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1. Introduction

Since the discovery of the Higgs boson [I] the particle physics Standard Model is
complete in its particle content. The Standard model is a very successful theory
[2] that describes the elementary particles and their interactions. For the reader’s
convenience, we briefly review the SM, and motivate theories beyond the SM, namely
the complex singlet scalar extension.

The Standard Model has two types of particles, fermions and bosons. The
bosons have integer spin and the fermions half integer spin. The fermions are com-
monly divided into two subgroups, leptons and quarks. The leptons, in a doublet

representation, are written as
Ve vy, Uy

where, e and v, are the electron and the electron neutrino, p and v, are the muon and
muon neutrino, and 7 and v, are the tau and tau neutrino, respectively. Similarly
we can write the quarks in the doublet representation as

9.0

where u, d, ¢, s, t and b are the up, down, charm, strange, top and bottom quarks,
respectively. The three lepton and quark doublets could also be referred to as three
generations of leptons/quarks and have increasing mass compared to the same type
of particle in the previous generation. As an example the top quark (3rd generation)
is far heavier than the charm quark (2nd generation). The neutrino masses are still
undetermined [3] but it has been shown that they have mass.

The Standard model is defined by an action. This action is a d-dimensional
spacetime integral over the Lagrangian. We only consider four dimensional theories
in this thesis. For a simple example we consider the free complex massive scalar
field

Sscalar - /d4x£scalar = /d43j [a,u(b*augé - m2¢*¢} . (13)

Free in this context means no interactions are present. The Lagrangian in eq[l.3
describes a spin 0 particle. The Lagrangian describing higher integer spin particles
is a bit more complicated. The free fermions are described by the Dirac equation

£fermions = W;V“ /ﬂvb - m@/;¢ (14)
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where v, are the gamma matrices. However an explicit mass term as in is not
allowed in the Standard Model due to the Standard model gauge invariance, but we
will return to the fermion mass terms later.

Physical theories are usually invariant under certain transformations. For ex-
ample the scalar field Lagrangian in eq[T.3] describing relativistic particles, is Lorentz
invariant. It is also invariant under global phase transformation

b — ¢ = e, (1.5)

We therefore impose symmetries on our theory and demand the action remain in-
variant under these transforms. The Lagrangian in eq[I.3]is not invariant under the
transformation in eq[L.5 when the parameter « is position dependant, a(z), since
the derivative term in eq leaves behind a contribution proportional to o< d,a(x).
To remain locally phase invariant we need to introduce the covariant derivative D,
as

D, =0, +1iqA, (1.6)
where the newly introduced gaugefield A, transforms as
Ay — A, = A, —0ua(x) (1.7)

to cancel the extra term produced by the derivative of the transformation parameter.
The locally phase invariant scalar field action is then

Secutar = [ d'x[D;0" D6 — ") (18)

with new interactions oc ¢*¢A, A*. The same line of reasoning can be used when
constructing the Standard Model Lagrangian which is symmetric under the gauge

group
SU(3). x SU(2);, x U(1)y (1.9)

where SU(3). is the symmetry group of strong interactions and SU(2), x U(1)y is
the symmetry group of electroweak interactions.

These gauge groups have an associated representation for the particles, for
example the SU(2), gauge group is a 2 X 2 complex unitary group whose generators
are 2 x 2 complex matrices obeying Lie algebra. Therefore particles that are SU(2),
symmetric have a fundamental representation as a doublet, like the ones displayed in
[I.1} A singlet scalar is then a field that transforms trivially under the gauge group
of the Standard Model. The model we introduce in the next chapter is a singlet
under all Standard model gauge groups.

All these gauge groups have mediator particles that convey the interaction
between particles. For QCD this particle is a gluon, for electroweak theory we have
the spin-1 massive W* and Z-bosons and the massless photon, denoted by +.

Unlike gauge bosons, for the Higgs we also have a SU(2), x U(1)y invariant
potential. This potential is in the Standard model of the form

1 1
Viiggs = —§M2HTH - ZA(HTH)2 (1.10)
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that has a minimum when
12
(H'H) = <= v? (1.11)

and is defined as the Vacuum expectation value (VEV) of the Higgs field. This
VEV spontaneously breaks the SU(2), x U(1)y symmetry to the U(1)gs, so at this
minimum the theory is no longer SU(2),, invariant. It is through this spontaneous
symmetry breaking and the Yukawa interaction

EYukawa = YfQZHw + h.c. s (112)

where h.c. denotes hermitian conjugate, that the fermions acquire mass in the Stan-
dard model. This can be understood if we expand the Higgs field in its real degrees
of freedom in unitary gauge

;5 <h30>. (1.13)

We then get a term Yfmﬁw that is a fermion mass term similar to the one in

However even for the success of the Standard model there are still phenomena
that it fails to explain. One of these is the existence of dark matter. This matter
has only been observed through indirect means like gravitational lensing and the
rotation curves of galaxies. Another question is if the potential is stable or
does it develop additional lower energy minima at some high energy. These are
all questions the complex singlet extension will attempt to answer and complement
the Standard model without needing exotic theories like Supersymmetry or String
theory.



2. The model

The complex singlet extension of the Higgs is one of the simplest extensions of
the Higgs sector. The extended sector consists of the Standard Model like Higgs
and a additional complex singlet with two real degrees of freedom. Therefore the
Lagrangian for the scalar sector is

L = (D,H) (D"H) + (8,5)(9"S*) — V(H, S), (2.1)

with H the Higgs doublet and S the Singlet. The D, is the covariant derivative.
The general renormalizable global U(1) symmetric potential V' (H,S) is

1 1 1
V(H,S)=— §M2HTH + §A1(HTH)(HTH) — 5M§\S|2 + Asu|SHHTH)  (2.2)

1

—Xs|S|*.
+ 7 s|S]
If the singlet acquires a VEV the U(1)-symmetry is spontaneously broken. This
results in a massless Goldstone boson[4] being present in the particle spectrum.
Since this is a phenomenologically disfavored situation we introduce an explicit soft
U(1)-breaking term to the potential

12

Viope = — %52 + hec. (2.3)

in order to have a massive pseudo-Goldstone boson. Through a phase redefinition
of the singlet soft mass term one can always have a real mass parameter. Therefore
the potential we shall consider is henceforth

V, = V(H,8) + Vioge. (2.4)

In this potential the U(1)-symmetry is broken to Zy by the VEVs we introduce
later. The CP-odd component of the complex singlet is only ever pair produced so
no decay channels exist. Later we shall put additional constraints on the theory.
For the model to correspond to measurements of the W+ and Z-boson masses
we require the H-field VEV to be nonzero. Furthermore we also consider the case
when the additional scalar VEV is nonzero. We calculate the stationary points for
the potential by treating H'H and S*S as separate variables. Taking the derivative

bt
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and solving for both H'H and S*S gives

Asp? = Asu (M3 +p?) _

HH) = = 2.5
< > 2A1>\S _ 2)\%1{ v ? ( )
M(ME + %) = Asap® _ s

*S) = = 2.

<S S) 2)\1AS_2A%H Us? ( 6)
which we define as the VEVs for the respective fields.
Using the definition in [2.6] we expand the singlet around the VEV
1

S —S=—(¢+iSpm +vs), (2.7)

V2

to obtain the CP-even term ¢ and the CP-odd term Spj; which will become our
dark matter candidate. The particle Spys is the pseudo-Goldstone boson. We also
need to expand the gauge eigenstate H in terms of its VEV v. We rotate the H
to the unitary gauge and expanding the H in terms of the field h and the VEV,
since we have rotated away the three additional degrees of freedom in the doublet
H. The additional degrees of freedom are in the W= and Z-bosons as longitudinal
polarizations. The H field is then written as

H:%(hiv). (2.8)

The scalar potential is now in the gauge eigenstate basis (h, ¢), but these are
not the physical states, therefore we now consider the mixing of the two scalars.
The two scalars mix in terms of gauge eigenstates to form mass eigenstates. The
mixing can be inferred from the scalar potential and the masses written in matrix
form. The M?Z-matrix must therefore be diagonalized to get the physical (mass-)
eigenstates for the model.

The mass matrix can be obtained by expanding the potential in terms of
the fields and the VEVs. The terms proportional to 1/2h?% 1/2¢* and h¢ are then
elements of the mass matrix for the CP-even fields.

The mass matrix in the gauge eigenstate basis is

2
M} = ( At Asions ) , (2.9)

2
ASHUVs — AgUs

which has the off diagonal terms Aggzvvs. This can then be diagonalized by the
orthogonal transformation

M2 = (2T Mz (2.10)

diag —

to obtain the mass eigenstates. The orthogonal transformation matrix Z has the

form
H cosf sind
20 = ( —sinf cosf )’ (2.11)



and the mixing angle 6 satisfies

2AH5VV,

tan 20 = ———. 2.12
an Asv2 — Ajv? (2.12)
The eigenvalues of the mass matrix are
1 Asv? — A\v?
2 2 2 SV 1
=—(A Agvs — ———— 2.13
mhl 2 ( 1V + Svs CcOS 20 ) ) ( )
1 Agv? — \v?
2 2 2 5V 1
=—(A A — 2.14
mi, 2( 107+ Asty + ) (2.14)

corresponding to the two physical mass eigenstates h; and hs. We also have a
third mass eigenstate in the spectrum, the Spy,-state. The mass of this particle is
mg, . = ©'? and it does not mix with the h; and hs states. We identify h; with
the Standard model-like scalar with a mass m;,, = 125GeV. The physical states are
therefore mixed states of the gauge eigenstates. The mass eigenstates in terms of

the gauge eigenstates are

hy =hcosf — ¢sind (2.15)
he =¢ cosf + hsinf. (2.16)
At the electroweak symmetry breaking scale we impose the constraint
MAs — Ay >0 (2.17)
As,; A1 >0 (2.18)

since the mass matrix is a Hessian and we demand the determinant to be positive
definite at electroweak scale. Imposing and from 2.5 and [2.6] we obtain that
the stationary points are local minima of the potential if

Asp? = Mg (M2 4 1?) > 0, (2.19)
M (MZ 4 1) — Asp® > 0. (2.20)

This local minimum exists even at loop level if radiative corrections are small.
After calculating the eigenvalues of the mass matrix we consider the free pa-
rameters of the model. In the Lagrangian we have

:u27 ,ul27 Mg'a )‘1a )‘Sa /\SH (221)

corresponding to the masses and the gauge eigenstate couplings. Further we impose
the condition that mj,, = 125GeV to correspond to the 2012 scalar discovery [1].
Also we require v = 246GeV to have correct gauge boson masses. These constraints
leave only four free parameters, which we will choose to be

my,, Us, 0, msp,,. (2.22)
We will use these parameters when we calculate some processes in later chapters.
However when we do computer analysis of the model to calculate relic density these
parameters will not be used since the packages only use Lagrangian parameters.



3. Couplings and select processes

We shall now consider a few select processes in order to illustrate the deviation from
the Standard Model. In general the phenomenology of the complex singlet extension
resembles that of the Standard Model. We will consider the dark matter interactions
with matter in order to show that it is naturally suppressed.

From the previous considerations it is first important to convert the Lagrangian
parameters to the new parameters introduced in the model. This will however not
work for SARAH[5] and SPheno[6] and by extension micrOmegas|7] since they work
with Lagrangian parameters. After electroweak symmetry breaking the couplings
can be expressed in terms of parameters related to the mass eigenstates instead of the
gauge eigenstate parameters we begun with. The scalar potential after electroweak
symmetry breaking in terms of mass eigenstates is too long to display here so only
relevant terms are considered in this chapter.

The couplings A\, Ag and Agy can be rewritten in terms of the chosen pa-
rameters: mp,, 0, @2, v,. From the definition of the masses and using , the
couplings can be written as

2 2

M, 2 Mhy o2
A = Uzl cos”(0) + v22 sin®(6) (3.1)
2 2
_ mp, 2 My, . 9
Ag = U—gcos 0) + o2 sin”(6) (3.2)
Mhy — M,

with the detailed derivation in [A2]

Figure 3.1: The trilinear scalar interaction (left). The dark matter - scalar interaction (right).
All Feynman diagrams are drawn with FeynMF[g].

Four important vertices are the trilinear scalar interaction, scalar dark matter,
the scalar-fermion and the scalar-gauge boson interactions. First the trilinear scalar
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Figure 3.2: The scalar interaction with fermions (left). The scalar gauge boson interaction (right).

interaction has three contributions, the quartic singlet operator, the Higgs quartic
operator and the portal. The coupling of the scalars can be obtained by taking
the Lagrangian and writing it in terms of mass eigenstates after spontaneous
symmetry breaking. After the Lagrangian is expanded in terms of mass eigenstate
we find terms proportional to hihihy and hihohs. The obtained couplings can be
simplified using and the masses. We parametrize the interactions as

v . Vg
Etm‘linear = —5 S11 9)\h2h1h1 h%hg — 5 COS 0)\h2h2h1h%h1; (34)

then coupling for hohihy is found to be given by the expressions

1
2 2 2 2
Aoy hy =5 (thlvs cos” 0 + mj, v, cos” 0
S

+2mj, v cos@sinf + mj_ v cosf sin 9) (3.5)

and for hih3 it is

1
2 2 2 2
Ahshohy = (th2vs sin® 0 + my, v, sin” 0
S

—2mj_vcosfsinf —mj vcosfsin 9) . (3.6)

If we let the heavier scalar eigenstate to have a mass greater than two of the
lighter scalars then a new decay channel for the heavier mass eigenstate is introduced
since it is kinematically allowed. This is gives a unique signal that could be verified
experimentally in the form of four b-jet events or hy — (h*h?) — bbrtr -decays.
Examples of these processes are displayed in figure |3.3|

Figure 3.3: The heavier scalar decay to four b-jets (left), bb and 77 (right)
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The heavy scalar to Standard model-like Higgs decay width can be calculated
from the trilinear couplings and is given by

12 sin? ON2 Jmi —4m?
T'(hy — hihy) = fell Y he I (3.7)

32mmj,

where the coupling Ap,p,p, is given by [3.5] The decay of the heavier scalar through
the lighter mass eigenstate to fermions is naturally dependent on the scalar-fermion
interaction. Since in this scalar extension the additional scalar gauge eigenstate
does not couple to the fermionic sector directly due to gauge invariance, the Yukawa
interaction is only rotated to the mass eigenstates by H — hycos@ + hysinf. The
Yukawa interaction

£Yukawa = _Yf COS fohl - Yfff_hg sinf + h.c. (38)

then has contributions from both mass eigenstates. The additional mass eigenstate
coupling to fermions is suppressed by sin #. The fermion masses are still at tree level
my = Yrv but the Yukawa coupling measurements have a mixing angle dependence.
The SM-like Higgs decay to fermions is then the same as in the SM

I'=Ccos’6

2m2m 4m>
g M [1— f] (3.9)

2 2
16mmyi;, M,

but with a small suppression of cos?f. The constant C' is the color factor, C = 1
for leptons and C' = 3 for quarks. We also have a identical process for the hy but
suppressed by sin? . While at tree level the fermion masses are unchanged at loop
level the masses get corrections from both scalars [9], but this analysis is beyond
the scope of this thesis.

The gauge boson couplings follow a similar pattern and the same reasoning as
in the Yukawa couplings can be applied here. The W¥ couplings are

1
IW.hy 25921) cos 0 (3.10)
1, .
9Whe =59 vsin 6 (3.11)
and the Z-boson couplings are
1 5 7 . 2
9Zh, :§v( 29 sin Oy + g cos Oy )” cos (3.12)
1 5 /] . 2 .
9Z.hs 25"0( 59 sin Ow + g cos Oy )~ sin 6. (3.13)

We will calculate loop corrections from hy to the gauge boson masses later in this
thesis.

Having introduced the coupling of the scalars to the matter sector attention
can now be given to the dark matter candidate Spj; and its detectability. Since the
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Figure 3.4: The direct detection Feynman diagram. At tree level it is a t-channel process
mediated by one of the two scalars. The Yukawa coupling and the DM coupling indices relate to
the mediated scalar.

dark matter candidate Spj; does not couple directly to the visible sector but only
through the scalars hy/; the lowest order diagram corresponding to direct detection
is the t-channel diagram(3.4]

The coupling of Spys to the scalars hy/, is obtained from the Lagrangian by
writing the gauge eigenstates in terms of the mass eigenstates. The couplings can
then be rewritten using expressions [3.1)3.2] and 3.3} We parametrize the scalar-dark
matter couplings as

1 1
LM —scalar = §U5)\PMS%M]11 + §USA2DMSI2)M]12, (314)

and the couplings are then given by

2

APM :% sin 0 (3.15)
2

AOM — m—gz cos 0. (3.16)
v

S

With these expressions the amplitude corresponding to can be expressed by

m?2 m2 \? 1
M|?  sin® 6 cos* @ L 2 (—t+2m2) 3.17

M t—m? t—m3 2 ! ( )
which vanishes as t — 0, giving a natural suppression of the direct detection rates for
this model. It can therefore be concluded that the cross section of the dark matter
candidate colliding with a nucleon is very small and therefore the direct detection
rate is highly suppressed at small transferred momentum.



4. Experimental constraints

In this section we consider the consequences of the scalars mixing on the electroweak
precision observables (EWPO) and the Higgs searches leading up to the discovery in
2012. The experiments provide constraints on the allowed parameters of the model.
We will first consider corrections to the electroweak precision observables. These
observables are measurements commonly used to constrain new models[I0]. The
EWPO were used even before the Higgs was discovered to constrain the allowed
mass of the then undiscovered scalar.

We then consider constraints from the Higgs searches and the Higgs coupling
measurements. Since the LHC had been searching for a scalar particle since its
completion it is expected that some parameters are already ruled out by old experi-
ments. We will see that at low mass ranges for the second scalar the Higgs searches
and coupling measurements are the constraining factor. At high masses the EWPO
provide the most stringent bounds.

4.1 EWPO

In the portal model corrections to electroweak theory enter at one loop level and
come from modified couplings of the scalars to gauge bosons and different loop dia-
grams involving the two CP-even scalars. Some relevant loop diagrams are shown in
fig/f.1] These new loops shift the couplings and gauge boson masses and we there-
fore need to compare the prediction of the complex singlet model to the accurately
measured values of the electroweak theory in order to find the resulting bounds on
the model parameters.

-=a

7/
h;! \
(3] | h’l
\

AnANANAANAAAANAAAAANA
o2y e N

Figure 4.1: Examples of the gauge boson propagator loop corrections involving the scalar fields.
Left: The quartic boson-scalar coupling loop. Right: The loop correction with trilinear couplings.

At one loop level, corrections involving the photon are zero. Calculating the

12
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loop contributions to the gauge boson propagator gives

m2 sin20 (m?2 —m? /1
My (p?) =—% ho h ( 1) 4.1
oMy (p) 4m20? ( 4 € - (4.1)

1 A 1 A
+/0 dx [m%/ - 22] log Ay —/0 dx [m%, - 21] log A1> , (4.2)

A; is defined by A; = ami + (1 — z)mi — p*x(1 — x) for the scalar h; and the
gauge boson V. In A; the integration is done over the Feynman parameter x. The
divergent part 1/e cancels in all physical observables and is not important for this
study. This correction to the propagator modifies the masses of the gauge bosons
but also the effective couplings of electroweak theory. The effective electroweak
couplings can be expressed as [11], [12]:

[ 2 2
eff gr. + 9y 3 2
95z = - (Tf - Qf%ff) ) (4.3)
\/1 — Oy (M)

9y <1 _ gLéHWZ(?#Z)) (4.4)

91 + gv gymy, ’
eff gL

9w’ = (4.5)
" \/1 - 5H/WW(m%V)

gr, and gy being the SU(2), and U(1) gauge couplings respectively. The parameter
s2;y is defined from

2
Seff =

Apn = B S~ Sy (4.6)
(3 = seps)? + gy

Arp being the forward-backward asymmetry for a fermion. With the effective cou-
plings some electroweak processes can be written in compact form. In this case the
two interesting processes are the Z and W decay widths to fermions. With the
effective couplings the decay widths are

N7 = ) = L2y (4.7
D7) = M gl (1.9

Turning now to the coupling corrections, relying on [11] the corrections are calculated
to be

511 STI 2 2611 (0
Sqr, = . gL . <2 WZV(O) — 9 cos? Oy Zzgmz) i 9y ’w( )) ’ (4.9)
T — gy ) v 2
gy = 5 gy . (_ 29)2/51_2[W2W(0) + 2sin By 5HZZ§m2Z) . 9%611277(0) o 9%51_[77(0)) :
L — 9y grv v v 2
(4.10)
Sv = M (4.11)
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With these corrections the shifts in electroweak results can be calculated to see
if experimental data agrees with the extension. To simplify the calculations only
leading order terms in Il are considered, also noteworthy is that in this model
011, are zero. The loop corrections are modified from the Standard model case, and
it is therefore imperative to compare the predicted EWPO to the measured ones.
If the additional contributions cause the predicted value to deviate from measured
ones the model is discarded. This is done by comparing the predicted quantity to
the measured one using a y2-distribution

X ((may),sinb;) = > (OF - Oféﬁ:;';”’ sin6)) (4.12)

i

where O¢® is the experimentally measured value, o¢” its error and O!" the predicted
value. By minimizing the y? distribution we can exclude regions by satisfying

X (i), sin ) — min. [x*((my,), sin 0)] < 3.84 (4.13)

giving a 95% confidence interval for the parameters. These constraints can then be
plotted in a contour plot to show the excluded regions.

A simple method of estimating the excluded regions is by using Peskin-Takeuchi
S, T and U parameters [I3]. The relevant parameters are S and T, which are given
in this model by

1 2 9y 11,
g 67 cos g;/v ZZ(O)7 (4.14)
4 (o011 SIT,
T = ?7; ( ;VlgV(O) - ;ZQ(O)> _ (4.15)
w Z

If mp, > my, these simplify to

sin’ 4

S =

M, . 3sin*4 M,

T~ — 1
MS 87 cos? HW o8 MT

log (4.16)

for My =~ 211GeV and Mg =~ 81GeV. The limits from the oblique parameters can
be calculated [14] using

A A

(rp)i=a"C7la, 2" = (S = 8,7, - T,U, - U). (4.17)

Assuming U = 0 the covariance matrix C' is

[ 81 5733 o [ TI819  —840.28
C‘(5.733 4.9 >><1o = ¢ _<—840.28 1187.2 ) (4.18)

and S = 0.06,7 = 0.10 [I5]. We then require x%; < 8.025 to be within 20 of the
measured values. These parameters give a good indication for heavy scalars but
the analysis contained within [I1] is more comprehensive and is valid for all scalar
mass ranges. However the ST and U parameters are a quick way to probe large
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X" 2-values for sin © and the second scalar mass

—w

0.40

r 72

e —— —
0.35 4 —- 64
0.30 b 56
0.25 L as
16.000 s—
[as)
= 0.20 I a0
= 12,000
0.15 4 32
8.0q
0.10 4 L 24
0.05 - 16
0.00 L

T T T T
20000 40000 60000 80000 100000
Second scalar mass (GeV)

Figure 4.2: Peskin—Takeuchi parameter constraints for the mixing angle 6 and the second scalar
mass. We require y? < 8.025.

mass ranges, but should not be solely depended upon, especially in their simplified
form. Using a simple Python script we can plot the constraints from the S and
T parameters in a contour plot. In figure the values of sinf € [0,0.4] and
mp, € [1000GeV, 100TeV] are plotted to constrain the sin 6 and second scalar mass
ranges. However for the lower mass range the condition my, < my, is suspect.
Evidently for the high mass ranges the value of the mixing angle must be below
sinf < 0.15.

The work done in [IT] shows that the limits from electroweak precision mea-
surements are non trivial for scalar masses my, < 60GeV and my, > 170GeV and
only increase as the scalar mass increases. This agrees well with the Peskin—Takeuchi
parameters S and T scans since they correspond to loop corrections to electroweak
processes.

4.2 Higgs coupling measurements

Since the scalars mix together as previously discussed the scalar sector is modified
from the Standard model case. The mixing modifies the coupling of the Standard
model-like Higgs to gauge bosons and fermions. The additional scalar therefore con-
taminates the Standard model like Higgs h; signal strengths. We only consider the
channels h; — 41 and h; — 77 since these processes have the best mass resolution.
The expected signal strength of the extended model can be compared to the mea-
sured value. For the Standard Model the signal strength is defined to be = 1. The
measured values are displayed in table [4.2]

H Channel ‘ i (ATLAS) ‘ p (CMS) H
hy — vy L177537 [ 1.127037 [16]
hy — ZZ* — 41| 1.44703% | 1.0070% [16]
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Using recent measurements and including a 15% theoretical prediction error, the
limit
w > 0.81, 95% C'L (4.19)

is obtained for the signal strength. The constraint on sinf when my, > %mhl is
found to be [11]:

sinf < 0.44, 95% CL. (4.20)
(00 7 [0 L L L B
04l E 04}
— o3l /J 4 —_ 03]
S )
k= £
ﬂ 0.2+ N ﬂ 02
0.11 - 0.1L
o.o:‘ ‘ : : : : e 00 |
0 10 20 30 40 50 60 005 004 2003 2002 =001 000 001 002
my,[GeV] X

Figure 4.3: Exclusion regions for mj, < 65GeV from the Higgs coupling measurements (left).
From lightest to darkest the portal coupling Mgy is —0.011,0.0001,0.011,0.014. The excluded
region for my, = 20GeV (right). The white area is where the hjhohs-coupling is very small
[11.

When the second scalar hy has a mass less than half of the SM-like Higgs a new
decay channel for the SM-like Higgs is kinematically allowed. This puts stronger
constraints on sin @ than before since it modifies the Higgs decay branching ratios.
These constraints are plotted in 4.3] Therefore at light hs the portal coupling Aggy
is effectively limited to values |Agy| < 0.015. However for negative A\gy one can
adjust the coupling so that the decay h; — hohy vanishes.
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4.3 Direct Higgs searches

Further constraints on the additional scalar can be obtained from Higgs-like searches
at LEP and LHC. The following searches are taken into account|I1]:

o hy — vy at ATLAS [I17] and CMS [I§]

o Limits from hy — ZZ and hy — WW searches in CMS for my, > 145GeV
[19],

o Searches of hy — ZZ in 4l-channel for my, < 145GeV in both CMS[20] and
ATLAS [21],

e hy decays to hy — hihy with bbyy final states in CMS [22] and ATLAS [23],
e hy decays to hy — hih; with bbb final states [24] in CMS,

« LEP searches for the Higgs (primarily hy — bb decays)[25],

o DELPHI searches for a light Higgs by Z-decays[20],

 b-physics constraints on light Higgs [27] [2§].

These experiments provide the most stringent constraints on the additional scalar
mass and the mixing angle when mj, < 450GeV, except for a few isolated regions
where the coupling measurements are more limiting. For extremely low masses
mp, < 5GeV the constraints from B — Kl are the dominating ones. In the mass
range 5GeV < my, < 12GeV the b-physics in [27] and light scalar searches in [26]
provide the dominant contributions, limiting sinf < 0.5. In the mass ranges above
12GeV up to 115GeV the Higgs searches in [25] are the relevant experiments lim-
iting the angle to sinf ~ O(107'). When the mass of the additional scalar is
120GeV < my, < 130GeV the constraints are loose due to the SM-like Higgs and
their shared interaction types. Just above and below these masses the diphoton
searches dominate [I7][I8]. Above 135GeV the electroweak decays ho — WW and
hy — ZZ are the most relevant. Searches in [29],[19] and [20] provide the most strin-
gent limits in this region, limiting sin § to sin# < 0.3 — 0.4 depending on the mass of
hs. At mass ranges above 450GeV the oblique corrections become the constraining
factor.

The limits discussed are modified depending on the value of the portal coupling
Asy. Especially if the decay hy — hohy is kinematically allowed the Higgs signal
strength would decrease in this model. If the second scalar can decay to two SM-like
Higgs the dependence on Agy gives a suppression of the ho — WW and hy — ZZ
decays with the ho — hih; decay becoming more prominent. These effects only
become significant for Agy > 1, and in general the direct Higgs searches and coupling
measurements provide more conservative limits on my,, sin . When the Higgs decay
to ho is kinematically allowed this decay would dilute the signal strength in In
the region my, > 2my, the gy dependence on the limits become relevant since the
decay hy — ZZ/ WEWT become less favorable than the decay hy — hihi as Agy
increases. It is however only relevant when A\gy 2 1 and only becomes the leading
constraint when \gy 2 2.
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4.4 Summary of the constraints

We conclude this chapter by summarizing the limits by experiments and theoretical
predictions. When my, ~ O(1)GeV the Higgs coupling measurements limit the
mixing angle to sinf# < 0.45 and the massless case is ruled out completely by Higgs
direct searches. In the lower mass range 10GeV < my, < 90GeV the model is
stringently constrained by the Higgs direct searches, limiting sin 6 to be below sin 6 ~
0.15. Approaching the Standard Model like Higgs mass of 125GeV from the lower
mass region the mixing angle is limited by Higgs coupling measurements to sinf <
0.45. At the Standard Model like Higgs mass the constraints are loose allowing for
a nearly degenerate second scalar.

At higher masses my, > 125GeV the Higgs direct searches variably rule out
mixing angles in the range sinf ~ 0.2 — 0.4 depending on the second scalar mass.
Finally at masses above 450GeV the EWPO measurements and the S, T parameters
constrain the model in a monotonically increasing way from sinf ~ 0.3 down to
sinf < 0.15 as the second scalar mass increases. Since in a later chapter we will
use this additional scalar and the scalar mixing to stabilize the electroweak vacuum
the higher mass ranges are especially of interest. The summary of these results is

plotted in fig [4.4]

|sinf|
|sind)|

02

A 0.0
0 50 100 150 200 250 300 400 500 600 700 800 900 1000

mp,[GeV] mp,[GeV]

Figure 4.4: Left: Excluded parameter space in the range 0GeV < my, < 250GeV. The red area
is direct searches exclusion, EWPO in gray and Higgs coupling measurements in yellow. The green
region is favoured by electroweak vacuum stability when Agy = 0.01[11]. Right: The mass range
250GeV < myp, < 1000GeV.



5. Dark Matter

The existence of dark matter is a well established fact in modern physics. Dark
matter is used to explain some phenomena that the Standard model cannot account
for. One of these phenomena is the discrepancy between classically predicted and
measured values for galaxy rotation curves. As an example the rotation of the
M33 galaxy[30] is too fast at the outer edges for classical models to account for.
A common explanation for this phenomenon is the existence of additional matter
that is as of today of unknown type. Dark matter interacts gravitationally and this
interaction is one of the primary channels for observing matter through gravitational
lensing. Gravitational lensing is the phenomenon where light from a distant source
is bent due to a massive object in the vicinity of the lights path. The rest of dark
matter interactions remain unknown.

Direct detection experiments work by measuring signals of particles colliding
as we move through space and therefore through a dark matter "wind'[31]. When
moving through this dark matter wind some dark matter particles would collide
with nuclei leaving a signal in these types nuclei collision experiments. These kind
of direct detection experiments usually operate in momentum exchange ranges of
V't &~ 20—200keV [31]. In some models, as in the current model of pseudo-Goldstone
dark matter, this direct detection amplitude is suppressed leading to no expected
signals with current sensitivities.

The indirect detection experiments search for DM interactions resulting in
visible SM final states [32]. This process is the annihilation of dark matter into
Standard model final states. These kind of experiments need to distinguish between
a potential dark matter candidate and astrophysical background. In the complex
singlet extension, processes resulting in SM final states involve the CP-even scalars
as mediators that then couple to the SM.

All these detection experiments put constraints on any DM candidate. In order
to study the required phenomenology the most important quantity is relic density or
relic abundance Q2h%. By convention the parameter h is included. The parameter h
is the rate of expansion of the universe in terms of 100km/s/Mpc, i.e if h = Hy, then
h =~ 0.674[33],[34]. The critical energy density pe.. is the required energy density
of the universe to obtain a flat universe. It can be found from the first Friedman
equation[35]

&G A K2

H2
3 +3 a?
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for K = 0. The critical density at present value[34] is

_ g 30 9
Peritical = 1.878 x 10 QW% ~ 8.531 x 10 30% (5.2)
This critical density is then related to the {2 parameter as
Pi 8rG Pi

Qi = _= i —
oot 3HZ'T T 1.878 x 10-2902

(5.3)

making it obvious why the h? is included in literature when reporting relic densities.
From surveys like the PLANCK mission the value for cold dark matter relic density
has been measured and is presently [34]

Qh* = 0.120 4 0.001. (5.4)

We can then calculate the energy density for dark matter by inverting the relation
.3 resulting in a energy density of

= (2.25 4 0.02) x 10730 5.5

pe=( ) x 1070 (55)
This energy density is the third and last requirement for our DM candidate, but we
will refer to [5.4] since it is the format of [34].

5.1 Freeze-out

To be able to interpret the dark matter calculation results we first need to familiarize
ourselves with the governing equations of dark matter evolution and the mechanisms
therein. For weakly interacting massive particles (WIMPS) the mechanism is called
freeze out or decoupling.

Take a particle that in the early universe was in thermal equilibrium, i.e the
annihilation and production of the DM candidate is initially in equilibrium. The
number density n of the DM candidate is therefore proportional to the temperature
cubed, n oc T2, Approximating the particle soup as a weakly interacting gas the
particle statistics are described by the distribution function

1

f(Enu?T):W

— (5.6)

with the chemical potential denoted by pu, the energy E and + sign for fermions and
— sign for bosons. The number density in thermal equilibrium is

ney = |

the distribution function having a implicit momentum dependence in EfY] g is the
number of degrees of freedom of the particle (spin, polarization etc.), also called the

'E = /P2 + m?2

A (B T) 57)
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degeneracy of the energy level. In the high temperature limit 7" > m for the particle
mass m, the particle number density is proportional to the temperature cubed oc 7.
When the the universe cools the number density gets suppressed by the Boltzmann
factor. Neglecting the chemical potential the particle densities are proportional to

Neg X T, T >m (5.8)
Neg o (MT)2e™ ™8 8 = (kgT)™', T <m (5.9)

with the second term having the suppression of the Boltzmann factor. Because the
cooling is accompanied by the expansion of the universe the statement of thermal
equilibrium is more involved than in the classical sense of time independent state.
However the expansion rate is usually slow compared to interaction rates and can
be treated as an adiabatic process.

As the universe expands and cools the DM annihilation processes become
increasingly rare. This process leads to freeze out, after which the dark matter
falls out of thermodynamic equilibrium and total dark matter particle number is
conserved. It is this process which is the most popular mechanism for explaining
the observed relic abundance today [36].

5.2 Boltzmann equation

To understand dark matter production and relic density we need to look at the
governing equation of freeze-out. Then by extension we gain some insight into
what micrOmegas does. In general the dynamics of a system is described by the
Boltzmann equation. It takes the form [37],

Lft E) =C(f(t E)) (5.10)
with the Liouville operator I and the collision term C. The general form of L is
0 0
L=|p" —TH* P 5.11
(p 9gr  LasP'P W) (5.11)

where the connection I' is the Christoffel symbol. For non-relativistic cases the
Liouville operator simplifies to a total derivative

_i_ 0 dxui dp, O
_dt_< - )

-+ — 5.12
ot~ dt oz, | dt opy (5.12)

By integrating over the three momentum an equation for the number
density time evolution is obtained as[38]

dn 4
i C(f(t,E)) —3Hn (5.13)

for the Hubble parameter H = a(t)/a(t) that describes the expansion rate. The
collision part @( f(t, E)) is now integrated, as denoted by the hat. If the collision
operator is zero then the number density is n(t) oc a=3, which is expected. For
a general collision process a + b...i — « + [...w the relevant part of the collision
operator is given by
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(2m)* 6" (pa + Py — Pa — Ds---)

¢, =— / 9upa__ 9Ty 9aLpa 95T
' (2m)32F, (27)32E, " (27)32E, (27)32E5

(5.14)
S (Maso. —arp *faforr fi1 & fa) (1 f5). (1% £) (5.15)
~[Mats. sats. [ fofoful % fo)..(1£ ;). (5.16)

for the internal degrees of freedom g, the symmetry factor S and the squared matrix
element |M;4; —s:a.|*. In the equation above the plus(minus) sign corresponds to
bosons(fermions). The symmetry factor takes into account exchanges of identical
particles. Now assuming Charge conjugation - Parity (CP) is conserved we can
simplify the two latter lines, eq[5.15]and [5.16] This leads to the two processes matrix
elements are approximately equal, we can therefore denote both matrix elements as
|M|?. We also assume that the particle density for the final states are low meaning
f(t, E) < 1, simplifying f(¢,E) £ 1 ~ +1. With these assumptions the collision
term is shortened to

¢ =— / 9a’pa__Gd’pp  Gad’pa_gsd’ps
' (27)32E, (2m)32E, " (27)32E,, (27)32E5 "

(277)464(pa + Db... — Pa — pg...)S|I\\/JIa+b‘ﬁa+5._,\2 (fafo--fi — fafs-fo). (5.18)

To obtain the final result for the number density time evolution in an expanding
universe we look at a specific process, in this case the collision Spy + Spy —
f+ f . The symmetry factor is S = 1 since we lose two DM particles which is
compensated by two identical particles in the initial state. The temperature range
we are interested inis 7' > my and T' < mpy. In this region the fermions and bosons
distributions can be described by Boltzmann distribution factors e="/T instead of
their respective distribution functions (e™™/7 £ 1)71.

We can describe the dark matter distribution function with Boltzmann factors,
and we can also assume the fermions f, f are in thermodynamic equilibrium. This
combined with the conservation of momentum gives

fl,eqf2,eq = 6_(E1+E2)/T = ffff = ei(Ef_JrEf)/Ta (519>

where the distributions f; ., and fs., are the dark matter distribution functions
if they were in thermal equilibrium. Taking this result and accounting for the
symmetry factor we write the collision operator as

(5.17)

. d3 d?
@i:_/(gl D920 P (formafoamz = freqfoeq) (5.20)

277)32E1 (271')32E2

gadgpa gdepb 4 )
2m)o (2 pi) M ~ 5.21
</ (27T)32Ea (271')32Eb( 7T) (;p )| 1+2%3+4| ( )
The second part is the expression for the cross section. Simplifying the collision

term we get

¢ — _/ 0d’p1 gad’py
‘ (27T)32E1 (27T)32E2

(fomafome — firegfo.eq)2E12E5(0149-5344).  (5.22)
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Next we need to separate the time dependence and energy dependence in the distri-
bution functions. Full thermodynamic equilibrium involves both chemical equilib-
rium and kinetic equilibrium. Chemical equilibrium means that the number density
matches that of the equilibrium value. Kinetic equilibrium on the other hand means
that the distribution has the same energy dependence as the equilibrium value. We
therefore separate the distribution function into two independent parts,

f(t> E, N) = g(tv :u)heq(E)' (523)

Defining the thermal average of an operator O, ; as

1 gid’p; g;d°p;
= = : y 24
<Oz7]> /ngq (27T>3 (27'(')3 fz,eq.fQ,erZJ (5 )

and denoting

o (pipy)® — mim] :
Vij <( )> (5.25)

pi +mi)(p] +mj

lets us write the collision operator in a compact form

A

Cz’ = —(H%M — nzq)(01+2:>3+4v). (526)
Using this result we can write the time evolution of the number density

dnpnr
dt

+ 3Hnpyt + (nhy — nl,){01122314) =0 (5.27)

which is the Lee-Weinberg equation that governs the freeze out process. In early
stages, when the temperature is high T > mg,,,, the collision term dominates. In
this early era the number density will follow the equilibrium value. As the universe
cools the collision term becomes less important as it becomes suppressed by the
Boltzmann factors. The number density will follow the equilibrium value in the
beginning but as the number density becomes increasingly suppressed the Hubble
term takes over. Physically this means that the average time for a collision is of the
order of the Hubble time.

In this process is visualized as the blue lines. As the universe expands
the temperature decreases and as the temperature goes below the mass of the dark
matter particle the annihilation continue for a short while, resulting in the number
density following the thermal equilibrium value. However in this era the collision
term becomes increasingly suppressed by the Boltzmann factors until the dominant
term in the time evolution of the number density is the Hubble term. The thermal
equilibrium corresponds to the red lines that continue to decrease even after the
dark matter has leveled off.
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Figure 5.1: Thematic plot of the Freeze-out process [39]. On the y-axis is the number density
times the expansion parameter cubed na® and on the x-axis the temperature. In blue is the number
density for dark matter experiencing freeze-out. In red is shown the number density for a species
in thermal equilibrium.

5.3 Relevant processes

In this section we briefly consider some processes for the dark matter annihilations.
The relevant part in the annihilation processes are the dark matter-visible sector
interactions. Since our dark matter candidate does not couple directly to the visible
sector all interactions are mediated by the CP-even scalars h; and hy. The CP-even
scalars then couple to the matter sector as outlined in [3] Some of the contributing
processes to the DM-singlet annihilation are shown in fig]5.2]

The amplitudes for the scalar annihilations can be calculated using the Feyn-
man rules and the relevant parts for some of them are

H\DM
U’LZ )\ )\hlhzh]

As—c anne L 5.28
hannel 5° (s —mj, ) 4 iTsmy, (5.28)
)\DM)\DM
Atfchannel X % (529)
t—mg, .,
)\DM)\DM
Aufchannel X % (530)
M
(5.31)
and the couplings \PM are given by
2
APM g g (5.32)
2
AOM — Th 056, (5.33)

Vs
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The trilinear couplings Ay, are given by the expressions and . The Z} are
elements of the rotation matrix Z# and v; is the VEV of the particle corresponding
with which particle is represented twice in the coupling Ap;p,n; in accordance with
our parametrization of the trilinear couplings.
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Figure 5.2: Some of the contributing Feynman diagrams to the processes SpySpy —

hihi/ ff/VV

From the amplitudes the matrix element squared for the annihilation process
can be calculated. Since the entire expression is lengthy we will only consider select
processes here. We need to take into account that we have three different outcomes,
the DM particles can annihilate to hy + hy,hs + hy or a combination of both A; and
hs. Neglecting to write every term separately we compactify by denoting the matrix
element as

(s = m2 =+ T2

|M52DM—>scalaTs|2 X ZUE(Z{_{)Q
Z?]

(5.34)

but it should be understood that interference terms between the different scalars
are not necessarily proportional to the same couplings and rotation matrix elements
squared, i.e terms like ~ sin @ cos # arise as well. The cross section is easy to calculate
since we have no spacial angular dependence in the matrix element. The cross section
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is then proportional to

o x p} Z U?(Z{{)Q <>\iDM)2/\%Lihi,hj
s—channel 167'('5]): 02 (S _ m?>2 + Ffm?

i, 0,0,

(5.35)

In the center of mass (CM) frame the 3-momenta of the dark matter particle can
be rewritten using the triangle function

P = Q\I/E\M(s,mi,mj) (5.36)
A(s,mi,mj) = [s — (my —my)?][s — (m; +m;)?] = ;\/s —mg, (5.37)

since they have identical mass. For the final state particles the 3-momentum is given

by

P = Q;EJ[S — (my — my)2[s — (ms + my 7. (5.38)

Inwe see that for off shell mediators the propagator has the form 1/(s—m?), but
as we approach the resonance the additional term in the propagator m?T; becomes
significant. This resonance is referred to as the Breit-Wigner resonance where the
cross section peaks sharply at the CM energy of the mediator particle.

The examples given in this section are only to illuminate some of the processes
and their properties. The derivation of the complete annihilation cross section for
the dark matter particle Spy; is beyond the scope of this thesis. To calculate the
relic densities we will use computer packages that automate this process giving us
opportunity to explore a wide variety of parameters.

5.4 Dark matter calculations and results

To confirm that the complex singlet extension can produce the required dark matter
relic density we analyze the model with SPheno[6] and micrOmegas|7]. The model
Lagrangian is first implemented in SARAH[5][40] which calculates loops and vertices.
The output is then exported from SARAH to the SPheno-package. Using SPheno
we can calculate particle spectrums and the masses in the scalar sector. With the
spectrum file we can then calculate the relic density using micrOmegas.

We assume that the U(1) symmetry is gauged in the UV regime, i.e the the-
ory considered is an effective field theory of a underlying local U(1) symmetric
theory with a corresponding heavy gauge boson. This assumption is necessary to
avoid the cosmological domain wall problem from the singlet VEV breaking the Z,
symmetry[41].

We are not interested in a specific parameter combination but a range of values.
It is therefore necessary to automate the scanning process which in our case was done
with fortran code. The fortran code takes as input one or more parameter ranges
and randomizes input values for the model in that range. These values are then
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written to a LesHouches file that is then used as input when we compile SPheno.
The SPheno output is exported to micrOmegas which is compiled using the values
to obtain the relic density the parameter values would predict. Using this method
a wide range of parameter values and combinations can be explored.

The output data is written to a file containing couplings, masses and dark
matter relic density. This file is then analyzed using Python code. In the Python
code the values are looped over to create plots in 2-D. For two of the scans we display
the entire behavior Qh? € [0, 1] since they have more structure, but in general we
only show the regions where Qh? = 0.120 4 0.001 since those parameter region are
of interest since they comply with the PLANCK results [34]. We refer to this value
for Qh? as the correct relic density. The relic density for the full scans are shown
as a copper color gradient in the range Qh? € [0,1] for visualizing patterns in the
parameter space. In appendix the extended parameter ranges are shown and
are in general over a wider range of parameter values than the correct density plots
shown in this chapter. The plots containing relic densities Qh? = 0.120 4= 0.001 are
shown using points in the parameter space. Plotting the relic density as a function
of two parameters gives a better overview of how the relic density depends on input
parameters. The h; mass has been kept fixed at m,, ~ 125GeV and the quartic
coupling has not been varied. The white regions in the right plots of and
corresponds to parameter combinations that are not allowed and in general produce
negative mj_, or violate the \;A\g > A%y condition.
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Figure 5.3: Left: Parameter combinations of Agy € [0,0.3] and mg,,, € [0,50]GeV resulting in
correct relic density, Qh% = 0.120 £ 0.001. Right: the parameter combinations \g € [0,0.3] and
Asz € [0,0.06] that give the correct relic density.

In the first parameter scan, in the left of fig]5.3] for the case when the DM is
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light O(10GeV) the relic density is within experimental bounds. When we vary both
couplings A\g and A\gy we first note that for some values we we violate the condition
AsA1 > A%y, This is visualized with the white area to the left of the left graph [A.2
bordering a sharp edge. This tells us that the parameter points beyond the edge are
not calculated due to SPheno aborting the calculation because of a negative mass
squared. When we then look at the correct relic density we see that the allowed

region is a sector A%, + A% ~ constant. Also the preferred region is for low values
of the coupling Agpy.
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Figure 5.4: Left: The relic density as a function of Ag € [0,1] and v, €]0,1500]GeV. The white
regions corresponds to unphysical mass for the hy scalar or violate the condition A\jAg > A%.
Right: The parameter combinations of A\g and v, that give the correct relic density.
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Figure 5.5: Left: Relic density variations under changes of mg,,, € [0,1500GeV] and v, €
[500,2500]GeV. The white regions have a unphysical mass for the hy scalar or violate the condition

AAg > )\% - Right: The points where the parameters give the correct relic density. The favoured
region is close to the origin.

The next two scans scans have more interesting structure than the two previous
ones. In the left figure of [5.4| we show relic densities in the interval Qh? € [0,1]. The
white region in the left plot of is a disallowed area where we have unphysical
masses for the scalar hy. The correct relic densities in the right plot of |5.4] does have
a higher success rate near low v, and Ag, but some acceptable areas in higher VEV
areas. The few successful parameter combinations in high VEV regions to the right
are probably more abundant than the plot would entail. The scarce points are likely
from a very narrow allowed region and since we are randomizing the parameters the
probability of a hit in the narrow region is low.
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The mpy-vs scan in fig)s.5| shows similar behavior as only in the opposite
direction. Near the origin we find an acceptable region but we quickly overproduce
dark matter as the parameters increase. This is expected since everything else being
kept constant if the dark matter mass is larger the freeze-out occurs earlier since we
reach the temperature 7' ~ mg,,, faster.

Relic density Oh~2 =0.120 +/-0.001 Relic density Qh~2 =0.120 +/-0.001

Lambda SH
°
H
)
Lambda S
o
&
\
\

. .
i . L 0.10 4 -
0.00 -

400 600 800 1000 1200 75 100 125 150 175 200 225 250
Singlet VEV DM mass (GeV)

Figure 5.6: Left: Variations of Agy € [0,0.1] and v, € [0,1300]GeV giving the correct relic
density. Right: The correct relic for variations of Ag € [0,0.3] and mg,,, € [50,250]GeV.

Varying Asy and v, does allow for a wide range of relic densities. The form
of the left plot in [5.6]is not easily explained by elementary functions, but it does
have a wide range of allowed regions as illustrated by the wider range scan shown in
fig]A.5] of the appendix. At higher singlet VEVs the A\gp-vs dependence seems to be
’\f—SH ~ constant. This is very similar to the behavior of the right plot in where

the relationship appears to be linear, mf\ig”” ~ constant. This is also supported by
the left side plot of which has a uniform gradient.

Further scans of the DM relic density can be found in [41]. These results require
the DM relic density to be Qh? = 0.119740.0022. The h; mass is set to 125GeV and
the mixing angle is set to sin# = 0.1. In the left plot of [5.7] the second scalar mass is
set to 300GeV. In the right plot the second scalar mass is 1TeV. The purple area is
not allowed due to the Higgs decay to invisible constraint Br(h; — invisible) < 0.11
at a 95% confidence level. The grey area is the unitarity limit where perturbation
calculations break down. The dips correspond to the resonant annihilations my, /2
and my, /2.
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Figure 5.7: The parameter regions that give the correct relic density (red band). Left: myp, =
300GeV. Right: my, = 1TeV

The main annihilation channels are

H Mass range of the DM | Main annihilation channels H

Mgy < My SparSpar — bb; éc
mw < mgp,, < My, | SomSpmu — WW; ZZ; hihy
Mpy < MSpuy SDMSDM — h2h2

In [41] the authors concluded that at tree level the direct detection cross section is
suppressed as also discussed in[3} At loop order this cancellation is obviously spoiled
but the effect is suppressed. By setting the loop functions to one one can estimate
the dark matter-nucleon cross section

sin?6  mymp_fx

5 0200mA m2
647 vivgmy mg,

(5.39)

OSpuN ™~

with the nucleon mass my and fy = 0.3 parametrizes the h;-nucleon coupling. The
cross section is o ~ 107%¢m? for sinf = 0.1 and my, = 300GeV. The DM mass is
ms,,,, ~ 1TeV. The most stringent XENONIT constraint is o, ~ 107*6cm?[42]
which is still orders of magnitude larger than the cross section in [5.39 In the limit
mgp,, — 0 the broken U(1) symmetry is restored, and the loop corrections vanish.
This has the consequence that for light dark matter the cross section is suppressed

4 4
by mSDM/th.

5.5 Summary of pseudo-Goldstone dark matter

One of the main arguments for the complex singlet model is to account for dark
matter. With a softly broken U(1) symmetry we can give mass to the CP-odd part
of the singlet which then becomes a promising dark matter candidate. The broken
symmetry needs to be gauged at some energy level to avoid cosmological domain
walls.

The relic density is governed by the Boltzmann equation relating the number
density of a particle to the expansion of the universe. This equation has been
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implemented in computer packages to calculate dark matter relic densities. Using a
combination of computer packages the evaluation of a wide range of parameters of
the model was performed to give a glimpse of how dark matter relic density reacts
to variations of different parameter combinations.

Using fortran and Python code a wide range of parameters have been ex-
plored and plotted to aid in the search for an optimal parameter range satisfying all
constraints. The complex singlet has plenty of parameter regions satisfying the con-
straints on dark matter relic density set by PLANCK. Further the direct detection
cross section of the dark matter particle scattering on nuclei og,,,xn ~ O(10~*cm?)
is orders of magnitude smaller than even the most stringent XENONI1T bounds of
o ~ O(107*2em?) for light DM. The direct detection cross section is suppressed by
a cancellation in the amplitude for small exchanged momenta.



6. EW vacuum stability

Before the discovery of the Higgs the stability of the electroweak vacuum was an
open question[43]. This is because the loop corrections to the quartic coupling
in the Higgs potential are negative for high energies. This would imply that the
vacuum of the Higgs potential has a second (or multiple, depending on beyond the
standard model physics) lower energy minimum. This scenario would be considered
the metastable case, where the current vacuum is long lived but not stable. The
instability depends on the Higgs mass, the top mass (primarily) and the strong
coupling[44].

The couplings in quantum field theories run with energy scale. In the Higgs
case the coupling gets corrections from all quarks due to the Yukawa coupling. The
biggest correction comes from loops involving the top quark, due to its high mass
my ~ 172GeV[45].

o.08L 30 bandsin i
F M; = 173.1 + 0.6 GeV (gray)
[ a@3(Mz) = 0.1184 + 0.0007(red) i
= 0.06 - A\ My, = 125.7 + 0.3 GeV (blue) |
\
I3 [
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£ 8 t N
g £ [ N
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z z [ N
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ozl 1 F < ~ EMs) = 0:1205 3
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oo T ———————— . —ooaf ., o
10° 10* 10 10%8 10'° 10%2 10 10% 10'® 10%° 102 10* 10° 10%® 10 102 10* 10% 10'® 10%°
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Figure 6.1: Left: The running of couplings in the SM at NNLO. Right: The Higgs quartic
coupling dependence on the top mass. G. Degrassi et al.

The right figure of shows that the Higgs quartic coupling turns negative at
E ~ 10" GeV. This would imply the electroweak vacuum is metastable. Whether
it actually is metastable or stabilized by some undiscovered particle is still an open
question. In the left plot of the running of Standard Model couplings is shown.

In this chapter we will discuss the necessary formalism to solve renormalization
group equations, that govern the couplings energy dependence. We will then use this
methodology to calculate the contributions to the SM like Higgs quartic coupling
using SARAH in order to see if the singlet extension can stabilize the electroweak
potential up to Planck scale.

32
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6.1 Renormalization group flow

Any quantum field theory process is a sum of infinitely many terms in the per-
turbation theory. Some of the terms involve internal loops that diverge at high
energies/small distances. These divergences need to be cancelled since they would
lead to unphysical predictions. Take for example one of the photon propagator loop
corrections which has a

1
4 -
o</d ka mfc (6.1)

term at one loop order. This term corresponds to the rightmost Feynman diagram

in , and diverges as ~ k? at large momentum.
+ WO’\’W etc...

G -

Figure 6.2: The schematic expansion of the photon propagator.

To avoid these UV-divergences, counterterms need to be introduced to cancel
the divergent parts. This process is known as the renormalization of a theory[46].
The renormalization procedure involves introducing a finite number of counterterms
to cancel all divergences.

Evidently if we integrate[6.1]up to some cutoff A the theory is finite but depends
on the cutoff. Calculating diagrams using the bare mass m( and the bare coupling
Ao and using the cutoff A makes the theory cutoff dependent. In the calculations of
matrix elements one also takes into account how the field strength scales with the
cutoff. One can then combine all these expressions to eliminate the bare quantities
to make the amplitude finite even if the cutoff limit A — oo[47]. This process is
the renormalization procedure. By rewriting the bare quantities my and g into the
cutoff dependent parameters m(A) and A(A) the matrix element is finite at all cutoff
scales.

Now we need to introduce mathematical rigour to this process. We will fol-
low closely the derivation in Peskin & Schroeder, "An Introduction to Quantum
Field Theory'[47]. Consider a generic real ¢*-theory in Euclidean space with the
Lagrangian

1 " 1 A
£ = 5(0,0)(00) + Jm*¢* + +" (62)

The generating functional (without external sources) is then

z - /Hdgb expl /dd ( 0,6) (") + m¢ + !¢4>] (6.3)
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Next we separate the integration degrees of freedom in two groups. Take a fraction
b € [0, 1] of some high momentum A, i.e bA. Then we call momentum in the range
bA < |k| < A the high momentum degrees of freedom that we relabel to

A k) when bA < |k| < A;
o) = o) A<k (6.4
0 otherwise.
We also define
k) when |k| < bA;
o) = ) when [k (6.5)
0 otherwise.

i.e ¢(k) is identical to the old one for |k| < bA. Rewriting then the generating
functional using these redefinitions to

2= [Taote) [ Tddkex [~ [ as (50000 + 0,07 (6.6)
1 2 7\ 2 )\ N4
FymordP + (0 +d))] 67)

and now we need to open up the parenthesis. Fourier components of different wave-
lengths are orthogonal so any combination ~ ¢¢ is zero. The generating functional
is then of the form

Z- / Do(k)exp [— / 4y (;8,@6’% + ;m2¢2 + 2!094)] (6.8)
[ Doexn [~ [t (50,07 + 5m2d + 2 [c66+ 1070 + 08+ 16|
(6.9)

and we can shorten the first Lagrangian to just L£(¢) for convenience. Next we
treat everything apart from the derivative term as a perturbation. This includes the
mass term since we assume A% > m?. The space-time integral can be rewritten in
terms of Fourier coefficients

1 1

[ 250,02 = 3 51 k20" () ok, (6.10)

2 — 2V

where V' is the integration volume. Taking the functional derivative of the generating

functional gives the correlation functions. For the two point function the expression
1S

(6.11)

o(p)o(k) = Zlo <—z'5f(m> (—z%) Z[0]

and in our case Z, = Z[J| since J = 0. This leads to the expression for the two
point correlator for eqf6.9 which is given by
S - 4 Do I o) _ 1

o(p)o(k) = T 73 (2m) 0% (k + p)O (k) (6.12)

J=0
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with the step function ©(k) defined by

A < k < A;
@(k:):{l when bA < k = A; (6.13)

0 otherwise

Turning now to the perturbations. All the perturbations (i.e the rest of the
terms in can be evaluated using Wick’s theorem[47][48]. We can take the ¢*¢?
as an example. The result is

dk; \ d% 1
— [ d'al20h = —= ki) (—k 6.14
/ xr— (b ¢¢ 2 27]') 2 BA<k<A (2 )d kQ(b( 1>¢< 1) ( )
since the propagator is The second integral can be evaluated to
A U% 1 A 1—p4?
/ RULEE AT? (6.15)
bA<k<A (2m) K% (47)2T (%) d—2

We can translate to a diagrammatic representation. In this representation qu
corresponds to internal lines and ¢? to external lines. Then corresponds to

O

Figure 6.3: The qZA)ngz—term schematic representation

which does look like a loop correction to the mass term. At \? order we have
two contributing diagrams

(JQL)Q ;

Figure 6.4: The two contributions at A2-order.

The first loop in is a disconnected diagram that gives the O(\?) term to
the perturbation. The second term is a new term that can be calculated to

2 i
41/ d' 4'* () [ @) (2 ? (6.16)
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and again we can evaluate the momentum integral obtaining the result

— 1/ddl‘ 3)\2 (1 B bd_4)Ad—4
4 (4

6.17
jir(s) d-1 (6.17)
for any dimension d. In the limit d — 4[6.17] reduces to
1 3A2 1
=— [d log — 1
i) 4 s (6.18)

which diverges as b — 0, i.e as we integrate over the whole momentum space. In

the expansion of we also generate higher order ¢ terms than O(¢*). One such
example is the 3 — 3 annihilation term

SN/
o/ N\

Figure 6.5: The diagram of the 1,2,3 — a, b, c annihilation

which gives a contribution

)\2
x O(p1 +p2 + 6.19
(pl +p2 +p3)2 (pl D2 p3) ( )

for the incoming momenta p;. Summing all diagrams is equal to the exponent of the
sum of all connected diagrams[47]

Z(diagrams) — eZ(connected diagrams)' (620)
With this the effective Lagrangian L.s¢ is finally

1 1 1
L= iau@jwqﬁ + §m2q§21)\¢4 + sum of all connected diagrams (6.21)

that we will use to understand renormalization and renormalization group flows.

We also introduce corrections from diagrams as AQ for the terms in the Lagrangian
giving

Legr = / d'e (;(1 +AZ)(9,00"9) + ;(m2 +Am?)¢* + i!()\ +AN (6.22)
AC(8,09"¢)? + AD¢S + etc . . ) :

(6.23)
Next we rescale distances and momentum as
P
K== 6.24
i (624
r = b
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which means that the momentum £ is integrated over when k" < A. Recalculating
Lcsy with the rescaled coordinates and momenta gives

Legr = / da’ b~ (;(1 + AZ)V(0,00" ¢) + ;(mQ + Am?)¢* + i!()\ + AN
(6.26)
WAC(9,60" §)* + AD¢S + etc... ) , (6.27)

assuming b is not position dependent. From and we can see that we get the
same propagator if we rescale the field as

¢\ =01+ AZ) ¢ (6.28)
This transforms the effective Lagrangian to
d, ./ 1 NI 1 12,12 1 14
Legs Z/d z (2(5#4253 &)+ om" 9" + X9 (6.29)
C'(0,¢'0"¢)* + D'¢° +ete...). (6.30)

with the new masses and couplings

m'> = (m? + Am?)(1 + AZ)"'b? (6.31)
N =A+AN(1+Az) 2 (6.32)
C'=(C+AC)(1+AZ) 2 (6.33)
D' = (D + AD)(1+ AZ)=*p*~6 (6.34)

In the limit when b ~ 1 the shells of momentum space tend to 0 making
the transformation above continuous. In the continuous limit this procedure of
rescaling and integrating out high momentum degrees of freedom can be described
as a flow in the space of possible Lagrangians. This flow is called the renormalization
group. Take the shifted parameters in - and consider them close to the
stationary point of

1
Lers = 50.00"0 (6.35)

when all perturbations in [6.8 and [6.9] are zero. The shift in - [6.34] to leading

order is then
m? ~m?h2, N ~ Nt O~ b, D~ Dp*46 (6.36)

showing the scaling of the parameters close to the point we defined as stationary by

[6.28 and [6.29
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6.2 Callan-Symanzik Equation and RGE

From the generating functional in the previous section we now focus on the prop-
agator. We defined the propagator for a massless ¢*-theory in when k% = 0.

Now we consider the propagator at some arbitrary scale k? = —M?. This means
that instead of the propagator having a coefficient of 1 at k? = 0 it instead occurs
at some arbitrary momentum k? = —M?. In diagram form this is
d? () = = 0 when k% = —M?
L = = =
dk 3 2
Figure 6.6: The renormalization level matching condition k* = —M? for the pole (left) and

propagator (right)

ky ks
= —i)
k’g k’4 at (]{71 + k2>2 = (k?g + ]{74)2 = —M2

Figure 6.7: The renormalization level matching condition for the quartic coupling when k? =
—M? in the massless ¢*-theory.

defining our renormalized field at the scale k> = —M?. This renormalized field
is related to the bare field [[| by the scale factor Z;
6 =2Z"2¢y (6.37)

meaning in terms of bare fields ¢q, the renormalized propagator is
A

T3 At k= =M. (6.38)

(Q do(k)do(—k) 12) =

The counterterms that need to be introduced to maintain physical observables are
related to the field rescaling Z as

5, =27—1 (6.39)

but the counterterms now need to be readjusted to comply with the new conditions
and The n-point Greens functions in a renormalized theory is

G (1, @20 i) = () TH@1)$(@2)-- D) 1D e (6.40)

where 7 is the time ordering operator. If we now shift the renormalization scale by
a small amount 0 M we demand that the bare field Greens functions are invariant

!The bare field is the original field written in terms of bare couplings and masses, i.e before
renormalization
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since the bare Greens functions have no M-dependence. This shift in scale induces
shifts in all parameters of the theory

M = M+ 6M (6.41)
A= A+ 6 (6.42)
6= Zoy— Z'¢ = (1L+0n)o (6.43)

and then the renormalized Greens functions shifts as

G" — (1 +ndn)G". (6.44)
This transformation can then be written as
dG™  OG™ oG" "
i aM(SM—l— B X = nonG". (6.45)

If we consider the n-point Greens function as a function of M and §. Making the
substitutions

M M
we write [6.45] in the form
M—a +ﬂ£—|— G™( ) (6.47)
OM I\ ny T1,T2,y...0Tpn .

and since the Greens function is the renormalized Greens function, 5 and ~ cannot
depend on M and they can only be functions of A\. This means that for our massless
¢* theory the renormalized Greens function must satisfy

0 0
lM@M + B(A)a + n’y()\)] G™" (1,9, ..7,) =0 (6.48)
which is the Callan-Symanzik equation for massless ¢*-theory that tells us there are
two functions S and v that compensate any shift in renormalization scale.

6.3 Complex singlet S-functions

The Callan-Symanzik equation tells us how the coupling and the field itself scales
under shifts of renormalization scale. The () function is called the anomalous
dimension and relates renormalization scale to the field scaling. The [S-function
tells us how the couplings scale with changes in renormalization scale.

From these S-functions one can solve the couplings dependence on energy scale,
the so called running of the coupling that we referred to in the beginning of this
chapter and is plotted to the left of [6.1] Take for example the one-loop § function
of a massless ¢*-theory

1 1 1
£¢4 = 5 #gzﬁa“gb — §m3¢2 — a)\oﬁbél. (649)
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with the S-function given by

32
AN = 1672

From the definition of the S-function[49],

+ 0N (6.50)

_ d -
BA) = ——F—A(k, \) (6.51)
dlog ()
we can solve the running coupling \ as a function of energy scale
_ o
MEk) = ———F 6.52
" 1- 136);?2 log ﬁ ( )

with the bare coupling given by \g. Clearly when p = M the running coupling is
given by A = )¢ i.e the scale where we defined our renormalized theory. The /3
functions therefore describe the rate of renormalization group flow of the couplings.

The p-functions for the complex singlet extension are calculated with SARAH[5].
This is done by implementing the complex extension in a model.m-file. The poten-
tial is given by [2.4] The calculations of the S-functions in SARAH are done by the
command CalcRGEs[]. The result is then written to a ITEX-file and also saved
separately in Mathematica. The [S-functions as calculated by SARAH are displayed
in their entirety in the appendix [A.3] The Higgs quartic coupling A\; one loop
function is calculated to

9
By, = — gg% —9g5A + 1203 + 22X\ + 120 Tr| Yy |* + 40 Tr|Y.? (6.53)

+ 120 Tr|Y, |2 — 12T |Yy|* — 4Tr|Y,|* — 12Tx|Y,|* (6.54)

in the complex singlet extension. The traces are over the Standard Model like
Yukawa coupling matrices. The additional term 2\%;; can then be used to lift the
electroweak vacuum to be completely stable. SARAH is capable of calculating -
functions to two loop level. We can then use the two loop [-functions to see if
the Agy-coupling can stabilize the electroweak vacuum at Next-to-Next-to-Leading
order (NNLO). The additional terms in the two loop S-functions, when compared
to the Standard Model, are

B~ =10\ Nay £ 8%, (6.55)

the signs corresponding to the sign of the portal coupling in the potential[2.4l Solving
and plotting the running of the couplings can be done in Mathematica. The initial
values are A\; = 0.27, ¢'(m;) = 0.35 = \/3/75 g1, g(my) = 0.64 = go and gs(my) =
1.16 = g3. The top-Yukawa is taken to be Y; = 0.93[50] at the top mass. We ignore
the rest of the quarks and leptons since their contribution is negligible.

We see in that it is possible to have a positive-definite quartic coupling
A1 even up to the Planck scale mp = 2.4 x 10'®GeV, with both positive (left) and
negative (right) sign of Agy. At high couplings Asy = 0.26 the perturbativity puts
the constraints due to the positive contribution of Agy in both ), and Sy [11].
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Figure 6.8: The running of the Higgs quartic coupling with positive sign (left) and negative
(right) of Agpy, the portal coupling has the value Agg = 0.22 and Agy = 0.27 respectively.

6.4 Summary

One of the main motivations for the complex singlet extension was the prospect of
stabilizing the electroweak vacuum with minimal additions to the Standard model.
This effect is competing with dark matter production since both depend on the Agy
coupling, albeit in different ways. The electroweak vacuum stability favors a larger
coupling and therefore puts constraints on the other Lagrangian parameters if the
correct relic density is to be produced.

By solving the expression for the coupling in [3.3] we can put a limit on the
scalar mass difference mass and the VEV wv,. If we use the conservative limit of
sin# = 0.15 the limit is given by

Lo s 2
—(mj,, —my, ) > 432GeV (6.56)

Vs
and assuming mj /vy < mj, /v, the limit simplifies to
m
Ths > 432GeV. (6.57)
Us

We see in that the conservative limit on the mixing angle 6 is justified since
this requires the hy mass to be of order of magnitude greater than its VEV.



7. Conclusions

We have studied the complex singlet scalar extension of the Standard model in a
softly broken U(1) symmetric model. The two CP-even states mix to form mass
eigenstates. The resulting massive pseudo-Goldstone boson in the model is a viable
dark matter candidate. We have explored direct and indirect detection prospects of
the dark matter candidate, and the possible collider signatures of the model.

The models predictions were compared to particle physics experiments since
some measurements, especially in the electroweak sector, are very accurate and
constrain allowed parameter values. We also considered the searches for the Higgs
boson. These were Higgs coupling measurements and direct Higgs searches. In the
mass range 1GeV < my, < 450GeV, the direct Higgs boson searches and coupling
measurements were the limiting experiments variably constraining the mixing angle
to sinf < 0.2 — 0.4 depending on the hy mass.

At high masses my, > 450GeV the electroweak measurements provide the
most stringent bounds. By introducing a second scalar that mixes with the Stan-
dard model like Higgs we have new loop contributions to gauge boson processes.
The predictions were compared to measured values to constrain the model further.
The limit on the mixing angle from EWPO was found to be sinf ~ 0.3, monoton-
ically decreasing as the hy mass increases. We also calculated the Peskin-Takeuchi
parameters S and 7" in the limit m;,, < m;,. We found that the mixing angle must
be | sinf| < 0.15 for this heavy scalar to comply with measurements.

In the dark matter section of the thesis we derived the Boltzmann equation
in an expanding universe and then applied the equation in the computer pack-
age micrOmegas. By randomly generating parameter points while keeping every
other parameter fixed we showed how different parameter combinations influence
the relic density of Spy;. The relic density varied greatly depending on the param-
eters chosen, and in general only small regions of parameters were acceptable if one
assumes the relic density of Spy; must account for all dark matter observed today,
Qh? = 0.120 £ 0.001.

The parameter space of the model is further constrained by stability require-
ments of the electroweak vacuum. For this, we derived the [-functions for the
coupling parameters by generating functionals to obtain the Callan-Symanzik equa-
tion to study the running of the couplings. For the electroweak to be stable, one
requires for the Higgs quartic coupling \; to be positive definite. For this condition
to be satisfied up to the Planck scale, we showed that the portal coupling should
have a value of at least Agg ~ 0.26 at the electroweak scale when A\; and Agy have
the same sign. If the portal coupling and Higgs quartic coupling have a relative sign
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difference, the portal coupling at electroweak scale must be at least Agg = 0.28 to
have a stable vacuum, as our calculations show.

In conclusion, the complex singlet scalar extension of the Standard Model is an
economic framework which could explain some of the shortcomings of the Standard
Model. Among these are providing a viable dark matter candidate and stability
of the electroweak vacuum up to the Planck scale. Future collider experiments,
including the upgraded LHC, might result in better measurements of the Higgs
quartic coupling and the top quark mass. It is therefore motivated to make a more
robust analysis with updated constraints on the model in future.



A. Appendices

A.1 The Lagrangian

Below the Lagrangian is displayed as written in the SARAH implementation.

1 1 1 1
‘/in _ _ = 1252_7 2H02—* 2H+2—*M252
== GBS — SR HOP — P H P — M
1 1 1
— §A11H014 — 5)\1]H+\4 - 5)\5]514 — HY)\|H|PH™
1
— Asu|SPH? = Asu|SP|HY|? — <3S
4
- Hodz,mydfjk(sﬁvdﬁjﬁ - H+Uz,kyy(zjk5ﬁvdl%,jﬁ
- Hoe*L,k:YeTjkeR,j - H+Vz,kY:jk€R,j - Hid*L,kﬂ/YJ,jkéﬁ’YuRJB
+ H" up Yo 0pyun s — HO A j505,dr i Yagn
- HO’*eﬁjeL,kYe,jk - Hie}iz’jVL,kae,jk - HJruE,jﬁéB'ydL,kyYu,jk

— H™dpy 5080y Yaji + H Uk ;508300 k0 Yaji

A.2 The detailed derivation of the couplings

Starting from the mixing angle

2V

tan20 = ————————
Agv2 — \jv?
we can rewrite it to
2
v 2 s v
v2  wvtan 20

which we can plug into the mass squared m,%l to obtain

1 25UV 25U v
2 2 SHUs 9 SHUs
M 2 ( §Us tan 20 505 tan 20 cos 29)

1 1
= Mgv? — Agpo. (1 ) _
5Ys SHUsU {1+ cos 20/ tan 20

= )\51)? — AsHUsU cot 6
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Similarly we get for m%Q

1 2A\sHvsv 2AsHvsv
2 2 SHUs 2 SHUs
— 2 (a2 — . S A7
Mhs = 3 ( 5% tan 26 sUs tan 26 cos 29) (A7)
1 1
= Ag0? — Agyvs (1 — ) A8
5% SHUsY cos 20/ tan 26 (4.8)
= )\Svg + Agpvsv tan 6 (A.9)
With the masses we can rewrite Agy. Taking mj, — mj,
my, —m;, =Aspvsv(tan + cot §) (A.10)
=2Agg Vv csc 20 (A.11)
and simplifying
mi —mj
Asr = —11 A12
SH 20,0 csc 20 ( )
2 2
th - mhl .
=—=—15in 26. A13
o0 sin ( )
We can now use this result to calculate Ag. Starting from mj,
2 2 mp, — mj,
my,, = Asv; + | —%——— | sin 20 tan fv,v (A.14)
20V
= Asv? +mj_sin®0 — mj, sin®6 (A.15)
which is equivalent to
Asv2 = mj —mj_sin® 60 + mj sin® 0 (A.16)
= mj_cos’ +mj sin®0 (A.17)
that then gives the coupling
As = —m2 cos? 0+ ~m? sin?6 A.18
5 = 3™, COS + 2 M, SN (A.18)

A.3 The Beta functions as calculated by SARAH

The lower index signifies which coupling and the superscript loop order.

1 27 9 9 9
B = g9t + guie + 398 — ih — Odh 1248

+ 202, + 120 T (Yde) + AT (YJQ) 120, T (YUYJ)

—12Tr (Ydyj YdeT> —4Tr (Y;YJ VAL ) —12Tr (YuYJ Y, Y ) (A.19)
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3411 1677 289 305 1887 117
By, = —mg? 500 ——glgs — 0 “—gigs + ?93 + 500 — g\ 50 — 193N
73 54
— §92)\1 + =9 AT 4 5Aga AT — T8AY — 10\ Ny + 8Aiy
12252>\ 453 1+ 80( 1002 — 9N, |\ & 99 4 ¢2( 25), + 5402 ) ) Tx( Y,V
10 go A1 — 409Gy + g3 — 9A1 A1 + 997 + 97 1 1+ 9495 r{ rqry

3
-1 (1591 + 5(16)\2 505\ + g2) — g (2293 + 25)\1>)Tr<YeYj)
171

- 570 T (YUYJ ) * 6539@5“ (YUYJ > 3%“ (Y YT)

127g1)\1Tr (Y YT) 425g2)\1Tr (Y YT) + 802\ Tr <Y YT>
TNy (YUYJ> 4 i P (Ydyjnyj ) 42Ty (m{j YdY;)

24
C3ATY <§@ij{j ) 420 Tr (nYJYuY;) — gy (Yeygmj)

16
- Ty (Y iy, YT> 42Ty (Y YiY, YT> _ 30 Tr (Y viy, Y*)
— 24Ty (Ydyj Y,Yiv, v} ) +12Tr (Ydyj Yuyjmyd*)
+ 20Tr <Y6YJ Y.Y! Y;YJ) + 60Tr (YUYT YUYTYuYT>

— 12Tr<YdYJYuYJYqu> + 60Tr< VY v Ylv,y, ) — AlTr(nY;YeY;) (A.20)

B =100% + 402, (A.21)
24
B = — 603 + 0t + 246308 — 202505y + 160Gy
— 2402, Tr (YUYJ> — 2403, Tr (Yde) — 8%, Tr (YeYj> (A.22)
B —ASH (20Tr (Y YT> 1 40\s — 40)gy — 4542

1+ 60X, + 60Tt (dej ) + 60Tt (Yqu> _ 9gf) (A.23)
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Bon = 100 gidsm + 89192)‘SH 16 GaAsu + 5 — @M Asm + 3695 M Asir
-0 N2y — 39505y + 360 ALy + 24 AT, — 11N,

1
+ ASH( — 144X, + 16095 + 4593 + 48y + 5g%>Tr (YdYT)

1 45
— gl)\SHTr <Y Y ) — gQASHTr <Y Y| ) + 4092 A g Tr <Y Y| )

+ 1203, Tr <YUYJ ) — —)\SHTr <Yde Yde> — 21\ Tr <YdYJ YY) )

27

— —)\SHTr <Y Y1y, YT> — 36\ Mgy Tr (Y YT>

— 15X g — 10A2 Ay + Z)\SH (1591 +15¢2 + 16 g — 48/\1)Tr (YJJ)

- Dharme(Vyvy)

A.4 Dark matter plots

We display here the wider range of parameters we scanned over.

(A.24)

The ranges of

parameters are given in table[A.4] For the left plots the relic density is displayed as
a copper color gradient with darker tones corresponding to lower relic densities. The
correct relic density is Qh? = 0.120 & 0.001. It is however illustrative to consider
the relic density as a contour plot to better understand the interplay between the
parameters since the plots with the correct relic density give no such indication.

|

H Varied ‘ Range 1 ‘ Range 2
ASH, TS, Asu € [0,0.3] msp,, € [0,800]GeV
AsH, As Asg € [0,03] Ag € [0,2]
As, Vs As € 10, 1] €]0, 1500]GeV
MSpas Vs | Msp,y € [0,1500]GeV € [0,2500]GeV
AsH, Us Asg € [0,01] mspyy € [0, 1500]Ge\/
As, Mg, 0, As € [0,0.3] msp,, € [0,250)GeV
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Figure A.1l: Left: Variation of Agyg € [0,0.6] and mpys €]0,740GeV]. Right: The parameters
which give a correct relic density QA2 ~ 0.120 £ 0.001.
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Figure A.2: Left: Variation of Agy € [0,0.6] and Ag € [0,2]. The white region to the left
is due to violation of the condition A\jAg > )\?9 - At the origin we see that the relic density is
more favorable than at high couplings. Right: Plotting the allowed parameters when we demand
Qh? ~ 0.120 £ 0.001.
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Relic density Qh*2 in the interval [0,1]

Relic density Qh*~2 =0.120 +/-0.001
1.0+
'
094 \
0.8 1
.
0.8 '
.
'
0.6
] 0
o o 0.7 1
T T H .
a a H L)
E £ h
a 04 4 064 :
H .
0.5
0.2
0.4 4
. T . . . T . . 031,
0 200 400 600 800 1000 1200 1400

T T T T T T T
0 200 400 600 800 1000 1200 1400
Singlet VEV (GeV) Singlet VEV (GeV)

Figure A.3: Left: The relic density corresponding to variations of A\g € [0,2] and v, €

]0,1500GeV]. The white area in the middle is due to violation of A;Ag > Agp or due to m,zl2 <0.
The relic densities in this case are discrete islands. Right: Showing only the correct values
Qh? 2~ 0.120 4 0.001 gives insight into how the coupling and VEV affect each other.
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Figure A.4: Left: The relic density when we varied mg,,, € [0,15TeV] and vy € [0, 2500GeV].

Right: Plot of the parameters for which the relic density corresponds to measurements Qh% =
0.120 + 0.001.
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Figure A.5: Left: The relic density due to variations of gy € [0,0.2] and v, € [0, 1500GeV].
Right: The correct values for the relic density Qh? = 0.120+0.001 as a function of the parameters.
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Figure A.6: Left: For A\g € [0,0.3] and the DM mass mgs,,, € [75GeV,250GeV] the relic density

appears to be linearly dependent on both parameters.
correct relic density values k2 = 0.120 £ 0.001.

Right: The parameters which give the
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