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Abstract

This thesis uses and derives the methods for the calculation of the running couplings
in the Standard Model of Particle Physics. On the basis of the running couplings for the
three gauge couplings and the Higgs quartic coupling, the phenomena of coupling unifi-
cation and the instability of the electroweak vacuum are discussed in search of potential
implications which hint to beyond the Standard Model Physics. For this, the concepts of
Supersymmetric Theories and Grand Unification Theories are discussed in comparison to
the predictions of the Standard Model. The effect of adding a pair of fermions charged un-
der SU(3) to the Standard Model is calculated to quantify the change of running couplings
by postulating additional particles and to relate this to the previous discussion.

Abstract

Diese Bachelorarbeit leitet die Methoden der Berechnung von laufenden Kopplungen
im Standardmodell der Teilchenphysik her und verwendet diese. Vor dem Hintergrund der
laufenden Kopplungen der drei Eichkopplungen und der quartischen Higgskopplung werden
die Phinomene der Kopplungsvereinheitlichung und der Stabilitdt des elektroschwachen
Vakuums diskutiert um Hinweise auf potentielle Physik hinter dem Standardmodell zu
finden. Hierzu werden die Konzepte von Supersymmetrie und groken vereinheitlichenden
Theorien im Vergleich zu den Vorhersagen des Standardmodells diskutiert. Der Effekt eines
zusitzlichen Paares Fermionen im Standardmodell welches unter SU(3) geladen ist wird
berechnet um die Verinderung in den laufenden Kopplungen bei zusétzlichen postulierten
Teilchen zu quantifizieren und dies mit der vorherigen Diskussion in Zusammenhang zu
bringen.
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1 Introduction

The physicists at the current generation of particle accelerators have been able to very precisely
measure scatterings and their cross-sections in the Standard Model of Particle Physics. The
last remaining ingredient, the existence of the Higgs boson was recently proved, as in [Aad12].
Therefore the Standard Model is believed to be the most valid description of particle physics
available today. The aim of this thesis is to recreate and collect extrapolations of the Standard
Model into the regions currently unavailable to experiment and see whether any direct or indi-
rect evidence of beyond the Standard Model physics can be found.

Most of the calculations and derivations have been done and studied by a lot of physicists, as
this area of research has been of interest since the derivation of the Standard Model. Therefore
this thesis mostly collects and recreates calculations and arguments from sources.

The following paragraphs will give a very short introduction on what the basics of a quan-
tum field theory concerning the running couplings are. For a thorough introduction please refer
to [Weil3| or any book on the topic.

The Standard Model of Particle Physics is a Quantum Field Theory, describing the interactions
of Fields using the Lagrangian of the theory and the appropriate Feynman rules, which trans-
late Feynman diagrams into mathematical expressions. Since, in calculations of a field theory,
infinities are possible to arise, every theory has to undergo a process called renormalization,
removing those infinities by absorbing them into the parameters of the Lagrangian, thereby
loosing predictability of a number of physical observables. If the number of observables lost is
finite, the theory is called renormalizable. A renormalizable theory has to be supplied with the
values of the lost predictions and is then able to predict all other interactions in the model.
The setting of those parameters is called setting the renormalization conditions. They specify
the values of certain Feynman diagrams at some energy scale to the experimentally measured
values.

By absorbing the infinities into the unphysical parameters of the Lagrangian and therefore ren-
dering the physical observables finite, the parameters of the Lagrangian become divergent. It
is possible to split the divergent parameters of the Lagrangian into the physical observable pa-
rameters and the divergent corrections thereof, called the counter-terms. These counter terms
ensure that the Feynman diagrams are set to the physical observables, therefore they have to
cancel the divergence of the appropriate Feynman diagrams at the energy scale of the renor-
malization conditions.

There are mainly two different methods to extract the divergences out of the Feynman diagrams
and thereby calculate the counter terms. In cutoff-regularisation, the momentum integrals up
to arbitrarily high momenta are cut off at the cutoff A and after the calculation, the limit
A — o0 is taken. In dimensional regularisation, the momentum integrals are done in d space-
time dimensions and at the end, the limit d — 4 is taken. Both methods enable to extract the
divergences into divergences of either A or d.

Since the counterterms only exactly cancel the divergences of the diagrams at the renormaliza-
tion scale M of the theory, at other energy scales M’ the parameters receive finite corrections.
This enables to specify a equally well description at this different energy scale M’, using new
parameters. This comes down to the fact that coupling constants and masses and all other



parameters of the theory are effectively scale dependant. This is done by introducing the effec-
tive couplings and other effective parameters which specify the value of the physical observable
at an arbitrary energy scale. The behaviour of the effective parameters is specified in the
Callan-Symanzik Equation, which has to hold for every Green’s function in the theory.

MﬁiMJr 2. ﬂ<9¢>aa.+ Y nnle) | Gk M {gi}) = 0 (1)

couplings{g; } ' fields{i}

This equation governs the behaviour of the effective couplings by solving it for the S-functions.
The effective coupling are usually also referred to as the running couplings, as they run with
the energy scale p of the theory according to:

g _

with: g;(p = M) =g, (taken from experiment at the renormalization scale M) (3)

The running couplings describe the effective strength of the coupling at any energy scale and
their behaviour is described by their S-functions.

This thesis will derive the running couplings on one loop level and calculate the running cou-
plings on one and two loop level for the Standard Model of Particle Physics. This will be
done for the three gauge couplings, the Top Yukawa coupling and the Higgs quartic coupling
to explore the phenomena of coupling unification and the stability of the electroweak vacuum.
These phenomena are explored to form a discussion of hints towards beyond the Standard Model
Physics in the predictions of the Standard Model. Supersymmetry and Grand Unification are
considered and discussed as potential theories, both postulating new particles. Therefore the ef-
fect of postulating an additional pair of fermions charged under SU(3) on the running couplings
is explored in the last section.

2 Renormalization Conditions and Electroweak Symmetry
Breaking

A key ingredient in specifying a theory is to choose a scale M at which to specify the, until
then, arbitrary physical parameters of our theory. They are set to experimentally measured
values because the prediction of those parameters was lost in the process of renormalization.
The relations defining these parameters are therefore called "renormalization conditions". In
a general gauge theory, this is usually done by setting the gauge-boson-fermion-vertex, other
vertices, the gauge boson propagator and the fermion propagator to the experimental transition
amplitudes, measured at some specified energy scale, preferably the same for all renormaliza-
tion conditions.

Those experimental inputs are vital for the further discussion of the theory because they serve
as the initial conditions for the numerical solving of the differential equations for the running
couplings.



One problem remains in specifying the renormalization condition for the gauge theories, such
as the Standard Model of Particle Physics or the minimal supersymmetric extension thereof.
Those theories to be examined in this thesis use the concept of symmetry breaking on their
electroweak sector of SU(2);, x U(1)y to U(1)em.. Only the symmetry broken U(1)..,,. can be
measured experimentally. Therefore it is necessary to understand this concept in order to relate
the measured values to the coupling constants of the non-broken theory, which are going to be
discussed here. Therefore a short introduction to this process called "The Higgs Mechanism"
and derivation of the appropriate equations is necessary.

This will closely follow [Daw98, Chapter 2.1 and 2.2|.

2.1 Simple Case of Symmetry Breaking: The Abelian Higgs Model

For the first example of symmetry breaking, a U(1) massless gauge theory together with a
single complex scalar field coupled to it is considered. The gauge field has to be massless in
order to uphold the U(1) symmetry. The Lagrangian is:

L= _}lF;uzF/W + ‘Du¢’2 - V(¢) (4)

where: D, = 8, — ieA, is the covariant derivative and V(¢) = p?|¢]> + A (|¢>|2)2, the most
general renormalizable potential allowed by the U(1) gauge. In order for a bound state of
minimum energy (i.e. a vacuum) to exist, A has to be positive. Therefore two possible cases
remain:

First case: u? > 0 Here the state of lowest energy, i.e. the vacuum is the state of ¢ = 0, the
symmetry of the Lagrangian is preserved and no new processes occur.

Second case: p? < 0 Here the potential has the famous "Mexican hat" shape. Therefore the
vacuum is not at ¢ = 0. The vacuum expectation value of the scalar field is:

@ =\~ = )

The direction in the complex plane in which the vacuum is chosen is arbitrary, any direction
is possible. The convention is to choose it such that ¢ is real. To simplify the following steps,
the field ¢ is usually decomposed into the vacuum expectation value and two real fields as the
difference from the vacuum. x and h are real scalar fields with zero vacuum expectation value.

¢ = %6 (v+h) (6)

Inserting this into the Lagrangian of the theory and making a gauge transformation of A, to
unitary gauge in order to remove the Goldstone Boson y yields:

—1 /w e2v? u 1 " 9,9
L= Fu "+ —= AN+ 5 (0,h0"h + 217 h?) (7)

This Lagrangian describes a massive gauge boson of Mass proportional to e - v, a scalar field h
with mass-squared —2u? > 0.

Without going into detail about the choice of gauge and the Goldstone boson, this mechanism
breaks the symmetry of the theory using a non-zero vacuum expectation value of a complex
scalar field in order to give mass to the gauge boson (and to any fermions, which were not
present here). This method of giving fields a mass is called the Higgs Mechanism.

3



2.2 Electroweak Symmetry Breaking: The Weinberg-Salam Model

The Weinberg-Salam Model of electroweak symmetry breaking uses the principle demonstrated
in the sub-chapter above in application to the SU(2), xU(1)y gauge theory part of the Standard
Model of Particle Physics.

The three Wj, i =1,2,3 gauge bosons of the SU(2)-symmetry and the one U(1) gauge boson
B, are symmetry broken into the known W* and Z for the weak interaction and the photon
() for the electromagnetic force by a complex scalar SU(2) doublet ®. The potential of ® is
given in its most general SU(2) invariant form as:

V(®) = 2 |®'e] + A (|OTe))*  (A>0) (8)

With a non-vanishing vacuum expectation value v of the field ® for u?> < 0. The (symmetry-
broken) electromagnetic charge of the scalar field is zero, therefore the desired symmetry break-
ing SU(2)p x U(1)y = U(1)em. is achieved.

The physical gauge fields are then, after symmetry breaking with the masses obtained by the
Higgs mechanism:

1 , 1
W, = 7 (W, FiW}) M3, = ZQSUQ (9)
—q1 B, + goW?3 1
7" = — M7 = 297 + g3)v? (10)
Vit 95
B, + gW3
A= P22 TG M2 =0 (11)

Vi + 93

By definition, the massless photon must couple with the electromagnetic coupling constant e,
the weak mixing angle 0y is defined via:

e = go sin Oy (12)

e = gy cos Oy (13)
My

O) = —2~ 14

cos(t) = 71" (1)

Now it is possible to relate the observable electromagnetic coupling e to the non-symmetry
broken coupling constants g; and gs.

Two more important parameters of the theory are the Higgs quartic coupling A, which is closely
related to the Higgs mass M), and the top Yukawa coupling h;, depending on the top mass m;.

M,f
—h 1
A 202 (15)
ht - mt\/é (]_6)
v

The value for v can be very accurately measured in the Muon decay and yields the result
v = 246GeV (taken from [Daw98, Eq. 41]).



2.3 Experimental Values for the Renormalization Conditions

The experimental values for the renormalization conditions are taken from [IVI13l Eq 3.1-3.4].
They are, measured at a scale of Mz, the mass of the Z-boson:

My = 91.1876GeV, My = 80.385GeV,  m; = 173.1GeV (17)
sin? (O ) (Mz) = 0.23126, ;) (Mz) =127.937,  «az(Mz)=0.1184  (18)

2
Using a; = Z—;, it is now possible to calculate the values of the three coupling constants at the

scale of M, as:
1 47 -1
g1 = = 0w1 / =, = 0.3555 a; =99.43 (19)

1 4
gy = T 0.6517 ay! = 29.58 (20)

sinf,, \| oz}

g3 = VA4mas = 1.220 az! = 8.446 (21)

The top Yukawa coupling y; and the Higgs quartic coupling A is are necessary for the Renor-
malization Group Equations on two loop level.

They ware calculated using the above relations to the Higgs and top mass, whose values are
taken from [Aad12| for the Higgs mass M, = 126.0GeV and [JBeaPDG12| for the top mass
my = 173.5 £ 1.4GeV (combined statistical and systematic error).

Note: the different normalisation factor of % for the U(1) part (as explained in section
is not included here and SARAH uses a different normalisation for A by a factors of:

ASARAH = A - 2 (22)

These factors are have to be added to the results of the above calculations. Without the
different SARAH normalisation’s, one gets:

hy(Myz) = 0.9974 (23)
A(M) = 0.1312 (24)

3 One-Loop Renormalization of Couplings

As a first step in the evaluation of the running couplings, a first explicit calculation of the beta
functions of the three interactions that are in the Standard Model will be made, along the lines
of [PS07].

The following calculations are done before electroweak symmetry breaking in applied, therefore
all particles are massless and the SU(2) x U(1)-symmetry is not broken.

When considering a general, renormalizable Quantum Field Theory of fermions with dimen-
sionless coupling constants, the Green’s functions take the general form of (fully connected, up
to one loop level) in cutoff-regularisation with cutoff A:

5



G™ = (tree-level) + (1PI) + (vertex counterterm) + (external leg corrections)  (25)

— (H %) [—z’g — iBlog _A—; — 10, + (—ig) Z (Ai log _A—; — 527,’)] (26)

. Pi i

Where the p; are the external momenta, p? is some invariant made out of these, d, is the vertex
counterterm and d, is the propagator counterterm.
This can be inserted into the Callan-Symanzik equation and be solved for the S-function.
For this the following result from applying the Callan-Symantzik Equation to the two point
function is needed:
1 0 .

;= —Ma—Méz (to first order, for every field involved) (27)
Since, at least to one loop order, the -function is independent of the exact renormalization
scheme, all invariants inside logarithms (like the p* above) can be set equal to the renormaliza-
tion scale M? (for a thorough explanation see [PS07, Ch.12.2]). In the counterterm formalism
all dependencies on the renormalization scale are kept inside the counterterms, therefore the
Callan-Symanzik equation can be solved to:

5(9) = Mo (=0, + 39 3 62) (23)

where d, is the vertex counterterm and the 6z, are the propagator counterterms of the involved
fields.
Now consider the three point function (Q YW A*|Q) with correction terms:

AR e

(tree level) + J3) 5 = gd1)) (29)

Therefore, using gives the result for the one loop S-function of a general, massless, renor-
malizable gauge theory as:

0

B(9) =gMorr

1
(=01 4 02 + 553) (30)
With the computation of the counter terms as specified in chapter 1 this can now be evaluated
for specific theories.
The fact that the S-function is independent of the cutoff of the theory follows directly from the
renomalizability of the field theory.



3.1 Contribution of a Scalar on One Loop Level

For the following discussion on the theories behind current particle physics, the Standard Model
of Particle Physics and the following discussion going beyond, one key component is the ap-
pearance of a complex scalar field that induces spontaneous symmetry breaking. This field is
called the Higgs field in the Standard Model, but its true nature is not of significance here, at
least for this first discussion.

Due to the fact that the symmetry breaking itself does not change the renormalizability of a
theory, the contribution to the 3 functions can be worked out separately from the other renor-
malization calculations (those of the fermionic fields and the gauge couplings and fields in the
following chapters).

The Lagrangian of the Theory is modified to include a scalar field, which is coupled to the
gauge fields via the covariant derivative term.

L — L+ (D,p)"(D"¢)* + (Yukawa couplings, omitted to one loop order) (31)

3.1.1 Scalar Field in the Non-Abelian Case

The contribution can be calculated by extracting the divergence of the gauge boson self energy
due to the scalar field, as in [Sre07, Eq. 78.31|(using the normalisation of the regularisation of
[PS07] for consistency):

’\M/\J‘ /MM
\ ,
2
_ o —91 2 ['(2-d/2) .
= (k7) = WgT(RCS)W + finite (32)

where T'(R.s) is defined by Tr(T,T;) = T(R)da taking into account the scalar gauge group
matrices of their coupling to the gauge field.
To account for this divergence, the term d3 has to contain a term of the following type:

63 = —I.s(M?) + (other contributions) + (finite) (33)

3.1.2 Scalar Field in the Abelian Case

The diagram contributing to the d3 counter term in the Abelian case is just the same as before
for the Non-Abelian case. In a theory of Dirac-fermions and complex scalars, the contributions
to the counterterm just add, therefore the photon self energy contains a term of the form (as
in [Sre07, Eq. 65.8]):

) gt Qisclpo 4 34
\\_’MO(_(47T>(d/2)§ ( - /) ( )



One of these Terms is taking part for every scalar field with charge @); 5. involved. To cancel
this divergence, the counter term must contain the scalar contribution, now for multiple scalar

fields:

2 2
91 - §:¢62@861?F(2<— d/2) . . .
P —— PR veE + (other contributions) + (finite) (35)

3.2 One-Loop S-Function in U(1)

When applying the formula for the one-loop-3 function to the simplest case of interest in the
Standard Model of Particle Physics, the U(1)-Symmetry gauge theory, some simplifications can
be made to (30)).

In this theory in Feynman gauge, the counter terms §; and d, always exactly cancel each other,
order by order in perturbation theory, due to the Ward Identity of the U(1)-symmetry. There-
fore one only has to evaluate d3 in this case. To one loop level, this term has to cancel the
divergence of the following diagram.

: with the counter term being: = —i(g"q* — q"q")03

This diagram exists for every fermion field in the theory with charge @; - e. Since no other
differences of the fermionic fields play any role in this diagram, it is sufficient to evaluate it for
one and then add up the charges for all U(1)-charged fermionic fields of the theory.

The loop evaluates to the following in dimensional regularisation:

ta(q?) = ~ S [ o B el - ) (36)

To cancel this divergence at the renormalization scale —M?, the counterterm must be:

2.Q%24T(2—dJ2 . o
63 = II(—M?) = —9(14;52; 3 (](\42)2_é/2) + (finite) + (scalar contribution) (37)

Summing up and adding the scalar contribution calculated in (35]) and inserting into leads
to (as in [Sre07, Eq. 66.29]):

Blgr) = (Z Qi+ i Z Qic,j> (38)

g;
1272

3.3 One-Loop p-Function in SU(2) and SU(3)

In the two non-abelian gauge symmetries contained in the Standard Model of Particle Physics,
the calculation is not as simple. For the calculation of the three counterterms in those theories,
several diagrams have to be considered, as the ; and o counterterms do not cancel here.



3.3.1 Gauge Boson Self-Energy

Four diagrams contribute to the gauge boson self energy counterterm 03 on one-loop level.

O~ >-~ S

+ +(scalar contribution)

The first diagram takes into account all fermionic fields of the theory which are charged under
the symmetry of the gauge boson whilst the last three are all pure gauge. The same principle
of summing over all fermionic fields as for the U(1) applies here. The fermionic diagram looks
just the same as before, but a term of tr[t?,t*] = C(r)d® has to be added to account for the
fermion gauge group matrices in the representation r. Restricting the theory to n; fermionic
fields in the same representation r yields:

AOp= it = a5 (s gmetre —a +...) 39

The three pure gauge diagrams add up to the following terms, using the quadratic Casmimir
operator Cy(G) of the gauge field representation G (adjoint to r). For an exact derivation
please follow |[PS07, Ch 16.5 Eq 16.71]. The quadratic Casimir operator can be defined by
9t = Cy(G)d%. Therefore the sum of the three pure gauge diagrams takes the value of:

@ [ S B - el - a2 ey (o
= i(¢*g" — ¢"q")0" (<;7f)2 ?CQ(G)F(2 —d/2)+ .. > (41)

The counterterm d5 has to cancel both divergences at the renormalization scale —M?, therefore
he has to take the form, to lowest order:

9> T(2-d/2)

%= lany

4
{ Cy(G) — gnfC(T'):| + finite + scalar contribution (42)

3.3.2 Fermionic Interaction Counterterms

The other two counterterms are defined in the theory to provide the subtraction of the diver-
gence of the following diagrams.

B ALA



In Feynman-t’Hooft gauge, the fermion propagator one loop diagram can be evaluated as:

/ éli(lg) Tut” AP %)v o (43)

Ok bk
- (LLWT)Q%CZ(T)F(Q —dj2)+... (44)

Therefore the fermion propagator counterterm can be calculated as:

—g> T(2—4d/2)
(47)2 (M?)2=d/2

dy = - Co(r) + finite (45)
The two vertex counterterms both only have a logarithmic superficial degree of freedom, there-

fore they can be calculated easier in the limit where the loop impulse is much larger than the
external momenta. This yields as in [PS07, Ch 16.5 Eq 16.83 and 16.81]:

— L@t yu(T(2 — d/2) +..) (46)

A\ ~ A0 (G) (T2 — df2) + ... (47)

Renormalizing the divergences at the scale M? yields the counterterm:

—g° T'(2—-d/2)
(47)2 (M?)2—d/2

51:

[Co(r) — Co(G)] + finite (48)

3.3.3 Combining all Counterterms

After the separate calculation of all counterterms fur the SU(NV)-gauge symmetry, they can be
combined via to get the one loop [ function, using the scalar contribution calculated in

B3).

% 1102(G) — %nfC(T) — nscT<Rsc) (49)

Blg) =
Including ng. scalar fields in the (assuming all the same) representation R,., each contributing
according to (33).
For n; Dirac-fermions in the fundamental representation r and C5(G) the quadratic Casimir
operator of the adjoint representation of the group and in an SU(N) gauge theory, the formula
can be simplified to:

(497)2[2 N =2, — LR (50)

Blg) = — 3 3 3

In agreement with [Sre07, Eq. 78.36].
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4 The Standard Model of Particle Physics

The Standard Model of Particle Physics is the current theoretical description of the physics
of subatomic particles which interact via the electromagnetic, weak and strong nuclear forces.
It is quite successful in correctly predicting experimental results, but some phenomena like
neutrino-oscillations, dark matter and dark energy are not explained by it.

The Standard Model is a field theory of SU(3) x SU(2) x U(1), using three families of fermionic
fields and one scalar field, the Higgs field, which is not charged under SU(3) but is an SU(2)
doublet. So far no flaws have been discovered in the Standard Model up to the Planck scale
of M, ~ 10"GeV, at which point one has to take gravity into account, which is currently not
possible.

The cutoff for the Standard Model, being the Planck scale, determines that the model may
only be applied to energy scales below it. This corresponds to:

M, M,
In (VZ) ~40  or log (Geﬁl/) ~ 19 (51)

Therefore, all runnings of couplings are not done much further than this scale.

4.1 Particle Content of the Standard Model

The missing values for ny and >, Q7 can be extracted from the particle content of the Standard
Model as it is stated in the table [1| below (taken from [Weil3]). The usual notation of (z,vy).
is used where x is the representation under SU(3), y is the representation under SU(2) and 7
is the charge under U(1).

Table 1: Particle Content of the SM

particle type and chirality contribution to the interactions
Right handed up-type Quarks (3,1)23

Right handed down-type Quarks | (3,1)_1/3

Left-handed Quarks (3,2)1/6

Right-handed Leptons (1,1)

Left-handed Leptons (1,2)_1)2

Right-handed Neutrinos (1,1)o

Higgs (complex scalar) (1,2)12

Therefore for the U(1)-Symmetry one gets:

> Q=3 (3 : (2)2 +3- (—1)2 +6- (1)2 + (=12 +2- (—1)2) =10 (52)
- 3 3 6 2

For the derivation of the g functions for the three symmetries, Dirac fermions were considered,

with ny being the number of such fields. The Standard Model of Particle Physics, as a chiral

theory, contains Weyl - fermions. A Weyl-fermion contributes only as half a Dirac-fermion to

the counterterm, therefore each fermionic field in the Standard Model only contributes half to

ny = % “Npweyr and Y, Q; = %ZZ Qi Weyl-

11



Therefore the remaining parameters in the 5 functions take values using three families for every
particle type and including the scalar contribution of one complex scalar field as calculated
above:

SU(3) N =3 ny = % -(6+6)=6 no Higgs contribution (53)
1 1
1 1
1 2 -1 2 —92.=
OB ICEERT IUAEER S

Therefore the one-loop-fS-functions for the Standard Model for the three fundamental forces
take the values using the formulas derived above (as in [Mar97, Eq. 6.4.7]):

—7

SUB): Blos) = 15 o8 (50)
SU@): Blon) = ooy -0 (57)
U)o =gy ot (53)

Please note the difference of these results from the ones in the source due to the different
normalisation of the charges. This will be discussed thoroughly in the next chapter.

4.2 Embedding of SU(3) x SU(2) x U(1) into SU(5)

In the Standard Model of Particle Physics, there is a certain ambiguity in the normalisation
of the weak hypercharge kinetic energy, and equivalently in the normalisation of the charge
associated with it because a shift in field strength A{. can be simply reversed for all physical
results by inversely shifting the coupling ey, such that ey - A} is constant.

One approach to fix this is to consider the minimal unification of SU(3) x SU(2) x U(1) into
SU(5). This ensures a compatible normalisation of all three gauge couplings needed in order
to be able to compare them.

To do this, the generators of SU(5) are written in terms of the generators of the contained sym-
metries (Pauli matrices o; for SU(2), the Dirac or Gamma- Matrices 7; for SU(3) and simple
complex numbers for U(1)).

To achieve the embedding, the generators are combined in the following way, ensuring commu-
tativity and tracelessness of the generators.

For the SU(3) and SU(2) sector it is straight forward to define the 5 x 5 matrices:

0

i 0
0 and (59)

0;
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To do the same with the U(1) sector, one finds that the following matrices commute with the
above and create the required symmetry.

«

a (60)
B
s

where « is the charge of a particle in the SU(3) fundamental representation, and g for SU(2).
For the Standard Model one gets:

o= —3 and 8= 5 (61)

The normalisation of the U(1) sector is chosen to be such that the trace relation holds:
tr(T°T") = C(T) - §*° (62)

with C(T') = 3 for the Weyl-fermions of the Standard Model. Therefore the U(1) Matrix is
re-scaled by a factor of \/g to get:

__1
P4
3 3 . a Lo
- Sl fulfilling tr(T°T") = 50 b (63)

N |—

1

2

These generators all commute and are all traceless. Using this decomposition, it is possible to
write the values of the before three separated coupling constants (g3 g» and g;) now in terms of
the new SU(5) coupling constant g5 (taken from [PS07, Eq. 22.6]) at the point of unification

at the scale of SU(5) breaking.
d
952932922\/;'91 (64)

To account for this factor of g, it is convenient to re-scale the weak hypercharge.

3
g1 — g1~ \/g (65)

This then gives another factor of % for the S-function of the weak hypercharge, which then is:

a o,

Blg1) = Teo2 9 (66)

This now uses the same normalisation of the charges as [Mar97|, [BDG™13| and SARAH (see

chapter [7.1)).
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4.3 One Loop § Functions in the Standard Model

In order to solve the behaviour of the running couplings in the Standard Model of Particle
Physics, it is convenient and numerically necessary calculate in terms of ;' with a; = ¢2/47
and not in g; itself. Here the differential equations are much simpler:

o 4

U0 A = (67)
SU(2) : ma; = % (68)
SU(3) - 0 -t (69)

81n(p/M)a3 27

The solutions to this are, using the starting values from at M = My, now including the
normalisation factor for ay = ay:

a;t(p) = a;H(M) — 2% -In(p/M) a;H(M) = g +99.43 = 59.66 (70)
oy t(p) = ay '(M) + % In(p/M) o (M) =~ 29.58 (71)
az'(p) = az (M) + % -In(p/M) az (M) ~ 8.446 (72)

The results are plotted and discussed later together with the one loop results for the MSSM of
the next chapter.

5 The Minimal Supersymmetric Standard Model

The Minimal Supersymmetric Standard Model (MSSM) is an extension on the experimentally
verified Standard Model of Particle Physics to try and give explanations on multiple topics,
including a possible solution to the hierarchy problem:.

In this Model, the particle content of the Standard Model is replaced by Superfields. Several
types of Superfields are known, the ones used here are Superfields of one Dirac fermion (or two
Weyl fermions) and one complex scalar field (or two real scalar fields) for the matter sector of
the Standard Model and vector multiplets, one gauge boson and two Weyl fermions, for the
gauge sector.

Each fermion as in table |1} is assigned a supersymmetric, bosonic partner and the other way
round in order to be able to write everything in terms of Superfields.

The Higgs-field has to be manipulated a little more to give a reasonable theory because a single
scalar field with a chiral Weyl-fermion would not be able to describe the electroweak symmetry
braking process of giving particles their mass for all fermions in the MSSM. Therefore two Higgs
supermultiplets, H, and Hy are introduced to the theory, each consisting of one complex scalar

field and one Dirac-fermion.
The same normalisation of the U(1)-part as in is used here.
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5.1 Particle Content of the MSSM

A summary of the particle content of the MSSM can be found in the table below, which is
taken from [Mar97, Table 1.1 and 1.2|. The same form of denoting charges and representations
under the fundamental forces is used as in the Standard Model. The supersymmetry partners
added to the Standard Model are marked with a tilde.

Table 2: Particle Content of the MSSM

Names spin 0 spinl/2 | Representation and Charge
squarks, quarks | (ap dr) | (ur dp) | (3,2)1/6
(three families) i, uly (3,1) a3
di dp | (3. 1)y
sleptons, leptons | (7 €r) (v oer) | (1,2)_1)
(three families) e el (1,1),
Higgs, higgsinos | (H HY) | (Hf HY) | (1,2)12
(Hy Hy) | (Hy Hy)|(1,2)-1p
spinl/2 spinl
gluino, gluon g g (8,1)o
winos, W bosons | W= WO | W= WO | (1,3),
bino, B boson B° B (1,1)0

5.2 One-Loop (-Functions in the MSSM

With this setup of the theory, one now can calculate the one-loop-3-functions for this theory in
complete analogy to the derivation done in the standard model. The equations and
yield using the same derivation as in the Standard Model with more fields:

1 12
SU(3) N=3 nfzi-(6+6+3):7.5 nsc-T(Rcs)ZE (73)
1 1242
SU(2) N =2 nf:§'(3+9+4+2):9 nsc-T(Rcs):( 2+ ) (74)
1 1 33
1 - 2 - 2 - =
v g ;QI + 3 Z o - (75)
Using these values, the S-functions can be calculated as, as stated in [Mar97, Eq. 6.4.7]:
: _ 1 3
SUG) . Bles) = o (-3) 4 (76)
1 3
SUQ):  Ble) = g1 (77)
. 1 33
VW) o) =g o (78)
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Now using the same simplification of changing variables to o', and solving the differential

equation just as in the Standard Model, the result can be written as, using the same starting
values as before at M = M:

33 3

art(p) = a; ' (M) — o0 In(p/M) arH(M) =~ = 9943 = 59.66 (79)
03" (p) = a3 (M) — 5 - In(p/M) oy (M)~ 2958 (30)
az(p) = az (M) + % ~In(p/M) az (M) =~ 8.446 (81)

6 One Loop Running Couplings in SM and MSSM

The following graph [1| shows the results of the one loop S-functions calculations to get the run-
ning couplings for the Standard Model of Particle Physics and the Minimal Supersymmetric
Standard Model.

80 , |
SM U(1)
SM SU(2) ——
or SMSU(3) ——
MSSM U(1) -
60 |- MSSM SU(2) oo )
' MSSM SU(3)
o =
(rl: 40 - — |
=
Q - -
E ___—--""_-__ ’____.---"'
30 F L /’_r_,,- -
20 L , |
10 fr |
0 . | | |
> 10 15 >0

log(p/GeV)

Figure 1: One Loop Running Couplings in the SM and MSSM

The running of the couplings in the Standard Model and the minimal supersymmetric
extension thereof show a quite intriguing feature, they run up to a region in which all three
fundamental forces have coupling constants of about roughly the same size. For the first
approximation of the one loop [S-functions for the Standard Model the region in which the
couplings are close by each other is quite large, but in the MSSM the couplings unify at almost
a single point.

This feature of the running couplings is usually referred to as the "unification of the couplings".
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For this unification to happen, a suitable normalisation, as explained in has to be done.
This is vital because otherwise the couplings are measured in independent scales, which takes
the physical meaning out of all potential unifications.

Before discussing potential physical implications of the observed unification of the running
couplings an more precise calculation on two loop level will follow. This is done to check
whether this feature really is physical or is just a coincidence on this first approximation. In
this discussion an measure of how good the unification is will be mentioned and applied to the
one loop result too.

The discussion is done in chapter [8.4] .

7 Numerical Methods and SARAH

The two-loop S functions that are discussed in the following chapters are a more complicated
set of five first order non-homogeneous differential equations for the SM and four for the MSSM.
Their analytical solutions are unknown, therefore they are solved numerically. For this, two
different methods are used which are checked against each other.

7.1 SARAH

The first method used in the solving of the two loop S-functions is the program Mathematica
(for reference see |[Resld]). This program would be able to solve sets of differential equations
by itself, but a far more powerful tool is available as a package for Mathematica.

The package is called SARAH, a tool to build and analyse supersymmetric and non-supersymmetric
models as quantum field theories. The package is developed by Florian Staub and is available
online. The resources and functions that were used in SARAH can be found in [Stal4] and the
introductory manual is [Sta08]. The methods of deriving the renormalization group equations
is explained in [Stalll.

SARAH uses the normalisation conventions of [LX03|. These match with [BDG™13| up to a
factor of 2 for .

Using SARAH, the p-functions for the SM and MSSM can be derived, using the predefined
models available in the package. These are then solved in Mathematica, where SARAH al-
ready writes a solving-function to achieve that. The only input necessary are the values of the
couplings that are to be run at a certain energy scale. SARAH then provides interpolating
functions of the numerical solutions for the running couplings. These can then be plotted using
stock Mathematica routines.

The results that are calculated in SARAH can be exported to a LaTeX-file. The results of
the parts required for this thesis, the g-functions for the SM and MSSM, can be found in the
Appendix [B] and [C]

The model files that are the basis of the SARAH calculations are textfiles specifying the particle
content and gauge fields of the theory, together with various other things like Yukawa-coupling
to scalar fields, potentials and super-potentials. During this thesis, the predefined models were
used and in chapter [I0.1] the model file of the Standard Model was altered only in the definition
of the matter sector consisting of fermions and by adding a mass term to the potential of the
Lagrangian.
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7.2 Numerical Methods

In order to not completely rely on the calculations done in Mathematica using SARAH, the
two loop [-functions are taken from [BDGT13| and are run in a C program which can be found
in Appendix [A] This code was written for this thesis, but relies on the Runge Kutta 4 method
from the Numerical Recipes code collection, which is a fourth order explicit one-step solver for
general sets of first order differential equations.

Numerical Recipes is an open source collection of a lot of useful functions written in a lot of
different coding languages. It is available online ([Co.14]) or as a book ([Vet99]).

The program solves the supplied differential equations using the starting conditions which are
written directly into the code and outputs the calculated datapoints into a textfile. This file
can then be plotted using any plotting program, here gnuplot (for reference see [TW14]) was
used to plot and interpolate the data points.

The Runge Kutta 4 solver was tested with various polynomial-differential equations similar to
the S-functions to which analytical solutions are known and no significant error in the numerical
solutions was found.

This and the fact that the Runge Kutta 4 results match with the SARAH results, it is possible
to neglect numerical errors for the discussions in this thesis as the solutions are sufficiently
accurate. The code for this solver was used in many different ways throughout this thesis,
mainly in varying the starting conditions and the starting and stopping scale of the solver, but
the basic routine stayed the same.

8 Two Loop Running Couplings in SM and MSSM

8.1 Two Loop (-Functions in SM and MSSM

The derivation of the two loop S functions and the two loop running couplings follows the
same procedure outlined previously in this thesis for the one loop case. All possible divergent
diagrams have to be evaluated and the counterterms computed, which are then plugged into the
Callan-Symanzik equation to derive the § functions. In this, a lot more diagrams contribute,
especially interesting are the ones of the form:

or other mixings of the different couplings, now including Yukawa couplings.

This leads to S-functions not only depending on one running coupling but on all couplings in
the system at once. Therefore it is no longer possible to treat them independently, as it was
done on one loop level. For the three fundamental forces, the top-Yukawa coupling h; and the
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Scalar quartic coupling A this is:

Pi{9:}) =Pr100p({9:}) + B2100p({g:}) with i, j € {1,2,3,4,5} (82)
where g4 =y, and g5 = A

Up to two loop level, two more couplings have to be considered because they are no longer
negligible, compared to the other contributions. The Yukawa coupling of the top quark to the
Higgs field y; (to leading order) and the Higgs quartic coupling A have to be taken into account.
The Higgs quartic coupling is only a free parameter in the Standard Model, the appearance of
A in the MSSM will be briefly explained in section [9.3

The calculations for this run just as it was done for the one loop level, but a lot more diagrams
contribute. Therefore the calculation is not done explicitly here and the results are taken from
[BDGT13, Appendix B|(neglecting y; and y,, i.e. setting them to zero and using the result
only up to two loop). The normalisation of this paper for the U(1) case is in agreement with
the previously used normalisation of the weak hypercharge embedded into SU(5).

81n?§;M) - (471)2461 ' gg% %g (11989 2 * %793 i 4_;93 - %hz) (83)
aloga(f/M) - _(4;)2%93 * % (Z’g gt 36592 + 1295 - ;h?) (84)
T = (a0 i (gt + 508 20— (85)
Oye {9_1/3_8 2 99 Lﬂ
oln(p/M) — (47)2| 2 Py 20
+ (43/734 [yf (—12y§ — 12X\ 4 3693 + 2215693 + 3Z%g%>
+6A% — 108¢5 — Q?Zé + 11680709% +99395 + 129391 - 2%9291] (86)
8ln?p>\/M) = (472r)2 {A (m +6y; - 9795 - 91_95) 3y + 91g62 * 2470%1 * giiog%] *
+ (4;4 [v (—156>\ — 722 + 54g3 + 5459%> +Ay? ( 332” + 4093+ +4‘195 - 17491
A (— ?g% + 1%;709% + 1119039%) . (15y§ _16g2 — %g%) +
TR R R E
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The two loop S-functions for the MSSM can be found in [IV13]. Due to cancellations they are

much simpler and shorter.

dg1

dln(p/M)

992

OIn(p/M)

dg3

9 In(p/M)

oy,

Oln(p/M)

1123 g8 3/1993 , ., 88, 26,
° il (it Y e s B 88
(471')2 5 + (471')4 5 9 591 + 92 + 3 g3 3 Yy ( )
9 9% 23 2 2 2
3¢°2 + 2502 + 242 — 6 89
(471')2 + (471')4 ( 915 + 9o + g3 yt) ( )
393 95 113 , 2 2 2
- T2 4 9g2 4 14g2 — 4 90
(47'(')2 + (471')4 3 591 + 9o + g3 Yy ( )
hy o, 13g¥3 » 1693
Gy2 — —ILZ 342 91

Solving these using the Runge Kutta 4 algorithm as explained in section yields the same
approximate coupling unification behaviour as in the 1 loop case, which can be seen below.

Running Couplings
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Figure 2: Two Loop Running Couplings in SM and MSSM

8.2 Two Loop Running couplings using SARAH

To verify the previously calculated results, the Mathematica package SARAH is used. For an
introduction to SARAH please see section [7.1]

SARAH provides with a numerical solution to the derived Renormalization Group Equations
for every model specified in a model file. The Standard Model of Particle Physics and the
Minimal Supersymmetric Standard Model are available as predefined models, written by the
creator of SARAH: Florian Staub. The solver needs as input the starting values of the three
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gauge couplings, the top-Yukawa coupling and the Higgs quartic coupling and is then able to
produce the following graphs. The g-functions for the three gauge couplings and y,; derived by

Running Couplings Running Couplings
.21 .21
Loy Loy
e
08 0ET _.-"'/__
- —

06 _____"——_____ —— 06 F - _ ___.F-"ﬂf
L e — logi pf GeV) 04— logi p/ GeV)

0 5 10 15 20 0 5 10 15 20
(a) Two Loop Running Couplings in SM (b) Two Loop Running Couplings in MSSM

Figure 3: calculated by SARAH (g3 (yellow), go (purple), g; (blue))

SARAH match with the ones plugged into the numerical solver, only in the - functions for A
do not match completely, but his might be due to the effect the exact renormalization scheme
has on the S-functions on two loop level. Even though, the output from SARAH matches the
one of the RK4 routine extremely well.

8.3 Comparison of the Unification Behaviour

The results of the calculation of the running coupling on one and two loop level in the SM and
the MSSM all show the coupling unification behaviour, but to different degrees. Therefore the
measure of unification P,,; is usually defined as follows:

o 92(Mum>
where  M,,; such that g3(Myni) = 91(Muni) (93)

(92)

The results for this on one and two loop level can be found in the table below. For the one
loop results, the coupling constants g; have to be extracted from the calculated ozi_l.

Table 3: Measures of Coupling Unification

Pini | SM | MSSM
One Loop | 4.2% | 0.42%
Two Loop | 3.5% | 0.74%

8.4 Implications of the Coupling Unification

The two loop running of the couplings shows the same coupling unification behaviour in SM
and MSSM as it was already seen on one loop level, with the unification in the SM being even
better, in the MSSM again almost perfect. It is therefore safe to conclude that this phenomenon
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was not a coincidence of the one loop calculations, but rather a feature in how our description
of nature in the Standard Model of Particle Physics works.

The coupling unification happening in the Standard Model is a consequence of how the (3
functions and the starting values are set to be in our description of nature. If one of the two
were different, the unification behaviour would be different. It is quite likely for two running
couplings to intersect each other, i.e to have an energy scale at which their values are the same.
In the case of three couplings to intersect that close to each other, and becoming even closer
when doing a more exact (two loop) calculation as it is in the Standard Model, this might
actually be hinting at some underlying concept that is not contained in the theory itself.
Many different viewpoints on this matter exist but many of them tend to go into one of the
following directions.

8.4.1 Coupling Unification as a Hint towards Grand Unifying Theories

The gauge coupling unification, with the suitably normalised couplings as being embedded into
SU(5) as explained in chapter can be interpreted as a hint that this embedding is not
only done for normalisation purposes but has an actual physical meaning. This concept, as
described in depth in [DRW91], states that the three gauge groups are just different sectors of
one underlying gauge group.

This kind of theory is called a "Grand Unifying Theory" or GUT. Those classes of theories
look for fundamental ingredients which are able to explain all three of the fundamental forces
of particle physics. The minimal GUT is exactly the embedding of SU(3) x SU(2) x U(1) into
SU(5). This is stating that the three gauge boson classes are essentially of the same class and
that this class is spontaneously broken into the three different forces we observe in our particle
accelerators by a process quite similar to the electroweak symmetry breaking. This means that
the three coupling constants are just different symmetry broken parts of the same, underlying
and more fundamental coupling constant of the SU(5) symmetry and without the symmetry
breaking, all three coupling constants should be equal.

This underlying group has to be least SU(5) to be able to account for all twelve known gauge
bosons. This means that there would be at least another twelve currently not observed gauge
bosons. This can be explained by simply considering those additional gauge bosons to be
extremely heavy compared to the known ones. This leads to them not appearing in any exper-
iments available today because of the energy threshold being too low.

The acceptance of a GUT as the replacement for the Standard Model would solve some dif-
ficulties in its description by being able to sort gauge bosons and fermions into larger groups
which can be handled more easily. But it is currently not possible to prove or disprove this
because no implications of this GUT have been measured today. New and vastly bigger and
more powerful particle accelerators are needed for that. One of the most discussed implications
of a GUT is that in it, the proton is no longer stable, but the currently measured lifetime of a
proton is greater than 103? years ([Ryd10]).

8.4.2 Coupling Unification as a Hint towards Supersymmetry

The Standard Model shows the gauge coupling unification nowhere near as close as in the
MSSM, but it is still visible. Some theories consider this to be a sign that particle physics
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should actually be a theory which involves supersymmetry, as this would explain the behaviour
of the couplings because coupling unification can be seen as a consequence of supersymmetry.
This would include the supersymmetry partners of the currently known gauge bosons and the
fermionic matter, which have not been observed yet. To account for this, the same concept of
those unobserved particles being of much higher mass is used, just as in the GUT case. Usually,
as explained in [Ryd10|, the masses of supersymmetric partners should be the same. Therefore
to be able to not observe them, the supersymmetry must be broken. The supersymmetry-
breaking-process is quite complicated and involves some problems of its own and creates a lot
of new parameters in the theory.

But nonetheless if supersymmetry is a part of nature, it would ease up on a couple of problems
with persist within the non-supersymmetric standard model, like the hierarchy problem, dark
matter and aspects of cosmology. Those are the exact reasons why supersymmetric models
were considered in the first place.

Other physicists (like [Ryd10]) consider the possibility of supersymmetry and grand unification
working both at the same time, as supersymmetry would solve the problems of the GUT of
the not perfect gauge coupling unification and the predicted lifetime of the proton. But again,
experimental evidence is lacking due to the extremely high energies an which those theories
begin to predict different results than the Standard Model.

8.4.3 Coupling Unification as a coincidence of nature

The Standard Model of Particle Physics is only an effective description of the currently known
phenomena of particle physics. The Standard Model will certainly break down at the Planck
scale where gravity can no longer be neglected. Therefore the search for beyond the Standard
Model physics is one way of maybe being able to extend and change the current theory and then
maybe find a way to incorporate gravity. Until this is achieved, it is impossible to determine
whether the coupling unification is a physical necessity of the theory or just the way nature
turned out to be.

This might seem quite unsatisfactory but if the only way to account for the unification is to
consider hypothetical particles out of range of experiments, this remains a viable option in the
explanation of coupling unification.

9 The Higgs Quartic Coupling A

The Higgs quartic coupling A is one of the parameters of the two loop [ functions for the
Standard Model of Particle Physics. It is the coupling constant of the scalar field quartic
self interaction. The Higgs quartic coupling X is of special interest in for the evaluation of
possible flaws in the Standard Model of Particle Physics due to the fact that in equation (g,
the assumption A > 0 was made. This assumption is necessary for the potential of the Higgs
field to have a stable minimum. In order to explore the implications of this assumption, it is
important to know and understand the running of the Higgs quartic coupling \.

The B function of the Higgs quartic coupling was already used an solved in the discussion of
the three gauge couplings on two loop level. The most important term in the running of \ is
the one proportional to y, which is derived from diagrams like the left one below.
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i as a correction to:

It is unfortunate that exactly on this term, SARAH and [BDG™13| do not agree. The two loop
Renormalization Group Equations are dependant on the exact renormalization scheme, and
therefore it is possible for two different derivations of the S-functions to not match, as it is the
case here. But nonetheless, since exact numerical solutions match to sufficient accuracy for a
phenomenological discussion, both will be used in the following analysis.

9.1 The Running of )\ in the Standard Model

During the calculations for the running couplings in the previous chapters, the running of A
and y; was calculated as:
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(a) Two Loop Running of A\ (blue) and y; (purple) (b) Two Loop Running of A (blue) and y; (purple)
in the SM, using the RK4 routine in the SM, calculated by SARAH

Because of the sensitivity of the running of A\ on the starting values, it is necessary to
include radiative corrections to the equations which connect physically observable parameters
to the starting values, as explained in section for the tree-level equations. For the previous
discussion, this was not necessary because these changes are small and the differential equations
were not as sensitive to them as the two loop [-function for the Higgs quartic coupling is.
The loop-corrected values are taken from [BDGT13, Table 3|. Due to this source, a change of
renormalization conditions, now no longer using M, but rather M = M, (top-quark-mass) as
the renormalization point is necessary.

Table 4: Values for the corrected fundamental SM parameters

Equations, corrected to Order: M) y(My)  go(My) gy (M) = g1 - \/g
Leading Order (LO, tree-level) 0.13023 0.99425 0.65294 0.34972
Next to Leading Order (NLO) 0.12879 0.94953 0.64755 0.35937
Next to Next to Leading Order (NNLO) | 0.12720 0.93849 0.64822 0.35760
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The value of g3 or a3 is measured directly, and therefore receives no corrections to any
equation, it just has to be run from My to M;. The value is taken from [BDG™13, Eq. 60| and
is:

93(M;) = 1.1666 (94)

The numerical solver was run using all three sets of starting conditions and yields the following
results. For comparison, the already discussed tree level result is shown again.
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Figure 5: Two Loop Running Couplings of A and y;, using different sets of starting values

In the above Graphs, it can be seen that the region in which \ is negative is quite sensitive
to the starting values. The biggest uncertainty of those values, calculated from experimental
data, is the exact value of the mass of the top quark. To analyse this dependency, the following
equations show the dependency of the NNLO starting values on the top mass (the equations
are taken from [BDG™13|, but ignoring all other dependencies).
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M,
A(M;) = 0.12711 — 0.00004 —173.5 95
(M) (Goy -~ 1733) (99

( A including NNNLO for pure QCD results)

y (M) = 0.93558 + 0.00550 ( G]\ﬁ/ - 173.5) (96)
M,

go(M,) = 0.64822 + 0.00004 ( e 173.5) (97)

g1(M,) = \/g (0.35761 +0.00011 (Gj‘ﬁ/ — 173.5)> (98)

g3(M,) = 1.1666 — 0.00046 ( M, _ 173.5) (99)
GeV

Using those equations, a new, more exact running of the couplings is done for the value of
M, = 173.5 (values from [JBeaPDG12]), and for M; £30 = 173.5+£3-1.4GeV. The results can
be seen in the graph below.
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Figure 6: Different Runnings of A using varying values for M,

This calculation shows that the crossing of zero for the Higgs quartic coupling not happen-
ing at all is within three standard deviations of the currently measured physical parameters.
Therefore it is statistically probable that \ remains positive everywhere up to the Planck scale,
but it is still worth discussing why the Standard Model is so extremely close to this potential
instability which is explained in the next chapter.

9.2 Possible Implications of the Running of \

Many different and in most cases more exact studies of the running of the Higgs quartic coupling
using more exact measurements of the top quark mass, like [BDG™13|, show that it is highly
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unlikely that the quartic coupling never turns negative up to the Planck scale. Therefore the
implication of the running of A have been a topic for discussion on many occasions, like it was
the case for |[Espl4].

The running of A\ to a point where A < 0 would mean that the assumption of a nonzero but
finite vacuum expectation value for the Higgs field in the Standard Model would no longer hold.
In this region the Higgs potential would no longer have a minimum value. The vacuum of a
theory is defined as the minimum of all fields contained in the theory, therefore this poses a
problem in the definition of the vacuum. Because of the implications the Higgs field has on
the electro-weak symmetry breaking, this is usually called the instability of the electroweak
vacuum. As the strong nuclear force, represented by SU(3) does not take any part in the
symmetry breaking, it is usually excluded in the discussions of the instability.

Two possible consequences could be the case in nature, which is what any physics model wants
to describe.

First, it can be calculated that the electroweak vacuum actually might be unstable, but the
decay time is much larger than the current lifetime of the universe, and therefore the vacuum
has not decayed yet. Following this, a nonzero but finite vacuum expectation value of the Higgs
field and therefore the description in the Standard Model is preserved. This would imply that
A is allowed to turn negative, but its absolute value has to remain small, otherwise the decay
time would drop dramatically. This state of the universe is usually called meta-stable. If the
universe is meta-stable, this would mean, as a lot of physicists put is:

"The universe is living at the edge."[]

To many physicists this is counter-intuitive, as one expects nature to be stable and not just
completely change at the decay of its vacuum.

The other possibility is that some physics beyond the Standard Model exist that keep the value
of X from getting that close to zero in the first place, ensuring the stability of the electroweak
vacuum. What type of physics and the theory behind this is is currently totally unknown, as no
experimental data suggests any theories. Two potential candidates are again Supersymmetry
and Grand Unification, both providing means to circumvent the instability of the vacuum.

9.3 The Higgs Quartic Coupling in the MSSM

The Minimal Supersymmetric extension of the Standard Model is, by replacing all fields in the
SM with superfields, a theory with more symmetry than the SM. Hence the name. Due to this
added symmetry, the value of A is no longer a free parameter to be taken from experiment,
but is determined by the electroweak couplings. A thorough explanation can be found in the
introduction of [DHHP(2] .

This is not the end of the added complexity of the Higgs sector in the MSSM as, to be consistent
with super-symmetry, not one but two Higgs scalars exist in the MSSM, posing all kinds of
restrictions on Higgs masses, potentials and couplings. Therefore the discussion of the stability

of the electroweak vacuum is more complicated, as it is not a simple crossing into the negative
for .

'from [Esp14]
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Some discussions see this as a hint towards supersymmetry, as the whole set of problems
arising with the values of \ is different there, but supersymmetry has a whole set of problems
of its own, as explained in chapter [8.4.2

10 Further Research and Conclusion

10.1 Modifications to the SM Particle Content

In the discussion of possible beyond the Standard Model physics, many theories consider added
particles at an energy scale higher than currently reached by experiment. This enables those
theories to have different behaviour in the running of the couplings while still matching the
experimental results. Tt is therefore interesting to try to analyse how the adding of a single
particle to the Standard Model at a certain energy scale changes the theory.

The minimal alteration of the Standard Model in adding fermionic matter would be to add a
pair of Weyl-fermions charged under only one of the three fundamental forces, in this conjugate
representations under SU(3) for the pair (i.e (3,1)y and (3,1)). It is not possible to add just
one Weyl Fermion to the Standard Model because this would cause many inconsistencies within
the model description.

The S functions for the altered Standard Model are derived by SARAH, using a modified version
of the SM model files. A mass parameter for those added fermions is included, independent of
the electroweak symmetry breaking for the generation of particle masses. The calculation of
the S-functions in SARAH are done in the massless limit, therefore the results are independent
of this mass parameter. In order to simulate that the added particles only have an effect above
a certain energy scale (i.e. their mass), the § functions are taken from SARAH and used in a
modified version of the RK4 numerical solver. The unmodified Standard Model equations are
solved up to the energy scale at which the particles are added, using the NNLO starting values
of the previous chapter. All generations of new particles are added at the same energy scale.
Then the equations are changed to the ones of the modified Standard Model, simulating the
effects the added particles have, and the running is finished up to the Planck scale.

This was done in three cases, using one, two or three generations of the added fermion pair,
just as there are three generations of every other matter particle in the Standard Model. The
SARAH output for the three cases can be found in Appendix [D] In each of the three cases,
the mass parameter of the added fermions was varied between 103 and 10!"GeV in logarithmic
steps of 2. Since the effect of the modifications to the theory are quite small, the effects of the
alterations are only visible if the mass parameter of the added fermions is far below the point
in which the discussed phenomena happen in the Standard Model. Therefore all cases in which
the pair of fermions is added above 10"GeV are not suited for discussion here, as they are not
much different than the Standard Model itself.

The complete set of graphs of these calculations can be found in Appendix [E]

10.2 Discussion of the added Fermionic Matter to the SM

The graphs in appendix [E] confirm that if the generations of the added fermion pairs are added
at a lower energy scale, their implications are stronger. The same goes for more generations of
the added fermion pairs. Therefore, the maximum impact of the modifications to the Standard
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Model can be seen in adding three generations at a scale of 103GeV, as it is shown below and
in appendix [E]
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Figure 7: Modified SM, added three generations of the pair of fermions at mass 103GeV

This is the only graph presented here because all others show the same behaviour, only less
strong and at higher energy scales.
The adding of a fermion pair charged only under SU(3) has effects on both, coupling unifica-
tion and the stability of the electroweak vacuum. In the maximum case, the running of A does
not cross into the negative region any more, therefore ensuring the correctness of the Standard
Models description of the electroweak symmetry breaking. At the same time, the coupling
unification gets worse if the pair of fermions is added, pushing the unification of g3 and g far
beyond the Planck scale in the maximum modification case.
This leads to two conclusions, both discouraging beyond the Standard Model physics if such a
pair of fermions in three generations were to be found in experiment at a scale of 103GeV. In
this case, the altered Standard Model would get rid of the problem of the potential instability
of the electroweak vacuum and many hints towards coupling unification. Therefore this would
strengthen the description the Standard Model gives of Particle Physics, just with a different
matter content.
All of this only holds in the maximum case. But in this case the added fermions should already
have shown up in current experiments on the biggest particle accelerators, with the LHC at
the CERN already having done experiments at 7 - 103GeV .
If some of the cases with less than three generations of the added fermions are found to be
true, this poses a different question. All other fermions in the Standard Model come in three
generations, therefore one that does not is considered strange. It is currently not known why
there are exactly three generations for all fermions, but it has been found to be the case in
nature.

The next steps in the evaluation of modifications to the Standard Model of Particle Physics
would be to consider pairs of fermions charged under SU(2) or U(1) only, and seeing what
types of implications these would have on the two phenomena discussed here. But this poses
tough problems in the method applied in this thesis, as SARAH ran into problems deriving
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those S-functions.

10.3 Conclusion

The topic of beyond the Standard Model physics remains a highly interesting one, as many
of the predictions of the Standard Model are in regions currently unavailable or only lightly
touched upon by experiment. A real measurement of the running of gauge couplings up to the
scales of predicted coupling unification is far out of reach.

As soon as experimental evidence is found that is not described in the Standard Model, the
search for new models is encouraged into this direction. And at least at the Planck scale this
is going to happen. Until such experimental evidence is found, a huge variety of theories are
considered and prepared and checked with experimental data, as none of them can be excluded.
Even if none of them are later found to be true, advances in the physical description of nature
are made as new methods and mathematical descriptions are developed which might be applied
to other fields than particle physics.

Taking all of the mentioned hints and possibilities that were discussed in this thesis, and
combining them with all other research done on this field, most physicists think it would be
too much of a coincidence for all of the discussed phenomena to happen by chance.

Therefore they believe that some physics beyond the Standard Model must exist below the
Planck scale. But proof of that has yet to be found in further experiments.
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Appendix

A  Runge Kutta 4 Code for Numerical Solutions

The following code is written in C+-+ and uses the methods and definitions in "nrutil.c" from
the Numerical Recipes.

#define NRANSI
#include "nrutil.h"
#include <stdio.h>
#include <math.h>
#include <cmath>

const double pi =3.1415926535897932384626433832795028841971; //taken from: www.pible.de

void rk4(float y[], float dydx[], int n, float x, float h, float yout[],
void (*derivs) (float, float [], float []1))
{//Runge Kutta 4 Method, taken from the Numerical Recipies.
int 1i;

float xh,hh,h6,*dym,*dyt,*yt;
dym=vector(1,n);

dyt=vector(l,n);

yt=vector(l,n);

hh=h*0.5;

h6=h/6.0;

xh=x+hh;

for (i=1;i<=n;i++) ytl[il=y[il+hhx*dydx[i];
(*derivs) (xh,yt,dyt);

for (i=1;i<=n;i++) yt[il=y[i]l+hhx*dyt[i];
(*derivs) (xh,yt,dym) ;

for (i=1;i<=n;i++) {

yt[il=y[i]l+h*dym[i];

dym[i] += dyt[i];

}

(*derivs) (x+h,yt,dyt) ;

for (i=1;i<=n;i++){

yout [i]=y[i]+h6* (dydx [i]+dyt [i]+2.0*dym[i]) ;
+

free_vector(yt,1,n);

free_vector(dyt,1,n);

free_vector(dym,1,n);

}

void derivs(float x, float y[], float dydx[]){
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//RGEs taken from the Buttazzo paper.

dydx[1] = 3.0/5.0%1.0/(16.0%pi*pi)*41.0/6.0*y[11*y[1]1*y[1]1+y[1]1*y[1]*y[1]
*3.0/5.0/(4.0%4.0%4.0%4 . 0*pi*pi*pi*pi)*(199.0/18.0%3.0/5.0*y[1]*y[1]+
27.0/6.0*xy[2]*y[2]1+44.0/3.0xy[3]1*y[3]1-17.0/6.0*y[4]*y[4]);

dydx[2] = -1/(16*pi*pi)*19.0/6.0*xy[2]*y[2]*y[2]+y[2]*y[2]*y[2]/(4.0%
4.0%4,0%4 . 0*pi*pi*pi*pi)*(9.0/6.0%3.0/5.0%y[1]*y[1]1+35.0/6.0%y[2]*y[2]
+12.0xy[3]*y[3]1-3.0/2.0xy[4]*y[4]);

dydx[3] = -1/(16*pi*pi)*7.0%y[3]1*y[3]*y[3]+y[3]*y[3]*y[3]1/(4.0%4.0
*4 . 0%4 . 0*pixpi*pi*pi)*(11.0/6.0%3.0/5.0xy[1]1*y[1]1+9.0/2.0*xy[2]+y[2]
-26.0*xy[3]1*y[3]-2.0xy[4]*xy[4]);

dydx[4] = 1.0/16/pi/pi*y[41%(9.0/2.0%y[4]*y[4]1-17.0/12.0%y[1]*
y[11%3.0/5.0-9.0/4.0xy[2]*y[2]-8.0%y[3]*y[3]1)+
1.0/(4.0%4.0%4.0%4 . O*xpixpixpixpi)*y[4]*(y[4]*y[4]*(-12.0%y[4]*y[4]
-12.0%y[5]+36.0%y [3]*y[3]+225.0/16.0*y[2] *y[2]+393.0/80.0*y[1]1*y[1])
+6.0%y [5]1*y[5]-108.0xy[3]*y[3]*y[3]*y[3]1-23.0/4.0xy[2]*y[2]*y[2]*y[2]
+1187.0/600. 0%y [1]1*y [1]1*y [1]1*y [1]1+9. 0%y [3]*y [3]*y[2]*y[2]+19.0/15.0
xy [3]*y [3]*y[1]1*y[11-9.0/20.0xy[2]*y [2]*y[1]*y[1]);

dydx[56]=2.0/16.0/pi/pi* (y[6]* (12xy[6]+6*y[4]*y[4]-9.0/2.0*y[2]
*y[2]1-9.0/10.0xy[1]*y[1])-3.0*y[4]*y[4]*y[4]*y[4]1+9.0/16.0%y[2]

xy [2]*y [21*%y [2]+27.0/400. 0%y [1]xy [11*y[1]*y[1]+9.0/40 . 0%y [2]

xy [2]*y[1]1*y[1]1)+2.0/(4.0%4.0%4.0%4 . O*xpi*pi*pi*pi)* (y[5]*y[5]*
(-156.0%y[5]-72.0%y[4] *y[4]1+54.0%y[2] *y[2]+54.0/5.0*y [1]1*y[1])+
y[61*y[4]*y[4]*(-3.0/2.0%y[4]*y[4]+40.0%y[3]*y[3]1+45.0/4.0xy[2]*
y[21+17.0/4.0xy[1]*xy[1]1)+y[6]1*(-73.0/16.0*y [2] *xy [2]*y [2] *xy [2]
+1887.0/400.0xy [1]*y[1]*y[1]*y[1]1+117.0/40.0*y [1]1*y[1]1*y[2]*y[2])+
y[41*y[4]1+xy[4]1*y[4]1*(15.0%y[4]1*y[5]1-16xy[3]1*y[3]1-4.0/5.0*y[1]1*y[1]1)+
y[41*y[41%(-9.0/8.0%y [2]*y [2]*y [2]*y [2]1-171.0/200.0%y [11*y[1]*y[1]
*y [1]+63.0/20.0xy [2] *y [2] xy [1]*xy [1])+305.0/32. 0%y [2] *y [2] *y [2] *y [2]
*y [2] %y [2]-3411.0/4000.0xy [1]1*y [1]1*y [1]1*y [1]*y[1]1*y[1]1-289.0/160.0
*y [1]1*xy[1]*y[2]*y [2] *y [2] xy [2]-1677.0/800.0*y [2]*y [2] *y [1]*y [1]*y[1]
*y[11);

dydx[6]=1.0/16.0/pi/pi*3.0/5.0%11.0%y[6]*y[6]*y[6]+y[6]*y[6]*y[6]
/(4.0%4.0%4.0%4 . Oxpi*pi*pi*pi)*3.0/5.0%(199.0/9.0%3.0/5.0xy[6]*y[6]+
9.0xy[7]+y[7]1+88.0/3.0%y[8]*y[8]1-26.0/3.0xy[9]*y[9]);

dydx[7]1=1.0/16.0/pi/pixy [71*xy [71*y[7]1+y[71*y[71*y[7]/(4.0%4.0%4.0%4.0
*pikpixpi*pi)*(3.0%3.0/5.0xy[6]*y[6]+25.0xy[7]1*y[7]1+24.0*y[8]*y[8]-6.0xy[9]*y[9]);

dydx[8]1=-3.0/16.0/pi/pixy[8]*y[8]*y[8]+y[8]*y[8]*y[8]/(4.0%4.0%4. 0%4.0xpixpi
*pikpi)*(11.0/3.0%y[6]*y[6]1+9.0xy[7]1*y[7]1+14.0%y[8]+y[8]-4.0%xy[9]*y[9]);
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dydx [9]=y[9]1/16.0/pi/pix(6.0%y[9]*y[9]-13.0/9.0%3.0/5.0xy[6]*y[6]-3.0%y[7]
*y [7]1-16.0/3. 0%y [8]*y[8]);
+

int main (void) {

FILE * pFile;
float end = 40; //end point for iteration
float h = 0.00005; //stepsize
float x = 0.0; //startpoint
float dydx[10], yout[10], y[10];
//first 5 values for SM, may be changed to solve for different starting conditions
y[1] = 0.3555%sqrt(5.0/3.0); //U(1), with GUT normalization
y[2] = 0.6517; //SU(2)
y[31 = 1.220; //SU(3)
y[4] = 0.9974; //top yukawa coupling
y[6] = 0.1312; //higgs quartic coupling
//next four for MSSM
y[6]1=y[1];//U0(1)
y[7]=y[2];//8U(2)
y[8]=y[3];//8U(3)
y[9]=y[4];//top yukawa
pFile = fopen ("2loop_LO.txt","w");
fprintf (pFile, "%f %f %f %f %f %f %f %f %f %f \n", x, y[1l,
y[21, y[31, y[4]1, y[5],yl6],y[7],y[81,y[9]1);
while (x<end){
derivs(x, y, dydx);
rk4(y, dydx, 9, x, h, yout, *derivs);
X += h;
//printf ("x = %f\n", x);
for (int j = 1; j <= 9; j++){
y[j1 = yout[jl;
//printf ("yout[kd] = %f\n", j, yout[jl);
}
fprintf (pFile, "%f %f %f %f %f %f %f %f %f %f \n", x,
y[1], y[2], y(3], y[4], y[5],yl6],y[7],y[8],y[9]);
}
fclose (pFile);
return 0;}

#undef NRANSI
/* (C) Copr. 1986-92 Numerical Recipes Software */
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B SARAH Output for the SM

Gauge Couplings
41

oy = e (100)
8D = %gl (13563 + 19997 — 25Tr (Yav,]) + 440g3 — 75T (vov) - 85T (vaY) ) (100)
B = 169 p (102)
B2 = 310 3(— 15T (YVov]) + 1753 + 2743 + 360g3 — 45Te (Vv ) — 45T (v,Y) ) (103)
BY = 743 (104)
B8R = —f—ogg’( 1197 + 20T (Yay] ) + 20Tr (YY) + 26093 — 4543 ) (105)

Quartic scalar couplings

27 9 9, 9
B = 2l ghy Z2er L Dh D2y 9020 4+ 1202 + 12ATr (Yde) 4 ANTY (YeYj>
1007 7 10 19275
4 120Tr (YUYT) —12Tr (YdYTYdYT) — ATy <Y YTy, YT) —12Tr <Y Y1, Y‘f) (106)
o _ BAL g 16TT 4y 289 oy 3050 ISST T a0 T3 By
- - =2 “ = 54g2)
By 1000 200 9192 — 10 —~ 9192 T 3 92 + San 200 20 S 9192 3 Go A+ 5 giA” +

— T8N+ (225g§A 458 + 80<1Og3 9/\) A+ 9gt 4 g (25>\ + 54g§>)Tr (Ydyj)

171
130 (15g1 + 5(16>\2 5g2A + g2> e (2293 + 25A))Tr(yeyj) _ %g‘lT (YUYJ)

+ 6—5391 G2Tr (YUYJ) . gggTr <YUYJ> n ggf/\Tr (YUYJ> n %ﬁmr (YJJ)
+ 80¢2\Tr (YUYJ) —72A2Ty (mqj) n g ¢2Tr (nyjmj )  64g2Tr (nyjmj )

— AT (Y;leTYde ) — A2\Ty (Ydyj Y,Y] ) - %ngr <Y Yy, ) — ATt (Yeyj Y. )

- ?ngr (vyivay)) = 6aga e (Vv v v]) = axtr(vay v,y ) + 60t Yoy vavvavy)
+ 12T (Yo vy vyl - e (vav vy lvar]) - en(vavivaylvyd)

20T (Yo, VY Yoy ) + 60T (VY VYY) (107)

Yukawa Couplings
B = —g< _YYIY, + YY) Yd)
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17 , 9
+Y, <3Tr (Ydyj> 43Ty (YUYJ ) — 803 — 3597 — 03 + Ir (Y;YJ )) (108)
1
B = +55 (20(11YquYde Y, — AV, YV, Y]V, + 6V, VIV, VY, — VY] YdeYu>

LYY, (1zsog§ 180Tt (YeYJ> +223¢7 — 480\ — 540Tr (Yde)  540Tr (YUYJ ) + 675g§)
LYYY, (100Tr (m@) — 1280¢2 + 300Tx (mﬁ) 4 300Tr <YUYJ) _43¢% + 45g§)>

- 6—301@ (1187g;l — 270g%g5 — 345095 + 76093 g3 + 540095 g3 — 6480093 + 900\

+375(323 + 963 + g ) Tr(Yav] ) + 1125 (g7 + 63 ) Te (Vov)) + 127563 (V2

+ 337503 Tr (YY) + 1200063 T (v, Y] ) — 4050Tr Yoy vav] ) + 900Tx (Yav[ v,y

— 1350Tk (Y;Yg Y,y ) — 4050t (Yuyj Y, Y] )) (109)

C SARAH Output for the MSSM
Gauge Couplings

33 ,

By = =i (110)

A2 = ot - 10T () + 13563 + 1006 + 4a0gf — 10D (vix]) - 90 (xx7)) (11
/Bé;) _ gg (112)
52 = 2ab (—10Te (v, ) + 12063 + 12563 — 30Tk (vav]) — 30me(V.v)) 4 997)  (113)
= g (114)

(115)

1
8O = —gg(ngf —20Tr (Yde’f) —20Tr <YUYJ) + 4562 + 70g§)

9=z 115

Trilinear Superpotential Parameters

1
B =By lY. - oY (1397 + 4563 — 45Tr (VoY) + 8063 ) + VoYY (116)
2
@) _ +2 Y, YIY, + 602V, Y]Y, — 2v, YV, Yy, — 2v, ViV, Yy,
2
ALYV, + VLY Yd( 3Ty <YdeT> + o0 - T (Yeyj)) 9, YTV, Tr (mqj)

2743 15 136 16 4
+Y, (—450 91+ 919 + 5 95+ 0195 + 80595 — 05+ ¢ (2093, + g%>Tr (YUYJ>
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—3Tr (YdeYqu ) — 9T (YUYJYUYJ» (117)

D SARAH Output for the modified SM

D.1 One generation of the added fermion pair, charged under SU(3)
Gauge Couplings

By = ﬂgi” (118)

R = 510 (18593 + 19997 — 25T (Yav] ) + 44063 - 5Tr (VY[ ) = 85T (v,[)) - (119)

19
g =g, (120)
1
4 = ( 5T (y yT) 41752 + 27¢2 + 36092 — 45Tt (Ydyj) —45Tr (YUYJ )) (121)
19 .
B = —=a} (122)
B2 = — =08 g3 ( — 13563 — 3397 + 40063 + 60Tx (Yav] ) + 60Te (Y, ) ) (123)

Quartic scalar couplings

27 9 9, 9
B = g0+ TgII + 798 — £OTA — 9N+ 12X + 12X T (YdYT) FANTY (Y YT>

4 120Tr (YUYT ) 12Ty (YdYTYdYT) ATy (Y Yivy! ) 12Ty (YUYTY YT) (124)
o _ _BUL, 1677, , 2% 305 5, 1887\ 1T, 73,

54
— _ o 2 4 e 2)\ e )\ il 2)\2 54 2)\2
o 100091 ~ 200 9192 ~ 3o 9192 + g 95+ —— 500 1 20 9192 g 92 + x4 + 54g;

— T8 + — (2259 A — 454 + 80(10g3 9)\>>\ +9g% + ¢ (25>\ n 54g§>>Tr (Yde >

3 171
- E(15g1 + 5(16/\2 —5g2A + g2> - (2295 + 25A))Tr(mfj) - Egi‘Tr()@YJ)

1 4
n 6—5391 ¢2Tr (YUYJ) _ gggTr <Yqu> —79le (YUYJ) + ;’g;m« (YJJ)

5
+80g5ATe (V] ) = 720 (YY) + ~gr (vavivar]) - g3t (vavfvar])

24
— 3ATr (YdeYdY; ) — A2\Tr (YdYJYqu> - gy (Y Y1y, YT> ~ATr (YeYJYeYJ)

16
— g (YUYJ Y, ) — 64¢2Tr <YUYJ Y, Y] > — 3Tt (YuYJ Y,Y! ) + 60Ty (myjmfj Y, )

+12Tr (YdeTYdYJ Yuyj> — 24Ty (YdYJ Y,Y] YdeT) — 12Ty (YdYJYuYJYqu>
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+ 20T (VoY VYY) + 60T (VY vy vy (125)

Yukawa Couplings

3
BY = —5( — YY1V, + VY] Yd>
17, 9
+Y, <3Tr (Yde) + 3Ty (Yuyj) 803 — oogi — 1 + T (YeY;)) (126)
1
B =g (20(nyayfvayva - VIV Ya + 6V, VY ]Y, - vy vy,

LY,YY, (1zsog§ 180Tk (Y;Y; ) +223¢7 — 480\ — 5401k (Ydyj) 5401k (Yuyj ) + 675g§)

LYY]Y, <100Tr (Yng ) — 1280¢2 + 300Tr (Yde) + 300Tt <YUYJ> —43g% + 45g§)>

187 , 9 23 , 19 932 , 3., 5
“( 00 91~ 5p9ie — Y2 T 59105 + 90505 — <93 T 5N + g (32g§ + 993 + g%)Tr (YdeT )
+ §5 (g2 +g3) e (vovd) + ggﬁTr (vavd) + gggTr (vavl) + 2003 (V.
27

3 9 27
- (Ydyj YdeT> + 5 (Ydyj Y,Y] > — r (YeYj Y,y ) - (YUYJ Y, Y] )) (127)

D.2 Two generations of the added fermion pair, charged under SU(3)
Gauge Couplings

1 _ 41 4

Bor’ = g% (128)

1

B8R = %gf(l?ﬁgg +199¢? — 25T1 (YdeT) +440¢2 — 75Tt (m/;) 85 Tr (Yuyj)) (129)
19

o = g} (130)

1
B2 = %93( 15Ty (YeYJ ) + 1752 + 27¢2 + 36092 — 45Tt (Yde) 45Ty (YUYJ» (131)

B = =593 (132)

1
B2 = —%g§’< —135¢2 + 20¢2 — 33¢2 + 60Tx (Yde) + 60Ty (YJJ)) (133)

Quartic scalar couplings

27 9 9, 9
B = 40l 101 + 198 — gTA — 9g3A + 12X 4 12ATr (Yde) 4 ANTY (Y;Yj)
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+ 12)\Tr(Yqu) - 12Tr(YdeY;le) - 4Tr<Y Y1y, YT) - 12Tr(Y Y1, YT) (134)

3411 , 1677 289 305 , 1887 ,. 117 54
V= gl 19 105+ 508 + oy OIS 010N — A+ 0P\ + 54giN

o 100091 ~ 200 9192 T o D192 T g 200 714 T 0
1
— T8N 4+ (22593A 450 + 80(1og§ . 9/\> A+ 9gt 1 g (25)\ + 5492>>Tr <YdeT>
3 171
- E<15gl + 5(16)\2 — 5@\ + g2> — P (2293 + 25A))Tr(yeyj) - %ngr(Y YT)

63 9 17 15
+ o gio Ty (YUYJ ) ~ SOy (YuYJ ) + 5 gIATY (YUYJ ) + AT (Yqu>

+ 80g2ATr (YUYJ> — T2\’ (YUYJ> + 8oty (YdYTYdYT) — 64¢2Tr (YdeTYdKj )

5
24
— 3Ty (YdeTYdKJ ) — 40Tt (YdYJ Y,Y] > — g (YGYJYE}{]) T (YJJY;YJ)
1
- éngr (YUYJYqu) — 64¢2Tr <YquYuYJ> — 3ATr (YUYJYUYJ ) + 60Tt (Yde}@YijYj)
+ 12T (Yo vav vyl - aame (vavivyvar]) - vem(vavivaylvayd)

20T (VY VYY) + 60T (Y, vy vy (135)

Yukawa Couplings

By = —g( ~ VLYY + VYY)
| i 175 9 i
+Y, <3Tr (Yde) 43Ty (YuYu> — 863 — 5591 — 703+ Tr (YeYe )) (136)

L1
B = 45 (20 Yvay]Ya — 4V YV Ve + 6.V Y Y, - Y Yay v
+ YY1V, (128005 — 180T (VoY) + 22802 — 4803 — 540Tr (Yav] ) = 540Tr(Y,Y[]) + 67563)

LYY, (100Tr (YeYj ) — 1280¢2 + 300Tx (YdeT) + 300Tr (YuYJ> 4342 + 45g§>)

1187 , 9 23, 19 82 , 3., 5
V(oo T Zgz + 150105 + 90205 — =595 + 5N+ 5(3293 + 993 + g7 Tr (Yav] )
15 15

b2 (gl + 92>Tr (Y v ) —ngr (Y YT> T (Yqu ) +20g2Tr (Yqu>

o 3 9 27
- (Yde YdeT) + S (Ydyj Yuyd*> — (YeY; VA ) - (YUYJ Y,Y! )) (137)
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D.3 Three Generations of the added fermion pair, charged under
SU(3)
Gauge Couplings

41
1) _ 3
=3 (138)
1
65(]2) _ %g% <135g§ I 1999% 95Ty <YdeT) + 44()9% — 75Tr (YeYeT) — 85Tr <YuYJ)> (139)
19
= -1 (140)

1
B2 = %g§< — 15Ty (YeYj ) + 1752 + 27¢2 + 36092 — 45Tr (Ydyj) — 45Ty (YUYJ )) (141)

B — 54} (142)
1
B8R = 1—Ogg(ugf +120g2 — 20Ty (dej ) 20Ty (YuYJ) + 4593) (143)

Quartic scalar couplings

27 9 9., 9
BY = oo dh T O 98— SgPA — 9+ 120 4 I2NTh (Yde) 4 ANTY (YJ’J)

+ 12)\Tr<YuYJ ) - 12Tr(Ydey;leT) - 4Tr<YeYJYeY€T ) - 12Tr(YuYJYuYJ) (144)
3411 , 1677 ,, 289 , , 305 , 1887 117 73 .. 54

2 _ _ _2od 20 NN 22 — A4 o022 540202
BA 100091 200 9192 10 919 + 3 g + 200 DA+ 20 9199 892 + 591 + 044,

1
— T8N+ (225g§A —45g8 + 80(1093, . 9/\> A+ 9gt+ g (25)\ + 54g§>>Tr (YdeT )
3 4 2 2 4 2 2 t 171 i
= (15g1 + 5(16>\ Bg2\ + 92> e (2292 + 25>\>>Tr (YeYe ) gl Tr (YuYu)
17

63 9 15
+ =gl Ty (Yuyj) ~ SO (YUYJ> + 5 GiXTy (YUYJ ) + SN (Yuyj)

+ 80g2ATr (YUYJ> — T2\’ (YUYJ) + g T (YdeTYdKj ) — 64¢2Tr (YdeTYdKj )

24
~3ATr (KinTdefj ) —A2)Th (Ydyj Yuyj) - gl (YeYJYeY;) ATy (nY;Ye}/j)
1
- éngr (YUYJYUYJ> — 64¢2Tr <YuYJYuYJ> — 3ATr (YUYJYUYJ ) + 60Tt (YdeTYdeTYdeT)
+ 12T (Yo vavvy]) - aame(vavivyvar]) - em(vavivayivad)

+ 20T (VY VYY) + 60T (v vy vy (145)
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Yukawa Couplings

5 = 2 (- VY YY)
17, 9
+Y, <3Tr <YdeT> 43T (Yuyj) — 803 — 350t — 103 + Ir (mj)) (146)

B2 — +% (20(11}/qu¥de Yy — AV, YTV, YIY + 6V, YV, YIY, - YY) YdYJYu)
LYY, (1280g§ 180Tk (YJ’J) +223¢7 — 480\ — 5401k (YdeT> 5401k (YUYJ> + 675g§)
LYYy, (100Tr (YEYJ ) — 1280¢2 + 300Tx (Yde ) + 300Tr (YHYJ> 4367 + 45g§)>
- %Yu (1187g;L — 2709795 — 34509, + 760g; g5 + 54009595 — 5680093 + 900>
+375 (32g§ + 962 + g%)Tr (Ydyj) 11125 (y% + gg)Tr (Y;Y;) +1275¢2Tr (YUYJ)
+ 337562 Tr (YUYJ ) + 1200062 Tr (YuYJ > — 4050Tr (YdeT YdeT> + 900 Tr (YdYJYqu)

— 1350Tr (YeYte}/J) — 4050t (YUYJYUYJ» (147)
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Graphs of the modified Standard Model
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Figure 8: Modified SM, added one generation of the
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Figure 9: Modified SM, added one generation of the
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Figure 10: Modified SM, added one generation of the pair of fermions at mass 107GeV

Figure 11:

Figure 12: Modified SM, added two generations of the pair
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Figure 14: Modified SM, added three generations of the pair of fermions at mass 10*GelV
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Figure 15: Modified SM, added three generations of the pair of fermions at mass 10°GeV
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Figure 16: Modified SM, added three generations of the pair of fermions at mass 107GeV
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