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Chapter 1

Introduction

The objective of particle physics is to gain knowledge of what the world around us
is made of. The view of what is considered fundamental has changed dramatically
since when the ancient greek Democrit first introduced the concept of the atom.
As exciting as the developments in the last century have been with the discoveries
of e.g. the proton and many subatomic particles, the next decades provide the
best opportunities to look out for more to come.
Studying collisions of subatomic particles at very high centre-of-mass energies
enables to look deeper into the constituents and mechanisms of the fundamental
particles and forces of nature. An enormous progress in technology and data
handling is essential in the challenge to not only construct theories but to support
or enervate them with correctly interpreted argumentation in terms of signatures
detected in experimental setups.
Now that a Higgs-like signature of a particle that might be the last building block
in an established theory called the Standard Model (SM) of particle physics has
been discovered in 2012 [2; 3] at the Large Hadron Collider (LHC), the question
is: Can we use this particle, i.e. the signatures it creates in the detector, to our
advantage in the quest for new physics? Can we improve searches for theories
that go beyond the SM (BSM)?
To answer these questions, after establishing a solid theoretical fundament in
the second chapter, the detector is presented in chapter three and details on
the simulations are stated. Chapter four provides an estimation of the expected
contributions for all primary interaction processes of interest in the BSM study
of consideration and also an investigation of the range of possible unregarded
signature combinations. The sixth and last chapter presents the results and
conclusions of this analysis.
Without giving away too much, due to the studies presented in [1] and the results
of this thesis, it is possible to already give a clear answer to the above expressed
questions: Yes, we can!

1



Chapter 2

Theoretical background

In the beginning of this chapter, the conventional theory of fundamental par-
ticles and their interactions is introduced and its shortcomings are presented.
Afterwards, it is explained how those deficiencies lead towards the necessary in-
troduction of a new theory that could solve some of those shortcomings. In the
end, after giving just a short overview of this new theory, the focus will be on
one specific sort of model that will be the central focus in the rest of this thesis.
Natural units1 are utilised in this analysis.

2.1 The Standard Model of elementary particles

and the forces of nature

There exist four fundamental forces in nature: the electromagnetic force, the
weak force, the strong force and the gravitational force. The so-called Standard
Model (SM) of particle physics, which incorporates the electromagnetic, weak
and strong forces, has made predictions about nature that proved to be remark-
ably precise over the last decades. With no significant evidence of conflict with
experimental results or mathematical inconsistencies, its success story continues
to persist.

2.1.1 Introduction to the Standard Model

There are the physical observable particles, so-called mass-eigenstates of the
gauge eigenstates which they actually are composed of. It might happen that
the particle one observes, the particle in its mass eigenstate, is but a mixture

1~ = c = 1

2
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of gauge eigenstates of the actual particles. The gauge eigenstates represent the
quanta of their corresponding fields described by their corresponding quantum
field theories. Each elementary particle of the stated model is classified into
subcategories by specifying properties that determine their phenomenology, see
e.g. [4]. The interested reader is referred to references [5] and [6] for the quantum
field theoretical (QFT) description and reference [7] for details on how the SM
can be viewed from a gauge theoretical and QFT point of view.

Table 2.1 – Fields of the SM with their corresponding spin as well as their di-
mension of the SU(2) and SU(3) representations and the hypercharge of the U(1)
representation.

Name Generation Electric charge
I II III Q

Quarks (u,d)L (c,s)L (t,b)L (+2
3
,-1

3
)

uR cR tR +2
3

dR sR bR -1
3

Leptons (νe,e)L (νµ,µ)L (ντ ,τ)L (0,-1)
eR µR τR -1

Table 2.2 – The elementary spin-1/2 fermions of the SM.

A summary of the fields of the SM is presented in table 2.1 and the resulting
elementary particles are listed in tables 2.2 and 2.3. Particle properties have been
investigated and are documented by e.g. collaborations like the Particle Data
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Type Name Particle(s) Spin S Electric charge Q
Gauge bosons Photon γ 1 0

Z boson Z0 1 0
W bosons W± 1 ±1
Gluon g 1 0

Scalar bosons SM Higgs boson h0 0 0

Table 2.3 – The elementary bosons of the SM.

Group (PDG) [8] or the CTEQ collaboration [9]. The parton model proposes
that at relativistic energies hadronic particles like the protons can be viewed
as a collection of non-interacting partons, i.e. quarks or gluons. According to
their individual longitudinal momentum fraction, a probability to interact in a
hard-scattering process is estimated by empirical so-called parton distribution
functions (PDF), e.g. CTEQ61.

Despite its mathematical beauty, the model leaves the curious physicist to
wonder if this is really all there is, if everything has already been done and ex-
plained. Or is there more?

2.1.2 Missing pieces and issues of the Standard Model

Even though so far there are no experimental contradictions with the SM, impor-
tant aspects are left unexplained by this theory. Moreover, there are also internal
issues in the SM itself. A few of these shortcomings will be addressed in the
following.
One of the problems with the SM is that it fails to account for the nonzero mass
of neutrinos. The Lagrangian of the SM does not include a term for the in-
teraction of neutrinos with the Higgs field, therefore suggesting a zero neutrino
mass. Also, an interaction with the Higgs field would require the presence of
a righthanded neutrino (or lefthanded antineutrino), which is not incorporated
in the basic model. The non-zero mass of the neutrino therefore also indicates
that there should also exist a right handed neutrino, which is not covered by
the SM [10]. As a way out of this, the SM can be extended by e.g. the seesaw
mechanism to explain the non-zero masses of the neutrinos. However, the reason
for why the neutrino mass is as small as it is remains unexplained.
Another most severe missing piece in the SM is an explanation for gravity. The
SM therefore fails in delivering a theory of all elementary forces of nature.
Also, astronomical observations revealed anomalies in recordings of motions in
galaxies that could not be explained by the amount of matter present. They
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rotated way faster than calculations with the known physics would allow them
to. By performing pure general relativistic (GR) computations, the motions of
starscan be explained if there were more matter than the one observed. Models
for corresponding baryonic and non-baryonic Dark Matter (DM) exist [11]. Even
though the in the SM established neutrinos and new forms of neutrinos that are
not postulated in the SM were suggested as non-baryonic DM candidates, after
some calculations it became evident that their contribution could not account for
all the predicted DM [12]. Promising candidates could instead be new weakly
interacting stable massive particles (WIMPs).
Quark flavour mixing as observed in Kaon decay studies can be described by the
Cabibbo-Kobayashi-Maskawa (CKM) 3×3 matrix with elements whose values are
empirically determined due to the lack of a supporting theory. Of its 9 complex
elements, not all are independent, leaving three angles and one complex phase
to be determined by experiment. Next to these four theoretical undetermined
parameters, many others also have to be empirically set. The SM does not ex-
plain the differences in the charged lepton or quark masses or their particular
values, which adds 9 more free parameters. Also the gauge coupling constants
g1, g2 and g3 as well as two parameters from the Higgs mechanism and a phase θ
originating from QCD are undetermined by the SM. Summed up, this gives a
total of 19 theoretically undetermined parameters. Having this many parameters
to be empirically determined suggests a more unified theory underlying what we
know and observe.

Finally, there is the hierarchy problem, arguably the most uncomfortable one
within the SM.

2.1.2.1 The hierarchy problem

If the SM was absolute, there would be no hierarchy problem as the mass of the
SM Higgs particle is protected on its own by spontaneous symmetry breaking [13].
By considering a theory that goes beyond the SM, special treatment with the mass
of the SM Higgs particle is necessary. Unlike other particles, the mass of the SM
Higgs is not protected by gauge or chiral symmetries against enormous quantum
loop corrections that contribute to its physical (dressed) mass:

m2
h0 = m2

bare +m2
loop ≈ m2

bare +m2
1−loop = m2

bare + αλ
Λ2

16π2

The approximations encountered in this equation are due to the expectation that
the main contributions are radiative 1-loop corrections. These introduce addi-
tional terms that include loop integrals which theoretically are to be integrated
towards infinity, thereby introducing divergences. By applying a QFT procedure
called regularisation [5] those divergencies are avoided. This procedure introduces
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a cutoff scale Λ in the integrations, which then cease to be performed until in-
finity. The choice of Λ is the scale where one expects new physics to kick in and
is generally expected to be at about the Planck scale (∼ 1018 GeV). Performing
the integration, the corrections to the Higgs mass outweigh the original one and
the physical mass of the SM Higgs particle is expected to be ' Λ. Since the SM
Higgs particle gives rise to the W± and the Z bosons, one would expect its mass
to be of the same order of magnitude as those bosons, i.e. O(100 GeV). The fact
that the physical masses differ by several orders of magnitude, i.e.

mh0

∆mh0
≈ O(102GeV )

O(1018GeV )
= O(10−16GeV ),

is the reason to speak of a hierarchy problem or unnaturalness [14] in this regard.
However, the difference in hierarchy regarding the Higgs masses is only one aspect
of the phenomenon of the hierarchy problem or unnaturalness. Another much
larger hierarchy difference is encountered in Astrophysics where the evidence of
the accelerated expansion of the universe [15] is even less compatible with the
established theory. It is assumed that the vacuum energy of fermionic and bosonic
particles contributes to the observed phenomenon, but taking all known particles
into account, the theoretical predictions result in a cosmological constant that is
120 orders of magnitude larger than the one observed.

2.1.3 Unified Theories

In order to overcome these shortcomings of the SM and achieve a more funda-
mental theory, unifying theories are postulated. Those enhance the symmetry by
utilising gauge theories, thereby introducing constraints that reduce the number
of degrees of freedom [17]. The strength α of each respective force depends on
the coupling and the energy Q, leading to running coupling constants displayed
in figure 2.1. Keeping in mind that the plot shows the value of α−1 on the y-axis,
it can be seen that the interaction strength of QCD decreases with increasing
energy, a phenomenon called asymptotic freedom. This favours the idea of the
existence of an energy where all gauge forces included in the SM are unified. With
only the particle content of the SM contributing to the running of the coupling,
their couplings do meet each other, but not all at the same energy.

2.2 Supersymmetry

Supersymmetry (SUSY) adds a new symmetry between fermions and bosons by
providing the transformations to turn a fermionic state into a bosonic one that
differs by half a unit, and the other way around. While there are supersymmetric
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Figure 2.1 – Renormalisation group evolution of the SM on two-loop level corre-
sponding to the coupling strengths represented by α of the hypercharge (U(1)),
weak (SU(2)) and strong force (SU(3)) [16]. Dashed lines correspond to the SM
and the solid lines indicate the range for the MSSM with different parameters.

theories that do not implement the SM, the following will only consider exten-
sions of the SM. Therefore, in those theories every SM particle is paired with one
or more supersymmetric partners, so-called superpartners that can be recognised
by the added tilde on top of the particle’s abbreviation. This way, the quarks
and leptons are transformed into scalar bosons of zero spin named squarks (q̃)
and sleptons, i.e. charged sleptons (l̃) and sneutrinos (ν̃l).
One could create a model with multiple generators of supersymmetry (one for
each superpartner). Those are not considered in this study. A model that only
allows for one generator of supersymmetry is called a Minimal Supersymmetric
Standard Model (MSSM), see table 2.4.

2.2.1 Minimal Supersymmetric Standard Model

The MSSM is of stunning elegance when considering the aspect of the hierarchy
problem dealing with quantum loop contributions to the Higgs mass: bosonic
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Table 2.4 – Superfields, fields of the SM and the MSSM with their corresponding
spin as well as their dimension of the SU(2) and SU(3) representations and the
hypercharge of the U(1) representation.

and fermionic loop contributions to the physical Higgs mass cancel each other
exactly. This is due to the fact that the Yukawa couplings of the superpartners
are precisely of the same absolute value, e.g.

yt̃ = yt, ,

but the respective superpartner contributions are of opposite sign because of their
bosonic/fermionic nature, and therefore automatically cancel each other exactly
in the MSSM. No regularisation needs to be applied to the Higgs mass anymore
and therefore, the correction to the bare Higgs mass is independent of any scale
of new physical phenomena. For this reason the MSSM is considered to be one of
the most promising theories of beyond-the-SM (BSM) scenarios by the commu-
nity. Considering the success of the MSSM with respect to the loop cancelations
to the SM Higgs mass it should be kept in mind that this does not restore nat-
uralness completely. The MSSM allows for a reduction of the hierarchy of the
cosmological constant problem, but the remaining difference is still of 60 orders
of magnitude and speaking of naturalness is obviously still inappropriate.
Nonetheless the MSSM features another appealing property: by extending the
spectrum of elementary particles of the SM with MSSM superpartners [16] a uni-
fication of the gauge forces of the electromagnetic, weak and strong interaction
could be realised just below the Planck scale (see figure 2.1).
When considering the MSSM, a new terminology is introduced in order to distin-
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guish fields or particles and their respective superpartner. Considering the gauge
eigenstates, the spin-1/2 superpartners for the gauge fields of the SM are the
gauginos. For the gluons (g) there are the gluinos (g̃), for the electroweak gauge
fields W and B the Winos (W̃ = W̃ 1,W̃ 2,W̃ 3) and Binos (B̃). The W̃ 1 and W̃ 2

mix to form the charged Winos (W̃±).
The weak isospin components of the supersymmetric spin-1/2 partners of the
Higgs doublet scalar fields are denoted by H̃u = (H̃+

u ,H̃0
u) and H̃d = (H̃0

d ,H̃−d )
and are called Higgsinos. It is due to these two doublets that the MSSM predicts
the existence of five Higgs scalar mass eigenstates [16]: the so-called heavy Higgs
particles A0, H± and H0, and the lightest Higgs particle, h0. Their masses are
given by

m2
A0 =

2b

sin(β)
= 2|µ|2 +m2

Hu
+m2

Hd
,

m2
h0,H0 =

1

2

(
m2
A0 +m2

Z0 ∓
√

(m2
A0 −m2

Z0)2 + 4m2
Z0m2

A0 sin2(2β)

)
,

m2
H± = m2

A0 +m2
W± .

Among each other they are related by the mixing angle α1:

sin(2α)

sin(2β)
=

(
m2
H0 +m2

h0

m2
H0 −m2

h0

)
,

tan(2α)

tan(2β)
=

(
m2
A0 +m2

Z0

m2
A0 −m2

Z0

)
.

In the MSSM the masses of the q̃ and l̃ do not only depend on the Yukawa
coupling constants but also on the the ratio of vacuum expectation values (vev’s)
of the Higgs doublets:

tan(β) =
sin(β)

cos(β)
=
< Hu >

< Hd >
=
vu
vd
.

Because the Yukawa couplings of the third squark and third charged slepton
generation to the Higgs field is much stronger compared to the first two generation
squarks or sleptons (e.g. yt >> yu), the t̃L and t̃R gauge eigenstates mix [16] to
form mass eigenstates denoted by t̃1 and t̃2:(

t̃1
t̃2

)
=

(
ct̃ −s∗t̃
st̃ ct̃

)(
t̃L
t̃R

)
1Definition given at tree level.
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where the matrix responsible for the mixing originates from the diagonalisation
of the hermitian matrix that can be constructed from contributions to the scalar
potential. The elements of that matrix depend e.g. on the higgsino mixing
parameter µ, the vevs of the Higgs doublets v =

√
v2
u + v2

d, the coupling constant
yt and the trilinear scalar coupling at involving the stop quark. The mixing
ensures mt̃1 < mt̃2 and in most cases t̃1 is for the most part t̃R. Similar reasoning

can be applied to the gauge eigenstate basis (b̃L, b̃R) and (τ̃L, τ̃R), explaining the
mass eigenstates b̃1 and b̃2 as well as τ̃1 and τ̃2. The typically large resulting mass
differences between the f̃2 and f̃1 of the third generation allow for additional
decay channels into h0 particles:

f̃2 → f̃1 + h0. (2.1)

2.2.1.1 Neutralino and chargino mixing

The mixing due to symmetry breaking under the Higgs mechanism has its analogy
in supersymmetric theories [16].
Like in the SM, such a mixing occurs between the neutral Wino (W̃ 3), Bino
(B̃) and the neutral Higgsinos (H̃0

u and H̃0
d), with the mass represented in the

Lagrangian by

Lχ̃0mass−eigenstate ∼
(
ψ̃0
)†

Mχ̃0ψ̃0,

with the gauge eigenstate

ψ̃0 =


B̃0

W̃ 3

H̃0
d

H̃0
u

 .

This mixing given by the matrix

Mχ̃0 =

 M1 0 − cos(β) sin(θW )mZ0 sin(β) sin(θW )mZ0

0 M2 cos(β) cos(θW )mZ0 − sin(β) cos(θW )mZ0

− cos(β) sin(θW )mZ0 cos(β) cos(θW )mZ0 0 −µ
sin(β) sin(θW )mZ0 − sin(β) cos(θW )mZ0 −µ 0


can be diagonalised by a unitary matrix Nχ̃0 so the mass eigenstates given by the
four neutralinos (χ̃0

1, χ̃0
2, χ̃0

3 and χ̃0
4), numbered in order of increasing mass, can

be written as: 
χ̃0

1

χ̃0
2

χ̃0
3

χ̃0
4

 = Nχ̃0


B̃0

W̃ 3

H̃0
d

H̃0
u

 .
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Depending on the mixing matrix, that determines the weight of the individual
contribution to the mass eigenstates and therefore the main contributing group,
the respective neutralino is either categorised as Binolike, Winolike or Higgsino-
like.
As one might have anticipated that due to the same reasoning not only the neutral
gauge eigenstates of the Wino, Bino and Higgsinos mix to form mass eigenstates.
The same goes for the W̃ 1,2 and the charged higgsino weak isospin states (H̃+

d

and H̃−u ): given the gauge eigenstates

ψ̃+ =

(
1√
2

(
W̃ 1 − iW̃ 2

)
, H̃+

u

)
,

ψ̃− =

(
1√
2

(
W̃ 1 + iW̃ 2

)
, H̃−d

)
the Lagrangian term for the mass can be written as

Lχ̃0mass−eigenstate ∼
(
ψ̃+
)†

Mχ̃±ψ̃− +
(
ψ̃−
)†

MT
χ̃±ψ̃+

with the mixing matrixes

Mχ̃± =

(
M2

√
2 cos(β) cos(θW )mZ0√

2 sin(β) cos(θW )mZ0 µ

)
which can be diagonalised. Then theoretically four mass eigenstates called

charginos can be defined: χ̃+
1 , χ̃+

2 , χ̃−1 and χ̃−2 . Since χ̃+
1 and χ̃−1 as well as χ̃+

2 and
χ̃−2 each vary in charge but are degenerate in mass, they are summarized by χ̃±1
and χ̃±2 . Because they cary charge they therefore also interact electromagnetically.
Both mixing matrices depend on two of the gaugino mass parameters (M1 and

M2), µ and tan β. The mixing of the gauge eigenstates into χ̃0 and χ̃± mass
eigenstates is important for their respective production and decay cross sections.
Same goes for t̃1,2 and b̃1,2 where left- and right-handed chirality states mix. The
first and second generation quarks on the other hand are not subject to mixing
processes.
An overview of the resulting supermultiplet scheme of elementary particles is
given in table 2.5.

2.2.1.2 R-parity

PR = (−1)2S+3(B−L) (2.2)

Many supersymmetric models make use of the concept of a discrete global sym-
metry called R-parity. One particle’s R-parity depends on that particle’s spin (S),
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Names Generation Spin
I II III S

Squarks ũL, ũR c̃L, c̃R t̃1, t̃2 0

d̃L, d̃R s̃L, s̃R b̃1, b̃2 0
Sleptons ν̃e ν̃µ ν̃τ 0

ẽL, ẽR µ̃L, µ̃R τ̃1, τ̃2 0

Gluinos g̃ 1
2

Neutralinos χ̃0
1, χ̃0

2, χ̃0
3, χ̃0

4
1
2

Charginos χ̃±1 , χ̃±2
1
2

Table 2.5 – Overview of the elementary mass eigenstates of the MSSM after
mixing of fields.

its baryon (B) and lepton number (L) and its calculation follows equation 2.2 [18].
Therefore, all elementary sparticles have R-parity -1 and all SM elementary par-
ticles +1. According to this symmetry, only terms of R-parity of value +1 are
allowed in the Lagrangian of the system.
This has several important consequences. It dictates the involvement of an even
number (0,2,4,...) of sparticles at each direct interaction vertex. So every su-
persymmetric particle will eventually decay into the Lightest Supersymmetric
Particle (LSP) of the model. At the end of those decay chains, the LSP remains
as a stable particle since it is not allowed to decay, which otherwise would imply
a violation of R-parity.

2.2.1.3 Dark Matter candidates within the Minimal Supersymmetric
Standard Model

Besides increasing the symmetry of the model, R-parity conservation provides
possible MSSM DM candidates along the way with the LSP, most promising the
χ̃0

1 and ν̃.
Such a DM candidate must be electrically neutral to be unaffected by the elec-
tromagnetic interaction and colorless to disable QCD couplings. It can therefore
only interact weakly. Particles that fit this description in the MSSM are the
four neutralino mass eigenstates (χ̃0

1, χ̃0
2, χ̃0

3 and χ̃0
4) and the three generations of

sneutrinos (ν̃e, ν̃µ and ν̃τ ). Out of the neutralinos, only the χ̃0
1 cannot decay into

lighter mass eigenstates and therefore, regarding the χ̃0 mass eigenstates only the
χ̃0

1 is considered a LSP candidate and the other mass eigenstates are not. Even
though the lightest neutralino is not allowed to decay in case it is the LSP, it can
annihilate [19].
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When considering the ν̃ as a potential DM candidate, one has to take into ac-
count that the cross sections for elastic scattering on SM quarks is several orders
of magnitude higher than allowed by the constraints set by experiments [12; 18].
They may contribute to the baryonic DM content, but only be responsible for a
small amount.
In the end, the candidate most likely to be responsible for the lion’s share of the
amount of DM observed in the universe, is a χ̃0 LSP, the lightest neutralino, i.e.
χ̃0

1.

2.2.1.4 The phenomenological Minimal Supersymmetric Standard Model

The spectrum of the MSSM is broad, especially considering the amount of over
120 parameters [20].
In order to simplify the complexity of the model, a few expectations, presented
in more detail in [20], can be taken into account. Those are for one that there is
no new flavour changing neutral currents regarding fermions and also no new CP
violation. Besides this, pMSSM models also ensure mass degeneracy for the first
two sfermion generations in order to prevent large CP violation. With respect to
the SUSY Higgs mechanism the known value for the vacuum expectation value
(vev) of the SM Higgs field is chosen to correspond to the vev v2 = v2

u + v2
d in

the supersymmetric model.
In agreement with the construction of the pMSSM, trilinear couplings of the first
two generations f̃ are ignored, only Ab,t,τ are considered to be free parameters.
By adding these theoretical conditions as explained in [20], one reduces the de-
grees of freedom to 19: 6 squark masses, 4 slepton masses, 3 gaugino masses, 3
trilineair couplings Ab,t,τ , MA0 , µ and tan(β). The model that is consistent with
these constraints, is categorised into a subgroup of MSSMs, called phenomeno-
logical Minimal Supersymmetric Standard Models (pMSSM).

2.2.2 Theoretical constraints on the phenomenological MSSM

The models used in this analysis have next to the pMSSM conditions also imple-
mented three other conditions.

1. It is assumed that the discovered SM Higgs like particle signature is due
to the resonance of the lightest Higgs particle h0. Therefore the mass of
the lightest Higgs particle h0 (mh0) is required to be within the mass range
124.4 GeV < mh0 < 126.2 GeV of the observed SM Higgs like particle [21].
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2. The LSP is defined to be the lightest neutralino, i.e. the χ̃0
1. This decision

is based on the earlier discussion on DM candidates.

3. One of the χ̃0 or χ̃± is required to have a branching ratio of at least 20%
into the Higgs boson (h0) and a χ̃0

1 or χ̃±1 respectively:

BR(χ̃0
4 → χ̃0

1 + h0) > 0.2 ,
BR(χ̃0

3 → χ̃0
1 + h0) > 0.2 ,

BR(χ̃0
2 → χ̃0

1 + h0) > 0.2 or
BR(χ̃±2 → χ̃±1 + h0) > 0.2.

With respect to the χ̃0 it should be stated that the branching ratio to decay
into a Z boson ’fights’ with the Higgs for the higher contribution (the decay
into a Z boson being the competitor channel compared to the decay into a
Higgs boson).

Details on the procedure of generating models in the 19-parameter space which
are used in this analysis, are discussed more explicitly in [22].
Besides theoretical constraints also experimental restrictions described in sec-
tion 4.1 were used in order to provide realistic models.

2.3 Supersymmetry at the Large Hadron Col-

lider

An overview of current supersymmetric particle searches is presented by the
PDG [8].
Supersymmetry searches at the Large Hadron Collider (LHC) focus on jets, lep-

tons and missing transverse energy (Emiss
T ) [24; 25; 26; 27]. In these searches the

jets are assumed to originate from q̃ and g̃ and the leptons from l̃ and gauginos.
Missing transverse energy is in combination with R-parity conservation assumed
to be produced in large amount by LSPs that escape the detector undetected.
The amount of missing energy that can occur by neutrinos, undetected muons
or incomplete detection of jet constituents is generally speaking much lower than
the missing energy expected due to LSPs.
A few recent studies have investigated Higgs production from χ̃0

2χ̃
±
1 decay [28] or

t̃˜̄t within the context of a simplified model [29], but the full pMSSM spectrum
has not been investigated yet. Doing this with models compatible with all world
data is the aim of this thesis.
Calculated cross sections for proton-proton (pp) collisions at a centre-of-mass en-
ergy of 14 TeV (see figure 2.2) estimate leading order (LO) and next-to-leading
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Figure 2.2 – Cross sections involving SUSY particles (in pb (1pb = 10−12b))
predicted for

√
spp = 14 TeV collisions [23].

order (NLO) predictions for cross sections into R-parity conserving MSSM parti-
cles of different mass ranges. The highest cross sections are expected for processes
with g̃g̃, q̃ ˜̄q and t̃˜̄t final states. The combinations χ̃0

2χ̃
±
1 , χ̃0

2q̃ and χ̃0
2g̃ are predicted

to have lower cross sections.
In section 4.2.1, table 4.2 presents an overview of the relevant SUSY processes

involved in Higgs, di-Higgs or even tri-Higgs production and their signatures
within the detector, notably some which are not covered in this combination
by present SUSY searches. Analysing the signatures calculated by a simulated
detector response to events generated using MSSM models in section 4.2.2 will
shed light on what the range of interest of jet (and lepton) multiplicities will be
in future combined Higgs-SUSY searches.



Chapter 3

Experimental background and
concept of the simulations

This chapter will first present the ATLAS detector as being one of the LHC de-
tectors.
Pp collisions at a centre-of-mass energy of 14 TeV are not recorded yet, so in
order to make accurate predictions, the second part of this chapter will present
the nature of a number of simulation programs. It will also be explained what
conditions are given as input parameters to mimic expected future measurements.
Next to these, technical terms will be explained with elaborating on why they
are used and what they accomplish.

3.1 The LHC and the ATLAS detector

The Large Hadron Collider (LHC) of the European Organisation for Nuclear
Research (french: Conseil Européenne pour la Recherche Nucléaire) (CERN), lo-
cated in Meyrin near Geneva, is the last part of a system of accelerator units and
storage rings to provide high-energy beams, which gets recycled in the LHC, see
figure 3.1.
The arguably most important acelerator quantity is the luminosity, which is mea-
sured in number of collisions per square centimeter per second (cm−2s−1) and usu-
ally denoted in inverse barn (b−1)1. The amount of colliding particles depends on
the overlapping cross sectional area of the colliding beams as well as their particle
content provided by the accelerator at a specific moment in time and is denoted
by the instantaneous luminosity (Linst) of the beams. The luminosity is related

11 b = 10−24 cm2

16
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to the number of produced events by

N = Σiσi · Lint, (3.1)

where σi represents the individual cross section for a given subprocess. Since the
instantaneous luminosity is only a snapshot of the measurements at a specific
time, one usually refers to the time-integrated instantaneous Luminosity, called
the integrated Luminosity Lint =

∫
Linstdt, to indicate a certain amount of events

related to this quantity via equation 3.1, or acquired data. The results presented
in this analysis are referring to 10 fb−1, the amount of data expected to acquire
within about three months of data acquisition at high Linst during run 2 of pp
collisions at 13-14 TeV (starting at 13 TeV, increasing later to 14 TeV), and can
therefore easily be extrapolated to the preferred amount of data that is approxi-
mately reached at a given time. According to the approved LHC scedule 1 [31],
it is expected that within one year of data acquisition a integrated luminosity of
∼ 40-45 fb−1 is reached, leading to an Lint of ∼100 fb−1 at the end of run 2 in
2018. After run 3, which is planned to be at a centre-of-mass energy of 14 TeV
from 2020 to the end of 2022, an Lint of 300 fb−1 is expected. It is expected that
by the end of 2035 an Lint of ∼ 3,000 fb−1 is achieved.
Around one of the points where the bunches are deflected to collide head-on, the

ATLAS (A Toroidal LHC ApparatuS ) detector (see figure 3.2), a general multi-
purpose detector, is build with a cylindric symmetrical geometry along the beam

1LHC scedule from December 2013.

Figure 3.1 – Structural overview [30] of the system of accelerator and storage
units to provide high-energy hadronic beams of particles at the respective detector
sides, e.g. ATLAS or LHCb.
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Figure 3.2 – Computer simulated cut-away view of the ATLAS detector showing
its dimensions and arrangement of subdetectors [32].

axis.
Due to its symmetric structure it is convenient to work not with cartesian coor-
dinates (x,y,z), but with spherical coordinates (r,θ,φ) instead, where θ represents
the angle with respect to the beam and φ the azimuthal angle perpendicular to
the beam:

r =
√
x2 + y2 + z2,

θ = arccos

(
z√

x2 + y2 + z2

)
,

φ = arctan(
y

x
).

Because of phenomenological aspects of the physics at hand it is more convenient
to switch from the polar angle θ to the pseudorapidity η given by

η = − ln

(
tan

(
θ

2

))
1.

1|η| < 2.5 therefore corresponds to 9.4◦ < θ <170.6◦
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The ATLAS detector consists of an inner tracking subdetector (ID) situated in
a magnetic field of 2 T, electromagnetic and hadron calorimeters (ECAL,HCAL),
followed by a muon system. Data acquisition is arranged using a three-level trig-
ger system.
The ID measures tracks of electrically charged and uncharged particles, providing
a determination of their charge depending on the curvature in the magnetic field
whose field lines run parallel to the beam axis. Photons that convert within the
ID into an electron-positron pair can therefore be measured as well.
The electronics embedded in the ECAL measures the in the ECAL’s material
deposited energy. The deposited energy corresponds ideally to (cascades of) elec-
tromagnetic objects like γ and e±.
The HCAL measures the cascades of the particles that survive the journey, usu-
ally quarks and gluons, and interact enough with the detector material to leave
a detectable energy deposition in its segments. This subdetector is responsible
for accurate jet measurement and transverse particle momentum measurement
to calculate the missing transverse energy of the collision as precise as possible.
Particles from the SM that can penetrate even this amount of material basically
unbothered are neutrinos and muons. The latter is less unbothered than the
neutrino because while traveling through the layers of material, interactions with
the material’s electrons need to be considered. Those energy losses need to be
corrected for which can only be done statistically. This introduces an uncertainty
on the most-probable energy loss.
The ATLAS muon system consists of an arrangement of resistive plate chambers
(RPCs) for triggering and clusters of monitored drift tubes (MDTs) for the ac-
tual measurement of traversing charged particles with the main intended focus
on muons.
A more detailed description is given by the ATLAS design report [33].

3.2 Simulation concept

To make predictions or test expectations about recorded or to-be recorded data,
one makes use of simulations. Since no pp data of

√
s = 14TeV has been recorded

yet, simulations are the way to go when testing models or theories for a significant
signal.
The programs used for simulation purposes in this analysis are PYTHIA, HepMC [34]
and DELPHES and will be described in the next subsections.
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3.2.1 Event generation with PYTHIA

The simulation program PYTHIA, i.e. PYTHIA 6 [35], generates the events from
high-energy collisions and stores them in HepMC format.
The involved event generator uses the available knowledge on particle physics in
combination with Monte Carlo (MC) techniques to generate events designed ac-
cording to specific input parameters set by the user. For example, one can switch
on certain processes on the level of primary interaction of the collision. This way
PYTHIA enables to study complex systems. The necessary physical fundament
of known physics is provided by measurement results collected by the PDG.
PYTHIA also enables the user to add supersymmetric extensions to the SM by
reading in a corresponding file constructed to fit the SUSY Les Houches Accord
(LHA) [36]. These files are called SLHA files and consist of a conventional doc-
umentation [36] of parameters like tan(β) or particle masses, mixing matrices,
decay tables, etc. that implements the supersymmetric model in PYTHIA using
the LHA interface LHAPDF. The PDF used in this analysis is CTEQ61 [9] and
implemented by the LHAPDF (version 5.8.9b3) interpolator [37].
The settings used to generate the PYTHIA output in HepMC format implement
the ATLAS PYTHIA tunes [38].
Within PYTHIA a random number seed is chosen for the MC generator of
PYTHIA. The η range in which the detector response is simulated for the given
events is set to |η| ≤ 5.0. The coupling strength αs at hard interactions is calcu-
lated at first order.
Regarding the jet finding the jet radius given by

∆R =
√

(∆η)2 + (∆φ)2

is set to ∆R = 0.4 and the minimum transverse momentum pT value of jets is
required to be 1 GeV while the final pT cut of jets requires a minimum of 25
GeV. The minimum transverse energy for a cell to be a potential origin of a jet
is 1 GeV. Neutralinos are explicitly excluded from the jet finding process. Jets
are included in the PYTHIA output that is set to be in px, py, pz, E format.
PYTHIA is set not to write multiple copies of particles in the event record. For
simplicity no smearing in the calorimeter is assumed.

In case of event generation with primary interaction processes being known
SM processes, a few additional conditions are added. The SM primary interaction
processes used in this project are divided into two categories: true and fake di-
photon production. True di-photon production involves the direct production of
two photons at the primary interaction. This can occur in a fermion-antifermion
(fif̄i → γγ) or gluon-gluon interaction (gg → γγ) (subprocesses 18 and 114).
When generating true di-photon events, the region around the beam (| cos θ| ≈ 1)
is excluded by implementing the condition | cos θ| ≤ 0.99.
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The fake di-photon production on the other hand involves processes with only the
direct production of one photon at the primary interaction, but the byproducts of
this interaction are likely to radiate off a single photon short after. Contributing
processes for this case that were considered in this analysis are fif̄i → γg, fig →
fiγ and gg → γg (subprocesses 14, 29 and 115).
With respect to the quark masses a few things need to be considered. Firstly the
quark masses need to be allowed to run when involving couplings with neutral or
charged Higgs particles in production or decay processes. Second, the handling
of the quark loop masses in the box diagrams of the gluon induced processes
gg→ γγ and gg→gγ require the correct approximations for either involving light
or heavy quarks.

In contrast to events of primary interaction SM processes, the additional con-
ditions differ when generating events with supersymmetric primary interaction
processes. Firstly, the immediate interaction processes taking place after pp col-
lisions are set to include all MSSM production processes only, meaning except
single heavy Higgs production, i.e. subprocesses number 201 to 301 [38]. There-
fore, the SLHA file including the decay tables for a given pMSSM must be read
in.

After eventually reading in a SLHA-file and initiating PYTHIA to generate pp
collisions with specified primary interactions at a certain energy in the center-of-
mass system, PYTHIA calculates the maximum cross sections given the specified
settings. After all events are generated, PYTHIA can also provide a summarised
overview of the actual generated processes and the corresponding individual and
summed generated cross sections. Those cross sections are calculated only to low-
est order (LO) without the contribution of next-to-leading order (NLO) processes
or even higher order contributions, which would be present in the actual value in
the measurements of experimental data. The generated cross sections are used
when rescaling the results from the discrete integer number of events to a given
amount of Lint.

3.2.2 DELPHES: Fast detector response simulation

In the following analysis the C++ framework DELPHES, i.e. DELPHES ver-
sion 3.0.10 [39], is used to simulate the response of the ATLAS detector given a
previously generated event. To do so, the default DELPHES ATLAS tcl-card is
utilised to set detector-specific parameters like e.g. physical dimensions of sub-
detectors and resolutions. Utilising these default settings, the simulation makes
use of the same anti-kT jet finding algorithm [40] as ATLAS.
Mother-daughter relations of individual particles that were previously accurately
accessible by PYTHIA are now not necessarily available anymore due to utilising
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simplified particle-flow algorithms that allow for fast simulation.
Simulating the response of this multipurpose detector implies that the simula-
tion takes into account the response to the inner tracker embedded in a magnetic
field, electromagnetic and hadron calorimeter and the muon system. Subdetec-
tor resolutions, like e.g. the granularity of the calorimeters, also enter at this
point. Objects of interest in this study are photons, electrons, muons, taus, jets
and missing transverse energy. Important settings and features will be explained
briefly in the following.

Reconstructed photons (γ’s) are true photons or electrons (e±) that reach the
electromagnetic calorimeter but have no corresponding track in the inner tracker.
Electrons (e±) and muons (µ±) are summed up as leptons, not including their
third generation companion the τ lepton.
A high-energetic gluon or quark will generate a jet in the detector’s material,
preferable in the electromagnetic and/or hadron calorimeter. This is due to the
process of hadronisation, making it difficult to distinguish the primary parti-
cle. There exist different algorithms to define a jet. Using the ATLAS tcl card,
DELPHES is set up to define jets according to the anti-kT jet algorithm with a
cone parameter ∆R = 0.6.
Since τ leptons have a lifetime of about 2.91·10−13 s, they decay before they can
be detected and special treatment is necessary. The decay occurs via the charged
weak interaction and can either be purely leptonic (35%) or semi-leptonic (65%),
with quarks in the form of charged pions (π±) and sometimes also neutral pions
(π0) in the final state. This semi-leptonic and partly hadronic decay mode gen-
erates a jet. It is possible to distinguish a τ -jet from other jets because of its low
mass and few stable charged particles leading to a low charged track multiplicity
of the jet. This results into an isolated narrow collimated jet. Therefore, due
to its composition and properties, a jet can be tagged to be originating from a
hadronically decaying τ lepton.
When using DELPHES, another observable of interest is the sum of the transverse
energy of all undetected particles, called the missing transverse energy (Emiss

T ).
Particles that contribute to this are non-interacting neutrinos or particles that
propagate close to the beam axis and/or escape detection. But there is also an-
other highly important candidate to contribute to this observable: the lightest
supersymmetric particle (LSP) in models conserving R-parity. This is to be kept
in mind for it will star in the subsequent analysis.

The isolation of electrons, muons and photons is considered by an overlay
removal. This procedure includes calculating an isolation variable I(P) [39] for the
respective particle P within a cone of size R around P, as defined by equation (3.2),
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and imposing the condition I(P ) < Imin.

I(P ) =

∆R<R,pT (i)>pmin
T∑

i 6=P
pT (i)

pT (P )
(3.2)

ATLAS utilises the value 0.1 as the upper bound (Imin) for I(P). Since it is not
exactly equal to zero, this leaves the (small) possibility that an isolated particle
of interest, i.e. an electron, muon or photon, may originate from a jet and should
not be considered as isolated particles. The removal of these particles will be
explained in detail later in subsection 4.2.2.

For the sake of completeness, it should be stated that the subsequent anal-
ysis is performed using the Rapid Object-Oriented Technology (ROOT) version
5.34/11 developed at CERN. Since DELPHES’ fundament is the framework of
ROOT, the respective output data is stored using ROOT libraries. This makes
the components of an detector’s event response simulation accessible through the
ROOT Tree System1. In the subsequent analysis e±, µ± and γ objects are ac-
cessed via the corresponding branches in the ROOT Tree to ensure identification
and isolation criteria.

1Root Tree Description to access DELPHES output observables:
https://cp3.irmp.ucl.ac.be/projects/delphes/wiki/WorkBook/RootTreeDescription



Chapter 4

The Higgs in cascades of
supersymmetric origin

The discussion presented in this chapter investigates the question which primary
interaction processes, with final states involving supersymmetric particles, con-
tribute to what extent to a Higgs (h0) signal of supersymmetric origin.
Before doing so, experimental constraints that were applied to the models are
described. Afterwards, the models that are consistent with all world data are
processed by the simulation programs described in section 3.2 to give an estimate
prediction of future ATLAS data. It should be kept in mind that at first, when
discussing the number of events in which Higgs boson(s) are produced from the
supersymmetric two-body final states of the primary interaction, no DELPHES
simulation of the detector response is included. Parts of this chapter are to be
published [1].

Discovering the prediction of a decent production of events with one (or more)
Higgs originating from certain primary interaction processes might open new
channels of interest in ATLAS searches and thereby improve SUSY searches.

4.1 Experimental restrictions on phenomenolog-

ical Minimal Supersymmetric Standard Mod-

els

As explained earlier in section 2.2.1.4, the promoted pMSSM models are gen-
erated from 19 free parameters consistent with theoretical expectations. The
allowed parameter ranges whithin which the parameters were generated are pre-
sented in Appendix A: Bounds of the sampled 19 parameters. Two different sets
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of the previously described pMSSM models are used in this analysis. Both are
generated the same way having the same theoretical conditions and assumptions
implemented. The difference is in the allowed parameter space size when gener-
ating the models. The length of the parameter space in dimension d out of 19 is
denoted by Ld and σ ∼ Ld specifies the allowed size of the parameter space (in
dimension d), centred around already accepted points. The complete procedure is
described in more detail in [22]. In one set, a σ of 0.1 Ld was permitted, while for
the other set the constraints were less strict, using a σ of 0.25 Ld. For simplicity’s
sake, the first one will be referred to as set A1 and the second one as set A2.
Next to theoretical conditions the models should also be consistent with experi-
mental data, i.e. be in agreement with limits set by experiment.
The relevant pMSSM models of interest that are used in this analysis are in agree-
ment with the limits set by WMAP, LUX, XENON, LEP, LHCb and ATLAS.

• The Wilkinson Microwave Anisotropy Probe (WMAP) experiment [41] in-
struments a spacecraft detector that aims e.g. to document anisotropies in
the Cosmic Microwave Background (CMB) radiation on a full-sky range.
The measurement of the differences in temperature of the CMB provides the
models with limits for the physical cold dark matter (CDM) relic density.
The measured range is 0.0941 < Ωch

2 < 0.131. This observable quantity
is calculated for each specific model using micrOMEGAS [42] to filter out
non-compatible models.

• The Large Underground Xenon (LUX) experiment [43] is a DM experiment
located at the Sanford Underground Research Facility (SURF) where the
material of the mountain above is used to shield off most of the background.
The XENON experiment [44] is located in an underground laboratory in
Gran Sasso, and like LUX it performs searches for DM particles via direct
detection by looking for Cherenkov radiation coming from the target nucleus
(Xe) recoil against high energetic WIMPs. Restrictions used on the models
are based on the elastic WIMP cross section from these experiments1.

• The data taken with the Large Electron-Positron collider (LEP) [45] pro-
vides limits1 on the chargino masses mχ̃±

1,2
.

• The LHCb [46] and CMS data provides a limit1 on the branching ratio
for the strange B-meson into two oppositely charged muons:
BR(Bs → µ+µ−) = (3.0+1.0

−0.9)× 10−9.

1Implemented by Remco Castelijn [22].
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• ATLAS data provides several restrictions. Firstly on mq̃ and mg̃.
Secondly, the constraints imposed by research done for the ATLAS collab-
oration are set by 0-lepton and 3-lepton analyses presented in [47] with
the relevant individual steps explained in more detail in [48]. The anal-
ysis was performed1 on simulations of 7 and 8 TeV pp collisions utilising
the previously stated settings to create events saved in HepMC format.
For each pMSSM model surviving previous constraints, a total amount of
10,000 events was simulated2.

After taking all restrictions into account, set A1 contributes 72 and set A2
105 models that are compatible with all world data.

4.2 Search strategy: From the Higgs towards

Supersymmetry

The generation of simulated events of pp collisions at a centre-of-mass energy
of 14 TeV for each candidate model also utilises PYTHIA6.4, HepMC 2.04.02
and DELPHES 3.0 as previously described in section 3.2.2. In the initiation of
the simulation the Higgs decay branching ratio into two photons is not initiated

by its calculated value (2.28·10−3+5.0%
−4.9% [8]) corresponding to a mass of 125 GeV.

Instead, the branching ratio of the Higgs into two photons has manually been set
to unity:

BR(h0 → γγ) = 1.0

to prevent interference of jets originating from the aforementioned particle, like
from the decay channel h0 → bb̄, when analysing the jet multiplicities in the final
states later on in section 4.2.2. All other decay channels of the Higgs have been
assigned a zero branching ratio.

For each candidate model that survives all previous constraints a total num-
ber of 100,000 events is generated over the range of all supersymmetric primary
interactions. Extending the previously stated size of generated events per model
of 10,000 seemed reasonable in order to gain enough statistics when analysing the
multiplicities in section 4.2.2.

4.2.1 Expected number of events with Higgs boson(s) in
cascades of supersymmetric origin

From the generated cross sections and the branching ratios of each supersymmet-
ric particle to decay into at least one, two or three Higgs boson(s), the expected

1Done by Antonia Strübig.
2Done by the author of this thesis.
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number of events that contain at least one, two or three Higgs boson(s) given e.g.
an integrated luminosity of 10 fb−1 can be calculated for each SUSY subprocess
ISUBi with corresponding production cross sections σISUBi

. When considering
a generalised primary interaction process A + B → C̃ + D̃, this calculation is
performed according to

N≥1h0

events =Lint · σISUBi
· [BRC̃(C̃ →≥ 1h0 +X)

+BRC̃(C̃ → 0h0 +X) ·BRD̃(D̃ →≥ 1h0 + Y )], (4.1)

N≥2h0

events =Lint · σISUBi
· [BRC̃(C̃ →≥ 1h0 +X) ·BRD̃(D̃ →≥ 1h0 + Y )

+BRC̃(C̃ → 0h0 +X) ·BRD̃(D̃ →≥ 2h0 + Y )

+BRC̃(C̃ →≥ 2h0 +X) ·BRD̃(D̃ → 0h0 + Y )] (4.2)

and

N≥3h0

events =Lint · σISUBi
· [BRC̃(C̃ →≥ 1h0 +X) ·BRD̃(D̃ →≥ 2h0 + Y )

+BRC̃(C̃ →≥ 2h0 +X) ·BRD̃(D̃ → 1h0 + Y )

+BRC̃(C̃ → 0h0 +X) ·BRD̃(D̃ →≥ 3h0 + Y )

+BRC̃(C̃ →≥ 3h0 +X) ·BRD̃(D̃ → 0h0 + Y )] (4.3)

to ensure that there is no double counting of contributions.
For some primary interaction processes, i.e. with final states of q̃q̃, q̃ ˜̄q, χ̃±χ̃0

or χ̃0χ̃0 combinations, the production of the Higgs is more likely than for others
as can be seen in figures 4.1 and 4.2 where a general overview of the number of
events with at least one or more, two or more or even three or more Higgs boson(s)
per event are presented with respect to the final states of the primary interaction.
With respect to q̃q̃ and q̃ ˜̄q combinations this large contribution is due to high cross
sections from strong interaction processes that lead to the production of these
primary interaction final states. Regarding the contributions from χ̃0χ̃0, χ̃±χ̃∓ or
χ̃±χ̃0 combinations, it has to be kept in mind that when selecting the models one
branching ratio of the neutralinos or charginos into a Higgs was required to be
at least 20 %. Even though the cross section for g̃g̃ production is high because of
the strong interaction, the processes to create a Higgs from a g̃ are requiring more
steps, therefore leading to an decreased probability to produce Higgs bosons in
decay cascades of the primary interaction final state particles.

Since both sets of generated models A1 and A2 showed generally speaking
no significant differences [22], they are plotted together only showing a number
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Figure 4.1 – Number of expected events containing at least one Higgs in cascades
of supersymmetric origin for the merged sets of pMSSM models A1 and A2.
The X-axis indicates the supersymmetric final states of the responsible primary
interaction process.
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Figure 4.2 – Number of expected events containing at least two (upper) or three
(lower figure) Higgs bosons in cascades of supersymmetric origin for the merged
sets of pMSSM models A1 and A2. The X-axis indicates the supersymmetric
final states of the responsible primary interaction process.
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Figure 4.3 – Number of expected events containing at least two (upper) or three
(lower figure) Higgs bosons in cascades of supersymmetric origin for the merged
sets of pMSSM models A1 and A2. The X-axis indicates the supersymmetric
final states of the responsible primary interaction process.
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of selected models of interest (MoI) in color. Their features and most important
parameters are presented in table 4.1. More extensive plots that investigate some
of the primary interaction groups that are summed up in figures 4.1, 4.2 and 4.3

can be found in Appendix B: Estimation of N≥1, 2 or 3 h0

events for different subgroups of
SUSY primary interactions. Plots that are presented elaborate on the following
combinations: χ̃0χ̃0 (see figure 1, 2 and 3), χ̃0χ̃± (see figure 4, 5 and 6), q̃χ̃0 (see
figure 7, 8 and 9), q̃χ̃± (see figure 10) and q̃q̃ (see figure 11, 12 and 13).

SLHA file number 22 (σ = 0.1,’sigma1022’) is selected because it has the

largest N≥1h0

events from total SUSY production. The simulation results of SLHA file

number 33 (σ = 0.1,’sigma1033’) show the largest N≥1h0

events and N≥2h0

events from q̃q̃+ q̃ ˜̄q
production and the events from SLHA file number 127 (σ = 0.25,’sigma25127’) ex-

hibit the largest N≥3h0

events from χ̃±i χ̃
∓
j production. When considering the production

of events with tri-Higgs production, SLHA file number 7 (σ = 0.1,’sigma107’)
predicts about 10 events for 10 fb−1 as can be seen in figure 13. In table 4.1 it can
be seen that sigma1022 and sigma25127 both have χ̃0

2 masses of about 200 GeV,
wich is near the lower bound of the parameter range (100 GeV) and therefore
light in comparison to other models.

It should be noted that when all contributions to Higgs production from su-
persymmetric primary interactions are summed up, realistic models are possible
that lead for 10 fb−1 of data to about 3000, i.e. 3069, events in case of the model
of sigma1022.
For di-Higgs production the highest contribution reaches 351 events for the model
point of sigma1033.
Tri-Higgs production is possible e.g. for models with heavy neutralinos that can
dacay to two Higgs bosons. The study of these events becomes interesting when
reaching high integrated luminosity.

The most relevant SUSY processes to produce Higgs bosons and their signa-
tures are listed in table 4.2.

4.2.1.1 The Higgs in heavy Higgs production processes

For the sake of completeness, simulated events with primary interaction processes
involving heavy Higgs particles (H0, A0 and H±) are investigated shortly. This
utilises the calculation of events with at least one Higgs according to equation 4.1,
but only the branching ratios into one or more Higgs bosons of the heavy Higgses
are taken into account. For each model 10 000 events of heavy Higgs involved sub-
processes (subprocesses of the extended neutral Higgs sector, the charged Higgs
sector and the Higgs pairs involving H0, A0 and H± described in the PYTHIA
manual [35]) are generated with PYTHIA. The cross sections generated in the
simulation process are used in the calculation.
In figure 4.4 it can be seen that for most models the contributions from the heavy
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Table 4.2 – List of most relevant SUSY processes to produce light Higgs bosons
and their final state(s). Numbers are given for 10 fb−1.

processes final state(s) Example model
≥ 1h0 production
processes with ≥ 100 events
q̃Lq̃L jets+h0+Emiss

T sigma1033

q̃L ˜̄qR jets+h0+Emiss
T sigma1033

q̃Rq̃R jets+h0+Emiss
T −

t̃2˜̄t2 tt+h0+Emiss
T −

b̃1
˜̄b1 b-jets+h0+Emiss

T −
q̃Lχ̃

0
2 jets+h0+Emiss

T sigma1033

q̃Lχ̃
±
1 jets+(leptons)+h0+Emiss

T sigma1033

χ̃0
2χ̃

0
3 jets+(leptons)+h0+Emiss

T sigma1022, sigma25127

χ̃±1 χ̃
0
2 jets+(leptons)+h0+Emiss

T sigma1022, sigma25127

χ̃±1 χ̃
0
3 jets+(leptons)+h0+Emiss

T sigma1022, sigma25127

g̃g̃ jets+h0+Emiss
T −

H0 h0+h0 sigma2515

A0 Z+h0 sigma2515

≥ 2h0 production
processes with ≥ 20 events
q̃Lq̃L jets+2h0+Emiss

T sigma107, sigma1033

t̃2˜̄t2 tt+2h0+Emiss
T −

b̃1
˜̄b1 b-jets+2h0+Emiss

T −
q̃Lχ̃

0
2 jets+2h0+Emiss

T sigma1033

χ̃0
2χ̃

0
3 jets+(leptons)+2h0+Emiss

T sigma1022, sigma25127

χ̃±2 χ̃
0
4 jets+(leptons)+2h0+Emiss

T sigma25127

≥ 3h0 production
processes with ≥ 5 events
χ̃±2 χ̃

0
4 jets+(leptons)+3h0+Emiss

T sigma25127

q̃Lq̃L jets+3h0+Emiss
T sigma107
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Figure 4.4 – Number of expected events containing at least one Higgs in cascades
of heavy Higgs (H0, A0 and H±) involved origin for the merged sets of pMSSM
models A1 and A2. The X-axis indicates the Higgs particles involved in the final
states of the responsible primary interaction process.
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Higgs particles included primary interaction final states is low. This is because
most of the models are within the so-called decoupling limit where the pseudo-
calar Higgs boson (A0) mass mA0 is much heavier than the mass of the Z0 boson
(mZ0 ≈ 91.2 GeV), which results in much heavier and nearly mass degenerate
heavy Higgses [16] which in turn results in lower cross sections. Due to the low
parameter mA0 listed in table 4.1, SLHA file number 15 (σ = 0.25,’sigma2515’)
results in a higher event rate with h0 production in the decay cascades because
outside the decoupling limit the Higgs couples different compared to the SM
Higgs. The model of sigma15 still has a small value for the mixing angle α but
is just outside the decoupling limit. This allows for Higgs production via gaugi-
nos, leading to a maximum of 1300 events containing a Higgs alone from primary
interactions involving a H0 production for 10 fb−1. Other models whose parame-
ters place them in the decoupling limit only reach a maximum of about 40 events
with respect to the same primary interactions. For events with this primary in-
teraction it must be kept in mind that although the heavy Higgs particles are
introduced because of the Higgs doublet in the MSSM, they themselves are not
strictly speaking supersymmetric particles and therefore are not guaranteed to
lead to events with a large missing energy in the detector due to the χ̃0

1 LSP.

4.2.2 Analysis of final states on detector level via ROOT
Tree

After the detector response is simulated with DELPHES, the signatures left in
the detector are predicted. Selection cuts are applied, requiring the leptons,
i.e. electrons or muons, to have a momentum transverse to the beam pipe of at
least 20 GeV. For the jets this lower limit is chosen to be 50 GeV. Both leptons
and jets are only considered if they are located within the pseudorapidity region
of |ηe,µ,jet| < 2.5. In addition to the overlay removal automatically performed
in DELPHES, the spatial distance ∆R1 between every jet and lepton as well
as between each jet is calculated and only those objects are considered that
lie outside the jet cone, i.e. whose minimal spatial separation ∆Rmin

a,b is larger
than 0.6, the jet size specified in the default ATLAS tcl file. For those conditions,
the detector response in case of an event with Emiss

T higher than 50 GeV as well
as higher than 100 GeV is analysed. In a last step, the generated events are again
normalised to an integrated luminosity of 10 fb−1.

The lepton and jet multiplicities as well as jet multiplicities for events requir-
ing Emiss

T of at least 50 GeV can be seen in figures 4.5, 4.6 and 4.7. The results for
the τ -jet multiplicity and an Emiss

T of at least 50 GeV are presented in figures 4.8.
Signal signatures with τ -jets are therefore not expected.

1∆Ra,b =
√

(∆η)2a,b + (∆φ)2a,b
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Figure 4.5 – Number of expected events with respect to lepton and jet multiplicity
combinations containing at least one Higgs in cascades of supersymmetric origin
and Emiss

T > 50 GeV for the merged set of pMSSM models A1 and A2.
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Figure 4.6 – Number of expected events with respect to lepton and jet multiplicity
combinations containing at least two Higgs bosons in cascades of supersymmetric
origin and Emiss

T > 50 GeV for the merged set of pMSSM models A1 and A2.
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Figure 4.7 – Number of expected events with respect to jet multiplicity containing
at least one (upper) or two (lower figure) Higgs boson(s) in cascades of super-
symmetric origin and Emiss

T > 50 GeV for the merged set of pMSSM models A1
and A2.
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Figure 4.8 – Number of expected events with respect to τ -jet multiplicity con-
taining at least one Higgs boson in cascades of supersymmetric origin and
Emiss

T > 50 GeV for the merged set of pMSSM models A1 and A2.

The same analysis is performed looking for events with Emiss
T > 100 GeV and the

corresponding results are presented in Appendix C: Estimation of N≥1, 2 or 3 h0

events

including simulated detector response for events with Emiss
T > 100 GeV: Multi-

plicity check where the lepton and jet multiplicities are shown in figure 14 and
figure 15 (di-Higgs production) and figure 16 shows the jet multiplicity.

4.2.3 Why the Higgs?

One might have wondered what makes the Higgs such a nice signature compared
to other particles in this context. When a supersymmetric particle decays into a
Higgs, the mass difference between mother and daughter (initial and final) state
itself can lead to a boost that has to be investigated further.
In hadronic pp collisions the main contribution to Higgs production by SM pro-
cesses is expected to be from gluon-gluon interactions, W± and Z0 fusion:

gg → h0 (σgg→h0 = 17.4 pb)1,

1Generated (LO) cross sections calculated by PYTHIA when generating 100,000 events.
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Figure 4.9 – Qualitative distribution (in %) of the boost in terms of βh0 = vh0/c
of the Higgs for the main Higgs production processes within the SM in hadron
collisions (red, blue) and SUSY production for pMSSM models (grey) for the
merged set of pMSSM models A1 and A2. The distributions are each normalised
to unity.

qiqj → qiqjh
0 (σqiqj→qiqjh0 = 1.07 pb)1,

qiqj → qkqlh
0 (σqiqj→qkqlh0 = 2.87 pb)1.

A second important contribution is expected from the processes2

gg → QkQ̄kh
0 (σgg→QkQ̄kh0 = 0.37 pb)1, (4.4)

qiq̄i → QkQ̄kh
0 (σqiq̄i→QkQ̄kh0 = 0.17 pb)1.

For both contributions a set of 100,000 events has been generated with PYTHIA.
Production of Higgs bosons can also occur via Z0h0 and W0h0 production. It is
important to notice that beacuse of BR(Z0 → νν̄) = 0.07 [49] especially events
with Z0h0 production can also have relatively high Emiss

T .
For Higgs bosons originating from the pMSSM it can be said that lighter particles
generally have higher production cross sections. The Higgs bosons produced from

1Generated (LO) cross sections calculated by PYTHIA when generating 100,000 events.
2Q denotes heavy quarks.
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those particles are expected to be less boosted than those produced in the decay
of heavier ones. In figure 4.9 can be seen that the contribution originating from
gg → QkQ̄kh

0 and qiq̄i → QkQ̄kh
0 shows the same qualitative behaviour as the

selected MoI originating from MSSM involved processes. For these processes the
top quark is expected to be the main contributor and because of the larger mass
difference the Higgs bosons produced via these processes are also experiencing
some boost. The important difference is though: the SM processes that have the
potential to give the h0 the anticipated boost are not capable of producing Emiss

T

in the same amount as MSSM processes.

4.2.3.1 Investigating the possibility of misidentifying boosted di-photons
as jets

It might be interesting to investigate further if highly boosted di-photons orig-
inating from (heavy) supersymmetric particles leave a jet-like signature in the
detector and therefore fail to be identified as two separate photons, leading to
a decreased reach of SUSY searches. It might in this respect be interesting to
investigate the substructure of those ’jets’ and create algorithms to identify and
tag them. Since those ’jets’ originate from two photons, an interesting property
will be the ratio between the electromagnetic jet contribution and the hadronic
one since they are theoretically expected to be purely electromagnetic jets. To do
this, the spatial separation ∆Rh0i ,jetj

between all possible combinations of each

Higgs (h0
i ) and each jet (jetj) is calculated and the lowest value determined to

check for the minimal spatial distance between those two objects. Accessing the
ROOT Tree after the DELPHES detector response simulation and performing the
just described analysis, the results for set A2 are shown in figure 4.10. Knowing
the parameters of the two MoI in the presented distribution it can be seen that
sigma25127 has heavier q̃ masses than sigma2515, but on the other hand much
lighter χ̃0 and χ̃± masses. For some models like e.g. sigma2515 a slight increase
in occurence of very small spatial distance can be observed, but to be able to
make a more specific statement, this would have to be investigated further.

4.2.3.2 How to look for the Higgs in proposed signature combina-
tions?

The Higgs can be detected via its decay products, see figure 4.11. The decay
into a b quark-antiquark pair has the highest branching ratio, but as generally
mentioned earlier, because a Higgs boson which originates from a SUSY particle
is likely to be boosted, the decay products are expected to be in close range to
each other. Since identifying two isolated photons is cleaner than to work with
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Figure 4.10 – Minimal spatial separation between the Higgs and a jet for the set
of pMSSM models A2. Different colors represent different models.
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Figure 4.11 – Higgs boson decay branching ratios and total width [50].

two close b-jets, this analysis focusses on the branching into di-photons. But it
should be kept in mind that the decay into bb̄ could also lead to an interesting
signature when combined with large missing energy.

Di-photons produced in SM primary interactions are generally produced back
to back in the (true) di-photon production processes described in section 3.2.1. It
is plausible that di-photons which originate from a Higgs particle which originates
from a SUSY particle are boosted and therefore are propagating closer to each
other than those generated in the SM background processes, which can be checked
by their corresponding ∆Rmin

γi,γj
distibution. A corresponding analysis looking for

those di-photons has been set up, but putting it all nicely together with a set
of simulated events where the branching ratio of the Higgs is not manually set
to unity for each of the models compatible with all world data requires more
computing time than the deadline set for this thesis allows for.
However, the simulated sets can be used to demonstrate the point of different
di-photon signatures bewteen di-photons produced in SM processes and those
produced via Higgs decay. Once more, having the branching ratio of the Higgs
set to unity comes in handy. Each di-photon candidate (with the subdivision into
leading or subleading γ) in an event has to meet the following conditions [51]:
either, in case of the leading γ,

pleading γT ≥ 40.0GeV

or, in case of the subleading γ,

psubleading γT ≥ 30.0GeV,
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and their detection is required to take place within acceptance region

|ηγ| < 2.37,

excluding the barrel-endcap region

1.37 < |ηγ| < 1.56.

The ∆Rmin
γi,γj

distribution (see figure 4.12) of the paired photons is in agreement

Figure 4.12 – Minimal spatial separation ∆Rmin
γi,γj

between the combination of the
two closests photons in the event for the merged set of pMSSM models A1 and A2.
SM di-photon production is presented for Emiss

T >50 GeV and Emiss
T >100 GeV,

the latter condition already reduces statistics visibly by larger fluctuations. The
pMSSM events are required to have Emiss

T > 70 GeV. All distributions are nor-
malised to unity.

with this argumentation. Cutting on this parameter additionally to the required
large Emiss

T reduces the SM background notably.
The fact that the di-photons leave a very clear signal within the detector rec-
ommend this search strategy and when paired with the fact it is possible to
substantially reduce the background in the proposed channels makes the newly
nominated searches even more attractive.



Chapter 5

Conclusions and outlook

5.1 Conclusion

The exclusion done by ATLAS only considered
√
spp = 7 TeV simulations. A

first look on the surviving models surviving ATLAS
√
spp = 8 TeV exclusion

limits reveals that all MoI described in section 4.2.1 except for sigma2515 pass
the additional restrictions.

From previous analysis can be concluded that future
√
spp = 14 TeV data

collected at the LHC has discovery potential for signatures of h0 particle(s) in
combination with up to 10 jets and large Emiss

T (even > 100 GeV ). Of particular
mention in this context is the di-Higgs or even tri-Higgs production predicted by
this analysis.

5.2 Implications and recommendations

As already mentioned in section 4.2.3.1, looking into misidentified di-photon jets
has potential to improve sensitivity in an di-photon invariant mass analysis in
combination with large Emiss

T . Being able to veto those jets will improve the
significance of this analysis. It should also be checked that the increased number
of events observed for some models for low distances ∆Rmin

h0,jet is not just a result
of high jet multiplicity. Therefore, this topic is recommended for further research.

The most obvious implication of the presented research is that there are a lot
unregarded combinations of signatures with discovery potential to be expected in
the upcoming data of LHC detectors like ATLAS or CMS. Obviously, an analysis
with real

√
spp = 14TeV collision data is highly recommended. Implementing

those before long in current SUSY searches is advisable.
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Appendix A: Bounds of the

sampled 19 parameters

The allowed parameter ranges whithin which the parameters of the pMSSM were
generated are presented below.

Parameter Bound
mf̃ (100 GeV, 3000 GeV)

Gaugino masses M1,2,3 (10 GeV, 3000 GeV)
Third gen. trilinear coupling Ab,t,τ (-5000 GeV, 5000 GeV)
First and second gen. trilinear couplings 0
mA (100 GeV, 3000 GeV)
µ (-3000 GeV, 3000 GeV)
tan β (1, 50)
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Appendix B: Estimation of

N
≥1, 2 or 3 h0

events for different

subgroups of SUSY primary

interactions

Estimations of the number of events with one or more, two or more or three or
more Higgs bosons originating from SUSY processes in 10 fb−1 of

√
spp = 14TeV

data are presented in detail for different subgroups of the complete SUSY spec-
trum of primary interactons.
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Figure 1 – Number of expected events containing at least one Higgs boson pro-
duced in cascades of supersymmetric origin. The X-axis indicates the supersym-
metric final states of the responsible first interaction process (χ̃0χ̃0 combinations).
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Figure 2 – Number of expected events containing at least two Higgs bosons pro-
duced in cascades of supersymmetric origin. The X-axis indicates the supersym-
metric final states of the responsible first interaction process (χ̃0χ̃0 combinations).
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Figure 3 – Number of expected events containing at least three Higgs bosons
produced in cascades of supersymmetric origin. The X-axis indicates the super-
symmetric final states of the responsible first interaction process (χ̃0χ̃0 combina-
tions).
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Figure 4 – Number of expected events containing at least one Higgs boson pro-
duced in cascades of supersymmetric origin. The X-axis indicates the supersym-
metric final states of the responsible first interaction process (χ̃0χ̃± combinations).
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Figure 5 – Number of expected events containing at least two Higgs bosons pro-
duced in cascades of supersymmetric origin. The X-axis indicates the supersym-
metric final states of the responsible first interaction process (χ̃0χ̃± combinations).
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Figure 6 – Number of expected events containing at least three Higgs bosons
produced in cascades of supersymmetric origin. The X-axis indicates the super-
symmetric final states of the responsible first interaction process (χ̃0χ̃± combina-
tions).
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Figure 7 – Number of expected events containing at least one Higgs boson pro-
duced in cascades of supersymmetric origin. The X-axis indicates the supersym-
metric final states of the responsible first interaction process (q̃χ̃0 combinations).
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Figure 8 – Number of expected events containing at least two Higgs bosons pro-
duced in cascades of supersymmetric origin. The X-axis indicates the supersym-
metric final states of the responsible first interaction process (q̃χ̃0 combinations).
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Figure 9 – Number of expected events containing at least three Higgs bosons pro-
duced in cascades of supersymmetric origin. The X-axis indicates the supersym-
metric final states of the responsible first interaction process (q̃χ̃0 combinations).
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Figure 10 – Number of expected events containing at least one (upper), two
(middle) or three (lower figure) Higgs boson(s) produced in cascades of super-
symmetric origin. The X-axis indicates the supersymmetric final states of the
responsible first interaction process (q̃χ̃± combinations).
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Figure 11 – Number of expected events containing at least one Higgs boson
produced in cascades of supersymmetric origin. The X-axis indicates the su-
persymmetric final states of the responsible first interaction process (q̃q̃ and q̃q̃
combinations).
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Figure 12 – Number of expected events containing at least two Higgs bosons
produced in cascades of supersymmetric origin. The X-axis indicates the su-
persymmetric final states of the responsible first interaction process (q̃q̃ and q̃q̃
combinations).
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Figure 13 – Number of expected events containing at least three Higgs bosons
produced in cascades of supersymmetric origin. The X-axis indicates the su-
persymmetric final states of the responsible first interaction process (q̃q̃ and q̃q̃
combinations).



Appendix C: Estimation of

N
≥1, 2 or 3 h0

events including simulated

detector response for events with

EmissT > 100 GeV: Multiplicity

check

Estimations of the number of events with one or more or two or more Higgs
boson(s) originating from SUSY processes in 10 fb−1 of

√
spp = 14TeV data are

presented with respect to either lepton and jet or only jet multplicities. The Emiss
T

is required to be larger than 100 GeV.
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Figure 14 – Number of expected events with respect to lepton and jet multiplicity
combinations containing at least one Higgs boson in cascades of supersymmetric
origin and Emiss

T > 100 GeV for the merged set of pMSSM models A1 and A2.
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Figure 15 – Number of expected events with respect to lepton and jet multiplicity
combinations containing at least two Higgs bosons in cascades of supersymmetric
origin and Emiss

T > 100 GeV for the merged set of pMSSM models A1 and A2.
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Figure 16 – Number of expected events with respect to jet multiplicity containing
at least one (upper figure) or two (lower figure) Higgs boson(s) in cascades of
supersymmetric origin and Emiss

T > 100 GeV for the merged set of pMSSM models
A1 and A2.
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Figure 17 – Number of expected events with respect to b-jet multiplicity contain-
ing at least one (upper figure) or two (lower figure) Higgs boson(s) in cascades of
supersymmetric origin and Emiss

T > 50 GeV for the merged set of pMSSM models
A1 and A2.
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