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Introduction

The search for understanding the fundamental structure of matter has always
been one of the core endeavors in physics. In the 20th century, particle physics has
enjoyed an immense flourishing thanks to the development of quantum mechanics
and quantum field theory, complemented by mathematical advancements in gauge
theories. On the experimental side, the arrival of large-scale particle colliders
brought forth a bewildering amount of newly discovered particles. All of this led
to the formulation of the Standard Model (SM) - a theory describing virtually all
of the matter and its interactions we deal with in our every day lives. It is the
most successful particle theory there has ever been, as it has been tested to an
astounding accuracy and it has stood up to most of the experiments to date. The
SM contains 3 generations of fermionic matter consisting of quarks and leptons,
3 fundamental interactions - strong, weak, and electromagnetic force mediated
by vector bosons, and last but not least it contains the Higgs field responsible
(among other things) for the generation of masses.

Despite all the successes the SM has had over the years it is a known fact
that it is not the complete theory of matter. This is true even if one ignores
the unanswered questions of dark matter, dark energy, and quantum gravity. At
the turn of the 21st century, the phenomenon of neutrino oscillations has been
conclusively established and this in turn implied that at least 2 neutrinos are
massive (albeit very light). This is a clear signal of physics beyond the Standard
Model (BSM) since the SM neutrinos are massless. Another phenomenon the SM
does not account for is the discrepancy of matter and antimatter we observe in
the universe.

There are various directions one can take when addressing the aforementioned
issues. Omne such direction of proposals describing BSM physics present the so-
called Grand Unified Theories (GUTs). The core idea of these model is the suppo-
sition of new fields residing at large-energy scales which allow for the unification
of the three gauge interactions present in the SM. In a sense, it is a relatively
straightforward extension of the SM since the structure of a symmetry broken
down at low energies is already present in the SM in the electroweak sector. As
GUTs contain new fields they also bring new predictions, such as the prediction
of the proton decay and magnetic monopoles.

In this thesis, there will be studied the minimal nonsupersymmetric SO(10)
GUT, which has been been dismissed in the 1980s as unphysical, because it was
thought to suffer from tachyonic instabilities. Recently, this has been shown to
be a mere artifact of the tree-level approximation in the perturbation expansion,
which has brought back the interest in the theory. In order to tame the tachyonic
issues, it is necessary to perform the computations of the 1-loop corrections to
the masses in the spectrum of the theory. This also brings up the perturbative
aspects of the theory in general, namely the identification of the Landau poles is
vital for the analysis of the stability of the predictions with respect to quantum
corrections within the theory. In order to understand the structure of higher
orders in the perturbative expansion of the theory, it is necessary to evaluate the
running of the couplings within the Higgs sector.

The purpose of this thesis is to calculate the beta functions of some of the



scalar couplings in the Higgs sector. In order to understand the quantum correc-
tions better and to have independent checks of correctness, this will be done using
two methods: the direct diagrammatic approach and the Coleman-Weinberg ef-
fective potential method.

In the first Chapter, a historical and theoretical background of the SM is pro-
vided as well as a review of some of its salient features. Some of its shortcomings
are explained in more depth and this will motivate its extension in the form of
GUTs.

The second Chapter is devoted to a theoretical discussion regarding the Higgs
sector in the minimal nonsupersymmetric SO(10) GUT. The model is explicitly
defined via the Lagrangian and the Higgs mechanism is described. Subsequently,
the tachyonic issues are described in more depth as well as their remedies. Lastly,
the study of the perturbative aspects of the theory and, in particular, of the beta
functions is provided.

In order to understand the particular structure of the calculations, there is a
study of a toy SO(4) Higgs model presented in the third Chapter. The explicit
computations are described in detail, as they are much more transparent than in
the SO(10) case.

The fourth Chapter is devoted to the calculation of the selected beta functions
within the SO(10) GUT, which are the main results of this thesis. Thanks to the
work done in the previous chapter, the otherwise complex diagrammatic approach
is better understood.

In the fifth Chapter the results from Chapters 3 and 4 are verified. In par-
ticular, the beta functions of the selected scalar couplings are evaluated via the
effective potential method.



1. Beyond Standard Model

1.1 Standard Model and its shortcomings

Today the most general theory describing the fundamental properties of mat-
ter is the Standard Model of Particle Physics, which is a self-consistent and renor-
malizable theory.

The SM is formulated in the language of quantum field theory and it is also
a gauge theory with the gauge group being SU(3) ® SU(2) ® U(1). The corre-
sponding gauge fields mediate the fundamental interactions of matter - SU(3)
is responsible for the strong interaction and SU(2) ® U(1) is responsible for the
weak force and electromagnetism [1], [2]. To this day the SM is being tested and
its predictions have been confirmed to an astounding accuracy.

In this context it is perhaps appropriate to bring up the fact that all of the
matter which has been directly observed makes up only about 5% of the known
universe. The rest is made up of dark matter (about 25%) and dark energy
(about 70%). Curiously, the existence of dark matter and dark energy has only
been established through the cosmological observation of their effects while their
sources remain a mystery.

Putting the questions of dark matter and dark energy aside, it is known that
there are other phenomena which the SM does not account for. One such example
is the neutrino oscillations, which is the process of neutrinos changing their flavors
as they propagate through space and time and it implies that (at least 2) neutrinos
are massive. In other words, the neutrinos’ flavor and mass eigenstates differ. This
effect was conclusively observed at Super-Kamiokande for the case of atmospheric
neutrinos [3] and at the Sudbury Neutrino Observatories for the case of solar
neutrinos [4].

Another problem unexplained by the SM is the baryon asymmetry problem
which refers to the imbalance of baryon matter and antimatter observed in the
universe. A simple idea to resolve the question would be to consider the asym-
metry as an initial setting of the Big Bang, however, this explanation is widely
considered unsatisfactory. A much more natural assumption seems to be that
equal amounts of matter and antimatter were created by the Big Bang and thus
the overall baryon number would have been equal to zero as an initial setting.
If that is the case, there had to exist a process which violated the baryon num-
ber and hence created the asymmetry. The SM does in fact allow for a baryon
number violation via a non-perturbative processes referred to as sphalerons. In
particular, denoting the baryon number density by ng and the photon density by
n., the ratio of baryons to photons given by the theoretical prediction of the SM
(via sphalerons) reads

M =B 1070, (1.1)
Ty

However, the result above is in disagreement with the experiments which give the



ratio

e = %B ~ 6 x 10710, (1.2)
Y

Therefore, sphalerons cannot explain the observed ratio of matter and antimatter
within the SM and so the baryon asymmetry problem remains unresolved.
There are other unresolved issues with the SM, including;:

e gravity is not included in the theory
e the hierarchy problem
e the strong CP problem

e the charge quantization

There are many proposals of potential solutions to the mentioned issues but more
experimental evidence is needed in order to decide which one is correct.

As was mentioned earlier, there are three fundamental gauge forces described
by the SM. The strong nuclear force is mediated by an octet of gluons G, which
are vector bosons associated to the group SU(3). The group SU(2) ® U(1) has
four associated gauge bosons where the mass eigenstates are Wlf , Wy Z,, and
A,. The first three mediate the weak nuclear force while the last one mediates
the electromagnetic force.

The fermionic content (also referred to as the matter content) of the SM
consists of three generations of quarks and leptons. All these fields interact with
each other via the gauge and Higgs fields in an elaborate way. This can be
summarized to an extent by their representations shown in the first section of the
Table 1.1} The first two numbers in the parenthesis refer to their transformation
properties with respect to the groups SU(3) and SU(2), while the last number
denotes their hypercharge.

Table 1.1: Field content in the SM

Particle type and chirality Representations
Left-handed Quarks (3,2,+1/6)
Right-handed up-type Quarks (3,1,+2/3)
Right-handed down-type Quarks (3,1,-1/3)
Left-handed Leptons (1,2-1/2)
Right-handed Leptons (1,1,-1)

Higgs (complex scalar) (1,2,4+1/2)
Gluons (8,1,0)

Weak Gauge Bosons (1,3,0)

Photon (1,1,0)

In the second section of the Table there is the Higgs scalar doublet. The
presence of the doublet is necessary for the Higgs mechanism to take place which
spontaneously breaks the symmetry SU(2), ® U(1)y — U(1), while generating
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masses via Yukawa interactions in a renormalizable way (see [2]). Lastly, the

transformation properties of the gauge bosons are given in the last section of the
Table L1}

1.2 Grand Unified Theories

When one tries to formulate a theory beyond the Standard Model (BSM) it
is necessary to make sure the new theory incorporates the SM since so many
of its predictions have been confirmed and thus it is clearly a good low-energy
effective theory. One class of such BSM theories is called the Grand Unified
Theories (GUTSs); these offer a natural explanation for the occurrence of neutrino
oscillations, baryon asymmetry, and charge quantization.

There exist several hints at the existence of new physics at large energies. One
such hint comes from the study of the 1-loop renormalization group equations
(RGE) of the running gauge couplings in the SM. The solutions of the equations
are known (for a detailed analysis see e.g. [5]). Let the gauge couplings associated
with a gauge group be denoted by: g, for SU(3), and g for SU(2), and let

_ 9

o (1.3)

(a7

Then the graph of the running gauge couplings takes on a remarkably simple form
displayed in Figure[I.I} The fact that the couplings nearly converge suggests that
there may be a larger theory unifying the couplings at a scale Mgyt ~ 10*°GeV
which is the core feature of GUTs[[] If there were new fields with large masses
(so that they would not have been able to be observed by today’s colliders), they
would affect the running of the couplings and this might then result in exact
convergence of the couplings.

Dimensionless

50 =

40
30 F

20

‘ log 10—t~
5 10 15 GeV

Figure 1.1: Running of the gauge couplings g5 and g in the SM (see [9]).

Another hint of new physics at large energies comes from the seesaw mecha-
nism which is a realistic proposal of a solution of the neutrino oscillations prob-

!Note that in the Figure there is no coupling associated to U(1)y. The reason for this
is that within the SM the overall normalization of the hypercharge is arbitrary. Therefore, the
U(1)y coupling ¢’ can be rescaled which means it is not relevant for the observations of the
large unification scale from the SM point of view. However, once a GUT is constructed the
normalization of the hypercharge comes naturally.



lem. The seesaw mechanism can be understood by considering the addition of
the non-renormalizable Weinberg d=5 operator to the SM, namely

L3705 = ;cw (ZeH™) (H'Lg), (1.4)

where L; = (VL,EL)T is the left-handed lepton doublet of the SM, H = iooH*
with A being the SM Higgs doublet and c,p are the elements of a 3 x 3 complex
symmetric matrix. The Weinberg operator generates Majorana mass terms for
the neutrinos, in fact, it is the unique operator at d=5 to do so.

In order to formulate a more complete theory, it is necessary to introduce a
mediating field which generates £&° at low energies (this is similar to the case
of the Fermi theory and the weak bosons). There are three ways to do that at
the tree level, with the mediating fields being a fermionic singlet, a scalar triplet,
or a fermionic triplet. The calculation of the masses of the neutrinos and the
mediating fields dictate that the mass of the left-handed neutrinos is proportional
to the inverse of the mass of the mediating field (the explicit formula depends on
the type of the seesaw mechanism). Since the upper bounds for the left-handed
neutrinos are very small (eV ballpark), the mass of the mediating fields has to
be large and explicit calculations show that it should be close to the Mgyt scale
(although probably a few orders of magnitude smaller)ﬂ.

These are some of the main reasons to study GUTs so let’s look at how such
models come about. First thing one has to think about when formulating a GUT
is the gauge group of the theory. It is clear, that all of the content of the SM has
to be present within a broader model, which also means that the gauge group of
a GUT has to contain the SM gauge group.

Another thing to consider is the fact that in order to have one universal cou-
pling at large energies, the gauge group should be simple. Having these conditions
in mind, the candidate with the smallest gauge group is the SU(5) GUT, which
was identified by Georgi and Glashow in 1974 [7]. Within the new theory there
has to exist a Higgs scalar with a vacuum expectation value (VEV) which spon-
taneously breaks the SU(5) symmetry into the SU(3) ® SU(2) @ U(1) symmetry
of the SM. This is the same Higgs mechanism, which is present already in the
SM and is responsible for the symmetry breaking SU(2), ® U(1)y — U(1),.
Unfortunately, the SU(5) GUT suffers from various problems - for example it is
greatly disfavored by its prediction of sin? fy (where Oy is the weak-mizing an-
gle) at low energies where it does not coincide with the experimentally measured
value. Therefore, in what follows I will focus on the next smallest possible theory
which is the SO(10) GUT.

The SO(10) GUT was formulated by Fritzsch and Minkowski in 1975 [8], [9].
The group SO(10) has rank 5 as opposed to the SM gauge group which has rank
4. This allows for multiple stages in the symmetry breaking process down to
the SM gauge group and there also exist various breaking chains with different
intermediate stages (for details see [10], [11]).

Since the SO(10) gauge group is 45-dimensional, it contains new gauge bosons
mediating new interactions compared to the SM which has a 12-dimensional gauge

2In principle, the mediating field which generates the Weinberg operator does not necessarily
have to have a large mass. It could also be that the corresponding Yukawa coupling is very
small.



group. This in turn generates new predictions of GUTs, for example the afore-
mentioned proton decay. Particularly, the minimal SO(10) GUT described in
[10], [I2] is very interesting for the near future experiments, because it has very
robust predictions for the proton lifetime which are in the vicinity of today’s lim-
its | In about a decade, the observatory Hyper-Kamiokande [I3] should achieve
at least an order of magnitude more, which would then tell us more about mat-
ter stability. Another striking prediction of GUTs is the existence of magnetic
monopoles [14], [15].

3E.g. in Super-Kamiokande the measured lower limit for the proton decay is around 103*yr
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2. Higgs sector of the SO(10)
GUT

2.1 Model description

A key ingredient to any GUT is a Higgs sector, which is responsible for the
spontaneous symmetry breaking while generating masses for the fields in the
theory. This thesis is mainly focused on the minimal non-SUSY SO(10) GUT
described in detail in [10]. In this model the Higgs fields belong to the direct sum
45 © 126 of SO(10) where the 45 denotes the adjoint representation and 126
denotes the self-dual 5-index antisymmetric tensor irreducible representation. In
what follows, the real Higgs field in 45 will be denoted by ¢;; and the complex
Higgs field in 126 by X,jx,. The complex conjugated representation will be
denoted by X7,,,. These representations’ properties can be also expressed by
the equations

Gij = —@ji (antisymmetry)
Vlijktm] = ijkim (antisymmetry) (2.1)
/l. .
Yijkim = —aeijklmmquZnopqr (self-duality)

where € is the fully antisymmetric Levi-Civita tensor determined by the conven-
tion €19345678910 = +1 and a sum over repeating indices is implicit (for the rest of
the thesis).

The Higgs sector of the SO(10) GUT is defined in the following way [10]. The

SO(10) generators (T“B)H are defined as

ij

- 1
(T ﬂ)ij -~ (8ai63; — 6j0:) (2.2)

and the gauge fields A,‘jﬁ in the adjoint representation satisfy

(A = ;Afjﬁ (7). . (2.3)

ij
From these building blocks the covariant derivatives are constructed as

Ddij =005 — 19 [Ay, (b]zg
D,uzijklm :a,uzijklm - Zg {(A,u)m Eajklm + (A/,L)jb Eibklm+ (24)
(A e Sigetm + (Au)g Sigvam + (A) e Sighie | -

The gauge field tensor is defined in the standard way by

(Fw)z'j =" (Ay>z'j -0 (Au)ij —ig[A", Au]ij (2.5)

10



Finally, the kinetic part of the Higgs model has the following form

1 , 1
Ekin = Z (Fuu)ij (Fu )ij + Z (Du¢>;rj (Dﬂ(b)ij D Z)Uklm (DME)ijklm : (2'6)

51 ¢

The renormalizable potential of the introduced Higgs fields has the general form

Via(d) = - f§<¢¢x)+ L (60)0(60)0 + 2 (66)2(90):.

* 2 )\ * )\ *
)\ * * Al * *
+ e (), (53, + @ (5, (£27), +
n 5 -
+ DD + 7 (BE), (22,
T . 54
Vi (6,5 57) =502 (B27); + 57 (00)0 (S5)g + -5 (60)a (55), +
24 60) (93, + 2 (00)(50), + j<¢¢>2 (5,
' ' (2.7)
where the following notation has been used
(¢¢)0 = ¢ij¢lj
(00)2 = ¢ijpir = (69)
(XX)o = Bijhtm > jkim (2.8)
(BX7), = Zijklmzfjkzn = (3X%)
(EZ*)AL = Zijklmzjjkno = (EZ*)lmn(ﬂ
and the full contractions are defined by
(ZE*)ZL (22*)4 = (ZZ )lmno( )lmno’
(ZZ*)4’ (ZE*)4’ - (EZ*)lmno (ZZ*)lan’

(0)2 (EX%)y = @n (2X7),.. (2.9)
(00)1 (XX), = PrmPno (XX7) 1o »
(99)2 (EX7) 4 = Otm®ro (ZX") jmo »
(00)2(XX)2 = (6) 1(XX) ji-

In the potential, there are 3 parameters with the dimension of mass {u, v, 7},
then there are 9 real dimensionless parameters playing the role of quartic scalar
couplings {ag, as, Ao, A2, Ay, N}, &, B4, B4}, and lastly there are 2 complex dimen-
sionless couplings {12, 72}

11



With all the necessary definitions at hand, it is now possible to write down
the full Lagrangian of the Higgs model which will be studied in this thesis

L= Lo —Vo(6,%,57). (2.10)

To summarize the field content of the Higgs sector of the SO(10) GUT in [10]
- there are 45 vector gauge bosons and the Higgs scalars residing in the 45 @ 126.
For the details of the decompositions of the representations, see Appendix A.

2.2 Spontaneous symmetry breaking in SO(10)

One of the core ingredients of a realistic SO(10) GUT (or any other BSM
theory) is that at low energies the model has to coincide with the SM. In order
for that to happen, the large gauge group of the SO(10) theory has to be reduced
to the one of the SM SU(3) ® SU(2) ® U(1). This symmetry breaking is achieved
via the so-called Higgs mechanism, which is explained in detail in e.g. [I7]. This
mechanism is also a part of the SM where gauge group SU(3), @ SU(2), @ U(1),,
is broken down to SU(3), @ U(1),,.

In order to break the SO(10) symmetry, scalar fields from the Higgs sector
need to receive a VEV. There are 3 SM scalar singlets in the 45 & 126 represen-
tation, namely

(1,1,1,0) (1,1,3,0)5 (1,1,3,+2)s, (2.11)

where the multiplets are described in the language of the SO(10) subgroup
SU(3),®SU(2),®@SU(2),@U(1)5_,. The reason one looks for the SM singlets
in this context is that VEVs cannot break the SM symmetry group in order to
end up with the SM low energy theory. The subscripts ¢ or X symbolize the fact
that the first two multiplets reside in the 45 while the third in 126. The VEVs
of the multiplets are denoted by

(1,1,1,0)4) = /3w,
((1,1,3,0)4) = V2w, (2.12)
<(1> 1737 +2)E> - \/50.

The VEVs of the real ¢-fields are real while the VEV of the complex Y¥-fields is
in general complex. However, through a redefinition of the overall phase of the
Y-fields the VEV ¢ can be made real as well.

In the case of the SO(10) GUT in [10] the symmetry breaking may take
place in multiple stages. Interestingly enough, there is more than one possible
intermediate breaking stage. Following [11] and the notation therein, some of the
potentially realistic choices for the intermediate symmetry are

SO(10) = SU4) . ® SU(2); @ U(1) 5 — SU(3), ® SU(2), @ U(1)y
SO(10) — SU(3), ® SU(2), ® SUQ2), @ U(1)5_, — SU3), ® SU(2), ® U(1)y

SO(10) — SU(5) ® U(1) — SU(3), ® SU(2), @ U(1)y-
(2.13)

12



Table 2.1: Summary of the breaking patterns depending on the structure of the
VEVs [10]. There is the so-called 'flipped’ SU(5) ® U(1) scenario in the last
column denoted by 51 described in [20], [21].

wp 0w 0 wp=0,w, 0 wp #0,w, =0 wp=w, #0 wp=—w, #0
o=0 32.1plp_r 4.211p 3.2.2rlp_1  5ly 51,
o#0 3211y 3.211y 3.211y 5 3.211y

A few explanatory remarks are in order here: the subscripts ¢ stand for color,
L and R stand for left and right, Y stands for hypercharge, and B — L stands
for (baryon number) - (lepton number), where the (baryon number) is defined as
1/3 for quarks and 0 for other fields and the (lepton number) is defined as 1 for
leptons and 0 for other fields. The symmetry breaking of SO(10) is facilitated by
the 45 while the symmetry breaking of the intermediate stage is by the 126.

Regarding the intermediate stage corresponding to the gauge group SU(5) ®
U(1), this scenario has been shown to be very problematic in terms of phe-
nomenology. This is due to the fact that it is very difficult to satisfy the current
limits on the proton lifetime as well as the SM gauge couplings unification con-
dition, which is a must in a GUT. For this reason, this option is ultimately
discarded.

There are several ways how to set up the VEVs which imply various breaking
patters. These breaking patterns are summarized in the Table 2.1. The phe-
nomenologically favored structure of the VEVs is the one where o corresponds
to the seesaw scale. One of the other two VEVs in 45 then corresponds to the
larger scale of the grand unification [19].

2.2.1 Mass generation

So far in this chapter there have been discussed the aspects of the Higgs
mechanism regarding the symmetry breaking chains. Another inseparable (and
vital) feature of the Higgs mechanism is the generation of masses of the physical
fields in the theory. The standard description of the Higgs mechanism in the
introductory textbooks (cf. [I7]) is to take the derivative of the potential with
respect to all its variables (i.e. fields) and equate the obtained expressions to
0. This way one has formulated the conditions for all the stationary points of
the potential and now it may be possible to find a minimum having the residual
symmetry, which one desires in a given context. However, this method would be
extremely inefficient in the present setting.

In the case of the Higgs sector presented in this section, there was already
argued that the fields should receive the non-zero VEVs based on the
symmetry group requirements. This implies the rest of the (many) scalar fields
will have their VEVs equal to 0. Thus, the proper way to calculate the stationarity
conditions here is to plug the three VEVs into the Higgs potential
along with the rest of VEVs (which are equal to 0). Subsequently, one takes
the derivatives with respect to three singlets and set these derivatives
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equal to zero. Afterwards, the three equations (corresponding to the stationarity
conditions) can be solved for the parameters {y, v, 7} with the dimension of mass,
giving (cf.[10], [22])

1 = (12a + 2a2) wi + (8ag + 2a2) w? + 2aswyw, + 4 (a + B}) |o|?
v =3 (a +48)) Wi + 2 (a4 38)) WP + 1285w, + 4dolo P+
WpWyr
" (wp 4 wy) (3w 4 2w,) (2.14)
Wy

7 =20} (3wp + 2w,) + aQW (wp + wy) -

+ as ’0|2

After these results are plugged back into the potential the physical spectrum
of theory is revealed. In order to obtain the scalar spectrum explicitly, it is
necessary to study the second derivatives of the Higgs potential potential.

However, once the masses are computed, there appear a few tachyonic in-
stabilities in the scalar spectrum. In particular, two pseudo-Goldstone boson
multipletd]] have been found to potentialy suffer from this problem (cf. [23], [25])
with their tree-level masses being

M32(1,3,0) = 2as (w, — wp) (wWp + 2w;)

; (2.15)

M5(8,1,0) = 2as (wp — wy) (wr + 2wp) ,
where the fields have been described by their transformation properties with
respect to the SM gauge group. Their tachyonicity would imply that the the
stationary points found above do not correspond to physical vacua - this is referred
to as the selected vacuum being unstable. What this means is that the parameters
appearing in have to be constrained into certain domains in order to make
sure the vacuum is stable. Namely, the parameters have to satisfy

as >0
1 2.16
o< (2.16)
W 2

Note that it has been shown that for the case 7 = 0 the conditions become (cf.
23], [25], [26])

ag > 0
2 2.17
e 2 (2.17)
Wy 3

Comparing the conditions with Table 2.1, one arrives at the fact that the inter-
mediate breaking stage would have to be in the vicinity of SU(5)' ® U(1),,. As
was already mentioned above, this scenario is disfavored due to phenomenology.
This is true when one talks about the minimalistic setting of theory, which means
that there might exist various extension of the model which would allow for this
intermediate symmetry group. However, by introducing more free parameters the
theory becomes less predictive and loses simplicity and elegance.

INote that these pseudo-Goldstone bosons belong to the 45 in the scalar spectrum.
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These observations have been made already in the 1980s and, subsequently
the minimal SO(10) unification models with the Higgs fields belonging to the
adjoint representation were dismissed as unphysical [23], [25], [26]. Therefore,
these models fell out of the spotlight for about 30 years until recently when it
has been shown that these drawbacks are in fact mere artifacts of the tree-level
approximation [27]. In fact, the tachyonic instabilities can be avoided if one
goes to higher orders in the perturbative expansion. The formulae for the masses
squared then receive corrections and, subsequently, the available domains in
the parameter space are adjusted, allowing for more realistic symmetry breaking
patterns.

2.2.2 Perturbative aspects of the Higgs sector

The observations made in the previous subsections call for a comprehensive
study of all of the masses in the scalar spectrum and their 1-loop corrections.
This is an ongoing project and this thesis is effort within that direction. The
(non)tachyonicity of the physical masses is studied [10] via the second derivatives
of the effective potential [28] 29] in a vacuum. However, these corrections depend
on the renormalization scale p. Therefore, it is important to know the dependence
on y of the scalar parameters appearing in the corrections in order to study the
reliability of the results.

A dominant role have the scalar couplings ag and ay among the others, since
they appear not only in the 1-loop corrections but, crucially, ay; appears already at
the tree-level, where it multiplies the (potentially) negative expressions in ([2.15]).
This implies the couplings ag and ay should be under control which can be studied
by calculating their beta functions defined by

8(1@-
o

By = pt. (2.18)

This is related to another issue of the so-called Landau poles which are defined as
the scale at which the pertubartive approach breaks down. Formally, it is the scale
where the sub-leading corrections become too large and thus the perturbative
expansion loses validity. A notorious example of this phenomenon is the running
of the electric charge in quantum electrodynamics (QED), described in e.g. [30].
Denoting the effective charge by e.;;(Q?) and the renormalized coupling by ep ==
ecrf(m) for an arbitrary energy scale m, it can be shown that the sum of all
quantum corrections to the photon propagator made out of vacuum polarization
loops (depicted in Figure yields the following expression

2

e
egﬁ"(Q) = ezR 02 (219)
1 — iz In it

It is now easy to see what is meant by the pole, as the effective charge in QED
e (A3 gndau) — 00, where the Landau pole is Apgndan = 1020V

Going back to the SO(10) Higgs sector, the running scalar couplings in (2.7)
tend to have the Landau pole close to the unification scale Mgy ~ 10*°GeV .

This is so because below the unification scale there are way less propagating fields
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Figure 2.1: The sum of QED vacuum polarization loop corrections to all orders.

than above Mgyt (since, e.g., the scalar fields in 45 @ 126 tend to have their
masses around Mgpr). Therefore, it is natural to expect that the beta functions
for the running scalar couplings will have much larger numerical coefficients above
the scale Mgyr than below it. Thus, the perturbative approach is much more
likely to break down above Mgyr. In order for the predictions of the theory
(e.g. the scalar masses discussed earlier) to be stable with respect to quantum
corrections, the running couplings need to be constrained such that their Landau
poles appear at higher energies than Mgyr.

For the reasons laid out in this section, the Chapters 4 and 5 will be devoted
to a detailed computation of the beta functions of the scalar couplings ay and
as in the Higgs sector of the SO(10) GUT which will be the main results of
this thesis. The evaluation of the beta functions of ag and a, will be done using
two methods: the direct diagrammatic approach (Chapter 4) and the Coleman-
Weinberg effective potential method (Chapter 5).

Both computational methods will be also presented for an SO(4) toy model
in Chapter 3 and in Chapter 5, where the calculations are much simpler. This
experience will then prove beneficial for obtaining the main results of this thesis
regarding the SO(10) GUT.

It is appropriate to acknowledge that the beta functions of the rest of scalar
couplings in the Higgs sector are also necessary for the full analysis of the pertur-
bative aspect of the model. However, that goes beyond the scope of this work.
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3. Running of the couplings qa
and ag in SO(4) - diagrammatic
approach

For the computation of the desired beta functions of the running couplings in
the Higgs sector of SO(10) GUT two methods will be used: the explicit summa-
tion of Feynman diagrams and the Coleman-Weinberg effective potential method.
The latter of the two is much more convenient and efficient while the former offers
perhaps a bit more insight to various contributions and more importantly, it offers
an independent check of correctness of the results. It is worth noting that the
diagrammatic approach was implemented both by evaluating all of the relevant
diagrams by hand and by developing a code in Mathematica, which calculated all
of the diagrams. The program confirmed all of the results that will be presented
in this chapter.

3.1 S0O(4) Higgs model

First, it is appropriate to discuss the reason to study the SO(4) Higgs model.
The diagrammatic approach to the evaluation of the beta functions of ay and as
in the SO(10) Higgs model turns out to be fairly complex. This can be seen by
looking at the expression for V, in the SO(10) Higgs model (relevant for
the running of the couplings ag and az) which reads

2
Vy = —%(@jd)ﬂ) + %(@j@j)(%z(bkﬂ + %(d)ij@k)((blj@k)' (3.1)

In both of the quartic interaction terms in there are 4 independent indices
running through {1,..,10} which amounts to 10* individual terms (of course before
considering various symmetries of the structure). However, the goal is to calculate
the 1-loop beta functions of the couplings ag and as within the SO(10) Higgs
model. Therefore, the product £(z)L(y) needs to be evaluated, which contains
108 terms just based off of the number of indices and their domains. The fact
that the number of the individual interaction terms is so large makes the explicit
evaluation of all relevant Feynman diagrams fairly difficult. For this reason, it
appeared to be beneficial to investigate a simpler theory which would still feature
the same structure as the SO(10) model.

The aim of this thesis is to compute the beta functions of the scalar couplings
ap and as in the SO(10) model. Therefore, it will be necessary to evaluate 1-loop
contributions to two different 4-point functions of the form I'(¢p¢p — ¢¢) as well
as the self-energy diagram for one of the scalar fields (this will be made explicit
in sec.4.3). The most convenient choice of the 4-point functions will be shown to
be

o I'' =D(d12012 = Pr12¢12)
o % =T(p12013 = Pazbus)
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In order to simplify the evaluation of I'' and I'? it would be convenient to find
the smallest SO(N) Higgs model with the same structure as in (3.1)) which would
be able to produce such 4-point functions. It is now easy to see that the optimal
choice is the SO(4) Higgs model.

For the reasons laid out above, this Chapter will be devoted to the evaluation
of the beta functions of the scalar couplings ag and ay within the SO(4) Higgs
model. The Lagrangian of the SO(4) theory has the form

L= Lyin— Vs (), (3.2)

where

1

4
% ao az

Ve = —Z(cbz‘jﬁbz‘j) + Z(@j@j)(%%) + Z(@j@k)(%%)-

1
Liin = - (Fuw )y (F") 5 + 1 (DN¢)Zj (D*¢);;

(3.3)

In the expressions above all of the indices now run through {1,..,4}. The covariant
derivatives in are defined by the formula with the indices again running
through {1,..,4}.

By comparing with and one can infer that the index struc-
ture of the SO(4) model is the same as in the SO(10) model. However, since
the number of individual interaction terms in (3.2]) is much smaller than in the
SO(10) scenario (i.e. in and (2.7))), the calculations here become much more
transparent. This way a lot will be learned from evaluating the beta functions
of the scalar couplings ap and ay within the SO(4) Higgs model. The gained
knowledge will then be translated into the calculations within the SO(10) model
presented in the next Chapter.

Needless to say, the SO(4) model does not resemble a realistic physical theory
of our universe in any shape or form. Its purpose is to merely help understand
the structure of the Feynman diagrams.

3.2 Derivation of the beta functions of ¢y and a,
within the SO(4) Higgs model

The running of the couplings ag and ay will be calculated in the minimal
subtraction (MS) scheme. To begin with, the bare Lagrangian of the theory has
the form (following the notation in [32])

£ =5 (D), (D767, ~ 2 (676

- L (3.4)
- IO(¢B¢B)0(¢B¢B)0 - f(¢B¢B)2(¢B¢B)2,
where the following notation was used
(60)0 = (6,61 55)

(00)2(00)2 = (¢ijir) (D15 Pur)-

18



The wave-function renormalization factor Z, is defined by
o5 =/ Zodi; (3.6)

where (ij) is an arbitrary pair of indices. It is convenient to recast the factor Z
as

The bare Lagrangian may be expressed in the form

LY =Ls+ 0L (3.8)

where (neglecting the term quadratic in ¢)

1

Lo =7 (Dud)l; (D 6),, = 2(60)o(60)s — F(90)a(00)s.  (39)

The counterterm-Lagrangian then reads

5a0

5Ly = Ay (D) (D*0); — "2 (00)u(00)0 — "2 (60)s(00)s.  (3:10)

The counterterms o,, and d,, are related to the bare quantities by

a; + 0a, = a Z;. (3.11)

It is useful to recast the counterterms as

8o, = ;). (3.12)

With the counterterms at hand the bare coupling can be written down as

al = a;(1+ K,,)Z;>. (3.13)

)

The dimensional regularization (DR) procedure with the convention d = 4 — 2¢
will be used in what follows. A regularization scale p with the dimension of mass
is introduced into the Lagrangian through the definitions

A —2¢
ag = Qo

dg = CLQ,LL726 (314)
g=gpn "
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With definitions above in mind, the Lagrangian (3.8) within the DR scheme reads
1
ﬁé)R :Zzaﬁ (Duqﬁ);‘ (D”¢)ij

“O“ (¢6)o <¢¢>o—a2’“‘ (60)2(66) (3.15)
2,u K(lQ(

_ Gop” ot B 60)2(66)2.

———(09)o(¢0)o —
The running of the scalar couplings ay and ay is given by their corresponding
beta functions defined by

0a;

Bo = (3.16)

Plugging the relation (3.14)) into (3.16)) gives

8&1 —2¢+1 aai N
= p 22 2¢q. 3.17
W ~ M op 2l (3.17)

Now, recalling the relation af = a;(1+ K,,)Z,* and differentiating both sides
with respect to p gives to the leading order

B
_ Oa; :g <ai(1 +Ka')Z(;2) =
O Op Z (3.18)
6ai 8Kai 8AZ¢ '
_au<1+K“"_2AZ¢)+aZ<8u on )

where the fact that a? is constant with respect to p was utilized. Given that
the last expression is equal to 0, it can be further recast (to the leading order in
powers of the coupling) as

Ja; 0K, (9AZ¢
9ai _ o [~ 98a , 3.19
o " ( o 2 o ) (3.19)
Plugging the last equation into (3.17)) gives (neglecting terms ~ O(e))
da; 2et1 0K, 8AZ¢
= 0% (=L . 3.20
Bai = 1 on e o +2 o (3.20)

The eq. is the main result of this section as it gives an explicit prescription
of the running of the couplings ag and ay within the SO(4) Higgs model.

The next step is to calculate the quantities K,, and AZ, which will be de-
scribed in detail in the following sections.
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3.3 Evaluation of AZ,

Within the MS scheme the wave-function renormalization factor Z, = 1+AZ,
is fixed via (see e.g. [30])

X3 (p?)

Zs=1
¢ + @pg

(3.21)

p2=m

The quantity 33 (p?) corresponds to the 1-loop corrections to the scalar prop-
agator.

The 1-loop contributions to the scalar propagator relevant for the evaluation
of AZ, in originate in the term containing covariant derivatives in .
The relevant interaction terms of the form A@¢ may be recast as

ig AL (06! (T79), — (T°¢)f 0"¢1) (3.22)

Now, it is necessary to evaluate the 1-loop contribution produced by the inter-
action term (|3.22)). The Feynman rule corresponding to the vertex produced by
this term is given in Figure|3.1l The 1-loop contribution to the scalar propagator
coming from is shown in Figure .

Before one can evaluate the integral corresponding to the diagram in Figure
it is appropriate to discuss the gauge of the vector boson propagator E| The
general form of the propagator in the R¢-gauge reads

77 _ i

=it (342 ear. (3.23)
- + 1€

Ultimately, the choice of a particular gauge is a matter of preference as the final

beta functions do not depend on it. Throughout this thesis, the Lorentz gauge

(also referred to as the Landau gauge) will be utilized, i.e. & = 0. This gauge

choice has the following advantages:

e The Goldstone bosons have the same scalar couplings as they would in
the ungauged scalar model. This means that one has to work with the
Lagrangian given in and account for the contributions of all the
scalar fields therein the same way. This is a welcome feature because one
does not need to worry about which degrees of freedom are physical and
which are not when it comes to the calculations in this chapter.

e The interaction terms containing the Higgs scalars and the Faddeev-Popov
ghosts are proportional to £&. Therefore, thanks to the Lorentz gauge £ = 0
there will be no diagrams with ghosts relevant in this thesis.

The contribution of the self-energy diagram depicted in Figure reads (for
§=0)

d i(2p+1),(2p+1)

oY () = OO0 [ 5o YD) (3.24)

2 _ 2
[ mg

21



m

------ oo ~ 9T (py + h)

D "
N P2

Figure 3.1: Feynman rule corresponding to the interaction in ([3.22]).

Figure 3.2: The self-energy diagram of a scalar field.

After performing the usual steps - Feynman parametrization and the DR
master formula (see Appendix B) - the result is

Zfs (pz) = §*Cy(Adj.) p® + (irrelevant terms), (3.25)

1672e

where Cy(Adj.) is the quadratic Casimir of the adjoint representation. The sum-
mand called (irrelevant terms) represents the terms, which vanish or at least are
finite after being plugged into and therefore those terms will be discarded
in what follows P

The result (3.25) can now be plugged into (3.21)) which together with ([3.7))
yields

3

1672¢’

AZ, = §*Co(Adj.) (3.26)

3.4 Evaluation of K,, and K,

The counterterms K,, and K,, appear in the Lagrangian in as factors of
quartic scalar couplings. The corresponding tree diagrams are depicted in Figure
0.0l

In order to fix the counterterms K,, and K,, it is necessary to consider two
different 4-point functions I' = T'(¢1¢9 — ¢3¢4) and I'? = F(g@@ — (53(;34). The
contributions of the counterterms corresponding to the two 4-point functions
will be denoted by T'%,, and I'%,. Next, the 1-loop contributions to the 4-
point functions with the same outer legs I',,, = I'(¢102 = ¢3¢4) and T, =
F(gglqgg — <;33<;34) will have to be evaluated. Once these quantities are computed
the counterterms will be fixed via the equations (in the MS scheme)

I 4 Thoo + T, =finite

lloop

2 412 472 Lfnite (3:27)
Kal0 Ka2 — .

1loop

!The discussion of the gauge choice follows [33]
2Note that the calculations are in this thesis are done within the MS scheme
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Figure 3.3: Diagram corresponding to the counterterms K,, and K,,

The equality 'L finite’ represents the fact that the counterterms K,, and K,,
absorb only the pole terms, i.e. the terms proportional to 1/e.

The outer legs for the 4-point functions I'* and I'? have to be chosen in such a
way that the two equations in are linearly independent. In order to identify
which 4-points functions can be calculated it is convenient to expand the quartic
scalar interaction terms in (3.15).

The aGo-term in (3.15)) gives

A 2¢
Liy = aoM (pd)o(d9)o = —%(@j@j)(d)m(ﬁkz) =

= aOM (2(¢75 + P15 + D1y + B33 + P34 + 034))° =

= “0’”‘ (461, + 8¢%($% + 6y + 03y + 034 + B3) +

+ 4¢13 + 8¢T5(d7 + Py + by + B3,)+
+ 4, + 8% 4(ds + By + B3u)+

+ 4¢3 + 8053 (54 + 054)+
+ 4 + 8¢5 (d5,)+
+4¢§4} :

The ay-term in (3.15)) yields

(3.28)

A, 2€
Lo =~ 600000 = ~ 27 (5,60) (D) =

2

4

[ (¢12 + O13 + Oy + D33 + D34 + 034)
+ 467,97 Is + QT4+ P33 + Poy)+

+ 41597 14 + ¢33 + P54+ (3.29)
+ 494 (5 24 + 95+

+ Aoy (54 + P34)+

+ 495, (¢3,)+

+8012013042043 + 8D12014032034 + 8P13014P23024] -

Note that the antisymmetry of the ¢-fields has been utilized in the expressions
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above.

By looking at the expressions and one can infer that for all 4-
point functions there is a 1-loop contribution proportional to dgas. Furthermore,
if one considers any 4-point function with a 1-loop contribution proportional to
a then there is a 1-loop contribution proportional to a3. However, the 4-point
function I'jeep(P12¢13 — ¢a2¢43) only has 1-loop contribution proportional to a’
and to Gy but has no 1-loop contributions proportional to a3. Therefore, one of
the chosen T's will be I'? = T'(¢12¢13 — daadyz). For simplicity, the other 4-point
function will be chosen as I'" = ['(¢12¢12 — P12012).

In what follows, the 1-loop contribution to a 4-point function I’y (P12 —

¢364) proportional to a;4; will be denoted by Tfjol (d1¢2 — P3a).

To summarize, the counterterm fixing conditions now read

Flloop(¢12¢12 — P12012)+H ka0 (P12012 = P12¢12

( )

T ka2(P12012 = P12012) =

L itoop(P12013 = G12043) T ka0 (P12013 = Pa2043)
( )

!
+ ka2(P12013 — Pa2043) = finite.

finit
e (3.30)

For the 1-loop contributions then holds

Citoop(P12012 = P12012) = 1loop(¢12¢12 — Q12h12) + [f?ffp(ﬁbmﬁbm — $12012)

1loop(¢12¢12 — Pra012) + Fugop(¢12¢12 — Pr12012)

Ciioop(P12013 — Paapaz) = (f?f;p(¢12¢13 — PaaPa3) + F1goop(¢12¢13 — Paaha3)
( )-

+F1100p 12013 — Pa2Pa3
(3.31)

Note that in the expressions for the 4-point functions above also appeared 1-loop
contributions proportional to §*. These contributions also have to be accounted
for because the interaction term does in fact produce diagrams of the type
G102 — P304 (where the loop is made out of gauge fields).

In the following subsections the contributions to the 4-point functions in ((3.30))
will be evaluated. It is worth to point out that only the pole terms of the 1-
loop contributions will be necessary to compute since the MS scheme is being
employed. With these expressions at hand the counterterms K,, and K,, will be
determined and plugged into . This way the contribution of the K-terms
to the beta function will be obtained. Thus, together with the result this
will mean that the running of the scalar couplings ay and ay in the SO(4) Higgs
model will be fully determined.

3.4.1 Purely scalar contributions to I'(¢12¢12 — d12¢12)

To start off, the contributions t0 T'1jpep(P12¢012 — P12612) proportional to a3

a2 .
will be evaluated, i.e. the term I'jj,, (d12¢12 — d12¢h12). Looking at (3.28), one
can infer that all of the contributing Feynman diagrams are the ones depicted
in Figure Note that the pairs of indices of the fields are written down in
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the ascending order, which automatically includes the other way of ordering the
indices since the ¢-fields are antisymmetric.

When it comes to evaluating F??Oop(qugzﬁlg — ¢12¢12), there are two steps
- evaluation of the integral coming from the loops and the computation of the
combinatorial factor coming from the number of possible contractions of the fields
as well as from the number of summands in (3.28)).

First, the evaluation of the integral will be discussed. In order to compute
the integral only the structure of the diagram shown in Figure[3.5]is needed. The
corresponding Feynman rules for the scalar loop are specified in Figure [3.6]

Utilizing the Feynman rules, the contribution corresponding to the diagram
in Figure [3.5| will have the form

Z’2

o= () 3 e O

where the regularization parameter p popped up as necessary within the dimen-
sional regularization scheme. The factor % is there because the graphs correspond
to the second order of the Dyson expansion and the factor P denotes all the com-
binatorial factors which appear due to the various ways of how to contract the
fields - this will be discussed in detail later on. Now, the Feynman parametriza-

tion (B.1]) will be introduced into the integral in (3.32)) and the relation (B.2)) will
be utilized which yields

dil 1 a4 1 1
| e =waaror = = Gy “@=cp =
1 I'(2—¢) j

1 . (3.33)
- D Te—gr@ ~ 16me T O

In the expressions above there was denoted C' = p?z? — ap? + m?, in the second
equality there was used the DR master formula and in the last equality
there was employed the Taylor expansion of the whole expression where for the
Gamma function holds

1
L(e) =~ = e+ 0(e), (3.34)
where v ~ 0.577 is the Euler-Mascheroni constant. Plugging the resulting inte-

gral into ([3.32]) means for the divergent part

]div — P@M2E
5¢ 32" 1672¢

+0(1). (3.35)

As was mentioned in the previous section the MS scheme is being utilized, there-
fore only the pole the term of I, was evaluated.

Having evaluated the integral part of F??OOP(leQQSlQ — ¢12¢12) now it is neces-
sary to calculate the combinatorial factors for the diagrams in Figure 3.4l There
are two different types of diagrams when it comes to the combinatorial factors
and those are: a diagram where the loop is made of ¢12¢15 (the first diagram in
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Figure 3.4: 1-loop diagrams contributing to F(ll?oop(@ggélg — ¢12¢12). The pairs
of numbers next to the scalar lines denote the particular scalar fields.

Figure 3.5: A purely scalar 1-loop diagram.

Figure and then the rest of the diagrams. For the first diagram the combi-
natorial factor has f; = 42 for the factors in E|, for the contractions there
are f; = (;1) (;1)2 ways of how to construct a loop and then there are f, = 4!
ways of how to connect the outer legs, so together the combinatorial factor is
equal to fg = fr X fi X f, = 4% x (3) (3)2 x 4! = 27648 . For the other diagrams
(where the loop is made of fields other than ¢;5) the combinatorial factor has
fr = 82, for the contractions there are f; = @) (;)2 ways of how to construct
the loop, there are f, = 4! ways of how to contract the outer legs, and there
are ng = b of those diagrams, so together the combinatorial factor is equal to
fo=fe X fix foxng =8 x (g) (;)2 x 4! x 5 = 15360. Altogether, these numbers
form the total combinatorial factor

P = 27648 + 15360 = 43008, (3.36)

where the subscript 1 means that it corresponds to the contribution to the 4-point

function Fl = F(¢12¢12 — ¢12(b12).
When the integral part together with the combinatorial part are put together,

3In order to make the calculations of the combinatorial factors more transparent the following
notation will be used throughout the thesis: fr = (product of the factors coming out of the
interaction terms in the Lagrangian); f; = (number of ways of how to contract the fields in
order to construct a loop); f, = (number of ways of how to connect the outer legs to the
loop);ng = (number of the specified set of diagrams); fq = (the overall combinatorial factor for
the specified set of diagrams)
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Figure 3.6: Feynamn rules for the scalar vertex and the scalar propagator.
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Figure 3.7: 1-loop diagrams contributing to Fill%oop(gblggblg — P12012).

the total contribution reads

~ 2 d .9
&2 (12 a() 2 1 / d l 1
I? =P —i— — =
1zoop(¢12¢12 — P12¢12) 1 ( L 4 ) H 9 (27T)d (12 —m?)((L + p)? — m?)
= 43008‘13 2
N 32/L 1672

(3.37)

Now the contributions to I'ijeep(@12¢12 — ¢12¢012) proportional to &% shall be

evaluated, i.e. the term F‘flgwp(gzﬁlggbu — ¢12¢12). Looking at L,, in , all of
the contributing diagrams are the ones depicted in Figure (3.7}

As was the case for the part proportional to a2, the calculation here has two
parts - the integral part and the combinatorial part. However, since the structure
of the scalar loop remains the same, the result of the integration will also be the
same, thus only the combinatorial part has to be computed.

The first diagram in which has the loop made of ¢, receives the factor
fr = 22 coming out of the Lagrangian , then there are f; x f, = (3) (;)2 x 4!
number of possible contractions (as was the case for the a2 proportional part),
thus altogether the relevant factor is equal to f; = fr X fi X f, = 22 x (3) (3)2 X
4! = 6912. For the rest of the diagrams together - the combinatorial factor
receives fr = 42, there are f; x f, = (;) @)2 x 4! possible contractions, and
there are ny = 4 of such diagrams, hence the factor for the diagrams is equal to
fa=fex fix foxna=42x (3)(3)2 x 4! x 4 = 3072. Putting all of the factors
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Figure 3.8: 1-loop diagrams contributing to I'42% (P12012 — d12¢12).

1loop

together, the overall combinatorial factor has the form

P = 6912 + 3072 = 9984. (3.38)

This means that the contribution to I'ijpey (120012 = ¢12¢12) proportional to as is

a2 9 1
32“ 1672

1loop(¢12¢12 — P12h12) = 9984 (3.39)

Next, the diagrams proportional to agas will be computed. The term in the Dyson
series responsible for these contributions is proportional to

Lag(€)Lay(y) + Lay(y) Loy (7) (3.40)

and by evaluating the expression, one arrives at the diagrams shown in Figure
B8

The integral part of the computation remains the same as in the previous
cases. For the first diagram in [3.8] the combinatorial factor has 2 for the per-
mutation of vertices x <+ y and there is a factor of 4 x 2 from and (| -
resulting in f, = 2x4x2; fix f, = (2) (;)2 x 4! is the factor coming out
of the contractions, so altogether the factor is equal to f; = fr X fi X f, =
2 x 4 x 2 x (3)(5)2 x 4! = 27648. For the rest of the diagrams in 3.8 there is
factor of 2 for the permutation of vertices x <+ y, there is a factor 4 * 8 coming
from and which means f; = 2 x4 x 8, there are f; x f, = @) (3)2 x 4!
possible contractions, and there are ny = 4 such diagrams, hence the overall fac-
tor is equal to fy = fr X fi X fo Xng=2x4x8X (5@)2x4!x4: 12288. The
overall factor is thus equal to

P02 — 27648 + 12288 = 39936, (3.41)

which means the contribution to I'ijeep(P12¢12 — P12¢12) proportional to apas is

a0a2 2e
32 H 1672¢

T{0%2 (d12012 = Pra¢12) = 39936— (3.42)
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Having computed the 1-loop contributions, now it is necessary to calculate the
contributions of the counterterms I'gu0(P12012 — P12¢12) and Tgaa(Pr2012 —
¢12¢12) . The diagrams corresponding to K,, and to K,, are shown in Figure
.3l Note that the graphs have an identical structure, the only difference comes
from the combinatorial factors. The explicit form of the interaction terms corre-
sponding to the counterterms are the same as the ones in and , with
the only difference being the multiplicative constant a; — a;K,,.

The contribution of the K, -term receives a factor of f, =4 from and
a factor of f, = 4! for the contractions. Thus, the overall combinatorial factor
has the form

PR = f.x f, =4 x 4! = 96. (3.43)

Similarly, the contribution of the K,, has the factor of fr = 2 from (3.29) and
fo = 4! for the contractions. Therefore, the total combinatorial factor reads

PE®2 = fr x f, =2 x 4] = 48, (3.44)

When put together, the overall contributions of the counterterms to the 4-point
function F(¢12¢12 — ¢12¢12) are

ok,
FKaO(¢12¢12 — ¢12¢12) — _96N26%

i K, (3.45)
FK(I2(¢12¢12 — ¢12¢12) e —48#26%

3.4.2 Purely scalar contributions to ['(¢12¢13 — dsa¢43)

First, the term F?lgoop(gzﬁlggzﬁlg — 42¢043) Will be determined which means it is
necessary to compute the contributions to I'ijpep(P12¢13 — @a2¢43) proportional
to 3. Note that in this section there is an exception to the convention of keeping
the indices in the ascending order in the cases of ¢4 and ¢43 (which is a bit
more convenient choice when looking at the index structure of the as term).
Of course this choice of ordering makes no difference whatsoever as long as the
combinatorial factors are evaluated properly.

Looking at the interaction terms in one can infer that all of the relevant
diagrams are the ones depicted in Figure 3.9

The computation of F(lllgoop(¢12¢13 — (42043) again has two parts - the integral
one and the combinatorial one. However, the integral part is obviously the same
as in the case of I'jjp0p(P12012 — @P12¢12). This means that the 1-loop contribution
to the 4-point function proportional to a2 is given by eq. .

Now the combinatorial part of the computation of F?foop(aﬁlgqﬁlg — (Pa2043)
shall be presented. The first four diagrams in Figure [3.9| recieve a factor of 2 for
the permutation of vertices = <+ y, then there is 4 x 8 from the factors in

which means f; = 2 x 4 x 8; as for the contraction there are f; = (f) (?) ways

of how to construct a loop and f, = 1; there are ngy = 4 of those diagrams; thus,
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Figure 3.9: 1-loop diagrams contributing to Fillgoop(gzﬁlggblg — Gg00P43)-

WAS!
last diagram in Figure [3.9 has a factor of 2 for the permutation of vertices, then

it receives 8 x 8 from the factors so fr =2 x 8 x 8 and crucially there is a
factor of (—1)? responsible for the permutation of the subscripts of the ¢-fields,
hence the overall factor is equal to fy =2 x 8 x 8 x (—1)3 = —128. The overall
combinatorial factor has the form

the overall factor is fy = fr X fi X fo Xxng=2x4 X8 x (2> (2) x 4 =1024. The

PI% = 1024 — 128 = 896, (3.46)

which means the contribution to I'ijpep(P12¢13 — Paa¢a3) proportional to az is

&% &3 2¢ 1
D ioop(@12013 = Pazgus) = 896 Zpu (3.47)

327 16m2€e’

Another contribution to I'ijpep(P12¢013 — Ga2¢43) is the one proportional to dgas,
which again comes from the term L, ()L, (y)+ Loy (y) Lay (). After carrying out
the multiplication of all the terms it is easy to see that the diagrams contributing
to F??fjp(gzﬁlggbly) — ¢4o¢43) are the ones depicted in Figure

The structure of all of the diagrams in Figure |3.10] is very similar meaning
that the combinatorial factors for all of the graphs are the same. In particular,
there is a factor of 2 for the permutation of the vertices, there is 8 x 8 from the
factors in and which means f; = 2 x 8 x 8, there are f; = (?) (f)
ways of how to construct a loop, and there are ny = 6 of the diagrams. Put
together, the overall factor has the form

L 2\ (2
Po% = f. x fyxmng=2x8x8X <1> <1> x 6= 3072, (3.48)

which means the contribution to I'ijeep(P12¢13 — Pa2¢a3) proportional to apas is

aod apls o 1
ooy — = 3072—= ,
oo (912013 — a2 a3) 23 M T

(3.49)
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Figure 3.10: 1-loop diagrams contributing to F??fjp(gf)mbm — Gg0P43).

As was mentioned earlier, the contribution F(f;oop<§b12(b13 — ¢42¢43) vanishes since
there is now way to produce a 1-loop diagram of ¢19¢13 — Pso¢43 using only the
ap-term in eq. .

Now it is necessary to evaluate the contributions of the counterterms to
C(¢12¢13 — Pa2¢43) which pictorially look like the one in Figure |3.3. How-
ever, the contribution proportional to K,, vanishes since the interaction term
fails to produce tree graphs of the form ¢i9¢13 — ¢42¢43. The contribution to
[(p12¢13 — Pa2043) proportional to K, only receives a factor of 8 from (3.29)),
thus it has the form

2e GQKGQ

THe2 (p12¢13 = Pazdas) = —8p 7

(3.50)

3.4.3 Contributions to I'' and to I'> proportional to §*

All of the 1-loop contributions to I'" = T(¢12¢12 — ¢12¢12) and to [ =
[(¢1a13 — Paapas) proportional to §* come from the term containing covariant
derivatives in . Namely, the relevant interaction terms are of the ¢ppAA
type and they read

1 ~ € 1 ~ € ik A1 : i j
ZQQMQ [Aps ¢]L~ (A, )5 = ZQQMQ (A FApr0lj + A kA]l¢kj¢il) . (3.51)

i(—1)
Since the full expansion of the expression above is a bit lengthy it is deferred to
Appendix C.

To begin with, the 1-loop contributions to I'(¢12¢12 — ¢d12¢912) proportional
to ¢* will be evaluated. The corresponding Feynman diagrams are depicted in
Figure |3.11}

As before, the evaluation of the diagrams in Figure has two parts - the
integral part and the combinatorial part. Obviously, all of the diagrams in Figure
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Figure 3.11: Contributions to F??Oop((ﬁlg(blg — ¢12¢12). For the momenta it holds
P = p1+ D2

produce the same integral which has the form (the momenta are given in the
first graph in the Figure)

. ig"\* L1 d¥ i T
Dioop(P12012 = Pr2012) = P | == | 1 */ﬁgupguaD ()DP (1 + p).

2 2
27 (3.52)

In the expression above the vector boson propagator was denoted by D*’(l) and
its form was given in eq. . The factor P in stands for a generic
combinatorial factor. After performing the standard procedure of introducing
the Feynman parameters and utilizing the DR master formula the

expression (|3.52)) reads

~d ~4 3
[ 1oop(P12012 — P12¢12) = Pg*u%

327 16m2¢e (3.53)

The second part of evaluating graphs in Figure|3.11| comes down to the combina-
torial factors. The factors are the same for all of the diagrams and they contain
a factor of f, =1 from , then there are f; = 2 ways of how to construct a
loop, and there are f, = 4! ways of how to connect the outer legs. Thus the total
factor is equal to

PI=1x2x4l x4=192 (3.54)

Put altogether the 1-loop contribution to I'(¢12¢12 — ¢12¢12) proportional to §*
is

~4

e, - — 1929 ppe 2
1loop(¢12¢12 ¢12¢12) 32H 167r2€

The 1-loop diagrams contributing to I'(¢10¢13 — daacsz) proportional to §* are
depicted in Figure m From the interaction terms in — can be inferred
that the first four diagrams in Figure receive the same factor 2 x (—2) and
then there is a factor of 2 for the permutation of vertices so fy = 2x(—2)x2, which

(3.55)
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Figure 3.12: Contributions to F??Oop(gbuqﬁm — G10P43).

together gives the factor f; = frxXng = 2x(—2) x2x4 = —32. The last diagram
in Figure receives a factor of 4 x (—4) from and and a factor of
2 for the permutation of vertices, which means that f; = 4 x (—4) x 2 = —32.
The overall factor is then equal to

P{' = —32-32=—64, (3.56)

which means the 1-loop contribution to I'(¢12¢13 — ¢u2¢43) proportional to §* is

A ~4 3
o' — — _6497 2¢ '
1loop(¢12¢13 ¢42¢43) 32/L 1672¢

(3.57)

It is necessary to observe that the diagrams presented in this subsection have not
exhausted the full list of 1-loop diagrams with gauge fields potentially contribut-
ing to ['(¢12012 — @12012) or to ['(d10013 — @uas3). Those 4-point functions
may in fact have other contributing 1-loop diagrams proportional to §* or to §%a;
whose structure is depicted in Figure |3.13 However, all of these diagrams turn
out to be in fact finite. This observation can be shown by counting the superficial
degree of divergence «, which in this case can be defined as

a=4L—2B+ nd;, (3.58)

where L is the number of loops, B is the number of internal bosonic lines, n; is
the number of i-th vertices and d; is the number of derivatives associated to the
i-th vertex.

One can observe that if for a diagram in Figure [3.13| « = 0, then the di-
agram is (potentially) logarithmically divergent. Recall the Feynman rule for
the vertex depicted in carries the factor of (I + (other momenta)) but only
the [-proportional part contributes the divergent part of the diagram. This in
turn means it is in fact irrelevant which of the ¢-fields in a vertex (see ([3.22)))
is being taken the derivative of (regarding the divergent part of the diagram).
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Figure 3.13: Diagrams with gauge fields with potentially non-trivial pole terms
contributing to I'(¢12¢12 — ¢12¢12) or to I'(d12¢13 — Paaas).

This makes the interaction term effectively symmetric with respect to the
¢-fields sandwiching the generator, when one only cares about the divergent part
of the diagram. However, since the generator is antisymmetric, the whole contri-
bution of the vertex vanishes.

By looking at the diagrams in Figure|3.13|it is easy to infer that for all of them
a = 0. Also, all of these diagrams contain the triple vertex from the interaction
term (13.22). Hence, due to the observiations presented in the previous paragraph
the divergent parts of the diagrams in Figure |3.13| vanish.

3.5 Beta functions of the couplings ay and as in
SO(4) Higgs model

The beta functions of the couplings ag and ay are given by eq. where
one needs to plug in the K-terms as well as the wave-function renormalization
factor. The latter of the two has been evaluated in sec. 4.3. and the result is
given by which is reiterated here for the reader’s convenience

AZ, = FCy(Ad])—— (3.59)

1672¢’

As for the K-terms, these are determined via the equations (3.30) and (3.31)).
All of the terms in those equations have been calculated in sec.4.4 and for the
reader’s convenience they are summarized below

I (Gratra = bradiz) —430080 2L
1loop\ V1212 12¥P12) — 321u ]_67-(-26
d% &g 2¢ 1
Flloop<¢12¢12 — ¢12¢12) :9984511 T6m2c
aoa doly o 1
F1?002p(¢12¢12 — P12012) :39936£M2 -
32 1672¢ (3.60)
& K& :
FKa0(¢12¢12 — ¢12¢12) = — 96#25%
as K
I'ka2(P12012 = Pr212) = — 48/126%
d% d% 2€ 1
Flzoop(¢12¢13 — P12043) 28963—2u >
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apa2 o, 1

I - —30722092 2e

1loop(¢12¢13 ¢42¢43) 39 1% 1672¢
(o K,

Fﬁggp(¢12¢l3 — Ga2043) = — SMQEQT

Al g4 9

Iy — =192°_p*

1loop(¢12¢12 ¢12¢12) 32,U 1672¢

PP (G1sns — dradas) = — 64522

1loop (P12913 12Q43) = 32“ 6%

Plugging all of the results above into (3.30)) and (3.31]) and solving for the K-terms
yields

2802 + 302 + 14a04> 95
K, =

Ragmie 64agm2e
62+ i o (3.61)
Ko a + 24apa; 39
= Rlom2e 16a9m2€’

With the expressions for the K-terms as well as for AZ, at hand it is now possible
to plug them into the beta function given by eq. (3.20). In order to solve the
beta function formula (3.20)), it is necessary to restore the original couplings

a; = a;u">¢ into the relations (3.61) and ([3.59). The beta function can then be
recast as

R (_8[(% . 28AZ¢>
: o o (3.62)
2y, (_ (_26M_1Kai> 19 (_QEAZ¢)) = 0;2¢K,, — 4;4AZ,,.

Finally, plugging the quantities K,,, K,,, and AZ, (with Cy(Adj.) = 2) into the
expression for the beta functions above gives full beta functions for the couplings
o and as in the SO(4) Higgs model

22462 + 2442 + 11240, + 95" — 48G0§?

3272
3.63
1482 + 48d0ds — 39° — 120957 (3.63)

72

Bao =
Bas =

These relations are the final result of this chapter.
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4. Running of the couplings ag
and as in SO(10) - diagrammatic
approach

This chapter is devoted to the main goal of this thesis which is the beta
functions of the couplings ay and as in the Higgs sector of the SO(10) GUT theory.
Thanks to the results obtained in the previous section, here the diagrammatic
computation will turn out to be more efficient, as the structure of the contributing
graphs is now more transparent. Note that all of the results presented in this
chapter have been confirmed by a program in Mathematica, which was developed
by the author of this thesis.

4.1 SO(10) Higgs model description and
the beta functions

The Higgs sector of the SO(10) GUT has been described in Chapter 2. In
this Chapter the aim is to evaluate the running of the scalar couplings ag and a,
within the SO(10) model, therefore the relevant part of the Lagrangian for
the calculations here reads

1
Ly=-

1
, — (Do)l (D"9),

4
IuQ aop as
Z(@'j@'j) + Z(¢ij¢ij)(¢kl¢kzl) + Z(¢ij¢ik)(¢lj¢lk)-

(Fuw)ij (F*) 5 +
(4.1)

The derivation of beta functions for the couplings ag and ay within the SO(10)
model actually goes the exact same way as it did for the SO(4) model. Hence, the
notation and formulae presented in sec.4.2 will be used in this Chapter as well.
For the reader’s convenience, some of the definitions and results from sec.4.2 are
reiterated below.

The wave-function renormalization factor Z; = 1+AZ, is introduced by gbg =

\/Zs®i; and the couplings are recast as 4o = agu™ >, where u is a regularization
scale.
Within the DR scheme the Lagrangian has the form

1
ﬁDR ZZ¢( uﬁb)jj (D“gzﬁ)ij

“0’”‘ (60)o(96)o — 2 2€<¢¢> (66): (4.2)
“0“ B0t Kan (456 (60)0 — ‘”“ 0ol Res (4.8), (8.

The formula for the beta function reads

0K, ONZ,
21 [ L)) ¢
faw = 1 @i < o + o > ’
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To summarize, it is again necessary to evaluate K,,, K,,, and AZ, in order to
obtain the beta functions of the scalar couplings ay and as within the SO(10)
Higgs model. The K-terms will be determined in the following sections.

The contribution of the wave-function renormalization factor to the beta func-
tion (4.3) was evaluated in sec.4.3 for the SO(4) model. However, the computa-
tion goes the same way for the SO(10) model with the only difference being that
within SO(10) one now has C3(Adj.) = 8. Therefore the factor AZ, is given by

~2 ., 3 JOPR
AZ, = §°Cy(Adj.) =38 (4.4)

1672€ 16m2¢

4.2 Evaluation of K,, and K,

The contribution of the K-terms to the beta function within SO(10) has
to be evaluated in a similar manner as it was within SO(4). The counterterms
K,, and K,, will again be fixed via the equations (where the notation from the
previous Chapter is employed)

I‘%loop + P}(ao + F}(aQ ;ﬁmte (4 5)
1—‘%loop + F%(ao + F%(aﬂ ;ﬁnita

where the equality = finite means that the counterterms absorb only the pole
terms (i.e. the calculation will be done in the MS scheme).

The 4-point functions I'' and I'? are set to be the same as they were in the
previous Chapter. This is so because the expectation is that it will be possible
to use the knowledge from the calculations within SO(4) to the SO(10) case.
Therefore, let the 4-point functions be denoted by

I =(p1ad12 — Pr2612)
I? =I'(p12¢13 = Pa2¢43).

Since, the index structure of the interaction terms in (4.2)) is the same as in (3.15))
one can infer that the contributions to the 4-point functions in (4.6)) will have the
same form, namely

F1loop(¢12¢12 — 012012)+ ka0 (Pr2012 = P12012

(4.6)

|

( )
+l ka2 (Pr2¢12 = P12012) = finite
Ciioop (912013 = Pa2043)+T kao(P12013 — Pa2Pas)
( ) =

+ ka2 (P12013 — Paodys) = finite.

(4.7)
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For the 1-loop contributions to the 4-point functions then holds

Citoop(P12012 — d12012) = 1loop(¢12¢12 — ¢12h12) + lf?ffp(%gﬁbm — $12012)

1100p(¢12¢12 — Pra12) + Fugop(¢12¢12 — Pr2612)
Ciioop(P12013 — Paaaz) = (flfogp(¢12¢13 — Paa¢az) + F1100p(¢12¢13 — Paaha3)
( )-

+F1loop 12013 — Pa2Pa3
(4.8)

Hence, in order to obtain the K-terms it is necessary to evaluate the contributions
to the 4-point functions in and and this will be done in the following
subsections. It is perhaps worth to reiterate that all of the following calculations
in this Chapter will be done within the SO(10) model and the MS scheme will
be employed (therefore only the pole terms will be computed).

4.2.1 Purely scalar contributions to ['(¢12¢12 — d12¢12)

There are purely scalar 1-loop contributions to I'(¢12¢12 — ¢12¢12) propor-

tional to a3, a3, and to Ggds (as was also the case in the previous chapter).

First, the contribution Flloop<¢12¢12 — ¢12¢12) Will be evaluated. In the case
of SO(4 ) the diagrams are depicted in Figure E 3.4} from which one can make the
following observations. Regarding the combinatorial factors, there are two types
of graphs in Figure[3.4]- a diagram with the loop made of ¢15 and the second type
contains a 1-loop diagram for every pair of indices (ij), where i,j € {1,..,10}
and (21) # (ij) # (12). Remarkably, the same structure of diagrams also appears
in the SO(10) model, which can be checked by analyzing the index structure in
. Alternatively, this can be verified by the full expansion of the interaction
terms in , which was done via the aforementioned program in Mathematica.

The 1-loop diagrams contributing to Filf)oop(¢12¢12 — ¢12¢12) in the SO(10)
model are depicted in Figure .1} It is immediately obvious that the structure
of the integrals corresponding to the graphs is the same as the one which was
derived in the previous chapter. The 1-loop contribution to 4-point function thus
reads

a2 1
P 0 2e ]
32 H 1672¢

F?lgoop(¢12¢12 — $12¢12) = (4.9)

where P stands for a generic combinatorial factor.

The combinatorial factors emerging from the diagrams in Figure will now
be evaluated. The first diagram receives a factor with the same structure of
contractions as in the case of SO(4) and it also receives the same factors from the
interaction terms in , which means it is equal to fy; = 4% x (;1) (;‘)2 x 4! =
27648. The rest diagrams on the left-hand side in Figure receive a factor
(which was derived in Chapter 4) of fr x f; X f, = 8* X &3)2 x 41 = 3072
and there are ny = 44 them (because there are 45 distinct ¢-fields in total).
Altogether, the combinatorial factor is equal to
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Figure 4.1: 1-loop diagrams contributing to F?lgwp(gblggblg — ¢12012). As opposed
to the SO(4) model there are many more diagrams of the type on the left-hand
side in the SO(10) model. This is due to the fact that the indices 4, j run through
{1,..,10}.

P = 27648 + 44 x 3072 = 162816. (4.10)

The 1-loop contribution to ['(¢12¢12 — ¢12¢12) proportional to a% thus reads

a2

a2 1
Iy o = 162816—2 1% _
1oop(P12012 — P12012) 20h Toie

(4.11)

Next, the 1-loop contributions to I'(¢12¢12 — ¢12¢12) proportional to a3 are
depicted in Figure 3.8 for the case of the SO(4) model. In order to determine the
diagrams for the SO(10) case, one can observe that the condition for the fields
¢i; creating the loop is that at least one of the indices ¢ and j has to be equal
to either 1 or 2. This observation can be verified by expanding the full SO(10)
Lagrangian and the diagrams are summarized pictorially in Figure

As for the combinatorial factors, the first diagram in Figure [4.2is again one
where the loop is made of ¢, and it receives the same factors from the interaction
term as in the SO(4) case. This means that the factor of the first diagram is
equal to f; = 2?2 x (3) (3)2 x 4! = 6912. Similarly, the factor responsible for the
contractions of one of the diagrams on the right in Figure is the same as in
the SO(4) model. There are ng = 2 x 8 viable pairs of indices (again employing
the convention of keeping the indices in the ascending order) - because the first
index can have both of the values 1 or 2 and the second index then has a choice
of 8 remaining indices. Put altogether, the overall combinatorial factor reads

Py = 6912+ 16 x 768 = 19200, (4.12)

which means that the 1-loop contribution to I'(¢12¢19 — ¢12¢12) proportional to
a3 thus reads

o H2
D061 = drad) = 1920052 2 (4.13)
The last purely scalar 1-loop contribution to I'(¢12¢12 — ¢12¢12) is the one
proportional to Gpds and in the SO(4) theory the diagrams are depicted in Figure
[3.8] Here one can observe that, pictorially, the diagrams are identical to the ones
proportional to a2 and the contribution differs only because the factors f; coming
out of the interaction Lagrangian for the a3 part are not the same as the

ones for the agas part.
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Figure 4.2: 1-loop diagrams contributing to '}, (¢12¢12 — ¢12¢12). In the right
diagram at least one of the indices ¢ or j has to be equal to either 1 or 2. The
contributions proportional to agas have the same structure of Feynman graphs.

Looking again at Figure [4.2] the first diagram receives a factor fr =2 x4 x 2
from the Lagrangian and the contractions give a factor f; x f, = (3) (3)2 x 4!,

hence together the factor is equal to f; = 2 x 4 x 2 X (3) (;)2 x 41 = 27648.
The diagrams on the right in Figure receive a factor equal to fr =2 x4 x 8
from the Lagrangian, the contraction give a factor f; x f, = (;) (;)2 x 4!, and
there are ngy = 2 x 8 of such diagrams, which gives an overall factor of f; =
2x4x8x @) (3)2 x 4! x 2 x 8 = 49152. The total factor is then equal to

P02 — 27648 + 49152 = 76800, (4.14)

which gives the following 1-loop contribution to I'(¢12¢12 — ¢12¢12) proportional

to dQ&O

&0&2 % 1
32 # 1672¢

39022 ($1a¢12 — $ra¢h12) = T6800 (4.15)

The contributions of the counterterms I' k40 (12012 — P12¢12) and koo (P12012 —
¢12¢12) remains the in the SO(10) model as it was for SO(4) (see (3.45)). This is
due to the fact that the diagrams corresponding to the counterterms are tree-level
and therefore the extra fields in the SO(10) theory make no difference. For the
reader’s convenience the contributions of the counterterms to I'(¢12¢012 — ¢P12012)
are reiterated below

e
FKGO(¢12¢12 — ¢12¢12) = —96#26%

ir K, (4.16)
FKQ2(¢12¢12 — ¢12¢12> e —48#]26%

4.2.2 Purely scalar contributions to ['(¢12¢13 — dsa¢43)

In Chapter 4 there was argued that based on the index structure of the in-
teraction terms that the 4-point function I'(¢12¢13 — Pa2¢ps3) receives 1-loop
contributions only proportional to dgds and @3 (and no 1-loop contributions pro-
portional to a2). Since the index structure remains the same when one moves
from SO(4) to the SO(10) model, the proposition also holds for the SO(10) case.
Therefore, it is necessary to evaluate only the dgdy and a3 terms.

To begin with, the 1-loop contribution Fillgoop(gblg(ﬁlg — (yo043) Will be evalu-
ated. The relevant diagrams for SO(4) are shown in Figure 3.9, Of course, the
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Figure 4.3: 1-loop diagrams contributing to F?lgoop(gzﬁmbly) — 42043). In the first
and third diagram the inner lines correspond to either both the ones before the

slash or to both the ones after the slash. In the second and fourth diagrams it
holds for the inner lines (ij) ¢ {(12), (13), (42), (43)}.

structure of the integrals associated to the diagrams is the same as in the previous
subsection but the determination of the combinatorial factors is more elaborate.

A good way to categorize these diagrams (in order to infer the combinatorial
factors) consists in looking at which outer legs meet in a vertex. Since there
are 4 distinct outer legs, there are (;l) = 6 unique combinations of 2 outer legs
connected to a vertex. However, any given pair of outer legs already determines
fully the other pair, therefore there are really only 3 unique categories of dia-
grams. Furthermore, the combinatorial factors depend on whether the outer legs
connecting to a vertex share the same index or not. Last important distinction
for determining the factors is whether the loop is made of some of the same fields
as the outer legs.

The 1-loop diagrams contributing to F‘ll%oop(@mlg — (yo43) are summarized
in Figure 4.3 The first and third diagrams in Figure [4.3| receive a factor f, =
2 x 4 x 8 from the Lagrangian, the contraction factor is equal to f; X f, = G) G),
and there are ngy = 4 of such diagrams, hence the factor for those diagrams is
equal to fy =2x4x8X G) (f) x 4 = 1024. The second diagram receives a factor
of fr =2 %8 %8 from the Lagrangian and the contraction factor is f; x f, = 1.
The index structure of the ay term in dictates that in the second diagram
that the inner lines share the index j ¢ {1,2,3,4} and the other two indices
take on the values ¢+ = 2 and £ = 3, which means that there are ny = 6 of
such diagrams. The total combinatorial factor for the second diagram is thus
fa=2x8x8x1x6="768. The fourth diagram has the same structure as the
second one when it comes to the combinatorial factor. The fifth diagram receives
a factor fr =2 x 8 x 8 x (—1)3 and f; x f, = 1. Collecting all the factors yields
the total combinatorial factor

P = 1024 + 768 + 768 — 128 = 2432, (4.17)
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Figure 4.4: 1-loop diagrams contributing to Ff?oop(gblggblg — ¢12012), where i €
{3,..,10}.

which means the 1-loop contribution to I'(¢1a¢13 — ¢42¢43) proportional to a3
reads

a3 a’g 2e 1
[ loop(P12013 — Pardbaz) = 2432~

. 4.18
32" 16m2¢ ( )

Another contribution to I'ijpp(P12¢013 — Ga2¢43) is the one proportional to dgas.
For SO(4) the diagrams are summarized in Figure[3.10[ Remarkably enough, the
relevant diagrams in the SO(10) case are exactly the same as they were in SO(4)
(including the indices of the fields) and this in turn means the total contribution
to the amplitude is
oo (912013 — Paaaz) = 3072%#26 1631’26'
Just like in the previous subsection the contribution of the counterterms is
the same for the SO(10) model as it was for SO(4) (see (3.50)). Therefore, the
contributions of the counterterms to I'(¢12013 — Paacps3) read

(4.19)

2¢ CLQK@Q

Fﬁggp(¢l2¢13 — Guouz) = —8u 1

(4.20)

4.2.3 Contributions to I'' and to I'> proportional to §*

The 1-loop contributions of the gauge fields to I'(¢1a012 — P12012) are de-
picted in Figure for SO(4). One can observe from there that the structure
of the diagrams is such that the gauge field lines forming the loop are identical
and always share exactly 1 index with the outer scalar fields (which implies the
other index has to be different from 1 and 2). Indeed, the structure of the indices
in the interaction terms in dictates that the relevant diagrams in SO(10)
are the ones depicted in Figure 4.4}

The structure of the integrals corresponding to the diagrams in Figure [4.4]
is the same as it was in the SO(4) case (see (3.53))). Therefore, in SO(10) the
contribution from Figure has the structure

~4
Ff?oop(sbmﬁbm — Q12¢12) = P%M% 16i7))r26'

As for the combinatorial factors, just like in SO(4) the factors from the La-
grangian together with the contraction factors give f; = 2 x 4! = 48. The number
of contributing graphs is given by the fact that in both of the diagrams in Figure

(4.21)
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Figure 4.5: 1-loop contributions F??Oop(gblggbly) — ¢42043). In the first and third
diagram the inner lines are either both the ones before the slash or both the ones
after the slash. In the second and fourth diagrams it holds for the inner lines

(i) ¢ {(12), (13), (42), (43)}.

the index ¢ can have 8 different values; hence ny, = 16. The total combinatorial
factor is thus equal to

P9 = 2% 41 %16 = 768 (4.22)

This means the 1-loop contribution to I'(¢1a¢12 — ¢P12¢012) proportional to gt
reads

A A4 3
1_‘94 — 768i 2¢ . 423
1zoop(¢12¢12 — P12¢12) 32” 1672¢ ( )

Lastly, the 1-loop contributions F??Oop(qﬁuqﬁlg — ¢uay3) for SO(4) are depicted in
Figure It useful to compare these 1-loop diagrams to the ones contributing
to T'(¢12¢013 — ¢u2¢43) which are proportional to a3 in Figure . It is easy
to observe that the structure of the diagrams in these two Figures is identical
in terms of the index structure and the difference is only that the inner lines
are scalars in Figure and the inner lines in Figure [3.12] are vectors. In fact,
this is also the case in the SO(10) theory, which can be seen by expanding the
interaction terms in . This implies that the 1-loop diagrams contributing to
F??00p<¢12¢13 — ¢uo¢43) are the ones depicted in Figure .

The factor f; for the first and the third diagram in Figure 4.5|receives f, = 2x
(—2) x 2 (just like they did in the SO(4) theory) and there are ny44 such diagrams,
which means that the overall factor is fq = fr X ng =2 x (=2) x 2 x 4 = —32.
The second and fourth diagram in Figure gets a factor fp =2 x 2 x 2 from
the Lagrangian and there are ny, = 12 such diagrams, giving an overall factor of
fa = fcxXng=2x2x2x12 = 96. Finally, the fifth diagram gets a factor
fr=2x(—4) x4 = —32. Collecting all of the factors gives a total combinatorial
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factor

4
Py = —-32+96 — 32 = 32, (4.24)

which means the 1-loop contribution to I'(¢1a¢13 — ¢u2¢43) proportional to §*
reads

D (G1261s = biacs) = 32 e
1loop\¥12¥13 42¥43) — 32,U 1671'26.

(4.25)

It is necessary to point out that one should also consider diagrams of the type
shown in There was argued in sec.4.4.3 that these diagrams are finite in
the SO(4) model. However, the same arguments hold true also for the SO(10)
model and, therefore, the diagrams in Figure do not contribute to the beta
functions of ag and as (or any other beta functions for that matter).

4.3 Beta functions of the couplings ay and as in
SO(10) Higgs model

The evaluation of the beta functions of ay and ay in SO(10) follows the same
steps as in the SO(4) (see sec. 4.5). Therefore, it is necessary to collect all of
the contributions to I'(¢12012 — ¢12¢12) and to [(P1ap13 — Gaods3) from the
previous section as well as the wave-function renormalization factor from sec.5.1.
The expression for AZ, was given in and it reads

3 L. 3

AZy = i*°Cy(Ad].)———— =
s =50 J)167T2€ g 1672¢

(4.26)

where C5(Adj.) = 8 was used. The K-terms are fixed via the equations (4.7))
where one needs to plug in the contributions to I'(¢12¢12 — ¢12¢12) and to
(12013 — da2¢43) which are given below for the reader’s convenience

A2
a2 a .
Fl?oop(¢12¢12 — P12012) =162816-2 11

32" 16m2¢
&% dg 2e 1
[ foop(Pr2012 = d12012) 219200§,u 6%
aod &0&2 % 1
Dio0; — =76800——
oo (P12012 — P12012) TRAETP
a0k
U'kao(d12012 = d12¢12) = — 96,u26% (4.27)
s Ky,
ra2(Pr2¢12 — d12¢12) = — 48#252T

fz% d% 2e
D foop(P12013 — Pazdaz) =2432_Sp

327 16m2e
aod B apls o 1
Fl?o;p(¢12¢l3 — Pazus) _3072§M o2
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2 0284,

Fﬁggp(¢l2¢l3 — Guo¢u3) = — 8

4
Tib (Grads — buadhns) =T68L 1
1loop \ V12712 12¥P12 39 1671'26
. ~4 3
e _399 20
1loop(¢12¢13 — Paaduz) =3 32,u =

Finally, plugging all of the contributions from (4.27)) into the counterterm-fixing
equations (4.7) and solving for the K-terms yields

10643 + 3a3 + 38apas 9g*

K, =
0 Ragm2e 64agm2e
~2 A oA Al (428)
[ 19a5 + 24a0a4 37
“@ Raom2e 32a9m2€’

With the K-terms and the factor AZy at hand one can plug them into (4.3))
(recalling that dg = aou™%¢) which yields

6{12. = CALi2€Kai — CALZ4AZ¢ (429)

Finally, plugging the full form of the K-terms from (4.28)) and of the factor
AZy from (4.4) into (4.29) gives the full beta functions for the couplings G¢ and
a5 in 45 in the Higgs sector of the SO(10) GUT

By = 55 (84847 + 2423 + 304200 + 95" — 19207”)
17r (4.30)
o = 1= (7633 + 96a0as + 33" — 961237

This is the main result of this thesis. The results in (4.30) have been verified by
comparing them with [34].
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5. Effective potential method

In this Chapter, the beta functions of the scalar couplings ay and as in both
the SO(4) Higgs model as well as the SO(10) Higgs model will be evaluated
via the Coleman-Weinberg effective potential method introduced in Appendix D.
Note that the anomalous dimension part in is not easily calculable from
the effective potential. Therefore, the term in the beta functions corresponding
to the anomalous dimension (which corresponds to the term obtained from the
wave-function renormalization factor) will not be evaluated in this chapter. In
the final expressions for the beta functions there will be recalled the results for
the wave-function renormalization factor from the previous chapters.

5.1 Beta functions of the couplings ay and a, in
the SO(4) Higgs model

First, the relation of the scalar coupling ay and the SO(4) Higgs po-
tential will be identified. Looking at the interaction terms (3.28) and ({3.29)
(which correspond to the relevant terms in Vj, but with a minus sign, see (3.1])),
the coupling ay can be expressed as

1 o)
2 012013042043

(5.1)

ag

Since the ap-term does not produce any tree-level Feynman diagram which the
as term would not contribute to, the ag has to be expressed through a more
complicated linear combination. Looking again at the interaction terms
and ([3.29)), one can infer that the coupling ag can be written as

an — i84v¢<{¢k}) _l 34V¢({¢k}) (5 2)
07 24 9gh, 4 012913012043 '

The expressions (5.1)) and (5.2) can be verified by plugging in for V;, from (3.1
Next, one needs to evaluate are the matrices W?({¢.}) and M*({¢x}) defined

by (D.18)), which appear in the right-hand side of (D.19)). For this purpose a
program in Mathematica was developed.

Having identified the proper derivatives in and and having eval-
uated the matrices W2({¢x}) and M*({¢.}), the Coleman-Weinberg formula
gives the expressions for the beta functions. Thus, in order to obtain
the beta functions for the couplings ap and as in the SO(4) Higgs model, it is

necessary to plug the derivatives in ((5.1]) and ([5.2)) into (D.19]) which yields
y to plug y

Bar = 32172;8¢12¢i¢42¢43 (Tr [WQ({cbk})} +3Tr [M4({¢k})D

g = L (184_1 o )X (5.3)
03272 \ 24001, 4 0019013042043

(Tr [ ({nd)] +3Tr [M* ({1 })]) -
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The derivatives of the matrices W?2 and M* in the expressions above read

o ) -
W B [W ({Qﬁk})} =16a3(24ao + Tas)
4 r -

874 Tr |W?({gx})| =96 (56@3 + 52apas + 13a§>

b1yt ] -
A SR |
OP12013P42043 Tr|M ({¢k}) = — 8¢

o S .

aor, T M ({or})] =24g

Finally, after plugging (5.4]) into (5.3) the beta functions of the couplings ag
and as in the SO(4) Higgs model read

224a2 + 24a3 + 112apay + 9g* — 48ayg*

3272
5.5
14a2 + 48agas — 3g* — 12a5g> (5:5)

872

Bao -
Baz =

Note that in the resulting expressions (5.5]) the part of the beta function depend-
ing on the wave-function renormalization factor (i.e. the part dependent on a;g?)

from Chapter 3 was used (see (3.26]) and (3.63)).

The results (5.5) do in fact coincide with the expressions obtained via the
diagrammatic approach (see (3.63])). One can observe that the effective potential
method has proven to be much more efficient than the diagrammatic approach

already for the SO(4) model.

5.2 Beta functions of the couplings ay and a, in
the SO(10) Higgs model

To begin with, it is necessary to express the scalar couplings ay and ay as
fourth derivatives of the Higgs potential Vj, in (2.7) (see (D.14)). However, one
can observe the index structure of the terms in V}, in (which corresponds to
the SO(10) model) is the same as the one in (3.28)) and (which corresponds
to the SO(4) model). This in turn means that the couplings ay and ay in the
SO(10) model may be expressed the same way as they were in the SO(4) model,
i.e. via the relations and . For the reader’s convenience, the relation of
the couplings a¢ and ay and the potential V;, in the SO(10) model is reiterated
below

a _10We({ar}) 1 0'Vo({er})
"2 0gl,  4001613000m
L OVllo))

2 0012013042043

The relations above can be verified by plugging in for V;, from (2.7)). After plug-

(5.6)
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ging the expressions (5.6) into the Coleman-Weinberg formula (D.19)) the beta
functions in the SO(10) model have the same form as in ([5.3)), namely

Baz = 32172;%1@;42% (Tr [W2({gx})] + 3 Tr [M* ({6 })])

g — L (184_1 o )X (5.7)
03272 \ 24001y, 4 0019013042043

(Tr [W2({oi})] +3Tr [M* ({6 })]) -

Next, the matrices W2 ({¢..}) and M*({¢}) have to be evaluated within the
SO(10) Higgs model. This was done this using an adjusted version of the code

in Mathematica, which was mentioned in the previous section. The derivatives
of the matrices in (5.7) in the SO(10) model read

o . -
m Tr W <{¢k}) —16&2(24&0 + 19@22)
4 r -
884 Tr (W?({or})| =96 (212@% + 100apas + 25a§)
o4 ¢12 A . (5.8)
D02ttt M {oeh)| =g
o o —
a1, 1 [M ({0x})] =969

Finally, plugging the derivatives of the matrices in ([5.8)) into ([5.7)) and adding
the term corresponding to the wave-function renormalization factorﬂ gives the
beta functions of the scalar couplings ay and ay in the Higgs sector of SO(10)

GUT

1
Buv = 333 (84843 + 24a3 + 304agas + 9g* — 192a0g”) 59
(76a3 + 96a0as + 3¢* — 96a9%)

Poa = 1672
Note that these results in fact coincide with the beta functions obtained through
the explicit calculation of the Feynman diagrams (see (4.30])).

The efficiency of the effective potential formalism is displayed in this section
in its full glory. While it has taken roughly 10 pages of relatively fast-paced
diagrammatic calculations, the effective potential method has arrived at the same
result much faster (admittedly, with the help of Mathematica). The results in
have now been computed in the different ways and they also coincide with
the results in [34].

IThis is the part of beta function dependent on a;g?, see (4.26)), (4.30).
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Conclusion

In this thesis, the Higgs sector of the minimal SO(10) Grand Unified Theory
was studied. It is a well-motivated extension of the Standard Model which, despite
its astounding success, is not the complete theory of fundamental particle physics.

GUTs represent a prominent direction within the search for BSM physics
because there are multiple hints of a large-energy scale structure including the
approximate convergence of the SM gauge couplings as well as the seesaw mech-
anism.

One of the core aspects which needs to be addressed when constructing a
GUT is the Higgs sector. It is responsible for the appropriate symmetry break-
down to the SM gauge group as well as the mass generation within the theory.
It has been observed that, at the tree level, the scalar spectrum of the model
contains potentially tachyonic pseudo-Goldstone bosons. This would mean that
the vacuum structure, chosen so as to produce symmetry breaking chains leading
to the SM at low energies, is not necessarily stable. This was the reason why in
the 1980s the SO(10) models where dismissed as unphysical.

However, it has been shown recently that quantum effects drastically change
the picture. Namely, the 1-loop corrections to the potentially tachyonic masses
are able to fix those issues in certain domains of the parameter space.

In order to properly analyze the full picture of the 1-loop approximations, it
is necessary to take a look at the running of the scalar couplings (which appear
in the formulae for the masses). Furthermore, the coupling ay also appears in the
tree-level masses of the potentially tachyonic multiplets (see )

Another issue connected to the perturbative aspects is the structure of the
Landau poles of the couplings in the Higgs sector, as these tend to be close to the
unification scale. Having a Landau pole at such energies would bring into question
the perturbative approach as a whole and, as such, it is certainly worthwhile to
look deeper into the topic.

These questions motivated the endeavor of evaluating the beta functions of
at least some scalar couplings within the Higgs sector. This is what was done
in this thesis for the couplings ag and a, appearing in the Higgs potential (2.7)).
These two couplings play a dominant role when determining the domains of the
parameter space of the theory with stable vacua.

The beta functions of the scalar couplings ag and as in the Higgs sector of the
SO(10) GUT have been computed via two approaches: the explicit evaluation
of all the relevant Feynman diagrams (Chapter 4) and the Coleman-Weinberg
effective potential method (Chapter 5). Due to the complexity of the diagram-
matic approach which is a consequence of having the fairly large 45-dimensional
representation of the scalar fields, a simpler SO(4) toy model has been inspected
first in Chapter 3. The structure of the interaction terms became much more
transparent within the toy model and the results are summarized in . The
expressions for the running couplings have been also verified via the effective
potential method in Chapter 5 (see (5.5))).

Thanks to the experience gained in Chapter 3, the calculation of the beta
functions of the scalar couplings ay and ay within the SO(10) theory became
much easier as well as better understood. This was very welcome as there is a
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big amount of individual relevant diagrams in the larger theory. The explicit
evaluation of the Feynman graphs was described in Chapter 4 and the resulting
beta functions are given in equation (4.30). This diagrammatic calculation has
never been presented before. The beta functions were also computed via the
effective potential method (see (5.9))) and the results were thus confirmed.

The main results of this thesis are important for understanding the
perturbative aspects of the minimal SO(10) GUT (as was discussed in more
detail in Chapter 2). However, it is appropriate to point out, that in order to
fully understand the quantum effects on the masses in the scalar spectrum of
the theory, the beta functions of the rest of the scalar couplings contained in
the Higgs potential should be evaluated as well. This is in fact a larger ongoing
project and this thesis is an effort within that direction.
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A. Appendix: SO(10) and its
representations

A.1 Basic definitions

Before going into the specifics of SO(10), the reader will be briefly reminded
of some basic definitions of Lie group theory and its representations. The intro-
duction into group theory will be rather fast-paced, but it will serve well in terms
of fixing the necessary notation.

A Lie group G is defined as a differentiable manifold endowed with a smooth
group structure (see e.g. [35], [36]).

In this thesis, the following two types of matrix Lie groups are important:

e SO(N) is the special orthogonal group defined as the set of all N x N
matrices M satisfying: MTM = MM?" = Id. and det M = 1.

e SU(N) is the special unitary group defined as the set of all N x N matrices
U satisfying: UTU = UUT = Id. and det U = 1.

The fact that these are matrix groups makes it much easier to work with than it
would be with general Lie groups.

The Lie algebra g associated to a Lie group G is defined as the tangent space
of G at the identity element. The Lie algebra has a binary operation called the
Lie bracket which can be defined as a simple commutator when working with
matrix groups because one has naturally defined the matrix multiplication. A
basis of the Lie algebra is referred to as the set of generators X* which satisfy
the commutation relations

[XaaXb] = ifachca (Al)

where f,. are the structure constants.
In the case of SO(10), the generators of its Lie algebra were defined in ({2.2));
from there one can infer the commutation relations

(28, 17°] = \;5 (62970 4 67T — §5VTP — §oIA). (A.2)

The representation of a Lie group is defined as a mapping p from the group
to the space of automomorphisms acting on a representation vector space V.
This mapping has to preserve the structure of the group, meaning it is a group
homomorphism. Similarly, one can define the representation of a Lie algebra p
as a mapping from the algebra to the space endomorphisms on a representation
vector space and the mapping has to be linear and preserve the algebra’s bracket

AX, Y)) = 6(X)AY) = 5V )A(X). (A3)
A special case of a representation is an irreducible one which means that the
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vector space V has no invariant subspaces (this would be a subspace of V' which
would be mapped into itself by all of the elements of the algebra).

Relevant examples for this thesis are the irreducible representations of the Lie
group SO(10). One important example of an irreducible representation is the
adjoint representation, defined by the set of matrices

[Ta} be = _ifabc <A4)

This is the representation that the Higgs scalar ¢ transforms under.

The defining representation of the SO(10) corresponds to p being just the
identity and thus the representation space is 10-dimensional. This means for a
veVand M € SO(10)

p(M)v = Mwv. (A.5)

From the fundamental representation one can build a general tensor representa-
tion, acting on the direct product of the representation spaces of the fundamental
representation, i.e. for tensors of the second order one has

p(M)(v1 @ vz) = (p(M)v1) @ (p(M)ve) = (Mvy) @ (Muvy). (A.6)

In particular, one can build the order 5 tensor representation where the elements
in the representation space carry 5 indices v;jx,. However, it turns out that this
representation is reducible. In order to construct an order 5 tensor irreducible
representation one may take the subspace of tensors with fully antisymmetric
indices, i.e. V[jjrim). Using the 10-dimensional Levi-Civita tensor €;jumnopgr With
the convention €19345678010 = +1, one may define the dual map
N 7
Vijklm —7 U = _geijklmnopqrvnopqr- (A7>

This way it is now possible to define the fully antisymmetric self-dual tensors by

1 -
Yijkim = ﬁ (Vijkim + Dijkim) = ijkim (A.8)

This is how the representation of the Higgs scalar ¥-fields in 126 (in Chapter 2)
is defined.

A.2 Representations decomposition

In the context of the SO(10) Higgs model studied in this thesis it is useful to
take into account the intermediate stages of symmetry breaking, namely SU(4),®
SU2), ® SU(2), and SU(3), ® SU(2); ® SU(2), ® U(1)z_;. In this section,
there will be presented the decomposition of the SO(10) multiplets utilized in
this thesis under the subgroups corresponding to the intermediate breaking stage.
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Subsequently, it will be shown how they decompose under the SM gauge group.
In doing so, results of [37] will be utilized.

The 45 representation of SO(10) decomposes under the SU(3), ® SU(2); ®
SU(2)p, @ U(1)z_, subgroup as

45 =(1,1,3,0) @ (1,3,1,0) @ (3,2,2,-2) @ (3,2,2, +2)
®(1,1,1,0® (3,1,1,+1) @ (3,1,1,-3) @ (8,1,1,0).

In order to express the decomposition under the SM gauge group, it is useful to
recall the relation for the hypercharge

Y- (A.10)

Y:T}’;+2(

where T3 corresponds to the third generator of SU(2),, (analogously to the stan-
dard SU(2); notation in the SM). For the submultiples in (A.9) one gets

(17 17370) = (17 17+1) (1, 1,0) ©® (1, 1, —1)’
(1, 3,1,0):(1 3,0),
(3.2.2,-3) = (3.2.+5) & (3.2 -¢),
2240 = (33,-1) o (.49,
(1,1,1,0) = (1,1,0), (A.11)
(3,1,1,+4) = (3.1,+2),
(3.1

3)
(3, 1,1, — g) 3,1 %)
(8,1,1,0) = (8,1,0).

The fundamental representation of the SO(10) decomposes under the SU(3), ®
SU(2), ® SU(2), ® U(1),_, subgroup as

10=(31,1,-2) @ (3,1,1,+%) & (1,2,2,0), (A.12)

where the submultiplets above decompose under the SM gauge group as

(3.1,1,-%) = (3,1,-3),
(3.1,1,+2) = (3,1,+}), (A.13)
(1,2,2,0) = (1,2, +1) & (1,2,-1).

The fully antisymmetric self-dual rank 5 tensor representation of the SO(10)
decomposes under the SU(4), ® SU(2), ® SU(2)p subgroup as

126 = (10,3,1) @ (10,1,3) @ (6,1, 1) @ (15,2, 2), (A.14)
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where the submultiplets above decompose under the SM gauge group as

(10,3,1) =(6,3,—3) @ (3,3, +3) @ (1,3, +1),
(10,1,3) =(6,1,—3) @ (6,1,+2) & (6,1, —3) & (3,1, +1)
S (37 ]-7 _g) D (37 17 +%)
®(LL0) & (LL+1) e (1,1,42), (A.15)
(15,2,2) =(1,2,+5) © (1,2, —3) & (3,2, +5) ® (3,2, —)
B (3.2,47) (3,2 -5) @ (8,2,43) © (8,2, —3)
(6,1,1) =(3,1,4+3) ® (3,1, —3)

Lastly, a single generation of fermions belongs to the 16-dimensional spinorial
representation decomposes under the SU(3), @ SU(2), ® SU(2),®@U(1)z_, sub-
group as

16=(3,2,1,+) (1,21, -1) & (3,1,2,-1) & (1,1,2,+1), (A.16)

where the submultiplets above decompose under the SM gauge group as

(3.2,1,+3) = (3.2, +1)

(1,2,1,-1) = (1,2,-3)
(312-Y)=03B1L+)e(31.-2),
(1,1,2,+1) = (1,1,+1) & (1, 1,0)

(A.17)

o4



B. Appendix: Integral methods
for the DR procedure

In Chapters 3 and 4 there are described the computations of various 1-loop
diagrams which often diverge. In order to tame the divergences the DR procedure
is employed. In this Appendix a brief summary of standard formulae used within
this procedure is provided. Note that the full treatment of the DR procedure can
be found in e.g. [30].

The introduction of Feynman parameters allows one to merge multiple frac-
tional expressions into one fraction. The general formula for two fractions reads

1

1 1
5=, T B =) (B-1)

After the Feynman parameters have been introduced the DR master master can
be employed to solve the integral and it reads

an @y o1 ()T (s—r—4)
/ (2m)d (12 — C +ie)® i(—1) (47T)d/20 2 - (4) (s . (B.2)
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C. Appendix: The interaction
term of the ¢pAA type

In section 3.4.3 there are the calculations of the contributions to the studied
4-point functions proportional to §* in the SO(4) model. In order to identify and
evaluate the relevant diagrams, it is necessary to inspect the interaction term

1A €

ZQQ,UQ [Aua ¢]L [Aua ¢]Z] = (C 1)
1 P € 7 % . 7 j .

=08 (ARAT G015 + AN A Gryu)

Lopaa =

The full expansion of the interaction term reads (lower indices are used for the
A-fields for better legibility since the upper index slot is often used by the powers)

£¢¢AA = - A§3¢%z - Ai@%z - 2A24A34¢12¢13 - A%2¢%3
— ASsp7s — A3, 075 + 2453 A34r12014
— 2403404013014 — AL 074 — A0,
- A§4¢%4 + 2A10A2 3012023 — 4A12A34014093
— ALy — A3y33 — A3y5
+ 2A19 A24012024 + 4A12 A34 D134
+ 2403 Aoudazos — Alyd34 — A3s03,
— A3, 054 — 2A1 404013034 + 2412 Assdradsa
+ 253 Agahaspan + 2424 Agaoadss — A3303, (C.2)
— A3, 0% — Aty (01 + 0% + 635 + 63)
— Al (¢%z + Ot + Gy + ¢§4>
+ 2A14(— A2sp13023 + 2A03013024 + A2sh14024
— 2A23012034 + Asy(Pr2023 + P14034)
+ A12(P12014 + Po3dza)) + 2A13(A2zP13003
+ 2424014023 — Azadr2P21 — A2zPraP24
+ A14(P13014 — P232s) + 2424012034
+ Azsr13P3s + A12(P12¢13 — Poahzs))

Since the full expression is fairly complicated, for the reader’s convenience
the interaction terms relevant for the calculations in section 4.1.7 are given below.
Let the part of the Lagrangian containing the fields ¢;;¢ be denoted by L))
The relevant expressions read

L) = 0l (—Als — A, — A3, — 43,), (C.3)
L12)13) = P12013(2412A13 — 2494 A3y), (C.4)
L(12)(24) = P12024(2A12A04 — 2A13A34), (C.5)
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L(12)(34) = Gr2P34(—4A14A93 +4A13A24),
L13)(24) = P13024(4A14A23 + 4A12A34),
L13)34) = P13034(—2A12A94 + 2A13A434),

L24)(34) = P2aP3a(—2A10A13 + 2A24 Asy).

o7



D. Appendix: Theory of the
effective potential method

The effective potential method was described by J. Goldstone, A. Salam,
S. Weinberg in the context of spontaneous symmetry breaking in QFT [28].
S.Coleman and E.Weinberg in their paper 'Radiative Correcrtions as the Ori-
gin of Spontaneous Symmetry Breaking’ [29] then further expanded the topic
and their work will be presented in this chapter.

In this Appendix, the effective potential will be defined and, subsequently, it
will be used it to derive some important results. In Chapter 5, the method will
be utilized to evaluating the beta functions of scalar couplings.

The theory of effective potential will be formulated via the path-integral ap-
proach, following [29]. Therefore, various basic definitions and results regarding
the path-integral formalism will be stated, which can be found in many QFT
textbooks, e.g. in [31].

Consider a simple ¢* scalar theory given by the Lagrangian £(¢,9,¢) and
suppose there is a classical external source J(z) coupled linearly to ¢

L— L+ Jx)o(z). (D.1)

The standard definition of the generating functional reads
N = [Doexp{i / d[£(6) + I (@)(a)]} D2
o (0,inf | 0, —o0)

where the last expression corresponds to the vacuum-to-vacuum transition ampli-
tude in the presence of the external field J. Then, one may define the connected
generating functional WJ] via the relation

WU = 7). (D.3)

Using the quantity W, it is useful define the classical field ¢,

ow
Pe(z) = m (D.4)

As the name suggests, the connected generating functional W generates connected
Green’s functions. In other words, W can be expanded in a functional series where
the coefficients are the connected Green’s functions G

wW=Y ;l [dan .G ) T (@) T (). (D)

Similarly, one can define a functional called the effective action I' which generates

o8



the contributions of amputated 1PI diagrams I'™. The effective action is defined
as the functional Legendre transformation of W

D(0) = W(I) = [ dzI@).(), (D.6)
which implies
Ja) =~ gﬁx). (D.7)

The effective action can be expanded in a series
1 n
r=3% — [dada T @) G @) b (@) (D)
Crucially, one can also expand the effective action in an alternative manner
1
D= [da |-V (@) + 50007 Z(6) ++- . (D:9)

The quantity V' (¢.) is called the effective potential and it will be the central object
within the following calculations. One can show, that V' can be approximated
via the loop expansion, which means it can be expressed as a series, where the
coefficients correspond to the sums of all 1PI graphs with k loops, denoted by Vj:

-En ) eo(R)) o

Note that, here Vj is equal to the potential part of the Lagrangian (in other words,
it corresponds to the non-derivative terms with a negative sign).

Ultimately, the purpose of introducing the effective potential in the thesis is
to calculate the beta functions in the aforementioned Higgs sector. This can be
achieved with the help of the renormalization group equation

0 0 0
— — = D.11

where p is the renormalization scale, X\ is the coupling constant, B is the beta
function defined as

oA
= D.12
and v is the so-called anomalous dimension defined as
11 0z,
= . D.13
70T Zg 0log 1 ( )

The quantity Zy is the wave-function renormalization factor (also referred to as
field strength renormalization).
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The generalization to a Higgs model with multiple scalar fields {¢;} and gauge
fields { A, } is straightforward. In what follows, the notation introduced in chapter
2 will be used.

Consider a general scalar theory with multiple scalar fields where all the in-
teraction terms are quartic in the scalar fields and suppose there exists a constant
C; such that

0Vo({9,})
=1 00 (D1

The last expression can be plugged into into eq. (D.11]), where the appropriate
fourth derivative is taken and V' is expanded to the 1-loop order

0 g, < I Vo{oi}) +Vil{oi}, )
(alogquﬁAia)\iJrzj:%j%jL;%i) C; ?zlaﬁbi =0.

(D.15)

After some manipulations, the equation for the beta function becomes in the
leading order

8 = —C o' Vi{eit.m) Zi:%jaw (D.16)

M- 09, dlogn = I, 061

Let the first term on the right-hand side of (D.16) be denoted by 6/(\1) For the

evaluation of ﬂf\?, one needs to determine the structure of V;. This has been done
in [29], [10] and after implementing the renormalization conditions (note that the
calculations are done in the MS scheme here) it has the form

4
w_ 1, 0

([ ({ah)] +3Te [M'({en})]). (D)

In the last expression the standard matrix multiplication rule is implicit and the
matrices are defined by

W6 = g
()], = oy [(7°0) (%) + (') (7°0)]  (D18)

7 [(m)* (Tbcb)]

where T denotes the action of a generator of the Lie algebra associated with the
gauge group, ¢ denotes the collection of fields {¢;} in their given representation,
and the last equality just corresponds to the symmetrization.

(as+b)
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Plugging the expressions (D.17)) and (D.14)) into (D.16)) yields the full beta

function

1 0!

=G
= o [T}, 99;

(Tr W2({gx})] +3Tr [M*'({6:})]) — A 2%, (D.19)

The last formula is the main result of this Appendix as it provides a straight-
forward prescription on how to compute the beta function of a gauged quartic
scalar theory.
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