OO0 O0OO0OO0O OO0

.016241 -
.016241
.0263241
.0253241
.0210379
.0188784
.255763
. 265763
. 0664228
:139044
.000311131

OO0 OO OO0 O0OO0OO0OO0OOo

Total Width (GeV): 0.113504

Partial Width/GeV
0.112683
0.000711215
3.76262e-05
3.76274e-05
3.4675e-05

BR

0.992766

0. 00626597
0..000331496
0.000331506
0.000305494

Total Width (GeV): 4.56081

Partial Width/GeV
.065614269
.0514942
.0706154
.136879
.136862
.01598
.516906

. 627357
.172786
.75308
.0259849
.000763643
000673657

O O O OO QO ONOOO OO

BR

0112758
0112906
.0154831
.-0300119
0300082
.442023
.113337
.137654
0378849
.16512
.00569744
.000167436
.000147706

O OO0 O0OO0OO0O0O O OO

# Parent: hO Mass (GeV): 110.761 Total Width (GeV): 0.00603692

#

hO->b,bbar;

ho->g,g;
hO->tau-,tau+;
hO->W-,nu_tau, tau+;
hO->W+,nu_taubar,tau-;
h0->Z0,d,dbar;
h0->Z0,s,sbar;
hO->W+,ubar,d;
hO0->W+,cbar,d;

Partial Width/GeV
00492594
.000696727
.000296023
.35102e-06
.351e-06
.6548e-07
.6521e-07
.85185e-05
.71473e-07

O = © O OHho o O O

BR

.8156969
.115411
.0490355
.00105203
.00105203
.000169929
.000159885
.00306754
.000160922

OO OO OO0 OO OO
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h0->W+;s;ubar; 9.80777e-07 0.000162463
h0->W+,cbar, s; 1.83285e-05 0.00303607
hO->W+,nu_ebar,e-; 6.49986e-06 0.00107668
hO->W+,nu_mubar ,mu-; 6.4996e-06 0.00107664
h0->W-,u,dbar; 1.85185e-05 0.00306754
h0->W-,sbar ,u; 9.80777e-07 0.000162463
h0->W-,c,dbar; 9.71473e-07 0.000160922
hO0->W-,c,sbar; 1.83285e-05 0.00303607
hO->W-,nu_e,e+; 6.49986e-06 0.00107668
h0->W-,nu_mu,mu+t; 6.4996e-06 0.00107664
#

# Parent: HO Mass (GeV): 399.111 Total Width (GeV): 1.65108

# Partial Width/GeV BR
HO->"e_R-, e_R+; 0.000386415 0.000234038
HO->"nu_eL, "nu_elLbar; 0.000931403 0.000564119
HO->"mu_R-, "mu_R+; 0.00038631 0.000233975
HO->"nu_mulL, "nu_mulLbar; 0.000931504 0.00056418
HO->"tau_1-, tau_1+; 0.00478719 0.00289944
HO->"tau_2-, tau_1+; 0.00425196 0.00257527
HO->"tau_2+, tau.1-; 0.00425196 0.00257527
HO->"nu_taul, "nu_.taulLbar; 0.000961884 0.00058258
HO->"chi_10,~chi_10; 0.0163311 0.00989117
HO->"chi_1+, chi_1-; 0.0360143 0.0218126
HO->"chi_20,~chi_10; 0.0477795 0.0289384
HO->"chi_20, chi_20; 0.0134134 0.00812406
HO->hO0,h0; 0.0100872 0.00610945
HO->b,bbar; 1.38443 0.838501
HO->t ,tbar; 0..0362769 0.0219717
HO->tau~,tau+; 0.0826528 0.05006
HO0->Z0,Z0; 0.00159576 0.000966499
HO->W+,W-; 0.00337624 0.00204487
HO0->Z0,b,bbar; 0.000760118 0.000460378
HO->W-,t,bbar; 0.000600221 0.000363533
HO->W-,nu_tau, tau+; 0.000342802 0.000207623
HO->W+,tbar,b; 0.000302087 0.000182964
HO-=>W+,nu_taubar,tau-; 0.00022523 0.000136414
#

# Parent: A0 Mass (GeV): 398.728 Total Width (GeV): 2.08137

# Partial Width/GeV BR
A0->"tau_2-, tau_1+; 0.00620443 0.00298094
A0->"tau_2+, tau_1-; 0.00620443 0.00298094
A0->"chi_10, chi_10; 0.0250866 0.0120529
AO0->"chi_1+, chi_1-; 0.24582 0.1181056
A0->"chi_20, chi_10; 0.109059 0.0523978
A0->"chi_20, chi_20; 0.0946477 0.0454738
A0->h0,Z0; 0.0027737 0.00133263
AO->b,bbar; 1.38796 0.66685
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A0->t ,tbar; 0.116144 0.0558018
A0->tau-,tau+; 0.0828336 0.0397977
A0->Z0,b,bbar; 0.00301702 0.00144954
A0->W-,t ,bbar; 0.000581149 0.000279215
AO0->W-,nu_tau,tau+; 0.000341401 0.000164027
AO->W+,tbar,b; 0.000470145 0.000225883
A0->W+,nu_taubar,tau-; 0.000224475 0.00010785
#

# Parent: H+ Mass (GeV): 407.043 Total Width (GeV): 1.35418

# Partial Width/GeV BR
H+->"nu_eL, "e_L+; 0.000785542 0.000580088
H+->"nu_muL, "mu_L+; 0.000785131 0.000579785
H+->"nu_taul, "tau_1+; 0.016163 0.0119356
H+->"chi_1i+,"chi_10; 0.14297 0.105577
H+->"chi_1+, chi_20; 0.001209307 0.000807186
H+->h0,W+; 0.00311512 0.00230037
H+->t,bbar; 1.09972 0.812095
H+->nu_tau, tau+; 0.084581 0.0624593
H+->Z0,t ,bbar; 0.000395819 0.000292295
H+->Z0,nu_tau;tau+; 0.000229523 0.000169493
H+->h0, t,bbar; 0.000310126 0.000229014
H+->W+,b,bbar; 0.00346686 0.00256012
H+->W+,tau-,taut; 0.000561561 0.000414688

The output shown here is a result of running Herwig++ for the MUED model with

R~ =500 GeV and AR = 20, the mass spectrum shown in Table 3.2. Again, any

decay modes with a branching fraction lower than 1 x 10~* are not written out.

# Parent: KKi_d_L Mass (GeV): 588.268

#
KK1_d_L->KK1_W-,u;
KK1_d_L->KK1_W-,c;
KK1_d_L->KK1_gamma,d;
KK1_d_L->KK1_Z0,d;
KK1_d_L->KK1_H-,u;

#

# Parent: KK1_u_L Mass (GeV): 588.268

#

KK1_u_L->KK1_W+,d;
KK1_u_L->KK1_W+,s;
KK1_u_L->KK1_gamma,u;

Total Width (GeV):

Partial Width/GeV
0.112386
0.0059445
0.00118795
0.0600085
0.00190457

Total Width (GeV):

Partial Width/GeV
0.112386
0.00595237
0.0124368

0.181431
BR
0.61944
0.0327645
0.00654766
0.33075
0.0104975

0.188582
BR
0.5959561
0.0315637
0.065949
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KK1_u_L->KK1_Z0,u; 0.0559028 0.296437
KK1_u_L->KK1_H+,d; 0.00190457 0.0100994
#

# Parent: KK1_s_L Mass (GeV): 588.268 Total Width (GeV): 0.181213

# Partial Width/GeV  BR
KK1_s_L->KK1_W-,u; 0.00595238 0.0328475
KK1_s_L->KK1_W-,c; 0.112159 0.618936
KK1_s_L->KK1_gamma,s; 0.00118795 0.00655556
KK1_s_L->KK1_Z0,s; 0.0600083 0.331149
KK1_s_L->KK1_H-,c; 0.00190494 0.0105122
#

# Parent: KKi_c_L Mass (GeV): 588.269 Total Width (GeV): 0.18859

# Partial Width/GeV BR
KK1_c_L=>KK1_W+,d; 0.00594646 0.03156312
KK1_c_L->KK1_W+,s; 0.112196 0.59492
KK1_c_L->KK1_W+,b; 0.000201073 0.00106619
KK1_c_L->KK1_gamma,c; 0.0124357 0.0659405
KK1_c_L->KK1_Z0,c; 0.0558883 0.296349
KK1_c_L->KKi_H+,s; 0.00192244 0.0101938
#

# Parent: KK1_b_1 Mass (GeV): 588.283 Total Width (GeV): 0.0612287
# Partial Width/GeV  BR
KK1_b_1->KK1_W-,c; 0.000201783 0.00329557
KK1_b_1->KK1_gamma,b; 0.00118683 0.0193835
KK1_b_1->KK1_Z0,b; 0.05984 0.977321

#

# Parent: KKi_t_1 Mass (GeV): 574.204 Total Width (GeV): 0.299178

# Partial Width/GeV  BR
KKi_t_1->KK1_W+,s; 0.000108355 0.000362176
KK1_t_1->KK1_W+,b; 0..0650458 0.217415
KK1_t_1->KK1_H+,b; 0.234023 0.782222

#

# Parent: KK1.d_R Mass (GeV): 574.899 Total Width (GeV): 0.0157198

# Partial Width/GeV  BR
KKi1_d_R->KK1_gamma,d; 0.0166783 0.997358
KK1_d_R->KK1_Z0,d; 4.15239e-05 0.00264151
#

# Parent: KK1_u.R Mass (GeV): 576.314 Total Width (GeV): 0.0651352

# Partial Width/GeV  BR
KK1_u_R->KK1_gamma,u; 0.0649574 0.99727
KK1_u_R->KK1_ZO,u; 0.000177803 0.00272975
#

# Parent: KKi_s_R Mass (GeV): 574.899 Total Width (GeV): 0.0157198
# Partial Width/GeV BR
KK1_s_R->KK1_gamma,s; 0.0156783 0.997358
KK1_s_R->KK1_Z0,s; 4.15238e-05 0.0026415

#



Helicity Calculations 141
# Parent: KKi_c_R Mass (GeV): 576.315 Total Width (GeV): 0.0651271

# Partial Width/GeV  BR
KK1_c_R->KK1_gamma,c; 0.0649494 0.997271
KK1_c_R->KK1_Z0,c; 0.000177724 0.00272888
#

# Parent: KK1_b_2 Mass (GeV): 574.914 Total Width (GeV): 0.0156983

# Partial Width/GeV  BR
KK1_b_2->KK1_gamma,b; 0.015657 0.997369
KK1_b_2->KK1_Z0,b; 4.13069e-05 0.0026313
#

# Parent: KK1_t_2 Mass (GeV): 600.428 Total Width (GeV): 1.73415e-06
# Partial Width/GeV  BR
KK1_t_2->KK1_t_1,d,dbar; 1.72013e~-07 0.0991921
KK1_t_2->KK1_t_1;u,ubar; 1.33395e-07 0.0769225
KK1_t_2->KK1_t_1,s,sbar; 1.71991e~=07 0.0991789
KK1_t_2->KK1_t_1,c,cbar; 1.2939e=07 0.0746131
KK1_t_2->KK1_t_1,b,bbar; 1.28003e-07 0.0738133
KK1_t_2->KK1_t_1,e-,e+; 3.90212e-08 0.0225017
KK1_t_2->KK1_t_1,nu_e,nu_ebar; 7.76399¢-08 0.0447713
KK1_t_2->KK1_t_1,mu-,mu+; 3.90127e-08 0.0224968
KK1_t_2->KKi_t_.1,nu_mu,nu_mubar; 7.76399e-08 0.0447713
KK1_t_2->KK1_t_1,tau-,tau+; 3.64907e-08 0.0210425
KK1_t_2->KK1_t_1,nu_tau,nu_taubar; 7.76399e-08 0.0447713
KK1_t_2->KK1_gamma,W+,s; 1.20238e-09 0.0006934
KK1_t_2->KK1_gamma,W+,b; 6.50707e-07 0.375232

#

# Parent: KK1_e_L- Mass (GeV): 514.784 Total Width (GeV): 0.0019425
# Partial Width/GeV BR
KK1_e_L-->KK1_gamma,e-; 0.0019425 i

#

# Parent: KK1_nu_el Mass (GeV): 514.784 Total Width (GeV): 9.596e-04
# Partial Width/GeV  BR
KK1_nu_eL->KK1_gamma,nu_e; 0.00095392 0.994058
KK1_nu_eL->KK1_H+,e-; 5.70204e-06 0.00594196
#

# Parent: KK1_mu_L- Mass (GeV): 514.784 Total Width (GeV): 0.00194244
# Partial Width/GeV  BR
KK1_mu_L-->KK1_gamma ,mu-; 0.00194244 1

#

# Parent: KK1_nu_mul. Mass (GeV):
#

Partial Width/GeV

514.784 Total Width (GeV): 9.596e-04

BR
0.99406
0..00593958

KK1_nu_muL->KK1_gamma,nu_mu; 0.00095392
KK1_nu_muL->KK1_H+,mu-; 5.69974e-06

#

# Parent: KKi_tau_1- Mass (GeV): 514.787 Total Width (GeV): 0.001927
# Partial Width/GeV

KK1_tau_1==>KK1_gamma,tau-;

0.00192699

BR
1
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#

# Parent: KK1_nu_taul. Mass (GeV): 514,784 Total Width (GeV): 9.589%e-04
# Partial Width/GeV BR
KK1_nu_taul->KK1_gamma,nu_tau; 0.00095392 0.994777
KK1_nu_tauL->KK1_H+,tau~; 5.00876e-06 0.00522329
#

# Parent: KKi_e_R- Mass (GeV): 504.245 Total Width (GeV): 0.0003223
# Partial Width/GeV BR
KK1_e_R-->KK1_gamma,e-; 0.0003223 1

#

# Parent: KKi_mu_R- Mass (GeV): 504.245 Total Width (GeV): 0.0003221
# Partial Width/GeV BR
KK1_mu_R-->KK1_gamma ,mu-; 0.00032213 1

#

# Parent: KK1_tau_2- Mass (GeV): 504.248 Total Width (GeV): 2.707e-04
# Partial Width/GeV BR
KK1_tau_2-->KK1_gamma,tau-; 0.000270755 1

#

# Parent: KK1_g Mass (GeV): 626.318 Total Width (GeV): 2.88308

# Partial Width/GeV BR
KK1_g->KKi_d_Lbar,d; 0..10588 0.0367245
KK1_g->KK1_d_L,dbar; 0..10588 0.0367245
KK1_g->KK1_u_Lbar,u; 0. 10588 0.0367245
KK1_g->KK1_u_L,ubar; 0.10588 0.0367245
KK1_g->KK1_s_Lbar,s; 0.105879 0.0367244
KK1_g->KK1_s_L,sbar; 0.105879 0.0367244
KK1_g->KK1_c_Lbar,c; 0.1056818 0.0367032
KK1_g->KK1_c_L,cbar; 0.105818 0.0367032
KK1_g->KK1_b_1bar,b; 0.105164 0.0364761
KK1_g->KK1_b_1,bbar; 0.105164 0.0364761
KK1_g->KK1_d_Rbar,d; 0.186519 0.0646943
KK1_g->KK1_d_R,dbar; 0.186519 0.0646943
KK1_g->KK1_u_Rbar,u; 0.177069 0.0614164
KK1_g->KK1_u_R,ubar; 0.177069 0.0614164
KK1_g->KK1_s_Rbar,s; 0.186518 0.0646942
KK1_g->KK1_s_R,sbar; 0.186518 0.0646942
KK1_g->KK1_c_Rbar,c; 0.177008 0.0613953
KK1_g->KK1_c_R,cbar; 0.177008 0.0613953
KK1_g->KK1_b_2bar,b; 0.185806 0.064447
KK1_g->KK1_b_2,bbar; 0.185806 0.064447
#

# Parent: KK1_Z0 Mass (GeV): 535.806 Total Width (GeV): 0.079517

# Partial Width/GeV BR
KK1_Z0->KK1_e_L+,e-; 0.00585549 0.0736382
KK1_Z0->KK1i_e_L-,e+; 0.00585549 0.0736382
KK1_Z0->KK1_e_R+,e-; 0.000160928 0..00202382

KK1_Z0->KK1_e_R-,e+; 0.000160928 0.00202382
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KK1_Z0->KK1_nu_eLbar,nu_e;
KK1_Z0->KK1_nu_eL,nu_ebar;
KK1_Z0->KK1_mu_L+,mu-;
KK1_Z0->KK1_mu_L-,mu+;
KK1_Z0->KK1_mu_R+,mu-;
KK1_Z0->KK1_mu_R-,mu+;
KK1_Z0->KK1_nu_muLbar,nu_mu;
KK1_Z0->KK1_nu_muL,nu_mubar;
KK1_Z0->KK1_tau_1+,tau-;
KK1_Z0->KK1_tau_1-,tau+;
KK1_Z0->KK1_tau_2+,tau-;
KK1_Z0->KK1_tau_2-,tau+;
KK1_Z0->KK1_nu_taulbar,nu_tau;
KK1_Z0->KK1_nu_taul,nu_taubar;
#

# Parent: KK1_W+ Mass (GeV): 535.494

#

KK1_W+->KK1_e_L+,nu_e;
KK1_W+->KK1_nu_eL,e+;
KK1_W+->KK1_mu_L+,nu_mu;
KK1_W+->KK1_nu_muL ,mu+;
KK1_W+->KK1_tau_1+,nu_tau;
KK1_W+->KK1_nu_taul, tau+;
#

# Parent: hO Mass (GeV): 115
#

h0->b,bbar;

hO->c,cbar;

hO->mu- ,mu+;
hO->tau-,tau+;
hO->s,sbar;
h0->Z0,d,dbar;
h0->Z0,u,ubar;
h0->Z0,s,sbar;
h0->Z0,c,cbar;
h0->Z0,b,bbar;
hO->W+,nu_ebar,e-;
hO->W-,nu_e,e+t;
h0->W+,nu_mubar,mu-;
hO->W-,nu_mu, mu+;
hO->W+,nu_taubar, tau-;
h0->W-,nu_tau, tau+;
hO0->W-,u,dbar;
hO0->W-,sbar,u;
h0->W-,c,dbar;
hO->W-,c,sbar;
h0->W+,ubar,d;

.00724398
.00724398
.00585542
. 00585542
.000160927
.000160927
.00724398
.00724398
.00583315
.00583315
.000160647
.000160647
.00724398
.00724398
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Total Width (GeV): O.
Partial Width/GeV
0.0128157
0.0128157
0.0128157
0.0128155
0.0128121
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Total Width (GeV): 0.00473474

Partial Width/GeV
.00391647
.000349457
.32848e-07
.000235238
.01989e-06
.46506e-06
.91163e-06
.46439e-06
.81285e-06
.48516e-06
.21275e-05
.21275e-05
.21269e-05
.21269e-05
.19012e-05
.19012e-05
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.45519e-05
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.0910998
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.0736373
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.00202381
.00202381
.0910998
.0910998
.0733572
.0733572
.00202029
.00202029
.0910998
.0910998

68434

.166776
.166776
.166776
. 166774
- 166729
.166168

.827178
.073807
.000175902
.0496835
.00042661
.000520633
.000403746
.0005620491
.000382884
.000313673
.00256139
.00256139
.00266125
.00256125
.0025136
.0025136
.00729754
.000386496
.000383596
.0072373
.00729754
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hO->W+;cbar,d; 1.81623e-06 0.000383596
h0->W+,s,ubar; 1.82996e-06 0.000386496
hO->W+,cbar, s; 3.42667e-05 0.0072373

h0->Z0,nu_e,nu_ebar; 1.11263e-06 0.000234993
h0->Z0;nu_mu,nu_mubar; 1.11263e-06 0.000234993
h0->Z0,nu_tau,nu_taubar; 1.11263e-06 0.000234993

#

# Parent: KK1_hO Mass (GeV): 517.647 Total Width (GeV): 2.00019e-09
# Partial Width/GeV  BR
KK1_h0->KK1_A0,d,dbar; 3.93394e-10 0.196679
KK1_h0=>KK1_AO,u,ubar; 3.05075e-10 0.152523
KK1_h0->KK1_AO,s,sbar; 3.92114e-10 0..196039
KK1_hO0->KK1i_AO,c,cbar; 1.75939e-10 0.0879614
KK1_hO->KK1_AO,e-,e+; 8.92416e-11 0.0446166
KK1_h0->KK1_AO,nu_e,nu_ebar; 1.77563e-10 0.088773
KK1_h0->KK1_AO,mu~ ,mu+; 8.90203e-11 0.0445059
KK1_hO0->KK1_AO,nu_mu,nu_mubar; 1.77563e-10 0.088773
KK1_hO->KK1_AO,tau-,taut; 2.27158e-11 0.0113568
KK1_hO->KK1_AO,nu_tau,nu_taubar; 1.77563e-10 0.088773

#

# Parent: KK1_A0 Mass (GeV): 512.883 Total Width (GeV): 2.96458e-11
# Partial Width/GeV  BR
KK1_AO0->KK1_H+,ubar,d; 8.47825e-12 0.285985
KK1_AO->KK1_H+,s,ubar; 4.42929e-13 0.0149407
KK1_AO->KK1_H+,nu_ebar,e-; 2.97586e-12 0.10038
KK1_AO0->KK1_H+,nu_mubar,mu-; 2.92587e-12 0.0986941
KK1_AO->KK1_H-,u,dbar; 8.47825e-12 0.285985
KK1_AO0->KK1_H-,sbar,u; 4.42929e-13 0.0149407
KKi_AO->KK1_H-,nu_e,e+; 2.97586e-12 0.10038
KK1_AO->KK1_H-,nu_mu,mu+; 2.92587e-12 0.0986941
#

# Parent: KK1_H+ Mass (GeV): 511.076 Total Width (GeV): 7.53157e-07
# Partial Width/GeV BR
KK1_H+->KK1_mu_R+,nu_mu; 2.65448e-09 0.00352447
KK1_H+->KK1_tau_2+,nu_tau; 7.50176e-07 0.996041
KK1_H+->KK1_gamma,nu_e,e+; 1.09798e-10 0.000145784
KK1_H+->KK1_gamma ,nu_mu,mu+; 1.10505e-10 0.000146723
KK1_H+->KK1_gamma,nu_tau, taut+; 1.06934e-10 0.000141981

Many of the decay modes above have small branching fractions due to the
approximate degeneracy of the MUED mass spectrum, even when radiative cor-
rections have been taken into account. Furthermore, particles such as the t}° do
not have any two-body decay modes at this parameter point and so the three-body

decays are a necessary addition if the model is to be used in an event generator.



Appendix C

Technical Details

The general method for simulating BSM physics, described in Chapter 3, is im-
plemented in the Herwig++ event generator. Herwig++ is a new event generator,
written in C4++, which builds on the experience and knowledge gained from its
predecessor HERWIG [29]. The code structure of the BSM physics modules is de-
signed so that the addition of new models is a relatively simple task. The details
of this structure will be briefly described here, however for a more detailed de-
scription of the program, see Ref. [28]. In the following descriptions we use the
term “interface” to refer to a method by which a parameter of a particular class

can be altered.

C.1 Code Structure

The ModelGenerator class is responsible for setting up the new MatrixElement ob-
jects, which inherit from the GeneralHardME class, and DecayMode objects for a

new physics model. Helper classes aid in the creation of these objects, they are:

145
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Classr Nrame Hard Process |

MEfr2ff Fermion fermion to fermion fermion.
MEff2ss Fermion fermion to scalar scalar.
MEff2vs Fermion fermion to vector scalar.
MEff2vv Fermion fermion to vector vector.
MEfv2fs Fermion vector to fermion scalar.
MEfv2vf | Fermion vector to vector fermion.
MEw2ff | Vector vector to fermion fermion.

MEwvv2ss Vector vector to scalar scalar.

MEvv2w Vector vector to vector vector. |

Table C.1: The general hard process matrix elements, based on spin structures,

implemented in Herwig++.

HardProcessConstructor the HardProcessConstructor is responsible for creat-
ing the diagrams for the requested processes and constructing the appropriate

GeneralHardME object(s);

ResonantProcessConstructor the ResonantProcessConstructor is of a similar
design to the HardProcessConstructor but it only constructs the resonant

diagrams for a process;

DecayConstructor the DecayConstructor stores a collection of objects that in-
herit from the NBodyDecayConstructor class. Each of these is responsible for

constructing all of the decay modes for the 1 — N decays.

The matrix element classes all inherit from the GeneralHardME class and implement
the matrix element for a particular spin configuration. The classes inheriting
from the GeneralHardME class and the spin structures they implement are given in

Table C.1.

All of the decayer classes inherit from either the General TwoBodyDecayer or the

General ThreeBodyDecayer class and each is responsible for calculating the value
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Class Nafnzm N o Wﬁlﬂ)ééqyli
FFSDecayer Fermion te fermion scalar decay.
FFVDecayer Fermion to fermion vector decay.

FFVCurrentDecayer | Fermion to fermion vector decay with the vector off-shell

and decaying via a weak current from Ref. [28].

FtoFFFDecayer Fermion to three fermion decay.
FtoFVVDecayer Fermion to fermion and two vector decay.
SFFDecayer | ~ Scalar to fermion fermion decay.
SSSDecayer Scalar to two scalar decay.
SSVDecayer Scalar to scalar vector decay.
SVVDecayer Scalar to two vector decay.
SVVLoopDecayer Scalar to two vector decay via a loep.
StoSFFDecayer Scalar to scalar and two fermion decay.
StoFFVDecayer Scalar to two fermion and vector decay. )
VFFDeayer Vector to two fermion decay.
VSSDecayer Vector to two scalar decay.
VVVDecayer Vector to two vector decay.
~ VtoFFVDecayer ~ Vector to two fermion and vector decay.
TFFDecayer ' Tensor to two fermion decay. -
TSSDecayer Tensor to two scalar decay
TVVDecayer Tensor to two vector decay.

Table C.2: The general decay classes based on spin structures implemented in
Herwig++.

of the matrix element for that particular set of spins. There is also a GeneralT-
woBodyCurrentDecayer class for decay modes created with the WeakCurrentDecay-
Constructor class. The Decayer classes implemented in Herwig++ and the types of

decay they implement are given in Table C.2.

The specification of the particles involved in the hard process is achieved
through the Incoming and Outgoing interfaces of the HardProcessConstructor.
Both interfaces are lists of ParticleData objects. The switch IncludeEW can be

set to No to include only the strong coupling diagrams.
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In order to pass spin correlations through the decay stage, Decaylntegrator ob-
jects must be created. This is achieved by populating a list held in the
ModelGenerator class, which can be accessed through the DecayParticles inter-
face. The particles in this list will have spin correlation information passed along
when their decays are generated. If a decay table is read in for a SUSY model
then the CreateDecayModes interface should be set to No so that only the
decay modes listed in the externally generated decay table are created!. For all
other models the possible decay modes are also created from the particles in the

DecayParticles list.

In addition to the code that handles the calculation of the matrix elements for
the decays and scattering cross sections, each model requires a number of classes

to implement the model.

The Standard Model is implemented in the StandardModel class, which inherits
from the StandardModelBase class of ThePEG and implements access to the helicity
Vertex classes and some additional couplings, such as the running mass, used by
Herwig++. The Vertex classes that implement the Standard Medel interactions

are given in Table C.3.

The structure of the implementation of the MSSM in Herwig++ is designed to
allow extended SUSY models to be added in the future. Therefore the SusyBase
class, which inherits from the StandardModel class, is designed to read in the SLHA
files specifying the SUSY spectrum. The details of the MSSM are implemented
in the MSSM class, which inherits from the SusyBase class. The Vertex classes for
the MSSM are given in Table C.4. A spectrum file in SLHA format [64,65] must
be supplied or the MSSM model cannet be used.

If a decay table is being used with a SUSY model then the DecayParticles list must still be
populated so that the decays will have spin correlation information included.
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Class Interaction
SMFFGVertex | Interaction of the gluon with the SM fermions
SMFFPVertex Interaction of the photon with the SM fermions
SMFFWVertex Interaction of the W boson with the SM fermions
SMFFZVertex Interaction of the Z° boson with the SM fermions
SMFFHVertex Interaction of the Higgs boson with the SM fermions
SMGGGVertex Triple gluon vertex
SMGGGGVertex | Four gluon vertex
SMWWWhVertex | Triple electroweak gauge boson vertex
SMWWWWVertex | Four electroweak gauge boson vertex
SMWWHVertex | Interaction of the Higgs boson with the electroweak
gauge bosons
SMHGGVertex Higgs boson coupling to two gluons via quark loops
SMHPPVertex Higgs boson coupling to two photons via fermion
and boson loops

Table C.3: Herwig++ Vertex classes for the Standard Model.

B Class | Interaction S
SSNFSVertex | Neutralino with a SM fermion and a sfermion
SSCFSVertex Chargino with a SM fermion and a sfermion
SSGFSVertex Gluino with a quark and squark
SSNNZVertex A pair of neutralinos with a Z° boson
SSCCZVertex A pair of charginos with a Z° boson
SSCNWVertex Chargino with a neutralino and a W= boson

SSGSGSGVertex | SM gluon with a pair of gluinos
SSGSSVertex SM gluon with a pair of squarks
SSWSSVertex SM gauge boson with a pair of sfermions
SSFFHVertex A pair of SM fermions with a Higgs boson
SSWHHVertex | SM electroweak gauge bosons with a pair of Higgs bosons
SSWWHVertex | A pair of gauge bosons with a Higgs boson

SSGOGOHVertex | A pair of gauginos with a Higgs boson

SSHSFSFVertex | A Higgs boson with a pair of sfermions
SSHHHVertex | Triple Higgs boson self coupling
SSHGGVertex A Higgs boson with a pair of gluons

via quark and squark loops
'SSGGSQSQVertex | A pair of gluons with a pair of squarks

Table C.4: Herwig++ Vertex classes for the MSSM.
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~ Class Interaction
RSModelFFGRVertex | Coupling of the graviton to SM fermions
RSModelSSGRVertex | Coupling of the graviton to the Higgs boson
RSModelFFVGRVertex | Coupling of the graviton to two SM

fermions and a gauge boson

RSModelVVGRVertex | Coupling of the graviton to two gauge bosons

RSModelVVVGRVertex | Coupling of the graviton to three gauge bosons

Table C.5: Herwig++ Vertex classes for the Randall-Sundrum model.

B Class Interaction 7
UEDF1F1POVertex | SM photon with a pair of KK-1 fermions
UEDF1F1WO0Vertex | SM W* boson with a pair of KK-1 fermions
UEDF1F1Z0Vertex | SM Z° boson with a pair of KK-1 fermions
UEDF1F1G0OVertex | SM gluon with a pair of KK-1 fermions
UEDF1FOW1Vertex | KK-1 fermion with an EW KK-1 boson and a SM fermion
UEDF1F0G1Vertex | KK-1 fermion with a KK-1 gluon and a SM fermion
UEDF1FOH1Vertex | KK-1 fermion with a KK-1 Higgs boson and a SM fermion
UEDPOH1H1Vertex | SM photon with a pair of KK-1 charged Higgs boson
UEDWOW1W1Vertex | A pair of KK-1 gauge bosons with a SM W or Z° boson
UEDG1G1GOVertex | A pair of KK-1 gluons with a SM gluon
UEDGOGO0G1G1Vertex | A pair of SM gluons with a pair of KK-1 gluons
UEDWOA1H1Vertex | SM W+ boson with a KK-1 charged Higgs boson and a
KK-1 pseudoscalar Higgs boson
UEDZOH1H1Vertex | SM Z° boson with a pair of KK-1 charged Higgs boson
UEDZOA1lhlVertex | SM Z° boson with a KK-1 pseudoscalar Higgs boson and
a KK-1 scalar Higgs boson

Table C.6: Herwig++ Vertex classes for the MUED model.

The RSModel class inherits from the StandardModel class and implements the
calculations needed for the Randall-Sundrum model. We have only implemented
the vertices that are phenomenologically relevant and therefore some four-point
vertices that are not important for resonance graviton production are not included.

The Vertex classes implemented for the Randall-Sundrum model are given in Ta-

ble C.5.
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Class | Interaction
LHTPFFPVertex | Interaction of an SM photon or a heavy

T-odd photon with a pair of fermions

LHTPFFGVertex | Interaction of an SM gluon with a pair of fermions
LHTPFFWVertex | Interaction of an SM W boson or a T-odd W}'j
boson with a pair of fermions
LHTPFFZVertex | Interaction of an SM Z° boson or a T-odd Z% boson
with a pair of fermions
LHTPFFHVertex | Interaction of a Higgs boson with a pair of fermions
LHTPWWWVertex | Triple electroweak gauge boson vertex for both SM
and T-odd particles
LHTPWWWVertex | Quartic electroweak gauge boson vertex for both SM
and T-odd particles
LHTPWWHVertex | Interaction of two electroweak gauge bosons, SM and T-edd,
with a Higgs field
LHTPWHHVertex | Interaction of an electroweak gauge boson, SM and T-odd,
- with a pair of Higgs bosons
LHTPHHHVertex | Triple Higgs boson vertex

Table C.7: Herwig++ Vertex classes for the Littlest Higgs model with T-parity.

Two parameters can be controlled in the Randall-Sundrum model; the cutoff
A: and the mass of the graviton. The default mass of the graviton is 500 GeV and
this can be changed via the NominalMass interface of its ParticleData object.
The cutoff is set via the Lambda_pi interface of the RSModel object and has a
default value of 10 TeV.

The Minimal Universal Extra Dimensions model is implemented in the UED-
Base class, which inherits from the StandardModel class and implements the cal-
culation of the parameters of the model. The Vertex classes for the MUED model

are given in Table C.6.

There are three parameters that can be set to control the UED model: the

inverse of the radius of compactification R~!; the cutoff scale A; and the mass of
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the Higgs boson at the boundary of the compactified dimension 72;,. These are
controlled through the interfaces:

o InverseRadius - the value of R™!, the default value is 500 GeV;

e LambdaR - the dimensionless number AR, the default value is 20;

e HiggsBoundaryMass - the value of the Higgs bosen mass at the boundary,

the default value is 0 GeV.

The Littlest Higgs model with T-parity is implemented in the LHTPModel class,
which inherits from the StandardModel class and implements the calculation of the

parameters for the model. The Vertex classes for the LHT are given in Table C.7.

There are three parameters that can be set to control the LHT: the scale of
the non-linear sigma model f; the top quark mixing angle sina; and a Yukawa
like parameter k which controls the mass of the fermions odd under the action of

T-parity. These are controlled through the interfaces:

o f - the value of f, the default value is 10 TeV;
e SinAlpha - the value of sina, the default value is 1//2;

e Kappa - the value of k, the default is 1.



Appendix D

Feynman Rules

D.1 Minimal Supersymmetric Standard Model

We give the Feynman rules for the CP, R-parity and flavour conserving MSSM fol-
lowing the conventions in Ref. [85-87]. The sfermion mixing matrices are denoted
by Qﬁﬂ and Lf,ﬁ for the squarks and leptons respectively where k is the generation
number, a the left/right eigenstate and § the mass eigenstate. Nj;, U;; and V;;

are the neutralino and chargino mixing matrices respectively.

D.1.1 Gauge Boson interactions

A Standard Model gauge boson interacts with a pair of sfermions, a gauge boson
and a Higgs boson, a pair of Higgs bosons and a pair of gauginos through the
three-point perturbative vertices defined in Figs. D.1-D.4 and Tables D.1-D.2.
There is also a quartic coupling between a pair of gluons and a pair of squarks,

defined in Fig. D.5.
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Figure D.1: Feynman rule for the interaction of a gauge boson with a pair of
sfermions. The definition of I" for the various types of gauge boson and sfermion is
given in Table D.1. The momenta are to be taken as in the direction of the arrows.
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Table D.1: Couplings for the gauge bosons and sfermions.
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Figure D.2: Feynman rule for the interaction of a Higgs beson with a pair of gauge
bosons. The coupling constant ¢ for the various types of Higgs and gauge boson
are given in the adjacent table.
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Figure D.3: Feynman rule for the interaction of a gauge beson with a pair of Higgs
boesons where the momenta are to be taken as in the direction of the arrows. The
coupling constant ¢ for the various types of gauge and Higgs boson are given in

the adjacent table.
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Figure D.4: Feynman rule for the interaction of a gauge boson and a pair of
gauginos. The couplings are defined in Table D.2.
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Figure D.5: Feynman rule for the coupling of two gluens to a pair of squarks in

the MSSM.
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Table D.2: Couplings for a gauge boson and a pair of electroweak gauginos. All
momenta are to be taken as outgoing.

D.1.2 Fermion-Sfermion Interactions

In the MSSM a sfermion has interactions with a Standard Model fermion and all

of the gauginos through the rules defined in Figs. D.6-D.7 and Table D.3. The

primed matrices used in the neutralino rules are related to the unprimed ones via

!
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Figure D.6: Feynman rule for the coupling of an electrically neutral gaugine to a
Standard Model fermion and a sfermion. Table D.3 gives the definitions of a7, and

ar.
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Table D.3: Neutralino and gluino couplings. In the case of the gluino k = 2i for
up-type quarks and k = 2¢ — 1 for down-type quarks.
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Figure D.7: Feynman rule of the coupling of a chargino with a Standard Model
fermion and a sfermion. C is the charge conjugation matrix.
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D.1.3 Higgs-Fermion Interactions

A Higgs boson interacts with a pair of Standard Model fermions through the rules
defined in Fig. D.8 where sina is the Higgs mixing angle, tan 3 is the ratio of the

Higgs vacuum expectation values.

f
¢ ------ iﬁgmc[aLPL+aRPR]
f_l
¢ ff c ar Qg
S :ti— - ) ; m ticosra
O V2sinf8__
n — mysina
bb 77 _f_\/icos 3 1 1
tt— _my sina
HO V2sing
7 = || _mjcosa
bb T —L_ﬁcos 3
HY | fua | =55 | i [matanf
| me
A0 | V2tan 3 1 -1
bb 77 || im stan 8

Figure D.8: Feynman rule for the interaction of a Higgs boson with a pair of
Standard Model fermions.

There is also an interaction with a pair of gauginos through the rules defined
in Fig. D.9 and Table D.9 where Qij = ilUjg/\/i, S,'j = ‘izUjl/\/é. The double

. s 1" 4 ‘ . . P .
primed matrices () and S are a combination of neutralino mixing matrices where

H

1
Qij = 5 [Ni3‘(Nj e le tan GW) + Nj3(Ni2 - Nil tan GW)] , (D2&)

"

ij

1 ,
= 5 ['N1;4(Nj - Nj‘l tan 0w) + Nj4(Ni2 - Nil tan ew)] . (DZb)
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(&
[G,LPL +aRPR]

¢ oo i

Xj

sin ow

Figure D.9: Feynman rule for the interaction of a Higgs boson and a pair of
gauginos. The couplings are defined in Table D.4.

¢ | XX aL [
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Xi X; Qjisina — SjifCO%qﬁ L 7Q,:j sina — Sij cos &
~0.~0 _ " % ok ” 1 .
o | XiXs —Qji"cosa + §;/"sina —-Qj;cosa+ S;;sina
~ - * 4k . - .
Xi X -jSCOSOf = Sji51na _Qi]’ cos(x — Sij sin.«

XeX§ || @ (Qj*sinB — Sj;"cos B) | —i gg;;isinﬂ — §;; cos )

- f(f)?]_ ( (Q'j}*sin B+ SjicosB) | —i (Q;’J sin 3 + S,’; cos 3)
H* )2?5(; - [(Nn + Nj; tan Ow)% — [(Nn + Nj tan gw)%%

AO

+ Ni4‘/j1.| cos ,3 + Ningl-I SiIl,B
H~ )2?52; - [(Ni2 + Nurtan ew)% - [(Ni2 + Nil tan 0w)!\/‘%
+ Ni3Uj,1] sin G + Ni4le] COS,B

Table D.4: Couplings for a Higgs boson and a pair of gaugines in the MSSM.

D.1.4 Higgs-Sfermion Interactions

The couplings between a Higgs boson and a pair of sfermions differ greatly de-
pending on the type of Higgs boson. The Feynman rule for the interaction of three
scalar particles is given in Fig. D.10 and the definitions of the couplings for each

type of Higgs particle are given in Tables D.5-D.8.



Feynman Rules

RO, HO AY - ___ ol

Figure D.10: Feynman rule for the coupling of a higgs with a pair of sfermions.
The definition of I" for the three neutral Higgs’ are given in Tables D.5-D.8.
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Table D.5: Couplings for the light CP-even Higgs boson h° with a pair of sfermions
where ¢ is the generation index and ¢ = ig.

fiaf3s I

Tially (Au. cot B+ 1), atB
diadls || gt (Ag tan B + ) 6 B
liolls || gp (Ae,tan B+ p) davp

Table D.6: Couplings for the CP-odd Higgs boson A° with a pair of sfermions

where ¢ = g.
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Table D.7: Couplings for the light CP-even Higgs bosen H° with a pair of sfermions

where ¢ is the generation index where ¢ = ig.

fufy |T
Giadls eI [Q%Q% Y(m2 tan B +m2, cot § — MZ sin26)
+ QZi Qg}, lmuimdi (cot B + tan §)
+ QYQ35 ma,(Ag, tan B+ 1) + QRO (Au, cot B + )]
Dilt L [ LY (m} tan 8 — MY, sin26) + L3 1(ml,.(A;,. tan 8 + p)]

Table D.8: Couplings for the charged Higgs boson H+ with a pair of sfermions

where i is the generation index and ¢ = ig.
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D.2 Minimal Universal Extra Dimensions

Here we present the Feynman rules for the MUED meodel, considering the level-1
KK-modes only, where we follow the conventions in Refs. [22,88] As in the main
body of this thesis f* denotes a fermion whose zero mode is Standard Model
doublet and f° denotes a partner whose zero mode is a Standard Model singlet.

The fermion mixing angle, defined in Chapter 1, is denoted ay.

The level-1 “Weinberg” mixing angle 6, for the electroweak vector bosons is

defined by

1+ 0w, + 39%0° —m2, (D.3)

2
cos“ 0, =

22 — 2
R?*(m3 —m2

where Oy, is defined in Appendix A, g is the SU(2) coupling constant, v is the
vacuum expectation value of the Standard Model Higgs field, R is the radius of
the compactified dimension, m,,, is the mass of the level-1 KK photon and my, is

the mass of the level-1 KK Z boson.

D.2.1 FFV Interactions

The inclusion of KK-parity limits the form of the interactions se that all of the
vertices have an even number of KK particles associated with them. For a gauge
boson interacting with a pair of fermions, the rule for which is shown in Fig. D.11,
there are two types of vertex, a Standard Model gauge boson with a pair of KK-
fermions, Table D.9, or a KK-1 gauge boson with a Standard Model fermion and
a KK-fermion, Table D.10.
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icy* [ar, PL + arPr|

f

Figure D.11: Feynman rule for a gauge boeson with a pair of Dirac fermions.

V” ff_‘l Cc aL a’R
v erlfl | Qe 1 1
9" | e | —tis 1 !
nre Iijcos? oy — Qysin®Ow | ar
= e
0 e g  ,
250 iR | G O cosbyy | f378In" @y — Qysin Ow | ar
ff 1. ;I3f sin Qf COS:Oif —ay,
Fraftu cos oy, cosay, ar,
W flafta| e - 7sin oy, sinag, ar
o Fo /2 sin Oy . '
fiaftu _Sinogcosay, |~
fiaftu cos:ay, sinag, =ar,

Table D.9: Couplings for a Standard Model gauge boson V* with a pair of KK-
fermions ff’, where I3; and Q) are the hypercharge and electric charge of fermion

f respectively.

D.2.2 Gauge Boson Self-Interactions

The three-point interactions of the gauge bosons amongst themselves can be sum-

marised by the rule shown in Fig. D.12, with the couplings for the various possible

combinations of vector boson shewn in Table D.11. We also include here the quar-

tic coupling between a pair of Standard Model gluons and a pair of KK-1 gluons,

Fig. D.13, which is necessary to achieve a gauge invariant answer for the matrix

element of the process gg — ¢19;:.
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% f.f{ c ay, an
fo Igf sin(HW —-01)
IR |Qrembim T ] O
nw| fF cos O 0 Q;cosb;
1 o . f ,
gt | dTede | —t59s 1 0
g1 | ade —tpes 0 1
ol ez | | A .. Izpcos(Bw = 6)
0 ) _ 13f w 1
AL e Qb T, | O
20 | ffo | o0 0 Q;sin 6,

Table D.10: Couplings for a KK-1 gauge boson V# with a Standard Model fermion
f and a KK-fermion f;, where I35 and Q)5 are the hypercharge and electric charge

of fermion f respectively and sin @, is the level-1 gauge boson mixing angle.

€a(p1)

e(p2)

ic [(p1 — p2)"9°® + (p2 — p3)*g™

+ (p3 — p1)Pg*]

ev(p3)

Figure D.12: The Feynman rule for a triple vector boson vertex where the momenta

are all incoming.

D.2.3 Higgs Interactions

The five Higgs bosons in the MUED model can interact with a pair of fermions

in a variety of ways. The general rule is given in Fig. D.14 and the couplings for

the specfic interactions of each of the Higgs particles are given in Tables D.12-

D.14. There are also interactions with the vector bosons with either a single gauge

boson and a pair of Higgs particles, the rule for which is identical to that given in
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Ea€ BE~ c
9909 if%gs
YW{WT —e
oWy | -
1 1 sin ﬂw
= _esinb;
WEWF v
L sin aw
| wewez0 | - ecos
_ 71 sin Ow

Table D.11: Couplings for the triple vector boson vertices where £ are the anti-
symmetric structure constants of SU(3).

= b
g2 €5
—igh [frecf™ (909" — g*°g7)
+ f:tad f:rbc ( gaﬁ g'yé _ g—a'y g,B6)
+ fxabfzcd (ga'yg,ﬂé _ gaégﬂ'y)]
_ c d )
Ey €s

Figure D.13: Feynman rule for a pair of Standard Model gluons interacting with
a pair of level-1 KK-gluons where f%¢ are the anti-symmetric structure constants
of SU(3).

Fig. D.3, or a pair of gauge bosons and a single Higgs boson, identical to Fig. D.2.
The specific couplings for the MUED model are defined in Tables D.15 and D.16.

4

/R iclar Py + arPg]
f

Figure D.14: Feynman rule for the interaction of a scalar particle with a pair of
Dirac fermions.
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L ©) = S
f f "lar | ar f f ! ar ar
ffel-1]-1 ffi | (sina+cosa) | ap
PRl f i (s;; —7cois;) lan
IHHAEIEY
RE|1|-1

Table D.12: Couplings of a pair of fermions with (a) the light CP-even Higgs boson
h® and (b) the heavy CP-even Higgs boson HY.

fF ar, ag
ffe ‘ ap(dzr — in @ my COS(
ffi | mzcosay(ls . Qy sin”bw) —myg sin a;Q sin’ Gy + =0
_mysinay Rmyy
i _ me _ _ - _
fo mZ sinas(Izf = Qsin? Oy ) mycosa.
fh f(m;cos a]; ) —mzcosasQ)¢ sin? Oy — ———;% !
b Bttitend i mw
me _ _ _

Table D.13: Couplings for the CP-odd nggs boson A0 with a pair of fermions

where I3; is the third component of the hypercharge, @)y denotes the electric
charge and c = ——38 ____

cos Oy / 1+m% R? :

ff ar ap
4 | mew cosa My sin Oy | Ty COS Oy
w Ry — j
1 _ Rmw Rmy,
o ] My, COS QY My, Sin oy,
du$ | mw sina,, + ——— -
BRmyw Rmw
- mgsinag | mgcosay
ud} | mwy cos g = ——— ——
= MGCOS Ay, My SIN Oy,
ud] mW sin ag + ' —
R me me

Table D.14: Couphngs for the charged Higgs boson HE with a pair of fermions

where ¢ 5 \/1“"—2"2 The lepton couplings can be obtained by replacing the

quark fields with their lepton partners of the same hypercharge.
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| 4 c
~ | HYH- e
HYAY Iz
Z0 cos&w\/f+m—ZR2
g cos? Oy — sin” Oy,
| H ij | T \ cos? 0meR2 50030 j
w* \/(1+mWR2)(1+m R? )
HOHF L0 —
V1t mWR2

Table D.15: Couphngs for a single gauge boson and a pair of nggs bosons in the

MUED model.
¢ €4 c
A° | wEWE £ (—1)p 4.0 bwmz

1+ mZR?

(sm2 HW + (—1)? cos® bw)

Zw* :t—g—m—z— sm20 — lﬂcos20
T \/1+me20( GW - )" cos”bh)
— | gmzsin w cosOw )

& itmrm (! - 1)
W gmzsmﬂwcosﬂw

.

(Feon ((—1)ﬂ +1)

Table D.16: Couplings for a single Higgs boson and a pair of gauge bosons in the

MUED model.
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D.3 Littlest Higgs Model with T-parity

The form of the interactions in this model, i.e. the Feynman rules, are the same
as in the Minimal Universal Extra Dimensions model since the particles involved
possess the same spin. Therefore, we will only give the form of the couplings for
the specific interactions in the Littles Higgs model with T-parity. In the heavy
electroweak sector the W3 and By gauge bosons mix to form the mass eigenstates

Zy and vy through [89]

Zy cosfy sinfy w3
= , , (D.4)
\ YH —sinfy cosfy By
with
/ 2
sin Oy =~ __599 v (D.5)

4(5¢° ~ g?) f*’
where g is the SU(2) coupling, ¢’ is the U(1)y coupling, v = 246 GeV is the
vacuum expectation value of the Higgs field and f is the scale of the non-linear
sigma model. The only free parameter here is f, which sets the scale for the heavy

electroweak sector.

The top quark sector is more complicated in Little Higgs models since there
are additional partners due to the large Yukawa coupling of the SM top quark.

The mixing angles appearing in the coupings are defined as [90]

sing = =———== (D.6a)

sinf = (D.6b)
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EaEBEy c
YWEWE Fe
2owEWF | L8
sin Oy
WAW T~ :Ee.smﬂH
sin Oy
WEWFZ0 | F ,e -
T ~ sin Oy
Table D.17: Couplings for the triple vector bosen vertices.
where A, o are related to the SM top quark mass m, through
A1A
It 1 (D7)

my = ——————,
Vs Y

The Feynman rules are calculated in Refs. [89,91] and those appropriate to the

work here are given in Tables D.17-D.20.

- (b)
e | € Pl |
e2v(l — 25) e’v?
17+ _ Ny 3f2 ZOZO i e e
Wi sin? Oy H° " 2v/2sin? Oy cos Oy f
e2v(1 _ v_i’z) 70 e2v?

070 3 MW cma
Z°z sin? Oy cos? Oy 7 || 2v/2sin iy cos? Oy f
+ya7— - 62'0 ZO'W+ 62'02(,1 + 2 SHTZ 0W)

WgWy T 2520y H 12sin? 9W2cos Ow f
e?v R e*v
-7 L | Wt —_—
uls 2sin? Oy H* i 4sin 0124/ gosﬂw
e W Zs; 5.e‘2v7
THYH 20052 Oy 125in2 Oy f
7 e?v sin Oy W __e™
THEH ~ 2cosfy I - H _ __ Osinfwf

Table D.18: Higgs boson couplings te a pair of gauge bosons in the LHT.
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ve | ff c ar, ar
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Table D.19: Couplings for the Standard Model W* and Z° bosons to the T-odd
fermions where I3 denotes the third component of isopin and Qy is the electric

charge.
Standard Model.

ve | ffi c ar ap
- i cosfy Ssinfy
- e 10 \cosby  sinfy '
- 1 [cos@y 5sinfy\
dd_ — 0
YH| I i ) (cos Ow _ sinfw ) _
T, T- 2ecosfy cos 3 cosa
tT_ 5 cos by sin 8 sin «
| L (sn0r _Beestr) [
- —e 10 \cosfy  sinfBw
- 1 [(sinfy 5cosfy
dd_ — — 2 0
Zn , |10 (0080w+ sin Oy ) 1
T, T 2 e sin Oy cos 3 cosa
tT. 5 cos by sin 3 sina

The couplings for the photon and gluen are identical to those in the

Table D.20: Couplings for the heavy vy and Zy bosons to a T-odd fermion and a
Standard Model fermion. The Wf; does not couple to either of the T_, T, fermions
and the couplings to the T-odd fermions are the same as in the Standard Model.
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