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Abstract in deutscher Übersetzung

Physik jenseits des Standardmodells kann durch verschiedene Ansätze untersucht werden, die
von UV-vollständigen Modellen wie Supersymmetrie bis hin zu den allgemeineren e�ektiven
Feldtheorien (EFT) reichen.

Der von Fermi–LAT gemessene Exzess von γ–Strahlen aus dem galaktischen Zentrum (GC)
kann als ein Signal dunkler Materie im minimalen supersymmetrischen Modell (MSSM) inter-
pretiert werden. Mit SFitter identi�zieren wir verschiedene Annihilationskanäle mit einer
Dunkle–Materie–Masse von bis zu 300 GeV, die das gemessene Spektrum reproduzieren. Unter
Berücksichtigung der vollständigen Abschätzung für statistische, systematische und theoretische
Unsicherheiten durch Fermi–LAT �nden wir nur eine milde Spannung zwischen der notwendi-
gen Annihilationsrate und der beobachteten Dichte dunkler Materie. Starke Einschränkungen
aus direkten Detektionsexperimenten und der beobachteten Dichte dunkler Materie schließen
große Bereiche des Parameterraums aus und favorisieren einen pseudoskalaren Mediator. Die
Erweiterung des MSSM um ein zusätzliches Singlet ermöglicht eine e�ziente Annihilation
von Dunkle–Materie–Teilchen unter 60 GeV über einen leichten Pseudoskalar. Wir können die
resultierenden Lösungen für den GC-Exzess mit einem großen Higgs-Verzweigungsverhältnis
in unsichtbare Endzustände verbinden, die in Reichweite von LHC Messungen liegen.

Schließlich nutzen wir das EFT-Framework, um höherdimensionale Operatoren vom Higgs-
und dem elektroschwachen Sektor zu beschränken. Unsere Grenzen auf Kopplungen von drei
Eichbosonen aus LHC Di–Boson–Kanälen sind um ein Vielfaches stärker als all diejenigen,
die aus LEP–Daten bestimmt wurde. Die Kombination von Higgs-Messungen und Eichboson–
Vertizes führt zu einer deutlichen Verbesserung der Limits auf die gesamten Operatoren.
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Abstract

We study physics beyond the Standard Model with state–of–the–art global �ts of both UV-
complete models like supersymmetry and the more general e�ective �eld theories (EFTs).

�e γ -ray excess from the galactic center measured by Fermi–LAT can be interpreted as a
dark ma�er signature in the minimal supersymmetric model. Using the SFitter framework we
identify di�erent annihilation channels with a dark ma�er mass up to 300 GeV yielding the
measured spectrum. Strong constraints from direct detection experiments and relic density
rule out large regions of the parameter space, favoring a pseudoscalar mediator. In the next–
to–minimal supersymmetric model the additional singlet allows e�cient annihilation of dark
ma�er particles below 60 GeV via a light pseudoscalar. We connect the resulting solutions to
the GC excess with a large invisible Higgs branching ratio in reach of the LHC.

Finally we use the EFT framework to constrain higher-dimensional operators from the Higgs
and the electroweak gauge sector. Our bounds on triple gauge–boson couplings from LHC di–
boson channels are several times stronger than those obtained from LEP data. �e combination
of Higgs measurements and triple gauge vertices leads to a signi�cant improvement in the
entire set of operators.
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Chapter

1
Moving beyond the Standard Model

Since the formulation of the electroweak theory by Sheldon Lee Glashow [8], Abdus Salam [9]
and Steven Weinberg [10] in 1961 and 1967, the Standard Model of particle physics (SM) has
been an amazing story of success. �e discovery of the Higgs boson [11–13] in 2012 at the Large
Hadron Collider (LHC) by ATLAS [14] and CMS [15] con�rmed the mechanism of electroweak
symmetry breaking and provided particle physics with a rather complete model in agreement
with nearly all observations at modern colliders.

In the following we introduce the basic concepts of the SM and the challenges, that motivate
theorists and experimentalists alike to search for answers beyond the SM. Searches for new
physics cover a wide range of experiments and concepts. �e work presented in this thesis has
been carried out in two distinct areas of BSM physics: Supersymmetry and e�ective �eld theory.

In the framework of supersymmetry we examine solutions to the dark ma�er problem related
to the potential dark–ma�er signals from the galactic center (GC) excess, a γ–ray excess in
the few GeV range observed by Fermi–LAT [16]. Using global �ts we give an answer to the
question of how solutions to the GC excess can be linked to LHC analyses of the Higgs sector.

In the second part of this thesis we use the largely model–independent EFT framework to
analyze di–boson channels and set limits on the operators contributing to triple gauge vertices
(TGVs). �e driving questions are how a combination of the latest LHC analyses of TGVs
performs in comparison to previous LEP results and to quantify the additional constraining
power obtained from a combined Higgs–Gauge �t.

While all presented projects are linked on the technical site via SFitter [17–19], a complex
multipurpose ��ing program described in Chapter 2, they belong to two very di�erent ap-
proaches with individual aims and challenges. We will motivate the use of SUSY and EFT and
highlight their respective features.

�e Standard Model is a quantum �eld theory that is based on the action, the space-time
integral over a Lagrangian LSM , that is invariant under global proper orthochronous Poincaré
transformations (translations, rotations, and boosts) and the local SU (3)C × SU (2)L ×U (1)Y
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1 Moving beyond the Standard Model

gauge group,

S =

∫
d4x LSM . (1.1)

�e SM Lagrangian is

LSM = −
1
4G

a
µνG

a µν −
1
4W

a
µνW

a µν −
1
4BµνB

µν +
∑
f

i f /Df

+ (Dµϕ)
† (Dµϕ) − µ2ϕ†ϕ − λ(ϕ†ϕ)2

−
∑

generations

(
yu

(
u

d

)
L
ϕ̃ uR + yd

(
u

d

)
L
ϕ dR + y`

(
ν

`

)
L
ϕ `R + h. c.

)
. (1.2)

�e �elds appearing in this Lagrangian are the gauge bosons Ga
µ ,W

a
µ , and Bµ , the scalar �eld

ϕ, that transforms as a doublet under SU (2)L , and the fermionic �elds f . Suppressing the
generation indices we can distinguish the fermionic �elds as up–type quarks u, down–type
quarks d , charged leptons ` and neutrinos ν . From the gauge bosons we built the �eld strength
tensors,

Ga
µν = ∂νG

a
µ − ∂µG

a
ν + дs f

abcGb
µG

c
ν (1.3)

W a
µν = ∂νW

a
µ − ∂µW

a
ν + дϵ

abcW b
µW

c
ν (1.4)

Bµν = ∂νBµ − ∂µBν , (1.5)

for the kinetic terms of the bosons. �e coupling of the strong and weak interaction are given
by дs and д. �e structure constants f abc and ϵabc of the SU (3)C and SU (2)L gauge groups
determine their non–Abelian behavior.

�e kinetic terms of the fermions and the scalar �eld include the covariant derivative

Dµ = ∂µ − iд
σa

2 W a
µ − iд

1
2Bµ − iдs

λa

2 Ga
µ , (1.6)

where σ denotes the Pauli matrices and λa the Gell–Mann matrices. �e contribution from
the gluon �eld only appears when the covariant derivative is applied to quarks, since leptons
and the scalar �eld are singlets under the SU (3) transformation. �e remaining terms of the
Lagrangian are the Higgs potential and the Yukawa terms that couple the fermions to the Higgs
boson proportional to the coupling yi . �e Higgs potential contains the only dimensionful
parameter µ. For µ2 < 0 the scalar �eld acquires a non-vanishing vacuum expectation value
v ≡
√

2 ��〈ϕ〉�� determined by the structure of the scalar potential,

v2 = −
µ2

λ
. (1.7)
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Figure 1.1: Feynman diagrams illustrating loop contributions from top (le�) and stop (right) to
the Higgs mass.

and we can write the Higgs doublet as

ϕ =
1
√

2

(
−w2 − iw1

v + h + iw3

)
. (1.8)

�e scalar �eld h denotes the Higgs particle. As a consequence the electroweak gauge sym-
metry is broken SU (2)L ×U (1)Y → U (1)Q and the resulting Goldstone bosons w i become the
longitudinal degrees of freedom of the gauge bosons W ± and Z , combinations of the gauge
eigenstatesW a and B, thereby allowing them to acquire mass. �e fermions likewise become
massive with masses proportional to their Yukawa couplings leading to a consistent description
of high energy physics.

However, the special role of the Higgs boson as the only fundamental scalar in the SM leads
to a �ne tuning problem known as the hierarchy problem. �e fermionic couplings of the Higgs
induce loop corrections to the Higgs mass as illustrated in Fig. 1.1 of the form

∆mh = −
Nc

���yf
���
2

8π 2

[
Λ2 − 2m2

f ln
(
Λ

mf

)
+ . . .

]
, (1.9)

where Λ is the cuto� scale at which new physics is expected to enter. If we assume that the
SM is valid up to the Planck scale, these loop corrections become very large, about 30 orders of
magnitude larger than the measured Higgs mass. �e cancellation of the loop corrections with
the counterterms then requires an immense �ne tuning.

One possible solution to the hierarchy problem is a systematic cancellation of loop corrections.
�is can be achieved by introducing an additional symmetry transformation Q , that relates
fermions and bosons with identical couplings,

Q |Boson〉 = |Fermion〉 Q |Fermion〉 = |Boson〉 . (1.10)

�e underlying symmetry is called supersymmetry (SUSY) [20, 21] and is one of the most
popular theories for physics beyond the Standard Model (BSM). Since the corrections from

3



1 Moving beyond the Standard Model

Figure 1.2: Le�: Temperature power spectrum of the CMB, measured by Planck published in
Reference [30]. Right: Measured and expected bounds on spin–independent WIMP
nucleon cross–section from current and future direct detection experiments pub-
lished in Reference [31].

scalar particles coupling to the Higgs enter with the opposite sign than those from fermions,
the leading contributions from fermions and scalars with identical coupling would cancel each
other. A complete cancellation would in addition require each pair of fermions and scalars to
have the same mass. Since no such partner particles have been seen, we have to assume that
the masses of the undiscovered particles exceed the mass spectrum of the SM, leaving us with
logarithmic divergences, depending on the mass ratio of scalars and fermions. Note, that these
divergences will still cancel each other partially for su�ciently small mass di�erences. �e
systematic cancellation of loop contributions occurs as well for the mass contributions of the
gauge bosons when we introduce corresponding fermionic degrees of freedom. Of course SUSY
is not the only theory o�ering a solution to the Hierarchy Problem. Other famous examples are
for instance composite Higgs models [22–25] or extra dimensions [26–29].

From the theory point of view further unsolved questions remain, that cannot be explained
with the SM in its current form. �ere is for instance the �avor puzzle, the strong hierarchy
in the Yukawa couplings of the quarks and leptons, or the search for a grand unifying theory,
connecting electroweak and strong interactions. In addition we are still missing out on conclusive
explanations for the neutrino mass origin and hierarchy, Baryogenesis and the measured
deviation of the anomalous magnetic moment of the muon from the SM prediction. Certainly one
of the most pressing evidence for physics beyond the SM arises from astronomical observations.
�e Planck satellite estimated the mass/energy content of the Universe to be 68.3% of dark
energy, 26.8% of dark ma�er and only 4.9% of ordinary ma�er [30] from the temperature
spectrum of the cosmic microwave background (CMB) displayed in Fig. 1.2. Hence the SM
describes only about 5% of the energy density of the Universe. A primary goal of physics beyond
the Standard Model is thus to explain the nature of dark ma�er.
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In principle three di�erent experimental approaches are used to learn more about dark ma�er.
Direct detection experiments like Xenon1T [32] and LUX [33] try to detect dark ma�er via
its interaction with nucleons. Relying on low backgrounds they can set strong limits on the
spin-dependent and spin-independent cross section as a function of the mass of the dark ma�er
particle. Fig. 1.2 shows a�ainable bounds from nobel liquid detectors. Collider experiments
like the LHC try to produce new particles that can be detected e. g. as resonances [34] or
missing transverse momentum in mono-jet searches [35]. Finally there are indirect detection
experiments like Fermi–LAT [16]. �ey look for the products of dark ma�er annihilation into
SM particles. Photons are very promising candidates, as they are easy to detect and can travel
very long distances without interaction.

Since the discovery of the �rst evidence of dark ma�er, the precision of astrophysical ex-
periments has increased enormously. Recent measurements by Planck are able to determine
the dark ma�er relic density from a global �t of the Λ–CDM model including further input
parameters with a precision of be�er than 2%.

Many di�erent models have been developed that o�er explanations for one or more of the
mentioned problems, in particular dark ma�er. From previous measurements we expect a
potential dark ma�er candidate to ful�ll certain criteria: It should be massive, dark i.e. not
charged under the electromagnetic interaction, stable on cosmological scales, su�ciently cold
to form structures and reproduce the relic abundance measured by Planck. One of the most
promising candidates for dark ma�er are weakly interacting massive particles, WIMPs, which
by de�nition ful�ll the �rst two criteria. In Chapter 3 we will start by reviewing the evidence
for dark ma�er, the WIMP model as a solution to the dark ma�er problem, and the associated
calculation of the relic density. It will turn out that WIMP dark ma�er yields automatically a
relic density in the range of the measured value.

Supersymmetric models provide such a WIMP candidate for dark ma�er, in the form of the
lightest supersymmetric particle (LSP). Protected by a symmetry, it can not decay into SM
particles and is hence stable. If the LSP is a neutralino, then it interacts only weakly, ful�lling
all WIMP criteria. We will discuss the resulting phenomenology for supersymmetric models in
the second part of Chapter 3.

In addition to the Planck measurement of the relic density, Fermi–LAT has measured
a gamma-ray excess in the few GeV range from the GC. If this signal originates from the
annihilation of DM, it would provide a complementary constraint on SUSY DM models. �is
interpretation is motivated by the remarkable fact, that the necessary annihilation cross section
to �t the GC excess is of the same order of magnitude as the cross section for the relic density.

In Chapter 4 we explore SUSY dark ma�er annihilating via various channels like the SM-Higgs
h, a pseudoscalar, A, and the Z boson into bb̄,W +W − and tt̄ to model the GC excess. Using
SFitter, we include the latest result from the Fermi collaboration itself to perform a �t within
the minimal supersymmetric extension of the SM (MSSM) including all spectral information.
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1 Moving beyond the Standard Model

W ±

f2

f1

f4

f3

д д

f2

f1

f4

f3

GF

Figure 1.3: Feynman diagrams illustrating the full matrix element for theW mediated s–channel
and the e�ective Fermi theory.

�e large theoretical and statistical uncertainties allow a combination of the GC excess with
the relic density, taking into account the di�erence in velocity distributions between the early
Universe and today. We �nd that in particular the annihilation via a pseudoscalar shows a good
agreement with data and avoids constraints from direct detection.

In Chapter 5 we establish a connection between the astrophysical observations and Higgs
measurements at the LHC. �erefore we focus on light dark ma�er solutions to the GC excess
which allow for an enhanced invisible branching ratio of the SM like Higgs. For this setup we
rely on an e�cient annihilation channel for dark ma�er masses in the range of 30 to 60 GeV.
�e framework of the next to minimal supersymmetric extension of the SM (NMSSM), which
adds an additional singlet to the MSSM, provides a su�ciently light pseudoscalar to create a
large enough annihilation cross section while avoiding a light charged Higgs that is excluded
by LHC searches. SFitter allows us to link the dark ma�er �t to LHC Higgs observables like
the invisible branching ratio, while controlling the mixing between SUSY and SM like Higgs.
We �nd that it is possible to see an enhanced invisible branching ratio in agreement with all
Higgs observables while simultaneously ��ing the dark ma�er observables. �e results of the
global NMSSM �ts of the GC excess including the relic density, limits from direct detection and
collider searches are discussed in Chapter 5.

�e NMSSM analysis illustrates how BSM models de�ned at a high scale o�en lead to small
deviations from SM predictions at low scales, e.g. in the Higgs sector. As a complimentary
approach to a speci�c high scale model, EFTs are used to parametrize deviations from the SM in
a rather model independent way. �ey extend the SM Lagrangian with additional operators
build from SM particles and their derivatives.

A well known example in the history of particle physics is Fermi theory as an e�ective theory
of the SM. Before the discovery of theW boson the beta decay was described by a four fermion
interaction with the coupling GF [GeV−2] displayed in Fig. 1.3. In the SM, the interaction is
instead transmi�ed via aW boson. �e full matrix element therefore includes theW -propagator,

6



yielding

M ∝
д2

p2 −m2
W
. (1.11)

From the form of the propagator it can be seen that at low energies p2 �m2
W the denominator is

dominated by theW mass and Fermi theory is a valid approximation of the full matrix element.
�e Fermi constant can therefore be expressed in terms of the electroweak theory by

GF =

√
2

8
д2

m2
W
. (1.12)

�is behavior nicely illustrates how in a low–scale limit one can map a speci�c perturbative
model to an EFT, such that the low–scale impact of new particles is parametrized via higher
dimensional operators. Only when approaching the pole condition we observe deviations
from Fermi theory requiring the full SM description. For a detailed introduction to EFTs see
Reference [36].

In Chapter 6 we introduce the relevant operators for a Higgs–EFT. We combine searches
from ATLAS and CMS to constrain the dimension-6 operators of the Higgs sector in an e�ective
extension of the Standard Model. LHC searches related to triple gauge vertices (TGV) provide
a powerful additional constraint. We simulate the distributions for di�erent channels includ-
ing showering and detector simulation for ATLAS and CMS. �e derived parametrization of
the distribution is used to �t the EFT to the experimental data. Careful correlation of related
uncertainties between distinct searches of each experiment are central in the last step of the
combination when we compute the likelihood distribution. �e combined limits on the anomal-
ous TGV that we obtain from our analysis of LHC data, are about a factor of 2 to 5 stronger
than the known limits from LEP. Adding this analysis to the SFitter Higgs EFT �t leads to
even stronger constraints on correlated operators.

In Chapter 7 we summarize the content of the thesis, highlighting the most important
results. We thereby give an answer to the driving questions formulated at the beginning of this
introduction.

7



8



Chapter

2
SFitter

�e central tool used for all �ts in this thesis is SFitter [17, 18, 37, 38], a multipurpose ��ing
program that can be used to �t data from dark ma�er searches [39], Higgs observables [19, 40–
42], electroweak precision measurements [3] and many other experiments [5]. �e basic idea of
every �t is very simple. Experiments provide data in the form of measured numbers of events,
cross sections and exclusion limits. �eorists on the other hand construct models that predict
the same observables. �e �t compares data with predicted observables and assigns a likelihood
value that characterizes the agreement. �e aim is to �nd a list of best �t points and exclusion
limits for the tested model. For this purpose we have to scan the parameter space and compute
the likelihood of every tested parameter point. �is general concept is illustrated in Fig. 2.1.

In order to build the full likelihood function from data, a crucial step is the correct treatment of
theoretical and experimental uncertainties. Systematic, statistical and theory uncertainties are
taken into account using Gaussian, Poisson or box shaped uncertainty distributions according to
their interpretation. �e full likelihood including all uncertainties is determined by consistently
pro�ling over the corresponding nuisance parameters. In Sec. 2.1 we discuss in detail how
the likelihood function is built from data, including the correlation of identical sources of
uncertainties in di�erent observables.

Having determined the likelihood of a single parameter point, we need to e�ciently scan
the parameter space of the model to build a likelihood map. SFitter uses several minimization
algorithms to search the model parameter space for best �t points, including Markov chains, a
stochastic process for which the choice of the next parameter point exclusively depends on the
current state. Sec. 2.2 illustrates the most important algorithms and techniques to improve the
performance of the �t.

For the computation of the model predictions, SFitter relies on a large number of tools like
SUSY spectrum calculators and dedicated dark ma�er programs to compute observables e.g.
the relic density. �e last section focuses on the technical aspects of SFitter and its interfaces
with external programs.
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SLHA�le

Input parameters

Spectrum

Observables

NMSSMTools

MicrOMEGAs

�x

MC

Model �le range

RFit

Data �le

−2 logL

Pi

P1

Pi+1

Pn−1

Pn

best �t, root �le

Markov chain

Breit Wigner

Figure 2.1: SFitter �ow diagram. A detailed description of the architecture of the program is
given in Sec. 2.3
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2.1 �e likelihood function

2.1 �e likelihood function

�e likelihood is the central function to describe the agreement between model and data.
In order to introduce the concept of a likelihood function we start with the de�nition of
probability as a frequentist concept [43]. Let us assume we perform an experiment to measure
the observable x . Repeating the experiment many times will result in di�erent values of x .
�e resulting distribution generates the probability density function of x , f (x ). Using this
distribution we can determine the probability p to measure x within the interval [xmin ,xmax ],∫ xmax

xmin

f (x )dx = p . (2.1)

�is concept of probability is well de�ned within the frequentist framework. In order to include
a speci�c model we insert the dependence on a model parameter α and consider f (x |α ). For
each value of alpha the probability density function is normalized to 1,∫ +∞

−∞

f (x |α )dx = 1 . (2.2)

Starting from a given measurement, the situation is inverted. Instead of the well–de�ned
probability to measure a certain value given a �xed parameter, we now want to know the
likelihood that a parameter choice α is a valid hypothesis given a measured observable. Fixing
x to an observed value, we de�ne the likelihood function L (α |x ) = f (x |α ), which is no longer
normalized to 1. Using the likelihood function, one can determine the best–�t value αbest for
which the likelihood is maximal. For practical purposes one o�en minimizes the log-likelihood
−2 logL (α ) instead of maximizing the likelihood as the product of likelihood functions becomes
a simple sum of log-likelihood functions. In the �nal analysis, we will consider the likelihood
ratio function, that divides the likelihood of a given parameter point that we want to test - the
null hypothesis θ0 - by the supremum of the likelihood of the full parameter space Θ, i.e. the
best �t point,

λ = −2 log L (θ0 |x )

supθ ∈Θ L (θ |x )
(2.3)

= −2 log L (α )

L (αbest )
. (2.4)

�is approach is motivated by the Neyman–Pearson lemma that states that the likelihood ratio
is the most powerful test statistics to discriminate between two hypotheses [44]. According
to Wilks’ theorem, under certain conditions like a large sample size, this likelihood ratio func-
tion follows a χ 2 distribution with ∆n degrees of freedom [45]. Here, ∆n corresponds to the
di�erence in the number of degrees of freedom of the null hypothesis and the full parameter
space. In the two dimensional projections of the likelihood maps that we discuss in this thesis,
we pro�le over all but the displayed degrees of freedom so that ∆n = 2. Wilks’ theorem �nally
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2 SFi�er

allows us to interpret the displayed likelihoods in a meaningful way, perform actual hypothesis
testing, and exclude regions of the parameter space.

In the following we will discuss how to build a likelihood function from experimental results.
�e most crucial part when including data into a �t is the treatment of uncertainties. In order
to build a correct likelihood function we have to assign appropriate distributions - Gaussian,
Poisson, or �at - to the di�erent types of uncertainties - systematic, statistic, theoretical - and
correlate them within di�erent channels of the same experiment. In the following we will
discuss the di�erent classes of uncertainties one by one.

2.1.1 Poisson distribution

Statistical uncertainty is inherent to every measurement. Poisson distributions are used to
describe statistic uncertainties when we consider a large number of independent tries N , a small
probability p to observe an event and when their product results in a �nite number of events
N · p. �ese conditions are exactly ful�lled at the LHC, as well as for the observation of γ -rays
from the Galactic Center. �e probability to observe d events when you expect d̃ events is then
given by

P (d |d̃ ) =
e−d̃d̃d

d! . (2.5)

�is distribution is maximal for both d = d̃ − 1 and d = d̃ and is normalized to 1,

d=∞∑
d=0

P (d |d̃ ) = e−d̃
d=∞∑
d=0

d̃d

d! = e−d̃ed̃ = 1 . (2.6)

For a standard LHC channel the total number of measured events will be the sum of the
signal we are interested in and some indistinguishable background. �us we have to consider
the sum of two numbers s and b that follow Poisson distributions. If we assume that we know
the mean of the background distribution b̃ very precisely, we can compute the probability to
measure d events assuming a mean s̃ of the signal,

P (d |s̃, b̃) =
d∑

s,b=0

e−s̃ s̃s

s!
e−b̃b̃b

b! δ (d − s − b)

=
e−(s̃+b̃ )

d!

d∑
s=0

(
s

d

)
s̃sb̃d−s

=
e−(s̃+b̃ ) (s̃ + b̃)d

d! . (2.7)
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2.1 �e likelihood function

We simply recover the Poisson distribution for d̃ = s̃ + b̃ events which is expected. Assuming d
has been measured we can now de�ne the likelihood for the parameter s̃ to be

LPoiss (s̃ |d, b̃) =
e−(s̃+b̃ ) (s̃ + b̃)d

d! . (2.8)

While this is well de�ned, the precise value of b̃ is usually unknown. Instead, a measurement
has been carried out in a control region resulting in the measured value of b. �e result of
this measurement is then extrapolated into the signal region using for example the ABCD
method [46]. �e key observation we have to make here, is that the background expectation
is subject to a measurement and consequently to statistical �uctuations in this measurement.
�is second measurement has to be taken into account to evaluate b̃ in the signal region. �e
combined probability to measure b and d is given by

P (b,d |s̃, b̃) =
e−(s̃+b̃ ) (s̃ + b̃)d

d!
e−b̃b̃b

b! . (2.9)

For simplicity we assume throughout this argument that the expected number of background
events in the signal and the control region agree. In general this assumption is not justi�ed and
o�en the control region bene�ts from larger event numbers. We take this e�ect into account in
the SFitter framework by inserting a scale factor into the background distribution. Using a
frequentist approach we pro�le over all possible values of b̃ to �nd the likelihood function of s̃ .

LPoiss (s̃ |d,b) = max
b̃

e−(s̃+b̃ ) (s̃ + b̃)d

d!
e−b̃b̃b

b! . (2.10)

In the limit of a large number of events, we can approximate the Poisson distributions with a
Gaussian function. In this case the limit can be computed analytically,

LGauss (s̃ |d,b) = max
b̃

1
√

2πd
e
−
(d − b̃ − s̃ )2

2d 1
√

2πb
e
−
(b − b̃)2

2b

=
1

2π
√
db

e
−
(d − b − s̃ )2

2(d + b) . (2.11)

�e pro�led likelihood is again described by a Gaussian distribution. Its width is given by the
widths of the individual data and background distributions added in quadrature.

However, for small numbers of events the approximation does not hold and we have to
solve the problem numerically. It is therefore convenient to consider instead the logarithm of
the likelihood, turning products of likelihoods into sums of log–likelihoods. Following Wilks’
theorem we rede�ne the likelihood as a generalized χ 2 that vanishes when the prediction
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reproduces the observed number of events,

−2 logLPoiss (s̃ |d,b) ≡ χ 2

= −2 log *
,

P (b,d |s̃, b̃)

P (b̃, d̃ |s̃, b̃)
+
-

= −2 max
b̃


(d − s̃ − b̃) log(s̃ + b̃) + (b − b̃) log(b̃) + log *

,

(s̃ + b̃)!
d!

b̃!
b!

+
-


.

(2.12)

�is is the �nal form of the likelihood measure that we would like to implement. However,
in favor of a computing time e�cient analysis we cannot perform a maximization for each
data point of each point of the Markov chain. Instead we use an approximation of Eq. (2.12).
We split the Poisson likelihood into two contributions, originating from data and background
measurements:

−2 logLPoiss,d (s̃ |d,b) = −2
[
(d − (s̃ + b)) log(s̃ + b) + log

(
(s̃ + b)!
d!

)]
(2.13)

−2 logLPoiss,b (s̃ |d,b) = −2
[
(b − (d − s̃ )) log(d − s̃ ) + log

(
(d − s̃ )!

b!

)]
(2.14)

�e likelihood contribution from the data measurement uses d̃ = s̃ + b as a prediction for
the total number of events, the second contribution approximates the predicted number of
background events by b̃ = d − s̃ using the measured number of events. �is re�ects that a
deviation of predicted signal and measured signal can be caused by a �uctuation of the data as
well as a �uctuation of the background.

�e two contributions are then combined via the approximate formula

1
logLPoiss

≈
1

logLPoiss,d
+

1
logLPoiss,b

(2.15)

which becomes exact in the Gaussian limit in Eq. (2.11).

In Fig. 2.2 we illustrate the validity of this approximation. We show the full Poisson treatment
using the maximization over the predicted number of background events, the usual Gaussian
approximation that is valid for large number of events and the approximate treatment carried
out by SFitter. �e green line represents the pro�led Poisson distribution, the red line the
SFitter approximation and the blue line shows the Gaussian treatment. We see that for all
cases, the approximation done by SFitter describes the Poisson distribution be�er than the
Gaussian approximation. For large event numbers all three lines coincide, while for smaller
numbers, the lines diverge for large deviations from the best �t point. Zooming into the le�
and the middle �gure, we �nd a perfect agreement between the approximation and the Poisson
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Figure 2.2: Illustration of the validity of Eq. (2.15) for di�erent values of d and b. �e displayed
curves show the exact solution (green), the Gaussian approximation (blue), and the
approximation done by SFitter (red). From le� to right the values for (d,b) are
(6, 4), (20, 10), (100, 60).

distribution for s̃ < 5.5 and d̃ < 17, where we need a high precision. For s̃ = d the background
contribution of the approximation diverges and we see some deviation with respect to the
Poisson distribution. However for larger values of s̃ the shape of the approximation follows
again the Poisson distribution, keeping only a small relative o�set. �e overall agreement of
the approximation and the exact distribution is very good, especially around the best �t point,
making Eq. (2.15) a valid approximation.

2.1.2 Gaussian distributions

In reality probability density functions describing the number of events are not known exactly,
but depend on some unknown nuisance parameters. Typical examples are the uncertainty on
the luminosity of a collider or the photon reconstruction e�ciency of a calorimeter for instance
at Fermi-LAT or at an LHC experiment. �e knowledge about these nuisance parameters can
be described by an additional contribution to the likelihood. Since these parameters are usually
determined with large data samples this contribution typically follows a Gaussian distribution.
�e corresponding likelihood is then given by

LGauss (d̃ |d ) =
1

√
2πσsys

exp− (d − s̃ − b)
2

2σ 2
sys

. (2.16)

where d stands for the measured data and d̃ for the predicted number of events. Moving
from likelihood to log-likelihood, the prefactor becomes a constant o�set. Again, we want to
normalize the likelihood such, that L (d = d̃ ) = 1.

−2 logLGauss (d̃ |d ) =

(
d − d̃

)2

σ 2
sys

= χ 2 . (2.17)
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When we are looking for BSM physics we consider the Standard Model as a background and
the data as the sum of signal and background: d = s + b. What we are actually looking for
is therefore the likelihood of the BSM signal s̃ given the data point s = d − b. �e resulting
uncertainty on s depends on the correlation of data and background:

σ 2
s =

(
∂s

∂d
σd

)2
+

(
∂s

∂b
σb

)2
+ 2ρ ∂s

∂d

∂s

∂b
σdσb (2.18)

=



σ 2
d + σ

2
b for ρ = 0 (uncorrelated)

(σd − σb )
2 for ρ = 1 (fully correlated)

(2.19)

ρ is the correlation coe�cient that can vary between -1 and 1. As the events originating
from the signal process are subject to the same systematic uncertainties (e.g. luminosity
or lepton reconstruction e�ciency) as the events from the background process, we assume
full correlation between data and background. �e likelihood contribution arising from the
systematic uncertainties are therefore calculated using

−2 logLGauss (d̃ |d ) =
(d − b − s̃ )2

σ 2
s,syst

=
(d − b − s̃ )2∑

syst (σd,i − σb,i )2
(2.20)

In the last line we generalize the formula for di�erent sources of systematic uncertainties. Given
their Gaussian nature, they are combined in quadrature.

2.1.3 Flat distributions

�e third class of uncertainties are described by �at distributions,

LFlat,s = Θ((s̃ + σs ) − s )Θ(s − (s̃ − σs )) ⇐⇒ s̃ ∈ [s − σs , s + σs ] , (2.21)

where Θ is the Heaviside function. In this case the prediction of the signal has to be within a
certain range of the data s , otherwise its likelihood vanishes. Within the allowed range there is
no discrimination between di�erent values. A typical situation in which we apply these kind of
uncertainties are scale dependencies in higher order calculations. A common way to determine
σs is for example to vary the scale that is used in the calculation of the observables by a factor
of 2 in both directions. In this case this treatment has no statistical signi�cance and the values
of σs do NOT correspond to a well de�ned statistical interpretation.

Another example is the γ–ray spectrum from Fermi–LAT where we use a �at uncertainty
to cover the di�erences between the di�erent background models. As we have no means to
determine which model is closer to a ”true” model, we have to assume that the likelihood
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Figure 2.3: Illustration of the RFit scheme for the combination of �at and Gaussian uncer-
tainty. �e x–axis indicates the di�erence between predicted number of events and
data. �e y–axis shows the corresponding log–likelihood. �is �gure is taken from
Reference [48].

distribution is �at between the minimal and maximal value predicted by the set of models.

For LHC measurements, typically more than one theoretical uncertainty enters the calculation.
For instance a measurement of a Higgs channel has to take into account theory uncertainties
arising from parton distribution functions (PDF), αs and higher order corrections. Using the
frequentist approach we start by varying the prediction within the allowed range of the �rst
uncertainty to maximize the likelihood. �e resulting prediction is once again varied within
each of the remaining theory uncertainties to maximize the likelihood. �is is equivalent to
combining the theoretical uncertainties linearly into one �at uncertainty:

σtheo, s̃ =
∑
theo

σtheo (2.22)

2.1.4 Combining di�erent uncertainties

Having determined the forms of all uncertainties, we proceed to combine them into one like-
lihood function. Due to the theory uncertainty the predicted signal is �xed up to a nuisance
parameter s∗. We have to pro�le over this nuisance in order to combine theory and systematic
uncertainty into a meaningful likelihood function. �is procedure is called the RFit scheme [47].

L = max
s∗

Θ [s∗ − (s̃ − σtheo )]Θ [(s̃ + σtheo ) − s∗] exp− (d − b − s
∗)2

2σ 2
sys,s

= max
s∗∈[s̃−σtheo, s̃+σtheo ]

exp− (d − b − s
∗)2

2σ 2
sys,s

. (2.23)
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Maximizing the likelihood results in a shi� of the predicted signal towards the actual data. �e
log-likelihood can therefore be expressed by

√
−2 logL = χ =




s − (s̃ + σtheo )

σsys,s
for σtheo < s − s̃

0 for σtheo > |s − s̃ |
s − (s̃ − σtheo )

σsys,s
for σtheo < s̃ − s

(2.24)

�e resulting log-likelihood function, a parabola that is cut open at its minimum, is shown in
Fig. 2.3.

For the Gaussian case the treatment of data and prediction is symmetric. �erefore it makes
no di�erence whether we shi� the data towards the prediction or vice versa. However for the
Poisson distribution the two treatments would yield di�erent results. Following the formalism
above it becomes clear that, to take into account the theory uncertainty, we have to shi� the
prediction by the theory uncertainty towards the data. If data and prediction di�er by less than
the theory uncertainty, the likelihood is set to one. Otherwise the log-likelihood contributions
in Eq. (2.14) are modi�ed to

−2 logLPoiss,d (s̃ |d,b) = −2

(d − (d̃ ± σtheo )) log(d̃ ± σtheo ) + log *

,

(d̃ ± σtheo )!
d!

+
-


,

(2.25)

with d̃ = s̃ + b.

Finally, we have to combine the Poisson and Gaussian distributions to one likelihood function.
As for the combination of Poisson uncertainties for data and background, this would require
a numerical treatment to pro�le over the nuisance parameters. However, we found that the
approximate formula

1
logL =

1
logLGauss

+
1

logLPoiss,d
+

1
logLPoiss,b

(2.26)

results as well in a very good agreement for small number of events, reducing the computing
time. In the limit of large event numbers when the Poisson distribution can be replaced by a
Gaussian with σGauss = σPoiss =

√
d the approximate formula actually becomes exact. �e

expression illustrates that the combined likelihood is dominated by the largest likelihood, which
corresponds to the largest uncertainty.

2.1.5 Correlations

We already mentioned the necessity of including correlations between the data and the back-
ground. Indeed when combining the likelihood contributions of di�erent bins of one distribution
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and even of di�erent channels at the same experiment we have to take into account the correla-
tion of systematic uncertainties of the same type, such as those associated with luminosity or
lepton reconstruction e�ciency. �is is quanti�ed by the correlation matrix C

C = corr(Xi ,X j ) =
E[(Xi − X i ) (X j − X j )]

σiσj
, (2.27)

where E denotes the expectation value and X̄ the mean value of X . By construction the
correlation matrix is symmetric and the diagonal entries are equal to 1. For the o�-diagonal
entries we �nd

Ci j =

∑
syst σi,systσj,syst · ρi, j,syst

σi,expσj,exp
, (2.28)

for two channels i and j. �e systematic uncertainties of each channel are calculated again
following Eq. (2.20). �e numerator is a sum over all sources of systematic uncertainties
weighted with a correlation coe�cient ρ. �is coe�cient is de�ned as the covariance matrix
normalized with respect to the standard deviation and can range from −1 to 1. For uncertainties
representing detector and collider parameters, we assume a full correlation for the individual
categories and set ρi, j,syst to 1. In the denominator σ 2

i,exp is the sum of all experimental - i.e.
non–theoretical - uncertainties added in quadrature.

σ 2
i,exp =

∑
syst

σ 2
syst +

∑
poiss

σ 2
poiss (2.29)

�e Poisson contribution in the denominator consists of two contributions,
√
d and

√
b, for each

channel. �e full log-likelihood is �nally computed using:

χ 2 = ~χi
TC−1 ~χi (2.30)

�eoretical uncertainties are not included in the above calculation of the correlation matrix. In
the case of Fermi–LAT we assume that they are uncorrelated, as all models use a legitimate
approach and the correlations would depend on the speci�c models. Correlated theory un-
certainties can be modeled using nuisance parameters that can vary within a certain interval
corresponding to σtheo . �e pro�ling over these nuisance parameters is only done a�er the
global �t when we project the multi-dimensional likelihood function onto a two dimensional
plane by pro�ling over all non-displayed parameters.

2.2 Fitting strategies

Having built the likelihood function, the main objective of SFitter is to calculate which part of
the available parameter space is allowed or excluded. Depending on the problem we can be
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interested in best �t points and regions as well as exclusion limits. In this process we encounter
two major challenges: large number of input parameters and complex dependencies of the
likelihood on these parameters for instance from annihilation channels of dark ma�er particles,
both leading to long computing times. Hence we rely on various algorithms to search the
parameter space e�ciently.

Potentially the most intuitive way to scan a parameter space is to use a grid. �is method
makes sure that one calculates a point in every region of the considered space. However, this
method is not only very ine�cient in mapping out special valleys of the likelihood map, but
also su�ers from a very bad scaling behavior. �e number of points necessary to cover the
parameter space scales exponentially with the number of ��ed parameters.

A be�er possibility to analyze the likelihood distribution are Markov chains. Applied to our
scenario, a Markov chain is a sequence of points in parameter space for which the conditional
probability distribution for the next point depends only on the present point and not on any
previous part of the chain. In practice we use the likelihood to construct the probability
distribution. First we choose a random point xi in parameter space. If its likelihood is larger
than the likelihood of the current state, the point is accepted as the next element of the chain.
Otherwise we test if the likelihood of the point ful�lls the condition

L (x )

L (current )
≥ r (2.31)

with r being a random number in the range [0,1]. �is algorithm forces the Markov chain to
search for increasingly be�er points. In the ideal case this approach scales only linearly with
the number of input parameters, which allows for �ts of a multidimensional parameter space as
required for SUSY or global EFT �ts.

We can further improve the performance of the Markov chain by replacing the �at random
distribution that chooses the point x by a Breit–Wigner distribution that will search with a
larger probability closer to the current point. �is is motivated by the continuous shape of the
likelihood map. If the current point has a high likelihood, it is likely that nearby points have a
similar high likelihood. A Gaussian distribution is o�en not a suitable choice for this purpose
as the tails are exponentially suppressed and prevent a complete coverage of the parameter space.

Another possibility is to introduce so–called cooling Markov chains by modifying Eq. (2.31).
We can divide the Markov chain in 100 segments numbered with j = 1 . . . 100. We then replace
the condition in Eq. (2.31) by

L (x )

L (current )
≥ r

100
j ·c , (2.32)

where the factor c denotes the cooling factor. For small values of j the right hand side is close
to zero and almost all points are accepted. Increasing values of j lead to larger numbers on the
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right hand side of the equation and thereby to a harder acceptance criterion. Previous SFitter
studies found that c ∼ 10 gives well-converging results [19].

While Markov chains are very useful to scan the parameter space and �nd multiple minima,
other algorithms are be�er suited to �nd actual best �t points. For this purpose the MINUIT
program [49] is included in SFitter. It includes several methods of which we will list those
most frequently used.

�e Nelder–Mead method (downhill simplex method)

Let the n + 1 points u0,u1, . . . ,un ∈ R
n be a�nely independent.∗ A simplex is given by the set

of points

∆ =


x ∈ Rn : x =

k∑
i=0

tiui with 0 ≤ ti ≤ 1 and
k∑
i=0

ti = 1


. (2.33)

For low–dimensional cases a simplex corresponds to a point (n = 0), a line (n = 1), a tri-
angle (n = 2) and a tetrahedron (n = 3). Starting from a random simplex, the Nelder–Mead
method [50] orders the vertices by their values and constructs the centroid of the n best points.
Using re�ection, expansion and contraction with respect to the centroid, the algorithm tries to
�nd a point with a lower value than xn . If the algorithm is successful, xn is replaced by the new
point and starts over. Otherwise all points but the best (x0) are replaced by pushing them closer
to the best point. �en the algorithm goes back to the �rst step. Since the Nelder–Mead method
does not rely on the derivative, it is used when its computation becomes unstable. In any other
case derivative–based algorithms like MIGRAD are faster and more reliable.

MIGRAD

�e simplest minimization algorithm based on a gradient is gradient descent. �is algorithm
moves along the gradient of the function f (x ) that we want to minimize using a prede�ned
step size αk . Starting from one point xk , the next point is then given by

xk+1 = xk − αk∇f (x ). (2.34)

Following the gradient will lead eventually to a local minimum of the function f (x ). Due to
the smaller values of the derivative close to the minimum, the e�ective step size xk+1 − xk will
become smaller and the evaluation more detailed. A more advanced method replaces αk by the
inverse of the Hessian matrix

xk+1 = xk − Hf (x )
−1∇f (x ) = xk −

(
∂ f (x )

∂xi∂x j

)−1
∇f (x ). (2.35)

∗u1 − u0, . . . ,un − u0 are linearly independent.
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�is method is called Newton method. �e basic idea is to �nd the value xmin for which the
gradient vanishes in all directions via a linear approximation. While the convergence of the
algorithm is very e�cient, the evaluation of the Hessian matrix at each point of the chain is very
computing time intensive. Instead, MIGRAD uses a modi�ed version of the Davidson-Fletcher-
Powel algorithm [51, 52]. Instead of explicitly computing the Hessian matrix, one starts with a
symmetric and positive de�nite Matrix H0 and a point x0 .

�e algorithm consist of two parts. First one updates xk via

xk+1 = xk − αkHk∇f (xk ), (2.36)

where αk is chosen such that it minimizes f (xk+1) along the line xk+1 (α ). In a second step Hk
is updated via

Hk+1 = Hk +
pkp

T
k

pTk qk
−
Hkqkq

T
kHk

qTkHkqk
(2.37)

with pk = xk+1 − xk and qk = ∇f (xk+1) − ∇f (xk ). �e modi�cation to the matrix Hk keeps
the matrix symmetric and positive de�nite. For k → ∞ the matrix Hk approaches the Hessian
matrix. Details on the derivation can be found in [51, 52]. In addition to �nding the minimum,
the Hessian matrix also provides an estimate of the error matrix as the algorithm converges to
the minimum. �e interpretation of the Hessian matrix as an error estimate is only valid in the
limit of a parabolically shaped likelihood function.

MINOS

MINOS is an alternative algorithm to determine the error matrix around the minimum. It is
applied a�er the minimum has been determined for instance by MIGRAD. For each parameter p
the algorithm �nds the values for which the log-likelihood function has a �xed o�set from the
minimal value while pro�ling over the remaining parameters. �is approach also allows for
asymmetric error intervals and is therefore needed for very complex likelihood functions.

2.3 SFitter architecture

�e constructed likelihood function as well as the minimization algorithms need to be embedded
into the context of the full SFitter setup. �erefore, we will brie�y describe the architecture of
SFitter to highlight the most important features that need to be taken into account in global
�ts.

Fig. 2.1 illustrates the structure of the program. As input SFitter requires a model and a data
�le. �e model �le selects the model and the corresponding parameter space. Each parameter is
either �xed or can vary in an individual range. �e data �le stores the relevant measurements
including their uncertainties and determines which uncertainties need to be correlated.
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2.3 SFitter architecture

In order to determine the likelihood for a given point in parameter space we have to compute
the necessary observables. �erefore external programs like SuSpect [53, 54] are interfaced
with SFitter via an SLHA �le, the core of the following computations.

For all MSSM analyses [18, 37, 38] we calculate the MSSM spectrum and corresponding
B-physics observables with SuSpect3 [53, 54], while the Higgs branching ratios are computed
using SUSY-HIT and HDecay [55–57]. For the electroweak precision observables we rely on
SusyPope [58]. For constraints speci�cally for the NMSSM we rely on NMSSMTools [59–62] to
calculate the supersymmetric mass spectrum, the Higgs branching ratios, the B observables,
(д − 2)µ , and electroweak precision observables. �e relic density, the direct detection cross
sections and the indirect annihilation rate are calculated with MicrOMEGAs [63] for both
supersymmetric models.

�e number of events in the Higgs production channels at the LHC for the SM-like Higgs are
computed using the standard SFitter-Higgs setup [19, 40, 41].

In Fig. 2.1, the input parameters are handed over to NMSSMTools. SFitter then directly
calls the methods implemented in the external program. �e computed spectrum, including
decay widths and branching ratios, is then stored again in the SLHA �le so that MicrOMEGAs
can access the mass spectrum and mixing matrices to compute for instance the relic density or
direct detection cross sections.

One challenge in this procedure is the compatibility of the di�erent programs. While NMSS-
MTools is wri�en in fortran, MicrOMEGAs is mainly wri�en in C and SuSpect 3 has a
C++ interface with some core functions in fortran. �erefore the interfacing is handled in
dedicated parts of SFitter, the so-called SLHAtools. �e individual interfaces can cope with the
speci�c properties of the tools. A SuSpect calculation can be accessed via the class de�nition
in SuSpect 3. We have interfaced the spectrum calculation in NMSSMTools as an external
fortran routine and for the MicrOMEGAs interface we have implemented the loading of the
libraries in a dynamic way due to incompatibilities of MSSM and NMSSM.

A�er each tool has been executed, all relevant observables are computed. Following Sec. 2.1,
measured and predicted data are combined using the RFit scheme to obtain the log-likelihood
that measures how well the parameter point describes the data. Finally the log-likelihood is used
as feedback in combination with a Breit Wigner to choose the next point of the Markov chain.
When the Markov chain has terminated the additional minimization algorithms described in
Sec. 2.2 can be applied to map out the region around the minima and re�ne the best �t point.

Eventually SFitter outputs a list of best �t points, two dimensional likelihood maps, and a
ROOT [64] �le that contains all relevant information for all tested points. From this �le, we can
�nally infer the exclusion limits and create the likelihood maps displayed in this thesis.
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Chapter

3
SUSY Dark Matter

Searches for physics beyond the Standard Model are motivated by a large number of theoretical
and experimental observations. One of the strongest arguments, if not the most compelling,
is the observation of dark ma�er in astrophysical measurements. In this chapter, we will �rst
review the evidence for the existence of dark ma�er and its properties, and discuss how we can
relate the measurement of the dark ma�er relic density by Planck and the γ -ray spectrum by
Fermi–LAT to dark ma�er models. In Sec. 3.2, we introduce the supersymmetric models MSSM
and NMSSM as models for dark ma�er. In the last section we discuss the corresponding dark
ma�er annihilation channels.

Note that Sec. 3.1 is partly extracted from Reference [4]. Parts of all sections have been
published previously in References [1, 2].

3.1 Dark Matter

3.1.1 Evidence for dark matter

�e �rst evidence for dark ma�er were observed and pointed out by Jan Hendrik Oort and Fritz
Zwicky in 1932 and 1933. While Oort used the local galactic neighborhood for his measurements
- that were later found to be incorrect - Zwicky’s observations were determined from the Coma
galaxy cluster [65]. Using the virial theorem, he estimated the mass of the cluster from the
movement of galaxies at the outer part of the cluster. From comparing the brightness and
number of galaxies he deduced a factor of 400 between the visible and the total ma�er. �is
factor was later corrected to be smaller by an order of magnitude, e.g. due to updated values of
the Hubble constant, but the general claim remained valid.

In the following years many other observations have supported the hypothesis of dark ma�er.
Among the most famous examples we �nd:

• Galaxy rotation curves

In spiral galaxies the density of luminous ma�er decreases towards the outer end of
the spiral arms. As a consequence the rotation velocity should decrease with increasing
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3 SUSY Dark Ma�er

distance from the galactic center. Measurements using the Doppler shi� of the Hydrogen
line reveal instead a constant distribution of the velocity for large radii.

• Gravitational lensing

General relativity predicts that light follows the geodesics of curved space–time. One
side e�ect is that massive objects or distributions of ma�er act as a lens by bending light
traveling from a distant source towards the observer. Depending on how sizable the e�ect
is, the process is called strong lensing, weak lensing or microlensing. Strong lensing leads
to multiple images or lensing arcs, while weak lensing only leads to mild distortions of
galaxies turning circular sources into ellipses. Microlensing leads to an apparent change
of brightness of the background light source when a massive object is passing through
the line of sight and therefore relies on a series of images.

• Collisions of galaxy clusters

A galaxy cluster consists of stars that can be observed via telescopes; hot gas, observed
by X-ray measurements; and dark ma�er, that is located using gravitational lensing. �e
collision of two galaxy clusters leads to a displacement of the constituents due to di�erent
interactions. While the stars are only slowed down by gravitational interaction, the
gas interacts electromagnetically causing it to slow down signi�cantly. Observations of
collisions have determined that the lensing e�ect is strongest between the stars and the
gas hinting at weakly interacting dark ma�er that interacts stronger than the stars but
much weaker than the gas during the collision [66].

• Cosmic microwave background (CMB)

Photons emi�ed at the end of recombination in the early Universe are observed today
as the cosmic microwave background. �e dominant signal is a black body spectrum
at a temperature of 2.7 K. However, small anisotropies of the spectrum of the order
of 10−5 K have been observed. �e experiments COBE (1989-1993) [67], WMAP (2001-
2010) [68] and Planck (2009 - 2013) [30] have measured the resulting map of the Universe
with ever-increasing precision. �e CMB angular power spectrum can be explained by
acoustic oscillations at the time when photons were emi�ed. Small density �uctuations
led to ma�er overdensities due to the gravitational potential of dark ma�er and baryonic
ma�er. Photon pressure resisted the formation of these overdensities, leading to acoustic
oscillations of the photon–baryon �uid. �e resulting power spectrum, shown in Fig. 1.2,
can be �t by the Λ-CDM model consisting of six parameters, amongst others the baryonic
and dark ma�er density, the Hubble constant and the age of the Universe. �e latest
results of Planck thereby determine the relic density with very high precision.

• Structure Formation

Simulations like the Millennium simulation [69] try to model the formation of stars,
galaxies and clusters starting from the CMB. Comparisons of the simulated ma�er distri-
butions assuming dark ma�er show a very good agreement with galaxy survey data at
large scales. If the Universe was to consist only of ordinary ma�er, the interaction with
photons would have led to a wash-out of the density �uctuations, making it impossible to
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form condensed structures. Dark ma�er, which does not couple to photons, is therefore a
crucial ingredient to structure formation. Some tension between simulations and obser-
vations arise at smaller scales. For example the number and mass of small satellites in the
Milky Way predicted by simulations is larger than what has been observed. Advanced
studies that include baryonic physics seem to ameliorate the tension.

• Supernovae distance measurements

Astronomers use so–called type 1a supernovae to determine how fast the Universe is
expanding. Measuring luminosity and redshi�, they can determine the distances and
relative speeds of supernovae to determine the acceleration of the expansion, from which
in turn one can determine the ratio of dark energy to ma�er. Since this information is
orthogonal to the measurement of the CMB or the assumption of a �at Universe, this
measurement allows one to determine the combined energy density of baryonic and dark
ma�er. A�er subtracting the visible ma�er, one therefore obtains a precise estimate of
the dark ma�er content of the Universe.

All this evidence makes a very convincing case for dark ma�er. Alternative theories like modi�ed
Newtonian dynamics [70] try to explain the behavior of galaxy rotation curves and gravitational
lensing without a new form of ma�er by modifying the Einstein equations. However, those
theories usually fail to explain the full set of observations that serve as evidence for dark
ma�er. Assuming the existence of dark ma�er, we know from the listed evidence that its
constituents need to be massive, e�ectively neutral under the electromagnetic force, stable
and cold enough to form structures. All criteria are ful�lled by weakly interacting massive
particles (WIMPs) [71–75]. By de�nition they are massive and interact only weakly. WIMPs
are by no means the only solution to the dark ma�er problem. Alternative models like sterile
neutrinos [76], axions [77, 78], gravitinos [79], wimpzillas [80], Q-balls [81, 82], SIMPs [83, 84]
and many others provide viable solutions.

Recent measurements of the CMB by Planck have determined the dark ma�er relic density
with high precision which adds another constraint to our models. While the correct relic density
can in principle be obtained from the mentioned models, the WIMP hypothesis predicts its
value naturally (without �ne tuning) within the measured value. In the following section we
will illustrate this statement, also known as the WIMP miracle, by calculating the relic density
from the WIMP annihilation cross section. Since the computation is rather complex we will not
be able to cover all details but instead highlight the most important steps. For a more detailed
derivation we refer to Reference [85].

3.1.2 �e WIMP relic density

Following modern models of the Big Bang, the main steps for creation of ma�er in the early
Universe happen within the �rst few minutes. �e �rst epoch is in�ation at about 10−34 s a�er
the Big Bang, followed closely by baryogenesis and electroweak phase transition at 2 · 10−11 s.
As the temperature continues to drop the QCD phase transition takes place a�er 2 · 10−5 s. �is
is roughly the same time when we expect the dark ma�er to freeze out due to the expansion of
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the Universe. In the following couple of minutes we can see the neutrinos decouple (around
1 s), electrons and positrons annihilate (6 s), and �nally the formation of light elements via
nucleosynthesis. �e following processes of recombination will take several thousands of years
ending with the decoupling of photons that we can observe today as the cosmic microwave
background.

In order to compute the relic density, we have to go back to the �rst microseconds a�er the
Big Bang when freeze out took place. In the time a�er in�ation, dark ma�er was in thermal
equilibrium, leading to constant number of dark ma�er particles Nχ ,

dNχ

dt
= 0 . (3.1)

�e equilibrium is described by the Boltzmann equation, where any change in the number of
dark ma�er particles comes from annihilation of dark ma�er into SM particles and vice versa.

dNχ

dt
= Γ( f f̄ → χ χ ) − Γ(χ χ → f f̄ ) + Γother (3.2)

In principle the last term allows for additional interactions since the dark ma�er candidate
could annihilate into di�erent SM particles. However to keep the derivation clear we will limit
ourselves to a single 2→ 2 process.

We can directly see that when the temperature drops below the mass of the dark ma�er
particle, only SM particles at the tail of the velocity distribution can produce dark ma�er
particles, while the dark ma�er particles can annihilate into SM particles and thereby decrease
Nχ . When the number density of dark ma�er has dropped su�ciently due to the expansion of
the Universe such that the probability of one DM particle to �nd another is small, the annihil-
ation rate will approach zero and Nχ will become constant again. �is process is termed the
freeze–out mechanism.

Starting with the le� hand side of Eq. (3.2) we have to take into account the expansion of the
Universe. A change of the number of dark ma�er particles can either be related to a change in
the number density nχ or in the volume.

dNχ

dt
=
d (nχV )

dt
= V

dnχ

dt
+ 3nχHV with H (t ) =

ȧ(t )

a(t )
(3.3)

�e scale factor a(t ) origins from the Friedmann-Lemaı̂tre-Robertson-Walker (FLRW) metric
in general relativity and relates the distance between to objects at a time t to their distance
at a reference time t0. From the time derivative of a(t ) one de�nes the Hubble constant H to
quantify the expansion of the Universe.
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�e transition rates on the right hand side of the Boltzmann equation can be calculated via

Γ(χ1χ2 → f1 f̄2) =V

∫
dΠ(p1)dΠ(p2)dΠ(k1)dΠ(k2)ϕχ1ϕχ2 (1 ± ϕf1 ) (1 ± ϕf2 )

(2π )4δ (4) (p1 + p2 − k1 − k2) |Mχk1 χk2→fp1 f̄p2
|
2

(3.4)

where dΠ(p) is the phase space integral measure given by

dΠ(p) =
d3p

(2π )32E (p) . (3.5)

ϕ denotes the phase space density of the involved particles. �e plus corresponds to bosonic
�nal states and the minus to fermionic �nal states. |M| is the spin averaged matrix element.
Assuming CP invariance we can the fact use that

|Mχk1 χk2→fp1 f̄p2
|2 = |Mfp1 f̄p2→χk1 χk2

|2 = |M|2. (3.6)

Moreover we use Maxwell-Boltzmann statistics for all involved particles leading to ϕi (ki ) =
exp[−(Ei − µi )/T ] in equilibrium with a negligible chemical potential µi and 1 ± ϕi ≈ 1. �e
full Boltzmann equation then simpli�es to

dnχ

dt
+ 3nχH =

∫
dΠ(p1)dΠ(p2)dΠ(k1)dΠ(k2) (ϕf1ϕf2 − ϕχ1ϕχ2 )

(2π )4δ (4) (p1 + p2 − k1 − k2) |M|
2
. (3.7)

�e δ distribution enforces Eχ1 + Eχ2 = Ef1 + E f̄2 and we can express the phase space density of
the SM particle via

ϕf1ϕf2 = ϕf1,eqϕf2,eq = exp[−(Ef1 + E f̄2 )/T ]
= exp[−(Eχ1 + Eχ2 )/T ] = ϕχ1,eqϕχ2,eq . (3.8)

�e �rst equality arises because the SM particle will remain in thermal equilibrium with the rest
of the SM sector during the dark ma�er freeze out. �e next step is to connect the decay rate
with the annihilation cross section. �e thermal average of the cross section times the relative
velocity of the annihilating particles is

〈σannvrel〉 =
1
nχ

∫
dΠ(p1)dΠ(p2)dΠ(k1)dΠ(k2) (ϕf1ϕf2 − ϕχ1ϕχ2 )

(2π )4δ (4) (p1 + p2 − k1 − k2) |M|
2
. (3.9)

Inserting this expression into the Boltzmann equation we obtain

dnχ

dt
+ 3nχH = −〈σannvrel〉(n

2
χ − n

2
χ,eq ). (3.10)
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Before we can solve the di�erential equation we will use two useful replacements. First we
de�ne

Y =
n

s
with dY

dt
=

1
s

dn

dt
+

3
R

dR

dt
Y . (3.11)

Here s is the entropy density. We use the fact that the expansion is adiabatic, so that the
entropy within a comoving volume element R3 is conserved sR3 = const . �is leads to the �rst
simpli�cation

dY

dt
= −〈σannvrel〉 s (Y

2 − Y 2
eq ). (3.12)

�e second simpli�cation is to replace the time derivative by a derivative with respect to x , a
dimensionless quantity related to the temperature. We de�ne

x =
mχ

T
with dY

dt
=
dY

dx
mχ

dT −1

dt
=
dY

dx
x
Ṙ

R
=
dY

dx

H (m)

x
(3.13)

where we use that T ∝ R−1. For details on the computation of the derivative we refer to
Reference [85]. Inserting Eq. (3.13) into Eq. (3.12) yields the �nal form of the di�erential
equation.

dY

dx
= −〈σannvrel〉

xs

H (m)
(Y 2 − Y 2

eq ). (3.14)

We know that around the freeze out temperature the equilibrium density drops exponentially
and can therefore be neglected. We can now solve the di�erential equation by integration.∫ Y (∞)

Y (xf )

1
Y 2dY = −〈σannvrel〉

1
H (m)

∫
xs dx (3.15)

−
1

Y (∞)
+

1
Y (xf )

= −〈σannvrel〉 const (3.16)

Since the density of dark ma�er particles is much larger during freeze out than today we can
neglect the inverse of Y (xf ). In order to evaluate the integral on the right hand side, we have to
consider some arguments on proportionality. We know that sR3 is constant and R is inversely
proportional to the temperature. From Eq. (3.13) then follows that xs must be proportional to
m3
χ /x

2. Integrating over x and further using that H (m) is proportional tom−2
χ yields:

Y (∞) =
const

mχ 〈σannvrel〉
(3.17)

Finally we can insert the result for the abundance of the dark ma�er particle in the relic
density [85].

Ωh2 ≡
ρ

ρcr it
h2 =

mχY (∞)s

ρcr it
h2 =

const
〈σannvrel〉

≈
2.5 10−27 cm3

sec

〈σannvrel〉
(3.18)
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We �nd that the �nal result is independent from the mass of the dark ma�er particle and
depends only on the annihilation cross section. �e Planck collaboration has measured the
relic density with high precision to be Ωh2 = 0.120 ± 0.003. �e observed value can be obtained
with a dark ma�er particle around 100 GeV and a weak coupling of about 0.01. While this
coincidence does not constitute evidence that dark ma�er actually exists at the electroweak
scale, it is nevertheless remarkable and o�en referred to as the WIMP miracle.

3.1.3 �e γ -ray excess measured by Fermi–LAT

While the existence of an unknown dark ma�er as the primary ma�er component of today’s
Universe is solidly established, its particle nature remains elusive. A broad experimental program
seeks to shed light on this question by searching for dark ma�er indirectly through the products
of its annihilation, directly via sca�ering with terrestrial targets, or being produced at colliders.
Among indirect searches, γ -rays with GeV-range energies are a particularly e�ective messenger
because they propagate unhindered on galactic scales, and thus can be e�ectively traced back
along the direction of their origin. In recent years, the Fermi Large Area Telescope (Fermi–LAT)
has mapped out the gamma-ray sky with unprecedented resolution, leading to the current best
limits on the annihilation cross section for dark ma�er particles with masses around 100 GeV.

Remarkably, the Fermi–LAT data contain an indication of what appears to be an excess of
γ -rays from the direction of the Galactic Center (GC) above the predictions from astrophysical
models, with spatial morphology and spectrum consistent with expectations for the annihilation
of a thermal relic [86–100].

�e Fermi–LAT Collaboration has released its own analysis [16] of this excess based on spe-
cialized interstellar emission models (IEMs). �ese models allow for a determination of the γ -ray
fore/background originating from cosmic rays interacting with the interstellar gas and radiation
�eld, and for a separation from the contribution from within roughly 1 kpc along the line of
sight of the GC. �e GC excess persists in this analysis, and its spectral properties display a
strong dependence on the assumed IEM, making it challenging to conclusively identify its origin.

It thus remains unclear whether this signal arises from dark ma�er annihilation rather than
from other, astrophysical sources, such as a population of unresolved millisecond pulsars,
cosmic-ray proton or electron outbursts, additional cosmic ray sources, and/or emission from
a stellar over-density in the Galactic bulge [99, 101–106]. An interesting development is the
use of statistical tools which indicate that the excess displays more clustering than would be
expected from Poisson noise from smooth components [107–110]. However, it remains di�cult
with the current models to disentangle whether this feature represents a property of the excess
itself, or un-modeled variation in the background components [111].

Before we can incorporate the results obtained by Fermi–LAT into our analysis we will
discuss the details of the experiment.
�e Fermi–LAT Collaboration determination of the GC excess is based on the �rst 62 months of
data in a 15◦×15◦ region in the direction of the GC in the energy range Eγ = 1 ... 100 GeV. In order
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24 Fermi–LAT Collaboration

Figure 18. Same as in Figure 13, but with the spectrum of the NFW profile
modeled with a power-law per energy band over the 1 � 100 GeV range.
The envelopes include the fit uncertainties for the normalisation and spectral
indices.

through the line-of-sight to the GC.
The IEM fitting interior to the solar circle uses the tangent

ranges for positive and negative longitudes to obtain parame-
ters for the annuli 2 � 4 (Table 5). To examine the effect of
the azimuthal averaging, fits to the tangent ranges were made
for positive and negative longitudes to gauge the difference in
the parameters for the IEMs obtained when considering each
separately. The scaling factors for annulus 4 obtained when
fitting negative and positive longitude ranges were statistically
consistent 28 with those found when fitting both ranges com-
bined. For annuli 2 and 3 the fits to the positive and nega-
tive tangent longitude ranges result in scaling parameters that
differ by factors up to ⇠ 2 from each other, which is well
beyond the statistical uncertainty; the average value obtained
by fitting both tangent ranges together is approximately in-
between for the intensity-scaled IEMs over annuli 2 and 3.
For the index-scaled IEMs the spectral parameters are harder
or softer than the average when using the positive/negative
tangent ranges individually for annuli 2 � 4. However, there
is no clear trend and the over/under-prediction is not confined
to a particular energy interval.

The uncertainty for the IEM fore-/background flux toward
the GC due to the azimuthally averaged IEMs is difficult to
quantify precisely. A minimal estimate can be made from the
statistical uncertainty for the annulus 4 ⇡0-decay flux for each
IEM, because the fit results for the combined tangent ranges
are within these uncertainties when fitted to the positive and
negative ranges individually. Above 1 GeV this is ⇠ 4⇥10�8

ph cm�2 s�1 for the 15�⇥15� region about the GC across all
IEMs. This is comparable to the fitted flux from annulus 1
⇡0-decay or the TS < 25 point sources over the same region.

Any analysis employing the Galactocentric annulus decom-
position for the gas column densities is subject to the loss of
kinematic resolution for sight lines within l ⇠ ±12� of the
GC/anti-GC. Appendix B of Ackermann et al. (2012a) details
the transformation of H I and CO gas-survey data into the col-
umn density distributions over Galactocentric annuli used in
this analysis, and employed by many others. The assump-

28 The average statistical uncertainty for the normalisation of each inter-
stellar emission component per annulus is ⇠ 10%, except for annuli 2 and 3;
see Appendix A.

tions made in the transformation for the site lines over the
15� ⇥ 15� region about the GC have an impact on the inter-
stellar emission and point sources in the maximum-likelihood
fitting and consequently the spatial distribution of residuals.
Approximations made interpolating the gas column density
across the l ± 10� range can result in an incorrect gas density
distribution along the line-of-sight. Spurious point sources in
the analysis and structure in residuals can result from this be-
cause a higher/lower CR intensity compared to where the gas
should be placed is used in creating the interstellar emission
templates. The scaling procedure for the IEM then adjusts the
individual annuli potentially producing low-level artifacts due
to a combination of the effects described above.

To obtain an estimate of the uncertainties associated with
misplacement of the gas new maps of the column density
per annuli are created. 10% of the H I gas column density
is randomly displaced over the annuli and recombined with
the ⇡0-decay emissivity 29 in each annulus to create modified
intensity maps for this process, which are summed to pro-
duce new fore-/background intensity maps. The 68% frac-
tional change per pixel from 100 such realisations for each
IEM is compared with the fore-/background resulting from
the scaling procedure (Sec. 3.1). Depending on the IEM and
energy range, variations from 1% to 15% in the intensity per
pixel for the fore-/background from the structured interstel-
lar emission across the 15� ⇥ 15� region are obtained, with
the largest for OBstars index-scaled and smallest for the Pul-
sar intensity-scaled IEM, respectively. Because of the some-
what arbitrary choice of the precise fraction of H I column
density30 that is redistributed over the annuli these variations
are illustrative rather than providing a true ‘systematic uncer-
tainty’ associated with the gas misplacement. Note that the
uncertainty is maximised toward the GC because it is furthest
away from the gas column density interpolation base points at
l ⇠ ±12�.

6. SUMMARY
The analysis described in this paper employs specialised

IEMs that are fit to the �-ray data without reference to the
15� ⇥ 15� region about the GC. Finding point-source seeds
for the same region using a method that does not rely on de-
tailed IEMs, the source-seeds and IEMs are combined in a
maximum-likelihood fit to determine the interstellar emission
across the inner ⇠ 1 kpc about the GC and point sources
over the region. The overwhelming majority of �-ray emis-
sion from the 15� ⇥ 15� region is due to interstellar emission
and point sources. To summarise the results for these aspects
of the analysis:

• The interstellar emission over the 15� ⇥ 15� region is
⇠ 85% of the total. For the case of fitting only ‘stan-
dard’ interstellar emission processes and point sources
the fore-/background is ⇠ 80% with the remaining
⇠ 20% mainly due to IC from the inner region. The
contribution by the ⇡0-decay process over the inner re-
gion is much less than the IC, with the relative contri-
butions by the H I- and CO-related emission suppressed
compared to the GALPROP predictions.

29 The contribution by CO-related ⇡0-decay emission is the same as that
obtained from the scaling procedure.

30 Similar modifications of the CO column density distribution are not
explored because the detailed knowledge to make a truly informed estimate
is not available.
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Figure 3.1: Le�: Fermi spectrum of the excess a�er background subtraction as displayed in
the publication by Fermi–LAT [16]. �e colored bands correspond to di�erent
background models. Right: Spectrum averaged over the di�erent backgrounds
including uncertainties from the interstellar emission model and fragmentation, as
well as instrumental systematics and statistical uncertainties.

to minimize the bias from the data toward the GC, the methodology developed in Reference [16]
employs regions outside of the 15◦ × 15◦ region for the determination of the fore/background
emission. Furthermore, the point sources are determined self-consistently together with each
IEM. �is is a crucial improvement over previous analyses, as the determination of the point
sources in this region is strongly dependent on the IEM. We refer the reader to Reference [16]
for a more detailed description of these models and their associated point sources.

In our analysis, we adopt the Fermi–LAT GC excess spectrum for a spectral model assumed
to be a power-law function in each of 10 energy bands, equally spaced in logarithmic energy
over Eγ = 1 ... 100 GeV, shown in Fig. 3.1. �e obtained spectral envelope spans the full
set of IEMs and therefore encompasses the interstellar emission modeling uncertainty from
Reference [16], uncorrelated bin-by-bin in the energy spectrum. Unlike a correlated global
modi�cation, this allows for a more sizable change in the shape of the photon spectrum.
�e exclusive log-likelihood is �at within the envelope, in harmony with the assumption of
theoretical uncertainties in SFitter [18, 37, 38]. �is is combined with a pro�le likelihood this
is equivalent to using the RFit scheme [47]. In addition to the modeling uncertainty on the
interstellar emission, which is the dominant source of uncertainty, we include the statistical
error on the signal rate a�er background subtraction. �e statistical uncertainty thus re�ects
the combined statistical uncertainty of both the signal and background [18, 37, 38], and it is
uncorrelated between bins. Furthermore, we include a 10% uncertainty from the fragmentation
function for photons [112, 113], treated as un-correlated between energy bins and Gaussian
distributed. Finally, we include the systematic error on the Fermi–LAT e�ective area [114].
�e e�ective area is the product of the cross-sectional geometrical collection area, the γ -ray
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3.2 SUSY - a model for dark ma�er

SM Particle (R=+1) SUSY Partner (R=-1)
Names Gauge ES Mass ES Spin Gauge ES Mass ES Spin

squarks uL/R , cL/R , tL/R u, c, t 1/2 ũL/R , c̃L/R , t̃L/R ũ1/2, c̃1/2, t̃1/2 0
dL/R , sL/R ,bL/R d, s,b 1/2 d̃L/R , s̃L/R , b̃L/R d̃1/2, s̃1/2, b̃1/2 0

sleptons eL/R , µL/R ,τL/R e, µ,τ 1/2 ẽL/R , µ̃L/R , τ̃L/R ẽ1/2, µ̃1/2, τ̃1/2 0
νe ,νµ ,ντ νe ,νµ ,ντ 1/2 ν̃e , ν̃µ , ν̃τ ν̃e , ν̃µ , ν̃τ 0

neutralinos W 0,B0 Z 0,γ 1 W̃ 0, B̃0
χ̃ 0

1 , χ̃
0
2 , χ̃

0
3 , χ̃

0
4 1/2

H 0
u ,H

0
d h,H ,A 0 H̃ 0

u , H̃
0
d

charginos W ± W ± 1 W̃ ±

χ̃±1 , χ̃
±
2 1/2

H+u ,H
−
d H± 0 H̃+u , H̃

−
d

gluino д д 1 д̃ д̃ 1/2

Table 3.1: Overview of SM particles and their supersymmetric partners in the MSSM.

conversion probability, and the e�ciency for a γ -ray of a given event selection depending on
its energy and direction in the LAT frame. Its uncertainty is treated as fully correlated between
bins and also Gaussian distributed.

�e primary observable for the GC excess is the annihilation cross section, which characterizes
the overall brightness of the excess, and its spectral shape binned in energy. �e annihilation
cross section itself is fully degenerate with the J -factor, which quanti�es the integral of the
square of the dark ma�er density along the line of sight encompassed within the 15◦ × 15◦
region employed to extract the signal in Reference [16]. In analogy to the Fermi–LAT analysis
we employ a Navarro-Frenk-White (NFW) pro�le [115]

ρ (r ) =
ρ0

r

Rs

γ
(
1 + r

Rs

)3−γ (3.19)

for the dark ma�er density, se�ing γ = 1.2, Rs = 8.5 kpc, and ρ0 = 0.4 GeV/cm3. �e best
estimates for the uncertainty in the J -factor are that it can vary by roughly a factor of two in
the region of interest [116].

3.2 SUSY - a model for dark matter

Having established the dark ma�er problem we will use the supersymmetric models MSSM and
NMSSM for our analysis of the GC excess. For this short introduction of the MSSM and the
NMSSM we follow the conventions in Reference [21] and [117].

Supersymmetry (SUSY) is one of the most popular models for physics beyond the SM, as
it o�ers a solution to the hierarchy problem and a dark ma�er candidate. Being the unique
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3 SUSY Dark Ma�er

extension of the Poincaré algebra [118], SUSY adds a symmetry transformation Q to the SM
that relates fermions and bosons with identical gauge charges.

Q |Boson〉 = |Fermion〉 Q |Fermion〉 = |Boson〉 (3.20)

�e particle spectrum of supersymmetric models is therefore extended by at least one super-
symmetric partner per SM particle. A complete list of particles for the minimal supersymmetric
extension of the SM is given in Tab. 3.1. �e partners of the SM quarks and leptons are squarks
and sleptons. �e gauge bosons are associated to gauginos, so called binos, winos and gluinos.
In addition to the SUSY partners of the known SM particles we have to introduce an additional
Higgs doublet. In the SM, the quarks and leptons receive their masses from the Yukawa terms,
requiring both ϕ and ϕ† to appear in the Lagrangian. However, supersymmetric models are
de�ned by their superpotential that is required to be a holomorphic (complex di�erentiable)
function and therefore cannot include a Hermitian conjugate parameter. A supersymmetric
model therefore necessarily includes two Higgs doublets with weak hypercharge +/-1/2 to
give mass to up-type quarks and down-type quarks and leptons. In comparison to the SM
the additional doublet adds a scalar H , a pseudoscalar A and a charged Higgs H±. �e SUSY
partners of the scalar Higgs particles are called Higgsinos. �ey mix with the gauginos into the
neutralino and chargino mass eigenstates. Summing up, the full MSSM spectrum leads to 31
new particles.

3.2.1 �e MSSM

In the SUSY formalism, an SM particle and its supersymmetric partner are conveniently com-
bined into one supermultiplet. In order to match the necessary degrees of freedom, a chiral
supermultiplet, representing quarks, leptons or Higgs particles, contains a two-component Weyl
fermion and a complex scalar �eld, while a gauge supermultiplet combines a spin-1/2 gaugino
and a spin-1 gauge boson. Using supermultiplets we can de�ne the superpotential for the MSSM
and NMSSM. �e mass spectrum of the model is then derived from the resulting Lagrangian in
combination with the corresponding SUSY breaking contributions.

�e superpotential of the minimal supersymmetric extension of the Standard Model [21] is
given by

WMSSM = huĤuQ̂Û
C
R − hdĤdQ̂D̂

C
R − heĤd L̂Ê

C
R + µĤuĤd . (3.21)

It contains the Yukawa terms including the mentioned Higgs-supermultiplets Ĥu and Ĥd . Q̂, ÛR
and D̂R denote the chiral supermultiplets for the le� and right handed quarks. L̂ and ÊCR are
the supermultiplets of the lepton sector. It is worth noticing that the Yukawa couplings in the
MSSM superpotential are identical to the Yukawa couplings in the SM, making the theory at
this point highly predictive. So far the µ term contains the only dimensionful parameter of the
model. It determines the mass of the Higgsinos and contributes to the mass of the scalar Higgs
sector.
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3.2 SUSY - a model for dark ma�er

�e full MSSM Lagrangian contains several parts. From the superpotential we can derive the
Yukawa interaction and the Higgsino mass terms by integrating out the superspace coordinates
θ and θ̄ ,

Lint =

∫
d2θW (Φ) +

∫
d2θ̄W̄ (Φ̄) . (3.22)

�e kinetic terms follow in the same way from the Kähler potential, a polynomial of two
super�elds. Finally we insert the kinetic terms for gauge bosons and gauginos. Details on the
derivation of the Lagrangian in supersymmetric theories can be found in Reference [21]. �e
resulting Lagrangian contains the full particle spectrum of the MSSM and is invariant under
gauge transformations and supersymmetric transformations.

If supersymmetry was actually unbroken, we would expect to observe supersymmetric
particles at the same masses as their SM partners. As these particles have not been observed,
supersymmetry has to be broken. �is forces us to introduce an additional so� SUSY breaking
part to the Lagrangian that leaves the couplings unchanged but can push the masses of sfermions,
gluinos and charginos to higher values and �nally out of the detectable mass range. A general
ansatz for this Lagrangian term is [21]

LMSSM
sof t = −

1
2 (M3д̃д̃ +M2W̃W̃ +M1B̃B̃ + c .c .)

− ( ˜̄uhuAuQ̃Hu +
˜̄dhdAdQ̃Hd + ˜̄eheAeL̃Hd + c .c .)

− Q̃†m2
QQ̃ − L̃

†m2
LL̃ − ˜̄u†m2

ū ˜̄u† − ˜̄d†m2
d̄

˜̄d† − ˜̄e†m2
ē ˜̄e†

−m2
Hu

H ∗uHu −m
2
Hd

H ∗dHd − (m2
3HuHd + c .c .). (3.23)

�e �rst line introduces gaugino mass parameters. �e bino and wino masses will enter
into the neutralino and chargino mass matrices. �e trilinear couplings hiAi correspond to the
Yukawa couplings of the superpotential. �e squark and slepton mass matrices in the third line
are 3 × 3 matrices in family space. In the decoupling limit they are set to a multi TeV scale. �e
last line contains so� SUSY breaking contributions to the Higgs potential.

�e Higgs sector

Collecting all relevant terms, the scalar potential of the Higgs sector reads

V = (��µ��2 +m2
Hu

)
(���H

0+
u

���
2
+ ��H+u ��

2
)
+ (��µ��2 +m2

Hd
)
(���H

0
d

���
2
+

���H
−
d

���
2)

+
[
m2

3 (H
+
uH
−
d − H

0
uH

0
d ) + c .c .

]

+
1
8 (д

2 + д′2)
(���H

0
u

���
2
+ ��H+u ��

2
−

���H
0
d

���
2
−

���H
−
d

���
2)2
+

1
8д

2 ���H
+
uH

0∗
d + H

0
uH
−∗
d

���
2
. (3.24)
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From this potential we can determine the tree–level Higgs masses of the two scalars h and H ,
the pseudoscalar A and the charged Higgs H±. Using the minimization conditions ∂V /∂H 0

u = 0
and ∂V /∂H 0

d = 0 yields

sin(2β ) =
2m2

3

m2
Hu
+m2

Hd
+ 2 ��µ��2

(3.25)

m2
Z =m

2
Hu

(
1

cos(2β ) − 1) −m2
Hd

(
1

cos(2β ) + 1) − 2 ��µ��2 , (3.26)

where tan β is de�ned as the ratio of the vacuum expectation values

tan β ≡ vu
vd
=
〈H 0

u〉

〈H 0
d 〉
. (3.27)

Here we have �xed gauge choice and used that the charged components of the Higgs doublets
have to vanish at the minimum, since otherwise electromagnetism would be broken. Replacing
m2

Hu
and m2

Hd
in the full scalar potential and expressing the gauge eigenstates in terms of mass

eigenstates, the tree–level Higgs masses are given by

m2
A =

2m2
3

sin(2β ) (3.28)

m2
h,H =

1
2

(
m2

A +m
2
Z ±

√
(m2

A −m
2
Z )

2 + 4m2
Am

2
Z sin2 (2β )

)
(3.29)

m2
H± =m

2
A +m

2
W . (3.30)

Whilem2
A,m

2
H andm2

H± can become arbitrarily large, the mass of the lightest Higgs is bound to
be smaller than the Z boson mass. �is is of course contradictory to the measured Higgs mass
of 125.1 ± 0.1 GeV. However, loop contributions due to top squarks can be sizable and increase
the mass of the lightest Higgs to match the observed value.

�e neutralino sector

For our purpose of explaining the relic density we are interested in the MSSM dark ma�er
candidate. �e MSSM is o�en de�ned to conserve R-parity

PR = (−1)3(B−L)+2s , (3.31)

a Z2 symmetry that protects baryon and lepton number conservation and is motivated for
example by the proton lifetime. B is the baryon number that is +1/3 for quarks and −1/3 for
antiquarks. �e lepton number L is +1 for leptons and −1 for antileptons and s is the spin
of the particle. �is results in an R-parity of PR = +1 for SM particles and PR = −1 for their
supersymmetric partners and as a consequence forbids the decay of SUSY particles into genuine
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3.2 SUSY - a model for dark ma�er

SM particles. �erefore if R-parity is conserved, the lightest supersymmetric particle (LSP) will
be stable. If the LSP was also electromagnetically neutral, it would provide a good dark ma�er
candidate. Valid possibilities are neutralinos, and sneutrinos, or possibly a gravitino, which
is not included in our model. A standard sneutrino solution is excluded due to the required
annihilation cross section. �e minimal required cross section would have led to discovery via
Z-boson interactions. �e only possibility to �nd sneutrino solutions is by including sterile
sneutrinos [119]. �e more popular solution is therefore neutralino dark ma�er. Its mass is
determined by the neutralino mass matrix

Mχ =

*....
,

M1 0 −mZcβsw mZ sβsw
0 M2 mZcβcw −mZ sβcw

−mZcβsw mZcβcw 0 −µ
mZ sβsw −mZ sβcw −µ 0

+////
-

, (3.32)

using the abbreviation sβ = sin β and cβ = cos β . For small M1 the LSP is bino–like, for small
M2 it becomes a wino and for small µ it becomes a Higgsino mixture. �e composition of the
LSP is important for its coupling to the gauge bosons and Higgs scalars,

дZ χ 0
i χ

0
j
=

д

2 cosθw

(
Ni3Nj3 − Ni4Nj4

)
(3.33)

дhχ 0
i χ

0
j
=

1
2 (д′Ni1 − дNi2)

(
sinα Nj3 + cosα Nj4

)
+ (i ↔ j ) (3.34)

дAχ 0
i χ

0
j
=

1
2 (д′Ni1 − дNi2)

(
sin β Nj3 − cos β Nj4

)
+ (i ↔ j ) (3.35)

дW χ±i χ
0
j
=
д sinθw
cosθw

(
1
√

2
Nj4V

∗
i2 − Nj2V

∗
i1

)
. (3.36)

�e mixture of each neutralino is given by the neutralino mixing matrix Ni j . �e �rst index
indicates the mass eigenstate while the second index refers to the bino, wino or Higgsino
admixture, respectively. Vi j is the equivalent matrix for the chargino sector. We see that
apart from theW -coupling all couplings require a Higgsino component of at least one of the
neutralinos. �erefore smaller values of µ will usually lead to larger couplings of the LSP. On
the other hand µ always has to remain larger than 103 GeV, otherwise the mass of the lightest
chargino would be less than 103 GeV and thus be excluded by LEP searches [120–128].

3.2.2 �e NMSSM

�e simplest extension of the MSSM is the next-to-minimal supersymmetric Standard Model,
which includes an additional chiral super�eld Ŝ , which is a singlet under the gauge groups. �e
main motivation for the NMSSM is the µ problem in the MSSM. �e µ term introduces the only
mass scale in the superpotential and as a SUSY-respecting parameter it is expected to be around
the Planck scale as a natural cuto� scale. However it has to cancel with the so� SUSY breaking
termsm2

Hu
andm2

Hu
in Eq. 3.26 which are expected to be at the SUSY breaking scale around a
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few TeV. �e tension between these scales can be resolved in the NMSSM. �e superpotential
of the NMSSM [21, 117, 129–133] including the additional singlet super�eld Ŝ and associated
terms is given by

WNMSSM =WMSSM + λ ŜĤuĤd + ξF Ŝ +
µ ′

2 Ŝ2 +
κ

3 Ŝ3 , (3.37)

where λ and κ are dimensionless couplings that couple the singlet to itself and to the Higgs
bosons. When the singlet acquires a vacuum expectation value vs , the Higgs–singlet mixing
introduces an e�ective µ term µe� = λvs that is now determined by the vacuum expectation
value of the singlet. �e quadratic term proportional to µ ′ is the supersymmetric mass term for
the singlet, comparable to the µ term for the MSSM Higgs bosons. Assuming a global supersym-
metry the tadpole term proportional to ξF can be removed though a constant shi� of the singlet
�eld. Finally, with the help of an ad-hoc Z3-symmetry we can make the superpotential scale
invariant and set the one remaining dimensionful parameter, µ ′, to zero.

�e extended superpotential in Eq. (3.37) in terms of the super�eld Ŝ can be translated into
additional so�-SUSY-breaking terms for the physical singlet �eld S [21, 117, 129],

−LNMSSM
so� =m2

S |S |
2 + *

,
λAλHuHdS + ξSS +

m
′2
S

2 S2 +
κ

3 AκS
3 + h.c.+

-
. (3.38)

Aλ andAκ have mass dimension one and �x the scale of the Lagrangian, while λ and κ de�ned in
Eq. (3.37) are complex numbers. An alternative parametrization of the same Lagrangian uses the
mass termsm2

3 = Bµ andm′2
S = B′µ ′ to emphasize the connection to the superpotential. In order

to be consistent with the Z3-symmetry of the superpotential we also eliminate the corresponding
SUSY-breaking terms by se�ingm2

3 =m
′2
S = ξS = 0. In the presence of the e�ective µ term we can

neglect the original µ parameter, eliminating all scales in the superpotential. Correspondingly,
µ will in the following indicate the e�ective µ term. �e relevant NMSSM Lagrangian now reads

−LNMSSM
so� =m2

S |S |
2 +

(
λAλHuHdS +

κ

3 AκS
3 + h.c.

)
. (3.39)

In the MSSM, the minimization conditions of the Higgs potential can be used to replace m2
Hu

and m2
Hd

by mZ and tan β in the broken phase. Using the additional minimization condition of
the NMSSMm2

S can be expressed in terms of µ. �e Higgs–singlet sector [134–141] is therefore
fully described by the parameters λ,κ,Aλ ,Aκ , µ, tan β , and the mass of the Z boson.

For speci�c NMSSM models we have to de�ne the input scale of these parameters. �e ratio
of the VEVs tan β is always evaluated at the weak scale mZ , because it assumes electroweak
symmetry breaking. For the low-scale models in Sec. 5.2.1 all supersymmetric parameters
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including λ,κ,Aλ ,Aκ , µ, the squark and slepton masses, etc. are set at the SUSY scale. For the
high-scale models discussed in Sec. 5.3 λ,κ and µ are set at the SUSY scale of 1 TeV, while Aλ
and Aκ can either be uni�ed to A0 at the GUT scale or set individually (also at the GUT scale).

Higgs–singlet–singlino sector

Compared to the Higgs sector of the MSSM, the phenomenology of the NMSSM is strongly
modi�ed by the additional supermultiplet, consisting of a scalar and a pseudoscalar Higgs boson
and a ��h neutralino. While in general the mass of the singlet states is a free parameter, we will
assume that the singlino contributes to a light LSP and that the singlet Higgs states are therefore
lighter than their SM-like counterparts. For example, the SM-like Higgs boson h with its mass
of 125 GeV will typically be the second-lightest CP-even Higgs scalar. For a scale-invariant
superpotential we can write out the symmetric Higgs mass matrix [130, 131, 142–149] in the
(H ,h, S )-basis, where h is the SM-like Higgs boson,

M2
H,h,S =m

2
Z

*.........
,

s2
2βδ +

2µ
s2βm

2
Z
(Aλ + κ̃µ ) c2βs2βδ −c2β

λ

дmZ
(Aλ + κ̃µ )

· c2
2β + s

2
2β
λ2

д2
2λ
дmZ

(
µ − s2β

Aλ
2 − s2β κ̃µ

)
· · s2β

λ2Aλ
2д2µ

+
κ̃µ

m2
Z
(Aκ + 4κ̃µ )

+/////////
-

,

(3.40)

using the abbreviation δ = 1 − λ2

д2 . In terms of the ordered mass eigenstates H2 ≡ h means
that throughout the NMSSM analysis we identify the second-lightest Higgs with the observed
SM-like state. Instead of κ and λ, the modi�ed parameter set

κ̃ =
κ

λ
(singlet mass parameter)

λ

д
(singlet decoupling parameter) (3.41)

appears in the diagonal entries for the light and heavy MSSM-like Higgs states. In the following,
we replace κ with κ̃ but keep λ instead of trivially rescaling it by a constant д. At tree–level
level the two NMSSM parameters take the pressure o� the stop sector for small values of tan β .
In our basis conventions the second Higgs state is the observed SM-like resonance. �is means
we can decouple the singlet contributions from the observed Higgs. Se�ing

Aλ = 2µ
(

1
s2β
− κ̃

)
(3.42)

at the SUSY scale removes the (2,3) entry from the mass matrix and therefore decouples the
singlet sector from the SM-like Higgs boson h0. Note that this condition does not require any of

39



3 SUSY Dark Ma�er

the couplings in the NMSSM potential of Eq. (3.39) to vanish.

More generally, we can decouple the singlet from all other Higgs states in the limit λ � д < 1.
�is way the two corresponding entries in the extended Higgs mass matrix vanish. To make
the singlet itself heavy we need to increase its entry in the mass matrix in the limit λ � д. Neg-
lecting Aκ , the singlet entry in the Higgs mass matrix is (2κ̃µ )2, which for �nite κ consistently
decouples with the single condition λ � 1.

Aside from the extra CP-even Higgs, the singlet extensions of the MSSM Higgs sector adds
an additional pseudoscalar. We can transform the weak eigenbasis-basis (Hu ,Hd , S ) into a mass
basis (A, S ) by a rotation and by removing the Goldstone boson, so that A = cβHu + sβHd .
For large values of tan β the mass eigenstate A is approximately given by Hd . Removing the
Goldstone modes, the 3 × 3 mass matrix in terms of the weak eigenstates can be reduced to a
2 × 2 mass matrix in the basis (A, S), which reads

M2
A,S =m

2
Z

*....
,

2µ (Aλ + κ̃µ )
s2βm

2
Z

λ

дmZ
(Aλ − 2κ̃µ )

· s2β
λ2

д2

(
Aλ
2µ + 2κ̃

)
− 3κ̃ µAκ

m2
Z

+////
-

'm2
Z

*.....
,

4µ2

s2
2βm

2
Z

2 λ

дmZ

µ

s2β

·
λ2

д2 − 3κ̃ µAκ
m2

Z

+/////
-

.

(3.43)

�e pseudoscalar mass eigenstates are denoted as A1 and A2. In the second form we use the
singlet decoupling condition Eq. (3.42) and assume s2β � 1. As for the scalar sector, the limit
λ � д decouples the singlet; its squared mass is then given by −3κ̃µAκ . �e upper le� entry
of the matrix then corresponds to the MSSM pseudoscalar mass,m2

A = 2µ (Aλ + κ̃µ ) /s2β . �is
way we can choose either this MSSM-like mass or Aλ as an input parameter. Similarly, we can
replace Aκ with the lower-right entry in M2

A,S as the input parameter.

Finally, the supersymmetric partner of the singlet �eld, the singlino, appears in the neutralino
mass matrix,

M χ̃ =

*.............
,

M1 0 −mZcβsw mZ sβsw 0
0 M2 mZcβcw −mZ sβcw 0

−mZcβsw mZcβcw 0 −µ −mZ sβ
λ

д

mZ sβsw −mZ sβcw −µ 0 −mZcβ
λ

д

0 0 −mZ sβ
λ

д
−mZcβ

λ

д
2κ̃µ

+/////////////
-

. (3.44)

�e bo�om-right entry indicates that in accordance with Eq. (3.41) the combination 2κ̃µ de-
termines the singlino mass. �e gauginos do not mix with the singlino. To altogether decouple
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the singlino, we have to remove the singlino–Higgsino mixing via λ � 1 and at the same time
make the singlino heavy, κ̃ � 1. In contrast, for κ̃ < 1/2 the LSP will be mostly singlino. In this
case the LSP massm χ̃ is approximately given by the solution to

2κ̃µ =m χ̃ −m
2
Z
λ2

д2
m χ̃ − µs2β

m2
χ̃ − µ

2

⇔ m χ̃ ' 2κ̃µ + λ
2

д2
m2

Z

µ

2κ̃ − s2β

4κ̃2 − 1 , (3.45)

so that the LSP mass can be �xed by adjusting κ̃.

For the interpretation of the galactic center excess a light pseudoscalar will be crucial. To
describe its relevant couplings we have to rely on the di�erent mixing matrices. �e neutralino
mass matrix will be rotated into its mass eigenstates through a matrix (Ni j ) with i, j = 1...5.
To rotate the pseudoscalar mass matrix into its mass eigenstates we also have to consider the
Goldstone mode. �e corresponding mixing matrix is (Pi j ) with i = 1, 2 and j = 1, 2, 3 because
the Goldstone is not counted as part of the mass eigenstates A1,2. �e lighter pseudoscalar
Yukawa coupling to bo�om quarks is given by

дA1bb =
mb
√

2vcβ
P11 with P11 ≈ −s

2
βcβ

λv

µ
P13 , (3.46)

where P11 is the Hd component of the lightest mass eigenstate and in the second relation we
assumemA �mA1 . Because the factor cβ cancels, there will be no enhancement at large tan β .
�e coupling mediating the light pseudoscalar decay into the lightest neutralino is given by

дA1 χ̃ χ̃ =λ
√

2 (P11N14N15 + P12N13N15 + P13N13N14) − λκ̃
√

2P13N
2
15

− (д1N11 − д2N12) (P11N13 − P12N14) . (3.47)

When we assign the second Higgs to be SM-like, the lightest pseudoscalar will be mainly singlet.
�erefore the coupling simpli�es to

дA1 χ̃ χ̃ =λ
√

2
(
N13N14 − κ̃N

2
15
)
, (3.48)

where we set P11 = P12 � P13 ' 1. As N13 and N14 di�er in sign, both contributions will
add up. For a singlino LSP we have sizable N15 → 1, but following Eq. (3.45) κ̃ ranges around
m χ̃ /(2µ ). �is means that the singlino term in дA1 χ̃ χ̃ decreases with increasing µ, but the same
is true for the Higgsino fractions N13 and N14. Altogether, a large mediator coupling to the LSP
points to a singlino LSP. For the scalar Higgs sector the coupling is completely equivalent to
the pseudoscalar expression, replacing only Pai by Sai that rotates the weak Higgs basis into
the mass basis.

дHi χ̃ χ̃ = i
[
λ
√

2 (Si1N14N15 + Si2N13N15 + Si3N13N14) − λκ̃
√

2Si3N 2
15

− (д1N11 − д2N12) (Si1N13 − Si2N14)
]

(3.49)
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Otherwise the coupling only di�ers by an overall complex phase i . �e coupling of the LSP to
the Z boson remains the same as for the MSSM, because the additional singlino couples only to
the Higgs.

High-Scale NMSSM

Instead of using the full set of TeV-scale model parameters we can require the NMSSM to ful�ll
a set of uni�cation assumptions at large energy scales. We start with a uni�ed squark and
slepton massm0, a uni�ed gaugino massm1/2, and a uni�ed trilinear coupling A0 at the GUT
scale [150–154]. Furthermore, we require a Z3 symmetry to remove for example the µ term and
replace it with an e�ective µ term induced by the singlet VEV. Because we do not require uni�ed
Higgs masses m2

Hu
,m2

Hd
, and m2

S we refer to the model as the NUH-NMSSM (non-universal
Higgs masses) [155].

From the analysis of the Higgs and neutralino sectors we know that to produce a light scalar
and a light pseudoscalar, κ̃ has to be small and Aκ evaluated at 10 TeV has to range around the
electroweak scale. �e running of the di�erent model parameters from the GUT scale to the
weak scale is described by renormalization group equations, for example the singlet couplings
are [117]

16π 2 dλ

d logQ2 =
λ

2
(
4λ2 + 3h2

t + 3h2
b + h

2
τ + 2κ2 − д2

1 − 3д2
2
)

16π 2 dκ

d logQ2 =
κ

2
(
6λ2 + 6κ2

)
16π 2 dκ̃

d logQ2 =
κ̃

2
(
4κ̃2λ2 + 2λ2 − 3h2

t − 3h2
b − h

2
τ + д

2
1 + 3д2

2
)
. (3.50)

�e Yukawa couplings are de�ned asmf = hf v sin β/
√

2. �e couplings κ and λ appear squared,
so that for a choice of signs our argument will hold for their absolute values. If we neglect the
gauge couplings, λ increases with Q and runs into a Landau pole. If we also neglect the Yukawa
couplings, which accelerate this increase, the Landau pole is approximately given by

λ(Q ) = λ0

[
1 −

λ2
0

2π 2 log Q

Q0

]−1/2

→ ∞ . (3.51)

For our theory to be valid up to Q = 1016 GeV the Higgs–singlet coupling is limited to λ0 < 0.81
at Q0 = 1 TeV. �e large and also increasing top Yukawa coupling further accelerates the
approach of a strongly interacting regime, requiring λ0 . 0.5 ... 0.6 for a valid theory to the
GUT scale. Assuming roughly constant λ and also ignoring the Standard Model Yukawa and
gauge couplings, the running singlet self-coupling κ is given by

κ (Q ) = κ0


1 +

κ2
0
λ2

*.
,
1 −

(
Q

Q0

) 3λ2
4π 2 +/

-



−1/2 (
Q

Q0

) 3λ2
8π 2

. (3.52)
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�e maximum value of κ0 for which the theory is de�ned up to Q = 1016 GeV ranges around

κmax =
λ

√√(
Q

Q0

) 3λ2
4π 2

− 1

=



0.66 for λ → 0
0.53 for λ = 0.6 .

(3.53)

In this approximation we can compute a few example values by iterating: starting with λ0 =
0.3 = κ0 at the TeV scale we �nd κ = 0.43 and λ = 0.61 at 1016 GeV. �e singlet mass parameter
κ̃ decreases from 1.0 to 0.7.

In the running of κ̃ the top Yukawa coupling enters with a negative sign. �erefore κ increases
slower with the scale than λ as long as κ, λ � ht . If we consider larger values for the weak-scale
starting points, κ increases faster than λ. λ = 0.45 = κ0 gives κ = 1.7 and λ = 1.2 at the GUT
scale, so κ̃ increases from 1.0 to 1.4.

For both components, the Higgs–singlet coupling and the singlet self-coupling come with
associated mass scales. �ey run like

16π 2 dAλ
d logQ2 = 4λ2Aλ + 3h2

tAt + 3h2
bAb + h

2
τAτ + 2κ2Aκ + д

2
1M1 + 3д2

2M2

16π 2 dAκ
d logQ2 = 6λ2

(
κ̃2Aκ +Aλ

)
16π 2 dm2

S

d logQ2 = 2λ2
(
m2

Hu
+m2

Hd
+m2

S +Aλ
2 + 3κ̃2m2

S + κ̃
2Aκ

2
)

(3.54)

�e increase of these mass scales towards high energy scales clearly does not help with the
appearance of a strongly interacting Higgs–singlet sector in the NMSSM.

Finally, we can ask how the new NMSSM Higgs–singlet parameters a�ect the running of the
MSSM-like parameters. An interesting parameter in the MSSM is the stop mixing parameter,
which now runs like

16π 2 dAt

d logQ2 = 6h2
tAt + h

2
bAb + λ

2Aλ +
13
9 д

2
1M1 + 3д2

2M2 +
16
3 д

2
3M3 (3.55)

While there will be an e�ect from the additional singlet on the running of the MSSM-like
parameters, its impact will be numerically small. �e only exception appears when we allow
the Higgs–singlet sector to become strongly interacting at relatively low scales, in which case
for example the stop mixing parameter will also sharply increase.

Having established the mass spectrum, couplings and necessary scale dependencies for further
discussion, we will now set the phenomenology of the SUSY models into context with dark
ma�er constraints.
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3.3 Dark matter annihilation channels in supersymmetric

models

For any SUSY �t the relic density is a key constraint shaping the likelihood map of supersym-
metric models. For a typical weakly interacting dark ma�er candidate comprising all of the dark
ma�er and following a standard cosmological history, the thermal relic abundance is determined
by the dark ma�er annihilation cross section. Following our calculation in Sec. 3.1.2, the relic
density is roughly given by the inverse of the velocity averaged annihilation cross section 〈σv〉.
�e same annihilation cross section also �xes the GC excess up to the di�erence in the velocity
distribution between the early Universe and today.

However, in a theory containing multiple components of dark ma�er and/or a nonstandard
cosmology, the relic abundance and the annihilation cross section are less correlated. For this
reason, we remain somewhat agnostic as to whether the dark ma�er abundance arises from
the usual freeze-out calculation. In Chapter 4 and 5 we will therefore �rst indicate the best �t
regions for the GC excess and the relic density separately, before we perform a combined �t of
the GC excess and the relic abundance assuming a standard cosmological history.

Our SUSY parameter analysis can be most easily organized in terms of the dominant dark
ma�er annihilation channels. �e main annihilation channels can be sorted into the categories s-
channel, t-channel and co-annihilation as illustrated in Fig. 3.2 and Fig. 3.3. While the measured
relic density can be realized with all three channels, it is generally di�cult to realize large
enough cross sections to explain the GC excess [39, 156–161] for an LSP with a suitable mass.
For example, t-channel annihilation channels are generally not very e�cient and decouple
rapidly with the mediator mass [6].

In the SUSY framework, the lightest neutralino provides an excellent dark ma�er candidate.
Its properties are largely determined by the wino mass M2, the Higgsino mass parameter µ,
and the bino mass M1. For the NMSSM the additional parameter κ̃ determines the singlino
content of the LSP. As we will see below, the masses of the heavy Higgs statesmA,H can play
an important role for dark ma�er annihilation. Again for the NMSSM the singlet scalar and
pseudoscalar particles o�er additional annihilation channels via light singlet–like mediators.
�e mass of the SM like Higgs mh has to match the measured value of 126 GeV and is adjusted
with the help of tan β , At and the stop mass.

�e remaining squark masses, together with the sleptons and gluinos are assumed to decouple,
as suggested by the direct limits from the null results of LHC searches. Moreover we require
the lightest chargino to be heavier than the LEP limit of 103 GeV for all scenarios [120–128].

s-channel

�e most e�cient annihilation channel is usually s-channel annihilation. Two dark ma�er
particles annihilate via a boson (h/H/A/Z ) into SM particles. If the propagator can be on-
shell, the annihilation cross section becomes very large and is only constrained by the width
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Figure 3.2: Feynman diagrams illustrating dark ma�er annihilation χ̃ 0
1 χ̃

0
1 → bb̄,WW ,ZZ ,hh, tt̄

for s-channel and t-channel processes.

of the propagator. In table 3.2 we display the annihilation cross section multiplied by the
relative velocity of the colliding particles for speci�c channels. �e results are expanded in
powers ofv2 and assume Majorana dark ma�er and light quarks as �nal states so thatmq �mχ .

Candidates for s-channel mediators in the MSSM and NMSSM are:

• Z -funnel annihilation
�e (N)MSSM neutralino is a Majorana particle that couples to the axial vector component
of the Z boson. �e interaction in Eq. (3.33) is proportional to the Higgsino component
of the LSP. �e coupling vanishes in the limit tan β → 1, due to approximately equal
Higgsino fractions. Another reason to consider large tan β is the reduction of the predicted
spin-independent direct detection cross section, which allows for a larger parameter
space [162]. From table 3.2 we see that the v-independent contribution is suppressed by
the light mass of the outgoing quarks and leptons. Close to the on–shell condition, the v2

suppressed term will therefore be dominant. Because of the velocity dependence of the
annihilation rate 〈σv〉 this channel usually prefers LSP masses slightly above or below
45 GeV, because directly on the Z pole the annihilation is too e�cient. Finally the velocity
suppression of the annihilation process today compared to the time of freeze out makes
it impossible to �t the relic density and the GC excess simultaneously without further
contributions from other channels.

• Scalar h-funnel annihilation
For the annihilation via the SM Higgs, the LSP mass should be around m χ̃ 0

1
= 63 GeV,

slightly away from the resonance. However, in combination with other annihilation
channels the h-funnel can give the largest contribution already for LSP masses around
55 GeV. �e neutralino coupling to the Higgs in Eq. (3.34) relies on Higgsino-gaugino
mixing, which will also be relevant for potential invisible Higgs decays. Aside from a
potential invisible branching ratio of the Higgs, almost the entire neutralino annihilation
rate through the light Higgs funnel goes to bb̄, with small contributions or τ+τ− and
WW . Like for the Z -mediated process, the h-funnel is velocity suppressed which makes it
di�cult to generate a large annihilation cross section exclusively via the Higgs in the GC.
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Process Channel σv

χ χ → A→ qq̄ s-channel
3λ2

χAλ
2
qA

2π
m2
χ

(M2
A − 4m2

χ )2

χ χ → h → qq̄ s-channel
3λ2

χhλ
2
qh

8π
v2m2

χ

(M2
h − 4m2

χ )2

χ χ → Z → qq̄ s-channel
3λ2

χZax

2π



λ2
qZax

m2
q

M4
Z
+
v2 (λ2

qZax
+ λ2

qZv
)m2

χ

3(M2
Z − 4m2

χ )2



χ χ → χq̃q̄ → qq̄ t-channel
3λ4

χqq̃ (mq +mχ )
2

8π (M2
q̃ −m

2
q +m

2
χ )2

Table 3.2: Some examples for simpli�ed annihilation cross sections expanded in powers of v2

assuming Majorana dark ma�er and light �nal states [163].

However due to the small widths, very �ne tuned solutions exist as we will demonstrate
in Sec. 4.1.

Aside from the SM–like Higgs, the MSSM scalar H and the singlet scalar S can serve
as a mediator for dark ma�er annihilation. �e general statements for scalar mediated
processes apply of course as well in this case. �e main di�erence is the nature of the �nal
state particles, which depends on the mass of the scalar. �e singlet–like scalar coupling
to the neutralino also receives additional contributions, given by Eq. (3.49).

• Pseudoscalar A-funnel annihilation
In contrast to the scalar Higgs funnel, the annihilation via a pseudoscalar A is not p-wave
suppressed, leading to larger cross sections. �is is crucial since the velocity average does
not drop with temperature, making it easier to �t the relic density together with the GC
excess. �e coupling to the LSP is again driven by Higgsino-gaugino mixing. In the �nal
state, heavy pseudoscalar decays to down-type fermions are enhanced by tan β , which
implies that for tan β & 30 the resonance pole structure of the A-funnel gets signi�cantly
washed out and a bb̄ �nal state appears from this topology.

In the NMSSM, we have an additional singlet pseudoscalar channel. If the pseudoscalar
is mainly singlet, the relevant contributions to the neutralino coupling are given by
Eq. (3.48). Large Higgsino and singlino components therefore lead to a strong coupling.
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3.3 Dark ma�er annihilation channels in supersymmetric models

t-channel

Two dark ma�er particles can as well annihilate via a supersymmetric mediator like a neutralino,
a chargino, or a sfermion in the t-channel. In this case the propagator can not be on–shell, since
the dark ma�er mass is always heavier than the �nal state quark, making the denominator in
Tab. 3.2 positive. �e resulting cross sections are hence in general smaller than for on-shell
s-channel annihilations. Large enough annihilation cross sections still occur for:

• t-channel chargino exchange
�e chargino mediated t-channel is driven by the coupling toW -bosons дW χ̃ 0

1 χ̃
+
1

in the
�nal state given by Eq. (3.36). A substantial coupling toW bosons requires that the LSP
and the light chargino contain either a sizable wino or Higgsino fraction. Due to the
chargino mass in the propagator, the annihilation is most e�cient for charginos just
above the LEP limitm χ̃+1 = 103 GeV.

• t-channel neutralino exchange
Annihilation via a neutralino results in two �nal states χ̃ 0

1 χ̃
0
1 → ZZ or χ̃ 0

1 χ̃
0
1 → hh [100].

For the former, the relevant coupling is the axial-vector coupling дZ χ̃ 0
1 χ̃

0
i

driven by the
Higgsino content. For the la�er process, the relevant couplings дh χ̃ 0

1 χ̃
0
i

are products of
Higgsino and gaugino fractions, requiring that the LSP be a highly mixed state,

• t-channel sfermion exchange, e. g. via tau sleptons
In this case, a signi�cant coupling requires a large wino fraction, which typically leads to
excessively large annihilation rates intoW bosons for LSP masses below around 1 TeV.
Since we decouple the squark and slepton sector, this channel will be irrelevant for our
analysis.

Co-annihilation

If the mass di�erence between LSP and the next–heaviest supersymmetric particle is smaller
than about 10%, the decay of the heavier particle is suppressed such that a signi�cant number of
the next–to–lightest–particle has not yet decayed at the time of freeze–out and it can contribute
to the annihilation of dark ma�er. Typical examples are stau [164, 165], stop [166] or chargino

q, l

q̃, l̃

χ̃ 0
1

q, l

W ±,Z

W ±

χ̃±j

χ̃ 0
1

q, l

q̄, ν̄

χ̃ 0
1

χ̃±j

χ̃ 0
1

W ±

Z

Figure 3.3: Feynman diagrams illustrating dark ma�er co-annihilation processes with squarks,
sleptons and charginos.
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co-annihilation [167, 168]. �e corresponding mediator particles are tau, top and the charged
Higgs andW bosons.

For the light dark ma�er particles, usually associated with the Fermi–LAT GC excess, addi-
tional light charginos or sfermions are strongly disfavored for example by LEP constraints [120–
128], unless their masses are carefully tuned to only produce so� particles in their production
and decays. For heavier dark ma�er, co-annihilation can signi�cantly contribute for example
for processes with a light chargino in the t-channel.

�e above annihilation mechanisms are o�en closely linked to LHC search channels. For
instance, t-channel chargino annihilation or neutralino/chargino co-annihilation point to more
than one light electroweakino, where at least one of the additional light states is a chargino.
In this situation one can search for χ̃ 0

j χ̃
±
1 or χ̃+1 χ̃−1 production. One of the classic signatures

are tri-leptons, which become challenging when the mass di�erences between the chargino
and the neutralino become small [169]. Similarly, t-channel sfermion exchange or sfermion
co-annihilation point towards another light particle, which can be pair-produced through its
QED or QCD interactions. As long as the mass di�erence is not extremely small, such light
sfermions are accessible at the LHC, particularly when colored. �e situation becomes more
challenging when the mediator is a Standard Model particle. To establish this mediator role one
would need to establish Z or Higgs coupling to the dark ma�er sector, for example through
invisible Z [170] and/or Higgs decays [171].

Having discussed the potential dark ma�er annihilation channels, we are now ready to
analyze which channels can describe the GC excess in agreement with the relic density and
limits from direct detection.
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Chapter

4
MSSM solutions to the Galactic center excess

In the previous chapter we have established the evidence for dark ma�er and introduced a
potential dark ma�er signal from the GC. Furthermore we discussed dark ma�er annihilation
channels that have to be considered when calculating the relic density and annihilation sig-
natures in today’s Universe. While it is premature to claim that the GC excess represents a
con�rmed signal of dark ma�er annihilation, in this analysis we interpret its properties under
this assumption in the framework of the MSSM.

We will start out analysis of the γ–ray spectrum with a discussion of the relevant annihilation
channels in Sec. 4.1. We then compare the resulting likelihood map in the µ–M1 plane with
parameter regions that reproduce the measured relic density. In Sec. 4.2 we present the results
together with a combined �t including the relic density as an additional data point. �e impact
of bounds from direct detection experiments on the previous analyses is analyzed in Sec. 4.3.
Finally we perform a global �t where we allow all relevant parameters of the neutralino Higgs
sector to vary. �e results are shown in Sec. 4.4 with and without limits from direction detection.
All results are summarized in Sec. 4.5.

�e research presented in this chapter has been previously published in Reference [1]. All
displayed �gures and tables as well as part of the text are identical to the content of this article.

4.1 Fitting the γ–ray spectrum

�e MSSM is a prototypical model of weakly interacting massive particles. In the region of
parameter space for which the lightest supersymmetric particle (LSP) is a neutralino, a rich
spectrum for dark ma�er emerges, largely dictated by its component fractions of electroweak
singlet, doublet, and triplet representations [71–75, 172]. Despite this �exibility, it is somewhat
challenging to �t the original characterizations of the GC excess in the MSSM (though viable
parameter space does exist [173–179]) due to the generic requirement of e�cient mediators [163,
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Figure 4.1: Inverse relic density (solid, le� axis) and annihilation rate in the GC (dashed,
right axis) for an MSSM parameter point where the annihilation is dominated by
χ̃ 0

1 χ̃
0
1 → bb̄. �e right panel is zoomed into the Higgs pole region. Additional model

parameters are tan β = 45, and third-generation squark masses range around 1 TeV.

180–182]. Such mediators are naturally present in extended models such as the NMSSM [2, 162,
183–188].

In this chapter, we perform an analysis of the MSSM parameter space capable of describing
the GC excess as extracted by the Fermi–LAT Collaboration in Reference [16]. We include the
wide range of spectra corresponding to the full suite of models for the interstellar emission
developed therein. We examine how this range of spectra opens up regions of the MSSM
parameter space describing the excess [189] by performing global �ts. We use the SFitter
framework [18, 37, 38], to �t the spectra consistently with the thermal relic density, the light
Higgs boson mass, and the standard set of low energy indirect constraints. �e power of such
a global analysis rests in its ability to simultaneously interpret the wide range of relevant
experimental observations [39, 112, 113, 190–193].

χ χ → bb̄

We start by considering an MSSM scenario with a light neutralino responsible for the GC
excess. We examine the regions of MSSM parameter space where the annihilation χ̃ 0

1 χ̃
0
1 → bb̄

dominates the dark ma�er annihilation in Fig. 4.1. For light neutralinos, annihilation tends
to be dominated by the s-channel light Higgs funnel, rather than the broad A-induced band.
We choose the lightest neutralino to be mostly bino, with some Higgsino content to couple to
the Z and the light Higgs mediators, and negligible wino content (M2 = 700 GeV). We also �x
tan β = 45, though the results are rather insensitive to this choice. �e varying neutralino mass
on the x-axis is generated by adjusting M1 for each of the �xed values of µ.

On the le� y-axis in the le� panel of Fig. 4.1 we show the inverse relic density, proportional
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to the annihilation rate in the early Universe. �e corresponding solid curves exhibit two
distinct peaks, one for Z -funnel annihilation and one for h-funnel annihilation. For both peaks
the width is given by the velocity spectrum rather than the intrinsic width of the mediators.
�e enhancement of the two peaks over the continuum end up being comparable, as both
annihilation channels are velocity suppressed with v . 1/10. �e Z -funnel is coupled to
the axial-vector current, whereas the Higgs funnel is suppressed by the small bo�om Yukawa
coupling. However the neutralino coupling to the Higgs bene�ts from the larger bino component
of the LSP, whereas the Z -coupling is suppressed by the square of the Higgsino component,
leading to a comparable cross section in both channels. �e measured relic density can be
reproduced on the shoulders of the resonance peaks, with a slight preference for larger µ-values
and hence smaller couplings.

On the right y-axis of Fig. 4.1, corresponding to the dashed curves, we show the annihilation
rate in the GC, with the approximate target rate indicated by the horizontal line. Because of the
much smaller velocities, the widths of the resonance peaks are now determined by the physical
widths of the Z and the Higgs. �e Higgs resonance leads to much larger peak rates, because
of its comparably small width. We observe that the continuum as well as the reduced Z -pole
annihilation are not capable of explaining the GC excess, but the light Higgs pole scans through
the required cross section.

In the right panel of Fig. 4.1 we show a zoomed-in version of the Higgs peak. �e interesting
parameter regions for a combined �t of the relic density with the GC excess are given by the
solid relic density curves crossing the solid horizontal line and the dashed GC lines crossing the
dashed horizontal line. As expected from the le� panel, there are �nely tuned regions around
the Higgs pole with today’s velocity spectrum, which allow for an explanation of the GC excess
via a thermal relic through the process χ̃ 0

1 χ̃
0
1 → bb̄ for µ < 140 GeV. A simultaneous consistency

with the measured relic density can be achieved for µ ≈ 125 GeV resulting in an LSP mass of
62.5 GeV with 80% bino and 16% respectively 3% Higgsino admixture.

Additional decays of the light Higgs mediator to lighter fermions, like tau leptons, are sub-
leading e�ects to the annihilation process because of the smaller Yukawa coupling and the
smaller color factor.

χ χ →WW

At slightly larger LSP masses, the dominant neutralino annihilation channel is χ̃ 0
1 χ̃

0
1 →WW ,

mediated by a light chargino in the t-channel. Eq. (3.36) indicates that wino and Higgsino
LSP content enhance this annihilation rate. In Fig. 4.2 we show the regions of the M1 − µ
plane explaining the GC excess. In the le� panel as throughout our analysis we only show
log-likelihood di�erences with respect to the best �t point as indicated in Eq. (2.4). �e best-�t
regions typically lead to a Gaussian equivalent of χ 2/d.o.f ≈ 1. In this �gure, we �xM2 = 700 GeV,
implying that the LSP is a mixture of Higgsino, coupling to electroweak bosons, and bino. �e
preferred parameter range compensates an increase in |µ | by an increase in M1. �is way the
sizable Higgsino content survives, while the neutralino mass increases, as can be seen in the
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Figure 4.2: Log-likelihood map (le�) and corresponding LSP mass (right) based on the Fermi–
LAT photon spectrum for M2 = 700 GeV and tan β = 45, where χ̃ 0

1 χ̃
0
1 → WW is

a dominant annihilation channel. �e heavy Higgses are decoupled to 1 TeV. �e
shaded dots are excluded by the Fermi–LAT limits from dwarf spheroidal galaxies.

right panel of Fig. 4.2. In the lower bands the allowed LSP masses extend to m χ̃ 0
1
≈ 150 GeV,

without much decrease in the log-likelihood. �e change in shape around M1 = |µ | = 200 GeV is
caused by the on-set of the annihilation to top pairs. �e t-channel annihilation is mediated by
a light stop in the mass range of 500 GeV. Even though the SUSY breaking masses for the squark
sector are set to be larger than 1 TeV, these low masses arise from the stop mass matrix due to
the large trilinear coupling necessary to adjust the Higgs mass. While light squark masses are
severely constrained by collider results it is instructive to see that the annihilation channel is
e�cient enough to explain the GC excess.

�e MSSM parameter regions which allow for e�cient annihilation in gauge bosons are
strongly correlated in M1 and µ, but not as tuned as the light Higgs funnel region with its
underlying pole condition. Technically, this means that they are easy to identify in a global �t,
while the h and Z -funnel are barely visible. In Fig. 4.2 we also indicate the Fermi–LAT limits
from dwarf spheroidal galaxies [194] as black dots. While these constraints are visible in the
M1 vs µ plane, they do not signi�cantly interfere with the best-�t regions from the GC excess.

χ χ → tt̄

Large annihilation cross sections for χ̃ 0
1 χ̃

0
1 → tt̄ can be accomplished by decreasing the heavy

pseudoscalar mass to mA = 500 GeV and increasing the e�ective top Yukawa coupling by
choosing tan β = 3. Due to the modi�ed pseudoscalar mass terms we can set all squark and
slepton masses to 4 TeV and assume a completely decoupled squark and slepton sector. We
show the allowed parameter range for heavy winos, M2 = 700 GeV, in Fig. 4.3. From Fig. 4.2 we
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Figure 4.3: Log-likelihood map (le�) and corresponding LSP mass (right) based on the Fermi–
LAT photon spectrum for M2 = 700 GeV, tan β = 3, and mA = 500 GeV, where
we also observe the annihilation χ̃ 0

1 χ̃
0
1 → tt̄ . �e shaded dots are excluded by the

Fermi–LAT limits from dwarf spheroidal galaxies. �e �ve symbols indicate local
best-��ing parameter points.

observe that form χ̃ 0
1
> 175 GeV the annihilation into top pairs follows theWW –annihilation

region in the M1 − µ plane. We note that theWW –annihilation now behaves exactly the same
way, in spite of the lower choice of tan β .

According to Fig. 4.3 the allowed mass range now extends to m χ̃ 0
1
& 300 GeV. �e main

new feature for the reduced value of mA = 500 GeV is the peak towards large µ values for
M1 ≈ 300 GeV. �e corresponding LSP mass is around 250 GeV, close to the A-pole. On the pole,
annihilation is too e�cient and the preferred coupling is reduced by a smaller Higgsino fraction
in the LSP. Beyond the pole, the allowed region extends to LSP masses above 250 GeV, but with
a reduced log-likelihood. If we choose larger values of tan β the same structure remains, but the
narrow pole gets washed out into a wider band of dark ma�er masses. Aside from the A-pole
we can now see the narrow h-funnel region, due to larger statistics necessary for this �t. �e
fact that the large-|M1 | regime does not appear in the upper le� corner of Fig. 4.3 is explained
by the default SuSpect setup, where this region of parameter space can lead to m χ̃+1 < m χ̃ 0

1
.

However, an appropriate renormalization scheme like for example an on-shell scheme for the
lightest three neutralinos/charginos ensures that the tree-level hierarchy m χ̃+1 > m χ̃ 0

1
remains

intact at loop level [195–197].

χ χ → hh

In principle, for m χ̃ 0
1
> mh the LSP can also annihilate to a pair of SM-like Higgs bosons,

χ̃ 0
1 χ̃

0
1 → hh. While the t-channel neutralino diagram will typically be overwhelmed by the

53



4 MSSM solutions to the Galactic center excess

 [GeV]χm

130 140 150 160 170

-1 )2
 h

Ω(

1

10

210

310

410

 [GeV]χm

G
C

E
 v

>
σ<

28−10

27−10

26−10

25−10

24−10

23−10

22−10

21−10

=-300µ

Figure 4.4: Inverse relic density (solid, le� axis) and annihilation rate in the GC (dashed, right
axis) for an MSSM parameter point where the annihilation receives a contribution
from χ̃ 0

1 χ̃
0
1 → hh.

annihilation to weak bosons with the same t-channel mediator, an s-channel mediator with
mmed ≈ 2mh can dominate for small tan β . In Fig. 4.4 we show the corresponding e�ect for dark
ma�er annihilation in the early Universe (le� axis) and in the GC (right axis), similar to the bb̄
case in Fig. 4.1. �e LSP mass is varied through M1, while µ = −300 GeV and M2 = 700 GeV. �e
heavy Higgses are light, namelymA = 300 GeV andmH ≈ 320 GeV. �e heavy Higgs’ branching
ratio to a pair of light Higgses is BR(H → hh) = 30% [198]. For comparably large velocities
depicted by the solid line we see how both s-channel mediators, H and A, contribute through
their respective on-shell con�guration. In contrast, for the smaller velocities associated with
the Fermi–LAT GC excess the CP-odd mediator A completely dominates, while the CP-even
H does not contribute visibly. Because only the la�er couples to two light Higgs bosons, the
annihilation to Higgs pairs leading to the GC excess is di�cult to realize in the MSSM. �is
outcome is di�erent from the case of a single-scalar Higgs portal model [199]. �e increase we
observe in Fig. 4.4 form χ̃ 0

1
> 170 again shows the onset of the annihilation into two tops.

Based on these example scenarios it is now clear that the GC excess can be realized by the
dominant annihilation channels

χ̃ 0
1 χ̃

0
1 → bb̄,WW , tt̄ (4.1)

in more or less �nely tuned parameter ranges of the MSSM. Annihilation to light fermions like
bb̄ is realized through a �nely tuned, resonant s-channel mediator. In addition, the LSP can be a
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Figure 4.5: Spectra for local best ��ing MSSM parameter points, assuming dark ma�er annihil-
ation dominantly to bb̄,WW , tt̄ (le�) and for three di�erent tt̄ annihilation channels
(right). �e markers correspond to Fig. 4.3, as indicated.

neutralino withm χ̃ 0
1
= 100 ... 350 GeV with dominant annihilation toWW and/or tt̄ pairs.

In Fig. 4.5 we show a set of sample energy spectra for di�erent scenarios, de�ned as �ve
local best-��ing points in Fig. 4.3 and an exemplary spectrum for h-funnel annihilation into bb̄.
We overlay the spectra with the Fermi–LAT spectrum shown in Fig. 3.1. �e three scenarios
with leading decays to bb̄,WW , and tt̄ shown in the le� panel agree similarly well with the
Fermi–LAT results. �e lowest and highest energy bins cause the largest problem in particular
for a light LSP with Higgs funnel annihilation into bb̄ pairs. In the right panel of Fig. 4.5 we
show three di�erent parameter points, all with a leading annihilation to tt̄ pairs, and with LSP
masses m χ̃ 0

1
= 180, 255, and 320 GeV. �e over-all agreement with the Fermi–LAT spectrum

gets slightly worse towards larger masses, leading to a Gaussian-equivalent ∆χ 2 = 4 between
the three curves.

4.2 Combining the GC excess with the relic density

A�er understanding how di�erent annihilation channels can be realized in the MSSM we now
perform a global analysis to determine the range of MSSM parameter space which can best
describe the GC excess. �is will be in the context of an LSP which makes up the entirety of the
dark ma�er and whose abundance is set by freeze-out in a standard cosmology. We also impose
the additional constraints shown in Tab. 4.1. For m χ̃ 0

1
< 45 GeV and large Z–couplings the

additional contribution to the invisible Z -width [170] from decays into pairs of LSPs increases
tension with the measurement as we will discuss in Chapter 5, but due to the larger masses
in this analysis we do not have to take it into account. �e top mass is �xed as an input,
because the e�ect from the small range of values consistent with collider measurements can be
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4 MSSM solutions to the Galactic center excess

absorbed into small shi�s in the stop parameters. Limits from the direct detection experiments
Xenon [217, 218], LUX [33], and PandaX [219], are only applied in the Sec. 4.3 of this chapter.

In the upper two panels of Fig. 4.6 we show the allowed parameter range in the bino and
Higgsino mass parameters, �xing the wino mass to be essentially decoupled M2 = 700 GeV and
also decoupling the heavy Higgs bosons. �e upper le� panel mainly shows theWW and tt̄
annihilation regions; in contrast to Fig. 4.2 we also show the parameter points which give the
correct relic density Ωχh

2, quoted in Tab. 4.1. From Fig. 4.1 and Fig. 4.2 we observe that the
LSP masses in the bb̄ scenario are very close tom χ̃ 0

1
=mh/2, while for theWW scenario they

extend from m χ̃ 0
1
≈ 80 GeV to around m χ̃ 0

1
≈ 150 GeV. As expected from the similar underlying

cross sections, the relic density and the GC excess point to similar parameter regions, with
slightly larger µ for the relic density and hence smaller annihilation cross sections 〈σv〉. �e
annihilation cross section in the prolongation of the black line receives further contributions
from t-channel annihilation mediated by sbo�om and stop squarks in the mass range of 300 to
500 GeV. However we observe a strong tension between the best �t regions from relic density and
GC excess leading to a minimal log-likelihood di�erence of −2 logL = 10. For the Z -mediated
annihilation channel around M1 ≈ 45 GeV the relic density can not be connected to the GC
excess.

In the upper right panel of Fig. 4.6 we show the result of a properly combined analysis of the
GC excess and the measured relic density. Because of the signi�cantly smaller errors, the relic
density measurement dominates the combined structures in the M1 vs µ parameter space. �e
narrow regions in the parameter space that �t the relic density make it necessary to increase the
maximum of the displayed log-likelihood to 200 to improve visibility. In Reference [1] we show
the same results with the maximum set to 500, which further widens the displayed regions but
reduces the possibility to distinguish the best �t regions. We observe four di�erent annihilation
mechanisms: the vertical Higgs-pole bb̄ peak next to the Z–mediated annihilation channel for
small M1, theWW region extending diagonally to M1 ≈ 200 GeV, and a continuum tt̄ region

Measurement Value

mh (125.09 ± 0.21stat ± 0.11syst ± 3.0theo) GeV [200–208]
Ωχh

2 0.1188 ± 0.0010stat ± 0.0120theo [30]
aµ (287 ± 63exp ± 49SM ± 20theo) · 10−11 [209–211]
BR(B → Xsγ ) (3.43 ± 0.21stat ± 0.07syst) · 10−4 [212–214]
BR(B0

s → µ+µ−) (3.2 ± 1.4stat ± 0.5syst ± 0.2theo) · 10−9 [215, 216]
mχ+1 > 103 GeV [120–128]

Table 4.1: Data used for the �t including their systematic, statistical, and theoretical uncertain-
ties, as appropriate.
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Figure 4.6: Log-likelihood map including the Fermi–LAT photon spectrum and the Fermi–LAT
limits from dwarf spheroidal galaxies only (le�) and in combination with the observed
relic density, and other constraints (right) discussed in the text. We �x M2 = 700 GeV,
mA = 1 TeV, tan β = 45 (upper) or mA = 500 GeV, tan β = 3 (lower), and vary M1
and µ. �e black dots in the le� panels are roughly compatible with the observed
relic density.

for even larger values of M1. �e best �t region corresponds to the onset of the annihilation
intoWW with an LSP mass of roughly 80 to 100 GeV, while the �t is not suited to resolve the
Higgs-pole with su�cient precision.

In the two lower panels of Fig. 4.6 we show the same parameters, but including a pseudoscalar
withmA = 500 GeV. �e le� panel illustrates the s-channel annihilation regime and in particular
above the A-pole the relic density and the GC excess are di�cult to reconcile. In the right
panel we show how the combined �t follows again the relic density contours with its much
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Figure 4.7: Log-likelihood map including the GC excess, combined with Fermi–LAT limits from
dwarf spheroidal galaxies and direct detection constraints (le�) and a�er adding the
relic density, and other constraints discussed in the text (right). We �x M2 = 700 GeV,
mA = 500 GeV, tan β = 3, and vary M1 and µ. Di�erent shades of gray indicate (from
light to dark) the most recent exclusion limits from Xenon 100, PandaX and LUX.

smaller uncertainties. �is also implies that the asymmetry in the le� panel vanishes and the
missing region at large negative M1 and large positive µ re-appears in the combined �t. Here
the problem with m χ̃ 0

1
> m χ̃+1 does not occur. �e best �t regions recover again the onset of

the annihilation intoWW . In addition we �nd valid solutions around the pseudoscalar-pole, in
particular for LSP masses marginally above the pole condition.

4.3 Direct detection

An important, recently improved constraint comes from the direct detection experiments
probing coherent spin-independent sca�ering of dark ma�er with a heavy nucleus. In the
le� panel of Fig. 4.7 we show the combination of the Fermi–LAT GC excess and di�erent
direct detection constraints, not including the observed relic density and hence allowing for a
non-standard cosmology where e.g. the LSP is only responsible for a fraction of the relic density.
�ree shades indicate constraints from Xenon100 [217, 218] (light), PandaX [219] (medium), and
LUX [33] (dark). �ese constraints are included at face value as published by the collaborations
rather than in terms of a combined log-likelihood. Instead of a notoriously di�cult error bar,
we show three di�erent rounds of exclusion limits to illustrate the possible e�ect of weaker
direct detection constraints. �e remaining parameter points are colored according to their
log-likelihood from indirect constraints and the combined Fermi–LAT GC excess. All of the
surviving parameter points rely on the annihilation process χ̃ 0

1 χ̃
0
1 → tt̄ . �e reason is that
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Figure 4.8: Log-likelihood map including the Fermi–LAT photon spectrum, direct detection
constraints, the observed relic density, and other constraints discussed in the text
for �xed mA = 500 GeV and M2 = 700 GeV, tan β = 3 (le�) or M2 = 120 GeV,
tan β = 7 (right). Di�erent shades of gray indicate (from light to dark) the most
recent exclusion limits from Xenon100, PandaX and LUX.

the heavy (pseudo-)scalar mediator does not couple strongly to the non-relativistic proton
content, leaving the corresponding explanation of the GC excess untouched. �e asymmetry
between di�erent signs of the input parameters arises from a sign change of one Higgsino
component of the LSP. �e limit on the spin–independent interaction cross section is violated
by Higgs mediated processes. For di�erent signs of µ and M1 the Higgsino contributions in
the Higgs–neutralino coupling in Eq. (3.34) cancel each other, making it possible to avoid the
constraints from direct detection.

For the right panel of Fig. 4.7 we combine the Fermi–LAT GC excess, direct detection
constraints, the observed relic density, and the other constraints shown in Tab. 4.1. As shown
before, the preferred regions in the M1 − µ plane are now slightly shi�ed and de�ned by the
correct prediction of the relic density. With this modi�cation, the A-funnel with an annihilation
to tt̄ as well as a small range of points with the annihilation signature χ̃ 0

1 χ̃
0
1 →WW avoid direct

detection constraints.

A key parameter is the mass of a dark ma�er candidate which simultaneously explains the
observed relic density and the GC excess, and at the same time respects all constraints in
Tab. 4.1 as well as those from direct detection experiments. In Fig. 4.8 we show all points with
∆(−2 logL) . 200, colored according to the LSP mass m χ̃ 0

1
. In the le� panel we �x M2 = 700

and tan β = 3, as before. �e low value of mA = 500 GeV opens a tt̄ annihilation region with
m χ̃ 0

1
≈ 200 GeV. In addition we see a few allowed points withm χ̃ 0

1
. 100 GeV in theWW regime.

In the right panel of Fig. 4.8 we �x M2 = 120 GeV, allowing for a signi�cant wino fraction in
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4 MSSM solutions to the Galactic center excess

the LSP. According to Eq. (3.36) the wino content generally allows for a sizable annihilation
rate through a t-channel chargino, implying that the LSP mass a�er requiring the annihilation
rate matching the GC excess as well as the observed relic density will never exceed 120 GeV. On
the other hand, a Higgsino admixture can lead to lighter valid dark ma�er candidates. We again
identify the very narrow h-peak and the broader Z -peak. �ey de�ne the allowed parameter
points with m χ̃ 0

1
≈ 45 GeV and m χ̃ 0

1
≈ 63 GeV. In addition, we see a non-resonant band of

allowed points withm χ̃ 0
1
= 100 ... 120 GeV, with an annihilation intoWW pairs and chargino

co-annihilation via aW boson for the relic density. Annihilation into a pair of top quarks is
kinematically impossible. Direct detection experiments have a weaker impact because gaugino
mixtures have smaller couplings to the light Higgs.

In summary, we see that in particular for a mixed wino-Higgsino LSP the annihilation
channels bb̄, andWW survive current direct detection limits, but with a much reduced number
of allowed parameter points. For tt̄ �nal states the annihilation via a light pseudoscalar escapes
the direct detection limits. With the next generation of direct detection experiments [31] it
should be possible to probe these remaining MSSM parameter points.

4.4 Global parameter study

Finally, we perform a global MSSM �t including all relevant parameters of the neutralino/chargino
parameter space. To assure the possibility of the heavy Higgs funnel we �x mA = 500 GeV and
vary:

|M1 | < 500 GeV |M2 | < 700 GeV ��µ�� < 500 GeV
|At | < 7 TeV tan β = 2 ... 45 . (4.2)

�e remaining parameters, including squark masses, slepton masses, and trilinear couplings,
are decoupled at 4 TeV. �is choice allows for points interpolating between the two scenarios
shown in Fig. 4.8: bino-Higgsino dark ma�er and wino-Higgsino dark ma�er. In addition, the
simultaneous variation of tan β and At ensures that for any value of tan β we can generate the
correct light Higgs mass while at the same time scanning the bo�om Yukawa coupling or the
width of the heavy Higgses.

In the upper panels of Fig. 4.9 we show the result of a global analysis taking into account
all constraints de�ned in Tab. 4.1, but not including direct detection bounds. For example the
µ−M1 plane is now shown as a pro�le likelihood a�er maximizing with respect to the remaining
model parameters. In general, this leads to a broadening of all features discussed before. We
still see the usual narrow regions corresponding to the annihilation channels χ̃ 0

1 χ̃
0
1 → WW

and tt̄ . In addition, broader structures for large |µ | ∼ |M1 | are generated by the tan β-enhanced
annihilation χ̃ 0

1 χ̃
0
1 → A→ bb̄. �ey are much wider than all other structures because the heavy

Higgs width scales with tan2 β . In the middle upper panel we see how the low-M1 scenarios
reach a be�er agreement with data towards large tan β , and how the width of the pseudoscalar
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Figure 4.9: Log-likelihood map for the combined SFitter analysis of the Fermi–LAT photon
spectrum, the observed relic density, and other constraints with (lower) and without
(upper) including the LUX direct detection bounds.

Higgs withmA = 500 GeV increases. Furthermore we observe that tan β has hardly any global
e�ect on the annihilation rate, both for the GC excess and for the observed relic density. Finally,
in the right panel we observe a strong correlation between M2 and M1, similar to the �rst panel,
but with more washed-out structures in the pro�le likelihood. �e Z -funnel and h-funnel are
not resolved by the usual global analysis, and do not appear. From the previous discussion, it is
clear that they are viable in the absence of direct detection constraints.

In the lower panels of Fig. 4.9 we add the LUX direct detection constraints. All general
structures in the µ − M1 plane, corresponding to the di�erent decay channels, survive. An
independent sign change in µ and M1 is no longer possible because of the large degree of
�ne-tuning. �e main di�erence between this global result and the previous, two-dimensional
analysis is that for large µ ∼ −M1 the pseudoscalar Higgs funnel mediates an annihilation to bb̄
pairs at large tan β .

Another new feature in the global �t is an allowed Higgsino LSP region forM1 = 100 ... 150 GeV
and tan β = 15 ... 25. It corresponds to a combined annihilation toWW and ZZ pairs. Following
Eq. (3.36) and Eq. (3.33) both, the χ̃ 0

1 − χ̃
±
1 −W and χ̃ 0

1 − χ̃
0
1 − Z couplings increase for large

tan β . �is way they lead to an e�cient annihilation, but are also ruled out by direct detection
constraints. When we reduce tan β → 1, the χ̃ 0

1 − χ̃
±
1 −W coupling approaches a �nite value,

while the χ̃ 0
1 − χ̃

0
1 − Z vanishes.
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4 MSSM solutions to the Galactic center excess

4.5 Conclusion

Based on a realistic estimate of the di�erent sources of uncertainty we have shown that the
lightest neutralino in the MSSM can explain the Fermi–LATGC excess. �e di�erent annihilation
channels χ̃ 0

1 χ̃
0
1 → bb̄,WW , and tt̄ de�ne the corresponding LSPs with increasing masses. �e

annihilation channel χ̃ 0
1 χ̃

0
1 → hh does not work in the MSSM, because of the velocity suppression

of the CP-even heavy Higgs funnel. Nevertheless, viable explanations of the GC excess in the
MSSM can annihilate to a wide range of Standard Model states and cover a mass range from
45 GeV to well above 250 GeV.

If one demands that the LSP is a standard thermal relic, the preferred regions of parameter
space slightly shi�. �e typical width of the structures in parameter space decreases signi�cantly,
corresponding to the small uncertainties from the Planck �ts. Consequently, the allowed region
of a combined SFitter analysis follows the pa�erns of the correct relic density. �e best-�t
region is again de�ned by the bb̄,WW , and tt̄ annihilation channels; it extends to LSP masses up
to 300 GeV, in particular in combination with a pseudoscalar heavy Higgs mass around 500 GeV.
In addition, we con�rm two more features in the MSSM parameter space. First, a tan β-enhanced
annihilation of heavy neutralinos to bb̄ pairs can be mediated by the pseudoscalar Higgs in
complete analogy to the top quark case. Second, the di�erent scaling of the neutral current and
charged current couplings of the neutralino/chargino sector opens an allowed wino region for
intermediate tan β .

Finally, when we apply the full set of limits, the direct detection constraint cuts deeply into
the allowed parameter space. Nevertheless, for a mixed wino-Higgsino LSP all three annihilation
channels with their corresponding regions of parameter space survive. Most notably, a heavy
neutralino annihilating to top or bo�om pairs remains largely intact. Ignoring the relic density
constraint and only considering the GC excess combined with direct detection constraints does
not improve the situation qualitatively. All of our preferred regions of parameter space should
be covered by the next generation of direct detection experiments.
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Chapter

5
Relating the Galactic center excess to the

Higgs invisible branching ratio

Searches for dark ma�er coupled to Standard Model �elds beyond the gravitational interaction
follow three distinct strategies: direct detection, indirect detection, and production at colliders.
Global �ts try to answer the key question how in the case of weakly interacting dark ma�er
the di�erent search strategies can complement and inspire each other. One of the main search
strategies for dark ma�er at the LHC are invisible Higgs decays, most notably in weak boson
fusion [171, 220, 221]. For example, in models without new strongly interacting particles such
invisible Higgs decays will drive mono-jet searches and are likely to dominate over dark ma�er
pair production in weak boson fusion [222]. In the previous chapter we have shown that it
is possible to simultaneously �t the relic density and the Fermi–LAT excess and avoid direct
detection constraints. In this analysis we will establish a speci�c link between the Fermi GC
excess [30, 86–100, 223] and invisible Higgs decays at the LHC [224–233] in the framework
of the NMSSM [21, 117, 129–133]. Making use of the extended Higgs particle content we can
easily �t the GC excess with light dark ma�er candidates which turns out to create a strong
link to invisible decays of the SM–like Higgs.

In Sec. 5.1 we discuss invisible Higgs decays in the framework of the MSSM. Since it is not
possible to connect the resulting regions of parameter space to the GC excess, we move to the
NMSSM that allows for annihilations via a light pseudoscalar that is excluded in the MSSM.

Because of the structure of the NMSSM we can follow two strategies to accommodate the
GC excess [162, 234]: �rst, we can keep the standard bino–Higgsino LSP composition of the
MSSM and only couple the neutralinos to the light additional pseudoscalar. Alternatively, we
can replace the bino content by a singlino content and assume a singlino–Higgsino, or be�er
bino–singlino–Higgsino LSP. Again, it will couple to the pseudoscalar mediator.

For the bino–Higgsino case the relevant LSP and mediator states are not decoupled from
the Standard Model. �is means that for example the pseudoscalar mediator can be searched
for at the LHC [162]. �e singlino–Higgsino channel is more challenging. We will study the
phenomenology of the NMSSM singlet/singlino sector and its TeV-scale parameter space linked
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Figure 5.1: Branching ratio for H1 → χ̃ χ̃ . From le� to right we consecutively apply the con-
straints: (1) mH125 = 122 ... 128 GeV and BRinv > 10%, (2) m χ̃± > 103 GeV, and (3)
Ω χ̃h

2 = 0.107 ... 0.131. �e projections are pro�led over M2, showing the maximal
branching ratio. �e z-axis for the coloring scheme is rescaled to the maximum value
of each plot.

to the GC excess in Sec. 5.2.1.
In Sec. 5.2.2 we will link the parameter space yielding the necessary cross section to the size

of invisible Higgs couplings. It turns out that similar to a dark ma�er Higgs portal [235–250]
the NMSSM interpretation of the GC excess leads to invisible Higgs decays with branching
ratios accessible during the upcoming LHC run. In Sec. 5.3 we will apply the same criteria to a
high-scale NMSSM setup. For this model a global SFitter likelihood analysis without the GC
excess is useful, before we turn to the link between the GC excess and invisible Higgs decays.

�e research presented in this chapter has previously been published in Reference [2]. All
displayed �gures and tables as well as part of the text are identical to the content of this article.

5.1 Invisible Higgs decays in the MSSM

Before we discuss the relation of the GC excess and LHC searches in the NMSSM we brie�y
review the constraints on invisible Higgs decays in the MSSM with a SM-like light Higgs. In
the MSSM, the LSP can be a combination of bino, wino, and Higgsino. First, invisible Higgs
decays H → χ̃ χ̃ require the LSP to be lighter than 63 GeV. �erefore, at least one of the mass
parameters µ,M1, and M2 has to be around 100 GeV or below. �e second ingredient is the size
of the coupling. Its form given in Eq. (3.34) requires a mixed Higgsino-gaugino states, which
means we again expect to need small values of |µ |.

�e le� panel of Fig. 5.1 illustrates the dependence of the invisible branching ratio on µ and
M1. We vary the MSSM parameters µ,M1, and M2 and pro�le over the non-displayed parameter,
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5.1 Invisible Higgs decays in the MSSM

showing the maximal invisible branching ratio. For all points shown we require the Higgs
invisible branching ratio to be at least 10%. In this example we set the sfermion and gluino
masses to 2 TeV, so that they decouple from the electroweak sector, and as before set tan β = 40.
�e Higgs-sector parameters MA,At and Aτ now have to be carefully chosen to reproduce the
observed Higgs mass.

Without constraints on the chargino mass and dark ma�er properties the maximal branch-
ing ratio exceeds 80%. �e relevant parameter space is located around ��µ�� = 80 GeV and
M1 = 100 ... 150 GeV. Away from this region, the LSP is no longer well tempered, reducing the
coupling and leading to an invisible branching ratio below 10%.

In the center panel of Fig. 5.1 we add the LEP limits [120–128] on the chargino mass. �e
minimal value of 103 GeV translates into a lower bound µ,M2 & 100 GeV. �e lower bound on
µ can be seen directly in Fig. 5.1. �e constraint on M2 works indirectly: it excludes wino LSPs
lighter than 63 GeV, which means that a light LSP has to be mainly bino. �is is visible as an
upper bound M1 < 80 GeV.

In addition to the LSP mass, we also have to adjust the couplings. �e required bino-Higgsino
mixing restricts the allowed parameter region to M1 < 80 GeV and ��µ�� < 200 GeV. Constant
invisible branching ratios correspond to the two half-circles in the center panel of Fig. 5.1.
Without the mass constraints on the chargino and the Higgs we would see two approximately
circular shapes centered around M1 ≈ 50 GeV and slightly bigger values of |µ |. �is re�ects the
preference for a light, well-tempered LSP with roughly equal bino and Higgsino fractions. In
particular the chargino mass limit simply removes the region with |µ | . 100 GeV. �e maximum
invisible branching ratio in the MSSM is 45%.

In the right panel of Fig. 5.1 we add the Planck measurement of the LSP relic density. In this
con�guration the annihilation proceeds via an s-channel Z -boson. Planck excludes neutralino
masses around 45 GeV, where resonant annihilation leads to a too small relic density. �ree
distinct strips remain compatible with the measured relic density: two with neutralino masses
between 35 GeV and 40 GeV, and one between 50 GeV and 55 GeV. However, the la�er is excluded
by Xenon100. �is additional constraint further reduces the maximal invisible branching ratio

BR(H125 → χ̃ χ̃ ) . 50% for µ = 100 GeV, M1 = 45 GeV , (5.1)

Finally, we consider Z -decays to neutralinos for neutralino masses smaller than 45 GeV.
�e corresponding partial width adds to the width from Z -decays into neutrinos, whose SM
prediction already exceeds the measured value of Γ(Z → inv) by 1.9 MeV. While an invisible
Higgs branching ratio of 10% only adds an additional 0.2 MeV to the Z -width, a Higgs branching
ratio of 40% can imply an additional Z -decay width of 3 MeV. �is increases the already existing
tension between theory prediction and experimental results for invisible Z -decays [251].

We conclude that the MSSM provides viable dark ma�er candidates, that reproduce the
Planck measurement of the relic density and lead to a large invisible decay width of the SM-like
Higgs. As discussed in Sec. 4.1, the annihilation via the Z -boson can not generate a su�ciently
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5 Relating the Galactic center excess to the Higgs invisible branching ratio

large annihilation cross section to �t the γ -ray excess. �erefore we will turn to the NMSSM
where the annihilation can get enhanced by a light pseudoscalar mediator.

5.2 �e GC excess in the NMSSM

Following our previous analysis, the excess of γ -rays measured by Fermi–LAT can be explained
by annihilating dark ma�er distributed spherically around the center of our galaxy. Its spectrum
gives preferred mass values for di�erent dark ma�er candidates depending on the �nal state.
For an annihilation to bo�om quarks the preferred mass of the dark ma�er agent ranges around
40 GeV [86–100], extending all the way to 70 GeV [93, 97, 100]. In our NMSSM analysis of the
bb̄ case we will follow Reference [93, 97, 100] and assume a conservative LSP of 30 GeV to
70 GeV. �e annihilation cross section should be in the range of σv ≈ 1.8 · 10−26cm3/s [86–100]
∗, consistent with the Planck thermally averaged results [30] within appropriate theoretical or
parametric uncertainties for example from the choice of the dark ma�er pro�le. Such values are
intriguingly close to the expectations for a thermally produced weakly interacting dark ma�er
particle (WIMP) [71–75, 172, 172].

In the MSSM the preferred mass range of a dark ma�er agent reproducing the GC excess is a
challenge and typically relies on dark ma�er annihilation into a pair of gauge bosons [112, 189]
or top quarks as we have illustrated in the previous chapter. In the absence of the annihilation
through an e�cient s-channel mediator decaying for example into bb̄ pairs the predicted relic
density in the Universe tends to be too large. Finding e�cient annihilation channels is a serious
issue in supersymmetric models [39, 156–161] in particular for light dark ma�er particles with
masses below 80 GeV: s-channel annihilation through the Z -pole, the SM-like Higgs resonance
H125, or a heavy Higgs resonance are forbidden by other constraints or too small. Any co-
annihilation channel requires an additional supersymmetric particle within 10% of the LSP
mass [164–168], which is disfavored by LEP constraints [120–128]. �e way out is an additional
mediator, ideally a pseudoscalar with a mass not far above twice the LSP mass [183, 184].
�is feature is clearly visible in an analysis in terms of simpli�ed models or e�ective �eld
theory [163, 180, 181].

As an extension of the MSSM, the NMSSM provides exactly such a mediator, the pseudoscalar
part of the singlet/singlino super�eld mixed with the MSSM-like pseudoscalar [134–141]. In
the required mass range it will naturally decay to bb̄ pairs, and with a reduced branching ratio
to τ+τ−. Such an NMSSM setup can be tested in a parameter scan [173–178] and then linked
for example to 4-body Higgs decay [185], trilepton searches at the LHC [186, 187] or even the
electroweak phase transition [188].

∗ In contrast to the previous chapter we will only �t the annihilation cross section instead of the full spectrum.
�e analysis has been performed before the Fermi–LAT spectrum was available and relies on cross section
estimations from the indicated publications.
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5.2 �e GC excess in the NMSSM

Before we start the analysis of the NMSSM parameter space, we will list the crucial measure-
ments that we have to take into account for light dark ma�er particles. In addition to the dark
ma�er relic density and the observed Higgs mass value there exists a wealth of measurements
in electroweak and B-physics which might constrain supersymmetric models. �e data which
we use for our SFitter parameter study are listed in Tab. 5.1.

In comparison to the previous analysis, the decay width of theZ -boson becomes important for
light neutralinos. �e invisible width for Z -decays, ΓZ→inv [170], is identi�ed with the additional
contribution to the Z -width from decays into a pair of LSPs. For LSP candidates with a mass
smaller than 45 GeV, the LEP results for the Z -width become powerful constraints, limiting the
partial decay width of Z to neutralinos. If the sum of the lightest CP-even and CP-odd Higgs
is smaller than the mass of the Z -boson, the total width gets an additional contribution. �is
contribution is compared to the di�erence between the SM prediction and the measured total
width of the Z . �e measurement of the anomalous magnetic moment of the muon aµ can only
be satis�ed with small slepton masses around 400 GeV or lower. As we decouple the sfermion
sector this measurement will only lead to an overall constant contribution to the log-likelihood.

�e mass of the top is an input parameter to the supersymmetric SM-like Higgs. In addition,
we require the lightest chargino to have a mass above 103 GeV, because it is very hard to
avoid the LEP2 constraints for charged particle production [120–128]. �is constraint becomes
important when we consider regions with small µ < 200 GeV. Finally we also include the
Xenon100 [217, 218] limits on direct detection. �ey are most powerful in the 30 to 100 GeV

measurement value and error

Ω χ̃h
2 0.1188 ± 0.0010stat ± 0.0120theo [30]

mH125 (125.09 ± 0.21stat ± 0.11syst ± 3.0theo) GeV [200–208]
ΓZ→inv (−1.9 ± 1.5stat ± 0.2theo) MeV [251]
ΓZ→Higgs (6.5 ± 2.3stat ± 1.0theo) MeV [251]
aµ (287 ± 63exp ± 49SM ± 20theo) · 10−11 [209–211]

BR(B → Xsγ ) (3.43 ± 0.21stat ± 0.07syst) · 10−4 [212–214]
BR(B0

s → µ+µ−) (3.2 ± 1.4stat ± 0.5syst ± 0.2theo) · 10−9 [215, 216]
BR(B+ → τ+ν ) (1.41 ± 0.43stat) · 10−4 [252]
∆mB0 (0.510 ± 0.004stat ± 0.003syst ± 0.400theo) · 1012 ~s−1 [252]
∆mB0

s
(17.69 ± 0.08stat ± 7.00theo) · 1012 ~s−1 [252]

mt (173.5 ± 0.6stat ± 0.8syst) GeV [253–255]
mχ+1 > 103 GeV [120–128]
σ χ̃ N direct detection limits [217, 218]

Table 5.1: Data used for the �t including their systematic and statistical errors from the meas-
urements and theoretical errors for SUSY calculations as far as they are considered.
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5 Relating the Galactic center excess to the Higgs invisible branching ratio

range, so this measurement will prove to have a strong exclusion power for the scenarios we
are interested in.

Dark ma�er explanations of the GC excess [86–100] are described by two parameters: the
LSP mass and the annihilation cross section in the center of the galaxy. For our �rst analysis
we will assume the conservative range [93, 97, 100]

m χ̃ =(30 ... 70) GeV

σv =(0.4 ... 10) · 10−26 cm3

s (5.2)

A more detailed analysis in the two-dimensional plane will be part of the full analysis in
Sec. 5.2.2.

Similar mass ranges of the LSP have already been targeted by the ATLAS and CMS searches [256–
258]. As those searches consider the speci�c setup of a bino-like LSP with a wino-like lightest
chargino and a second-lightest neutralino, it is highly convoluted to reliably include the ATLAS
and CMS limits in our analysis. Moreover they typically assume light sleptons, while we
decouple the sfermion sector.

For the TeV-scale �ts we use the typical SFitter setup described in Chapter 2. When we
display observables instead of the likelihood function, only points that pass sharp criteria,
e. g. Ω χ̃h

2 within the theory uncertainties, are displayed. Similar to a pro�le likelihood, we
assign the value of the point with highest likelihood to each bin.

We assume a Z3-symmetric NMSSM introduced in Sec. 3.2.2, where all input parameters are
set at the scale 1 TeV. �e absence of unifying assumptions leads to a large number of model
parameters, namely the slepton and squark masses, the trilinear couplings and the gaugino
mass parameters. In this study we decouple the squarks, sleptons, and gluinos by se�ing the so�
masses to 10 TeV and the trilinear couplings to zero, because these sectors are not experimentally
relevant. To obtain the correct 125 GeV Higgs mass we adjust the stop masses in the TeV-range
appropriately. For the Higgs–singlet sector the relevant input parameters are

{λ, κ̃,Aλ ,Aκ , tan β, µ} . (5.3)

Alternatively, we can replace Aλ,κ by the diagonal entries in the pseudoscalar mass matrix of
Eq. (3.43). �e neutralino–chargino sector adds the free parameters M1 and M2.

While Aκ is given at the SUSY scale of 1 TeV, NMSSMTools computes the Higgs masses at
the averaged squark masses, in our case around 10 TeV. �e scale dependence of the singlet
related parameters mentioned in Sec. 3.2.2 will be particularly relevant for the high-scale
NMSSM. However for the coupling Aκ , the running of the parameter between SUSY scale and
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5.2 �e GC excess in the NMSSM

the evaluation scale is essential for our understanding of the results. �e approximate form of
Aκ at the averaged squark mass scale can be computed from the RGE in Eq. (3.54) via

Aκ (10 TeV) = Aκ,010
3λκ̃2
4π 2 +

(
10

3λκ̃2
4π 2 − 1

) Aλ
κ̃2

≈ Aκ,0 +
3 log 10

4π 2 λAλ . (5.4)

Due to the large value of |Aλ |, that further increases with the absolute value of µ, Aκ increases
from −250 GeV to the order of 30 GeV at 10 TeV for λ = 0.2 and Aλ = 8 TeV. When we consider
small singlet masses, the scale dependence of Aκ plays an important role in their parameter
dependence.

5.2.1 Light dark matter solutions to the GC excess

With the GC excess of gamma ray photons we add an experimental motivation for a light
neutralino in combination with a light pseudoscalar mediator [86–100, 163, 180, 181] to the
merely constraining experimental results in Tab 5.1. �e excess can be explained by a neutralino
in the range of 30 GeV to 40 GeV or even 70 GeV, that annihilates into a pair of fermions,
for example χ̃ χ̃ → bb̄. For a type-II two-Higgs doublet model the bo�om and tau Yukawa
couplings are aligned, which means that the assumed decay to a bb̄ pair will dominate over the
accompanying decay to τ+τ−. In our preferred data regions the A1 decays into bb̄ (94%) as well
as into ττ̄ (6%) pairs, the ratio re�ecting the size of the Yukawa couplings and the color factor
in the case of quarks.

Following the results from Chapter 4 in the MSSM such a light neutralino LSP is a problem
in the presence of direct SUSY and Higgs search results because there is no obvious way
to annihilate it e�ciently enough to arrive at the necessary annihilation rate. Di�erent co-
annihilation channels [164–168] require new charged states in reach of LEP2 and are therefore
not viable [120–128].

In contrast, the two pseudoscalars in the NMSSM can mediate a su�ciently fast annihilation,
because the LSP annihilation through its resonance pole is not p-wave suppressed like it is
for vector bosons or scalars. While the mass of the MSSM-like pseudoscalar Higgs is strongly
constrained by heavy neutral and charged Higgs searches, the additional light pseudoscalar can
be mostly singlet. �e neutralino coupling to such a mediator is given in Eq. (3.47) for a largely
singlino mediator turning into Eq. (3.48).

We consider a generic NMSSM scenario based on a light singlino with a bino and a Higgsino
admixture, i. e. κ̃ � 1 [185]. An alternative solution combines a bino-Higgsino LSP with an
NMSSM pseudoscalar mediator [162], but will not lead to the measurable invisible Higgs decay
we are interested in. Light neutralinos with a sizable wino or Higgsino component are essentially
ruled out by Z -pole measurements and by chargino searches at LEP, so we decouple the wino
at M2 = 4 TeV. In this limit we can link κ̃ to the neutralino mass through Eq. (3.45). We then
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5 Relating the Galactic center excess to the Higgs invisible branching ratio

adjust Aλ such that the singlet component of the SM-like Higgs is minimized, avoiding Higgs
sector constraints altogether [19, 40, 41].

If the annihilation process leading to the GC excess proceeds via a pseudoscalar decaying
into a pair of bo�om quarks, today’s dark ma�er annihilation cross section is [163, 180, 181]

σv
����v=0
≈

3
2π

√√
1 −

m2
b

m2
χ̃

д2
A1 χ̃ χ̃

д2
A1bb

m2
χ̃(

m2
A1
− 4m2

χ̃

)2
+m2

A1
Γ2
A1

. (5.5)

Using SFitter we analyze the NMSSM parameter space with a focus on the SM-like Higgs
mass, the LSP mass, the observed relic density Ω χ̃h

2, the Z width measurements, the Xenon
direct detection constraints, and the GC excess. As expected from Sec. 3.2.2 the key model
parameters are the Higgsino mass parameter µ, the singlet mass parameter κ̃, and the coupling
λ, which links the singlet to the MSSM Higgs sector.

In Fig. 5.2 we choose κ̃ such that the LSP mass is set to 40 GeV and show the relic density
and the pseudoscalar massmA1 color coded as a function of the remaining free parameters µ
and λ. �e SFitter set up makes sure that the algorithm focuses on the parameter space that
generates the correct relic density.

We observe a broad band in the λ – µ plane, which is de�ned by non-zero values for the Higgs
masses: for large µ �mZ and λ → 1 the mass of the lightest CP-odd scalar A1 vanishes. �is
follows from the singlet mass term in pseudoscalar mass matrix in Eq. (3.43): Replacing κ̃µ by
the leading term in Eq. (3.45), the pseudoscalar mass mainly depends on µ and λ via Aκ . When
Aκ increases, the mass of the pseudoscalar approaches zero. At the scale of the averaged squark
masses Aκ is of the order of 100 GeV. Following the scale dependence in Eq. (5.4), an increase of
λ and Aλ , leads to an increase of Aκ . As Aλ increases with µ following Eq. (3.42), higher values
of µ and λ lead to smaller pseudoscalar mass consistent with the observed behavior.

�e mass of the lightest CP-even scalar H1 is given by the (3, 3) entry of the Higgs mass
matrix in Eq. (3.40) in the Higgs decoupling limit Eq. (3.42),

M2
H,h,S

������33
=m2

Z
*
,

λ2

д2

(
1 − s2β κ̃

)
+
κ̃µ

m2
Z
(Aκ + 4κ̃µ )+

-
. (5.6)

Aκ enters here with a positive sign, so that for small µ . mZ and λ → 0 the mass of this
CP-even singlet vanishes. Possible experimental constraints are expected to further reduce this
band [162].

Within this broad band shown in the upper panels of Fig. 5.2 the structure originates from
two sets of input parameters to the calculation of the relic density. On the one hand there is a
strong dependence on the mass of the pseudoscalar mediator, on the other hand the couplings
of the LSP depend on the gaugino and Higgsino content of the LSP.
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Figure 5.2: Neutralino relic density (le�) and mass of the light pseudoscalar A1 (right) color-
coded as a function of µ and λ. �e two lower panels are zoomed into the respective
upper panels.�e legend indicates the color range for which the predicted relic
density and annihilation cross section respectively agree with the measurements.
�e orange regions in the lower le� panel are compatible with the relic density
Ω χ̃h

2 = 0.107 ... 0.131, considering the theoretical uncertainty. In addition to the
usual decoupling through large scalar masses we �x tan β = 40, Aκ = −250 GeV,
Aλ according to the decoupling condition Eq. (3.42), and κ̃ corresponding to an LSP
mass of 40 GeV through Eq. (3.45).

In the upper part of the band, with mA1 < 80 GeV and 0.26 < λ < 0.3 the dark ma�er
annihilation is mediated by the Z -funnel, with a coupling to the Higgsino content proportional
to N 2

13 − N 2
14 as given in Eq. (3.33). Smaller values of the coupling of λ, correlated with large

values of the Higgsino mass parameter µ, decouple the singlet/singlino sector from the MSSM.
An e�cient dark ma�er annihilation is not possible, and the relic density is too large. On the
other hand, too small values of µ and large λ increase the Higgsino–singlino mixing via the
o�-diagonal terms in the neutralino mass matrix. �e Higgsino component of the LSP then
results in too small a relic density. Between these two regions, Fig. 5.2 indicates a well-de�ned
regime with the correct relic density. �e corresponding mass of the lightest pseudoscalar A1
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5 Relating the Galactic center excess to the Higgs invisible branching ratio

indicates that the resonance condition mA1 ≈ 2m χ̃ is only ful�lled at the lower end of this
regime, while the larger part of the allowed band relies on Z -mediated dark ma�er annihilation.

In the lower part of the band, de�ned by the onset of the resonance condition mA1 . 2m χ̃ , a
steep decrease of the relic density leaves a very narrow strip where the annihilation proceeds
via the A-funnel and reproduces the correct value of Ω χ̃h

2. With the increasing A-funnel
contribution, the Z -mediated annihilation rate has to decrease, which means that the allowed
region bends towards larger values of µ. �e moment the resonance condition is actually ful�lled,
the annihilation through theA-funnel becomes too e�cient, and the predicted relic density drops
well below the measured value. For mA1 ≈ 90 GeV, corresponding λ < 0.24 and µ ≈ 300 GeV,
the annihilation again proceeds o�-shell, predicting the correct relic density starting with a
reduced Z -mediated rate at large µ. At λ ≈ 0.225 and µ ≈ 275 GeV the annihilation is again
mediated by the Z -boson alone.

A few hardly visible points with the correct relic density at the very top of the allowed mass
band arise from H1-funnel annihilation and will be of no relevance to our further discussion,
because the scalar mediator with its p-wave suppression fails to explain the GC excess.

�e lower panels of Fig. 5.2 focus onA1-funnel annihilation just below the resonance condition.
�ere are two regions separated by the widths of the pseudoscalar where the annihilation cross
section is compatible with the galactic center excess — within a comparably broad range of
σv = (0.4 ... 10) · 10−26cm3/s. �e region below the resonance condition mA1 . 2m χ̃ is
compatible with the relic density, while the other one is not. �e di�erence lies once again in the
velocity dependence of the annihilation in the early Universe. FormA1 < 2mχ1 the annihilation
via the A–funnel is strongly suppressed by the di�erence of the masses squared leading to a
rapid change in the annihilation cross section. For mA1 > 2mχ1 the on–shell condition can
still be ful�lled for a suitable relative velocity leading to a smaller relic density for same mass
di�erence ���mA1 − 2mχ1

���, while the annihilation cross section today is symmetric around the
pole. A simultaneous �t of relic density and the required annihilation cross section in the GC
hence relies on a pseudoscalar mass below the on-shell condition.

5.2.2 Invisible Higgs decays

A contribution of invisible Higgs decays to the Higgs width has long been in the focus of collider
studies and can be tested in two ways. First, they can be searched for directly, i. e. in the on-shell
production of a SM-like Higgs boson with a decay to missing transverse energy. �e most
promising channel is weak boson fusion Higgs production [220, 221], which during the run
time of the LHC should be sensitive to invisible branching ratios around 3% [171]. Current 95%
C.L. limits on this invisible branching ratio are 57% in the WBF channel from CMS [227–233]
and 78% combining associated Higgs production and gluon fusion from ATLAS [224–226] † .
†Since the publication of the corresponding paper, the measurements have known signi�cant improvements

leading to upper limits of 25% in an ATLAS combination of search channels targeting WBF and associated Higgs
production [259] and 24% in the CMS combination of gluon fusion, WBF and associated Higgs production [260].
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�ese analyses assume that the production rate of the SM-like Higgs boson is the same as in the
Standard Model. Alternatively, we can include invisible Higgs decays in a global Higgs couplings
analysis. In this case, all Higgs couplings are allowed to �uctuate around their Standard Model
values. An SFitter combination of ATLAS and CMS measurements gives BRinv = 0.16+0.07

−0.11 [42]
from a fully frequentist analysis of eight Higgs couplings. �is corresponds to BRinv < 30.6% at
95% C.L. For a dedicated NMSSM �t this limit is expected to be even more constraining. Because
we are interested in the correlation of the GC excess with large invisible branching ratios of the
SM-like Higgs we will not apply these limits in our analysis.

Usually, such invisible Higgs decays are associated for example with a Higgs portal to a
scalar dark ma�er sector [235–250]. We will show that in the NMSSM, invisible Higgs searches
can also probe a relevant part of the dark-ma�er-related parameter space through the decay
H125 → χ̃ χ̃ . Because this decay requires relatively light LSP neutralinos these scenarios can be
linked to the GC excess discussed in Sec. 3.1.3.

�e decay width of the CP-even Higgs into two neutralinos is given by

Γ(H125 → χ̃ χ̃ ) =
mH125

16π д2
H125 χ̃ χ̃ Λ3/2 , with Λ = 1 −

4m2
χ̃

m2
H
. (5.7)

�e Higgs–LSP coupling in the MSSM is

дH χ̃ χ̃

������MSSM
= (д1N11 − д2N12) (sinαN13 + cosαN14)

≡ (д1N11 − д2N12) (S21N13 − S22N14) . (5.8)

�e N1j are the entries of the neutralino mixing matrix, and S2i are the entries of the CP-even
Higgs mixing matrix. In the simple (2 × 2) case the la�er are expressed in terms of the mixing
angle α . In the MSSM invisible Higgs decays have to be mediated by gaugino and Higgsino
fractions combined, or more speci�cally by a mixed bino–Higgsino LSP. In the NMSSM this
coupling receives additional contributions from the singlet, namely

дH χ̃ χ̃ = дH χ̃ χ̃

������MSSM
+
√

2λ
[
(S21N14 + S22N13)N15 + S23N13N14 − κ̃S23N

2
15

]
. (5.9)

Now, invisible Higgs decays can proceed to bino–Higgsino, singlino–Higgsino, and in the
presence of a singlet component in the Higgs boson even pure Higgsino and pure singlino LSPs.

Just like the GC excess, invisible decays of the SM-like Higgs bene�t from a light, mixed
neutralino LSP. Decoupling squarks, sleptons, and gluino we can ask if there are regions with a
large branching ratio H125 → χ̃ χ̃ for a mixed bino–Higgsino–singlino LSP, and such parameter
regions can be related to the GC excess.
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Figure 5.3: From le� to right we show the LSP mass, the mass spli�ing between the LSP and the
pseudoscalar mediator, and the invisible Higgs branching ratio with µ = 190 GeV
and Aκ = −250 GeV in the κ̃ −M1, κ̃ − λ, and κ̃ −M1 planes. All displayed points
are compatible with the relic density, Xenon, a chargino mass above 103 GeV, and
the correct SM-like Higgs mass. Moreover, they always have an invisible branching
ratio BR(H125 → χ̃ χ̃ ) > 10%. �e black points are consistent with the GC excess.

Following Eq. (3.45) the mass of the singlino LSP is given by 2µκ̃. To suppress the Higgsino
component we require κ̃ < 1/2 and keep µ > 190 GeV in a �rst step. �is way the Higgsino
component in the LSP ranges around 5% to 10%, leading to a sizable coupling to the Higgs
sector but preventing a large coupling to the Z -boson. Our choice of parameters for the GC
excess �xes tan β = 40 and Aκ < −250 GeV. �e decoupling condition Eq. (3.42) determines Aλ
to minimize the singlet component of the SM-like Higgs. �e remaining parameters are λ, κ̃
and M1. Small values of M1 increase the bino component of the LSP while small values of κ̃
increase the singlino component. To keep a constant neutralino mass, κ̃ and M1 have to behave
inversely proportional.

In Fig. 5.3 we show the result of the SFitter analysis, starting with �xed µ = 190 GeV. Of
the experimental constraints discussed in Sec. 5.2 we now only include the relic density, the
Xenon constraints, the chargino mass constraints, the invisible Z -width constraint ΓZ→inv <
1 MeV [170], and the SM-like Higgs mass constraint mH = 122 ... 128 GeV. We only show
parameter points with BR(H125 → χ̃ χ̃ ) > 10%. For our starting value µ = 190 GeV we �x
Aκ = −250 GeV.

�ree distinct, narrow strips in the le� panel of Fig. 5.3 are de�ned by constant LSP masses
around 40 GeV, 48 GeV, and 55 GeV. Form χ̃ ≈ 55 GeV the annihilation is mediated by H125. If
the mass moves closer to the H125 on-shell condition the relic density becomes too small. At
the lower end of the 55 GeV strip the additional annihilation through the A1 pseudoscalar and
the Z becomes too strong to reproduce the observed relic density. Numerically, the reason is
that mA1 ∝ κ̃ reaches 120 GeV around κ̃ = 0.16, which opens a pseudoscalar-mediated LSP
annihilation channel. For µ = 190 GeV this coincides with the possibility to e�ciently annihilate
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5.2 �e GC excess in the NMSSM

though an s-channel Z -exchange.
�e 40 GeV and 48 GeV strips are de�ned by the Z -mediated LSP annihilation. Each of them

lives on one side of the Z -pole, because the annihilation on the pole is too e�cient to give
the correct relic density. Both strips follow the asymptotic behavior of the LSP mass. �e
40 GeV strip continues towards high values of M1, but with a reduced LSP mass. �e reason
is that the additional annihilation mediated by A1 adds to Z -mediated annihilation. Finally,
the annihilation via the pseudoscalar connects the annihilation channels form χ̃ = 48 GeV and
m χ̃ = 55 GeV around M1 = 70.

In the broad regions with M1 = 10 ... 40 GeV the annihilation is in addition mediated by H1
(κ̃ > 0.1) and by a combination of H1 and A1 (κ̃ < 0.1).

One key feature is the hole in the allowed parameter space around κ̃ = 0.15 and M1 = 50 GeV.
For example along the 40 GeV strip the LSP composition changes from bino to singlino, with a
5% to 12% Higgsino contribution. While the sum of the two Higgsino components increases
towards the singlino LSP, their ratio switches. �is leads to an intermediate region where both
components have a similar value. At this point дZ χ̃ χ̃ given by Eq. (3.33) vanishes, interrupting
the Z -mediated annihilation. �e other annihilation channels are weak, so the relic density is
too large.

In the right panel of Fig. 5.3 we see that the parameter space which can account for the GC
excess indicated by black points appear precisely where we also expect invisible decays for the
SM-like Higgs H125. Indeed, for M1 = 50 ... 60 GeV and κ̃ ≈ 0.1 we �nd the highest branching
ratio H125 → χ̃ χ̃ . �is region has unique properties: as discussed above, the dark ma�er
annihilation in the early Universe proceeds through an on-shell Z -boson, withm χ̃ = 45± 2 GeV.
�e LSP is a mixed state with 8% Higgsino, 30% to 50% singlino, and 40% to 50% bino content.
�e two Higgsino components are of the same size, strongly reducing the Z -coupling дZ χ̃ χ̃ .
�e lightest pseudoscalar A1 has a mass around 115 to 135 GeV, but remains undetected due to
its singlet content of at least 95%.. Because of the strongly mixed LSP content, each N1i term
can contribute to дH2 χ̃ χ̃ . �is large value induces an invisible branching ratio of up to‡.

BR(H125 → χ̃ χ̃ ) . 70% for µ = 190 GeV , (5.10)

for the parameter space consistent with the GC excess.
In this region with an overwhelming invisible Higgs decay width we need to check a few

experimental constraints not represented in Fig. 5.3: First, the cancellation of the two Higgsino
components renders the partial decay width ΓZ→inv smaller than 0.1 MeV. For a mostly-singlino
LSP region it increases through large N14 values up to 2 MeV. Second, the Xenon limits on direct
dark ma�er detection exclude the region centered around M1 = 40 GeV and κ̃ = 0.2, linked to
the H1 and A1 annihilation channels. However, none of these additional constraints a�ect the
parameter regions with invisible Higgs branching ratios between 10% and 30%.

‡As mentioned above, in this discussion we ignore the limits on invisible Higgs decays of BRinv < 30.6%, for
example from the SFitter Higgs analysis [42].
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Figure 5.4: LSP mass, mass spli�ing between the LSP and the pseudoscalar mediator, and invis-
ible Higgs branching ratio now for µ = 220 GeV (upper row) and µ = 320 GeV (lower
row) in the κ̃−M1, κ̃−λ, and κ̃−M1 plane. Correspondingly we chooseAκ = −280 GeV
and -380 GeV. As in Fig. 5.3 all displayed points are compatible with the relic dens-
ity, Xenon, a chargino mass above 103 GeV, and the correct SM-like Higgs mass.
Moreover, they always have an invisible branching ratio BR(H125 → χ̃ χ̃ ) > 10%.
�e black points are consistent with the galactic center excess.

In the next step we vary µ, and with it Aκ to keep the singlet Higgs masses in the desired
range. �is means that for µ = 220 GeV and µ = 320 GeV we have to set Aκ = −280 GeV and
Aκ = −350 GeV, respectively.

Increasing µ slowly impacts the LSP annihilation channels. We see that the allowed regions for
µ = 220 GeV shown in the upper le� panel of Fig. 5.4 are very similar to the case of µ = 190 GeV.
�is indicates that our above results are not very �ne-tuned. For a �xed LSP mass an increase of
µ merely leads to a smaller Higgsino component, which in turn leads to a smaller Z χ̃ χ̃ coupling.
It also decreases the invisible Higgs branching to

BR(H125 → χ̃ χ̃ ) . 40% for µ = 220 GeV , (5.11)

in the relevant parameter region for the GC excess.
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5.2 �e GC excess in the NMSSM

For larger µ = 320 GeV the picture changes: for a �xed LSP mass an increase of µ leads to
a even smaller Higgsino content. While for µ = 190 GeV the two Higgsino components add
to 5% ... 17%, they now stay in the 2% ... 5% range. �is immediately leads to a smaller Z χ̃ χ̃
coupling — and a reduced invisible Higgs branching ratio. �e Z χ̃ χ̃ coupling implies that the
LSP mass has to be closer to the on-shell condition to give the correct relic density. Indeed, for
a bino-like LSP and µ = 320 GeV, the lowest mass strip is now de�ned by m χ̃ ≈ 42 GeV instead
of 40 GeV. Similarly, the high-mass strip moves down from m χ̃ = 48 GeV to 46 GeV. Altogether,
in the lower le� panel of Fig. 5.4 we see that the annihilation regions mediated by the Z -funnel
and the H1 funnel withm χ̃ = 55 GeV clearly separate.

�e annihilation processes can now best be identi�ed in the central lower panel of Fig. 5.4,
showing the correlation between κ̃ and λ. Annihilation through a Z -boson occurs in the two
parallel strips with κ̃ ≈ 0.065 and κ̃ ≈ 0.07. �ey are divided by the actual on-shell condition
2m χ̃ =mZ , for which LSP annihilation becomes too e�cient.

Following Eq. (3.40) and replacing Aλ through Eq. (3.42) we see that the H1 mass increases
with λ directly, as well as indirectly via Aκ . Larger values of λ lead to a steeper increase of the
scale dependence and thereby increases Aκ at the 10 TeV scale. At the same time the neutralino
mass increases with κ̃. �is explains why for an annihilation via H1 we �nd a strip increasing
from κ̃ ≈ 0.02 and λ ≈ 0.24 to κ̃ ≈ 0.06 and λ = 0.4

As always, for the GC excess the annihilation via the pseudoscalar A1 given by Eq. (5.5)
is crucial. �e LSP mass decreases with κ, while the mediator mass mA1 decreases with λ.
�is is caused by the renormalization group running of the parameters, which for larger λ
pushes Aκ to larger values at 10 TeV. Following Eq. (3.43) the pseudoscalar mass includes
a factor −Aκ , which means it indeed decreases with increasing λ. To maintain the relation
between the LSP and mediator masses, λ and κ̃ have to be anti-correlated. �is is what we
observe in the two A1-mediated strips in the central lower panel of Fig. 5.4. �ese strips with
the e�cient pseudoscalar mediator also accommodate the GC excess, as expected from the
simpli�ed model analysis [163, 180, 181]. Again, as before the A1-mediated annihilation blends
in with Z -mediated annihilation.

For µ = 320 GeV we �nd an increasingly small number of parameter points which accom-
modate the GC excess as well as the current relic density. However, they reside in a regime
with

BR(H125 → χ̃ χ̃ ) . 15% for µ = 320 GeV , (5.12)

again consistent with the GC excess. One aspect which becomes relevant when we embed the
NMSSM in a uni�ed framework at the GUT scale is the M1-dependence of the GC-compatible
parameter points. For all three µ-values we observe a tail towards large M1 values, for which
the LSP properties do not change any longer. While we do not show values above M1 > 90 GeV,
we could extend the curves to much larger bino masses.
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Figure 5.5: Correlation between the LSP mass and the dark ma�er annihilation rate for our
three reference points in µ, to be compared to for example Fig. 3 in Reference [100].
�e ellipse corresponds to the two sigma limits there. If available, we indicate the
leading LSP annihilation channels. Points withm χ̃ < 30 GeV shown in this �gure
are not included in our analysis in Figs. 5.3 and 5.4.

For a combination of the di�erent µ values assumed in the above analysis we show the
two-dimensional correlations between the LSP mass and the annihilation rate in Fig. 5.5. �e
displayed points ful�ll all previously applied constraints including limits from direct detection
and measured the relic density within the theory uncertainty. Moreover we require a minimal
annihilation cross section at the GC within the range of Eq. (5.2). �e valid NMSSM parameter
points include LSP masses below 30 GeV, which we do not consider in our analysis of the
invisible branching fractions [86–100]. We see that most of the NMSSM points would prefer a
larger annihilation rate than the central value of the ellipse, but this annihilation rate can be
accommodated by moving the di�erent masses slightly on and o� the respective resonance
conditions. Moreover, the majority of allowed points have LSP masses between 10 and 30 GeV,
in particular for µ = 220 GeV. On the other hand, for all three values of µ it is possible to enter
the preferred region taken from Reference [93, 97, 100] in the two-dimensional σv vs m χ̃ plane.

5.3 High-scale NMSSM

5.3.1 Global analysis

From the previous discussion it is clear that there are several, more or less distinct regions of the
NMSSM parameter space, which allow us to describe the GC excess consistent with constraints
from direct detection and collider searches. �is is less clear when we constrain the model
parameters through uni�cation assumptions.

Before we focus on the GC excess and invisible Higgs decays, it makes sense to test how well
the uni�ed NUH-NMSSM can accommodate all other available data listed in Tab. 5.1, including
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the observed relic density and the Xenon limits on direct detection. We also include the SM-like
Higgs couplings strengths from the SFitter-Higgs analysis [19, 40, 41]. Our parameters of
interest are λ, κ̃, and µ.

In the NUH-NMSSM with decoupled scalars (m0 = 2 TeV) we face two major di�erences
compared to the TeV-scale model. First, uni�cation links the binos mass M1 to the gluino
mass, which is constrained by direct LHC searches [261]. Second, the SUSY-breaking singlet
parameters Aλ and Aκ are set at the GUT scale. �is means that we cannot apply the simple
decoupling relations for example given in Eq. (3.42).

To get some control over the parameters we start with an SFitter likelihood analysis, to
see how the requirement H2 = H125 translates into the high-scale parameters Aλ ,Aκ ,m1/2, and
A0. �e uni�ed gaugino mass is proportional to the gluino mass and hence constrained to be
m1/2 & 500 GeV. �e mass scales Aλ and Aκ will eventually be constrained by the requirement
of a light scalar mass, and we �x their ranges to Aκ = −1.5...1.5 TeV and Aλ = −1...5 TeV. From
our experience with the TeV-scale NMSSM we limit the singlet parameters, still de�ned at 1 TeV,
to λ < 1, κ < 1, and µ < 400 GeV. �e ratio of the VEVs is �xed again to tan β = 40.

As before, we use all data listed in Tab. 5.1. In the Higgs sector we identify the observed
SM-like Higgs with the second-lightest NMSSM Higgs and include the Higgs couplings measure-
ments from ATLAS and CMS searches [19, 40, 41]. A set of two-dimensional pro�le likelihood
projections is displayed in Fig. 5.6.

1 2 3 4 5

µ[GeV] 190 220 220 320 320
M1[GeV] 80.07 94.09 81.59 89.87 84.28
λ 0.462 0.370 0.423 0.370 0.377
κ̃ 0.112 0.129 0.091 0.062 0.056

m χ̃ [GeV] 33.96 52.69 35.80 39.47 35.72
mH1[GeV] 61.89 50.35 61.72 74.80 76.98
mA1[GeV] 64.34 104.36 70.02 78.62 71.00

Γ(Z → χ̃ χ̃ )[MeV] 0.69 0.00 0.27 0.02 0.05
BR(H125 → χ̃ χ̃ ) 0.68 0.30 0.51 0.11 0.12

σ ( χ̃ χ̃ → bb̄)/σann 29% 48% 34% 39% 21%
σ ( χ̃ χ̃ → ss̄ )/σann 12% 8% 11% 11% 2%
σ ( χ̃ χ̃ → cc̄ )/σann 10% 6% 9% 8% 68%

Table 5.2: NMSSM benchmark points, in agreement with all experimental constraints with the
exception of invisible Higgs decays. For the annihilation channels to the observed
relic density we show the �nal states, because the mediators can interfere.
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Figure 5.6: Pro�le likelihood projections of the NUH-NMSSM assuming a SM-like H2 ≡ H125.
�e color–scale indicates −2∆(logL). All measurements shown in Tab. 5.1 and the
SM-like Higgs couplings [19, 40, 41] are included. Of the shown parameters Aκ , and
Aλ are de�ned at the GUT scale. �e singlet parameters λ, κ̃ and µ are de�ned at
1 TeV, just like in the low scale scenario.

�e upper le� panel shows the pro�le likelihood projection on the κ̃ − λ plane. We identify
three distinct regions through their dark ma�er annihilation channels [39]:

1. a broad band with κ̃ = 0.1...0.3, λ < 0.25, and µ = 90...200 GeV. It includes two LSP mass
regions with an annihilation through Z - and H125-exchange.

2. a narrow strip around κ̃ ≈ 0.42, λ < 0.2, and µ = 90...350 GeV. It relies on a light chargino
either for co-annihilation or for t-channel exchange for e�cient dark ma�er annihilation.

3. a bulk region with κ̃ = 0.3...0.7, λ > 0.2, and µ = 90...150 GeV. Here, the annihilation
occurs through a mix of channels, notably including the light singlet pseudoscalar.

�e transition between the second and third region is not uniquely de�ned, but involves the
appearance of theA1-funnel annihilation and a drop in the LSP singlino content from 70% ... 90%
to 10% ... 70%. Following Sec. 5.2.2, an invisible branching ratio needs a LSP mass smaller than
62 GeV. �erefore the only region compatible with the GC excess and an invisible branching
ratio will be κ̃ = 0.1 ... 0.25.
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�e upper right panel in Fig. 5.6 shows the pro�le likelihood projection on the κ̃ − µ plane. A
lower bound µ > 90 GeV arises from the chargino mass limit. An upper bound is connected to
the requirement that the second-lightest NMSSM Higgs be the SM-like state: the mass of the
singlet-like Higgs is proportional to µ, so for large µ it approaches 125 GeV. �is translates into
the globally observed µ < 400 GeV.

We then combine the range in µ with the m1/2 dependence. As mentioned before, the
gluino bound sets a lower limit on m1/2 > 500 GeV. �e combination of µ < 400 GeV and
m1/2 > 500 GeV results in a sum of the bino and wino LSP components to be less than 1%
throughout the plane. �e mass and composition of the Higgsino-singlino LSP is set by µ, κ̃,
and λ. For κ̃ > 0.5 it is mainly Higgsino, with its mass set by µ. For κ̃ < 0.4 the LSP is mainly
singlino, and following Eq. (3.45) its mass is given by 2κ̃µ . Large values of λ lead to a stronger
mixing between singlino and Higgsino.

Of the list of regions introduced above we �rst consider the band with κ̃ = 0.1...0.3, where
the singlino component is larger than 85%. �e corresponding values of µ range from 90 GeV to
200 GeV, resulting in two regions of neutralino mass compatible with the measured relic density:
form χ̃ = 40 ... 50 GeV the annihilation is mediated by aZ -boson, while form χ̃ = 55 ... 60 GeV the
LSP annihilates via the SM-like Higgs into bb̄ and partially into light Higgs bosons. Annihilation
via the lightest pseudoscalar, as relevant for the GC excess can occur, but it is not a main
annihilation channel.

In the narrow second strip, the higher value of κ̃ = 0.42 leads to a smaller Higgsino component,
that varies between 70% and 90%. �e higher value of κ̃ leads to a mass ratio of about 0.85
between the LSP and the Higgsino-like chargino. �is opens the chargino co-annihilation
channel or neutralino annihilation intoWW and ZZ through a chargino in the t-channel. In
the upper right panel we can verify that this channel is open up to µ = 350 GeV.

Finally, for λ > 0.2 the di�erent annihilation processes are no longer well separated. Inversely
correlated to κ̃ = 0.3 ... 0.7 the singlino component decreases from 70% to 10%. For this region
we �nd an upper bound of µ < 150 GeV, resulting in neutralino masses between 60 and 100 GeV.
For neutralinos around 60 GeV the annihilation proceeds via the SM-like Higgs, while for larger
masses the annihilation channel is a mixture of a pseudoscalar funnel, chargino co-annihilation,
and t-channel annihilation via a chargino.

�e lower panels of Fig. 5.6 show the pro�le likelihood projection onto the λ −Aκ and the
Aλ −Aκ planes. From Eq. (3.40) and Eq. (3.43) we know that the scalar and pseudoscalar singlet
mass terms increase with λ. �e singlet-like scalar has to remain lighter than 125 GeV, leading
to an upper limit on λ depending on Aκ and Aλ . Large values of Aκ can either push the scalar
mass to too large values or lead to a vanishing pseudoscalar mass. Both e�ects set an upper
limit on Aκ . Because Aκ is set at the GUT scale, small starting values of Aκ can turn negative
towards the TeV scale, leading to a very light scalar. �e correlation between λ and Aκ occurs
because for large λ we need larger values of Aκ to keep the pseudoscalar singlet heavy enough.

In the right panel we see that large values of Aκ are only possible for even larger values of Aλ .
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5 Relating the Galactic center excess to the Higgs invisible branching ratio

�e scalar and the pseudoscalar singlet mass-squares di�er by ∆m2 = 4(Aκκ̃µ+κ̃2µ2), neglecting
the subleading term proportional tom2

Z s2βλ
2κ̃. For both, the scalar and the pseudoscalar masses

to be above zero, this mass di�erence cannot be larger than the actual mass scale. �is means
that large Aκ has to be accompanied by even larger Aλ .

5.3.2 Galactic center excess

In the TeV-scale NMSSM a singlino-like LSP with a small Higgsino component can generate
the GC excess in agreement with the relic density and linked to an enhanced branching ratio
H125 → χ̃ χ̃ . By de�nition, the NUH-NMSSM contains only a subset of the NMSSM models: the
uni�cation condition onm1/2 impacts the range of M1, and the stop masses can no longer be
set independently of the remaining sfermion masses.

To be consistent with the TeV-scale study we decouple the sfermion sector atm0 = 10 TeV and
set tan β to 40. �is is compatible with the observed Higgs mass, when we adjustAλ accordingly.
As before, µ is set at the SUSY scale of 1 TeV and limited to (150 ... 220) GeV which will be
compatible with the GC excess. To generate a singlino mass around 40 to 50 GeV, we vary
κ̃ = 0.06 ... 0.18, following Eq. (3.45).

As mentioned in the previous section, gaugino mass uni�cation correlates the bino, wino,
and gluino masses. Direct gluino searches set a lower limit ofm1/2 > 500 GeV [261]. �is leads
to a heavy wino mass, out of reach for LEP2, and de�nes a lower bound M1 > 200 GeV. Both,
the bino and wino components of the lightest neutralino become negligible. To compensate
for the missing bino component, the Higgsino component needs to be slightly enhanced with
respect to the TeV-scale model, leading to the slightly reduced values of µ quoted above.

In the TeV-scale case we �x Aλ using Eq. (3.42). In the NUH-NMSSM this is no longer
possible, as Aλ is now de�ned at the averaged squark mass scale, where also the Higgs masses
are computed. We can estimate that for µ = 200 GeV the value of Aλ at 10 TeV has to be
approximately 8 TeV. Neglecting all contributions but Aλ itself in Eq. (3.54), the value of Aλ
increases to around 8.6 TeV when evaluated at the GUT scale. From the global analysis we know
that Aκ tends to have the same sign as Aλ . In this case, Aκ further increases the preferred value
of Aλ at the GUT scale to around 9 TeV. �is �xed value of Aλ now translates into preferred
ranges of Aκ and λ via the singlet scalar and pseudoscalar squared mass terms, which need to
be larger than zero. Choosing λ = 0.25 ... 0.45 gives Aκ = (1.5 ... 5) TeV.

In Fig. 5.7 we show the results of our SFitter analysis. Just as in the TeV-scale study, we
require all points to be compatible with direct detection limits, Higgs mass measurements, and
the relic density within the theoretical uncertainty, as given in Tab. 5.1. �e chargino masses
have to be larger than 103 GeV and the additional contribution to the Z -width smaller than
1 MeV. All displayed points are consistent with an invisible branching ratio of at least 10%.

As mentioned before, we now study singlino LSPs with a small Higgsino component. On
the le� hand side of Fig. 5.7 we show the projection onto the κ̃ − µ plane. �is determines the
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Figure 5.7: LSP mass, pseudoscalar mediator mass, and invisible Higgs branching ratio in the
NUH-NMSSM. As before, we �x tan β = 40. Like in Fig. 5.3 all displayed points are
compatible with the relic density, Xenon, a chargino mass above 103 GeV, and the
correct SM-like Higgs mass. Moreover, they always have an invisible branching
ratio BR(H125 → χ̃ χ̃ ) > 10%. �e black points are consistent with the galactic center
excess.

mass and the composition of the LSP. For the singlino-like LSP the mass increases with µ and
κ̃. �e allowed region for larger κ̃ corresponds to an LSP mass of 50 to 52 GeV while the strip
at κ̃ ≈ 0.11 corresponds to a neutralino mass of 30 to 40 GeV. In between the two regions, the
annihilation via the Z -pole becomes too e�cient. For larger masses the annihilation is too weak
to predict the measured relic density. In contrast, towards smaller masses a combination of
the A1- and Z -channels gives the correct relic density as well as an annihilation cross section
compatible with the GC excess.

Apart from its mass, the composition of the LSP plays a key role. For small κ̃ ≈ 0.1 the sum
of the Higgsino components decreases with increasing µ, starting from 5% at µ = 205 GeV
and reaching 20% for µ = 160 GeV. �is increased active Higgsino component implies a larger
coupling to the Higgs, which leads to an increase of the invisible branching ratio: for µ < 160 GeV
it can reach up to 80%, while for µ > 200 GeV it drops below the required 10%. However, from
the large coupling to the Z there follows a negligible annihilation via the pseudoscalar mediator,
rendering this region in-compatible with the GC excess. Moreover, direct detection limits
become relevant for a large Z -coupling and exclude points with smaller values of µ.

In the center panel, we show the Aκ − λ plane for a reduced range of λ = 0.30 ... 0.36. �is
illustrates the dependence of the lightest pseudoscalar mass on Aκ and λ. From Eq. (3.43) now
directly follows that theA1-mass increases with λ, while it decreases withAκ . OnceAκ becomes
too large, the pseudoscalar mass squared crosses zero, limiting the allowed region. For the
galactic center excess σv only reaches su�ciently high values around the on-shell condition
for the A1 funnel. From the discussion of the κ̃ − µ plane we know that the mass range for
neutralinos compatible with the GC excess is restricted tom χ̃ = 30 ... 48 GeV. �is translated
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5 Relating the Galactic center excess to the Higgs invisible branching ratio

into pseudoscalar masses of 60 to 100 GeV.
In the right panel of Fig. 5.7 the projection on the κ̃ − µ plane shows the resulting branching

ratio for invisible Higgs decays. For the region around κ̃ ≈ 0.15, λ ranges from 0.25 to 0.3, while
for κ̃ ≈ 0.11 the allowed range for λ increases up to 0.45 for µ = 160 GeV. Small values of λ
result in a small Higgsino component, leading to an invisible branching ratio of 10 to 30% in the
region withm χ̃ ≈ 50 GeV. For the narrow region the lower limit of µ = 155 GeV in combination
with large values of λ allow for large invisible branching ratios up to 70%.

When we consider only points compatible with the GC excess we �nd

BR(H125 → χ̃ χ̃ ) . 40% for µ = 170 ... 200 GeV . (5.13)

�e maximal found branching ratio of 40% is comparable to the results for µ = 220 GeV in
the TeV scale NMSSM where the bino component enhances the coupling. Even though the
NUH-NMSSM pushes the neutralino content to a pure singlino-Higgsino state, we can still
�nd regions that are compatible with the relic density, the GC excess and a strongly enhanced
invisible branching ratio.

5.4 Conclusion

A natural explanation of the Fermi GC excess is a light, weakly interacting dark ma�er particle
decaying to a pair of bo�om quarks through an s-channel pseudoscalar. �e NMSSM is one of
the few models which predict precisely this process.

In the NMSSM framework, the GC excess as well as the currently observed relic density can
be accommodated with the help of Z -funnel and A1-funnel annihilation [173–178]. Di�erent
preferred parameter spaces can be linked to LHC searches for trileptons [186, 187] or exotic
Higgs searches [162]. We show that for a mixed bino–singlino–Higgsino LSP the explanation
of the GC excess typically predicts large invisible branching ratios of the SM-like Higgs boson.
In particular for small µ values the invisible branching ratios can reach 50%, testable with Run I
Higgs data. Future LHC analyses, sensitive to invisible branching ratios around 3% [171], cover
a large fraction of Higgs decays to a pair of dark ma�er particles compatible with the GC excess.
�e preferred NMSSM parameters at the TeV scale can also be realized in a uni�ed version of
the NMSSM, albeit with larger values of M1 and slightly reduced µ.
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Chapter

6
Limits from a combined TGV and Higgs EFT

analysis

�e direct exploration of the electroweak symmetry breaking sector started with the discovery
of a light narrow Higgs boson [11–13] in 2012 [14, 15] — a triumph of particle physics. Already
the LHC Run I allowed ATLAS and CMS to perform a large number of tests of the nature of
the observed resonance, but no signi�cant deviations from the Standard Model properties were
observed for example in the Higgs production and decay rates [42, 262–278]. On the other
hand, it is important to remind ourselves that the current constraints are still at a precision
level for which no signi�cant deviations would be expected in weakly interacting models of
new physics [279].

If we accept the Standard Model assumption that the Higgs particle is closely related to the
massive gauge bosons, the Higgs results from Run I should be combined with corresponding
precision measurements in the electroweak sector. During Run I the LHC collaborations have
also collected meaningful event samples probing electroweak gauge boson pair production.
�ey contain information on the structure of the TGVs and allow for complementary tests of
the electroweak symmetry breaking mechanism.

�e eventual observation of departures of Higgs or gauge boson couplings from their SM
predictions can give hints about physics beyond the Standard Model, characterized by a new
energy scale Λ, that a�ect the electroweak sector.

One way of parametrizing low–energy e�ects of SM extensions is by means of an e�ective
Lagrangian [280–282], which only depends on the low–energy particle content and symmet-
ries. �is bo�om–up approach has the advantage of minimizing the amount of theoretical
assumptions when studying deviations from the SM predictions.

One result of this e�ective theory approach is that modi�ed Higgs couplings to weak bosons
are related to triple gauge boson vertices in a largely model independent fashion. �is allows us
to use Higgs data not only to constrain TGVs [297], but also to use TGV data to test the strengths
and structures of Higgs couplings. Usually, such combined analyses rely on LEP results for the
TGVs [298–305], the only exception being Reference [277, 278]. �e reason is that LEP provided
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the strongest constraints on TGVs until now. However, during the LHC Run I both ATLAS and
CMS have collected a substantial amount of data on di-boson searches. It contains information
on TGVs, whose relevance has not been addressed quantitatively. We �ll this void with the very
�rst state–of–the–art global analysis of the complete di-boson and Higgs data from the LHC
Run I ∗.

�e outline of the chapter is as follows: a�er brie�y reviewing the concept of EFT and the
relevant set of operators in Sec. 6.1, we present details of our di-boson simulations and the
results of our global analysis of the LHC Run I data on di-boson searches in Sec. 6.2. In Sec. 6.3
we �nd that the combined LHC Run I results are substantially stronger than the LEP constraints.
Sec. 6.4 contains the combined analysis of di-boson and Higgs data, giving the up-to-date limits
on the ten relevant Wilson coe�cients. We summarize in Sec. 6.5.

�e research presented in this chapter has previously been published in Reference [3]. All
displayed �gures and tables as well as part of the text are identical to the content of this article.

6.1 Basic concepts of EFTs

As a complementary approach to speci�c high–scale models, EFTs are used to parametrize
deviations from the SM without including additional particles. In the introduction we discussed
how Fermi theory can be viewed as an e�ective theory of the SM at scales below the mass of the
W boson. In the same sense we can consider the SM as an EFT of a theory living at higher scales
and we can extend the SM Lagrangian with additional operators to parametrize our ignorance
of the new physics e�ects.

Since the action needs to be of mass dimension zero, each term of a Lagrangian must have mass
dimension four. Aside from the CP–violating operator G̃a

µνG
µν,a [283] all possible operators of

this mass dimension are already included in the SM Lagrangian. Hence, the additional operators
of the EFT will be of mass dimension �ve or higher and suppressed by a mass scale Λ to obtain
terms with the appropriate mass dimension,

LEFT = LSM +
∑
i

fi

Λdi−4Oi . (6.1)

�e prefactors fi are called Wilson coe�cients and di denotes the mass dimension of the
operator Oi .

EFTs can be used either in a top–down or bo�om–up approach. In the top–down approach a
speci�c perturbative model is mapped to an EFT where the low–scale impact of new particles is
parametrized via higher–dimensional operators, operating on the SM particle content and their
derivatives. Λ is the natural choice for a matching scale with a given complete theory.
∗At the time of publication of this thesis no combined analysis of the electroweak and Higgs–sector has been

published by ATLAS and CMS.
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Starting from the measured observables we use instead the EFT as a bo�om-up approach
to parametrize deviations from the SM prediction without the necessity to choose a speci�c
high–scale model.

We apply several constraints to reduce the number of potential operators. In e�ective
Lagrangian expansion the operators are suppressed by powers of the high energy scale, which
provides a natural counting scheme, such that we can order the Lagrangian according to the
inverse powers of the new physics scale. Motivated by this ordering, we will consider the lowest
mass dimension yielding relevant operators under the assumption that higher dimensional
operators will have suppressed e�ects. At mass dimension 5, the only operator that can be built
from SM �elds is the lepton number violating operators (L̄Lϕ̃∗) (ϕ̃†LL ) that generates Majorana
mass terms for neutrinos. For our analysis of the Higgs sector this operator is irrelevant. Hence,
throughout the work presented in the thesis we focus on operators of mass dimension six.

Moreover we require that well tested symmetries like gauge and space time symmetries are
conserved, reducing the number of possible dimension-six operators in the extension of the SM
to 2499. Not counting �avor structure and Hermitian conjugation, the number of independent
operators is further reduced to 59 [296].

We thus construct an e�ective Lagrangian expansion invariant under SU (3)c ×SU (2)L×U (1)Y
symmetry based on the SM �eld content, including the Higgs–like state as a light electroweak
doublet. �is approach is commonly referred in the literature as the linear e�ective theory [284–
296].

�e choice of the operators basis is not unique. Using equations of motions we can convert
di�erent basis choices into each other. For our analysis of the Higgs sector we rely on the
Hagiwara-Ishihara-Szalapski-Zeppenfeld basis (HISZ) [294].

In the following we introduce the relevant operators for a Higgs–EFT including TGV.

6.1.1 A basis for a combined analysis

�e minimum independent set of dimension–six operators consists of 59 baryon number
conserving operators, barring �avor structure and Hermitian conjugation. We follow the
de�nition of the relevant operator basis for LHC Higgs and TGV physics described in detail
in Reference [298, 299]. We start by restricting the initial set to P and C–even operators. We
then use the equations of motion to rotate to a basis where there are no blind directions
linked to electroweak precision data. In practice, we can neglect all operators contributing to
electroweak precision observables at tree–level; they are strongly constrained by the several
low energy measurements, rendering them irrelevant for current Higgs and TGV studies at
the LHC. We then neglect all operators that cannot be studied at the LHC yet, because they
only contribute to interactions we are not sensitive to. �is includes the HHH vertex or the
Higgs interactions with light-generation fermions. Finally, we are le� with ten dimension–six
operators [298, 299] in Tab. 6.1. In our conventions, the Higgs doublet covariant derivative

87



6 Limits from a combined TGV and Higgs EFT analysis

OGG = ϕ
†ϕ Ga

µνG
aµν Oϕ,2 =

1
2∂

µ
(
ϕ†ϕ

)
∂µ

(
ϕ†ϕ

)
Oeϕ,33 = (ϕ†ϕ) (L̄3ϕeR,3)

OBB = ϕ
†B̂µν B̂

µνϕ OB = (Dµϕ)
†B̂µν (Dνϕ) Ouϕ,33 = (ϕ†ϕ) (Q̄3ϕ̃uR,3)

OWW = ϕ
†ŴµνŴ

µνϕ OW = (Dµϕ)
†Ŵ µν (Dνϕ) Odϕ,33 = (ϕ†ϕ) (Q̄3ϕdR,3)

OWWW = Tr
(
ŴµνŴ

ν ρŴ
µ
ρ

)
Table 6.1: List of operators included in our analysis.

is Dµϕ =
(
∂µ + iд

′Bµ/2 + iдσaW a
µ /2

)
ϕ. �e ha�ed �eld strengths are B̂µν = iд′Bµν /2 and

Ŵµν = iдσaW a
µν /2, where σa are the Pauli matrices, and д and д′ stand for the SU (2)L and

U (1)Y gauge couplings. �e adjoint Higgs �eld is ϕ̃ = iσ2ϕ
∗. �e e�ective Lagrangian which

we use to interpret Higgs and TGV measurements at the LHC is

Le� = LSM −
αs
8π

fGG
Λ2 OGG +

fBB
Λ2 OBB +

fWW

Λ2 OWW +
fϕ,2

Λ2 Oϕ,2 +
fWWW

Λ2 OWWW

+
fB
Λ2OB +

fW
Λ2 OW +

fτmτ

vΛ2 Oeϕ,33 +
fbmb

vΛ2 Odϕ,33 +
ftmt

vΛ2 Ouϕ,33 . (6.2)

All operators except for OWWW contribute to Higgs interactions. �eir contributions to the
several Higgs vertices, including non–SM Lorentz structures, are described in Reference [42, 262].

Some of the operators in Tab. 6.1 contribute to the self-interactions of the electroweak gauge
bosons. �ey can be linked to speci�c deviations in the Lorentz structures entering theWWZ
andWWγ interactions, usually wri�en as κγ ,κZ ,дZ1 ,д

γ
1 , λγ , and λZ [306]. A�er дγ1 is �xed to

unity because of electromagnetic gauge invariance, writing the deviations with respect to the
SM values for example as ∆κ ≡ κ − 1, the shi�s are de�ned as

∆LTGV = − ie ∆κγ W
+
µW

−
ν γ

µν −
ieλγ

m2
W

W +µνW
−ν ργ

µ
ρ −

iдZλZ

m2
W

W +µνW
−ν ρZ

µ
ρ

− iдZ ∆κZ W +µW
−
ν Z

µν − iдZ ∆дZ1
(
W +µνW

−µZν −W +µ ZνW
−µν

)
= − ie

д2v2

8Λ2 ( fW + fB ) W
+
µW

−
ν γ

µν − ie
3д2 fWWW

4Λ2 W +µνW
−ν ργ

µ
ρ

− iдZ
д2v2

8c2
wΛ2

(
c2
w fW − s

2
w fB

)
W +µW

−
ν Z

µν − iдZ
3д2 fWWW

4Λ2 W +µνW
−ν ρZ

µ
ρ

− iдZ
д2v2 fW

8c2
wΛ2

(
W +µνW

−µZν −W +µ ZνW
−µν

)
, (6.3)
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where e = дsw and дZ = дcw . �e two notational conventions are linked as

∆κγ =
д2v2

8Λ2 ( fW + fB ) ∆κZ =
д2v2

8c2
wΛ2

(
c2
w fW − s

2
w fB

)
∆дZ1 =

д2v2

8c2
wΛ2 fW ∆д

γ
1 = 0 λγ = λZ =

3д2M2
W

2Λ2 fWWW .

(6.4)

�e SU (2)-gauge-invariant formulation in terms of dimension–six operators induces correlations
of the formerly multi-dimensional space of modi�ed gauge couplings,

λZ = λγ and ∆κZ = −
s2
w

c2
w
∆κγ + ∆д

Z
1 . (6.5)

�is de�nes what is usually referred to as the LEP scenario in the analysis of anomalous
TGV interactions. �e three relevant Wilson coe�cients relevant for our analysis of di-boson
production are fB , fW and fWWW .

�e assumption that fB , fW and fWWW parametrize the leading new physics deviations with
respect to the SM triple gauge boson couplings is linked to the hypothesis of the Higgs boson
being still part of an SU (2)L doublet. If we deviated from this scenario, and considered instead
the more generic non-linear or chiral e�ective Lagrangian [300, 307–310], the parametrization
would be extended. In the most generic scenario, the couplings de�ned in Eq. (6.3) depend on a
larger number of parameters and the correlations expressed in Eq. (6.5) are lost. Furthermore, the
deviations generated by non-linear operators in the TGVs could be completely decorrelated to
the deviations generated in the Higgs interactions. As it has been studied in detail in [300, 310],
this di�erent pa�ern of anomalous interactions could be potentially used to test the nature of
the Higgs boson.

6.2 Triple gauge boson interactions

In our analysis we describe the measured di-boson production rates from the LHC Run I in
terms of the Lagrangian given in Eq. (6.3). We include the eight WV (V = W ,Z ) di-boson
measurements with the highest sensitivity for charged triple gauge boson vertices. Adding
the publicWγ LHC results, only available for 7 TeV so far [46, 311], does not improve our results.

For each analysis we �rst determine which of the kinematic distributions given in the
publications is most sensitive to anomalous TGVs. �is de�nes our list of channels and kinematic
variables displayed in Tab. 6.2, as well as the available number of bins of the distribution.

In the �nal states only ` (′) = e, µ are considered, channels with (0j ) include a jet veto, and
the two semileptonic channels include a veto on a third hard jet.
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Channel Distribution # bins Data set

WW → `+`′− + /ET (0j ) Leading lepton pT 4 ATLAS 8 TeV, 20.3 �−1 [312]
WW → `+` (′)− + /ET (0j ) m`` (′) 8 CMS 8 TeV, 19.4 �−1 [313]
WZ → `+`−` (′)± mWZ

T 6 ATLAS 8 TeV, 20.3 �−1 [314]
WZ → `+`−` (′)± + /ET Z candidate p``T 10 CMS 8 TeV, 19.6 �−1 [315]
WV → `±jj + /ET V candidate p j jT 12 ATLAS 7 TeV, 4.6 �−1 [316]
WV → `±jj + /ET V candidate p j jT 10 CMS 7 TeV, 5.0 �−1 [317]
WZ → `+`−` (′)± + /ET Z candidate p``T 7 ATLAS 7 TeV, 4.6 �−1 [318]
WZ → `+`−` (′)± + /ET Z candidate p``T 8 CMS 7 TeV, 4.9 �−1 [315]

Table 6.2: List of di-boson measurements we include in our analysis.

Using one of the leading experimental channel, i.e. the leptonic ATLAS WW production
at 8 TeV [312] we illustrate the procedure of limit–se�ing. We start with the extraction of
data from the paper, followed by the reproduction of the analysis. Next we parametrize the
distributions in terms of Wilson coe�cients using bin–by–bin correction factors. Finally we
construct the likelihood function and perform the �t using the SFitter framework. Wherever
the experimental collaborations present their results in terms of anomalous TGVs we validate
our procedure through a detailed comparison with their results.

6.2.1 Analysis framework

As an illustrative example we use one of the most sensitive channels, namely the leptonic
ATLASWW analysis based on 20.3 �−1 of 8 TeV data [312]. One advantage of this analysis is
that ATLAS presents their results in terms of TGVs, which allows us to compare their results
with the ones of our SFitter implementation. �e other seven channels are treated exactly in
the same way.

We start by directly reading o� the background expectation (de�ned as all SM processes
except for the di-boson production channels), the expected contribution fromWW production in
the Standard Model and the measured event number bin by bin from the relevant experimental
�gure. �e background rates we use directly from the experimental analysis, without any need
to modify them.

Next, we generateWW events with SM couplings in the �ducial region usingMadGraph5 [319],
Pythia [320] for parton shower and hadronization, and Delphes [321] for fast detector sim-
ulation. We model here the ATLAS selection, which is very similar to the analogous CMS
analysis [313]. �e selection procedure requires exactly one electron and one muon of opposite
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charges in the central detector and outside the transition regions,

pT , ` > 25, 20 GeV |ηµ | < 2.4
∆Reµ > 0.1 meµ > 10 GeV
|ηe | < 2.47 excluding 1.37 < |ηe | < 1.52 . (6.6)

In addition, the summed transverse energy within a cone of ∆R = 0.3 around each lepton is
required to be smaller than 14% of pT , ` , and the scalar sum of the pT of the tracks within the
same cone has to stay below 10% of pT , ` for the electron and 12% for the muon. A third lepton
is vetoed for pT , ` > 7 GeV, as are jets with pT , j > 25 GeV and |ηj | < 4.5. �e la�er removes the
top pair background. A set of requirements on missing energy related variables starts with a
requirement on p miss

T , constructed as the length of the negative 2-vectorial sum of all identi�ed
leptons and tracks not associated with leptons [312]. To select events with neutrinos ATLAS
requires

p miss
T > 20 GeV and ∆ϕ

(
~E miss
T , ~p miss

T

)
< 0.6 . (6.7)

A second missing energy variable has to ful�ll

E miss
T ,Rel > 15 GeV with E miss

T ,Rel =



E miss
T sin(∆ϕ` ) if ∆ϕ` < π/2

E miss
T if ∆ϕ` ≥ π/2 ,

(6.8)

where ∆ϕ` is the azimuthal angle between the missing transverse momentum vector and the
nearest lepton.

We use the SM WW events rates in the signal region to tune our event generation, both
in terms of the total rate and in the most relevant kinematic distribution. For the la�er, we
identify the kinematic distribution which is most sensitive to anomalous TGVs and which we
will later include in our SFitter analysis. Of the variables and ranges shown in the ATLAS note,
the leading pT , ` has the largest potential because it tracks the momentum �ow through the
anomalous vertex best [336–339]. �is means that our event generation has to reproduce Fig. 11
in Reference [312]. To ensure this, we introduce a bin-by-bin correction factor to account for
phase–space dependent di�erences in the selection procedure because of detector e�ects as
well as higher order corrections to the cross section prediction [322–327].

We check this default procedure using an alternative setup in each channel where instead of
matching our SMWV distributions bin-by-bin, we only match our inclusiveWV rate prediction
in the Standard Model in the signal region. Both methods give consistent results for the combined
analysis.

Assuming that the same bin-by-bin correction from the SMWW events applies to the relatively
small new physics e�ects, we generate the leadingpT , ` distribution in the presence of dimension–
six operators. For this we rely on an in-house MadGraph5 implementation of the operators
constructed with FeynRules [328].
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Figure 6.1: Leading pT , ` distribution for the 8 TeV ATLASWW analysis [312]. �e red histo-
gram shows the ATLAS background estimate (excluding the SMWW prediction),
while the green histogram shows the total SM prediction onceWW processes are
added. �e observed events are shown as dots, with error bars accounting for the
statistical uncertainty. �e dashed lines indicate the e�ects of dimension–six Wilson
coe�cients.

As is well known higher dimensional operators give rise to fast growth of the sca�ering
amplitude with energy, eventually violating partial-wave unitarity [340–342]. Here we did not
introduce ad-hoc form factors to dampen the sca�ering amplitude at high energies because we
veri�ed that there is no partial-wave unitarity violation in the di�erent channels for the values
of the Wilson coe�cients in the 95% CL allowed regions, except for very large and already ruled
out values of fB .

�e predicted number of events for a given Wilson coe�cient is the sum of SM and new
physics WW events, together with the SM backgrounds which we directly extract from the
ATLAS documentation. �ese backgrounds are dominated by top production, followed by
W +jets and Drell-Yan events. All of them are estimated using data-driven techniques. Only the
small di-boson backgrounds are based on Monte Carlo estimates [312].

In Fig. 6.1 we show the �nal estimates for the SM background and the SM prediction for
WW production. �ey are in agreement with the number of observed events. �e dashed lines
illustrate the e�ects from individual dimension-six operators, suggesting that we should be
able to derive powerful constraints from the ATLAS measurements. �e fact that the last bin
extends to large transverse momenta also suggests that we have to be careful interpreting our
dimension-six analysis in terms of an e�ective �eld theory expansion [42, 262, 331–338].

In the �nal step of the SFitter analysis we construct a likelihood function for the given data
set to determine the part of parameter space allowed at a given CL. We include a Poisson–shaped
statistical uncertainty for the observed number of events for each bin, a Poisson-shaped statist-
ical uncertainty for the background events, a �at theoretical uncertainty correlating between all
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Figure 6.2: Correlated pro�le likelihood for sets of two Wilson coe�cients from the 8 TeV ATLAS
WW analysis [312]. Black dots signal ∆(−2 logL) = 5.99, while the crosses stand for
the best �t point. �e red solid contour are the 95% CL limits from ATLAS [312].

bins in the pT , ` distribution, and a selection of the most relevant systematic uncertainties with
a Gaussian shape. For technical details on the likelihood construction we refer to Chapter 2.
�e systematic uncertainties include the luminosity estimate, detector and lepton reconstruc-
tion/isolation uncertainties, and some additional uncertainty for the background normalization
and/or shape.

�ese uncertainties can be seen in the following, together with the selection of experimental
systematic uncertainties considered for the rest of the analyses.

Channel Exp Lumi Detector e� Lepton e� Background

WW → `+`′− + /ET (0j ) [312] ATLAS 2.0% 1.4% 1.4% 2.0%
WW → `+` (′)− + /ET (0j ) [313] CMS 2.6% 1.0% 3.8% 2.0%
WZ → `+`−` (′)± [314] ATLAS 2.8% 0.5% 1.7% 1.6%
WZ → `+`−` (′)± + /ET [315] CMS 4.4% 3.1% 2.0% 2.5%
WV → `±jj + /ET [316] ATLAS 1.8% 10% 1.1% 14%
WV → `±jj + /ET [317] CMS 2.2% 1.0% 2.0% –
WZ → `+`−` (′)± + /ET [318] ATLAS 1.8% 0.5% 1.9% –
WZ → `+`−` (′)± + /ET [315] CMS 2.2% 3.8% 2.4% 5.5%

For the cases where we quote no numbers we assume that those systematic uncertainties are
well below the statistical and theoretical uncertainties for which we allow for a variation of
5% forWW , 4% forWZ and 4% forWV -semileptonic channels. We fully correlate theoretical
uncertainties for sets with the same di-boson �nal state.

For the pure TGV analysis we construct Markov chains to probe the three-dimensional
parameter space spanned by fW , fB and fWWW . Based on these chains we determine the part
of the parameter space allowed at a given CL.
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Figure 6.3: Results of the TGV analysis from LHC Run I. We show all two-dimensional pro-
�le likelihoods in the three-dimensional parameter space at 95% CL (2dof) for the
individual channels as well as their combination.

In Fig. 6.2 we show the three two-dimensional pro�le likelihoods for the three relevant Wilson
coe�cients. We �nd the best-�t point for a mildly positive value of fW /Λ2, driven by a small
de�cit of events in the tail of the leading pT , ` distribution shown in Fig. 6.1. �e SM gives
χ 2 ≈ −2 logL = 6.6, de�ned a�er pro�ling over the theoretical uncertainties, and is perfectly
compatible with the best �t point at χ 2 ≈ −2 logL = 6.0. We have checked that none of these
results change if we replace the pro�le likelihood by a slice of parameter space se�ing the third
Wilson coe�cient to zero.

�e black dots in Fig. 6.2 indicate our 95% CL contour and allow us to compare with the
red line, that illustrates the 95% CL region from the anomalous TGV analysis by ATLAS [312].
Both are in excellent agreement with each other, indicating that our approximations concerning
detector e�ects or higher order corrections are more than su�cient given the current reached
precision of the analysis.

We follow a similar procedure for all eight di-boson channels. Among those the 8 TeV
CMSWW analysis [313] and the semi-leptonic 7 TeV ATLASWV analysis [316] quote limits
on dimension–six operators from the measurement of anomalous TGVs in the framework of
Eq. (6.5). In both cases we �nd a similar level of agreement.

6.2.2 Results from LHC Run I

In Fig. 6.3 we show the results of our pure TGV analysis in terms of the Wilson coe�cients
de�ned in Eq. (6.2). In addition to each individual ATLAS and CMS channel we give the
combined constraints from all eight channels. For the combination, we �nd a global minimum at
a Gauss-equivalent χ 2 ≈ −2 logL = 48.3 for a total of 65 data points, while χ 2 ≈ −2 logL = 49.7
for the Standard Model. �e regions allowed by the di�erent searches are mutually compatible
and show no signi�cant preference for a deviation from the Standard Model. Moreover, the
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6.2 Triple gauge boson interactions

structure of the parameter space is simple enough that none of the two-dimensional planes
signi�cantly change if instead of a pro�le likelihood we show a slice where the third Wilson
coe�cient is zero.

�e Wilson coe�cient fB is the least constrained because it hardly a�ects theWWZ vertex
since its contribution is suppressed by a factor s2

w/c
2
w . Instead, the constraints on fB come from

the fully leptonicWW searches and to some degree from theWV -semileptonic analyses, both
probing theWWγ interaction. �e ATLASWW channel at 8 TeV sets the strongest bounds on
fB .

Comparing fW and fWWW , we notice that the combination of theWWZ andWWγ vertices
with the large transverse momentum available at the LHC leads to similar sensitivities on
both; equivalently, we �nd comparable sensitivities on λγ ,Z and ∆дZ1 . �e new physics reach
in fW and fWWW is clearly stronger than in fB . �e strongest bounds on fWWW stem from
the combination of the two 8 TeVWZ leptonic searches together with the ATLAS 8 TeVWW
analysis. In the case of fW , the 8 TeVWZ analyses present a higher sensitivity, but again the
8 TeV WW searches are close in their precision. �e constraint on fW bene�ts most from a
combination of the di�erent experimental channels.

Generally, even though the WV -semileptonic results presented here are less sensitive to
the dimension–six operators, they are not far from the most powerful leptonicWW andWZ
analyses. �is is remarkable, given the fact that these semileptonic measurements are still based
on the 7 TeV smaller data sets. An update of the semileptonic channels should signi�cantly
contribute to a global TGV analysis.

�e one-dimensional 95% CL constraints on the combination of Wilson coe�cients are

fW
Λ2 ∈ [−1.5, 6.3 ] TeV−2 fB

Λ2 ∈ [−14.3, 15.9 ] TeV−2 fWWW

Λ2 ∈ [−2.4, 3.2 ] TeV−2 .

(6.9)

�e same results can also be expressed as

Λ√
| fW |

> 0.82 (0.40) TeV Λ√
| fB |
> 0.26 (0.25) TeV Λ√

| fWWW |
> 0.65 (0.56) TeV ,

(6.10)

where the bounds stand for the limits obtained assuming a negative (positive) Wilson coe�cient.
Moreover, we can present our results in terms of three independent TGV couplings [306], as
described in Sec. 6.1, the 95% CL constraints then read

∆дZ1 ∈ [−0.006, 0.026 ] ∆κγ ∈ [−0.041, 0.072 ] λγ ,Z ∈ [−0.0098, 0.013 ] .
(6.11)
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Figure 6.4: Results of the TGV analysis in terms of two-dimensional pro�le likelihoods from
LHC Run I and from LEP [330]. We also show the statistical combination of both.

One aspect that we have tested is how robust our results are when we change our approximate
treatment of fully correlated theoretical uncertainties. It turns out that removing these correla-
tions slightly shi�s the fW range towards negative values and weaken the bound on fB ; both
e�ects are at the level of less than 0.5 standard deviations.

To allow for an easy presentation of the approximate �t results we perform a Gaussian �t to
the multi-dimensional probability distribution function of the three Wilson coe�cients relevant
for TGVs. For the mean, one standard deviation and the error correlation matrix we �nd

fW
Λ2 = (2.2 ± 1.9) TeV−2 fB

Λ2 = (3.0 ± 8.4) TeV−2 fWWW

Λ2 = (0.55 ± 1.4) TeV−2

ρ = *.
,

1.00 −0.012 −0.062
−0.012 1.00 −0.0012
−0.062 −0.0012 1.00

+/
-
. (6.12)

�e corresponding Gaussian �t results to the multi-dimensional probability distribution function
for the TGV couplings in Eq. (6.4) are shown in Table 6.3.

6.3 Comparison and combination with LEP

When we express our results in terms of the TGVs de�ned in Eq. (6.4) we can easily compare
them and eventually combine them with the global LEP analysis results [330]. We show the
separated LHC Run I and LEP limits in Table 6.3. As we can see, the combined LHC Run I
di-boson channels determine the anomalous TGV parameters a factor 3-6 more precisely than
LEP. Moreover, the more diverse set of LHC observables implies that the di�erent coupling
measurements are less correlated.

�e same comparison between the combined LHC Run I results and the LEP bounds is illus-
trated in Fig. 6.4, now in terms of dimension-six Wilson coe�cients. In these two-dimensional
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6.4 Gauge–Higgs combination

LHC Run I LEP
68 % CL Correlations 68 % CL Correlations

∆дZ1 0.010 ± 0.008 1.00 0.19 −0.06 0.051+0.031
−0.032 1.00 0.23 −0.30

∆κγ 0.017 ± 0.028 0.19 1.00 −0.01 −0.067+0.061
−0.057 0.23 1.00 −0.27

λ 0.0029 ± 0.0057 −0.06 −0.01 1.00 −0.067+0.036
−0.038 −0.30 0.27 1.00

Table 6.3: Measured central values, standard deviations and correlation coe�cients for ∆дZ1 ,
∆κγ and λ from the combined LHC Run I di-boson analyses (le�) and from LEP [330]
(right).

pro�le likelihoods we also show the statistical combination of the two data sets. While the LHC
precision shown in Eq. (6.9) clearly dominates the combination of LHC and LEP results, we still
quote the combined limits on the three relevant Wilson coe�cients,

fW
Λ2 ∈ [−1.3, 6.3 ] TeV−2 fB

Λ2 ∈ [−18.5, 10.9 ] TeV−2

fWWW

Λ2 ∈ [−2.7, 2.8 ] TeV−2 . (6.13)

Adding the LEP results does not lead to a signi�cant improvement. �e range for fB slightly
shi�s towards more negative values as a consequence of the preferred LEP central values.

6.4 Gauge–Higgs combination

In the �nal step of our e�ective �eld theory analysis, we have to combine the LHC Run I
results on TGVs and Higgs couplings. �e main reason is that OW and OB contribute to
anomalous Higgs interactions and the triple gauge boson interactions at the same time [287, 297–
299]. Consequently, a study of the underlying Wilson coe�cients should include both sets of
experimental analyses. Furthermore, the combination of the two can be used to test the nature
of the electroweak symmetry breaking mechanism [300].

For the sake of comparison we start with a brief summary of the global analysis of the LHC
Run I Higgs data presented in Reference [42, 262], where constraints on the dimension-six
Wilson coe�cients in Eq. (6.2) are derived from Higgs measurements alone. �at data consists
of 159 observables for event rates, plus 14 additional measurements related to kinematics.
�is kinematic information is crucial to disentangle the strongly correlated e�ects of non–SM
Lorentz structures generated by OWW , OBB , OW , and OB . �is way, the kinematic distributions
signi�cantly improve the global Higgs �t.

As an illustration, we show three of the relevant two-dimensional pro�le likelihoods from
the pure Higgs analysis including kinematic distributions in the �rst row of Fig. 6.5. In the
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6 Limits from a combined TGV and Higgs EFT analysis

upper-le� panel we see a strong correlation between OWW and OBB , even a�er including
the kinematic distributions. �is is due to both operators contributing to the decay rate Hγγ .
Without kinematic information the wide pa�ern in the upper le� part simply extends to the
lower right part [42, 262]. �e improvement in the region of large positive (negative) fWW
(fBB ) appears because both operators contribute to the HWW and HZZ vertices, to which
the kinematic distributions are sensitive. In the upper-center panel we show the correlations
between OW and OB . While the kinematic distributions signi�cantly improve the situation, a
secondary region still remains for negative fB . Finally, in the upper-right panel we show the
OB vs OBB plane. Again, the kinematic information largely removes the strong correlations for
negative OB and OBB values.

In the lower panels of Fig. 6.5 we depict the same two-dimensional pro�le likelihoods once
we include the di-boson TGV measurements from LHC Run I; although LEP limits hardly have
any numerical e�ect, they are included as well. We construct the global likelihood accounting
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Figure 6.5: Correlated pro�le likelihood for sets of two Wilson coe�cients. In the �rst row we
include only LHC Run I Higgs data, including kinematic distributions, as shown in
Fig. 11 of Reference [42, 262]. In the second row we add the Run I di-boson results
probing anomalous TGV interactions (as well as the corresponding LEP results). �e
black points indicate −2 logL = 5.99. �e corresponding one-dimensional pro�le
likelihoods can be found in Fig. 6.6.
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Figure 6.6: Allowed 95% CL ranges for individual Wilson coe�cients fx/Λ
2 from a one-

dimensional pro�le likelihood. We show results from Run I Higgs observables
only (red bars) and for a combined Higgs plus TGV analysis (blue). For the upper
panels we allow for sign changes in the individual Yukawa couplings, while in the
lower panel we �x their signs to the Standard Model one.

for the correlations in systematic uncertainties between the Higgs observables and the TGV
observables. �is can be easily achieved in the SFitter framework described in Sec. 6.2 and
Reference [42, 262]. �e systematic experimental uncertainties are assumed to be correlated for
observables in ATLAS and in CMS, but uncorrelated between the two experiments.

For all three panels the e�ect of the TGV measurements is remarkable. �e combination of
Higgs and TGV results clearly deliver stronger limits than either of the two analyses independ-
ently. �e secondary solution in fB has vanished altogether, the precision on fW has improved,
negative values of fBB are excluded through correlations with fB , and in the correlation of fBB
and fWW we can clearly see two di�erent regions corresponding to sign changes in the Hγγ
coupling.

In Table 6.4 and Fig. 6.6 we show the limits on individual Wilson coe�cients for each of the
dimension–six operators included in the analysis, Eq. (6.2). In the upper panels of Fig. 6.6 and in
the table we clearly see secondary solutions due to sign �ips in the individual Yukawa and Hдд
couplings. In the lower panels of Fig. 6.6 we show only the solutions for parameter space with
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6 Limits from a combined TGV and Higgs EFT analysis

fx/Λ
2 LHC–Higgs LHC–Higgs + LHC–TGV + LEP–TGV

[TeV−2] Best �t 95% CL interval Best �t 95% CL interval

fGG −24.5 (−33.2, 16.4) −4.5 (−32.5,−18.4)
−2.8 (−9.7, 9.5) −23.0 (−9.5, 9.5)

3.9 (16.2, 32.7) 3.6 (17.6, 32.5)
23.6 25.4

fWW −0.7 (−5.2, 3.4) ∪ (9.6, 13.4) −0.1 (−3.1, 3.7)
fBB 1.4 (−13.6,−7.8) ∪ (−3.5, 8.2) 0.9 (−3.3, 6.1)
fϕ,2 1.9 (−7.1, 9.2) ∪ (14.6, 18.3) 1.3 (−7.2, 7.5)
fW −0.3 (−5.2, 6.4) 1.7 (−0.98, 5.0)
fB −0.5 (−52,−38) ∪ (−15.5, 18.1) 1.7 (−11.8, 8.8)
fWWW —– -0.06 (−2.6, 2.6)

fb 2.2 (−11.2, 14.3) 2.2 (−12.5, 7.3)
42.6 (26, 64) 45.6 (30, 65)

fτ 45.8 (−7.9, 5.8) ∪ (24, 28) 44.5 (−7.7, 6.3)
−0.2 (34, 59) −1.5 (36, 59)

ft 51.8 (−19.8, 6.0) 52.3 (−18.2, 6.3)
−6.0 (27, 67) −6.3 (39, 68)

−2 logLmin = 98.1, −2 logLSM = 101.9 −2 logLmin = 152.3, −2 logLSM = 156.8

Table 6.4: Best �t values and 95% CL ranges for the Higgs analysis (dark red bars in Fig. 6.6) and
a�er combining with TGV results (blue bars in Fig. 6.6). We also show log-likelihood
values, where (−2 logL)SM is de�ned a�er pro�ling over the theoretical uncertainties.

SM signs of the Yukawa couplings, and focusing on the fGG containing the SM point, extending
our set of simpli�cations discussed in Sec. 6.1. In both cases we see that the limits including
di-boson channels are signi�cantly improved. �is improvement is driven by the highest
sensitivity we have derived on fB and fW , which feeds through to the remaining operators
because of the existing correlations. Including the di-boson data removes all secondary solutions
from non-trivial parameter correlations or strong non-Gaussian e�ects. �e additional Wilson
coe�cient fWWW is among the best-measured dimension–six modi�cation in the gauge–Higgs
sector studied here.

One caveat applies to these results the same way it applies to the Higgs analyses alone [42, 262,
331–338]. If we consider the dimension–six Lagrangian of Eq. (6.2) as the leading contribution of
a consistent e�ective �eld theory expansion we need to show that for the relevant observables
it captures the features of the full theories we want to describe. Computing the e�ects of
dimension–eight operators appears to be one way of estimating the theoretical uncertainties
which enter the translation of our dimension–six results into actual models. However, detailed
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studies in the Higgs sector [331–338] indicate that individual dimension–eight contributions
are not necessarily a good measure for these uncertainties. �erefore, the e�ective theory
interpretation of the results on the truncated dimension-six Lagrangian shown in Fig. 6.6 should
be done with care.

We �nally remark that the global analysis of Higgs and TGV searches presented here relies
on the common contribution of fW and fB to both sets of interactions. As described at the end
of Sec. 6.1, this is a consequence of the assumption that the electroweak symmetry breaking
is linearly realized with the Higgs boson being part of a doublet of SU (2)L . In the non-linear
scenario, deviations on the TGVs could be in general decorrelated from deviations on the Higgs
interactions. If such deviations are observed, the measurement of these correlation pa�erns
could be ultimately linked to the nature of the Higgs boson as discussed in detail in [300, 310].

6.5 Conclusion

We have presented a �nal analysis of the LHC Run I measurements related to weak boson
self-interactions and Higgs decays in the framework of an e�ective Lagrangian to dimension–six.
�e parameter space for this analysis spans 10 relevant Wilson coe�cients given in Eq. (6.2).
All of them can be strongly constrained by the combination of Higgs and di-boson data.

For triple gauge-boson data we give the �rst combination of all the di-boson production
channels at LHC Run I, relevant to constrain the three dimension–six operators contributing.
�e current bounds derived in Sec. 6.2 are a factor 3-6 more precise than the corresponding
LEP bounds. Since LHC Run I is sensitive to the TGVs in a diverse set of channels, the allowed
parameter ranges for the couplings are only weakly correlated; see Eq. (6.12). In the future, we
expect sizable progress in particular for channels with semi-leptonic decays of weak-boson
pairs.

In Sec. 6.4 we combine the Run I di-boson data with the Run I Higgs measurements [42, 262].
�is leads to a signi�cant improvement compared to both individual analyses. While in the
Higgs analysis alone we are le� with strong correlations between the di�erent Wilson coef-
�cients — leading to large non-Gaussian structures in the correlated likelihood — secondary
solutions in the combined analysis are exclusively due to the signs of the Yukawa couplings.
Furthermore, the use of the Higgs data leads to an improvement on the determination of TGVs,
specially fB . Our results shown in Fig. 6.6 clearly indicate that di-boson data should be part of
any e�ective Lagrangian analysis of the Higgs sector at the LHC.
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Chapter

7
Conclusion

One major challenge of modern particle physics is to make optimal use of experimental results
facing the large amount of data and the complimentary character of di�erent search techniques.
Hence, two questions arise: Can we link search results from very di�erent approaches? And
what can we learn from such a combination? In this thesis, we have answered these questions
with global �ts once in the context of dark ma�er and once for the combination of Higgs
measurements with electroweak data.

Searches for dark ma�er are categorized into three approaches: direct detection experiments,
which look for dark ma�er sca�ering o� of SM particles; collider searches, that try to produce
dark ma�er from high energy collisions of known particles; and indirect detection techniques,
that search for the products of annihilating dark ma�er. In recent years, direct detection
experiments have set very strong bounds on the sca�ering cross section and collider experiments
have excluded increasingly large mass ranges of BSM models. Facing these limits, Fermi–LAT,
an experiment of the third category, has measured a γ–ray excess from the galactic center where
we expect a large dark ma�er density. �e interpretation of this excess as a dark ma�er signal
is motivated by the fact that the annihilation cross section needed to �t the GC excess is of the
same order of magnitude as the cross section needed to obtain the measured relic density.

Taking into account the full spectrum evaluated by Fermi–LAT, including statistical, sys-
tematic and theory uncertainties, we can �t the GC excess in the MSSM with a dark ma�er
mass ranging from 60 to 300 GeV. �e dominant annihilation channels are χ χ → bb̄,WW , tt̄ .
To achieve our goal of a global �t combining all relevant measurements, we incorporate the
precisely measured relic density in our �t. Assuming a single component of dark ma�er and
standard cosmology, Fig. 4.6 shows that a combination with the relic density is possible and
prefers annihilation via a pseudoscalar mediator in particular for a mediator mass slightly below
the on-shell condition. �e t–channel WW annihilation yields best results at the onset of the an-
nihilation for dark ma�er masses around 80 GeV. �e valid parameter space for an annihilation
into bb̄ is extremely narrow and therefore very di�cult to see in global �ts. Including the severe
limits from direct detection experiments excludes most of the otherwise valid parameter space
as illustrated in Fig. 4.7. Only dark ma�er candidates with same–sign Higgsino components
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annihilating via the pseudoscalar mediator can avoid the direct detection constraints completely,
due to cancellations in the Higgs–neutralino coupling. For the annihilation intoWW only a
small region of parameter space remains, that will soon be tested by direct detection experiments.
�e annihilation into bb̄ is excluded and can only be recovered by an admixture of a wino
component. Again future direct detection experiments will soon test the remaining parameter
space for this channel.

Finally we establish the connection to colliders physics by the requirement of a dark ma�er
contribution to the invisible decay width of the Higgs boson. �is is only possible in the
extended NMSSM framework, because an e�cient annihilation of dark ma�er with mass below
63 GeV requires a light pseudoscalar, which is excluded in the MSSM. In the NMSSM we pro�t
in addition from the singlino component of the LSP to adjust its coupling to mediators. Fig. 5.4
illustrates the annihilation channels and the large invisible branching ratio that we can achieve
in agreement with relic density and respecting direct detection limits.

We have shown that we can combine results from direct detection, indirect detection and
collider searches, not only to constrain dark ma�er models, but also to motivate further LHC
searches for invisible Higgs decays.

Since the discovery of the Higgs boson the precise determination of its properties has been
one of the main objectives of LHC analyses. A question of particular interest is the possible
connection to BSM models as illustrated in our global NMSSM �t. In the absence of new
discoveries, the assumption that new physics might be hiding at higher scales allows us to
parametrize limits on Higgs couplings in terms of e�ective �eld theories. In the framework of the
linear e�ective Lagrangian the dimension–six operators relate the weak boson self–interaction
to the Higgs decays.

We present the �rst combination of the electroweak di–boson production channels from LHC
Run I parametrized in terms of the three relevant operators OB ,OW , and OWWW . In Fig. 6.4, we
show that the bounds obtained from our combination are a factor of 3-6 more precise than the
corresponding LEP bounds and will increase even further with the results of the current Run II.

�e combination of our results with the Higgs sector analysis [42, 262] leads to signi�cant
improvements in both analyses. Secondary solutions arising in the Higgs only analysis from the
undetermined sign of the Yukawa couplings are excluded and the precision of the bounds on the
Wilson coe�cients fB and fW increases roughly by a factor of 2 compared to the Higgs-only
analysis, as illustrated in Fig. 6.6. Respectively the precision has also increased with respect
to the TGV only analysis, in particular for the coe�cient related to OB . We conclude that the
results from the di–boson channels should be included in any EFT analysis of the Higgs sector.

Both analyses show the power of global �ts in narrowing down the parameter space for BSM
models. Moreover they allow us to combine complementary results from di�erent experiments
in a meaningful way. With new generations of direct detection experiments coming up and the
LHC collecting data from Run II, global �ts will play an important role in the search for new
physics.
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[56] M. Mühlleitner, A. Djouadi and Y. Mambrini, “SDECAY: A Fortran code for the decays
of the supersymmetric particles in the MSSM,” Comput. Phys. Commun. 168, 46 (2005)
[arXiv:hep-ph/0311167];

[57] A. Djouadi, M. M. Mühlleitner and M. Spira, “Decays of supersymmetric particles: �e
program SUSY-HIT (SUspect-SdecaY-Hdecay-InTerface),” Acta Phys. Polon. B 38, 635
(2007) [arXiv:hep-ph/0609292].

[58] S. Heinemeyer, W. Hollik, A. M. Weber and G. Weiglein, “Z Pole Observables in the MSSM,”
JHEP 0804, 039 (2008). [arXiv:0710.2972 [hep-ph]]. A. Weber, private communication.

[59] U. Ellwanger, J. F. Gunion and C. Hugonie, “NMHDECAY: A Fortran code for the
Higgs masses, couplings and decay widths in the NMSSM,” JHEP 0502, 066 (2005) [hep-
ph/0406215].

[60] U. Ellwanger and C. Hugonie, “NMHDECAY 2.0: An Updated program for sparticle masses,
Higgs masses, couplings and decay widths in the NMSSM,” Comput. Phys. Commun. 175,
290 (2006) [hep-ph/0508022].

[61] G. Belanger, F. Boudjema, C. Hugonie, A. Pukhov and A. Semenov, “Relic density of dark
ma�er in the NMSSM,” JCAP 0509, 001 (2005) [hep-ph/0505142].

[62] U. Ellwanger and C. Hugonie, “NMSPEC: A Fortran code for the sparticle and Higgs masses
in the NMSSM with GUT scale boundary conditions,” Comput. Phys. Commun. 177, 399
(2007) [hep-ph/0612134].

[63] G. Belanger, F. Boudjema, P. Brun, A. Pukhov, S. Rosier-Lees, P. Salati and A. Semenov,
“Indirect search for dark ma�er with micrOMEGAs2.4,” Comput. Phys. Commun. 182, 842
(2011) [arXiv:1004.1092 [hep-ph]].

[64] R. Brun and F. Rademakers, “ROOT: An object oriented data analysis framework,” Nucl.
Instrum. Meth. A 389, 81 (1997).

[65] F. Zwicky, “Die Rotverschiebung von extragalaktischen Nebeln,” Helv. Phys. Acta 6, 110
(1933) [Gen. Rel. Grav. 41, 207 (2009)].

[66] M. Bradac, S. W. Allen, T. Treu, H. Ebeling, R. Massey, R. G. Morris, A. von der Linden and
D. Applegate, “Revealing the properties of dark ma�er in the merging cluster MACSJ0025.4-
1222,” Astrophys. J. 687, 959 (2008) [arXiv:0806.2320 [astro-ph]].

[67] C. L. Benne� et al., “Cosmic temperature �uctuations from two years of COBE di�erential
microwave radiometers observations,” Astrophys. J. 436, 423 (1994) [astro-ph/9401012].

[68] D. N. Spergel et al. [WMAP Collaboration], “First year Wilkinson Microwave Anisotropy
Probe (WMAP) observations: Determination of cosmological parameters,” Astrophys. J.
Suppl. 148, 175 (2003) [astro-ph/0302209].

111

http://arxiv.org/abs/hep-ph/0311167
http://arxiv.org/abs/hep-ph/0609292
http://arxiv.org/abs/0710.2972
http://arxiv.org/abs/1004.1092
http://arxiv.org/abs/0806.2320


References

[69] V. Springel, “�e Cosmological simulation code GADGET-2,” Mon. Not. Roy. Astron. Soc.
364, 1105 (2005) [astro-ph/0505010].

[70] M. Milgrom, “A Modi�cation of the Newtonian dynamics as a possible alternative to the
hidden mass hypothesis,” Astrophys. J. 270, 365 (1983).

[71] H. Goldberg, “Constraint On �e Photino Mass From Cosmology,” Phys. Rev. Le�. 50, 1419
(1983); Erratum: [Phys. Rev. Le�. 103, 099905 (2009)].

[72] M. Drees and M. M. Nojiri, “�e Neutralino relic density in minimal N = 1 supergravity,”
Phys. Rev. D 47, 376 (1993) [arXiv:hep-ph/9207234];

[73] J. R. Ellis, J. S. Hagelin, D. V. Nanopoulos, K. A. Olive and M. Srednicki, “Supersymmetric
Relics From �e Big Bang,” Nucl. Phys. B 238, 453 (1984);

[74] G. Jungman, M. Kamionkowski and K. Griest, “Supersymmetric dark ma�er,” Phys. Rept.
267, 195 (1996) [arXiv:hep-ph/9506380];

[75] G. Bertone, D. Hooper and J. Silk, “Particle dark ma�er: Evidence, candidates and con-
straints,” Phys. Rept. 405, 279 (2005) [arXiv:hep-ph/0404175];

[76] S. Dodelson and L. M. Widrow, “Sterile-neutrinos as dark ma�er,” Phys. Rev. Le�. 72, 17
(1994) [arXiv:hep-ph/9303287].

[77] S. Weinberg, “A New Light Boson?,” Phys. Rev. Le�. 40, 223 (1978).

[78] F. Wilczek, “Problem of Strong p and t Invariance in the Presence of Instantons,” Phys. Rev.
Le�. 40, 279 (1978).

[79] H. P. Nilles, “Supersymmetry, Supergravity and Particle Physics,” Phys. Rept. 110, 1 (1984).

[80] E. W. Kolb, D. J. H. Chung and A. Rio�o, “WIMPzillas!,” In *Heidelberg 1998, Dark ma�er
in astrophysics and particle physics 1998* 592-614 [hep-ph/9810361].

[81] S. R. Coleman, “Q Balls,” Nucl. Phys. B 262, 263 (1985) Erratum: [Nucl. Phys. B 269, 744
(1986)].

[82] A. Kusenko and M. E. Shaposhnikov, “Supersymmetric Q balls as dark ma�er,” Phys. Le�.
B 418, 46 (1998) [hep-ph/9709492].

[83] G. D. Starkman, A. Gould, R. Esmailzadeh and S. Dimopoulos, “Opening the Window on
Strongly Interacting Dark Ma�er,” Phys. Rev. D 41, 3594 (1990).

[84] Y. Hochberg, E. Ku�ik, T. Volansky and J. G. Wacker, “Mechanism for �ermal Relic
Dark Ma�er of Strongly Interacting Massive Particles,” Phys. Rev. Le�. 113, 171301 (2014)
[arXiv:1402.5143 [hep-ph]].

112

http://arxiv.org/abs/hep-ph/9207234
http://arxiv.org/abs/hep-ph/9506380
http://arxiv.org/abs/hep-ph/0404175
http://arxiv.org/abs/hep-ph/9303287
http://arxiv.org/abs/1402.5143


References

[85] E. W. Kolb and M. S. Turner, “�e Early Universe,” Front. Phys. 69, 1 (1990).

[86] L. Goodenough and D. Hooper, “Possible Evidence For Dark Ma�er Annihilation In �e
Inner Milky Way From �e Fermi Gamma Ray Space Telescope,” arXiv:0910.2998 [hep-ph];

[87] D. Hooper and L. Goodenough, “Dark Ma�er Annihilation in �e Galactic Center As Seen
by the Fermi Gamma Ray Space Telescope,” Phys. Le�. B 697 (2011) 412 [arXiv:1010.2752
[hep-ph]].

[88] D. Hooper and T. Linden, “On �e Origin Of �e Gamma Rays From �e Galactic Center,”
Phys. Rev. D 84, 123005 (2011) [arXiv:1110.0006 [astro-ph.HE]];

[89] K. N. Abazajian and M. Kaplinghat, “Detection of a Gamma-Ray Source in the Galactic
Center Consistent with Extended Emission from Dark Ma�er Annihilation and Concen-
trated Astrophysical Emission,” Phys. Rev. D 86, 083511 (2012) Erratum: [Phys. Rev. D 87,
129902 (2013)]; [arXiv:1207.6047 [astro-ph.HE]];

[90] D. Hooper and T. R. Slatyer, “Two Emission Mechanisms in the Fermi Bubbles: A Possible
Signal of Annihilating Dark Ma�er,” Phys. Dark Univ. 2, 118 (2013) [arXiv:1302.6589
[astro-ph.HE]];

[91] C. Gordon and O. Macias, “Dark Ma�er and Pulsar Model Constraints from Galactic Center
Fermi-LAT Gamma Ray Observations,” Phys. Rev. D 88, no. 8, 083521 (2013) Erratum:
[Phys. Rev. D 89, no. 4, 049901 (2014)]; [arXiv:1306.5725 [astro-ph.HE]];

[92] W. C. Huang, A. Urbano and W. Xue, “Fermi Bubbles under Dark Ma�er Scrutiny. Part I:
Astrophysical Analysis,” arXiv:1307.6862 [hep-ph];

[93] T. Daylan, D. P. Finkbeiner, D. Hooper, T. Linden, S. K. N. Portillo, N. L. Rodd and
T. R. Slatyer, “�e characterization of the gamma-ray signal from the central Milky Way:
A case for annihilating dark ma�er,” Phys. Dark Univ. 12, 1 (2016) [arXiv:1402.6703 [astro-
ph.HE]];

[94] K. N. Abazajian, N. Canac, S. Horiuchi and M. Kaplinghat, “Astrophysical and Dark Ma�er
Interpretations of Extended Gamma-Ray Emission from the Galactic Center,” Phys. Rev. D
90, no. 2, 023526 (2014) [arXiv:1402.4090 [astro-ph.HE]];

[95] A. Alves, S. Profumo, F. S. �eiroz and W. Shepherd, “E�ective �eld theory approach to the
Galactic Center gamma-ray excess,” Phys. Rev. D 90, no. 11, 115003 (2014) [arXiv:1403.5027
[hep-ph]].

[96] B. Zhou, Y. F. Liang, X. Huang, X. Li, Y. Z. Fan, L. Feng and J. Chang, “GeV excess in the
Milky Way: �e role of di�use galactic gamma-ray emission templates,” Phys. Rev. D 91,
no. 12, 123010 (2015) [arXiv:1406.6948 [astro-ph.HE]];

113

http://arxiv.org/abs/0910.2998
http://arxiv.org/abs/1010.2752
http://arxiv.org/abs/1110.0006
http://arxiv.org/abs/1207.6047
http://arxiv.org/abs/1302.6589
http://arxiv.org/abs/1306.5725
http://arxiv.org/abs/1307.6862
http://arxiv.org/abs/1402.6703
http://arxiv.org/abs/1402.4090
http://arxiv.org/abs/1403.5027
http://arxiv.org/abs/1406.6948


References

[97] F. Calore, I. Cholis and C. Weniger, “Background Model Systematics for the Fermi GeV
Excess,” JCAP 1503, 038 (2015) [arXiv:1409.0042 [astro-ph.CO]];

[98] K. N. Abazajian, N. Canac, S. Horiuchi, M. Kaplinghat and A. Kwa, “Discovery of a New
Galactic Center Excess Consistent with Upsca�ered Starlight,” JCAP 1507, no. 07, 013
(2015) [arXiv:1410.6168 [astro-ph.HE]];

[99] E. Carlson, T. Linden and S. Profumo, “Improved Cosmic-Ray Injection Models and the
Galactic Center Gamma-Ray Excess,” Phys. Rev. D 94, no. 6, 063504 (2016) [arXiv:1603.06584
[astro-ph.HE]].

[100] F. Calore, I. Cholis, C. McCabe and C. Weniger, “A Tale of Tails: Dark Ma�er Interpreta-
tions of the Fermi GeV Excess in Light of Background Model Systematics,” Phys. Rev. D
91, no. 6, 063003 (2015) [arXiv:1411.4647 [hep-ph]].

[101] I. Cholis, C. Evoli, F. Calore, T. Linden, C. Weniger and D. Hooper, “�e Galactic Center
GeV Excess from a Series of Leptonic Cosmic-Ray Outbursts,” JCAP 1512, no. 12, 005
(2015) [arXiv:1506.05119 [astro-ph.HE]].

[102] D. Hooper, I. Cholis, T. Linden, J. Siegal-Gaskins and T. Slatyer, “Pulsars Cannot Account
for the Inner Galaxy’s GeV Excess,” Phys. Rev. D 88, 083009 (2013) [arXiv:1305.0830 [astro-
ph.HE]];

[103] E. Carlson and S. Profumo, “Cosmic Ray Protons in the Inner Galaxy and the Galactic
Center Gamma-Ray Excess,” Phys. Rev. D 90, no. 2, 023015 (2014) [arXiv:1405.7685 [astro-
ph.HE]];

[104] J. Petrovic, P. D. Serpico and G. Zaharijas, “Galactic Center gamma-ray ”excess” from
an active past of the Galactic Centre?,” JCAP 1410, no. 10, 052 (2014) [arXiv:1405.7928
[astro-ph.HE]];

[105] I. Cholis, D. Hooper and T. Linden, “Challenges in Explaining the Galactic Center Gamma-
Ray Excess with Millisecond Pulsars,” JCAP 1506, no. 06, 043 (2015) [arXiv:1407.5625
[astro-ph.HE]];

[106] O. Macias, C. Gordon, R. M. Crocker, B. Coleman, D. Paterson, S. Horiuchi and
M. Pohl, “Discovery of Gamma-Ray Emission from the X-shaped Bulge of the Milky
Way,” arXiv:1611.06644 [astro-ph.HE].

[107] S. K. Lee, M. Lisanti and B. R. Safdi, “Distinguishing Dark Ma�er from Unresolved
Point Sources in the Inner Galaxy with Photon Statistics,” JCAP 1505 (2015) no.05, 056
[arXiv:1412.6099 [astro-ph.CO]];

[108] R. Bartels, S. Krishnamurthy and C. Weniger, “Strong support for the millisecond pulsar
origin of the Galactic center GeV excess,” Phys. Rev. Le�. 116, no. 5, 051102 (2016)
[arXiv:1506.05104 [astro-ph.HE]];

114

http://arxiv.org/abs/1409.0042
http://arxiv.org/abs/1410.6168
http://arxiv.org/abs/1603.06584
http://arxiv.org/abs/1411.4647
http://arxiv.org/abs/1506.05119
http://arxiv.org/abs/1305.0830
http://arxiv.org/abs/1405.7685
http://arxiv.org/abs/1405.7928
http://arxiv.org/abs/1407.5625
http://arxiv.org/abs/1611.06644
http://arxiv.org/abs/1412.6099
http://arxiv.org/abs/1506.05104


References

[109] S. K. Lee, M. Lisanti, B. R. Safdi, T. R. Slatyer and W. Xue, “Evidence for Unresolved
γ -Ray Point Sources in the Inner Galaxy,” Phys. Rev. Le�. 116, no. 5, 051103 (2016)
[arXiv:1506.05124 [astro-ph.HE]];

[110] S. D. McDermo�, P. J. Fox, I. Cholis and S. K. Lee, “Wavelet-Based Techniques for the
Gamma-Ray Sky,” JCAP 1607, no. 07, 045 (2016) [arXiv:1512.00012 [astro-ph.HE]].

[111] S. Horiuchi, M. Kaplinghat and A. Kwa, “Investigating the Uniformity of the Ex-
cess Gamma rays towards the Galactic Center Region,” JCAP 1611, no. 11, 053 (2016)
[arXiv:1604.01402 [astro-ph.HE]].

[112] A. Achterberg, S. Amoroso, S. Caron, L. Hendriks, R. Ruiz de Austri and C. Weniger, “A
description of the Galactic Center excess in the Minimal Supersymmetric Standard Model,”
JCAP 1508, no. 08, 006 (2015) [arXiv:1502.05703 [hep-ph]].

[113] G. Bertone, F. Calore, S. Caron, R. Ruiz, J. S. Kim, R. Tro�a and C. Weniger, “Global
analysis of the pMSSM in light of the Fermi GeV excess: prospects for the LHC Run-II and
astroparticle experiments,” JCAP 1604, no. 04, 037 (2016) [arXiv:1507.07008 [hep-ph]].

[114] M. Ackermann et al. [Fermi-LAT Collaboration], “�e Fermi Large Area Telescope On
Orbit: Event Classi�cation, Instrument Response Functions, and Calibration,” Astrophys. J.
Suppl. 203 (2012) 4 [arXiv:1206.1896 [astro-ph.IM]].

[115] J. F. Navarro, C. S. Frenk and S. D. M. White, “�e Structure of cold dark ma�er halos,”
Astrophys. J. 462, 563 (1996) [astro-ph/9508025].

[116] K. N. Abazajian and R. E. Keeley, “Bright gamma-ray Galactic Center excess and dark
dwarfs: Strong tension for dark ma�er annihilation despite Milky Way halo pro�le and
di�use emission uncertainties,” Phys. Rev. D 93, no. 8, 083514 (2016) [arXiv:1510.06424
[hep-ph]].

[117] U. Ellwanger, C. Hugonie and A. M. Teixeira, “�e Next-to-Minimal Supersymmetric
Standard Model,” Phys. Rept. 496, 1 (2010) [arXiv:0910.1785 [hep-ph]].

[118] S. R. Coleman and J. Mandula, “All Possible Symmetries of the S Matrix,” Phys. Rev. 159,
1251 (1967).

[119] D. Tucker-Smith and N. Weiner, “�e Status of inelastic dark ma�er,” Phys. Rev. D 72,
063509 (2005) [hep-ph/0402065].

[120] A. Heister et al. [ALEPH Collaboration], “Search for scalar leptons in e+ e- collisions
at center-of-mass energies up to 209-GeV,” Phys. Le�. B 526, 206 (2002) [arXiv:hep-
ex/0112011].

115

http://arxiv.org/abs/1506.05124
http://arxiv.org/abs/1512.00012
http://arxiv.org/abs/1604.01402
http://arxiv.org/abs/1502.05703
http://arxiv.org/abs/1507.07008
http://arxiv.org/abs/1206.1896
http://arxiv.org/abs/1510.06424
http://arxiv.org/abs/0910.1785
http://arxiv.org/abs/hep-ex/0112011
http://arxiv.org/abs/hep-ex/0112011


References

[121] A. Heister et al. [ALEPH Collaboration], “Absolute mass lower limit for the lightest
neutralino of the MSSM from e+ e- data at s**(1/2) up to 209-GeV,” Phys. Le�. B 583, 247
(2004).

[122] J. Abdallah et al. [DELPHI Collaboration], “Searches for supersymmetric particles in e+ e-
collisions up to 208-GeV and interpretation of the results within the MSSM,” Eur. Phys. J.
C 31, 421 (2003) [arXiv:hep-ex/0311019].

[123] P. Achard et al. [L3 Collaboration], “Search for scalar leptons and scalar quarks at LEP,”
Phys. Le�. B 580, 37 (2004) [arXiv:hep-ex/0310007].

[124] G. Abbiendi et al. [OPAL Collaboration], “Search for anomalous production of dilepton
events with missing transverse momentum in e+ e- collisions at s**(1/2) = 183-Gev to
209-GeV,” Eur. Phys. J. C 32, 453 (2004) [arXiv:hep-ex/0309014].

[125] A. Heister et al. [ALEPH Collaboration], “Search for scalar quarks in e+e− collisions at
√
s up to 209-GeV,” Phys. Le�. B 537, 5 (2002) [arXiv:hep-ex/0204036].

[126] G. Abbiendi et al. [OPAL Collaboration], “Search for scalar top and scalar bo�om quarks
at LEP,” Phys. Le�. B 545, 272 (2002) Erratum: [Phys. Le�. B 548, 258 (2002)] [arXiv:hep-
ex/0209026].

[127] A. Heister et al. [ALEPH Collaboration], “Search for charginos nearly mass degenerate
with the lightest neutralino in e+ e- collisions at center-of-mass energies up to 209-GeV,”
Phys. Le�. B 533, 223 (2002) [arXiv:hep-ex/0203020].

[128] M. Acciarri et al. [L3 Collaboration], “Searches for scalar quarks in e+e− interactions at√
S = 189-GeV,” Phys. Le�. B 471, 308 (1999) [arXiv:hep-ex/9910020].

[129] M. Maniatis, “�e Next-to-Minimal Supersymmetric extension of the Standard Model
reviewed,” Int. J. Mod. Phys. A 25, 3505 (2010) [arXiv::0906.0777 [hep-ph]].

[130] J. R. Ellis, J. F. Gunion, H. E. Haber, L. Roszkowski and F. Zwirner, “Higgs Bosons in a
Nonminimal Supersymmetric Model,” Phys. Rev. D 39, 844 (1989).

[131] M. Drees, “Supersymmetric Models with Extended Higgs Sector,” Int. J. Mod. Phys. A 4,
3635 (1989).

[132] J. R. Espinosa and M. �iros, “On Higgs boson masses in nonminimal supersymmetric
standard models,” Phys. Le�. B 279, 92 (1992).

[133] U. Ellwanger, M. Rausch de Traubenberg and C. A. Savoy, “Particle spectrum in super-
symmetric models with a gauge singlet,” Phys. Le�. B 315, 331 (1993) [hep-ph/9307322].

116

http://arxiv.org/abs/hep-ex/0311019
http://arxiv.org/abs/hep-ex/0310007
http://arxiv.org/abs/hep-ex/0309014
http://arxiv.org/abs/hep-ex/0204036
http://arxiv.org/abs/hep-ex/0209026
http://arxiv.org/abs/hep-ex/0209026
http://arxiv.org/abs/hep-ex/0203020
http://arxiv.org/abs/hep-ex/9910020
http://arxiv.org/abs/:


References

[134] for general aspects of the singlet/singlino in the NMSSM see e. g. U. Ellwanger and
C. Hugonie, “Neutralino cascades in the (M+1)SSM,” Eur. Phys. J. C 5, 723 (1998) [hep-
ph/9712300].

[135] A. Dedes, C. Hugonie, S. More�i and K. Tamvakis, “Phenomenology of a new minimal
supersymmetric extension of the standard model,” Phys. Rev. D 63, 055009 (2001) [hep-
ph/0009125].

[136] S. Y. Choi, D. J. Miller and P. M. Zerwas, “�e Neutralino sector of the next-to-minimal
supersymmetric standard model,” Nucl. Phys. B 711, 83 (2005) [hep-ph/0407209].

[137] V. Barger, P. Langacker and G. Shaughnessy, “Neutralino signatures of the singlet extended
MSSM,” Phys. Le�. B 644, 361 (2007) [hep-ph/0609068].

[138] K. Cheung and T. J. Hou, “Light Pseudoscalar Higgs boson in Neutralino Decays in
the Next-to-Minimal Supersymmetric Standard Model,” Phys. Le�. B 674, 54 (2009)
[arXiv:0809.1122 [hep-ph]].

[139] O. Stal and G. Weiglein, “Light NMSSM Higgs bosons in SUSY cascade decays at the LHC,”
JHEP 1201, 071 (2012) [arXiv:1108.0595 [hep-ph]].

[140] D. G. Cerdeño, P. Ghosh, C. B. Park and M. Peiró, “Collider signatures of a light NMSSM
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