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Abstract

Electroweak phase transitions in the
two-Higgs-doublet model after the first LHC run

Johan Löfgren

One of the main motivations to consider beyond standard model physics is the
observed matter-antimatter asymmetry of our universe, since it cannot be explained
by the standard model. In this thesis we study the two-Higgs-doublet model (2HDM)
in order to test if there are regions of the parameter space of this model which are
not yet excluded by experiment and which can explain the asymmetry by the process 
of electroweak baryogenesis. This requires a strongly first order electroweak phase
transition to occur in the early evolution of the universe. In order to see if such a
phase transition can be sustained by the 2HDM we study the minimum of the
potential as a function of temperature by numerical methods. We find that there are
unexcluded regions of parameter space of the 2HDM which can support electroweak
baryogenesis.
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1 Populärvetenskaplig sammanfattning på svenska
I den här examensuppsatsen utforskar vi hur en fasövergång i det tidiga universums utveckling kan
ha påverkat balansen mellan materia och antimateria. Antimateria beter sig likt vanlig materia, fast
den har omvänd elektrisk laddning. Till exempel har elektronen en antimateria-partner med positiv
elektrisk laddning: positronen. När vi betraktar verkligheten vi har runt omkring oss så ser vi materia
överallt, men i princip ingen antimateria. Om en partikel och dess antipartikel kommer i kontakt med
varandra annihilerar de varandra och energi frigörs.

Den bästa teorin vi har för att beskriva verkligheten är den så kallade standardmodellen. Enligt
standardmodellen uppträder materia och antimateria i princip symmetriskt. Detta skulle betyda att
det är lika troligt att skapa materia som antimateria, vilket väcker frågan varför vi ser så hiskeligt
mycket materia runt omkring oss men väldigt lite antimateria. En av teorierna för att förklara denna
asymmetri är att all materia genomgick en fasövergång i vårt universums tidiga utveckling. När
universum expanderade rappt efter Big Bang så kyldes materian snabbt ner.

Vid de höga temperaturerna befann sig materian i en fas där alla partiklar var masslösa. När
materian kyldes till en kritisk temperatur skedde en fasövergång och många av partiklarna blev massiva.
Denna fasövergång kan liknas vid kokande vatten: När man värmer upp vatten till 100 ◦C övergår
det flytande vattnet till en fas där molekylerna inte är lika hårt bundna vid varandra (det bildas
vattenånga).

Genom att studera bland annat vid vilken temperatur fasövergången i tidiga universum sker kan
man avgöra om en särskild modell har vad som krävs för att ge materia en fördel över antimateria.
Tyvärr visar det sig att standardmodellen inte har rätt typ av fasövergång för att kunna förklara den
observerade asymmetrin. Därför studerar vi i den här uppsatsen en förlängning av standardmodellen
som kallas för två-Higgs-dublett modellen. Två-Higgs-dublett modellen har många fria parametrar som
man kan försöka anpassa för att få modellen att stämma överens med de experiment som utförts, till
exempel vid the Large Hadron Collider. Dessa parametrar bildar ett så kallat parameterrum, vilket
har delar som är uteslutet av experiment.

För att studera parameterrummet har vi använt oss av olika datorprogram och matematiska
verktyg. Vårt resultat är att två-Higgs-dublett modellen har delar av sitt parameterrum som inte
har blivit uteslutet av experiment och som har en fasövergång av rätt typ för att kunna generera den
observerade materia-antimateria asymmetrin i vårt universum.
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2 Introduction

The universe, as we currently understand it, consists of quantum fields interacting with one another
over a spacetime background. We interpret the fluctuations in these quantum fields as particles. Of
course, when we as human beings look around us we do not resolve these particles; what we see are
structures which inherent properties from the fundamental particles they are made of. To be able to
probe these particles and their properties one needs experiments which can access very high energies,
such as the Large Hadron Collider (LHC). At such experiments we can test our theory which so far
describes our universe best, the Standard Model (SM), or perhaps some extension to the SM. The need
for particle physicists to invent such extensions arises because even though the SM is very successful
there is an often cited, though short, list of observed phenomena it cannot explain: It describes all
the fundamental forces except gravity; it does not include neutrino masses; it does not account for
dark matter.2 Hence it seems reasonable to assess that the SM is not the final theory of nature; there
should exist extensions to the SM which can explain these phenomena.

There is another phenomenon whose lack of explanation is particularly glaring: The SM essentially
treats matter and antimatter symmetrically, but in our universe there is an asymmetry between matter
and antimatter. As we observe the universe around us, we see large structures formed by matter but
none formed by antimatter. This suggests that a large puzzle piece is missing in our understanding of
the universe’s evolution and cosmology. In fact there exist several different theories which could explain
this asymmetry, but there is not yet any consensus regarding which is the correct one. A popular
hypothesized process which can explain the asymmetry between baryons and antibaryons is called
electroweak baryogenesis, in which matter undergoes a phase transition as our universe cools down
during the rapid expansion after the Big Bang. This phase transition occurs at temperatures around
the electroweak scale and is hence called an electroweak phase transition (EWPT). This was previously
thought possible to occur in the SM, but it turns out that it would require a much lighter Higgs boson
than the one which has been observed at the LHC [2, 3]. One of the reasons electroweak baryogenesis
is a popular mechanism is because the electroweak scale can be probed at current experiments, for
example at the LHC. Hence extensions to the SM which also incorporate electroweak baryogenesis can
be falsified, which makes them more interesting.

In this master thesis we aim to study the EWPT in the two-Higgs-doublet model (2HDM), which
is an extension to the SM with two Higgs doublets instead of one [4]. This leads to four extra Higgs
bosons in the theory, two of which are charged. The 2HDM has many free parameters which can take
on values in wide ranges, and previous studies suggest that there are regions of the parameter space
which can support an EWPT [5]. In addition, specific instances of the 2HDM have other attractive
properties, such as the ability to account for dark matter [6] and an extra source for violation of the
Charge Parity (CP) symmetry [7] (this is also required for electroweak baryogenesis). However, the
large dimensionality of the parameter space makes analytical study of the parameter space intractable,
and hence the modern method is to perform random parameter scans. This way one can check which
combinations of parameters satisfies theoretical and experimental constraints and also make predictions
for what should be seen in future experiments (such as the next run of the LHC).

The method of this thesis will be to perform such scans of the parameters of the 2HDM in order
to understand if it can support an EWPT which can generate the matter-antimatter asymmetry via
electroweak baryogenesis. In order to do this we will need to understand the theory of spontaneous

2Dark matter is essentially invisible, but is postulated to exist because the estimated masses of distant galaxies does
not correspond to the mass of the observed matter in those galaxies [1].
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symmetry breaking (chapter 3), some cosmology (chapter 4), the theory of 2HDMs (chapter 5) and
finally how thermodynamics influences our theory (chapter 6). The parameter scans are surveyed
using the program 2HDMC (2HDM Calculator) [8] which calculates observables from the parameters
of the theory, together with the programs HiggsBounds [9] and HiggsSignals [10] which compare
these observables to experimental data (see chapter 7 for a more detailed description of the method).
Throughout this project, in order to probe the parameter space of the model for an EWPT, we use C++
and the GNU Scientific Library (GSL) [11] extensively.

Explicitly we study the global minimum of the classical potential, together with its quantum- and
temperature corrections, as a function of temperature. The results are presented in chapter 8 and a
discussion is held in chapter 9. In appendix A we give an overview of the many acronyms used in this
thesis, for reference.
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3 Spontaneous symmetry breaking
In this chapter we review the idea of spontaneous symmetry breaking and its role in the standard
model (SM). This chapter is inspired by chapter 32 of ref. [12], which we recommend for a more detailed
review.3

3.1 A simple example

The construction of the SM is inherently tied to local gauge invariance [15]. Essentially, one begins
with the matter fields of the theory (leptons and quarks) as initial building blocks. By demanding
that these fields are invariant under local gauge transformations, gauge fields4 arise which then can be
interpreted as the mediators of the fundamental forces of our universe. This simple process has one
problem though: it turns out that by demanding our theory to have local gauge invariance we forbid
all mass terms of fermions and gauge bosons. This led physicists to postulate that the symmetry is
somehow broken, or hidden. In order to break this symmetry one introduces the Higgs field, which has
a nonzero vacuum expectation value (vev). As an example of such a spontaneous symmetry breaking
we will consider the following Lagrangian,

L
(
φ†, φ

)
= ∂µφ

†∂µφ+m2φ†φ− λ

4
(
φ†φ

)2
, (3.1)

which describes a complex scalar field φ (x). The coupling constant λ is positive, but note that the
sign of the mass term m2φ†φ is opposite to that of an ordinary massive scalar. Naively, one could
interpret φ as a field with an imaginary mass m = iM . By exploring this Lagrangian further we will
find another (physical) interpretation.

Stepping away from the quantum realm for a minute, we can allow for classical solutions of
the equations of motion derived from this Lagrangian. One such solution is the constant field,
φ(x) = ϕ = |ϕ|eiθ, where we interpret ϕ as the vacuum expectation value of φ: 〈φ〉 = ϕ. We can
then consider the potential V

(
φ†, φ

)
of the Lagrangian in equation (3.1) as a function of this classical

solution,

V (|ϕ|, θ) = −m2|ϕ|2 + λ

4 |ϕ|
4, (3.2)

where we immediately see that V is only a function of |ϕ| and not of the angle θ. This is a natural
consequence of the U(1) symmetry of the Lagrangian. Since V essentially is a function of a single
variable we can easily study its properties, such as its minima. Note that in the classical case this
potential corresponds to the energy of the state of the system; if we find a minimum of the potential
we have found the classical field configuration which minimizes the energy [16]. Then in the quantum
theory we can make an expansion around this classical minimum, interpreting it as the vacuum of our
theory. If we study the potential in equation (3.2), which is depicted in figure 1, we find a maximum of
V at ϕ∗ = 0 and a set of degenerate minima

v =
√

2m2

λ
eiθ ∀ θ ∈ [0, 2π).

3For a deeper insight into the tools and concepts used in quantum field theory we recommend the books [12, 13] as
introductions and [14] as an introduction to classical mechanics and field theory in general.

4One has to replace the ordinary derivative with a covariant derivate; the gauge fields are the connection terms which
are needed to make the derivative covariant.
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Figure 1: A scetch of the potential V, as a function of ϕ, commonly known as the mexican hat
potential. The U(1) symmetry of the potential and its minimum is apparent. Note that the
origin is a local maximum.

Since these minima are degenerate, they all minimize the energy of our classical system and hence
they can all represent the vacuum of our quantum theory. We will simply choose one of them as the
actual vacuum by taking θ = 0.5 This then implies that our field φ has a nonzero vev: 〈φ〉 = |v|, and
as stated previously we can now expand our field around this minimum,

φ(x) =
(
|v|+ 1√

2
ρ(x)

)
exp

(
i

χ√
2|v|

)
,

where ρ and χ are real fields with 〈ρ〉 = 〈χ〉 = 0. By inserting this expansion into the Lagrangian in
equation (3.1), we then find

L(ρ, χ) = 1
2∂µρ∂

µρ− 1
2m

2
ρρ

2 + 1
2∂µχ∂

µχ− λ

2
√

2
|v|ρ3 + 1√

2|v|
ρ∂µχ∂µχ−

λ

16ρ
4 + 1

4|v|2 ρ
2∂µχ∂µχ, (3.3)

in terms of the fields ρ and χ. Even though our original Lagrangian in equation (3.1) seemed to be a
U(1) symmetric theory describing a complex scalar field (and its Hermitian conjugate) with imaginary
mass m and vev |v|, we found that we could just as well formulate the theory as in equation (3.3), in
terms of the two real fields ρ (massive) and χ (massless), both with zero vev, where the U(1) symmetry
no longer is apparent. One then says that the symmetry of the theory is hidden, or broken.

3.2 Spontaneous symmetry breaking in the SM
Even though the example in section 3.1 is much simpler than the actual electroweak sector of the SM,
we can make analogies between these two cases. In the SM, the Lagrangian of the electroweak sector is
constructed to be invariant under local SU(2)L ×U(1)Y gauge transformations [15], which requires
the matter fields to be massless. By introducing a scalar field which acquires a nonzero vev we instead
find a theory with massive fermions and gauge bosons but with no apparent local gauge invariance.6

5In a sense, it is this choice that breaks the symmetry: we have a U(1) symmetry in our set of degenerate minima
which is broken when we make a choice of θ.

6Actually, the new theory still has a local U(1)EM gauge symmetry, but the point is that the symmetry is reduced.
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Spontaneously breaking a continuous symmetry gives rise to massless scalar fields called Goldstone
fields [13] (such as the field χ in section 3.1), but it turns out these can be "eaten" by the gauge fields
which means that the corresponding gauge bosons acquire mass. This is how the Z-boson and the
W±-boson acquires mass in the SM [15]. Even though we started with a gauge invariant theory, with
massless particles and a scalar field with a nonzero vev, we could reformulate it into a physical theory
with a broken local gauge invariance, where all fields have zero vev and fermions and gauge bosons
have mass. This is called the Higgs mechanism, and it was theorized in the 1960s [17, 18].

Let us consider how the Higgs mechanism is implemented in the SM in more detail. The Higgs
field is implemented via a doublet Φ, such that

Φ = 1√
2

φ1 + iφ2

φ3 + iφ4

 . (3.4)

The fields φ1−4 are not necessarily physical degrees of freedom in the sense that they might not be
mass eigenstates (mass eigenstates are discussed in more detail later in this section). Similar to the
simple case in section 3.1, the field φ3 develops a nonzero vev v and we can then expand around this
vev,

Φ = 1√
2

 √
2G+

v +H + iG0

 , (3.5)

where we also took the opportunity to write the doublet in terms of the physical field H and the
Goldstone fields G± and G0. In unitary gauge one uses G± = G0 = 0 [13], which reflects that the
three Goldstone degree of freedoms are eaten by the gauge fields Z and W± in order to give them
mass. What remains is one physical degree of freedom: the Higgs field H, which is found by making
linear combinations of the fields φ1−4.

The Higgs mechanism gives the gauge bosons mass through the interaction terms between the
Higgs doublet and the gauge bosons, which are generated by the covariant derivate. In the SM, the
covariant derivative replaces ordinary derivatives in order to make sure the theory is invariant under
local SU(2)L×U(1)Y gauge transformations [15]. For the Higgs doublet the derivative can be expressed
as

DΦµ = (1∂µ − ig2T
aW aµ − i1g1Y B

µ) , (3.6)

where g1 and g2 are gauge couplings; W aµ (a = 1, 2, 3) and Bµ are massless gauge fields (before
symmetry breaking); Y is the hypercharge and T a are the generators of SU(2). When this covariant
derivative is included via the kinetic term DΦµΦDΦµΦ and the Higgs doublet in equation (3.5) is
expressed in unitary gauge, we can find the mass terms for the gauge bosons. Note that the fields
W aµ and Bµ do not correspond to the physical fields W±µ, Zµ and Aµ (photon field); we first have to
diagonalize the mass matrix which arises from this kinetic term. By diagonalizing this matrix, we make
linear combinations in the fields W aµ and Bµ which result in the physical fields (mass eigenstates).
Their masses are

mW = g2
v

2 , mZ =
√
g2

2 + g2
1
v

2 , mA = 0. (3.7)

Due to the Higgs mechanism, our theory hence has three massive gauge fields, one massless gauge field
and a broken symmetry. Measurements of the gauge boson masses (and the gauge couplings) have
confirmed this mass ratio between the W±- and the Z boson, with the demand that v ≈ 246 GeV [15].
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Now let us consider the fermions of the SM. Left- and right-handed fermions7 interact with the
Higgs doublet via Yukawa terms,

− LSM
Yukawa = y

(d)
ij

(
Q̄L
)
i
· Φ
(

Ψ(d)
R

)
j

+ y
(u)
ij

(
Q̄L
)
i
· Φc

(
Ψ(u)
R

)
j

+ y
(e)
ij

(
ĒL
)
i
· Φ
(

Ψ(e)
R

)
j

+ H.c. , (3.8)

where we use the same notation as in [4]. The doublets (QL)i and (EL)i are two component vectors
which contain the left-handed fermion fields of the quarks and leptons respectively,

(QL)i =

Ψ(d)
L

Ψ(u)
L


i

, (EL)i =

Ψ(ν)
L

Ψ(e)
L


i

.

The index i = 1, 2, 3 numerates the three generations of fermions. The fermion fields Ψ are four
component anticommuting objects [12]. The left-handed fields ΨL from the different generations
interact with the right-handed fields ΨR from other generations via the 3 × 3 Yukawa matrices yij .
Included in these interactions is also the Higgs doublet Φ (or the transformed doublet Φc = iσ2Φ,
where σ2 is a Pauli matrix). Note that this structure is essentially copied three times: for up-quarks
(y(u)
ij ), down-quarks (y(d)

ij ) and for leptons (y(e)
ij ).

The Yukawa matrices yij are not in general diagonal, but they can be diagonalized by making
linear combinations of the different generations of the fields. If the Yukawa matrices are diagonal,
then when we insert Φ (in unitary gauge) into equation (3.8), we can find mass terms for the fermions.
Similarly to the case of the gauge bosons, we here also find the mass eigenstates.8 This is how the
fermions get mass in the SM.9

3.3 Beyond the SM
The Higgs mechanism is not the only conceivable way to give the particles of the SM mass. Another
example is the mechanism called technicolor [20], but the Higgs mechanism has long been the dominating
idea in the field of particle physics. The idea of spontaneous symmetry breaking had its origins in
condensed matter theory, where it for example can explain how superconductivity arises, and as such
it was already an idea with some merit. A consequence of the Higgs mechanism is the existence of
a scalar boson called the Higgs boson. In 2012 a Higgs boson-like scalar particle was discovered at
the LHC [3] and hence the Higgs mechanism is now widely believed to be the origin of mass for the
particles in our universe. That said, the way that the Higgs mechanism is implemented in the SM
is not the only possible implementation. As mentioned in the introduction, one of the more popular
extensions to the SM is the 2HDM, which has two Higgs doublets instead of one. This leads to a more
complicated electroweak sector of the theory with several massive scalars (also called Higgs bosons).
The 2HDM is the model we consider in this thesis and it is described in more detail in chapter 5.

The theory of spontaneous symmetry breaking is linked to statistical mechanics, and in fact
thermodynamic effects can influence the symmetry of our theory. It turns out that the broken
symmetry of the SM is restored at high temperatures, suggesting that the local gauge invariance was
not broken in the early universe. This is discussed in more detail in chapter 4.

7The weak interaction does not treat fermions of different helicity on equal terms. See [15] for more details about this.
8The need for this diagonalization gives a source of possible CP -violation in the SM, as the quark states which interact

with the electroweak gauge bosons then will be intermixed [19].
9We glossed over the fact that the neutrinos do not have mass in the SM. How the mass terms for the neutrinos

should be included is an open question.
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4 Cosmology and phase transitions
In order to delve into the question of how the matter-antimatter asymmetry of our universe could
have arisen we will have to consider the early evolution of our universe. Our current understanding of
the evolution of our universe and its cosmology starts with the big bang [21]: the matter in the early
universe had a very high density, before the universe started to expand. The hypothesized state of the
matter of the hot early universe is called quark-gluon plasma, because in this state the quarks and
gluons were not bound in hadrons (such as protons and neutrons), they were free. As space expanded
the matter cooled down and started to go through phase transitions (just as when water vapour cools
down and condenses into liquid water), and the quark-gluon plasma "condensed" into hadrons. Phase
transitions are key concepts in understanding the universe’s early evolution, and we will hence consider
them in detail in this chapter.

In chapter 3 we discussed in detail how the local SU(2)L ×U(1)Y gauge symmetry of the SM is
broken spontaneously; it is the breaking of this symmetry which gives the particles in the SM mass (via
the Higgs mechanism). The theory is that this symmetry is restored at high temperatures, which means
that in the earliest moments of the universe’s evolution this symmetry was exact and all particles were
massless. As the universe expands and cools down, a phase transition occurs at the electroweak scale
(at temperatures T ∼ 100 GeV), which spontaneously breaks the symmetry, giving the particles mass at
low temperatures. This is not ungrounded speculation, in fact similar kinds of spontaneous symmetry
breaking due to thermodynamic effects occur in other physical systems. A common example is an
ordinary ferromagnet [22]. The ferromagnet is magnetic at low temperatures, due to the atoms’ spins
aligning. This picks out a direction in space (north pole of the magnet say) and hence the ferromagnetic
system is not rotationally invariant. But at high temperatures the thermodynamic fluctuations prevent
the atoms’ spins from aligning and there is no net magnetic effect. This means that at high temperature
the ferromagnetic system has no preferred direction and is rotationally invariant (symmetric). This is
an example of a symmetry which is spontaneously broken at low temperatures but restored at high
temperatures, with physical consequences (the ferromagnet is not magnetic at high temperatures).

Hence the phase transitions which occur during the early stages of the universe are interesting
since they may affect the evolution of the matter in our universe. In this chapter we will consider how
an EWPT can induce the matter-antimatter asymmetry we see in our universe.

4.1 Baryogenesis
There are essentially two different ways of dealing with the matter-antimatter asymmetry. Alternative
number one is to postulate that the asymmetry was present already at the big bang, and has since
remained. Alternative two, which is the more popular one, is to postulate that matter and antimatter
both existed in equal amounts in the beginning, but some mechanism induced the asymmetry.

One of the hypothetical processes which can be responsible for this asymmetry is called baryogenesis,
which deals directly with baryon-antibaryon asymmetry. Sakharov formulated three well-known
conditions which a theory must fulfil in order to be able to achieve a baryogenesis large enough to
explain the observed asymmetry [23]:

1. Baryon number violation

2. Loss of thermal equilibrium

3. C- and CP- violation

8



A detailed explanation of why these processes are necessary is given in [24], but we will give a
short overview here. In order to be able to create an excess of baryons over antibaryons we have to be
able to violate baryon number conservation, since a baryon and its antibaryon have baryon numbers
of same size but with opposite signs. The violation of baryon number in the SM can be caused by
tunneling or transitions between vacua with different quantum numbers (such as baryon number). At
high temperatures, such transitions occur frequently due to sphalerons [25, 26].10

If a baryon number violating process occurs at thermal equilibrium, the laws of thermodynamics
require that the process is balanced out by a reverse process, washing away the baryon-antibaryon
asymmetry and we hence need to depart from thermal equilibrium. The requirement of C- and CP
violation is more subtle. We will simply state that one can prove that if C and CP are exact symmetries
of the theory, then the rate at which baryons are produced will be perfectly balanced out by the rate
at which antibaryons are produced, again leaving us without any matter-antimatter asymmetry.

There exist several proposed mechanisms which fulfil these three conditions. We will focus on
electroweak baryogenesis, where the matter-antimatter asymmetry is induced during the EWPT which
occurs in the evolution of the early universe. Electroweak baryogenesis is one of the more popular
mechanisms because it was previously thought to be able to occur in the SM. It turns out that the
mass of the Higgs boson is too high for the phase transition to occur with enough strength to cause
the asymmetry [27]. Another problem is that the SM does not contain enough CP violation [28].
But electroweak baryogenesis still remains one of the most attractive mechanisms for realizing this
asymmetry. Since the SM is anyway not thought to be complete, it is fruitful to consider extensions
to the SM. One of the advantages of considering extensions to the SM which can realise electroweak
baryogenesis is that they require new physics at the electroweak scale. This means that they may be
probed by current (or at least soon to be current) experiments.

In this thesis we are interested in studying if electroweak baryogenesis is plausible within 2HDMs,
for the regions of parameter space which are not excluded by experiment. Our main concern will be
with the EWPT of such models. In previous studies [29], it was found that the amount of CP violation
had little effect on the strength of the phase transition. We use this as a motivation to only consider
CP conserving 2HDMs in this thesis, since it simplifies many of the calculations.

4.2 Phase transitions
The modern classification scheme for phase transitions divides them into two broad categories: first-
and second order phase transitions [30]. First order phase transitions are often called discontinuous
phase transitions. They involve an energy transfer with the environment and since such energy transfers
are not instantaneous, there will be a mixed-phase regime as some parts of the system will complete
the phase transition before other parts. For example, when a pot of water starts boiling, all the water
does not vaporize immediately. Instead, bubbles of vapour are formed in the liquid water. Second
order, or continuous, phase transitions do not require an energy transfer with the environment and can
hence take place more smoothly.

The EWPT can be first or second order, depending on which theory one is considering. As
explained in chapter 3, it is a minimum of the potential not situated at the origin which breaks the
SU(2)L × U(1)Y symmetry. Hence we expect that for high temperatures, when the symmetry is
restored, the origin is the minimum. This implies that there is some critical temperature Tc where
the origin becomes the minimum of the theory; this is the temperature at which the phase transition
occurs. Depending on how the origin overtakes the nonzero minimum, the phase transition is either

10Sphalerons are pseudo-particles which are static solutions to the electroweak field equations.
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Figure 2: As a simple example of a first-order phase transition we plot a potential V against
the constant field variable φ for three different temperatures.

first- or second order. In order to be able to generate the matter-antimatter asymmetry we require a
first order phase transition. This occurs if the global minimum of the theory suddenly jumps to the
origin at the temperature Tc. In figure 2 we plot an example of such a first order phase transition (the
potential V can at T < Tc be considered as a vertical slice of the potential plotted in figure 1). At
temperatures below Tc, the minimum is situated away from the origin; at Tc the origin and the nonzero
minimum are degenerate minima with a potential barrier in between them and at T > Tc the origin is
the minimum. A second order phase transition would take place if the minimum of the theory would
continuously shift toward a minimum as we increase the temperature.

Note that a first-order phase transition occurs if a barrier arises between the two minima, just as
in figure 2. Physically this corresponds to our vacuum tunneling through the potential barrier into the
new minimum. The theory is that because of this tunneling, bubbles form in the early universe [31]
(just as in the boiling water analogy). On the inside of these bubbles, the matter is in the broken
symmetry phase such that particles have mass. On the outside of the bubbles the old phase with exact
symmetry is still dominating (we will call this phase the cosmological plasma) and particles are still
massless. These bubbles expand rapidly into the cosmological plasma, until the bubbles overlap and
all matter is in the broken phase. It turns out that the expansion of these bubbles can give rise to
conditions which fulfil all three of Sakharov’s conditions. We will give a short review of how this occurs,
but refer to [31] for a more complete picture.

As the bubble-walls expand, a departure from thermal equilibrium occurs. Due to CP violating
processes, interactions between the cosmological plasma and the bubble wall can generate CP and C
asymmetries in the particle number densities outside the bubble (which generates a corresponding
but opposite asymmetry inside the bubble). This asymmetry then gets converted into baryon number
asymmetry by sphaleron interactions. These sphaleron interactions are common in the cosmological
plasma, but are suppressed inside the bubbles, which means that a net baryon number is generated
outside the bubbles, but no corresponding but opposite number is generated on the inside of the
bubbles. As the bubble-walls expand, these baryons (or particles with a net positive baryon number)
diffuse into the broken phase, which leaves us with an asymmetry between baryons and antibaryons.

The sphaleron interactions on the inside of the bubbles are suppressed by the nonzero vev vc of
the Higgs field at the temperature Tc by a factor of e−ξ, with ξ = vc

Tc
. Hence, by requiring that these

sphaleron interactions inside the bubbles are suppressed enough not to wash out the baryon asymmetry
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generated by the sphalerons in the cosmological plasma, we find

ξ = vc
Tc
≥ 1. (4.1)

We will call phase transitions which fulfil this condition strongly first order phase transitions. This
reflects that ξ in a sense measures the size of the discontinuity of the phase transition: It represents
the length of the jump of the minimum to the origin relative to the temperature at which this jump
occurs. This is the condition we will use in order to determine if the 2HDM can support electroweak
baryogenesis, as is described in further detail in chapter 7.
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5 The two-Higgs-doublet model

5.1 The scalar sector
While the SM has the simplest possible Higgs sector, one can imagine more complicated ones. In
2HDMs one has two Higgs doublets Φ1 and Φ2 contrary to one (as in the SM). Our interests in the
2HDM in this thesis is due to the fact that 2HDMs are candidates which might sustain electroweak
baryogenesis. For a detailed review of the 2HDM see [32], but we will give a brief overview of the basics
here. The most general potential with two Higgs doublets which is gauge invariant and renormalizable
is

V2Φ = m2
11Φ†1Φ1 +m2

22Φ†2Φ2 −
[
m2

12Φ†1Φ2 + H.c.
]

+ 1
2λ1

(
Φ†1Φ1

)2
+ 1

2λ2

(
Φ†2Φ2

)2
+ λ3

(
Φ†1Φ1

)(
Φ†2Φ2

)
+ λ4

(
Φ†1Φ2

)(
Φ†2Φ1

)
(5.1)

+
(

1
2λ5 (Φ1Φ2)2 +

[
λ6

(
Φ†1Φ1

)
+ λ7

(
Φ†2Φ2

)](
Φ†1Φ2

)
+ H.c.

)
.

In order for the potential to be Hermitian, we require that the parameters m2
11, m

2
22 and λ1,2,3,4 are

real. The remaining parameters m2
12 and λ5,6,7 are in general complex and can be sources for CP

violation. In this thesis we will only consider CP conserving 2HDMs, and as such we will take these
parameters to be real. By dimensional analysis we find that the parameters m2

11, m
2
12 and m2

22 have
a dimension of mass squared (the names are hence chosen appropriately). The λs are dimensionless
coupling constants. The two Higgs doublets are constructed analogously to the doublet in the SM (see
equation (3.4)),

Φ1 = 1√
2

φ1 + iφ2

φ3 + iφ4

 , Φ2 = 1√
2

φ5 + iφ6

φ7 + iφ8

 . (5.2)

These doublets have four degrees of freedom each, and both acquire vacuum expectation values (vevs)
which spontaneously break the electroweak symmetry and gives mass to the fermions, the W± bosons
and the Z boson,

〈Φ1〉 = 1√
2

 0
v1

 , 〈Φ2〉 = 1√
2

 0
v2

 ,

where v1 and v2 are real.11 This spontaneous symmetry breaking is analogous to the case of the SM
described in section 3.2. By demanding that v1 and v2 minimize the potential in equation (5.1), we
find two relations between the parameters which must be fulfilled:

m2
11 = −λ1v

3
1 + 2m2

12v2 − λ3v1v
2
2 − λ4v1v

2
2 − λ5v1v

2
2

2v1
, (5.3a)

m2
22 = 2m2

12v1 − λ3v
2
1v2 − λ4v

2
1v2 − λ5v

2
1v2 − λ2v

3
2

2v2
. (5.3b)

This means that we can exchange the two parameters m2
11 and m2

22 for the parameters v1 and v2.
Physically this results in 3 Goldstone bosons, which are eaten by the W± bosons and the Z boson

to give them mass, and 5 physical massive scalars. The Higgs doublets can be written in terms of the
11CP invariance is broken spontaneously if there is a nonvanishing phase difference between the two vevs [32] and

hence we do not consider complex v1 and v2.
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physical states (and the Goldstone bosons) as

Φ1 = 1√
2

 √
2 (G+ cosβ −H+ sin β)

v cosβ − h sinα+H cosα+ i
(
G0 cosβ −A sin β

)
 ,

Φ2 = 1√
2

 √
2 (G+ sin β +H+ cosβ)

v sin β + h cosα−H sinα+ i
(
G0 sin β +A cosβ

)
 ,

where we have assumed no CP violation. G± and G0 are the Goldstone bosons which give the
longitudinal degrees of freedom to the W± boson and the Z boson, respectively. There are five physical
scalars: h, H, A and H±. The states h and H are neutral CP even scalars while A is a neutral CP
odd scalar. Finally we have H±, which are charged scalars. The angle α is introduced in order to
diagonalize the mass-matrix of the CP even states h and H such that mH ≥ mh (similar to how we have
to diagonalize the mass matrices of the fermions in the SM). The angle β is defined through the ratio
of the two doublets’ vacuum expectation values, tan β = v1/v2, with the convention that 0 ≤ β ≤ π/2.
This means we have traded the coordinate (v1, v2) for the distance to the origin v =

√
v2

1 + v2
2 and

the angle β. For the calculations in chapter 6 we will use the fields φ1−8 (this is easier when dealing
with the effective potential), but since the physical states offer easier interpretations, we will discuss
them here (we will also use the physical parameters to perform the parameter scans, as described in
chapter 7).

5.2 Gauge bosons and fermions
We now want to include the fermions and the gauge bosons, analogously to how they are included in the
SM (as we describe in section 3.2), but now with an extra Higgs doublet. The kinetic terms can hence
be written

(
DΦµΦi

)
(DΦµΦi) , (i = 1, 2), with the covariant derivative defined as in equation (3.6).

Inserting the vevs of the Higgs doublets in this kinetic term we find the mass terms (for the physical
gauge bosons) [4]

mW = g2

√
v2

1 + v2
2

2 = g2
v

2 , mZ =
√
g2

2 + g2
1

√
v2

1 + v2
2

2 =
√
g2

2 + g2
1
v

2 , mA = 0. (5.4)

This means that we have v ≈ 246 GeV also in the 2HDM.
In order to include the fermions we mimic the same Yukawa structure as in the SM, but with an

extra Higgs doublet,

−L2HDM
Yukawa = (y(d)

1 )ij
(
Q̄L
)
i
· Φ1

(
Ψ(d)
R

)
j

+ (y)(u)
1 )ij

(
Q̄L
)
i
· Φc1

(
Ψ(u)
R

)
j

+ (y(e)
1 )ij

(
ĒL
)
i
· Φ1

(
Ψ(e)
R

)
j

+

+ (y(d)
2 )ij

(
Q̄L
)
i
· Φ2

(
Ψ(d)
R

)
j

+ (y)(u)
2 )ij

(
Q̄L
)
i
· Φc2

(
Ψ(u)
R

)
j

+ (y(e)
2 )ij

(
ĒL
)
i
· Φ2

(
Ψ(e)
R

)
j

+ H.c.

This structure can generate mass terms similarly to the Yukawa structure of the SM; if we diagonalize
the mass matrices which arise when we insert the Higgs doublet in unitary gauge we find the mass
terms. But there is a slight complication regarding the interaction terms which arise simultaneously.
In the SM, when we diagonalize the mass matrices of the fermions we at the same time diagonalize the
interaction terms between the Higgs boson and the quarks. This means that the SM does not have
flavour changing neutral currents (FCNCs) at tree level. FCNCs are heavily constrained by experiment
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Table 1: The four different types of 2HDMs with a Z2 symmetry, together with the corresponding
Z2 charges of the doublets Φ1 and Φ2; the right-handed fermions UR (up-type quarks), DR

(down-type quarks) and LR (leptons).

2HDM Φ1 Φ2 UR DR LR

Type I - + + + +
Type II - + + - -
Type X - + + + -
Type Y - + + - +

and are hence undesirable in extensions to the SM [33]. But since the Yukawa sector of the 2HDM
involves two different matrices (y1 and y2) for each fermion type, it turns out that we in general do not
diagonalize the interaction terms automatically by diagonalizing the mass matrix. This implies the
existence of FCNCs in the 2HDM.

These FCNCs can be removed by simply setting many of the matrix elements of y1 and y2 to zero
(or close to zero enough). But this is somewhat unappealing; after all, if there is no mechanism to stop
us, we could by similar arguments imagine a Lagrangian with an infinite number of extra terms in
our theory but where each term is multiplied by a constant equal to zero. In the SM there are many
possible terms which are naturally not included because we want the theory to be gauge invariant and
renormalizable; these terms are hence forbidden by our requirements on the theory, and we do not
need to remove them by hand. Similarly, it is more appealing if there exists some mechanism which
removes these FCNCs in the 2HDM.

In fact, there are several proposed such mechanisms. One of the more popular ones is to require
our theory to be invariant under a Z2 transformation which transforms the doublets according to

Z2Φ1 = −Φ1, Z2Φ2 = +Φ2. (5.5)

We refer to this as the doublets’ Z2 charges: Φ1 has negative charge and Φ2 has positive charge. By
letting this transformation act on the right-handed fermion fields as well, we can make sure that only
one doublet couples to each type of fermion. This automatically removes all FCNCs [34]. It can be
shown that there are only four unique ways of assigning the Z2 charges of the right-handed fermions
and the doublets; it is common to refer to these four different possibilities as the four types displayed
in table 1. Note that alternative names for the types X and Y often are used (type X is often called
type III and type Y is often type IV, but sometimes other conventions are used). We will stick to the
convention established in table 1.

So far we have only discussed this symmetry in terms of the fermion sector of the theory. By
also requiring that the potential in equation (5.1) does not break the symmetry "hard", we find the
requirement that λ6 = λ7 = 0.12 For our parameter scans we will make this requirement and consider
the four different types described in table 1. How this affects the parameter space is discussed in detail
in chapter 7.

12The m2
12 term only breaks the symmetry softly, since it is suppressed at high energies, and is hence allowed to

remain.
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5.3 The inert doublet model
We will also consider another instance of the 2HDM: The inert doublet model (IDM). The IDM can
be constructed by demanding that the Z2 symmetry is exact, which means we take λ6 = λ7 = 0 and
m2

12 = 0 GeV2 in the 2HDM potential.
By assigning the same Z2 charges as in equation (5.5) to the doublets, and letting all the fermions

have negative charge under the Z2transformation, we remove all tree level couplings between the second
Higgs doublet Φ2 and the fermions. This implies that that Φ2 does not couple to fermions at all. More
importantly, the lightest particle of the second Higgs doublet is stable and is hence a dark matter
candidate [37]. Furthermore, in this model only the first doublet acquires a vev, but the second doublet
may develop a vev as we consider temperature effects.

Note that the IDM can be seen as a special case of the stealth doublet model [35]; both of these
models represent the case where only the first Higgs doublet acquires a vev. The mass relations given
in equations (5.3) do not apply for these models. Instead the relations are

m2
11 = −1

2v
2
1λ1,

m2
12 = 1

2v
2
1λ6.

In the stealth doublet model, FCNCs are not forbidden explicitly, since Φ2 can still couple to fermions
at loop level via interactions from the potential. However, these FCNCs are heavily suppressed since
they are present first at the two loop level [36].

The parameter space of the IDM is discussed further in chapter 7. Note that tan β cannot be
a parameter this model, and hence the IDM cannot be obtained by taking the limit tan β → 0 or
tan β →∞ in a type I 2HDM.

15



6 The effective potential
In this chapter we will study thermodynamic- and quantum effects on the classic potential. These
corrections will supply the framework within which we will study the EWPT in the 2HDM. These
results are derived by studying the effective potential of the theory in a thermodynamic medium [16].
Conceptually this corresponds to a quantum theory at finite temperature. The interaction between
quantum field theory and statistical mechanics is rich, ripe with interesting concepts (renormalization
is a predominant one). We will not detail the derivations of the results used in this chapter, instead we
recommend the books [16, 38] for the interested reader.

For calculations of observables in particle physics it is often enough to consider the classical
(tree-level) potential of the theory. But when higher precision is needed, or when quantum- and
thermodynamic effects are important, the object of study is the effective potential.13 Since we are
interested in the minimum-structure of the theory at finite temperature, we have to study the effective
potential V , which problematically cannot be written in closed form. But, just as for the calculations
of transition amplitudes, we can make a perturbative expansion (up to 1 loop order in this case),

V (φ, T ) ≈ Vtree(φ) + V1loop(φ) + VCT (φ) + V T1loop(φ, T ), (6.1)

where Vtree(φ) is the classical potential, V1loop(φ) are the quantum corrections at leading order with
VCT (φ) as the corresponding counterterms and V T1loop(φ, T ) are the temperature corrections at leading
order. The counterterms are chosen such that the minimum of the potential at zero temperature is
preserved, together with the masses of the fields (this is detailed in section 6.2). We let the symbol
φ schematically represent all the fields in the theory; similarly to how we studied the potential of
chapter 3, we will study the effective potential as a function of the fields. More specifically, for the
2HDM we will consider the potential as a function of the two fields φ3 and φ7 which are introduced
in equation (5.2), with all the other fields put to zero. The other fields can be ignored because the
only fields which are interesting for the minimum-structure of the potential are the ones which achieve
nonzero vev [39].

The approximation of the effective potential given in equation (6.1) is the main object of study in
this thesis. For the tree-level potential we will use the potential defined in equation (5.1). The other
components included in equation (6.1) are detailed in this chapter.

6.1 The thermal correction

The thermal correction to the potential can at 1 loop order be written as [39]

V T1loop(φ, T ) = ±T 4
∑
i

niIi

(
mi(φ)
T

)
,

Ii

(
mi(φ)
T

)
= 1

2π2

∫ ∞
0

x2 ln
(

1∓ e−
√
x2+mi(φ)2/T 2

)
dx. (6.2)

Here the upper sign in both expressions refers to bosons and the lower sign refers to fermions; ni is
the number of degrees of freedom of the particle, T is the temperature and mi(φ) is its mass as a
function of the field configuration φ. The sum enumerates all the particles included in the theory under

13The effective potential is constructed as the Legendre transformation of the generating functional for the connected
Green’s functions of the theory [16]. We will not go into detail about this.
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consideration. In our case this will be the scalars φ1−8 (n1−8 = 1), the gauge bosons (nW = 6 and
nZ = 3) and the top quark (nt = 12). All other fermions are neglected due to their low masses.

The masses in the expression of equation (6.2) are functions of the field configuration φ (in our case
they are functions of the fields φ3 and φ7). These functions are described in appendix B. The integrals
Ii cannot be evaluated analytically and it is too expensive to evaluate them numerically. 14 In order to
be able to perform our calculations we instead use approximating functions for these integrals [39]. For
high temperatures we use the approximation

IHTB

(mB

T

)
≈ −π

2

90 + 1
24

(mB

T

)2
− 1

12π

(mB

T

)3
− 1

64π2

(mB

T

)4
ln m2

B

cBT 2 , (6.3)

IHTF

(mF

T

)
≈ −7π2

720 + 1
48

(mF

T

)2
+ 1

64π2

(mF

T

)4
ln m2

F

cFT 2 , (6.4)

where B refers to bosons and F refers to fermions and with the constants cF = π2 exp( 3
2 − 2γE) and

cB = 16cF .15 The low temperature expansion is common to both fermions and bosons,

ILTi

(mi

T

)
≈ −

( mi

2πT

)3/2
(

1 + 15
8
T

mi

)
exp

(
−mi

T

)
. (6.5)

Inspired by ref. [5], we use an interpolating polynomial between the regions of high and low temperature
such that the resulting function has a continuous first derivative.16 For bosons, the temperature is
considered high if m/T < 1.8 and the temperature is considered low if m/T > 4.5. For fermions the
respective limits are m/T < 1.1 and m/T > 3.4.

6.2 One loop potential and counterterms
A common approach to correct the tree level potential at 1 loop (leading order) is by adding the
Coleman Weinberg potential [40],

V1loop(φ) =
∑
i

±ni
64π2mi(φ)4

(
ln mi(φ)2

Q2 − 1
2

)
, (6.6)

to the 2HDM tree level potential. As before, the upper sign refers to bosons and the lower sign to
fermions; we sum over all particles of the theory, ni is the degree of freedom for particle i and mi(φ)
is its field dependent mass; Q is the renormalization scale which typically is chosen as the Higgs vev
Q = 246/

√
2 GeV. One also adds counterterms to the potential,

VCT (φ) = δm2
11Φ†1Φ1 + δm2

22Φ†2Φ2 − δm2
12

[
Φ†1Φ2 + H.c.

]
+ 1

2δλ1

(
Φ†1Φ1

)2

+ 1
2δλ2

(
Φ†2Φ2

)2
+ δλ3

(
Φ†1Φ1

)(
Φ†2Φ2

)
+ δλ4

(
Φ†1Φ2

)(
Φ†2Φ1

)
+ 1

2δλ5

(
(Φ1Φ2)2 + H.c.

)
, (6.7)

in order to make sure that the minimum of the tree level potential, together with the scalar masses,
are not changed by the 1 loop correction. These conditions fix the eight parameters introduced in
equation (6.7).

14This integral would have to be calculated many times, due to the minimization procedure described in chapter 7.
15γE ≈ 0.5772 is the Euler-Mascheroni constant.
16This requires a polynomial of degree three.
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This approach has two unappealing features. First of all, the choice of renormalization scale Q is
rather arbitrary. The thought behind this is that Q is a residual scale dependence which shows up
because we are not performing a complete renormalization, in fact we are only renormalizing at 1 loop.
The choice of this scale should not affect the physics at 1 loop, only at 2 loops and hence it should
not matter at our order of accuracy. But we are interested in the location of the minimum of this
potential and since the potential clearly depends on this scale, this arbitrary choice might affect our
results. Secondly, the conditions which fix the parameters introduced in equation (6.7) leads to several
nonlinear equations which must be solved numerically. As we explain in chapter 7, we will consider
many different instances of the 2HDM, which means that we would have to solve these equations many
times, reducing the performance of our calculations. A third problematic feature is that divergences
show up when one is fixing the parameters. This is due to the fact that we need to calculate derivatives
of the potential in equation (6.6), which leads to terms of the form(

(mi(φ)2)2 ln mi(φ)2

Q2

)′′
= 2((mi(φ)2)′)2 ln mi(φ)2

Q2 + ...

where mi(φ)2 can reach zero values at the same time as (mi(φ)2)′ is nonzero. This can be dealt
with by introducing more nonlinear terms [41] or, which is done more frequently, by making an
approximation [42].

In order to avoid these problems, we will instead use a simpler approach. For the simple Higgs
potential with Lagrangian

L (φ) = 1
2∂µφ∂

µφ+ m2

2 φ2 − λ

4!φ
4,

the leading order quantum corrections together with counterterms can be written [43]

V1loop(φ) + VCT (φ) =
∑
i

±ni
64π2

[
mi(φ)4

(
ln mi(φ)2

mi(v)2 −
3
2

)
+ 2mi(φ)2mi(v)2

]
, (6.8)

if we, similarly to in the case above, choose the counterterms such that the location of the minimum is
the same as for the tree level potential, and that the tree level masses are preserved. Here v is the
location of the minimum, which means that mi(v) is the physical mass of the particle. Note that
all residual scale dependence is gone from the potential, due to being absorbed in the counterterms
which are added. This formula has been used in beyond SM physics before, but only for cases wich
are analogous to the SM in the sense that they only have one field which acquires a vev [44, 45]. In
appendix C we show that this formula generalizes naturally to a case with an arbitrary number of
fields which gain vevs. This generalization of equation (6.8) is what we will use in the expression for
our total potential given in equation (6.1).

6.3 Thermal masses
We can improve the approximation of equation (6.1) by including thermal corrections to the masses of
the scalar bosons [46]. This represents summing over a certain class of diagrams with several loops.17

The result of such thermal corrections is that the mass matrix presented in equation (B.1) gets replaced
by

(MT )ij = 1
2

∂2

∂φi∂φj

(
Vtree + T 2

24
∑
k

nkm
2
k

)
, (6.9)

17These diagrams are called daisy diagrams because they look like flowers.
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where the sum again runs over all the particles of the theory. The eigenvalues of this matrix will be the
thermally corrected squared masses m2

B(φ, T ) of the scalar bosons. It is these masses which we should
use in our expressions for V1loop(φ) and V T1loop(φ, T ); for the scalars we hence make the substitution
mB(φ)→ mB(φ, T ) in equations (6.2) and (6.8).

We now have all the tools required in order to search the parameter space of the 2HDM for a
strongly first order phase transition. The method of how we perform this search is outlined in chapter 7
and the result is presented in chapter 8.
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7 Method
In this chapter we describe the methods by which we probe the parameter space of the 2HDM in search
of non-excluded models with a strongly first order phase transition.

7.1 Parameter scans
The completely general 2HDM has fourteen free parameters. We will consider FCNC preserving and
CP conserving 2HDMs, which reduces the number of free parameters.

7.1.1 The four Z2 symmetric types

There are eight free parameters in the Z2 symmetric models, as described in chapter 5. The potential
in equation (5.1) can then be expressed using the masses of the physical states (mh, mH , mA and
mH±), the location of the minimum (v and tan β) and the angles α and β [32]. Hence we trade our list
of generic parameters

m2
11, m

2
22, m

2
12, λ1, λ2, λ3, λ4, λ5

for the list of physical parameters

mh, mH , mA, mH± , m2
12, tan β, sin(β − α), v.

Note that, similarly to in the SM, v is fixed by the measured gauge boson masses to v ≈ 246 GeV.
This reduces our number of free parameters to seven. In order to study the parameter space formed by
these seven parameters we will employ random parameter scans. This way we can find regions of the
parameter space which have not yet been excluded by experiment. This parameter space is a priori of
infinite volume, but we can make restrictions on it using physical arguments. This is why we use the
physical parameters for our parameter scans; it is easier to choose appropriate interval ranges since
the parameters’ physical interpretations are readily available. As an example, we will only consider
positive masses below 500 GeV, since particles with higher masses will be harder to produce at our
particle colliders and hence will go unnoticed in the experiments.18

We can also use previous experiments and simulations as guides in order to determine which regions
of the parameter space are interesting. Taking into account precision tests of the oblique parameters
S, T and U (see ref. [47]) we find that we will not fulfil experimental constraints unless mA ≈ mH± .
For our parameter scans we will take this relation to be exact, but one could imagine allowing a small
difference in these two masses (this assumption is considered in section 8.1). Furthermore, since there
has been a discovery of a CP-even Higgs boson-like scalar particle with mass around 125 GeV at the
LHC [3], we should consider regions of parameter space where this is viable. As in ref. [48], we deal
with this by dividing the parameter space into two different scenarios. Scenario 1 is the case where
the scalar found at the LHC is the lightest of the two CP-even Higgs bosons of the 2HDM and that
another heavier CP-even boson remains to be discovered. Scenario 2 is the case where the heavier of
the two particles has been discovered and the lighter one so far has eluded discovery. See table 2 for
how this is reflected in the parameter bounds of the two different scenarios. In ref. [48] the authors
found that both of these scenarios are plausible after the first LHC run, even though the parameter
sin(β − α) is heavily constrained by the experimental data. We utilize this knowledge to decrease the

18This of course does not mean that these regions should not be considered at all, but since we cannot probe them
with our current experiments they are simply not interesting.
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Table 2: The parameters of the Z2 symmetric models, and the parameters’ upper and lower
bounds in our parameter scans. The bounds are the same in all four types, except for sin (β − α)
(see table 3), but may differ between the two scenarios.

Scenario 1 Scenario 2

Parameter Min Max Min Max

mh 123 GeV 127 GeV 80 GeV 115 GeV
mH 135 GeV 500 GeV 123 GeV 127 GeV
mH± 135 GeV 500 GeV 135 GeV 500 GeV
tan β 1.5 25 1.5 25
m2

12 0 m2
A sin β cosβ 0 m2

A sin β cosβ
| sin (β − α) | 0.8 1 See table 3

Table 3: The upper and lower bounds of sin (β − α) we use for the Z2 symmetric types in
scenario 2 of the random parameter scans. These bounds are chosen differently in the four
different types.

Scenario 2

Type Min(sin (β − α)) Max(sin (β − α))

I −0.6 0.6
II −0.7 0.2
X −1 1
Y −1 1

size of the parameter space further, see table 2 and 3 for what bounds we use for this parameter in the
different types and scenarios.

This leaves us with six free parameters bounded according to tables 2 and 3.

7.1.2 The inert doublet model

The IDM is similar to the Z2 symmetric case, except now also m2
12 = 0 GeV, which reduces the

parameter space by one more parameter. Also, the parameters tan β and sin(β − α) are no longer
available. Instead we use the couplings λ2 and λ3. Here we also make the assumption that mH± = mA.
The parameters together with the parameter bounds can be seen in table 4. We consider the case
where the particle h corresponds to the Higgs boson found at the LHC and H is the lightest particle of
the second doublet. This means that H is a dark matter candidate, since it is stable and does not
couple to fermions at tree level. The bounds for the couplings λ2 and λ3 are chosen such that stability,
perturbativity and unitarity constraints are not violated (see ref. [37] for details).

7.1.3 Analysing the parameter space

In order to perform random scans of the parameter spaces of these different 2HDMs we use a random
number generator from GSL [11] to generate parameter points (a point in this parameter space is a
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Table 4: The parameters of the IDM and their corresponding upper and lower bounds in our
parameter scans.

Parameter Min Max

mh 123 GeV 127 GeV
mH 1 GeV 80 GeV
mH± 135 GeV 500 GeV
λ2 0 1
λ3 0 1.1

full specification of all of our six parameters). In order to study the models19 we use the program
2HDMC [8], which can determine if the model satisfies certain theoretical constraints (such as stability,
perturbativity and unitarity of the S-matrix). We also check that constraints from flavor physics [49]
(for example measured decay rates of B mesons) are fulfilled. If the model fulfils these constraints,
2HDMC calculates observables (such as cross sections and decay rates) in the specified model. We can
then check these observables against the experimental data from the first run of the LHC, using the
program HiggsBounds [9]. This provides us with a method to distinguish whether a specific model
has been excluded or not.

Finally we also include positive Higgs searches using the program HiggsSignals [10]. This way
we can quantify the compatibility of the 2HDM predictions with the LHC data in terms of a χ2 value
for each parameter point. From this we can find the best fit point, which is the one with the lowest
value χ2

min. This enables us to judge a parameter point based on its deviation from the best fit point,
that is we consider the difference

∆χ2 = χ2 − χ2
min (7.1)

for each parameter point. We use this measure to quantify the agreement between the predictions of
the model and the LHC data.

We begin by performing an unbiased scan of the parameter space. We then continue to perform
target scans in regions of the parameter space where there are many points with low χ2 values. The
results of these parameter scans are presented in chapter 8. Note that since we perform biased scans
we will not be able to perform any statistical analysis of the data.

The next step is to study the minimum of the quantum- and temperature corrected potential
(described in detail in chapter 6) as a function of temperature, in order to deduce whether the models
which have not been excluded can support an EWPT strongly first order enough to generate the
matter-antimatter asymmetry of our universe.

7.2 Finding the critical temperature

In equation (6.1) we described the general form of the potential of our theory at finite temperature,
V (φ3, φ7, T ). In order to study the EWPT we wish to study the behaviour of the minimum of
this potential as a function of temperature. Practically, this amounts to minimizing the potential

19Here the word model means a specific instance of a 2HDM, constructed using a generated parameter point.
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Figure 3: The behaviour of the potential V (φ3, φ7, T ) plotted as constant potential contours
in the (φ3, φ7)-plane, at three different temperatures. Bluish colors represent low values of the
potential why the light yellow colors represent high values.

V (φ3, φ7, T ) in the variables φ3 and φ7 for different T . Due to the intractability of the analytical
expression of the potential20 we will employ numerical methods in order to study the phase transition.

As described in chapter 6, the EWPT occurs at the temperature where the origin becomes the
new minimum of the theory. This is called the critical temperature Tc; for temperatures above Tc
the SU(2)L ×U(1)Y symmetry is restored, since there is no longer any nonzero vev (the origin is
the minimum for T > Tc). This behaviour is exemplified in figure 3, where we plot the potential
V (φ3, φ7, T ) (constructed from a model with a critical temperature Tc = 91 GeV) for three different
temperatures. Note that at zero temperature, the minimum is situated away from the origin. At
the critical temperature Tc = 91 GeV, the minimum is degenerate with the origin and at the high
temperature T = 150 GeV > Tc the origin is the minimum.

For electroweak baryogenesis to be viable we need the phase transition to be strongly first-order,
as we described in chapter 4. For completeness we will repeat the condition here:

ξ = vc
Tc

& 1. (7.2)

Here vc =
√
v2

1c + v2
2c is the distance to the origin from the minimum at temperature Tc. Our task

then amounts to finding Tc and the minimum (v1c, v2c) for many different (non-excluded) models in
order to to deduce which of them fulfil this condition.

7.2.1 Minimizing the function

To perform this task we employ a function minimizer from (GSL) [11]. This library both contains
minimizing methods which use derivatives and methods without derivatives. The analytical intractability
of our function removes the option of calculating the derivative analytically and hence we have to resort
to using numerical derivatives with the derivative methods. We find that this makes the minimization
procedure less robust and we will hence use a method without derivatives. The method implemented

20As an example of this, the temperature corrections to the potential are approximated using functions which are
defined piecewisely in the variable x = m(φ3, φ7, T )/T .
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in GSL we will use is the simplex algorithm of Nelder and Mead. We will give a short explanation of
this algorithm, but refer to [50] for a more detailed description.

The simplex algorithm of Nelder and Mead is an algorithm for minimizing a function of N variables
by using N -simplexes. An N -simplex is a geometrical object constructed by first choosing (N + 1)
points (vertices) and then connecting them with lines (in 2D), polygonal faces (in 3D) or with higher
dimensional analogues. Note that we are only interested in N -simplexes which enclose a finite N -
dimensional volume, so-called non-degenerate N -simplexes. Hence we for example do not care about
2-simplexes for which all three points lie on a line. This means that any 2-simplex we consider is a
triangle and any 3-simplex is a tetrahedron. The algorithm first constructs such an N -simplex by
generating (N + 1) points and then it evaluates the function we wish to minimize in each of these
points. In the GSL implementation this is done by choosing a starting point P0 by an educated guess
of where the minimum is located and then constructing N other points Pi by

Pi = P0 + λêi,

where λ is an estimation of the length scale of the problem and êi are the N basis vectors. We can
then consider the function values at these (N + 1) points in order to see which vertex of the simplex
has the highest function value. By performing geometrical transformations on this simplex we can
"trickle" away from the high values toward the low values in search of the minimum. This is reminiscent
of how an amoeba behaves and hence the method is often called the amoeba method.21 When the
N -simplex gets closer to the minimum it starts to contract, which it continues to do until the size of
the N -simplex, defined as the distance from its center to the vertex farthest away, is below some user
determined tolerance rtol.

For our problem we will use λ = 1 as a characteristic length scale and rtol = 10−3 as the tolerance.
The point P0 can be chosen wisely at high and low temperatures since at T = 0 GeV the location of
the minimum is determined by the parameters of the model22 and at high temperatures the origin
is supposed to be the minimum. At temperatures in between the choice is not equally easy; this is
discussed further in subsection 7.2.2.

7.2.2 The search strategy

Since we have now established a method which can minimize our function V (φ3, φ7, T ) in the variables
φ3 and φ7 for different temperatures T , we are ready to search for Tc. We are interested in a search
strategy which finds Tc ∈ I, where I is the interval [Tmin, Tmax], preferably in an efficient manner.
The search strategy employed in ref. [5] starts at Tmin = 0 GeV and increases the temperature in steps
of size 5 GeV until the temperature Tmax = 300 GeV is reached. When the authors find a temperature
where suddenly the origin is the new minimum, they perform a new scan around this minimum at a
smaller step size of 1 GeV. The critical temperature is then the last temperature where the minimum
is situated away from the origin in this scan.

This strategy has the advantage that the connection to the physics is very clear: Following the
minimum as the temperature changes until the location of the minimum jumps discontinuously is
conceptually very clear from a phase transition point of view. Also, we can use the previously found
minimum at each temperature as the starting point for the minimization at the next temperature,
which improves the performance of the function minimizer. The result of such a scan can be seen in

21As of now, there is a lovely animation of this algorithm minimizing a function of two variables at the Wikipedia
article on the Nelder-Mead method [51].

22The distance to the origin is v ≈ 246 GeV and the angle β is specified for each model in terms of tanβ.
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Figure 4: The evolution of the distance of the minimum to the origin v in GeV, as a function of
temperature T in GeV.

figure 4, where we use the same model as in figure 3. The distance to the origin from the minimum
v =

√
v2

1 + v2
2 is plotted against temperature T . The occurrence of a first order phase transition is very

clear; at the critical temperature Tc ≈ 91 GeV the minimum jumps discontinuously from vc ≈ 204 GeV
to the origin. For this case we find that ξ ≈ 2.2 and hence that a strongly first order phase transition
has occurred.

In a sense this search strategy is a bit naive, since it is searching through an interval by taking
small steps from the start of the interval to its end. This means that in order to find Tc we have to first
minimize the potential up to 60 times (or even more if we choose a higher Tmax), and then perform
another series of minimizations with smaller step size. Since we wish to perform this search for many
models we are ready to sacrifice conceptual clarity for efficiency.

Instead we employ an efficient search strategy inspired by the root-finding bisection method [50].
If we know that Tc ∈ I,23 then we can bisect the interval and minimize the function at the temperature
(Tmax − Tmin)/2. If the minimum at this temperature again is the origin we continue the search in the
lower half of I by bisecting it. If the minimum is not the origin, we instead bisect the upper half of I.
These bisections continue until we locate Tc within some given tolerance ε. If the length of the initial
interval is ∆, then after n bisections the length of the interval δn will be

δn = ∆
2n .

From this we find that for our given tolerance ε, we will need

n = dlog2
∆
ε
e

steps. For I = [0, 300] and ε = 1 this amounts to n = 9. This is a serious performance improvement
over the naive search strategy. This allows us to choose a higher Tmax and to find Tc within a smaller
interval than in [5]. Heuristically we find that even though the effective search strategy cannot use
the location of previously found minima as effectively as the naive search strategy, the effective search
strategy is still on the order of 5 times as fast as the naive search strategy.

23Since the origin is the minimum for T > Tc we can check this by finding out if the origin is the minimum at Tmax.

25



For our calculations we will use Tmax = 1000 GeV and ε = 10−3 GeV, which amounts to n = 20
steps. The choice of Tmax is physical: The phase transition should not occur at temperatures too far
from the electroweak scale, which is on the order of 100 GeV. Also, the condition in equation (7.2)
is harder to fulfil if Tc is large and hence we estimate that few models which have a Tc higher than
1000 GeV will have a strongly first order phase transition. The choice of ε is the same as the choice for
the tolerance of our function minimizer rtol, which simply reflects that we do not need to know Tc with
higher accuracy than we know vc.

We are now ready to evaluate ξ efficiently in order to deduce if the models generated by the
procedure described in section 7.1 can support electroweak baryogenesis. The result of this investigation
is presented in chapter 8.
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8 Results

In this chapter we present the results of the parameter scans described in section 7.1 together with
the scan for strongly first order phase transitions described in section 7.2. We begin by discussing
the assumption that mA = mH± , which we make in order to be able to fulfil electroweak precision
constraints. This is followed by a study of the four Z2 symmetric types of 2HDMs in two different
scenarios. After this we study the IDM which has a slightly different parameter space.

The results are presented in scatterplots and histograms, see figure 6 for an example. The histograms
show the number of points which are physical (black bars) together with the number of points which
have a strongly first order phase transition (green bars) plotted against a parameter of the model.
The scatterplots are constructed by projecting the parameter space onto two dimensional subspaces.
The surviving points are then plotted in this plane. Black points have survived the experimental
constraints and are deemed physical. By the same approach as in [48], we then further classify these
points according to their χ2 values as described in subsection 7.1.3; yellow points correspond to 1σ
deviation (∆χ2 < 2.30), red to 2σ (∆χ2 < 6.18) and cyan to 3σ (∆χ2 < 11.83).24 Finally, parameter
points which have a strongly first order phase transition are displayed as green.

By considering which regions of parameter space where these classes of points cluster, we can judge
which regions are favoured by experimental constraints and by strongly first order phase transition.

8.1 The assumption that mA = mH±

In this section we relax the demand that mA = mH± , in order to study the validity of this assumption.
We consider a benchmark model, which is a type I Z2 symmetric theory with mh = 125 GeV,
tan β ∈ [1.5, 8] and | sin(β − α)| ∈ [0.95, 1]. Otherwise the parameters are allowed to vary just as in
table 2, with the inclusion that mH± now also is varied between 135 GeV and 500 GeV. In order to
implement the electroweak precision constraints we use the same approach as in [36], by demanding
that the oblique parameters (which can be calculated by 2HDMC) satisfy the precision constraints at
the 90 % confidence level. The result can be seen in figure 5, where we make a scatter plot of all
the surviving points, together with the number of strongly first order phase transitions, and show a
histogram of the same result. In subfigure 5a we plot the mass difference mA −mH± on the vertical
axis, against the mass difference mH± −mS on the horizontal axis. Here mS represents the combined
scalar mass, such that

m2
S = m2

H sin(β − α) +m2
h cos(β − α).

From the figure it is evident that we can allow |mA −mH± | > 0 if we instead have |mH± −mS | = 0.
But by studying the histogram in figure 5b we see that both the number of physical points and strongly
first order phase transition points are highest when mA −mH± = 0. This justifies our assumption that
mA = mH± in our study.

24These numerical values are taken from the chapter on statistics in [52].
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(a) (b)

Figure 5: The result of studying the assumption mH± = mA. In subfigure 5a, we see a
scatterplot displaying physical points in black and points with a strongly first order phase
transition in green. The vertical axis represents the mass difference mA −mH± in GeV and the
horizontal axis mH± −mS in GeV. In subfigure 5b we see a histogram displaying the number
of physical points in black together with the number of points with strongly first order phase
transitions in green.

8.2 The four Z2 symmetric types

8.2.1 Scenario 1

In this subsection we present the result of the parameter scan in scenario 1, where the light h has been
found and the heavier H remains to be discovered. The result for type I is summarized in figure 6.
In the subfigures 6a and 6c we see scans of the parameter space without any information about the
strength of the phase transition. From this we can conclude that the experimental constraints are
relatively independent of the parameter mA, but favours low values of mH and tan β. This is echoed
in the subfigures 6e and 6f, which are histograms representing the number of physical and strongly first
order parameter points found. Here we also see how many of these points also have a strongly first
order phase transition; the green bars are concentrated at high values of mA and low values of tan β.
In the scatterplots in subfigures 6b and 6d we also see which points have a strongly first order phase
transition; the green points are concentrated at low mH , low tan β and high mA.

This figure structure and the color conventions within figures will be maintained throughout this
chapter.
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(a) (b)

(c) (d)

(e) (f)

Figure 6: The result of the parameter scan in type I, scenario 1. The figures in the first row
are projections of the parameter space onto the tan β-mA plane. Black, yellow, red and cyan
points pass the experimental constraints while green points on top of this also have a strongly
first order phase transition. The second row shows projections onto the tan β-mH plane. The
third row consists of histograms displaying the number of physical parameter points (black bars)
and the number of points with a strongly first order phase transition (green bars), against the
variables mA (subfigure 6e) and tan β (subfigure 6f).
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The results for the type II 2HDM are displayed in figure 7. Here, the constraints from flavour
physics require mH± > 320 GeV [49]. Otherwise the experimental constraints are largely independent
of mA = mH± . Furthermore, the experimental constraints favour low values of tan β and mH . The
phase transition seems largely independent of the parameter mA in the region allowed by flavour
constraints, while it still favours low values of tan β and mH . Similarly we see the results of the type Y
2HDM in figure 8; the type Y 2HDM is similar to the type II 2HDM and the phase transition therefore
displays a similar dependence of the parameters in these two models.

The results for the type X 2HDM can be seen in figure 9. The type X model is similar to the type I
model and hence also here we see a similarity in the dependence of the parameters: The phase transition
is favoured by low values of tan β and mH but high values of mA; the experimental constraints favour
low values of tan β and mH and is largely independent of mA.

8.2.2 Scenario 2

In this subsection we present the result of the scan of scenario 2, where the lighter h has eluded
discovery and the heavier H has been found at the LHC. We will show the results similarly as in
subsection 8.2.1, except here we will show scatterplots in the variable mh instead of mH , since these
two particles now have exchanged roles.

In figure 10 we show the result for type I. The experimental constraints here seem to favour low
values of tan β, but note that the sharp cut off of good fit points at tan β = 10 is an artefact of the
biased scan. Otherwise, the experimental constraints are largely independent of the masses mA and
mh; there are more physical points with low values of mA but good fit points are spread out over the
whole range. The phase transition favours low values of tan β, is largely independent of mh and seems
to favour the region 250 GeV < mA < 450 GeV. In figure 13 we see the result for type X. Due to the
similarity between type I and type X models the parameter dependence is largely the same.

The results of the type II model can be seen in figure 11. Here we see that the experimental
constraints are favouring low values of tan β, while being largely independent of mA and mh. Almost
all points in this parameter space allows for a strongly first order phase transition, except for the region
mA > 475 GeV where some points do not allow it. For type Y, as seen in figure 12, we have a similar
situation except that here the experimental constraints allow for higher values of tan β and the points
which do not favour a strongly first order phase transition are present for all values of mA.
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(a) (b)

(c) (d)

(e) (f)

Figure 7: The result of the parameter scan in type II, scenario 1.
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(a) (b)

(c) (d)

(e) (f)

Figure 8: The result of the parameter scan in type Y, scenario 1.
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(a) (b)

(c) (d)

(e) (f)

Figure 9: The result of the parameter scan in type X, scenario 1.
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(a) (b)

(c) (d)

(e) (f)

Figure 10: The result of the parameter scan in type I, scenario 2.
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(a) (b)

(c) (d)

(e) (f)

Figure 11: The result of the parameter scan in type II, scenario 2.
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(a) (b)

(c) (d)

(e) (f)

Figure 12: The result of the parameter scan in type Y, scenario 2.

36



(a) (b)

(c) (d)

(e) (f)

Figure 13: The result of the parameter scan in type X, scenario 2.
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8.3 The inert doublet model
In this subsection we show the results for the IDM. Since this model has a slightly different parameter
space from the Z2 symmetric 2HDM we will consider different parameters of this model. The color
coding will be the same as in section 8.2. The result can be seen in figure 14, where we show the result
in scatterplots. In subfigures 14a and 14c we show the result of the parameter scan, including the χ2

analysis. In subfigures 14b and 14d we also plot the points with strongly first order phase transition in
green. Here we elected to not show the data of the χ2 analysis, since it would be hard to see the phase
transition points. It is interesting to note that the few phase transition points that has been found
seem to cluster around mA ≈ 150 GeV and λ2 ≈ 0.1.

(a) (b)

(c) (d)

Figure 14: The result of the parameter scan in the IDM.
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9 Conclusions
In this thesis we have found parameter space regions of different CP conserving 2HDMs which are
not excluded by experiment and which have a strongly first order electroweak phase transition. They
are hence candidate models for explaining the observed matter-antimatter asymmetry of our universe.
This search was performed by studying the minimum of the potential of the theory as a function of
temperature, for many different parameter points of the models.

We conclude that in the Z2 symmetric models, in the scenario where the Higgs boson found at
the LHC corresponds the lighter h and the heavier H remains to be found, the phase transition is
favoured by low values of tan β (tan β < 5), low values of mH (mH < 300 GeV) and high values of mA

(mA > 300 GeV) in all the four different types.
In the second scenario, where the found particle corresponds to the heavier H and a lighter h

has eluded experimental discovery, we find that the phase transition in the type I/X models is largely
independent of tan β and mh, and is favoured by the region 250 GeV < mA < 450 GeV. An interesting
fact is that in the type II/Y models a large amount of the parameter points favour a strongly first
order phase transition. A subset of the region 400 GeV < mA < 500 GeV, 5 < tan β < 10 does not
favour a phase transition, also tan β ' 17.5 is completely excluded.

The fact that low values of tan β are allowed for a strongly first order phase transition in all four
Z2 symmetric types is promising for several reasons. First of all, this is also the part of parameter space
favoured by experimental data (low χ2 values in our analysis). Secondly, this region is also favoured
from the electroweak baryogenesis perspective: The baryon asymmetry is supressed with (tan β)−2 [5].

For the inert doublet model, we found very few parameter points with a strongly first order
phase transition in the parameter space we considered. They were located around λ2 ≈ 0.1, and
with mA < 165 GeV. It would be interesting to perform a more precise scan in this area, in order to
understand this phenomenon better.

As an outlook for future studies it would be interesting to confirm the results of this study by
studying a strong phase transition in the CP violating 2HDM. This would require development of
software (similar to 2HDMC) in order to be able to deal with the different phenomenology that arises
when CP violation is considered. Such software would surely be appreciated by the scientific community.
Also, the interesting regions of parameter space which have been found should be considered in further
detail with respect to future experiments. This means considering, among other things, if these regions
will be testable at the next LHC run. For the IDM this also entails comparing with dark matter
searches, to see if the IDM is a candidate for both explaining matter-antimatter asymmetry and dark
matter. Finally, one should consider the dynamics of the phase transition in more detail in order to be
able to judge the plausibility of electroweak baryogenesis within 2HDMs with more weight.
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A Acronyms
Particle Physics (PP) is littered with acronyms. In table 5 we repeat all the acronyms (and their
meanings) introduced in this thesis, for reference.

Table 5: The acronyms used in this thesis, in order of their appearance.

Acronym Meaning

LHC Large Hadron Collider
SM Standard Model

EWPT ElectroWeak Phase Transition
2HDM Two-Higgs-Doublet Model
CP Charge Parity

2HDMC Two-Higgs-Doublet Model Calculator
GSL GNU Scientific Library
vev vacuum expectation value

FCNC Flavour Changing Neutral Current
IDM Inert Doublet Model
PP Particle Physics
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B Masses
The effective potential is a function of the field configuration φ (the fields φ3 and φ7 in the 2HDM)
via the masses of the particles involved. In this appendix we describe the expressions for the different
masses as functions of the fields.

The squared masses m2
1−8 of the scalars φ1−8 can be found by the usual definition of scalar masses,

as eigenvalues of the Hessian matrix M2 of the tree-level potential Vtree (as defined in equation (5.1))
with components

M2
ij = ∂2Vtree

∂φi∂φj
(φ3, φ7), (B.1)

where i, j = 1, ..., 8. Finding these eigenvalues involves solving a polynomial equation of degree eight.
This is in general not possible to do analytically, and one often resorts to numerical methods. For our
case many of the elements of the matrix are zero and the resulting polynomial equation can be solved
analytically.25

For the gauge boson masses we can use the relations in equation (5.4), but replace v1 with φ3 and
v2 with φ7,

mW = g2

√
φ2

3 + φ2
7

2 , mZ =
√
g2

2 + g2
1

√
φ2

3 + φ2
7

2 .

For the top quark we use the expression [29]

m2
t = ytφ

2
7,

where yt is the Yukawa coupling between Φ2 and the top quark.26

25This is also true for the thermally corrected masses discussed in chapter 6.
26In the SDM and the IDM, the fermions do not couple to the second Higgs doublet at tree level. This means that the

mass relation for the top quark is ytφ2
3 in these models.
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C The one loop potential
In this appendix we show that the expression for the 1 loop potential together with counterterms given
in equation (6.8),

V1loop(φ) + VCT (φ) =
∑
i

±ni
64π2

[
mi(φ)4

(
ln mi(φ)2

mi(v)2 −
3
2

)
+ 2mi(φ)2mi(v)2

]
,

generalizes naturally to a case with several fields φk, k = 1, 2, ..., n which gain vevs. This is done by
letting φ in equation (6.8) represent the field configuration (φ1, φ2, ..., φj , ..., φn). We will hence show
that this generalization of equation (6.8) preserves the location of the minimum v (which here denotes
(v1, v2, ..., vj , ..., vn)) of the tree level potential, and conserves the tree level masses.

We will consider the location of the minimum of the total zero temperature potential V (φ, 0) =
Vtree(φ) + V1loop(φ) + VCT (φ) by evaluating the components of the gradient at the expected minimum
v,

∂(V (φ, 0))
∂φj

∣∣∣∣
φ=v

= ∂(V1loop(φ) + VCT (φ))
∂φj

∣∣∣∣
φ=v

=

=
∑
i

±ni
64π2

[
2∂mi(φ)2

∂φj

(
m2
i (φ)

(
ln mi(φ)2

mi(v)2 − 1
)

+mi(v)2
)] ∣∣∣∣

φ=v
= 0 ∀j ∈ {1, ..., n},

and finding that they are all zero at the minimum of the tree level potential proving that v is still an
extremum of V .27 We will return to the question of what kind of extremum it is shortly. Our second
condition we want this correction to fulfil is that the tree level masses are conserved. These masses are
the eigenvalues of the Hessian matrix of Vtree, just as in equation (B.1). By comparing components of
the tree level Hessian with the total Hessian, we see that we need

∂2Vtree
∂φk∂φj

∣∣∣∣
φ=v

= ∂2V

∂φk∂φj

∣∣∣∣
φ=v

∀j, k ∈ {1, ..., n}

for the masses to be conserved. This implies that

∂2(V1loop + VCT )
∂φk∂φj

∣∣∣∣
φ=v

= 0 ∀j, k ∈ {1, ..., n}.

Note that if this is true, then we have also shown that the extremum located at v is still a minimum.
And indeed, ∀j, k ∈ {1, ..., n} we have that

∂2(V1loop + VCT )
∂φk∂φj

∣∣∣∣
φ=v

=

∑
i

±ni
32π2

[
∂2mi(φ)2

∂φk∂φj

(
m2
i (φ)

(
ln mi(φ)2

mi(v)2 − 1
)

+mi(v)2
)

+ ∂mi(φ)2

∂φk

∂mi(φ)2

∂φj
ln mi(φ)2

mi(v)2

] ∣∣∣∣
φ=v

= 0,

which proves our original statement: the location of the minimum of the tree level potential is conserved,
together with the tree level masses.

This means that we can use the expression in equation (6.8) for our calculations, by letting the
field variable φ represent our two fields φ3 and φ7.

27This is analogous to the case where only one field obtains a vev. The next part of the proof is more interesting
though.
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