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Abstract

Characterization of the Spin of Dark Matter at the
LHC

Tom Ingebretsen Carlson

The potential for characterizing the spin and mass of dark matter at 
the Large Hadron Collider (LHC) given a 5 sigma confidence level 
discovery has been studied. The search for dark matter is one of the 
big open question in particle physics as observations predict 84 
percent of the matter in the universe to be dark matter, however no 
detection has been made. In this study two production channels at the 
LHC of weakly interacting massive particles with different spin have 
been studied in the framework of a simplified model. The processes if 
detected have the signature of a mono-jet and missing transverse 
energy. The assumption made is that the dark matter is a scalar or a 
Dirac fermion particle and interacts with the top quark and a Beyond 
the Standard Model color charged mediator via a loop process. The 
considered mediators are a scalar top partner and a fermionic top 
partner. The results from recasting conclude that in a narrow region 
in the mass-mass-plane for the dark matter and the mediator a search 
is adequate and given a discovery characterization of the spin and 
mass is possible.  
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Populärvetenskaplig sammanfattning

År 1932 observerade astronomen Fritz Zwicky att rotationshastigheten hos galaxer inte
stämde överens med vad som förutspåddes från den synliga materian. Han postulerade
därför att det fanns någon osynlig källa till gravitation, idag benämnt som mörk materia.
Trots att 90 år snart har passerat så anses mörk materia vara en av de största obesvarade
gåtorna inom partikelfysik och kosmologi. Det är nämligen så att ingen detektion har gjorts
för att identifiera dessa partiklar. De starkaste bevisen för att mörk materia existerar erhålls
från observationer av kolliderande galaxer. Dessa händelser lämnar efter sig en stor källa
av gravitation på en annan plats än där den synliga materian stannar. Slutsatsen som dras
av detta är att icke synlig, svagt interagerande materia passerar nära till helt obehindrat
förbi kollisionen. De gravitationella effekterna mäts upp via att ljusets bana ändras då
rum-tiden kröks av den osynliga gravitationella källan. Den statistiska analys som gjorts
av händelserna verifierar att mörka materia existerar med en 7σ statistisk konfidens. Från
observationerna dras även slutsatsen att majoriteten av massan i vårt universum är mörk
materia, med den förbryllande andelen 84%. En liknelse till detta är att leva på vår planet
utan att veta och förstå vad hav och sjöar är.

Genom alla tider har nyfikenhet drivit mänskligheten framåt genom nya upptäckter.
En gång i tiden innebar det att vi begav oss ut på de då okända haven för att fylla i de
saknade delarna av vår världskarta. Idag saknas 84% av kartan som beskriver materian i
vårt universum. Därav tillkommer den stora betydelsen att söka efter mörk materia. Ett
av de mest lovande sätten för att hitta mörk materia är studera hypotetiska produktion-
smekanismer av mörk materia vid världens största partikelaccelerator, den stora hadron
kollideraren. Protoner accelereras där i en cirkulär bana på 2.7 mil och kollideras sedan
med en hastighet nära ljusets. Den höga energin möjliggör produktionen av nya partiklar,
som till exempel mörk materia. I många av dessa kollisioner observeras att en stor del av
energin försvinner, benämnt som saknad transversell energi. Dessa fenomen skulle kunna
vara att mörk materia produceras och undkommer att bli detekterad. Den stora hadron
kollideraren har haft stor framgång i att testa partikelfysiken standardmodell. Modellen
beskriver de kända fundamentala partiklarna i vårt universum och dess interaktioner, men
som ovan nämnt saknas fortfarande stora pusselbitar och sökandet fortgår.

Denna studie är en så kallad studie bortom standardmodellen där produktion av två
olika typer av hypotetisk mörk materia har undersökts, betecknade som S0 och χ. Par-
tiklarna ingår i den populära partikelklassen svagt interagerande massiva partiklar och
skiljer sig från varandra i sin spin. S0 är en så kallade skalär med spin 0 och χ är en Dirac
fermion med spin 1/2. Produktionsprocesserna av χ och S0 ger båda upphov till samma
signatur, en mono-jet med saknad transversell energi. Frågan som undersökt i studien är,
givet en upptäckt av dessa partiklar via denna signatur vid den stora hadron kollideraren
kan vi särskilja deras spin och massa? Vidare har även beräkningar gjorts kring om deras
produktion i tidigt universum ger upphov till en partikeldensitet som överensstämmer med
observationer.

Produktionerna har simulerats via en förenklad modell som adderats till standardmod-
ellen. Från dessa dras slutsatsen att regionen av den obestämda massan där det är möjligt
att söka efter just dessa processer och partiklar är väldigt liten. Visserligen erhålls även
det väldigt positiva resultatet att vid en upptäckt i denna region så kan spin och massa av
denna mörka materian bestämmas och vi kan fylla i ett tomrum i vår idag till stora delar
tomma karta.
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1 Introduction

The aim of this degree project is to investigate the possibility to characterize the spin
of two dark matter (DM) candidates from proton-proton collisions at the Large Hadron
Collider (LHC) and give projections for determination of their mass. The field of study is
theoretical particle physics or more precise dark matter phenomenology.

Dark matter is today one of the big question marks within particle physics and cosmol-
ogy. Observations in the universe such as the rotation velocity of galaxies and the "Bullet
cluster" tell us that there is physics we can’t explain. DM is considered one of the best
candidates for explaining the observations, but so far no detection has been made. The
ongoing experimental searches are direct detection (DD) of astrophysical particles scat-
tering on a nucleus, indirect detection (ID) of signatures from annihilation or decays and
production of DM at colliders.

In this study, production of DM via loop processes at the LHC has been simulated and
analyzed, furthermore the relic densities have been calculated for the assumed interaction
vertices. The assumption made is that the DM is either a real scalar S0 or Dirac fermion
χ and interacts with the Standard Model (SM) top quark t and a Beyond the Standard
Model (BSM) colour charged mediator. For the case of S0 the mediator is a vector like
quark (VLQ) a Dirac fermion top partner T , while the production of χ is mediated via a
scalar top partner t̃. The choice of the DM being a real scalar and Dirac fermion is the
first part of a wider study where the DM candidates complex scalar and Majorana fermion
will be considered as well. The aim is to use a model independent framework and fix the
particle properties rather than the model they originate from. The study will set up the
tools for the wider study and explore the regions of interest, as the study of the other DM
candidates will only differ in a rescaling of the cross sections.

The DM candidates S0 and χ are part of the particle class called weakly interacting
massive particles (WIMPS) which are assumed to be produced thermally in the early stages
of the big bang, leaving an abundance of relic DM in the universe. Depending on the freeze-
out of these particles different relic densities are obtained. The calculated relic densities for
the particles are compared to observations and the results from the simulations in order
to find in which region a search is adequate. Where region refers to the free parameters
the mass of the DM and mediators, the couplings and to the kinematical variables at the
LHC related to the signature of the events, the missing transverse energy (MET) /ET and
pseudorapidity η.

The processes considered have the signature mono-jet and MET, described via,

p+ p→ j +DM +DM → j +MET, DM = {S0, χ}

Where p refers to the initial colliding protons and j to the final jet. The jet originates from
SM particles, quarks and gluons which cascade into jets of particles.

The complete description of the production of S0 with T at the LHC is described via,

p+ p→ T̄ T t→ S0S0j.

The following generic loop-diagrams represent the process, while the tree-level diagram
represent the annihilation process used for calculations of the relic density.
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Figure 1: Feynman diagrams for S0 and T DM model.

The production of χ with t̃ at the LHC is described via,

p+ p→ t̃∗t̃t→ χ̄χj.

The following generic loop-diagrams represent the process, while the tree-level diagram
represent the annihilation process used for calculations of the relic density.

Figure 2: Feynman diagrams for χ and t̃ DM model.
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A so called simplified model describing the processes was built, used and implemented as
a numerical model into existing softwares in order to make the simulations. The numerical
results obtained are analyzed at different stages referred to as the parton level, detector
level and recasting. At the parton level the ideal case is considered, therefore no losses of
the signals are taken into account. The detector level analysis is made using the properties
of the ATLAS-detector at the LHC. Recasting refers to using a previous search at the
detector with the same signature and aims to compare the simulations with experimental
results. Through all the stages of the analysis the main goal is to investigate if it is possible
to differentiate between the signals from S0 and χ given a discovery of a 5σ statistical
confidence level (CL) and thereby determining the spin and mass. The statistical analysis
for differentiation between the signals is made via a so called χ2-test where the condition
imposed for a possible differentiation is a 2σ CL.
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Part I

Theory

2 Dark Matter

Today dark matter is a well established concept in particle physics and cosmology. However,
no theoretical model has been verified experimentally to describe what it actually is. This
section aims to give the reader an insight into why dark matter is believed to exist, possible
candidates, how to search for DM and how to build a theoretical DM model.

2.1 Evidence for Dark Matter

In 1932 the astronomer Fritz Zwicky observed that the velocity dispersion in galaxies did
not correspond to predictions[1], there was some non observable source of gravity. Therefore
he postulated that there was matter in the universe which do not interact electromagnet-
ically, today referred to as Dark Matter. Still DM is considered one of the biggest open
questions in physics as observations tell us that the majority of the mass in the universe
consist out of DM. The current measurements of the contribution from dark matter to the
energy-matter density in relation to the critical density is[2],

ΩDMh
2 =

ρDM
ρcr

= 0.1186± 0.0020. (1)

In other words 84% of the matter in the universe is seemingly DM. The critical density
ρcr refers to the value in the Friedmann equation where the geometry of the Universe is
flat, ρcr = 3H2/8πG [?]. Where H = ȧ/a is the Hubble parameter, a the scale factor of
the universe and G the gravitational constant.

One classic way to argue for the missing mass is via the rotation velocity of a galaxy
using classical mechanics and approximating the galaxy as a homogeneous disk[?]. Using
Newtons shell theorem one can derive the rotation velocity from the equivalence of the
centrifugal and gravitational acceleration, which leads to,

v2

R
=
GM(R)

R2
→ v(R) =

√
GM(R)

R
. (2)

Newtons shell theorem states that the force exerted on a body by a polar symmetrical
body is the same force exerted by a point charge of mass of the same magnitude at the
center of the disk. Therefore the mass is function of the radius, M = M(R), hence the
rotational velocity of a body is a function of the distance from the center of the disc.
However observations show that the velocity at larger distances are close to constant and
up to three times larger than predicted from the visible matter. A conclusions that can be
made from this is that the missing gravitational force is due to that dark matter encloses the
galaxy in a spherical halo. Another natural suggestion would be that these effects observed
might be because the theory of gravity needs a modification under certain circumstances.
Theories have been presented to explain the effects by modifying the Newtonian gravity,
known as the Modified Newtonian dynamics (MOND)[4]. The question asked is if DM can
account for the phenomena that galaxies flatten when the acceleration reaches a critical
acceleration,

a∗ ≈ 10−10
m

s2
.

The suggested solution is that gravity follows the Newtonian Gravity above the critical
acceleration and the MOND when below, leading to,

10



F =
mM(r)G

r2
=

{
ma, a > a∗ Newtonian gravity,
ma2

a∗
, a < a∗ MOND.

(3)

This leads to the modified rotation velocity to be,

v(r) =


√

GM(r)
r , Newtonian gravity,

(GM(r)
r )

1
4 , MOND.

(4)

Even though MOND has success in predicting rotation velocity of galaxies it faces prob-
lems to describe other observations that could be explained by DM. Observations such as
behaviors of globular clusters, the "bullet cluster" and gravitational lensing. As MOND is
a reliable description of a specific phenomena one might suggest that it is a model with
adjusted parameters to fit the data rather than explaining the source of the observations.

The current most striking evidences for DM are the observations such as the "bullet
cluster" where two galaxy clusters collide[5]. From mass reconstruction of the "bullet clus-
ter" via weak and strong gravitational lensing one found large structures of mass with
another location than the visible matter. The conclusion drawn from this is that when the
clusters collide the DM experience negligible effects from the collision and therefore inter-
acts weakly with ordinary matter and with DM. The observations has lead to verification
of the existence of DM at a statistical significance of 7σ and a self interaction cross section
limit to be[6],

σ

m
< 0.47 cm2g−1.

2.2 Dark Matter Candidates

The current observations do not give many clues for what other properties these ellusive
particles posses. The common assumptions are that DM is cold, stable, non-interacting and
adiabatic[4]. Where cold refers to the particle moving with non-relativistic velocities. Non-
interacting means that their interaction with DM and other matter is negligible. Stable
such that they don’t decay or have a half-life time such that the effects over the age of the
Universe is negligible. Adiabatic means that DM will follow the same inhomogeneity in the
primordial density as normal matter and photons.

A number of hypothesized particles arise from theoretical models within particle physics
and cosmology that are promising candidates. A few examples of these are WIMPs, Super-
WIMPs, Axions, sterile neutrinos, supersymmetric (SUSY) candidates and extra dimen-
sional particles.

WIMPS are one of the most promising candidates as they acquire a relic density which
correspond to observations and due to fact that they are predicted to be possible to detect.
A further explanation is made in the sections below as the candidates of this thesis are
WIMPs.

SuperWIMPs are particles which interact even weaker than WIMPs and originate from
decays of thermally produced WIMPS. Models do predict them to obtain the correct relic
density[7].

Axions are promising as they are a DM candidate and as they solve the "strong CP-
problem". Which refers to that the Charge-Parity symmetry is not broken in Quantum
Chromo Dynamics (QCD). Initially the problem was risen due to observations of the small
electric dipole-moment of the neutron. In the QCD Lagrangian the axion field is introduced
due to the following term[5],

LQCD ⊇ L =
θ2

32π
GaµνG̃

aµν . (5)
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Where θ follows the following relation,

θ̄ = θ − arg(mq1 ,mq2 , ..,mqn) (6)

In order for the CP symmetry to not be violated the following must hold, θ̄ = 0. However
the quark masses do not vanish. The solution for this problem was to break a quasi-
symmetry UPQ(1) and thereby introduce a quasi-Nambu-Goldstone field, the Axion, which
resolved in,

θ̄ = θ − arg(mq1 ,mq2 , ..,mqn)− a(x)

fa
. (7)

fa is the Axion decay constant.
Sterile neutrinos arise from the problem of anomalies in the masses of the SM neutrinos.

The mass differences predict the neutrino flavour oscillations, however the observed values
cannot be explained by a three flavour model. Therefore one has introduced the possible
solution of extra neutrino states, the sterile neutrinos[8].

SUSY has many motivations such as understanding the electroweak symmetry breaking,
DM and many more. The lightest super symmetric particle (LSP) is a good candidate for
DM as it is assumed to be neutral, stable and has a predicted mass below 1 TeV. SUSY
candidates for DM are known as the neutralino χ̃0, the sneutrino ν̃ and the gravitino G̃[5].

Extra dimensional particles arise from the idea of lowering the quantum gravity scale[5].
This is done by localizing the 3+1 dimensional space used for the Standard Model to being
on the surface of a space of higher dimensions Rn, where n denotes the extra dimen-
sions. Depending on the geometry, compactification and the boundary conditions different
properties for the fields describing the particles arise.

2.3 WIMPs & Thermal production

WIMPs is a particle class which refers to elementary BSM particles which interacts via
gravitation and supposedly some other force weakly. They are popular candidates for DM
due to the so called "WIMP miracle", which refers to that their theoretical models predict
a relic density which is in agreement with observations. They are assumed to be produced
thermally, which refers to that during the radiation dominated era of the universe the
energy and density of the particles where high enough for collisions to create the WIMPs.
The most contributing processes for the production and annihilation are assumed to be
tree-level via some mediator to SM particles such as, χχ̄←→W+W−, ZZ, qq̄, e+e−, µ+µ−.
Where χ denotes a generic DM particle.

Initially one assumes the thermal production and annihilation rate to be in equilibrium.
Where the annihilation rate Γ is obtained via,

Γ = 〈σav〉nequi (8)

nequi is the number density of particles at the initial equilibrium, σa the annihilation cross
section and 〈v〉 the average relative velocity. However the temperature and number density
decreases with the expansion of the Universe, leading to the freeze-out of the particles. This
phenomena refers to when the annihilation rate Γ is smaller than the rate of expansion H,
Γ < H ∼ Tf

2/M̄p[9]. H is the hubble parameter, Tf refers to the freeze out temperature
and M̄p to the reduced Planck mass. A qualitative description is that the mean-free path
grows larger which decreases the probability for annihilation. The decreasing number of
DM particles can be described via the Boltzmann factor, e−

mχ
T , which for low temperatures

results in a small factor. This is assumed to be the reason that there is a large constant
relic abundance of DM, the density and thermal energy is too low for the particles to be
produced or annihilate and therefore the number of dark matter particles stays constant.
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To compute the relic density one uses the Boltzmann Transport Equation[7], which
describes the change in the number density, n,

dn

dt
= −3Hn− 〈σav〉 − (n2 − n2equi) (9)

Here one assumes no asymmetries in the number density of particle and antiparticle. Due
to conservation of entropy one can combine equation (9) with,

ds

dt
= −3Hs. (10)

s denotes the entropy density. Usually one defines new variables Y = n/s and x = m/T
and combining the equations leads to,

dY

dx
=

1

3H

ds

dx
〈σav〉(Y 2 − Y 2

equi) (11)

The solution for the relic density is obtained via the initial condition of Y = Yequi at
x ≈ 1. The value H is defined via the Friedmann equation and s is related to the photon
temperature. Finally the WIMP relic density can be calculated via[5],

Ωχh
2 =

ρχh
2

ρc
=
mχs0Y0h

2

ρc
. (12)

One should keep in mind that the cross sections from the theoretical models are dependant
on the couplings and the mass of the hypothesized particles. These parameters are free and
can only be obtained via measurements. As there is observations of the relic abundance
this puts constraints on models and even rules out some BSM models. Concerning the
cross section and couplings, lower bounds are obtained from the observations. A small
annihilation cross section corresponds to an earlier freeze-out time and therefore a higher
DM relic abundance which is not allowed to be above the measured value (1).

Furthermore there are other WIMP production mechanism which do produce the cor-
rect relic abundance. One example is if the freeze-out happens too early due to a too low an-
nihilation cross section which results in that the WIMPs are overproduced. Then a mecha-
nism is proposed where heavy particles decays and dilute the DM particles away. This mech-
anism would then occur between the freeze-out time and the Big Bang nucleosynthesis[9].

2.4 Detection of WIMPs

There are many promising theoretical models for DM and a great effort is being made
to experimentally verify or falsify them. WIMPs are as mentioned popular candidates for
different reasons. One is that they have properties which makes them detectable. They
interact weakly with SM particles, give signals from annihilations and decays and are
predicted to have a mass range reachable at the LHC. Some models and particles have
been ruled out and many constraints have been put on WIMPs. Constraints however are
not necessarily a negative result in all senses as it tells us where to look and where to
not look. The current experimental searches are using three main methods for detection
of WIMPs, direct detection, indirect detection and via production at colliders such as the
LHC. In order to understand the properties of DM and verify a detection all three methods
complement each other. For example, detection of a new ellusive particle at the LHC might
or might not correspond to what we see in the universe and therefore needs verification via
ID or DD.
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2.4.1 Direct & Indirect detection

Direct and indirect detection are methods to observe the proposed existing DM in the
universe. Direct detection tries to exploit the fact that if our galaxy is surrounded by
a halo of DM a huge flux of particles pass through earth constantly( 105cm−2s−1)[5].
WIMPs are proposed to interact weakly with the SM and therefore one tries to catch
WIMPs recoiling of a nucleus. The expected signals are derived from the expected flux and
the assumed interaction (model dependent) with the nucleus. The simpler models arrive
to the expected signals from modeling dark matter as a collision less gas with an adiabatic
inertial velocity[10]. The pressure in the gas reaches its equilibrium with the gravitational
force which keeps the halo from being contracted. Earth moves through the gas of DM and
in direct detection on tries to measure the rate R, energies ER and the distributions of the
elastic scattering of nuclei. Typically these experiments are under the ground to reduce the
background and the gas used is for example Xenon.

After the freeze-out of WIMPs annihilation became a suppresses process, but there are
cases where one expects it to happen, places where the density of DM is high. WIMPs
are assumed to annihilate or decay into SM particles and are therefore detectable. The
most interesting signature is gamma rays from the center of galaxies. The gamma rays
travel to earth directly and often without being absorbed. The rate of these signals are
dependant on the density of the dark matter, the annihilation cross section and the mass
of the predicted particles. Currently the new Cherenkov telescopes and the Fermi Satellite
are promising for detecting dark matter indirectly[5].

2.4.2 Detection at the LHC

At the LHC after the Higgs boson was discovered DM searches are one of the most im-
portant BSM searches. The LHC collides protons at a center of mass energy of 13 TeV,
an energy scale for which it is predicted that WIMPs could be produced. The two large
detectors ATLAS and CMS aim to detect SM particles and new physics, however a pro-
duced WIMP would escape undetected and a leave a signature of MET. The MET comes
from that WIMPs are assumed to be produced in processes with SM particles and as the
SM particles are detected the undetected DM leads to violation of energy and momentum
conservation. Currently at the LHC a lot of events containing MET are observed which
could indicate new physics. However SM processes do contribute to these signatures and so
far no excess in events has been observed. One of the dominant contributions to the MET
are the produced SM neutrinos ν which escape the detectors, additionally measurement
errors could also contribute. Still these events are of great interest to find new physics.
Furthermore, one of the main reasons for constructing the detectors at LHC to cover as
much of the solid angle as possible is to provide as much information as possible of such
events.

One of the usual approaches to search for DM at the LHC is to investigate mono−X
signatures, which refers to processes of the kind pp→ DM +X[11]. X can be a number of
different SM particles such as higgs, photons or jets. Further note that the notation DM
does not necessarily mean a single production of DM. Regardless of the popularity of these
processes they face the challenge of being visible on top of their SM background, which
refers to the events produced via only SM particles. To investigate such processes one
compares the observed events in comparison to the predicted events from the theoretical
models. The theoretical models have different degrees of freedom such as coupling constants
and the masses of the new particle. Depending on how they are chosen different predictions
and signatures are obtained, therefore parameters spaces are investigated within the limits
of the theory. If the observations are in agreement with the predicted background, the so
called null-hypothesis, the observations results in exclusion or constraints on the model.
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If however and hopefully an excess in events is observed a careful statistical analysis is
made to ensure the discovery, for further details see section (5). In conclusion, the LHC is
a good candidate to produce WIMPs, detect them and determine their properties such as
the mass and spin.

2.5 Dark Matter Model building

There are two popular approaches to build models and search for DM at the LHC.
One is the so called simplified model approach and the other is called Effective field
theory(EFT). In a simple description the differences between them is that the a simplified
model provides a more complete description of the physics while the EFT gives a more
general framework. In a simplified model one simplifies a complete model (for example
SUSY) by introducing the final state particles of interest and the interaction to the SM
via some mediator (SM or BSM). The EFT on the other hand leaves out the mediating
step and therefore has less degrees of freedom providing a general description. One can
think of the simplified model as using a magnifying glass to resolve the intermediate step
of the EFT. The EFT and simplified model approach can be represented for example via
the following diagrams.

The first diagrams describes a generic s-channel diagram of a simplified model with some
propagator Z ′ and the right one a general EFT diagram. When building a model for
such diagrams what one does is to add new terms to the SM Lagrangian, imposing the
SM symmetries and the symmetries that might be part of the new model. An important
difference between the EFT and simplified model is that the simplified model must contain
renormalizable terms while the EFT must not.

2.5.1 The Effective Field Theory for DM

The EFT framework was a popular approach in the first searches for DM at LHC, during
run 1. As an EFT provides a general description it is an economic way to start searching
for a final state. The searches provide model independent limits and tell us what is possible
to search for and in which region we might find it. Therefore a useful tool for DM searches
as the interaction and properties are still unknown. The basic idea of an EFT is to only
use the degrees of freedoms needed, write down all the interaction which are possible and
expand in energy and momenta[12]. In an EFT the mediator mass M is factorized out
providing a low energy limit description of the interactions. The model is however only
reliable up to the energy referred to as the cut off scale Λ. When evaluating the scattering
amplitude at an energy scale above Λ the perturbativity breaks down and the results are
no longer trustworthy. The cut off is of the order Λ2 ∼ M2/g2, where g is some coupling
of the interaction[13]. Furthermore the EFT has the limitation of only being valid up to
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a certain momentum exchange p2 . M2 − Λ2. This is a drawback at the LHC due to the
high center of mass energy. One can only use the events within the limit therefore leaving
fewer events to provide a result. For the case of direct detection where the momentum of
the cold dark matter is lower the EFT does not have the same problem. This is however
an argument for using an EFT at the LHC as one can compare the results with searches
from direct detection.

For an EFT one reduces the interactions to non-renormalizable operators where the
mass dimensions can be above 4(mass dimension equal to or below 4 is the condition for a
renormalizable operator). An example of fermionic DM interacting with SM quarks via a
scalar mediator would be[14],

LEFT =
c

Λ2
(q̄q)(χ̄χ). (13)

c denotes the Wilson coefficient, a dimensionless number. Furthermore, as one can see the
operator has a mass dimension of 6 and has the cut off scale Λ with Λ2 ∼M2/g2.

Additionally an interesting feature of an EFT is if DM would have a mass above the
reach of the LHC. Then one one could use the EFT to investigate the contributions of the
interaction at lower energies.

2.5.2 The Simplified Model framework

The simplified model framework was during Run 2 at the LHC the more popular approach
in DM searches. A simplified model has the advantage of being able to fully describe the
kinematics of the new physics by introducing new parameters[15]. The free parameters
introduced are the couplings between the particles and the mediator, the mass of the
mediator MMed and the mass of the DM MDM . The width of the mediator ΓMed is also a
new parameter of the model, however it is dependant on the other free parameters and is
determined via them.

The simplified models originate from more complicated, full models of physics, but
they only test a small part of them. This is a favourable way of testing new physics as it
tests a specific model but with less degrees of freedom. To build a DM simplified model
adapted for the LHC one needs to fullfill the following criterias[14][16],

i) It should provide a simple model describing a part of a more complicated model.
ii) The description of the physics involved should be complete enough to provide results
which can be tested at the LHC.
iii) The contraints on its parameter space from non-high PT should be satisfied.
iv) The model should contain a DM particle which is stable or stable enough to escape
the detector before decaying.
v) The Lagrangian describing the new physics should be invariant under Lorentz transfor-
mations, the SM gauge group SU(3)c×SU(2)L×U(1)Y and under the symmetry ensuring
DM stability. Additionally the Lagrangian must be renormalizable i.e the operators should
have a mass dimension below or equal to 4.

The following examples of models aim to give an insight into how one can build a
simplified DM model. Note that other BSM extensions are also considered in the search
for DM. For example models studying vector mediators, Majorana DM candidates or going
beyond the tree-level studiyng Next to Leading Order (NLO) contributions.

Commonly one builds a model as a minimal extension to the SM by introducing one
mediator, for example a scalar or a pseudoscalar and the DM particles commonly scalar
or fermionic. The interactions at tree level are often the most interesting as they have the
largest contribution to the final state under investigation.
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An example would be a s-channel via a scalar mediator pair-producing scalar DM. The
minimal extension would then be to assume the mediator to be the higgs field resulting in
the Lagrangian[14],

L =
1

2
(∂µφ)2 − 1

2
(mφφ)2 −

λφ
4
φ2H†H. (14)

φ is the assumed DM scalar particle,mφ it’s mass, λφ the coupling andH the higgs doublet.
The first term is the kinetic term and the second is the mass term. The last term contains
the interaction between the higgs field h and the scalar DM. This is due to that the higgs
doublet is proportional to the higgs field and the VEV, φ2H†H ∝ (v + h)2φ2 resulting in
the following Lagrangian,

L =
1

2
(∂µφ)2 − 1

2
(mφφ)2 −

λφ

2
√

2
vhφ2. (15)

v is the vacuum expectation value (VEV). In equation (14) the four-point interaction
between DM and two higgs fields are also included. That term is not of interest in a
scattering experiment as this signal will have a low contribution to the production of DM,
however it would contribute in the thermal production in the early big bang.

The higgs field interacting with DM is an interesting channel to investigate as exper-
imental results verify that the higgs particle has a so called "dark sector" meaning that
the higgs particle decays into particles which are not detected. When using the model one
has to take experimental constraints into account. The branching ratio(BR) of the dark
sector is about 20% i.e ΓDS/Γ ∼ 20%, DS denoting "Dark Sector". This puts constraints
on the coupling given the mass of the DM particle. This happens as the partial decay width
Γ(h→ φφ) is a function of mφ and λφ and furthermore has the propotionality to coupling
squared Γ(h→ φφ) ∝ λ2φ. Furthermore for the interest of other scalar extension note that
one can replace the higgs field with another BSM scalar mediator, however this field would
introduce more free parameters to the model making it less simple.

Another interesting and common DM particle property is that it is fermionic, a spin-1/2
Dirac fermion χ. For these models one can add a scalar S or pseudo-scalar A mediating
the process. The interaction is then modeled via a Yuakawa interaction resulting in the
following Lagrangian for the generic case, [14],

L =
1

2
∂µS∂

µS − 1

2
(mSS)2 + χ̄(i/∂χ−mχ)χ− cχSχ̄χ− cSMS

∑
f

yf

2
√

2
f̄f. (16)

The first three terms describe the mass term and kinetic terms of S and χ. The bar notation
is defined as Ψ̄ = Ψ†γ0 and the slash notation is defined as /a = aµγ

µ, for a four-vector
aµ[17]. The summation spans over f which refers to the SM fermions. The couplings are
cχ refers to the coupling via the scalar mediator and DM and cSM the coupling between
the SM fermions and the scalar mediator. According to the minimal flavour violation this
interaction has to be proportional to the Yukawas yf therefore a part of the interaction
term.

For the case with the pseudo-scalar mediator A the same terms arise, but with a iγ5

in order to make the Lagrangian invariant under the SM symmetries resulting in,

L =
1

2
∂µA∂

µ − 1

2
(mAA)2 + χ̄(i/∂χ−mχ)χ− cχAχ̄iγ5χ− cSMA

∑
f

yf

2
√

2
f̄ iγ5f (17)

Similarly as for the scalar DM model with higgs mediating the process the partial widths
and the cross sections are functions of the free parameters {mχ,mS/A, cχ, cSM} and there-
fore measurements can provide constraints on the models.
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3 Simplified Model

In this section the two simplified models used in the study are presented. They provide a
general framework to investigate the properties of the DM candidates rather than specifying
a full model. The models are extensions to the SM via a Yukawa interaction with the SM
top quark, the DM state and the BSM mediator. An important property of both models
is the imposed Z2-parity which ensures DM stability [28]. The Z2-parity is a discrete
symmetry under which the SM particles are even and the DM and the mediators are odd.
In order for the Lagrangian to be invariant under this symmetry the terms with two SM
particles are discarded, therefore DM cannot decay into any SM particle. Furthermore
the DM candidates are assumed to be the lightest state of the extension leaving it no
possibility to decay further into new BSM states. Due to the imposed parity one needs
two odd fields in the interaction term, which is where the mediators of the models come
in to use. The mediator and the DM particles are odd under Z2 leaving the the Yukawa
interaction invariant under the transformation.

The essential difference between the the two models is the spin of the DM and the
mediators. Furthermore they have the same final state as stop-neutralino searches at the
LHC and therefore one can use previous SUSY searches to interpret the results via a
recasting.

3.1 Scalar DM and Dirac fermionic top partner model

The dark matter candidate in this model S0 is a scalar i.e it’s a spin-0 particle and fur-
themore has no electric charge. The model also introduce a new spin-1/2 fermionic top
partner T . The top partner is referred to as a vector like quark as it transforms vector like
under the SM gauge group SU(3)c × SU(2)L(1)Y . VLQs are of general interest as they
are possible solutions to a number of open question within physics. Additionally numerous
of theoretical models motivate VLQs to be mediators from the SM particles to the dark
sector such as Little Higgs models with T-parity or Universal Extra Dimensions (UED)[18].
Furthermore T is color charged, has the electric charge Q = 2/3 and the lefthanded and
right handed chiral component transform equally under a chiral transformation. For the
considered singlet representation of S0 the top partner can have different gauge invari-
ant representations fot the interaction, singlet and doublet. In this model the singlet is
considered. The model introduces the free parameters {cS0T ,mT ,mS0} and produces the
following process,

pp→ T̄ T t→ S0S0j,

The following generic loop-diagrams represent the production process at the LHC, while
the tree-level diagram represent the annihilation process used for calculations of the relic
density ΩS0 .
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Figure 3: Generic Feynman diagrams for the S0T -model.

These diagrams are generic as different topologies can be obtained for the box and the
loop. For the first two diagrams the SM quarks will also contribute to these topologies as
the gluons can come from quarks radiating gluons, additionally the inital gluons in the
triangle can changed to a qq̄-pair.

The terms needed as extension to the SM lagranian to enable these interactions are as
follows,

LS0 =
1

2
∂µS

0∂µS0 − 1

2
(mS0S0)2 (18)

The first term describes the free propagating S0 and the second it’s mass term. For T the
kinetic and mass term is as follows,

LT = iT̄ γµDµT −mT T̄ T (19)

The covariant derivate Dµ is used to conserve the SM symmetry and contains the gauge
interaction with the SM gauge bosons. Regarding its mass term, the top partners property
under a chiral transformation allows for a gauge invariant mass term, compared to the SM
fermions where the higgs mechanism is needed.

Finally the interaction is modelled via the following Yukawa interaction

LYS0 = cS0T T̄PRtS
0 + h.c. (20)

PR is the projection operator to project out the right handed chiral component of the field,
PR = 1

2(1 − γ5). h.c. refers to the hermiatian conjugate, which is needed to conserve the
chiral symmetry.
Finally summing up the terms describes the simplified model,

LS0
tot

= LS0 + LT + LYS0 (21)
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3.2 Dirac fermionic DM and scalar top partner model

In this model a Dirac fermion DM candidate χ and a scalar top partner t̃ are added as an
extension to the SM. The top partner t̃ is color charged, has spin equal to 0 and has the
electric charge Q = 2/3. The introduced DM field χ has spin 1/2 and the electric charge
Q = 0. The representation considered for both fields is the singlet representation. The
model introduces the free parameters {cχt̃,mt̃,mχ} and produces the following process,

pp→ t̃∗t̃t→ χ̄χj.

The following generic loop-diagrams represent the production process at the LHC, while
the tree-level diagram represent the annihilation process used for calculations of the relic
density Ωχ.

Figure 4: Generic Feynman diagrams for the χt̃-model.

The diagrams are generic for the same reasons as described for the S0T -model and the
quarks contribute in the same manner as well. Further note that this model contains a
four-point interaction (the third diagram) compared to the S0T model where it is not
included.

To extend the SM to have the above described interactions the terms below are included
in the Lagrangian,

Lχ = iχ̄γµD
µχ−Mχχ̄χ. (22)

The first term describs the kinetic term of χ and the second term is the mass term. In the
singlet representation the mass term is gauge invariant without the higgs field.
For t̃ the kinetic and mass term is described by the following,

Lt̃ =
1

2
Dµt̃

∗Dµt̃+ h.c.−M2
t̃
t̃∗t̃. (23)
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The interaction between the SM gauge bosons and the stop squark is contained in the
covariant derivative Dµ. The field t̃∗ denotes the antiparticle of t̃, which is needed to
conserve the U(1)Y symmetry. The hermitian conjugate denoted h.c. is introduced to
conserve the SM gauge symmetry.

The Yukawa interaction resulting in production of the DM is described by,

LYχ = cχt̃t̃PRt̄χ+ h.c. (24)

Finally the total Lagrangian describing the simplified model is obtained by summing
up the above terms resulting in,

Lχtot = Lχ + Lt̃ + LYχ . (25)

4 Collider Physics

To find new physics at the LHC specific kinematical variables are used to quantify what
is observed and compared to the theoretical models. For the purpose of this study the
important ones are the transverse momentum PT , pseudorapidity η and missing transverse
energy /ET . Furthermore, in order to study these variables one must also analyse if the
processes produce enough events. This is done via the variables cross section σ, decay
width Γ, luminosity L and the threshold energy Ethreshold.

4.1 Production & Decay of Particles

The minimum energy needed to produce new particles is referred to as the threshold energy,
Ethreshold. The concept arises from the energy relation from special relativity,

E =
√
m2 + ~p2. (26)

Producing particles at the threshold energy means that all the energy from the collision is
converted to mass of the new particles. To derive the threshold energy from collisions at
relativistic energies one uses the Lorentz invariant four-vectors pµ and Mandelstam variable
s defined as,

pµ = (E, ~p),

p2µ = pµp
µ = m2,

(27)

E2
CM = s = (pµ1 + pµ2)2. (28)

Here using the Minkowski metric diag(1,−1,−1,−1). ECM denotes the center of mo-
mentum energy. At the LHC the incoming particles are protons which contain gluons and
quarks. The mass of the gluon is zero and the quark mass is negligible in the ultra relativis-
tic limit. Evaluating equation (28) together with equation (27) using the approximation of
the quark mass to be zero one finds the ECM for the outgoing particles.

ECM =
√
s ≈ 2

√
|~p1||~p2| = 2|~pbeam| ≈ 2Ebeam. (29)

Ebeam denotes the energy of the beam. Considering the case of the particles being produced
at rest with no momentum one concludes,

Ethreshold =

N∑
j

mj = ECM = 2Ebeam. (30)
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Where the summation is over the final state particles. In conclusion this sets a limit for
how massive particles can be produced at the LHC given the beam energy.

To detect a new particle it is of importance to produce a large number of events
for the process. The number of events produced, N , is described by the luminosity at the
collider and the cross section of the process. The number of events produced per unit time
is,

dN

dt
= σL. (31)

L describes the beam in the unit [m−2s−1]. The cross section σ has the unit barn [1b =
10−28m2] and is proportional to the probability for the interaction to occur. When taking
into account crossing angle, beam offsets, beam-beam interactions one defines L with a
form factor F [19],

L = F × N1N2f

4πσxσy
. (32)

N1 and N2 are the number of particles in the beams and f = 1/∆t is the bunch frequency.
The produced number of events is obtained by the integrated luminosity Lint, integrated
over the time period for the run at LHC. The total number of events at the truth level is
therefore given by,

N = σ

∫
Ldt = σLint. (33)

Commonly Lint is denoted as L which will be the notation used in this report.
When considering loss in the signal on introduces an efficiency, ε defined as,

ε =
Number of surviving events

Initial number of events
(34)

Which leads to,

N = σ

∫
Ldt = σεLint. (35)

In the framework of Quantum field theory one calculates the cross section and decay
widths from converting the transition amplitude, the scattering amplitude M into these
measurable quantites[20]. In a scattering scenario one considers the transition of the in-
coming particles to the outgoing ones,

〈Out|In〉 = 〈~p1, ~p2|S| ~k1, ~k2〉 . (36)

The incoming particles have momentum ~k1, ~k2 and the outgoing ~p1, ~p2. The S operator
relates the incoming and outgoing states and is related to the scattering amplitude via the
T -matrix, defined as,

S = 1 + iT. (37)

If S = 1 no interaction has occurred and therefore the transition amplitude is related to
T . The relation between T andM is the following,

〈~p1 ~p2|iT | ~k1 ~k2〉 = (2π)4δ(4)( ~k1 ~k2 −
∑
f

~ρf )iM (38)

The densities of particles are denoted by ρf . The common way to calculate M is via
the so called Feynman rules[17]. The rules produce a technique for calculating M using
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the Feynman diagrams. Once the scattering amplitude is calculated the cross section is
obtainable via the following definition,

dσ =
|M|2

F
dLIPS, (39)

The Lorentz invariant phase space is denoted by dLIPS and the flux factor via F .
To investigate the kinematics of the events one uses the differential cross section. For

the example of two equal incoming and two equal outgoing particles, i.e m1 = m2 = m,
m3 = m4 = M and m2 << E2

CM the differential cross section is obtained via,

dσ

dΩ
=

|M|
64π2E2

CM

√
1− 4M2

E2
CM

. (40)

Ω denotes the solid angle.
Many of the produced particles at the LHC are unstable and decay into other states
resulting in a chain of events. For a particle A the decay width Γ is defined as [21],

Γ =
1

τ
=

Number of decays per unit time
Number of A particles present

. (41)

The life time is denoted by τ . In QFT one obtains the decay width viaM in the following
way,

dΓ =
|M|2

2m
dLIPS. (42)

The mass of the decaying particle is m.

4.2 Missing Transverse Energy and Pseudorapidity

Transverse momentum is the momentum associated with the components perpendicular
to the beam line. Particles with high PT are of interest as they are probable to originate
from events of new physics.

Defining the zth component to be along the beam line, PT is defined as follows[22],

PT =
√
p2x + p2y. (43)

From equation (26) and (43) the definition of transverse energy follows as,

ET =
√
m2 + P 2

T . (44)

For events containing particles which are invisible to the detector the energy momentum
conservation is violated for the obtained signals. These events are therefore described via
the MET, defined as,

/ET =
∣∣∣− N∑

i

~pTi

∣∣∣. (45)

The summation index i denotes the visible final state particles.
When the particles hit the detector the location is of great interest in order to recon-

struct the kinematics of the event. In systems of ultrarelativistic velocities pseudorapidity
η is a favourable quantity to use as it relates to the angle relative to the beam axis. η is
an approximation of the relativistic quantity rapidity Y . Rapidity itself is used to describe
relative motions of frames of relativistic velocities.

At the LHC for two incoming protons of the momentum fraction xi(0 ≤ xi ≤ 1) with
the four vectors,

kµ1 = (x1p, 0, 0, x1p), k
µ
2 = (x2p, 0, 0,−x2p) (46)
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Rapidity is defined as,

Y =
1

2
ln
E + pz
E − pz

=
1

2
ln
x1
x2
. (47)

In the ultrarelativistic limit where the mass is negligible i.e m→ 0 and E → |~pz| rapidity
simplifies to η in the following way,

η = − ln tan
θ

2
. (48)

Where θ is the angle relative to the beam axis. Additionally a useful property is that a
relative difference in Y , ∆Y = Y2 − Y1 is Lorentz invariant.

5 Statistical Analysis

To discover new physics at the LHC one must observe a signal which is statistically signif-
icant in comparison to the signal from the SM background. The first step in the analysis
is to generate the events from the SM background and from the model describing the new
physics via Monte Carlo simulations. The data obtained from simulations and the number
of events observed at the LHC are compared as function of different kinematical variables.
If there is a discrepancy between the observed events and the predicted SM background, i.e
an excess in events, one resorts to a statistical analysis to verify the likelihood of the excess
not being a statistical fluctuation. Furthermore if no excess is observed i.e the observation
corresponds to background only hypothesis the negative result excludes or sets exclusion
limits on the model describing the new physics.

In this study the aim is to investigate, given a discovery can one can differentiate
between the signals corresponding to dark matter particles of different spin and different
masses. To find the significance of the incompatibility of the signals a χ2-test statistic is
performed. If the result is positive the conclusion is that given a 5σ CL discovery one can
characterize the spin and the mass of the dark matter candidates at a 2σ CL.

5.1 Significance level & Likelihood ratio test

The expected number of events, ni for the signal and the background to be observed at
the LHC can be described via[23],

E[ni] = siµ+ bi. (49)

Where i refers to a specific region of the kinematical variable referred to as the bin. µ
describes the strength of the new signal and corresponds to the following interpretation,{

µ = 0 , Null-hypothesis or Background-only hypothesis,
µ 6= 0 , Background + Signal hypothesis.

(50)

Usually one compares the hypothesis through a profile likely hood ratio test which results
in a p-value describing the probability of the disagreement between the signal and the
null-hypothesis. The likelihood of n events being observed when m events are expected are
described via a Poisson distribution,

Poisson(n|m) =
e−mmn

n!
=
e−sµ+b(sµ+ b)n

n!
. (51)

However at a the LHC one must introduce systematical uncertainties originating from
for example loss of information in µ due to uncertainties in the measurement apparatus.
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These uncertainties are taken into account via a nuisance parameters, θ. This resolves in
the following likelihood[19],

L =
∏
i

∏
ik

Poisson(nik |mik(µ, θ))
∏
j

P (θ̃j |θj). (52)

P (θ̃|θ) is the probability distribution of θ and θ̃ is the variation in θ. Commonly it follows
a Gaussian distribution, but that’s not always the case, therefore a general notation of the
probability P (θ̃j |θj) is used.

To test the hypothesis the following likely hood ratio is considered,

λµ =
L(µ,

ˆ̂
θ)

L(µ̂, θ̂)
(53)

The numerator describes the so called conditional maximum-likelihood where ˆ̂
θ is the value

of θ which provides the maximum L. The denominator is referred to as the unconditional
maximized likelihood where µ̂, θ̂ maximize L. Introducing the nuisance parameters as a
function of µ results in a broadened likelihood profile in comparison to if they were set to
a specific value. In order to investigate the disagreement between the background and the
signal from a likelihood ratio one performs a statistical test using tµ,

tµ = −2ln(λµ). (54)

The p-value is then obtained from the probability density function belonging to the signal
of strength µ,

pµ =

∫ ∞
tµ,obs

f(tµ|µ)dtµ (55)

To exclude the signal at confidence level of 1−α one needs p(tµ ≥ tµ,obs) < α. Furthermore
the p-value can be quantified into a significance level Z,

Z = φ−1(1− p) (56)

φ−1 is the inverse cumulative standard Gaussian distribution. To evaluate the significance
level Z without systematical uncertainties the following is used,

Z =

√
2((s+ b)ln(1 +

s

b
)− s). (57)

For the case when s + b is large and the background is known i.e when s � b, expanding
the logarithm results in,

Z ≈ s√
b

(58)

The approximation described by equation (58) can also be used in the form of the total
number of events(N = s+ b) and no background(N = s),

Z ≈ s√
s+ b

, N = s + b, (59)

Z ≈ s√
s
, N = s. (60)

When analysing the the full signal at the detector level one must incorporate the system-
atical uncertainty σb into the evaluation of the significance, which results in[24],

Z =

√√√√2

(
(s+ b)ln

[
(s+ b)(b+ σ2b )

b2 + (s+ b)σ2b

]
− b2

σ2b
ln

[
1 +

σ2bs

b(b+ σ2b )

])
. (61)
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In the limit s << b the Z evaluated with including σb can be approximated by,

Z ≈ s√
b+ σ2b

. (62)

Finally, in order to verify that new physics has been observed at LHC the significance
level of Z = 5 is required.

5.2 Differentiation of signals, χ2-test

A χ2-test is performed on the /ET distributions in order to predict a possible differentiation
of the spin and mass of the DM candidates considered. The imposed condition for a
differentiation between the signals is (p− 1) > 95.45, p denotes the so called p-value. This
corresponds to a statistical incompatible of the signals at a 2σ CL. Furthermore, this
section explains why the test can be used and how it is performed.

The central limit theorem states that for a set of random independent variables
X1, X2, ...Xn which are identically distributed with the sum κn = X1 + X2 + ... + Xn.
Then the standardized sum κ converges towards a standard normal distribution for large
number of samples, n. κ is defined in the following way[25] ,

κ =
Sn − nµ
σ
√
n

, (63)

nµ denotes the mean value and nσ the standard deviation. The central limit theorem then
states that for the distribution function FZn ,

lim
n→∞

FZn = Φ(z), (64)

Φ(z) denoting the standard normal distribution. This result is necessary for claiming that
the number of events obtained in the signals are random independent variables and normal
for a large number of events.

The sum of the square of a set of random independent normal variables are said to
follow a χ2-distribution[26]. Due to this, one can perform the goodness fit test, the χ2-
square test of the signals. The result will provide a p-value corresponding to with what
probability the two data sets are the same. The χ2-square test for two signals are performed
in the following way,

χ2 =

n∑
i=1

(N i
1 −N i

2))
2

Max(N i
1, N

i
2)
. (65)

The summation spans over n bins where N i
j corresponds to the number of events of the jth

signal in the ith bin. At parton level when no background is considered the test becomes,

χ2 =
n∑
i=1

(Si1 − Si2)2

Max(Si1, S
i
2)

=
n∑
i=1

(W i
1 −W i

2)2

Max(W i
1,W

i
2)
εσL. (66)

Sij denotes the signal events and W
i
j the weights of the jth signal in the ith bin, σ the cross

section and L the luminosity. The efficiency ε, varies depending one how cuts affect the
signals.

At the detector level the full signals including the background is considered in the test,
which resolves in,

χ2 =
n∑
i=1

((Si1 +Bi)− (Si2 +Bi))2

Max(Si1 +Bi, Si2 +Bi)
=

n∑
i=1

(Si1 − Si2)2

Max(Si1, S
i
2) +Bi

. (67)
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Bi denotes the number of predicted SM background events in the ith bin. Furthermore
note that the number of background events have a great affect on the test as it only shows
up in the denominator. Also note from equation (67) that the χ2-test result is expected to
increases with increasing luminosity for a fixed σ and ε.

The p-value for n bins is obtained from the integral of the χ2-distribution from the
value obtained of the test,

p =

∫ ∞
χ2

fn(x)dx. (68)

For a χ2-test when the number of events in the nth bin can determined using the data in
N i

1, N
i
2 and the total number of events the degrees of freedom reduces by one. Therefore

one uses the probability distribution function for n−1 degrees of freedom. In this study we
do not necessarily consider all bins with events. Therefore there is no bin with the number
of events equal to the total number of events minus the number of events in the other bins,
hence one have to use the probability distribution function of n dof.

6 Analysis of Couplings

This part of the theory explains the method that is used to analyze the couplings from the
simulations.

In a renormalizable theory the cross section is only calculable up to a maximum mag-
nitude of the couplings. Above this value the theory becomes non-perturbative, hence one
can’t make predictions for the process via a perturbation. For a theoretical model in QFT
the couplings are free parameters and can be changed to obtain different cross sections.
As the goal is to make prediction for discrimination at discovery analysis of the couplings
corresponding to this cross section is made.

The goal of the analysis is to find how much freedom one has to choose the coupling
strength and if the couplings are within the perturbative limit of the theory. The magnitude
of the coupling at a 5σ CL discovery is then needed to be below the perturbative limit i.e
c5σ ≤ 4π to be able to use the results from the simulations.

The Feynman diagrams under consideration have two couplings that are free parameters
{cS0T , cχt̃}. In this section the general notation of c is used for them. The cross section is
proportional to the scattering amplitude squared, see equation (39). Using the Feynman
rules leads to that the cross section is proportional to the fourth power of the coupling for
the considered processes,

σ ∝ c4 (69)

Due to this relation if one factorizes out the coupling for the simulations for a fixed mass
point the values remains constant. In other words the following holds,

σ

c4
=
σsim
c4sim

(70)

Where csim denotes the coupling used in the simulations and σsim the cross section obtained
from simulations. To obtain the wished cross section the coupling can be changed in the
following way,

σ =
c4

c4sim
σsim. (71)

Furthermore csim is chosen for the simulation such that the Narrow width approximation
(NWA) holds. The conditions widely used to impose the NWA is as follows[27],
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NWA condition: the total decay width ΓMed of the mediating particle of the process is
smaller than it’s mass, MMed, such that ΓMed/MMed < 10%.

This condition is necessary for loop calculations with finite widths as there only exists
numerical techniques to evaluate such diagrams within the NWA. Furthermore, the NWA
is a mathematical definition which sets the Γ to a Dirac delta, in other words it’s an
approximation. Numerically a correction is introduced which is of the order O(Γ/M) to
some power, where one wants these errors to be negligible through ensuring that the NWA
holds.

Finally in order to find the coupling needed for a 5σ CL discovery one combines equa-
tion(35) with equation(71) leading to,

c5σ = csim

( σ5σ
σsim

) 1
4

= csim

( S5σ
εLσsim

) 1
4
. (72)

S5σ corresponds to the number of signal events needed for a discovery. At parton level S5σ
is determined via equation(57) and at detector level via equation (61).
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Part II

Simulations & Analysis

7 Introduction to the Simulations

The simulations are made in order to give a broad understanding of how different MDM

and MMed affect the processes. The aim is to investigate in the {MDM ,MMed}-plane
where a search is adequate and if a differentiation is possible. The following mass points
are considered, shown in the table below.

MMed [GeV] MDM [GeV]
1000 800, 500, 100
750 550, 375, 100
500 300, 100
300 100

Table 1: Mass points used for simulations.

MMed refers to the mediator mass MT or Mt̃ and MDM to the mass of the DM candidates
MS0 or Mχ. The maximum allowed MDM for a fixed MMed is given by the leading order
process of T, t̃→ DM + t, DM = {S0, χ}. Resulting in, MMed ≥Mt +MDM . Mt denotes
the mass of the SM top quark.

For numerical values of the simulated cross sections σsim see appendix (B) table (32).
The value of the coupling used for the simulations is csim = 1 for which the NWA condition
holds.

8 Parton level Analysis

This analysis provides information about how the interactions behave before hadronization
and before detection and if one can differentiate between the spin and mass via a χ2-
test. No loss of information in the signals are taken into account. The numerical results
are obtained via Monte-Carlo simulations made with the software MadGraph [29]. The
numerical model used for the simplified model was built for LO and NLO calculations via
Mathematica [30] using the packages FeynRules and FeynArts [31]. For more information
on how the parameters are chosen, see the generic parameter cards in appendix (C).

Furthermore, the distributions of the kinematic variables transverse momentum PT and
pseudorapidity η of the mono-jet and missing transverse energy /ET of the processes are
analysed.

8.1 Kinematical Distributions

The mono-jet processes are behaving according to equation (45), therefore PT and /ET
have the same distributions. For that reason the analysis is made only of the kinematic
variables /ET and η, shown below. Furthermore the notation in the plots MStop refers to
Mt̃ and MTP to MT .
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Figure 5: PT distributions for mono-jet from processes with χ or S0.

For fixed spin the /ET -distributions are similar for different {MMed,MDM}. This is expected
as the DM particles do not interact with the jet directly. Further note that the largest part
of the weight is below 200 GeV. Commonly in mono-jet searches a cut is placed in the
low /ET -region, which will result in losing most of the events. Furthermore, the weight in
the bins decreases with increasing /ET , but simultaneously the relative difference between
the signals increase. To exploit this behavior a high luminosity is favourable in order to
produce enough events in the high /ET region where the relative difference is the greatest.
For normal scale plots of the /ET -distributions, see appendix (A.1).

Figure 6: η distributions for mono-jet from processes with χ or S0.

The signals originating from η are very similar, therefore the /ET -distributions are deemed
the best to use for differentiation. However, the η-distributions can be used to optimize
cuts in relation to the SM background to provide a better statistical significance.

8.2 Analysis of differentiation and couplings.

A χ2-test is performed on the /ET -distributions in order to investigate if one can differen-
tiate between the spin and mass of the DM candidates at a 2σ CL. The test is performed
according to equation (66) with the approximation of a 5σ CL discovery with no back-
ground. Therefore the number of signal events needed S5σ is obtained via (60).

The analysis of differentiation is made at L = 300[fb−1] for a 5σ CL discovery at
L = 100[fb−1] and L = 300[fb−1]. The dof are determined from the number of bins in
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the region 100 ≤ /ET ≤ /ETmax [GeV]. /ETmax is adapted s.t the bins contain at least one
event. A cut is placed on /ETmin = 100 GeV in order to not provide a too strong result at
parton level compared to at detector level where cuts are used to reduce the number of
background events. The results are presented in tables below where a value highlighted in
red corresponds to a discrimination at a 2σ CL or above.

8.2.1 Analysis of differentiation at L = 300[fb−1] for a discovery at L = 300[fb−1]

This analysis is made for a discovery and differentiation at L = 300[fb−1]. The χ2-test
of the /ET -distributions ranges between 100 ≤ /ET ≤ 500, with a bin size of 100 GeV and
therefore 4 dof freedom are used. To differentiate between the spin and mass at a 2σ CL
the following test statistic value is needed, χ2 ≥ 9.72.

(MMed,MDM) [GeV] → (300,100) (500,100) (500,300) (750,100) (750,375) (750,550) (1000,100) (1000,500) (1000,800)
cS0T 0.6 0.9 1.1 1.2 1.7 2.2 1.6 2.5 3.7
cχt̃ 0.8 1.1 1.2 1.6 1.9 2.2 2.0 2.9 3.6

Table 2: Magnitudes needed for the couplings for a 5σ CL discovery. Values highlighted in
red corresponds to a magnitude within the perturbative limit.

In all cases the couplings are below 4π and are therefore within the perturbative limit of
the theory. This allows for comparison of the simulated signals via a χ2-test.

(Mt̃,Mχ) [GeV] ↓
(MT ,MS0) [GeV] ↓ (300,100) (500,100) (500,300) (750,100) (750,375) (750,550) (1000,100) (1000,500) (1000,800)

(300,100) 0.02 1.87 1.07 3.50 2.36 1.52 3.13 3.20 2.10
(500,100) 0.19 1.43 0.73 2.82 1.78 1.16 2.44 2.53 1.55
(500,300) 0.26 0.88 0.33 2.17 1.23 0.69 1.84 1.92 1.02
(750,100) 0.10 1.97 1.10 3.45 2.30 1.52 3.07 3.12 2.07
(750,375) 1.07 0.28 0.07 0.92 0.31 0.04 0.74 0.74 0.24
(750,550) 1.17 0.22 0.07 0.82 0.25 0.08 0.61 0.65 0.17
(1000,100) 0.07 1.48 0.74 2.92 1.84 1.13 2.55 2.62 1.62
(1000,500) 1.16 0.34 0.14 0.86 0.28 0.10 0.67 0.68 0.23
(1000,800) 1.60 0.04 0.11 0.58 0.16 0.08 0.41 0.46 0.06

Table 3: Differentiation of the spin of S0 and χ for different masses. Values highlighted in
red corresponds to a possible differentiation at a 2σ CL.

Differentiation of the spin is not possible for any of the mass points. The most promis-
ing cases are differentiation between {MT ,MS0} = {(300, 100)} GeV and {Mt̃,Mχ} =
{(750, 100), (1000, 500), (1000, 100)} GeV and differentiation between {MT ,MS0} =
{(750, 100)} GeV and {Mt̃,Mχ} = (750, 100), (1000, 100) GeV.

(MT ,MS0) [GeV] (300,100) (500,100) (500,300) (750,100) (750,375) (750,550) (1000,100) (1000,500) (1000,800)
(300,100) x 0.25 0.33 0.17 1.19 1.30 0.13 1.30 1.72
(500,100) x x 0.10 0.13 0.83 0.82 0.045 0.79 1.31
(500,300) x x x 0.30 0.44 0.45 0.11 0.47 0.78
(750,100) x x x x 1.14 1.20 0.06 1.14 1.77
(750,375) x x x x x 0.03 0.81 0.05 0.13
(750,550) x x x x x x 0.86 0.02 0.11
(1000,100) x x x x x x x 0.84 1.32
(1000,500) x x x x x x x x 0.20
(1000,800) x x x x x x x x x

Table 4: Differentiation of MS0 . Values highlighted in red corresponds to a possible dif-
ferentiation at a 2σ CL.

Determining MS0 is not promising at parton level as differentiation between signals
originating from different MS0 is not possible.
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(Mt̃,Mχ) [GeV] (300,100) (500,100) (500,300) (750,100) (750,375) (750,550) (1000,100) (1000,500) (1000,800)
(300,100) x 1.78 0.98 3.35 2.12 1.40 2.98 3.04 1.97
(500,100) x x 0.18 0.58 0.20 0.22 0.38 0.49 0.08
(500,300) x x x 1.05 0.41 0.13 0.81 0.88 0.26
(750,100) x x x x 0.19 0.68 0.05 0.01 0.32
(750,375) x x x x x 0.19 0.11 0.11 0.04
(750,550) x x x x x x 0.55 0.54 0.15
(1000,100) x x x x x x x 0.04 0.18
(1000,500) x x x x x x x x 0.23
(1000,800) x x x x x x x x x

Table 5: Differentiation of Mχ .Values highlighted in red corresponds to a differentiation
at a 2σ CL.

Determining Mχ is not promising at parton level as differentiation between signals origi-
nating from different Mχ is not possible.

In conclusion no differentiation is possible at this stage of analysis, however differenti-
ating between the spins is more promising than differentiating between masses.

8.2.2 Analysis of differentiation at L = 300[fb−1] for a discovery at L = 100[fb−1]

This analysis is made for a discovery L = 100[fb−1] and differentiation at L = 300[fb−1].
The χ2-test of the /ET -distributions ranges between 100 ≤ /ET ≤ 600, with a bin size of
100 GeV and therefore 5 dof freedom are used. To differentiate between the spin and mass
at a 2σ CL the following test statistic value is needed, χ2 ≥ 11.32.

(MMed,MDM) [GeV] → (300,100) (500,100) (500,300) (750,100) (750,375) (750,550) (1000,100) (1000,500) (1000,800)
cS0T 0.8 1.2 1.4 1.6 2.2 2.8 2.1 3.3 4.8
cχt̃ 1.0 1.4 1.6 2.0 2.5 2.9 2.6 3.7 4.7

Table 6: Magnitudes needed for the couplings for a 5σ CL discovery. Values highlighted
in red corresponds to a magnitude within the perturbative limit.

For all mass points the couplings are below 4π and are therefore within the perturbative
limit of the theory. This allows for comparison of the simulated signals via a χ2-test.

(Mt̃,Mχ) [GeV] ↓
(MT ,MS0) [GeV] ↓ (300,100) (500,100) (500,300) (750,100) (750,375) (750,550) (1000,100) (1000,500) (1000,800)

(300,100) 0.09 5.94 3.82 12.04 8.60 5.62 11.41 12.14 7.75
(500,300) 0.64 4.28 2.34 9.30 6.19 3.95 8.59 9.32 5.46
(750,100) 0.89 2.63 1.13 7.30 4.50 2.48 6.70 7.42 3.8
(750,375) 0.49 5.79 3.32 10.84 7.43 4.79 10.10 10.70 6.73
(750,550) 3.57 0.83 0.20 3.16 1.36 0.26 2.95 3.38 1.08
(1000,100) 4.31 0.88 0.29 2.51 0.84 0.24 2.13 2.56 0.58
(1000,500) 0.21 4.60 2.62 10.00 6.78 4.22 9.37 10.07 6.05
(1000,800) 4.29 1.25 0.49 2.62 0.93 0.30 2.28 2.63 0.75
(1000,800) 5.67 0.44 0.45 1.78 0.51 0.22 1.50 1.95 0.24

Table 7: Differentiation of the spin of S0 and χ for different masses. Values highlighted in
red corresponds to a possible differentiation at a 2σ CL.

Differentiation of the spin at a 2σ CL is possible between {MT ,MS0} = {(300, 100)} GeV
and {(Mt̃,Mχ)} = {(750, 100), (1000, 100), (1000, 500)}. Note the in relation to table (3),
the results are more promising.
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(MT ,MS0) [GeV] (300,100) (500,100) (500,300) (750,100) (750,375) (750,550) (1000,100) (1000,500) (1000,800)
(300,100) x 0.91 1.20 0.84 4.10 4.90 0.41 4.92 6.21
(500,100) x x 0.29 0.41 2.60 2.91 0.20 2.84 4.41
(500,300) x x x 0.91 1.41 1.76 0.42 1.82 2.78
(750,100) x x x x 3.41 3.82 0.37 3.64 5.56
(750,375) x x x x x 0.22 2.79 0.26 0.53
(750,550) x x x x x x 3.37 0.05 0.33
(1000,100) x x x x x x x 3.31 4.80
(1000,500) x x x x x x x x 0.57
(1000,800) x x x x x x x x x

Table 8: Differentiation of MS0 . Values highlighted in red corresponds to a possible dif-
ferentiation at a 2σ CL.

Determination of MS0 is not possible, however the results are more promising in rela-
tion to table (4). The most promising cases for differentiation are between {MT ,MS0} =
{(1000, 800)} and {MT ,MS0} = {(300, 100), (750, 100)} GeV.

(Mt̃,Mχ) [GeV] (300,100) (500,100) (500,300) (750,100) (750,375) (750,550) (1000,100) (1000,500) (1000,800)
(300,100) x 5.50 3.35 11.32 7.93 5.03 10.70 11.38 7.13
(500,100) x x 0.56 2.38 1.24 0.94 2.17 2.93 0.83
(500,300) x x x 3.49 1.58 0.50 3.10 3.70 1.10
(750,100) x x x x 0.56 2.01 0.21 0.29 0.94
(750,375) x x x x x 0.65 0.41 0.60 0.10
(750,550) x x x x x x 1.93 2.19 0.52
(1000,100) x x x x x x x 0.20 0.63
(1000,500) x x x x x x x x 1.00
(1000,800) x x x x x x x x x

Table 9: Differentiation of Mχ . Values highlighted in red corresponds to a differentiation
at a 2σ CL.

Differentiation between different Mχ at a 2σ CL is possible between {Mt̃,Mχ} =
{(300, 100)} GeV and {Mt̃,Mχ} = {(750, 100), (1000, 500)} GeV. Note that in relation
to table (5), the results are more promising.
In conclusion, all the values have increased in comparison to section (8.2.1). This is ex-
pected as the magnitude of the couplings and the luminosity are higher which results in a
higher χ2 value according to equation (66).

9 Detector level Analysis, Recasting & Relic Density

At the detector level the simulations at parton level are hadronized via Pythia8 [32] and
implemented into Delphes [33] which produces a simulation of the ATLAS detector.

The recasting is made via the software MadAnalysis5 [34] and refers to using a pre-
vious search at the ATLAS detector [35]. The goal is to provide predictions for possible
differentiation of spin and mass using experimental results. The search used is dedicated to
the same signature, a mono-jet with /ET , but optimized for different processes. Therefore
this is an approximate tool for making predictions. However it allows for future searches to
provide a better result as kinematical cuts would be optimized for these production chan-
nels. Furthermore the predicted SM background and the systematical uncertainties from
the search are used in order to have a 5σ CL discovery. The analysis is made with and
without the systematical uncertainty to evaluate the affects of improving the systematical
uncertainty at the LHC. Additionally the following mass points are added to the analysis
with systematical uncertainty to better understand the region of interest for a search.
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MMed [GeV] MDM [GeV]
500 200, 150,
450 250, 150
400 200, 150
350 150

Table 10: Mass points used for simulations at recast level with σsyst.

The Relic density is calculated via MadGraph using the pluggin MadDM [36] for the
magnitudes of the couplings needed for a 5σ CL discovery c5σ . If the value obtained is too
large the mass points are excluded.

The luminosities under consideration for analysis are differentiaiton at L = 300[fb−1]
and discovery at L = {100, 300}[fb−1]. An analysis of the coupling strength and if they
are within perturbative limit is presented. The values of the couplings are obtained using
equation (72). Furthermore, differentiation of the spin and mass is investigated via a χ2-test
of the /ET -distributions using equation (67).

9.1 Event selection and Background

The kinematical variable /ET is used to define the binning for the recast shown in table
(11). The binnings are defined to optimize the previous ATLAS search’s predicted signal
in relation to the SM background. Other factors are also taken into account such as that
the trigger for the detector was fully efficient for events with /ET > 250 [GeV]. In table
(12) the criterias for the events to be selected are shown. The subscript j refers to jets and
j, 1 to the leading order jet, i.e the jet with the highest value of PT .

Exlusive(EM) EM1 EM2 EM3 EM4 EM5 EM6 EM7 EM8 EM9 EM10
/ET [GeV] 250-300 300-350 350-400 400-500 500-600 600-700 700-800 800-900 900-1000 >1000

Table 11: Exclusive regions used for recasting.

In EM-1 to EM-10 the SM background is predicted to be large, but with a decrease in
events with increasing /ET , see appendix (B) table (33). The most dominant contributions
come from the SM interactions Z → νν̄, W → eν, W → µν and W → τν.

The kinematical cuts from the ATLAS search which are implemented on the simulations
are presented below.

/ET > 250 [GeV]
PTj,1

> 250 [GeV]
|ηj,1| < 2.4
PTj > 30 [GeV]
|ηj | < 2.8

∆φ(jet, Pmiss
T ) > 0.4

Table 12: Event selection criteria.

9.2 Kinematical Distributions

The /ET -distributions obtained from the recasting are presented below. Note that they are
normalized to one such that ε× σ is equal for all distributions.
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Figure 7: /ET distributions for mono-jet from processes with S0 or χ.

A great loss in cross section is expected from a cut on /ET ≤ 250 GeV as the largest part
of the weights are in this region, see figure (5). Furthermore a loss in the cross section for
/ET ≤ 400 GeV regime is seen. This is expected as the cuts on η will mostly affect the
events in the low energy region according to equation (48). For numerical values of the
efficiencies see appendix (B.2) table (34).

9.3 Analysis of differentiation and couplings, σsyst not included.

In this analysis the assumption is made that the systematical uncertainty is zero in order
to see how the ideal case behaves and furthermore see the affects of improving the σsyst.
Therefore the number of events needed for a 5σ CL discovery S5σ are obtained via equation
(57). The analysis provides information for possible differentiation at L = 300[fb−1] for a
5σ CL discovery at L = {100, 300}[fb−1]. The χ2-test is performed on the /ET -distributions
using the binning defined in the table (12). In order to have a 2σ CL differentiation for the
10 dof one needs the following test statistic value χ2 ≥ 18.6.

9.3.1 Analysis of differentiation at L = 300[fb−1] for a discovery at L = 300[fb−1]

This analysis provides information for if it is possible to differentiate between spin and
masses at L = 300[fb−1] given a 5σ CL discovery at L = 300[fb−1], when σsyst is not
included.
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(MMed,MDM)[GeV] → (300,100) (500,100) (500,300) (750,100) (750,375) (750,550) (1000,100) (1000,500) (1000,800)
cS0T 3.4 4.9 5.6 6.6 8.2 10.1 8.3 11.9 17.1
cχt̃ 4.6 6.3 6.4 8.4 9.5 10.7 10.8 13.5 16.8

Table 13: Magnitudes needed for the couplings for a 5σ CL discovery. Values highlighted
in red corresponds to a magnitude within the perturbative limit.

For a large region of the {MDM ,MMed}-plane the couplings are within the perturbative
limit, however for the large masses they are not.

Furthermore analysis of the relic density allows and excludes the following mass points.

(MMed,MDM) [GeV] → (300,100) (500,100) (500,300) (750,100) (750,375) (750,550) (1000,100) (1000,500) (1000,800)
ΩS0 5.89e+03 6.28e+03 7.31e-06 7.16e+03 6.38e-06 3.37e-06 8.18e+03 5.19e-06 x
Ωχ 8.88e+03 1.14e+04 1.53e-05 1.63e+04 1.27e-05 3.90e-06 2.27e+04 x x

Table 14: Relic density, Ω. Values highlighted in red corresponds to an allowed Ω.

The values marked as x are excluded due to the couplings being too large and the ones
highlighted in red are the allowed mass points.

In the tables below the χ2 results for predictions of possible differentiation are pre-
sented, only the allowed mass points are considered.

(Mt̃,Mχ) [GeV] ↓
(MT ,MS0) [GeV] ↓ (500,300) (750,375) (750,550)

(500,300) 3.90 5.68 28.73
(750,375) 15.89 1.44 13.16
(750,550) 43.57 12.79 3.00
(1000,500) 21.31 2.57 8.31

Table 15: Differentiation of the spin of S0 and χ for different masses. Values highlighted
in red corresponds to a possible differentiation at 2σ CL.

It is possible to differentiate the spins at a 2σ CL between {MS0 ,MT } = {(500, 300)} GeV
and {Mχ,Mt̃} = {(750, 550)} and between {Mχ,Mt̃} = {(500, 300)} and {MS0 ,MT } =
{(750, 550), (1000, 500)} GeV. It is therefore more promising to differeantiate the spins
when comparing the low mass region to the high mass region.

(MT ,MS0) [GeV] (500,300) (750,375) (750,550) (1000,500)
(500,300) x 7.19 25.26 10.62
(750,375) x x 9.79 3.75
(750,550) x x x 6.90

Table 16: Differentiation of MS0 . Values highlighted in red corresponds to a possible
differentiation at 2σ CL.

Differentiation of MS0 at a 2σ CL is possible between {MS0 ,MT } = {500, 300} and
{MS0 ,MT } = {(750, 375)} GeV.
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(Mt̃,Mχ) [GeV] (500,300) (750,375) (750,550)
(500,300) x 12.74 44.62
(750,375) x x 14.72

Table 17: Differentiation ofMχ . Values highlighted in red corresponds to a differentiation
at 2σ CL.

Differentiation of Mχ at a 2σ CL is possible between {Mχ,Mt̃} = {500, 300} and
{Mχ,Mt̃} = {(750, 375)} GeV. A determination of the mass is most promising for small
masses compared to large.

9.3.2 Analysis of differentiation at L = 300[fb−1] for a discovery at L = 100[fb−1]

This analysis provides information for if it is possible to differentiate between spin and
masses at L = 300[fb−1] given a 5σ CL discovery at L = 100[fb−1], when σsyst not
included.

(MMed,MDM) [GeV] → (300,100) (500,100) (500,300) (750,100) (750,375) (750,550) (1000,100) (1000,500) (1000,800)
cS0T 3.9 5.6 6.5 7.6 9.4 11.6 9.6 13.6 19.6
cχt̃ 5.3 7.2 7.3 9.7 10.9 12.3 12.3 15.5 19.2

Table 18: Magnitudes needed for the couplings for a 5σ CL discovery. Values highlighted
in red corresponds to a magnitude within the perturbative limit.

For a large region of the {MDM ,MMed}-plane the couplings are within the perturbative
limit, however the large masses are not and are therefore excluded. The couplings are larger
for this case compared to a discovery at L = 300[fb−1], see table (13). This is expected

from combining equation (72), (58) and (35) which results in that c ∝ σ1/4 ∝
(

1√
L

)1/4
.

In conclusion a smaller L results in a larger coupling.
Furthermore analysis of the relic density allows and excludes the following mass points.

(MMed,MDM) [GeV] → (300,100) (500,100) (500,300) (750,100) (750,375) (750,550) (1000,100) (1000,500) (1000,800)
ΩS0 4.86e+03 5.25e+03 4.11e-06 6.08e+03 3.97e-06 1.98e-06 7.18e+03 x x
Ωχ 7.24e+03 9.89e+03 9.27e-06 1.51e+04 9.13e-06 x x x x

Table 19: Relic density, Ω. Values highlighted in red corresponds to an allowed Ω.

The values marked as x are excluded due to the couplings being too large and the ones
highlighted in red are the allowed mass points.

In the tables below the χ2 results for predictions of possible differentiation are pre-
sented, only the allowed mass points are considered.
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(Mt̃,Mχ) [GeV] ↓
(MT ,MS0) [GeV]↓ (500,300) (750,375)

(500,300) 28.6 40.5
(750,375) 101.4 10.7
(750,550) 261.4 78.3

Table 20: Differentiation of the spin of S0 and χ for different masses. Values highlighted
in red corresponds to a possible differentiation at 2σ CL.

Differentiation of the spin at a 2σ CL is possible for all cases except for when comparing
{Mχ,Mt̃} = {750, 375} GeV with {MS0 ,MT } = {750, 375} GeV.

(MT ,MS0) [GeV] (500,300) (750,375) (750,550)
(500,300) x 47.7 153.2
(750,375) x x 63.0
(750,550) x x x

Table 21: Differentiation of MS0 . Values highlighted in red corresponds to a possible
differentiation at 2σ CL.

Differentiation of {MS0 ,MT } at a 2σ CL is possible for all allowed mass points.

(Mt̃,Mχ) [GeV] (500,300) (750,375)
(500,300) x 87.4

Table 22: Differentiation ofMχ . Values highlighted in red corresponds to a differentiation
at 2σ CL.

Differentiation of Mχ at a 2σ CL is possible, however few mass points are allowed.
Therefore this shows that for the narrow region allowed a determination is possible for
when comparing the extreme values.

In conclusion, the analysis of the ideal case results in that a determination of the spin
and mass is promising for when discovering the DM at L = 100[fb−1], however the allowed
region for a search is smaller than for a dicovery at L = 300[fb−1].

9.4 Analysis of differentiation and couplings, σsyst included

This analysis provides the most reliable results for a differentiation of the spin and mass of
the DM candidates as the σsyst is included. The analysis provides information for possible
differentiation at L = 300[fb−1] for a 5σ CL discovery at L = {100, 300}[fb−1]. The
χ2-test is performed on the /ET -distributions using the binning defined in the table (12).
Furthermore the number of events needed for a 5σ CL discovery S5σ are obtained via
equation (61). In order to have a 2σ CL differentiation for the 10 dof one needs the following
test statistic value χ2 ≥ 18.6.

The analysis below shows that more mass points are needed to better understand the
region adequate for a search. Therefore the mass points shown in table (10) are included
in the analysis.
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9.4.1 Analysis of differentiation at L = 300[fb−1] for a discovery at L = 300[fb−1]

This analysis provides information for if it is possible to differentiate between spin and
masses at L = 300[fb−1] given a 5σ CL discovery at L = 300[fb−1] when σsyst is included.

(MMed,MDM)[GeV] → (300,100) (500,100) (500,300) (750,100) (750,375) (750,550) (1000,100) (1000,500) (1000,800)
cS0T 8.2 11.7 13.5 15.9 19.7 24.3 20.1 28.5 41.0
cχt̃ 11.0 15.1 15.3 20.2 22.8 25.7 25.8 32.5 40.3

Table 23: Magnitudes needed for the couplings for a 5σ CL discovery. Values highlighted
in red corresponds to a magnitude within the perturbative limit.

The mass points {MT ,MS0} = {(300, 100), (500, 100)} and {Mt̃,Mχ} = {(300, 100)} are
the only ones with couplings below the pertubative limit of the theory.

(MMed,MDM) [GeV] → (300,100) (500,100) (500,300) (750,100) (750,375) (750,550) (1000,100) (1000,500) (1000,800)
ΩS0 1.72e+03 2.36e+03 x x x x x x x
Ωχ 2.66e+03 x x x x x x x x

Table 24: Relic density, Ω. Values highlighted in red corresponds to an allowed Ω.

The relic density excludes the mass points {MT ,MS0} = {(300, 100), (500, 100)} and
{Mt̃,Mχ} = {(300, 100)}.

However equation (11) and (12) shows that a smaller cross section results in a smaller
Ω. As a higher MDM results in smaller cross section the mass points in table (10) are
included in the analysis.

(MMed,MDM) [GeV] → (350,150) (400,150) (400,200) (450,150) (450,250) (500,150) (500,200)
cS0T 9.2 10.0 10.0 10.9 11.7 12.0 12.1
cχt̃ 11.3 12.6 12.3 13.64 13.7 14.5 14.4

Table 25: Magnitudes needed for the couplings for a 5σ CL discovery. Values highlighted
in red corresponds to a magnitude within the perturbative limit.

All the mass points for S0 have couplings within the perturbative limit of the theory.
For χ only {Mt̃,Mχ} = {(350, 150), (400, 200)} are allowed. Further note that the mag-
nitudes of the couplings increase with increasing MMed and MDM . However for the
Dirac fermion the mass point {MT ,MS0} = {(400, 150)} has a larger coupling than
{MT ,MS0} = {(400, 200)}. This is due to that this mass point has a lower efficiency.

The values highlighted in red allows for an analysis of the relic density for the corre-
sponding values of the couplings.

(MMed,MDM) [GeV] → (350,150) (400,150) (400,200) (450,150) (450,250) (500,150) (500,200)
ΩS0 3.26e-02 4.08e-02 9.64e-07 5.02e-02 3.78e-07 6.06e-02 1.66e-06
Ωχ 2.10e-02 x 1.67e-06 x x x x

Table 26: Relic density, Ω. Values highlighted in red corresponds to an allowed Ω.
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All the mass points with couplings within the perturbative limit of the theory have an
allowed relic density Ω. Therefore the values highlighted in red are the ones considered
below in the analysis of differentiation of the spin and mass.

(MT ,MS0) [GeV] ↓
(Mt̃,Mχ) [GeV] ↓↓ (350,150) (400,150) (400,200) (450,150) (450,250) (500,150) (500,200)

(350,150) 4179 3597 1694 5013 7694 3719 5097
(400,200) 1442 1593 1767 2024 3222 1333 1530

Table 27: Differentiation of the spin of S0 and χ for different masses. Values highlighted
in red corresponds to a possible differentiation at 2σ CL.

Differentiation at a 2σ CL of the spins is possible for all mass points. Further note the
χ2-values are much larger than the needed χ2 ≥ 18.6.

(MT ,MS0) [GeV] (350,150) (400,150) (400,200) (450,150) (450,250) (500,150) (500,200)
(350,150) x 1071 1731 1242 2012 782 2008
(400,150) x x 1057 389 2341 358 1016
(400,200) x x x 2164 4530 889 2295
(450,150) x x x x 1990 747 1375
(450,250) x x x x x 2314 1379
(500,150) x x x x x x 1066
(500,200) x x x x x x x

Table 28: Differentiation of MS0 at a 2σ CL. Values highlighted in red corresponds to a
possible differentiation at 2σ CL.

Differentiation ofMS0 at a 2σ CL is possible for all mass points. Further note the χ2-values
are much larger than the needed χ2 ≥ 18.6

(Mt̃,Mχ) [GeV] (350,150) (400,200)
(350,150) x 2394

Table 29: Differentiation ofMχ . Values highlighted in red corresponds to a differentiation
at 2σ CL.

Differentiation ofMχ at a 2σ CL is possible for the mass points. Further note the χ2-values
are much larger than the needed χ2 ≥ 18.6.

9.4.2 Analysis of differentiation at L = 300[fb−1] for a discovery at L = 100[fb−1]

This analysis provides information for if it is possible to differentiate between spin and
masses at L = 300[fb−1] given a 5σ CL discovery at L = 100[fb−1] when σsyst is included.

(MMed,MDM) [GeV] → (300,100) (500,100) (500,300) (750,100) (750,375) (750,550) (1000,100) (1000,500) (1000,800)
cS0T 8.2 11.7 13.5 15.9 19.7 24.3 20.1 28.5 41.0
cχt̃ 11.0 15.1 15.3 20.2 22.8 25.7 25.8 32.5 40.3

Table 30: Magnitudes needed for the couplings for a 5σ CL discovery. Values highlighted
in red corresponds to magnitude within the perturbative limit.

40



The couplings have the same magnitude as for the case of discovery at L = 300[fb−1],
see table (23). One can argue that this is reasonable using equation (62). For a large
background, as for the mono-jet, the systematical uncertainty becomes the dominant factor
for the significance resulting in that Z → S

σsyst
. As both S and σsyst increase linearly with

L the significance becomes independent of the luminosity in the limit S << B. Therefore
the cross section needed for a 5σ CL discovery is unchanged and also the couplings.

As the couplings are the same as for the above analysis for a discovery at L = 300[fb−1]
the analysis of the relic density would provide the same result, see table (24). The χ2 test
is left out as well as a differentiation is already possible for a discovery at L = 300[fb−1]
and differentiating at L = 300[fb−1]. Making the analysis of differentiation for a discovery
at L = 100[fb−1] would provide χ2-values three times larger as the couplings are fixed
and the test statistics increase linearly with L according to equation (67). In other words,
differentiation at a 2σ CL of the spin and mass is possible for all allowed mass points within
the {MMed,MDM}-plane.
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Part III

Results & Conclusion

10 Results

The final results obtained from the recasting are presented in the {MDM ,MMed}-planes
below. The purpose of these plots is to show in which mass region a search is possible. The
prediction for a 2σ CL differentiation of the spin and mass at 5σ CL discovery is explained
in the text below the plots. The region where a search is possible are the mass points within
the perturbative limit which are not excluded due to a too high relic density. The mass
points highlighted in red corresponds to mass points with couplings within the pertubative
limit of the theory. Points highlighted in blue corresponds to points with couplings above
the perturbative limit and are therefore excluded for a search. Furthermore the green area
is excluded due to a too large relic density for couplings below 4π. This area is the same
for all cases studied and therefore the mass points with MDM = 100 GeV are excluded.

In conclusion, the region adequate for a search are the mass points highlighted in red
with a white background. Additionally note that the perturbative region for S0 (denoted
as circles in the plots) and χ (denoted as triangles in the plots) are different and that they
are denoted by different geometrical markers.

10.1 Results without σsyst

In this section the results are presented for the ideal case when not including σsyst for a 5σ
CL discovery at L = 100[fb−1] and L = 300[fb−1] and a differentiation at L = 300[fb−1].
The main goal of the results is to show the affects on the region adequate for a search if
the σsyst is improved at the LHC. Furthermore the results for differentiation of the spin
and mass is explained.
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Figure 8: {MDM ,MMed}-plane for a discovery at L = 300[fb−1]. Points highlighted in red
with a white background correspond to the region adequate for a search.

The region where a search is possible given a discovery at L = 300[fb−1] spans a
large region of the plane, as the red points show. Furthermore, for S0 the region where a
search is possible is larger than for χ, as less mass points are excluded in the high mass
region due to too large couplings. The non-pertubative mass points for χ are {Mt̃,Mχ} =
{(1000, 800), (1000, 500)}GeV while for S0 only the mass point {MT ,MS0} = {(1000, 800)}
GeV is non-perturbative.

Differentiation of the spin at a 2σ CL is possible when comparing {Mt̃,Mχ} =
{(500, 300)} GeV with {MT ,MS0} = {(750, 550), (1000, 500)} GeV and when comparing
{MT ,MS0} = {(500, 300)} GeV with {Mt̃,Mχ} = {(750, 550)} GeV. This indicates that
differentiation of the spin is most promising for comparing the low mass region with the
high mass region.

Differentiation between signals with different MS0 at a 2σ CL is possible when com-
paring {MT ,MS0} = {(500, 300)} GeV to {MT ,MS0} = {(750, 550)} GeV.

Differentiation between signals with differentMχ at a 2σ CL is possible when comparing
{Mt̃,Mχ} = {(500, 300)} GeV with {Mt̃,Mχ} = {(750, 550)} GeV.

For further details on the analysis and test statistic values see section (9.3.1).
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Figure 9: {MDM ,MMed}-plane for a discovery at L = 100[fb−1]. Points highlighted in red
with a white background correspond to the region adequate for a search.

The region where a search is possible given a discovery at L = 100[fb−1] is smaller than
for the case of a discovery at L = 300[fb−1]. This is seen as more fewer points are blue in
figure (8). Furthermore the region where a search is possible is larger for S0 than for χ. The
perturbative and allowed mass points for χ are {Mt̃,Mχ} = {(500, 300), (750, 375)} GeV
while for S0 the allowed mass points are {MT ,MS0} = {(500, 300), (750, 375), (750, 550)}
GeV.

Differentiation of the spin at a 2σ CL is possible when comparing all mass points except
when comparing {MT ,MS0} = {(750, 375)} GeV with {Mt̃,Mχ} = {(750, 375)} GeV.

Differentiation of MS0 and Mχ at a 2σ CL is possible for all the allowed mass points.
For further details on the analysis and test statistic values see section (9.3.2).
In conclusion, for the ideal case a characterization of the spin and mass of DM is most
promising for the case of a discovery at L = 100[fb−1] and a differentiation L = 300[fb−1].
Further note that the region where a search is possible becomes smaller for a discovery at
lower L as it results in higher magnitudes of the couplings.

10.2 Results with σsyst

In this section the most important results are presented as the σsyst is included. In other
words this is the realistic result for characterization of the spin and mass of the DM candi-
dates at the LHC and where in the {MDM -MMed}-plane a search is possible. The results
are presented for a 5σ CL discovery at L = 100[fb−1] and L = 300[fb−1] and a differenti-
ation at L = 300[fb−1]. The region in the {MDM -MMed}-plane where a search is possible
is the same for both cases, L = {100, 300}[fb−1], therefore only one plot representing both
cases is shown.
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Figure 10: {MDM ,MMed}-plane for σsyst included. Points highlighted in red with a white
background correspond to the region adequate for a search.

The mass points highlighted in red with a white background show that the region
in the {MDM ,MMed}-plane where a search is possible is narrow. Furthermore the re-
gion is smaller for χ than for S0. The allowed mass points for S0 are, {MT ,MS0} =
{(350, 150), (450, 150), (400, 200), (450, 150), (450, 250), (500, 150), (500, 200)} GeV. For χ
the allowed mass points are {Mt̃,Mχ} = {(350, 150), (400, 200)} GeV.

Differentiation of the spin at a 2σ CL is possible when comparing all mass points
allowed.

Differentiation of MS0 and Mχ at a 2σ CL is possible for all the allowed mass points.
For further details on the analysis and test statistic values, see section (9.4).

In conclusion, if a 5σ CL discovery is made in the narrow region in the {MDM ,MMed}-
plane where a search is possible a characterization of the spin and mass is possible at a 2σ
CL.

11 Discussion

The region found adequate for a search shown in figure (10) is further excluded for S0

from previous recasting made of tree level processes of the same vertex[18]. However the
further exclusion only considers on-shell contributions of T , which allows for a smaller mass
splitting in the allowed part of the {MDM ,MMed}-plane. Furthermore there is no recast-
ing done for tree-level diagrams of the vertex including χ and t̃. A possible continuation
would therefore be to investigate these diagrams via a recasting. Additionally one could
do a recasting using previous searches at CMS as in this study only results from ATLAS
has been considered. The recasting could result in further exclusion of the region. If the
region of interest in the {MDM ,MMed}-plane is still allowed, a promising continuation for
determining the spin would be the signature of a mono-photon and /ET . The mono-photon
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is promising in the sense that the photon couples to the loop and do not radiate initially
from the gluons, hence the effects of the spin of the particles in the loop are better probed.
However the cross section is lower for electromagnetic interactions, therefore less events are
expected, but simultaneously results in a lower SM background allowing for the possibility
of the signal from the mono-photon to be visible on top of the SM background.

In the region found adequate for a search the simulation are made for decay widths
of T and t̃ within the NWA. However for a discovery it might be the case that the cou-
plings grow too large and the NWA condition does not hold. Therefore one expects that
suppressed correction will affect the results found. Currently no numerical tools for such
simulations exists, but they are in development. In the future, if needed one might suggest
that simulations including these corrections are made.

The aim of this study is to investigate a model independent way to determine the spin
of DM given a discovery at the LHC, hence the particle properties are fixed but not the
model they originate from. A continuation will be made for DM candidates of the types
complex scalar, Majorana fermion and vector. For the complex scalar and the Majorana
fermion the only difference from this result will be a rescaling in the cross sections resulting
in a different region in the {MDM ,MMed}-plane where a search is possible. However for
the vector DM candidate the kinematics will also change.

12 Conclusion

The final result seen in figure (10) show that a search is adequate in a narrow region of the
{MDM ,MMed}-plane. In this region differentiation of the spin at a 2σ CL is possible given
a 5σ CL discovery at L = {100, 300}[fb−1]. In other words, one can determine if the signal
comes from the χ or S0. The determination of the MS0 and Mχ at a 2σ CL is also possible
at L = {100, 300}[fb−1] in this region. Furthermore the region allowed for a search in the
{MDM ,MMed}-plane is larger for S0 than for χ.

The fact that the region is small is a negative result in the sense that the search would
not reach the higher masses of the DM and the mediators. However a search could be well
tuned and adapted for the allowed mass range, as it is small. Furthermore to adapt a search
the analysis of the kinematics show that a great fraction of the cross section is in the low
energy region, which would be lost due to cuts adapated for the large background at low
/ET . However the relative difference of the signals grow with increasing /ET . Therefore to
differentiate the spin at discovery a high luminosty at the LHC is favourable. This would
enable more number of events in the region where the SM background is low and the
relative difference of the signals is largest.

The results from not including the systematical uncertainty, see figures (8) and (9)
shows that the region adequate for a search is much larger in relation to including the
systematical uncertainty, see figure (10). An improvement of the systematical uncertainty
at the LHC would therefore be favourable for the search to reach higher DM masses.

In conclusion, given a 5σ CL discovery in the allowed region determining the spin and
mass of DM at a 2σ CL is possible. If however no discovery is made in the narrow region of
the {MDM ,MMed}-plane improvements of the systematical uncertainty would enable the
search at higher masses in the future.
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Appendices

A Complementary figures

A.1 Parton Level

Normal scale /ET distibutions at parton level.

Figure 11: /ET distributions at parton level for the mono-jet from processes with χ or S0.

B Complementary tables

B.1 Parton Level

Simualted cross sections using MadGraph with coupling c = 1.

(MMed,MDM)[GeV] → (300,100) (500,100) (500,300) (750,100) (750,375) (750,550) (1000,100) (1000,500) (1000,800)
σS0 [pb] 0.0029 0.00061 0.00024 0.00017 4.2e-05 1.4e-05 6.7e-05 8.0e-06 1.5e-06
σχ[pb] 0.0010 0.00019 0.00014 4.6e-05 2.1e-05 1.1e-05 1.6e-05 4.15e-06 1.6e-06

Table 31: Simulated cross sections, with a coupling c = 1.

(MMed,MDM) [GeV] → (350,150) (400,150) (400,200) (450,150) (450,250) (500,150) (500,200)
σS0 [pb] 0.0017 0.0011 9.1e-04 7.8e-04 4.6e-04 5.6e-04 4.6e-04
σχ[pb] 9.3e-04 6.0e-04 5.1e-04 4.0e-04 2.6e-04 2.8e-04 2.3e-4

Table 32: Simulated cross sections, with a coupling c = 1.

B.2 Detector level & Recasting

Predicted SM background from the ATLAS search used for recasting are as follows [35].
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Exlusive(EM) Background events
EM1 111100± 2300
EM2 67100± 1400
EM3 33820± 940
EM4 27640± 610
EM5 8360± 190
EM6 2825± 78
EM7 1094± 33
EM8 463± 19
EM9 213± 9
EM10 226± 16

Table 33: Predicted number of events with systematical uncertainty from the SM back-
ground.

The total efficiencies obtained in EM1-EM10 after the applied cuts from the search in
the recasting are presented below.

(MT ,MS0) [GeV] (300,100) (500,100) (500,300) (750,100) (750,375) (750,550) (1000,100) (1000,500) (1000,800)
ε 0.063 0.071 0.101 0.072 0.128 0.162 0.074 0.152 0.184

(Mt̃,Mχ) [GeV] (300,100) (500,100) (500,300) (750,100) (750,375) (750,550) (1000,100) (1000,500) (1000,800)
ε 0.053 0.079 0.108 0.104 0.139 0.161 0.114 0.173 0.185

Table 34: Efficiencies obtained after cuts.

(MT ,MS0) [GeV] (350,150) (400,150) (4000,200) (450,150) (450,250) (500,150) (500,200)
ε 0.067 0.071 0.087 0.073 0.092 0.070 0.082

(Mt̃,Mχ) [GeV] (350,150) (400,150) (400,200) (450,150) (450,250) (500,150) (500,200)
ε 0.053 0.053 0.070 0.06 0.09 0.07 0.08

Table 35: Efficiencies obtained after cuts.

C Complementary information for Simulations

C.1 Parameter Cards

Generic parameter cards for the simulations are presented below. The coupling have the
same value c = 1 for all simulations. The numerical values for the masses are denoted XX
for the generic cards, while the simulations are made using the numerical values according
to table (1) and (10).

C.2 Parameter Card for the S0T -model.

######################################################################
## PARAM_CARD AUTOMATICALY GENERATED BY MG5 FOLLOWING UFO MODEL ####
######################################################################
## ##
## Width set on Auto will be computed following the information ##
## present in the decay.py files of the model. ##
## See arXiv:1402.1178 for more details. ##
## ##
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######################################################################

###################################
## INFORMATION FOR COUPB1
###################################
Block coupb1

1 0.000000e+00 # KRSDMB1b
2 0.000000e+00 # KCSDMB1b
3 0.000000e+00 # KRVDMB1b
4 0.000000e+00 # KCVDMB1b

###################################
## INFORMATION FOR COUPQ2
###################################
Block coupq2

1 0.000000e+00 # KRSDMQ2tb
2 0.000000e+00 # KCSDMQ2tb
3 0.000000e+00 # KRVDMQ2tb
4 0.000000e+00 # KCVDMQ2tb

###################################
## INFORMATION FOR COUPT1
###################################
Block coupt1

1 1 # KRSDMT1t
2 0.000000e+00 # KCSDMT1t
3 0.000000e+00 # KRVDMT1t
4 0.000000e+00 # KCVDMT1t

###################################
## INFORMATION FOR LOOP
###################################
Block loop

1 9.118800e+01 # MU_R

###################################
## INFORMATION FOR MASS
###################################
Block mass

6 1.720000e+02 # MT
23 9.118760e+01 # MZ
25 1.250000e+02 # MH

6000101 XX # Mrsdm
6000102 7.000000e+01 # Mcsdm
6000121 7.000000e+01 # Mrvdm
6000122 7.000000e+01 # Mcvdm
7110105 3.000000e+02 # MB1
7110106 XX # MT1
7110206 3.000000e+02 # MQ2

## Dependent parameters, given by model restrictions.
## Those values should be edited following the
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## analytical expression. MG5 ignores those values
## but they are important for interfacing the output of MG5
## to external program such as Pythia.

1 0.000000 # d : 0.0
2 0.000000 # u : 0.0
3 0.000000 # s : 0.0
4 0.000000 # c : 0.0
5 0.000000 # b : 0.0
11 0.000000 # e- : 0.0
12 0.000000 # ve : 0.0
13 0.000000 # mu- : 0.0
14 0.000000 # vm : 0.0
15 0.000000 # ta- : 0.0
16 0.000000 # vt : 0.0
21 0.000000 # g : 0.0
22 0.000000 # a : 0.0
24 79.824360 # w+ : cmath.sqrt(MZ__exp__2/2. + cmath.sqrt(MZ__exp__4/4.

- (aEW*cmath.pi*MZ__exp__2)/(Gf*sqrt__2)))↪→

9000002 91.187600 # ghz : MZ
9000003 79.824360 # ghwp : MW
9000004 79.824360 # ghwm : MW
7110205 300.000000 # b2 : MQ2

###################################
## INFORMATION FOR SMINPUTS
###################################
Block sminputs

1 1.279000e+02 # aEWM1
2 1.166370e-05 # Gf
3 1.184000e-01 # aS

###################################
## INFORMATION FOR YUKAWA
###################################
Block yukawa

6 1.720000e+02 # ymt

###################################
## INFORMATION FOR DECAY
###################################
DECAY 6 1.508336e+00 # WT
DECAY 23 2.495200e+00 # WZ
DECAY 24 2.085000e+00 # WW
DECAY 25 4.070000e-03 # WH
DECAY 7110105 1.000000e+00 # WB1
DECAY 7110106 auto # WT1
DECAY 7110205 1.000000e+00 # WB2
DECAY 7110206 1.000000e+00 # WT2
## Dependent parameters, given by model restrictions.
## Those values should be edited following the
## analytical expression. MG5 ignores those values
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## but they are important for interfacing the output of MG5
## to external program such as Pythia.
DECAY 1 0.000000 # d : 0.0
DECAY 2 0.000000 # u : 0.0
DECAY 3 0.000000 # s : 0.0
DECAY 4 0.000000 # c : 0.0
DECAY 5 0.000000 # b : 0.0
DECAY 11 0.000000 # e- : 0.0
DECAY 12 0.000000 # ve : 0.0
DECAY 13 0.000000 # mu- : 0.0
DECAY 14 0.000000 # vm : 0.0
DECAY 15 0.000000 # ta- : 0.0
DECAY 16 0.000000 # vt : 0.0
DECAY 21 0.000000 # g : 0.0
DECAY 22 0.000000 # a : 0.0
DECAY 6000101 0.000000 # rsdm : 0.0
DECAY 6000102 0.000000 # csdm : 0.0
DECAY 6000121 0.000000 # rvdm : 0.0
DECAY 6000122 0.000000 # cvdm : 0.0
DECAY 9000002 2.495200 # ghz : WZ
DECAY 9000003 2.085000 # ghwp : WW
DECAY 9000004 2.085000 # ghwm : WW
#===========================================================
# QUANTUM NUMBERS OF NEW STATE(S) (NON SM PDG CODE)
#===========================================================

Block QNUMBERS 9000001 # gha
1 0 # 3 times electric charge
2 1 # number of spin states (2S+1)
3 1 # colour rep (1: singlet, 3: triplet, 8: octet)
4 1 # Particle/Antiparticle distinction (0=own anti)

Block QNUMBERS 9000002 # ghz
1 0 # 3 times electric charge
2 1 # number of spin states (2S+1)
3 1 # colour rep (1: singlet, 3: triplet, 8: octet)
4 1 # Particle/Antiparticle distinction (0=own anti)

Block QNUMBERS 9000003 # ghwp
1 3 # 3 times electric charge
2 1 # number of spin states (2S+1)
3 1 # colour rep (1: singlet, 3: triplet, 8: octet)
4 1 # Particle/Antiparticle distinction (0=own anti)

Block QNUMBERS 9000004 # ghwm
1 -3 # 3 times electric charge
2 1 # number of spin states (2S+1)
3 1 # colour rep (1: singlet, 3: triplet, 8: octet)
4 1 # Particle/Antiparticle distinction (0=own anti)

Block QNUMBERS 82 # ghg
1 0 # 3 times electric charge
2 1 # number of spin states (2S+1)
3 8 # colour rep (1: singlet, 3: triplet, 8: octet)
4 1 # Particle/Antiparticle distinction (0=own anti)
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Block QNUMBERS 7110105 # b1
1 -1 # 3 times electric charge
2 2 # number of spin states (2S+1)
3 3 # colour rep (1: singlet, 3: triplet, 8: octet)
4 1 # Particle/Antiparticle distinction (0=own anti)

Block QNUMBERS 7110106 # t1
1 2 # 3 times electric charge
2 2 # number of spin states (2S+1)
3 3 # colour rep (1: singlet, 3: triplet, 8: octet)
4 1 # Particle/Antiparticle distinction (0=own anti)

Block QNUMBERS 7110205 # b2
1 -1 # 3 times electric charge
2 2 # number of spin states (2S+1)
3 3 # colour rep (1: singlet, 3: triplet, 8: octet)
4 1 # Particle/Antiparticle distinction (0=own anti)

Block QNUMBERS 7110206 # t2
1 2 # 3 times electric charge
2 2 # number of spin states (2S+1)
3 3 # colour rep (1: singlet, 3: triplet, 8: octet)
4 1 # Particle/Antiparticle distinction (0=own anti)

Block QNUMBERS 6000121 # rvdm
1 0 # 3 times electric charge
2 3 # number of spin states (2S+1)
3 1 # colour rep (1: singlet, 3: triplet, 8: octet)
4 0 # Particle/Antiparticle distinction (0=own anti)

Block QNUMBERS 6000122 # cvdm
1 0 # 3 times electric charge
2 3 # number of spin states (2S+1)
3 1 # colour rep (1: singlet, 3: triplet, 8: octet)
4 1 # Particle/Antiparticle distinction (0=own anti)

Block QNUMBERS 6000101 # rsdm
1 0 # 3 times electric charge
2 1 # number of spin states (2S+1)
3 1 # colour rep (1: singlet, 3: triplet, 8: octet)
4 0 # Particle/Antiparticle distinction (0=own anti)

Block QNUMBERS 6000102 # csdm
1 0 # 3 times electric charge
2 1 # number of spin states (2S+1)
3 1 # colour rep (1: singlet, 3: triplet, 8: octet)
4 1 # Particle/Antiparticle distinction (0=own anti)

C.3 Parameter Card for the χt̃-model.

######################################################################
## PARAM_CARD AUTOMATICALY GENERATED BY MG5 FOLLOWING UFO MODEL ####
######################################################################
## ##
## Width set on Auto will be computed following the information ##
## present in the decay.py files of the model. ##
## See arXiv:1402.1178 for more details. ##
## ##
######################################################################
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###################################
## INFORMATION FOR KDFDMQ2
###################################
Block kdfdmq2

1 0.000000e+00 # KDFDMSQ2tb

###################################
## INFORMATION FOR KDFDMSB1
###################################
Block kdfdmsb1

1 0.000000e+00 # KDFDMSB1b

###################################
## INFORMATION FOR KDFDMST1
###################################
Block kdfdmst1

1 1 # KDFDMST1t

###################################
## INFORMATION FOR KMFDMQ2
###################################
Block kmfdmq2

1 0.000000e+00 # KMFDMSQ2tb

###################################
## INFORMATION FOR KMFDMSB1
###################################
Block kmfdmsb1

1 0.000000e+00 # KMFDMSB1b

###################################
## INFORMATION FOR KMFDMST1
###################################
Block kmfdmst1

1 0.000000e+00 # KMFDMST1t

###################################
## INFORMATION FOR LOOP
###################################
Block loop

1 9.118800e+01 # MU_R

###################################
## INFORMATION FOR MASS
###################################
Block mass

6 1.720000e+02 # MT
15 1.777000e+00 # MTA
23 9.118760e+01 # MZ
25 1.250000e+02 # MH
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6000611 7.000000e+01 # Mmfdm
6000612 XX # Mdfdm
7100705 6.000000e+02 # MSB1
7100706 XX # MST1
7200706 6.000000e+02 # MSQ2

## Dependent parameters, given by model restrictions.
## Those values should be edited following the
## analytical expression. MG5 ignores those values
## but they are important for interfacing the output of MG5
## to external program such as Pythia.

1 0.000000 # d : 0.0
2 0.000000 # u : 0.0
3 0.000000 # s : 0.0
4 0.000000 # c : 0.0
5 0.000000 # b : 0.0
11 0.000000 # e- : 0.0
12 0.000000 # ve : 0.0
13 0.000000 # mu- : 0.0
14 0.000000 # vm : 0.0
16 0.000000 # vt : 0.0
21 0.000000 # g : 0.0
22 0.000000 # a : 0.0
24 79.824360 # w+ : cmath.sqrt(MZ__exp__2/2. + cmath.sqrt(MZ__exp__4/4.

- (aEW*cmath.pi*MZ__exp__2)/(Gf*sqrt__2)))↪→

9000002 91.187600 # ghz : MZ
9000003 79.824360 # ghwp : MW
9000004 79.824360 # ghwm : MW
7200705 600.000000 # sb2 : MSQ2

###################################
## INFORMATION FOR SMINPUTS
###################################
Block sminputs

1 1.279000e+02 # aEWM1
2 1.166370e-05 # Gf
3 1.184000e-01 # aS

###################################
## INFORMATION FOR YUKAWA
###################################
Block yukawa

6 1.720000e+02 # ymt
15 1.777000e+00 # ymtau

###################################
## INFORMATION FOR DECAY
###################################
DECAY 6 1.508336e+00 # WT
DECAY 23 2.495200e+00 # WZ
DECAY 24 2.085000e+00 # WW
DECAY 25 4.070000e-03 # WH
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DECAY 7100705 1.000000e+00 # WSB1
DECAY 7100706 auto # WST1
DECAY 7200705 1.000000e+00 # WSB2
DECAY 7200706 1.000000e+00 # WST2
## Dependent parameters, given by model restrictions.
## Those values should be edited following the
## analytical expression. MG5 ignores those values
## but they are important for interfacing the output of MG5
## to external program such as Pythia.
DECAY 1 0.000000 # d : 0.0
DECAY 2 0.000000 # u : 0.0
DECAY 3 0.000000 # s : 0.0
DECAY 4 0.000000 # c : 0.0
DECAY 5 0.000000 # b : 0.0
DECAY 11 0.000000 # e- : 0.0
DECAY 12 0.000000 # ve : 0.0
DECAY 13 0.000000 # mu- : 0.0
DECAY 14 0.000000 # vm : 0.0
DECAY 15 0.000000 # ta- : 0.0
DECAY 16 0.000000 # vt : 0.0
DECAY 21 0.000000 # g : 0.0
DECAY 22 0.000000 # a : 0.0
DECAY 6000611 0.000000 # mfdm : 0.0
DECAY 6000612 0.000000 # dfdm : 0.0
DECAY 9000002 2.495200 # ghz : WZ
DECAY 9000003 2.085000 # ghwp : WW
DECAY 9000004 2.085000 # ghwm : WW
#===========================================================
# QUANTUM NUMBERS OF NEW STATE(S) (NON SM PDG CODE)
#===========================================================

Block QNUMBERS 9000001 # gha
1 0 # 3 times electric charge
2 1 # number of spin states (2S+1)
3 1 # colour rep (1: singlet, 3: triplet, 8: octet)
4 1 # Particle/Antiparticle distinction (0=own anti)

Block QNUMBERS 9000002 # ghz
1 0 # 3 times electric charge
2 1 # number of spin states (2S+1)
3 1 # colour rep (1: singlet, 3: triplet, 8: octet)
4 1 # Particle/Antiparticle distinction (0=own anti)

Block QNUMBERS 9000003 # ghwp
1 3 # 3 times electric charge
2 1 # number of spin states (2S+1)
3 1 # colour rep (1: singlet, 3: triplet, 8: octet)
4 1 # Particle/Antiparticle distinction (0=own anti)

Block QNUMBERS 9000004 # ghwm
1 -3 # 3 times electric charge
2 1 # number of spin states (2S+1)
3 1 # colour rep (1: singlet, 3: triplet, 8: octet)
4 1 # Particle/Antiparticle distinction (0=own anti)
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Block QNUMBERS 82 # ghg
1 0 # 3 times electric charge
2 1 # number of spin states (2S+1)
3 8 # colour rep (1: singlet, 3: triplet, 8: octet)
4 1 # Particle/Antiparticle distinction (0=own anti)

Block QNUMBERS 7100705 # sb1
1 -1 # 3 times electric charge
2 1 # number of spin states (2S+1)
3 3 # colour rep (1: singlet, 3: triplet, 8: octet)
4 1 # Particle/Antiparticle distinction (0=own anti)

Block QNUMBERS 7100706 # st1
1 2 # 3 times electric charge
2 1 # number of spin states (2S+1)
3 3 # colour rep (1: singlet, 3: triplet, 8: octet)
4 1 # Particle/Antiparticle distinction (0=own anti)

Block QNUMBERS 7200705 # sb2
1 -1 # 3 times electric charge
2 1 # number of spin states (2S+1)
3 3 # colour rep (1: singlet, 3: triplet, 8: octet)
4 1 # Particle/Antiparticle distinction (0=own anti)

Block QNUMBERS 7200706 # st2
1 2 # 3 times electric charge
2 1 # number of spin states (2S+1)
3 3 # colour rep (1: singlet, 3: triplet, 8: octet)
4 1 # Particle/Antiparticle distinction (0=own anti)

Block QNUMBERS 6000611 # mfdm
1 0 # 3 times electric charge
2 2 # number of spin states (2S+1)
3 1 # colour rep (1: singlet, 3: triplet, 8: octet)
4 0 # Particle/Antiparticle distinction (0=own anti)

Block QNUMBERS 6000612 # dfdm
1 0 # 3 times electric charge
2 2 # number of spin states (2S+1)
3 1 # colour rep (1: singlet, 3: triplet, 8: octet)
4 1 # Particle/Antiparticle distinction (0=own anti)
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