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Abstract

This master’s thesis discusses a nonabelian, classically scale invariant extension of the
Standard Model (SM), where the SM gauge group is enlarged by an additional SU(2)
gauge symmetry. This new gauge group, under which the SM particles transform trivially,
comes along with the appearance of three new gauge bosons. Although classical scale
invariance forbids a bilinear Higgs mass term with operator dimension 2 in the Lagrangian
density, spontaneous symmetry breaking is induced by radiative corrections at one-loop
level (Coleman-Weinberg mechanism). Furthermore, the well-known masses of the top-
quark (~ 170 GeV) and of the Higgs boson (125 GeV) make it necessary to introduce
additional scalar degrees of freedom to stabilize the effective potential. As a first step, a
new scalar particle is added to the theory, which is a doublet with respect to the new SU(2)
gauge symmetry and a singlet under the SM gauge group. Afterwards, a real scalar singlet
and three right-handed neutrinos are introduced, which enable the implementation of the
seesaw mechanism. After a summary of the theoretical background and the derivation of
the effective potential for a very general theory, the Gildener-Weinberg method is used to
perturbatively analyse both of these models up to one-loop level in great detail.

Zusammenfassung

Diese Masterarbeit behandelt eine nicht-abelsche, klassisch skaleninvariante Erweiterung
des Standardmodells (SM), wobei die Eichgruppe des SM um eine zusétzliche SU(2) Eich-
symmetrie erweitert wird. Diese neue Eichgruppe, unter welcher die Teilchen des SM triv-
ial transformieren, geht einher mit dem Auftreten von drei neuen Eichbosonen. Obwohl
klassische Skaleninvarianz einen bilinearen Higgs-Massenterm mit Operatordimension 2 in
der Lagrange-Dichte verbietet, wird spontane Symmetriebrechung auf 1-Schleifenniveau
durch Strahlungskorrekturen induziert (Coleman-Weinberg Mechanismus). Des Weiteren
machen es die bekannten Massen des Top-Quarks (~ 170 GeV) und des Higgs-Bosons
(125 GeV) notwendig, zusitzliche skalare Freiheitsgrade einzufithren, um das effektive Po-
tential zu stabilisieren. Als ersten Schritt wird der Theorie ein neues skalares Teilchen
hinzugefiigt, welches ein Dublett beziiglich der neuen SU(2) Eichsymmetrie und ein Sin-
glett unter der Eichgruppe des SM ist. Anschlielend werden ein reelles skalares Singlett
und drei rechtshindige Neutrinos eingefiihrt, wodurch die Implementierung des Seesaw-
Mechanismus erméglicht wird. Nach einer Zusammenfassung der theoretischen Grund-
lagen und der Herleitung des effektiven Potentials fiir eine allgemeine Theory wird die
Gildener-Weinberg Methode zur detaillierten, storungstheoretischen Analyse dieser bei-
den Modelle auf 1-Schleifenniveau herangezogen.
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1. Introduction

In the Standard Model (SM), the masses of the gauge bosons W* and Z, as well as the
fermion masses, are generated via the famous Higgs mechanism [1, 2], where the vacuum
expectation value (VEV) of the Higgs field H is generated via spontaneous symmetry
breaking (SSB) due to the special form of the tree-level Higgs potential:

2
V= —u?HH + 2 (HTH) . (1.0.1)

Despite its huge success explaining most of the experimental data, it is clear that the SM
needs to be extended in some way to be able to address some open questions like the
appearance and tininess of neutrino masses! [3, 4], the nature of dark matter, the stability
of the Higgs potential [5, 6] or the Hierarchy problem of the Higgs mass.

One promising class of such extensions of the SM are so-called classically scale-invariant
(CSI) extensions of the SM, where only terms possessing operator dimension 4 are allowed
in the Lagrangian density (the term —u?HTH is therefore forbidden) and where the VEV
of a scalar field is not generated at zero-loop order but with the help of radiative corrections
to the tree-level potential (Coleman-Weinberg mechanism [7]). Such theories have to come
along with an extension of the SM gauge group and /or the introduction of additional scalar
fields to explain the experimentally observed Higgs mass of 125 GeV.

In this thesis, we will focus on a (nonabelian) extension of the Standard Model gauge
group [8-15], where we introduce an extra SU(2) gauge symmetry, under which the SM
particle content is invariant, and a corresponding second Higgs doublet, which transforms
nontrivially under this new SU(2) gauge group only. We investigate this model with
the help of the Gildener-Weinberg analysis [16] and try to find constraints on the coupling
parameters as well as on the masses of the new particles. In a second step, we introduce an
additional real scalar singlet and three right-handed neutrino fields to be able to implement
the seesaw mechanism [17-21] in our model and thus, to explain small neutrino masses.

This thesis is structured in the following way: Chapter 2 gives a short overview over
conventions and the notation of this work, as well as a brief introduction into classical scale
invariance. We introduce the Coleman-Weinberg mechanism in chapter 3 and discuss the
effective potential and its properties in detail. An explicit calculation of the effective
potential for a simple toy model with the help of Feynman diagrams can also be found in
this chapter. This is followed by the derivation of the effective potential for a very general
theory in chapter 4, where the path integrals are calculated explicitly, and a discussion
of the Gildener-Weinberg approach in chapter 5. Chapter 6 finally deals with nonabelian
classically scale invariant extensions of the Standard Model and discusses its properties in
great detail.

LA consequence of the observation of neutrino oscillation.






2. Preliminaries

2.1. Notation and Constants

In this thesis, we work with the following convention for the Minkowski metric (particle
physics or west coast convention):

(Guw) = 4 : (2.1.1)

If we are dealing with four-vectors, we indicate this by the use of Greek indices, where we

distinguish between upper and lower ones':

4 4 4
2w =)D guwd' (2.1.2)
,LL=1 ‘u,:l v=1

Unless not stated otherwise, we sum over repeating indices, if they appear twice in a single
term (Einstein summation):

n
in Yi = T1y1 + Toy2 + . TpYn = T Y - (2.1.3)
i=1
4
unp“:(Jopo—quh—Q2p2—Q3p3:un“- (2.1.4)
pn=1

We set the speed of light ¢ equal to one, but still work with
fi=1.055-1073 Js (2.1.5)

in the first few chapters [22]. In Table 2.1 we list important Standard Model particle
masses.

’ Particles Pole masses ‘
My 91.19 GeV
My 80.38 GeV
™me 173.0 GeV

Mg 125.18 GeV

Table 2.1.: Pole masses of Standard Model particles [22].

1Otherwise, we use Latin letters and don’t distinguish between upper and lower indices.



2. PRELIMINARIES

2.2. Kronecker-Product

To be able to deal in a compact and clear way with the four-dimensional Dirac substructure
of a set ¥ of m Dirac bispinor fields, we briefly introduce the Kronecker product and list
its most important and useful properties. A more detailed discussion can be found in [23]
and [24].

Whenever in this thesis a Kronecker product of the form A® B appears, the substructure
B is described by a 4 x 4 matrix and the dimension of A will be clear from the context or
explicitly displayed otherwise.

2.2.1. Definition

For two matrices A=(a;j) € K™*™ and B € K™%, where IK"*" denotes the space of real
or complex m x n matrices, the Kronecker product is defined as:

all -B CLln-B
A® B = ; : c Kmrxns (2.2.1)

ami B ... amn-B

2.2.2. Properties
Let Ajg € K™", Big € K™%, C € K" D e K*** and o € K. Then

e A B#B®A
e (tA)®B=A® (aB)=a(A® B)

(A1 + A2) @ B = (A1 ® B) + (A2 ® B)

A®(B1+ B2) =(A® By) + (A® Bo)

(A® B)(C ® D) = AC ® BD

(Ao B)T = AT @ BT

(Ao B)f = At @ Bt
Let A € K™ and B € K™ ™. Then

o Tr(A® B) =Tr(A) - Tr(B)
e Det(A ® B) = Det(A)™ - Det(B)"

2.3. Classical Scale Invariance

A theory in d dimensions is said to be classically scale invariant, if its action is invariant
under a scale transformation of the form:

IS

2

T —px H—p =2
P P (2.3.1)

IS

—1

A“—)p_%A“ Y= p 2

H



2.3. CLASSICAL SCALE INVARIANCE

Therefore, only terms with operator-dimension d are allowed in the Lagrangian density,
or, with other words, only terms with dimensionless coupling constants.

To obtain a classically scale invariant version of the Standard Model (SM), we have to
get rid of the imaginary mass term —u2HTH, which breaks scale invariance, since:

/ddac p2H (2)H(z) — p?- /dd:p p?HY (z)H (z) . (2.3.2)

As a consequence, the potential of the Lagrangian density has to be convex, which seems
to lead to vanishing vacuum expectation values of the scalar fields and hence, no masses
would be generated through the famous Higgs-mechanism. However, as it turns out,
this remains true only at tree level [7] and elevation of classical scale invariance to a
fundamental property of nature can serve as a promising guiding principle for theories
beyond the SM (BSM) with great predictive power.






3. The Coleman-Weinberg Mechanism

Spontaneous symmetry breaking (SSB) is usually studied within a tree-level approxima-
tion, which simply means that one searches for minima of the potential of the Lagrangian
density (i.e. all the non-derivative terms). From this point of view, SSB should not take
place in a basic p?-theory or in any classically scale invariant theory, due to the absence
of nontrivial minima. However, higher-order effects can change this simple structure and
S.Coleman and E.Weinberg demonstrated in their famous paper [7] that radiative cor-
rections can induce spontaneous symmetry breaking even in theories without nontrivial
vacuum expectation values (VEV) at zero-loop order. They studied a classically scale-
invariant electrodynamic theory with a charged scalar and showed that the scalar boson
gets a nontrivial VEV and becomes, as well as the vector boson, massive due to quantum
effects [7]. Hereby, the appearance of the massive scalar at one-loop level is associated
with the breaking of the scale invariance by higher-order corrections.

An appropriate tool to investigate this described feature of such theories is the so-called
effective potential, a function whose minima give the true vacuum expectation values up
to all orders and coincides at lowest order with the tree-level potential (see section 3.4 and
4.1).

In this section we will follow Coleman’s and Weinberg’s approach [7], which is based on
the work of Jona-Lasinio [25], to get an intuitive understanding of SSB in classically scale
invariant theories and use functional methods and a diagrammatic expansion to obtain
the effective potential and to explore its properties. Many of the following definitions and
derivations can also be found in [26].

3.1. Generating Functional of Correlation Functions

We start with defining the generating functional of correlation functions! Z[J] as

1 i (T 34
I 1 LT rdbe (L) (2)e())
A=, Jm o et

(3.1.1)

-1 / (] ek (S fatzs@)e)
N )

where, in order to keep the notation as simple as possible, S[p] describes the classical action
of a theory with only one real scalar field. All of the later arguments are of course still valid
for a more complex theory. The limit 7" — oco(1 — i0™) is rarely displayed explicitly in the
literature, but will become of importance when we calculate path integrals in appendix D.
The extra field J(x) denotes an external source with

J(x (3.1.2)

Y

The nomenclature will become clear in a few lines.



3. THE COLEMAN-WEINBERG MECHANISM

and the normalization constant N is chosen as
i T
N = / [dy] e J-rd* = L) | (3.1.3)

With the help of the functional derivative, which satisfies (see e.g. [26])
o
f(y)

and the definition of the n-point correlation function? [27],

f(x) =W (@ —y), (3.1.4)

[ldg] er rd e L@ 1) o(ay)

0|T(p(z1)...0(zn))|0) = i : , 3.1.5
OF )2l =t (315)
we find
i T 44
h6Z[J , dg] e J-r e L@ o .
LI LICU 1 L g e AT
15J($1) J=0 T—oo(1-i07) f[dso] eﬁfde z L(e)
or more generally:
AN o"Z[J] . .
ZM (z1,. . xn) = |~ = (0|T P : 1.
1) = (§) S| = 0T @2 | @)

The above relation makes clear why we call Z[J] the generating functional of correlation
functions and with the help of this very equation (3.1.7) it is straightforward to write
down the generating functional as an expansion of n-point correlation functions Z™):

ZlN=>
n=0

h;n' /d4x1...d4xn Z(n)(xl, coy ) J(@1) I () (3.1.8)

Furthermore, we realize that the vacuum state is reasonably normalized® through the
definition (3.1.3) :
Z[0] =(0]0) =1. (3.1.9)

Following equation (3.1.7), we can also define the n-point correlation function in presence
of an external source Jy:

2% (21, 2n) = <7j> M(;T;?ESJ}(%) = (0| T(@ (1) @())]0) . (3.1.10)

3.2. Generating Functional of Connected Correlation Functions

As a next step, we introduce the generating functional of connected correlation function
W(J]:

(W[J] = —ih-z[J] .| (3.2.1)

*While o(z) is a real valued function, ¢(x) denotes an operator.
3The normalization constant is chosen such that it cancels all the vacuum graphs.



3.3. THE EFFECTIVE ACTION

Again, the name is revealing and it can be shown (see [26]) that the function

(3.2.2)

n (R WL
wi )(xl,...,xn) = () 0J(x1)...6J(xn) | ;g

1

is the connected n-point correlation function (0|7(4(x1)...¢(x,))|0),. Not as a strict proof,
but as an illustration of this statement, it is enlightening to have a look at the first few
relations between Z(™ and W)

ZW (1) =W (a1)
Z@ (21, 29) =W (21, 20) + WD (1) - WD (25)
Z<3>(x17x2,x3) W N1, 9, 23) + WP (21, 20) - WO (3) (3.2.3)
@) (wg, w3) - W (1) + W (3, 21) - WO (22)
W@r) - W (2g) - W (23) .

These equations arise from the definitions (3.2.1),(3.1.7) and (3.2.2) and underline the fact
that any n-point correlation function can be written as the sum of all possible combinations
of connected m;-point functions with > m; = n.

As before, we can write down the generating functional as a Taylor series:*
=1 iyt
=3 <h) / Wy Ay WO (2, m0) J(21) (o) .| (3.24)

By analogy with the definition (3.1.10), we also mention the connected n-point correlation
function in presence of the source Jy:

(n) (RN WL

3.3. The Effective Action

The effective action I'[¢] is defined by the functional Legendre-transformation of W{J],

L[¢] = W[J] — /d% J(z)o(x) , (3.3.1)
with
b(z) = (ZJV([;)] , (3.3.2)

where J = J, is actually an implicit functional of ¢(z) and given by the solution of

SWJ]

(Z)(J") = (SJ(.’E) =, .

(3.3.3)

“Be aware that W(® = 0, since Z[0] =



3. THE COLEMAN-WEINBERG MECHANISM

Furthermore, I'[¢] fulfils the following relation:

ol _ . ()
Sp(x) J(2) +/d y(5¢($) [5J(y>W[J] P(y)| - (3.3.4)
(3.3.2)
=%

Vice versa, with the help of relation (3.3.4), the field ¢ = ¢(z) can also be seen as an
implicit functional of J(z),

ol
ool J(z), (3.3.5)

and therefore, the inverse Legendre-Transformation of (3.3.1) is given by:

W[J] =T[¢] + / d*aeJ(x)p(x) . (3.3.6)

We find that ¢(z) is just the vacuum expectation value of the scalar field ¢(x) in presence
of the external source J(x),

i?/([;)] — o) "2 W0 @) 2 2000 2 0p))0), | )

and in case we send the external field J(z) to zero (¢(z) = (0|@()|0) ;_, = (0/|0)°) the
effective action is extremized (compare equation (3.3.5)):

OTl¢] ~0. (3.3.8)
06(2) | s=ol¢10)
We now introduce the shifted field
X(@) = ¢(x) —W(x) (3.3.9)

and write the effective action as an expansion around W (z) = (),

T[¢] = Zl % /d4:c1..d4xn? T (21, ) (1) (@) | (3.3.10)

with Ll¢
(n)(xl T ) 1 6—[] . (3.3.11)
| s dbn A 5¢<x1)5¢(a3n) d=(p)

We want to show that these functions I'™) (1, .., x,,) are the one particle irreducible (1PI)
n-point correlation functions, which also go under the catchier name of proper vertices®.
To be precise, this statement is only true for n > 2, because for n = 1 we get zero and for

n = 2 we get the inverse of the full propagator, as we will see in a moment.

5Since we are always dealing with translation invariant theories the VEV has to be a constant quantity.
5For that reason, the effective action is sometimes also referred to as the generating functional of proper
vertices.

10



3.3. THE EFFECTIVE ACTION

For that purpose, we follow the methods of [26] and expand ¢(x), using equation (3.2.4)
and (3.3.3):

o0

- \n—1
x(x) :nZ:Q (nil)' <fli> /d4:c1...d4xn_1 W) (x, 21,y Tp—1)J(x1). . T (1)

i

:ﬁ/d4x1 W(Q)(:J:,xl)J(xl)

1/i\?
+§ <h> /d4x1d4x2W(3)(:n,xl,xg)J(xl)J(xg)

1/i)?
—|—§ <1> /d4x1d4x2d4x3W(4)(x,xl,xg,xg)J(:Ul)J(xQ)J(xg)+... :

h
(3.3.12)
We define the inverse of the connected 2-point correlation function W®)(y, z) as
[ty Spw .5 =60 ). (3313)
and apply it to equation (3.3.12) to express J(x):
h
1@ =3 [ dty Sty (o) - W)
1
! d*zd*zadty S(z, ) WO (y, 21, 22)J (21)J (x2)
2h ) (3.3.14)
1 /i
gt (3) [ dtondiaadtondty S )W O .., 00)50n) o) )
+..

The external field J(x) can now be written as a series in powers of ¢(z)

J(z) = ? [/d4y1 S(z,y1) <¢(y1) - Wu)(!ﬂ))

—5 [ dtndye W) (omn) = W) (6(0) - W (w2)

2
- g d4y1d4y2d4y3 <Wagr4n)p (I’, Y1, Y2, Z/S)
= [ atudtu (W o 0) WO 0,0) WG, w42 10)
+ WESI?;l)p(‘T7 Y2, U) W(Z) (U, w) Wa(gl)p(wa Y1, 3/3)
o) W) W 0
‘@@%WW@D@@%WM@D@%%Wm%D+~r
(3.3.15)
where Wé&},(xl, ..., xy) denotes the amputated, connected n-point correlation function:

W (z1,...,20) = /d4y1...d4yn S(x1,91) 8@y )W (g1, oyn) . (3.3.16)

11



3. THE COLEMAN-WEINBERG MECHANISM

Comparison of the expansion (3.3.10) and the result we get from equation (3.3.4) and
(3.3.15) leads to the desired relations:

rW(z) =0
I (2, 29) = =S (21, 22)
G (21, 39, 23) = W;ﬁl)p(xl,xg,:pg)
T (21, 39, 23, 14) = Wéﬁzp(xl, X9, X3,T4)

- /d4v d*w [W(g) (21, 22, V)W) (w, x5, 24) (3.3.17)

amp amp

+ Waggn)p(xla T3, U)W(B) (w, x2, 1‘4)

amp

+ W (21, 24,0) W) (W,l‘z,!lfs)} W (v, w)

amp

As stated above, we find that I'V(z;) is equal to zero and that —I'®)(zy,x5) is the
inverse of the full propagator. The amputated, connected three-point correlation function
Wa(fgp(xl, x9,x3) is already 1PI and to make Wa(ﬁ?p(xl, x9,x3,x4) 1PI we have to subtract
all the one-particle reducible parts.

3.4. The Effective Potential

In contrast to equation (3.3.10), it is also possible to expand I' in powers of d,¢ [7]:

rlol = [ e (<V0) + 520007 + ()00 + ... ) (3.41)

Since the VEV of the scalar field is a constant quantity, it is justified to evaluate I'[¢] also
for a constant field ¢, only. Therefore, we obtain the simpler expression

Lpc] = — / d*z V(o) , (3.4.2)

where we call the function V' (¢,) the effective potential and we find from equation (3.3.8)
that the effective potential is extremized at ¢. = (0|]0):

T [¢e]
e

V(o)
I

0. (3.4.3)
$e=(0/3|0)

be=(0[2|0)

Hereby, we achieved our goal of finding a function, the effective potential V' (¢.), whose
minima give the true vacuum expectation values without any approximations.

Since a perturbative expansion of the effective potential leads in general to a non-convex
function [28, 29], the extremum is ambiguous. For a classically scale-invariant theory with
radiative induced SSB for example, one of the extrema is still the trivial tree-level VEV.
To get the other one, we had to introduce the external source J(x) as a perturbation,

12



3.4. THE EFFECTIVE POTENTIAL

—» J(x)

¢

Figure 3.1.: Perturbation of the unstable, trivial vacuum state (grey dot) leads to a stable
vacuum state away from zero (black dot). Afterwards the perturbation can
be turned off.

although in the end, we set it equal to zero anyway. Otherwise we only would have been
able to find the tree-level VEV W) (z) = 0. This feature is illustrated in Fig. 3.1.
To find a useful expression for the effective potential, we write down the Fourier trans-

form T (ky, ..., k,) of the vertex function I (z1, ..., z,)
(2m) 454 (Z k; ) k:l, vy kn) = /d4a:1...d4xn e k1Tt dhnzn) p(n) (X1, 2n) ,
(3.4.4)
where the total momentum conservation corresponds to the translation invariance of the
vertex function I'™ (1, ..., x,) [26] and k denotes the wavevector.

From now on we will concentrate on classically scale-invariant theories, where the one-
point function W(l)(xl) is equal to zero and therefore, after setting all external momenta
to zero, we can use equation (3.4.4) to write the effective action (eq. (3.3.10)) as

L Ay
n!i

L[p.] = (2m)%54(0) Z m(0,...,0)¢" . (3.4.5)

n=2

If we realize that §%(k) is the Fourier transform of 1,

a1 4., o—ika
509 = (e [

(3.4.6)
(2m)*6%(0) = /d4x1 ,
we find from equation (3.4.2) and (3.4.5) for the effective potential
oo
1 h
il .0 o 3.4.7
i 0) e (3.4.7)
where T'(?) (0,...,0) are the 1PI n-point correlation functions in momentum space with

vanishing external momenta.”

"For a classically scale invariant theory this is even true for n = 2, as we will see in subsection 3.4.2.

13



3. THE COLEMAN-WEINBERG MECHANISM

3.4.1. The Loop Expansion

Since it is clear that it is impossible to write down the exact effective potential for a non-
trivial model, we have to come up with an appropriate approximation method. Coleman
and Weinberg demonstrated in [7] that an expansion in powers of an overall factor a of
the form

L(p,0up,a) = a” ' L0, 0pp) (3.4.8)

corresponds to a loopwise expansion of the effective potential. The reason for this corre-
lation is that every propagator, as the inverse of the quadratic terms in the Lagrangian,
carries a factor of a and every vertex a factor of a~!. For an arbitrary 1PI diagram the
power of a, P, is then given by

P=1-V, (3.4.9)

where I denotes the number of internal lines and V' the number of vertices. The num-
ber of loops, L, corresponds to the number of momenta as variables of integration and is
the difference between the number of momenta, I, and the number of energy-momentum
d-functions, V', without counting one §-function for the total energy-momentum conserva-
tion:

L=I-V+1. (3.4.10)

If we combine the equations (3.4.9) and (3.4.10), we finally find the connection between
the power of a and the number of loops:

P=L-1. (3.4.11)

As Coleman and Weinberg stated [7], the important point is not that a has to be a
small parameter (actually a can be equal to 1), but that we found a suitable organization
scheme for an infinite sum of Feynman-diagrams where each higher order of the expansion
contributes less than the one before and that the parameter a, as an overall factor of the
Lagrangian density, is not affected by shifts of the fields. Furthermore, as discussed in [30]
and [31], A is an appropriate choice for the overall factor a (compare the prefactor of the
Lagrangian density in equation (3.1.1)) and therefore, a loop-expansion corresponds to an
expansion in powers of 4. That is the reason why we made the effort to set i not equal to
1 from the beginning.

3.4.2. A Simple Example of the Derivation of the Effective Potential via
Feynman Diagrams

Just as Coleman and Weinberg in [7], we compute the one-loop effective potential for the
simplest case of a massless, quartically self-interacting scalar field with the Lagrangian
density®:

1 A
5:5@%f—i%é (3.4.12)

If we explicitly display A, the Feynman rules for the propagator and the vertex are scaled
with A and % respectively and are given in Fig. 3.2 ?. With the help of equation (3.4.7)
and knowledge of the loop expansion we are now in the position to write down the effective

8The subscript 0 identifies the parameters as bare quantities.
9All the Feynman diagrams in this work have been generated with the help of TikZ-Feynman [32].

14



3.4. THE EFFECTIVE POTENTIAL

RPN o)
// \\ B h
B ih
k2440t

Figure 3.2.: Feynman rules for an overall factor 2~! of the Lagrangian density.

potential up to one-loop order. Therefore, we define the vertex functions with vanishing

external momenta at [-loop order fl(n) and write the effective potential as

V(ge) =ih)y Y %fl(n) B = > _ BVi(¢oc) , (3.4.13)
=0

=0 n=2

where V;(¢o.) denotes the [-loop contribution to the effective potential.
The only possible tree-level diagram for the theory under consideration is shown in
Figure 3.3 and contributes to the effective potential in the form

RN R A
Vo= lhz ﬁré )¢Oc = 1h$ré4)¢éc = E(ﬁéc ) (3'4‘14)
= : !

which is, as it should be, equal to the potential of the Lagrangian density (i.e. all the
non-derivative terms).

N ’
N ’

=

Figure 3.3.: Tree-level contribution to the effective potential.

At one-loop order we have to deal with the special case of T(?(0,0) as the negative
inverse full propagator. But since the full propagator is given by

ot G @ G-
- < - " (3.4.15)
T e (m\2 - Z -
B2 = ()" +i0T o5\ k2= (F) +i0t
ih
k2 — ()2 4 AL+ 10+

15



3. THE COLEMAN-WEINBERG MECHANISM

where the self-energy I1(k) is related to the 1PI 2-point diagrams,

(k) = , (3.4.16)

the vertex-function T(?(0,0) for the given massless theory is just:

r®(0,0) = iI1(0) = | D S (3.4.17)

Therefore, we have to consider the infinite sum of all 1PI 2n-point correlation functions
with vanishing external momenta at one-loop level

> ~ AN SN "\D\ \\\‘V'\gz/
STEP =8 ST e S T S b, (3418

n=1 St -t \“f\\ SRR

and for the next-order contribution to the effective potential we find:
o0
1 d*k Ao .
Vi=1 — | —= S | ] 03" 3.4.19
! Zgzzl(zn)!/(%)4 n <k2+10+> 0c (34.19)
e

To determine the symmetry factor S, we have to count the number of different graphs we
can get by reordering of n vertices and 2n external lines:

There are (n — 1)! different ways to connect n vertices and the irrelevance of the di-
rection of the internal lines is accounted by an extra factor of % The 2n external lines
can be interchanged in (2n!) different ways, but since the pairwise exchange of direct con-
nected external lines is equivalent to the exchange of vertices, these n! different graphs
are already covered by the factor (n — 1)! (Fig. 3.4). For that reason, we have to add an
additional factor of % Furthermore, due to the fact that two scalars at the same vertex
are indistinguishable, the swap of two external lines at the same vertex does not lead to a
new graph, which gives an extra factor of 2%

Hence, the symmetry factor S,, has the form

(n—1)! (2n!)
= L 4.2
S 2 2nn)! (34.20)
and we obtain for the effective potential up to one-loop order
Mo o Ak 1 [ $roed
V=— h | — — | = 4.21
a1 %0 F / (27)7 ; 2n <k2 it ) (3421)

which is in perfect agreement with the result of [7]. The computation of this integral can
be found in appendix A.1 and leads to the renormalized effective potential:

2 .4 l)\ 2
V:%gbghrh AP <ln2 O —3> : (3.4.22)

25672 A2 2
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3.4. THE EFFECTIVE POTENTIAL

bl cl cl bl
b2 h C/,,.CQ c2 S N o-- b2
/ \ (a) / }
/ \ — , \
a d a d
bl cl bl cl
b2 S N (:/"'CQ b2 e b-- c2
! \ (b) NI
/ \ — RN
a d a’ “d
Figure 3.4.: Pairwise exchange of direct connected external lines (a) leads to the same
diagram as the interchange of vertices (b).

This result confirms that a loopwise expansion of the effective potential corresponds to an
expansion in powers of i and the discrepancy between the final expression of the effective
potential in [7] and equation (3.4.22) arises from a different choice of renormalization
schemes (cutoff instead of MS).

Furthermore, we find that scale invariance is broken by the loop contributions to the
tree-level potential, since

/d4w #*ng? — /d4:l7 ot (lmgf)2 — lnp2) : (3.4.23)

This simple example illustrates the drastic change of the potential caused by radiative
corrections and the supposed appearance of a new, nontrivial minimum (Fig.3.5), which
meaning is further discussed in [7].

Since it is much more complicated to find the minimum of the effective potential for
a theory with multiple scalar particles, Gildener and Weinberg (GW) came up with a
new method to study the effective potential of arbitrary classically scale invariant gauge
theories [16]. But before we discuss in detail the GW analysis of the effective potential in
chapter 5, we want to derive the one-loop effective potential for a general gauge-invariant
and renormalizable Lagrangian density. For this purpose, we choose a pure functional
approach and explicitly evaluate path integrals instead of performing a diagrammatic
expansion. The lack of visualizability is compensated by the ability to apply this approach
to a much more general theory.

17



3. THE COLEMAN-WEINBERG MECHANISM

V(¢) V(¢)

(a) (b)

Figure 3.5.: Illustration of the difference between the tree-level potential (a) and effective
potential at one-loop level (b).
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4. Derivation of the Effective Potential

In section 3.4, we calculated the effective potential for a simple model with the help of
Feynman diagrams up to one-loop order and discovered that an expansion of the effective
potential in powers of i corresponds to a loopwise expansion. In this chapter, we choose
a slightly different approach, in which we perform a semiclassical expansion and compute
path integrals explicitly.

4.1. The Semiclassical Expansion

By analogy with chapter 3, we start with considering a simple theory with only one real
scalar field ¢ and stress that all later results are still valid for a more complex theory,
only more attention would have to be paid to the computation of the path integrals (see
appendix D). The following discussion is based on [26] and [33].
According to equation (3.1.1), the generating functional of correlation functions reads
207] = % / [dg|et (S des@e@) (4.1.1)

In the classical limit, S > h, the path integral is dominated by the classical field ¢¢(J),
given by the solution of the saddle-point equation

6S[yl

— =—J, (4.1.2)
5SO ‘pcl(‘])
since an expansion of the field ¢ around this saddle-point solution,
¢ =pa+Vho, (4.1.3)
leads to 217
Z|J] = ==, 4.14
1= 5 (@1.4)
with

. i deydpy —05kel
Z[J] = er (Sleal+[ d'aJ@)pa()) / [dg] T,

The linear terms vanish due to equation (4.1.2) and the contributions proportional to v/7
are suppressed due to cancellations caused by rapidly varying phases (Method of stationary
phase). Therefore, the semiclassical solution of the path integral is given by:

@(z1)p(z2)
Pcl

i day dagy — 52 5Le]
ZJ] ~ et (Sleal+[ d*ed @)ea (@) /[d(p]; Jderdz 5o s

(4.1.6)
. 2
_ ch(Sleal+f diaI@ea) & | pey O S1¥]

dp(x1)dp(z2)

Pcl
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4. DERIVATION OF THE EFFECTIVE POTENTIAL

The calculation of the path integral can be found in appendix D.1.2 and the exact form of
the constant C shall not bother us here, since it gets canceled anyway (compare equation
(4.1.4)).

For the generating functional of connected correlation functions we find from equation
(3.2.1) and (4.1.6)

W[J] = —ihIn(Z) = (5[%1] +/d4xJ($)90c1(w) - S[@&])

i (pes Sl | p 0%Slel
+ 5 <1 Dot o) Cl I Det 5 @) ¢%> (4.1.7)
+ O(h?)

= Wo(J) + W1 (J) + O(h?) |

where the superscript 0 indicates that the external source J is equal to zero ((,081 = ¢.1(0)).
Therefore, at tree level, the classical saddle-point solution ¢ is indistinguishable from the
vacuum expectation value of the field in presence of the external source J:

(plal)y =ola) OR7 G0 = [aty | STENIEA) ) 2B o).
(.12
(4.1.8)

As a consequence, the classical field @21 is constant for a translation-invariant theory.
With the help of the Legendre transformation and equation (3.3.1) we can now relate
Wo[J] with the tree-level effective action I'g[¢],

Wold] = Tolo] + [ d'as(@)o(z) o
4.1.9

= Sleal + [ dwd(@)pa(a) - Sled)

and find that the effective action differs from the classical action at tree level at most by
an insignificant constant term:

To[¢] = S[¢] — S[¢”] . (4.1.10)

At one-loop order, we discover from an expansion of the field ¢(x),

S(Wo(J) + Wy (J))

= @al(@) + ho1(z) (4.1.11)

that we still can identify the classical field ¢ (z) with the vacuum expectation value ¢(x)
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4.1. THE SEMICLASSICAL EXPANSION

in the course of the calculation of the effective action:

Told] + AT1[6) = WolJ) + AW L] — / de] (2)(x)

— Slpal + / ATy — S[eY)] - / A4 (z) (k) + By (1))
6%5¢]

—InDet —————~
S @:) )

cl cl

ih 525(¢]
+ — | InDet —————
2 < Sp(an)p(zs)

= S[¢] — h/d4:c ((%
35¢]
0y

+J (@) ¢1(x)
pal (4.1.12)

¢ (x)

0
Pel

— S[¢°] + h/d‘*x

ih 525¢]

8%5¢]
3 (“‘ P Sl (@)

—InDet ——MMM——
B ()0 ()

¢—he1

ih 525[]
— | InDet ———————| — In Det,
2 ( dp(w1)dp(w2) .

9 h¢?>

5°S[e]

(4.1.2)
=l So()0(2)

¢] — S[0°] +

)

+O(h?) .

The effective action at one-loop order is then given by

5*Sy]
dp(21)0p(72)

5°S[]

—InDet ——M————
B ()0 ()

I'[¢] = ;(ln Det
¢

) , (4.1.13)
(z)O

and, as we know from section 3.4, the relation between the effective action and the effective
potential for a constant field ¢. reads:

To[¢e] +hT1[¢e] = — /d“w <V0(¢c) - h%(gbc)) : (4.1.14)

4.1.1. A Simple Example of the Derivation of the Effective Potential via
Semiclassical Expansion

Once again, we consider the Lagrangian density of a massless, quartically self-interacting

scalar field!,
1 Ao
L= 5(8%)2 - E@% ; (4.1.15)

LCompare subsection 3.4.2 and remember that the subscript 0 indicates that we are dealing with bare
quantities.
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4. DERIVATION OF THE EFFECTIVE POTENTIAL

and find from equation (4.1.13) for I'1[¢oc)?:

. 991 — N
F1[¢QC] = ;<lnDet( “—a o (bOc 54( )))

i Ak K- 220
— c ik(z—y)
2 <lnDet(/(2ﬂ_)4 k2 € ) '

Since we know from appendix D.1.2 that

4 ~
In Det (A /d4/ - Indet(A /d4 /d n(A(k)), (4.1.17)

(4.1.16)

where
Az —y) = / dk A(k)etk@=v) (4.1.18)
(2m)* ’ o
we obtain for Vi (¢oc):
i d*k k% — 2242,
Vi(doe) = —5 Tr/(%)4 ln< kf ). (4.1.19)

This integral is after a Wick rotation in agreement with the potential from (A.1.1) and
therefore, we reproduce the result from (3.4.22),

Ay A2g2 A2 3
noethoe s (i -5 (4.1.20)

which demonstrates that both the diagrammatic and the semiclassical approach lead to
the same effective potential.

4.2. Derivation of the Effective Potential for a General
Lagrangian Density

As discussed in detail in appendix B, a general Lorentz-invariant, gauge-invariant® and
renormalizable Lagrangian density can be written as* (see e.g. [34-37])

1 1
Lym = — 1 P pva + 9 (Du@)i (DHQO)i —Vole)
(4.2.1)

FPY — o (@ M) + e M) |

where ¢ denotes a set of n real spinless boson fields and @ a set of m Dirac bispinor
fields. The generalized field strength tensor F4" has the form

Fiv = 9r AL — VAl — AT [ AN AL (4.2.2)

2¢0e = poc(J = 0) = 0.
3With respect to a direct product of SU(N) and U(1) gauge-groups.
4For the sake of simplicity we choose to work from now on with % = 1.
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4.2. THE EFFECTIVE POTENTIAL FOR A GENERAL LAGRANGIAN DENSITY

with the totally antisymmetric structure constant f,;; and s real gauge fields A,. The
covariant derivative, acting on bosonic and fermionic fields, is defined as

(DM‘P)i = au@z‘ +1i ]\% (Ha)ik kaZ (4.2.3)

(DP9, = 0 + 183" (ta) Al | (4.2.4)
and for the potential V() we choose the most general 4th-order polynomial

—4

~d—4 ~4-d 4
Vo(p) = A2 kigi + pinior + N2 piem@iorom + A Nimn@i0r @men - (4.2.5)

The vector wy, is built up by the left-handed fields® 11, and (¢R)¢,

w, = ((gg)c> , (4.2.6)

and the symmetric matrix M is given by

~ 4—d ~ 4—d

My, + A2 Ty Mp+ A%FD,i%
~ 4—d ~4—d

Mp+ A7z T0i Mr+A7 Tripi

® Laxa (4.2.7)

where I'(1, g p},; labels the mxm Yukawa coupling matrices and My, g py refers to possible
explicit Dirac or Majorana mass terms in the Lagrangian density. Furthermore, the factor
A, with []\] = F, keeps the dimension of the coupling constants unchanged with respect to
d = 4 and enables us to work in d dimensions and to perform dimensional regularization
in subsection 4.2.2.

To avoid integrating over physically equivalent gauge fields in the path integral®, we
have to add a gauge-fixing term to the Lagrangian density, where we choose to work with
the t’Hooft- R¢-Gauge [34]

Loy = —g (aMAg +iA 610, (Ba) g (on — ¢k))2 , (4.2.8)

with the gauge parameter £. The corresponding Faddeev-Popov-Ghost term is then given
by [27, 38]

~4-d ~ 1
Lrp = +A72 (9uXa) fabeXv AL + 0uX00" Xa — A47dEXZ¢z‘ (0ab) i1 PrXb 5 (4.2.9)

where y denotes a vector of s anticommuting complex scalar ghost-fields and our whole
Lagrangian density finally reads:

L=Lym+ Lagr + Lrp . (4.2.10)

"Therefore (wy,)® is right-handed.
“Due to the general gauge transformation A% (x) — A% (z) — 0" aa(z) + fabc Al (x)ae(z) (see (B.1.3)),
all gauge fields of the form A% (x) = 0" aa () — fabc Al (x)ac(x) are equivalent to A4 (x) = 0.
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4. DERIVATION OF THE EFFECTIVE POTENTIAL

4.2.1. Semiclassical Expansion of the General Lagrangian Density

We want to apply the semiclassical approach to the general Lagrangian density (4.2.1)
and perform an expansion of the fields around their saddle-point solutions (see (4.1.2)):

p(z) = palr) + ¢'(2)
A(z) = Aa(x) +/{ (x) (4.2.11)
X(7) = xa(z) + X' ()
U(@) = Ya(@) + 9 (2)

As we just demonstrated, up to one-loop level, the saddle-point solutions can be identified
with the vaccuum expectation values in presence of an external source and for translation
invariant theories, it is justified to assume them to be constant in the progress of the
derivation of the effective potential. Furthermore, to avoid breaking of Lorentz symmetry,
we claim that only scalar fields can acquire a nonzero VEV and hence, we get

pa(z) = ¢(z) = ¢ , (4.2.12)

as well as
8,11,(25(: = Acl = Xcl = wcl =0. (4-2.13)

Therefore, we can write the classical action in the presence of external fields” up to order
one as

S7p, Apb,x] = / A% (Lym+Jipi+ fua AL+ Xo€at Xaeh 0 +HPn -+ +90°)

= /ddx (=V(¢e) + Jidbei) + (Spr + Sar + Sy + Sy) (4.2.14)

S
where the fields decouple® and the various parts read:

e Scalar term S, :

1 1:
Sy =— / Az = /" <11m82 + EA‘*—dé)mc@T 0o + Mi) i

2 (4.2.15)
Ko—KT
with
*Vo(e)
M2 = ——— 4.2.16
(M) ik 300 . ( )

"Since we are only interested in the derivation of the effective potential and the calculation of the scalar
VEV, we could have set all external fields, except for J(z), equal to zero right from the beginning. They
are only of importance for the computation of correlation functions.

8The mixture term between scalar and gauge fields cancel due to our choice of the gauge fixing condition.
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4.2. THE EFFECTIVE POTENTIAL FOR A GENERAL LAGRANGIAN DENSITY

e Gauge term Sy :

1
Sar = / dx 3 A, [Bab g 0% — Sap(1 — £)0M” + g (M3Z) ab] Lo

1 4.2.17
—‘2/dd$ AT (~1@ 957+ 18 (900" g) - (1) -Mieg) 4 21T
Ka=K7%
with }
(sz)ab = A4_d¢c,i(9a0b)ij¢0,j (4'2'18)
e Ghost term S, :
. 1
Sy = /ddw X'a [-&wa2 B (fo)ab} Xb
1
_ /ddI o |:]ls><562 B gMi} N (4.2.19)
Ky=K}
e Fermionic term Sy :
1 T _ .
S ,__/ddggw’ 1oCc™ ! [I®u}?—M ® P, — (IMU)@P ] W'
v=—3 ( ) v ® L V) TTRLE (4.2.00)
Kd,:ng
with ,
A |01
W = (1//"> L I= Ll 0} , (4.2.21)
and ald ~4-d
My, + A= Tyi¢e; Mp+ A2 T'pide,
p= | ETA2 L Sl . (4.2.22)
MD +A 2 FD,’i¢C7i MR +A 2 FR,i¢C,i

We can now easily write down the semiclassical expansion of the generating functional

J 14/ [aA")[aw][ax[ax"] exp[iS4 +i (S, + Sar + Sy + Sy )|
Z1J] = . (4.2.23)
J1d¢[dA[deT[dx/)[dX""] exp [155’120 +i (Sg, + 5% + 5%, + SQ)}

where the superscript zero in the denominator reveals that the terms are evaluated at
Y = ¢c(J = 0). Solving the above Gaussian integrals (see appendix D and especially
(D.1.23),(D.2.24) and (D.2.26)) leads to

1 1 1
) _ KO b KO 2 K 2 K
7 = e5a=5a"" ) Det <A> - Det (S”) ‘Det [ =2 ] -Det (’g) (4.2.24)
Ka K, K KO

Again, we can express the generating functional Z through the connected generating
functional W and a loop expansion,

Z[J] = WV = WoldlgiWalJ] (4.2.25)
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4. DERIVATION OF THE EFFECTIVE POTENTIAL

helps us to find (compare (D.1.25), (D.2.25) and (D.2.26)):

WolJ] = S — S4~°
d?% [1 . R
_ s d - . 0
WAlJ] =i / a’s | Gy [2 (ln detK 4(k) lndetKA(k:))
L (lndet &, (k) — n det KO (k
+§<n et Ky (k) — Indet K ,( )>
1 X )
= (m detK (k) — In deth},(k))
- (m detK, (k) — In detf(g(k)” .

4.2.2. Explicit Calculation of the Effective Potential

We want to solve these decoupled integrals separately and start with the

I: Scalar field term

sz—;/ddx/

Since the determinant can be rewritten as

d ~ A~
(;’; . (m detK (k) — In detKg(k)) .

9
detK (k) = det(— 1- (k2 +i0%) + Dg))
D
_ 2 0\ ¥
where the diagonal matrix D is given by

1~
D@ = P(;l <§A4_d9a¢c¢g‘0a + M;) P@p s

we get

i d dk D, Df}
W, == 1 1———% ) _1 1———®
® 2/d x/(2 T <ndet< [Ep ndet [Ep

If we further perform a Wick rotation and make use of the identity

Indet A=Trin A,

(4.2.26)

(4.2.27)
(4.2.28)

(4.2.29)

)

(4.2.30)

(4.2.31)

9The appearance of +i07 is explained in appendix D.1.2 and enables us to perform the Wick rotation.

Afterwards it is safe to set it to zero, i0T — 0.
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4.2. THE EFFECTIVE POTENTIAL FOR A GENERAL LAGRANGIAN DENSITY

the integral reads:

o foe

D DY
In L4 —1 14— 7
( dt _10+> ndet( +k%—10+>>
1 " d ddkE (D@)“ (Dg)u
== In(1 —In|1
2Z/dx/(27rd<n<+ K2 S )
d d

i=1 47T)
T -4 . 2
= /ddl‘TI‘ % E4 );) <2A4_d9a¢c cTea+M£>2
™

_ (é/l4—d9a¢2¢2T9a+M32>2 )] .

(4.2.32)
For d = 4 — 2¢ dimensions we can expand the above expression in powers of ¢,
1 1
— — T(-1 A% =
=2 @< L0149
1 1 A —2€ A2 42
= 512 (1+2> (1+¢€ In4m) ( ; +ve—1+ (’)(e)) A7 A* A (1 —elnA) + O(e)

1—|—eln/~\2

+ O(e) ,

_L _}_3 2¢ 42 2 A
(e
(4.2.33)

where v denotes the Euler-Mascheroni constant and with A2 = A?. gye—In(dm),
Therefore, in the MS-scheme the counter term reads

! 1o, 21, T 2
oo () (g emnd)(rnatn)]

(4.2.34)
1 T 2
1 A 1 T 9 2 geaﬁbcd)c 0o + M<P 3
Wo=— = /d 2Ty <£0a¢>c¢c Oa + M«p) I A2 2

1 2 l9a¢8¢2T9a + M02
_ (50,1(;52 o, +Mg2> : <ln (5 i3 L —g ~CT,

and the limit € — 0 yields:

(4.2.35)
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4. DERIVATION OF THE EFFECTIVE POTENTIAL

Since the integral of the

II: Ghost field term
A’k £ 1M 42 1My’
. d A
= 1 1—>—4 ) 1-> A
Wy 1/d x/(4ﬂ)d[ndet( k2+10+> ndet 12107 ,
(4.2.36)

has the exact same structure as the scalar part (4.2.27) we can immediately write

down the result
2 1 Ms2 3 1 oa. (MO 3
W,y /d4xTr MA41n< —)—Mg In| =4 -2 |-CT,

~ 6dr2 €2 A2 2) g2 EAZ 2 ’
(4.2.37)
with
- 11 4
_ A—2e - & 4 0

CTy =47 [MA MA} . (4.2.38)
Next, we consider the
III: Gauge field term

1 d’k . B 20
Wa= 3 /d x/ oy <lndetKA(k) lndetKA(k)) : (4.2.39)

with
Ka(k) = <ﬂsxS®g) (]lSXS@kQ Lgxa—(1=&) Loxs® k‘kTng;@Jﬂdxd) . (4.2.40)

The d x d dimensional matrix kkT g has one eigenvector k | k with eigenvalue k% and
d — 1 eigenvectors k 1 k with eigenvalue 0. Hence, we can find a matrix Py,

Py = <P;‘ﬁs ® P(fxd) : (4.2.41)
with
-1 . _
PM Dy (PM)Y "=M3 and P, diag(k%0,...,0) (Pi,) '=kk'g (4.2.42)
such that
e -
X 1
KA(k) :<ﬂs><s®g>PA ]ls><s®(k2+io+) . —DA®]ld><d P,Zl
- 1_
e .
2 | 0t 1
= ]ls><3®g Py ]ls><s®(k' + 10 )
L 1_
1
€
' p ! Pt
HSXS®HdXd_m AQ® A

(4.2.43)
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4.2. THE EFFECTIVE POTENTIAL FOR A GENERAL LAGRANGIAN DENSITY

where we again have displayed the +i0" term in the last equation. The diago-
nalization matrix P4 does not play any role in the course of the derivation of the
determinant and since K4(k) and K9 (k) both exhibit the same factor

§
2 0t 1
Lixs®g ) - | Loxs ® (K +107) . , (4.2.44)
1

they cancel each other out. Therefore, after a Wick rotation and applying the
identity (4.2.31) we are left with:

_1 h
1 ddk 1 ¢ 1
d E
WA: —2Tr/d .’E/ (27’[’)d lln ]ls><s®]ld><d+%DA®
- 1_
—l |
3
| L L 1 Do 1
—In | Loxs @ Laxa + 15 Da @
2 .
1

s

1 d?k £(Da)i (Da)ii
_—2;/ dx/(%)b; [m(u% >+(d—1)-ln <1+ 2 )
£
—1n<1+k%>+(d—1).1n<1+ kg; > .

By analogy with the above calculations we find in the MS-scheme

(oW

CT, = A2t [(3 + ;2> (MA4 - M24)] , (4.2.46)

and for e — 0:

1 4 d M3 5 1/ &™3% 3
Wa = 647T2/d33Tr MA(3< A2 6 +£2 In A2 5

2 —11s02
04 MY 5 1 &MY 3

(4.2.47)

The last missing part is the

IV: Fermion field term

o o

9

Tr 111 112nx2n®]14x4+x4) —Tr 1H<112nx2n®]14x4+A0)

(4.2.48)
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4. DERIVATION OF THE EFFECTIVE POTENTIAL

with

K

01
A= M
[ } v O or

+ [0 1 ¥
1 0 PL+M¢,[ ]@P (4.2.49)

1 0) < k24i0t
where we already have canceled the factor
0 1
(Lonxon ® C7Y) ([11 0} ® —Jé) , (4.2.50)

and made use of equation (4.2.31). Since the trace of an odd number of gamma
matrices vanishes,

C.14
Tl“(71---72n+1) = TT(’Yl---Wan’Ys%) ©29 —T1"<’7571---72n+175>
(4.2.51)
= —Tr(’)/l...’YQn_H) =0 y
and we know that (see appendix C.3)
P,Pr=PrPL=0
TI‘PL = TI‘PR =2
9 (4.2.52)
Pi =P,

we find for the trace of the logarithm

> Al o A2)!
Trln(j[l + A) =Tr Z(_l)lHT — Trz(_1)21+1(2l)
=1 =1

0o l
=Tr E 5 210t 1 0 MT/JMw 1 0 ®PR+M¢M1/1®PL

0o ! 1
_ (=™ 1 ) _ My M,

(4.2.53)

Therefore, we have reduced our integral to the meanwhile well known form

.|.
49k MwMT MOMO
Wy = —i [ da¢ Indet [1 - —— % | —Indet [1 - =¥
v Z/ m/(zm)d[ne< Rrior ) e\ T e ) |

(4.2.54)
and thus we get

_I.
2 A )2 My M, 3
Ww:647r2/d xTr[(Mwa) ln< -3

(4.2.55)
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4.2. THE EFFECTIVE POTENTIAL FOR A GENERAL LAGRANGIAN DENSITY

with

CTy = ]\—2% {(Mw Mjp>2 - (MgMgT)Q] .

(4.2.56)

With the help of equation (3.4.2) we can now finally write down the effective potential at

one-loop order as'”

Tr

V(¢c) = V()((bc) + 64?

1 T 2 ?
<§9a¢0¢c 9(1 + M<p> : In
+Mﬁ<3'< ]Wi_5>_1

A2 T
—-2. (Mw MJj>21n<M122

§9a¢c¢?9a+Mé>

A2
<ln

eI}
A2

-3)

_§>

+ const. + CT',

where the counterterm CT is given by:

1

T—
¢ 6472

Tr| = CT, — CT4 + 20T, +2CTy| |

(4.2.57)

(4.2.58)

This effective potential is for Dirac fermions!'! and in Landau gauge (¢ — o0), up to a
different choice of renormalization schemes, in perfect agreement with the result found in

[16].

10The derivation of this general effective potential for a general R¢ gauge was done in cooperation with

M. Fink and thus can also be found in his master’s thesis [39].

"For Dirac fermions (Mr, = My = 0) the eigenvalues of the 2m x 2m mass matrix M¢ML degenerate

and the trace delivers an extra factor of 2.
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5. The Gildener-Weinberg Approach

To be able to determine the minimum of the effective potential for theories with an arbi-
trary number of massless scalar particles, E.Gildener and S.Weinberg came up with a new
efficient method to explore SSB in such classically scale invariant theories. Since we want
to apply this Gildener-Weinberg approach to a SU(2)-extension of the Standard Model in
the next section, we give a short review of their work, based on their paper [16].

We consider a general, classically scale invariant and renormalizable gauge theory with
n weakly-coupled real scalar fields ¢;. The tree-level potential is then given by

1
Volp) = gy himtmpiprerom - (5.0.1)

Since the coupling constant A;x,,, which we assume to be totally symmetric, depends on
the renormalization scale A, Ajxim = Aikim(A), we can choose A = Agw such that the

potential V[ possesses a nontrivial minimum along some ray cp?at = n;o (Figure 5.1).

(a) Tree-level potential for arbitrary A (b) Tree-level potential for A = Agw

Figure 5.1.: Illustration of the appearance of a flat direction for the right choice of the
renormalization scale - here for a theory with 2 real scalar fields.

To find this special direction we claim that the effective potential has to fulfill the following
condition for its minimum on the unit sphere:

Jin 1<>\iklm(AGw)NiNkNle) ~0. (5.0.2)

Therefore, if the potential Vp(IV) is equal to zero for a unit vector N; = n;, the potential
flat — n;o, which gives the flat direction of Figure 5.1. The

is also zero along the ray ;
Gildener-Weinberg condition (5.0.2) puts one single constraint on the coupling constants
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5. THE GILDENER-WEINBERG APPROACH

and enables us to trade a dimensionless coupling constant for the dimensionful Gildener-
Weinberg scale Agw. This phenomenon is known as dimensional transmutation and is, as
described in [7], a general feature of SSB in classically scale invariant theories .

To ensure that the flat direction defines a minimum of the tree-level potential, we have
to claim that the Hessian matrix P is positive semidefinite:

2
P, = 20

1
Uk = 5 Aiktm (A : >0 Vu . 5.0.3
Bodpn | U T 3 ikim(Aew)wiugngn; >0, Vau ( )

1
p=n

Furthermore, higher order contributions §V to the zero-loop potential Vj lead to a small
curvature in the flat direction, which produces a distinct minimum, and to a small shift
d¢p; of this minimum in the direction of ¢;. Therefore, the extremum is defined by

0= [ 2 (vl + W(@)]mw | (5.0

which reads at one-loop order!

oVi(p)

0 = Py, (0)* +
() i

(5.0.5)

n{o)
In the last line we made use of the fact that n is an eigenvector of P, with eigenvalue 0,
Pyng =0, (5.0.6)
since a necessary condition for the minimum in the direction of n is just:
Xikim (Agw) ngngmnmy, =0 . (5.0.7)
For a gauge symmetry with the infinitesimal transformation law
0= p+iea,0, 0, (5.0.8)

each broken generator, ©,n # 0, corresponds to a massless Goldstone boson and delivers
another eigenvector of P with eigenvalue zero (Goldstone’s theorem [40]):

Py (6n), = 0. (5.0.9)

We can now make use of equation (5.0.6) and contract equation (5.0.5) with n; to find
a condition, which determines (o):

COVi(p)

_ _ oVi(no)
0=mn i -

do

(5.0.10)

n{o) (o)

The one-loop effective potential (in Landau gauge) along the ray ¢f8 = no can be written
in a very compact way as (compare equation (4.2.57))2

2
Vi(no) = Ao* + Bo'In <A2W) , (5.0.11)

SV =Vi4+Vat...
2We ignore possible constant terms and postpone the discussion of the counterterms and renormaliza-
tion to the next chapter.
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with the dimensionless constants

N S Y G L YN
A_647T2<a>4Tr[ s0<1 ((U;DQ 2>>+3 A<1 (<0>2 6))

2 ol (5.0.12)
9 (m¢mjp> (m( <G>2¢ _ 2) )] :
and
= W Tr mfp +3m% — 2 (mme>2] . (5.0.13)

The matrices m,, ma and m,, are the tree-level mass matrices of the scalar bosons, gauge

bosons and fermions?,

(4.2.16) O*Vp(p)

(mfo)lk = (Mg)zk iy,

(m124)ab = (le)ab

My =

n(o)

n(o

(4.2.18) ni (0,04) ;. Nk <0>2 (5.0.14)

n{o)

(4.2.22) [FL,ini Frlg,ini:| o)
I'pini I'rini 7

n{o)

and hence, we can write the constant B as a sum over all tree-level masses my, m, and
My of scalar bosons, gauge bosons and fermions respectively:

B= 647T2 [Z h+3zg:m3—zf:cfm;%] : (5.0.15)

For Dirac fermions (I', = I'g = 0) the eigenvalues of the mass matrix degenerate and
therefore the factor ¢y is 4 for Dirac fermions and 2 for Majorana fermions.
A stationary point of the potential, see equation (5.0.10), is given by the condition

In (i‘g;) = —% - % , (5.0.16)

) is of order unity, perturbation theory should be valid [16]. Since

(0)?
A2
the one-loop potentlal is not bounded from below for B < 0 and purely quartic for B=0,

we have to require that
(5.0.17)

Furthermore, it is not hard to show that the value of the potential at this nontrivial
stationary point is smaller than its value at the origin V(0) = 0:

and as long as In (

V(n(o))=Vi(n(o)) = A (6)*+ B (o) In ( (o)” ) ‘5“:'16)—%B @' <0.  (5.0.18)

2
AGW

3We are dealing with a classically scale invariant theory and therefore, explicit fermion mass terms are
forbidden.
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5. THE GILDENER-WEINBERG APPROACH

Since the squared masses of the scalar bosons at tree level are just the eigenvalues of

the matrix
O*Vo(p)

2
=I5k \0) 5.0.19
D Hl) (019

(m?p)ik =

n(o)
we immediately see from equation (5.0.6) and (5.0.9) that we find at zero-loop order -
apart from a set of massive bosons corresponding to positive eigenvalues of mi and a set
of massless Goldstone bosons - one extra massless scalar boson, the scalon [16].

If we consider the one-loop contributions to the mass matrix

0* (Vo(p) + V()
2 2
L= .0.2
(ch + (5m¥,)lk D0 , (5.0.20)
n{o)+dp
we find at one-loop order:
0?Vi(p)
2\ _y. 1(p
(0m2) . = Nikim 1 (0) 6om + Fodon n (5.0.21)

As long as 6m(2p is only a small perturbation compared to mi, the positive eigenvectors of
mfa remain positive at higher orders and if we assume that the effective potential is still

invariant under © at higher loop orders, the Goldstone bosons stay massless.
The squared mass of the scalon at one-loop order is just the eigenvalue of the mass
matrix m?o + 5m?0 with respect to the eigenvector n; + dp; and given by:

9%V,
m? = (n; +6¢;) | Pir. (0)% + Nittm 11 (0) Spm, + IVily) (nk, + dor)
OOy,
o) (5.0.22)
2 2
(5.&6)” 0 Vl( ) _ 0°Vi(no) (5.0.16) $B (o >
" dpin @ 27 g

Therefore, we found that the scalon becomes massive at one-loop order?, where its mass
is determined by the tree-level masses of the other particles contained in the theory under
consideration:

m2 = 87r2 [Z h+32m3—2chm‘}]. (5.0.23)
g f

As long as the negative fermion contributions are compensated by the other particle masses
(or simpler, as long as B > 0), all eigenvalues are positive-definite and the zero-loop result,
that n (o) + d¢p is a local minimum, is still valid at one-loop order.

4For that reason we call the scalon a pseudo-Goldstone boson.

36



6. Classically Scale Invariant Extensions of
the Standard Model

If we trust in classical scale invariance as a guiding principle of model building, it might
be tempting to apply the GW approach to the classically scale invariant version of the
well-investigated Standard Model (SU(3).x SU(2)r,x U(1)y), which is simply achieved by
getting rid of the imaginary scalar mass term —u2HTH in the Lagrangian density.

6.1. The Classically Scale Invariant Standard Model

The classically scale invariant Lagrangian density reads® (see e.g. [36, 37])

1 1 1
Lou =— 3 Wi, W — 2 G, GM — = By, B

+1QrPQL + iugPur + i drPdr

+iLPL+ilgPir+ (D*H) (D, H) — Vau (6.1.1)
— QT DrH - QT UR (iraH*) + hec.
~ITYIRH + hee.
with the CSI tree-level potential:
A 2
- T
Vou =5 (H H) . (6.1.2)
The complex scalar field H denotes the Higgs doublet
1 (hy+ihs
H=— . 6.1.3
V2 (hg —|—1h4) ’ ( )

and the quark and lepton fields are defined as

C UR dR 14 eli
QL = , Ur=[cr| , Dr=|sr| , L= - sy = |pg |
() (- R
b, T

(6.1.4)
where the quark fields transform as triplets with respect to SU(3).2. The weak isospins
and weak hypercharges (T',Y) of these fields can be found in Table 6.1 and the electric

"'We simplify our notation a, little bit and do not explicitly display the Dirac structure of the fermions
anymore.
Ye.g. u= (ur ug up).
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6. CSI EXTENSION OF THE STANDARD MODEL

| Fields (T,Y) |
Q- ~ ()
Uri  ~ (0,3)
Dri ~ (0,-3)
L~ (4-1)
ki ~ (0,-2)
H ~ (1)

Table 6.1.: Weak isospin and weak hypercharge.

charge is then given by
Y

Q:T3—|—§ . (6.1.5)
The covariant derivative can be written as
T. Y
DM = 8”+198%G’2+ig?“W5‘+ig’§B“, (6.1.6)

where G} labels the eight gluon gauge fields and W' and B* denote the four electroweak
gauge bosons. The generators T4 are the Gell-Mann matrices A4 when applied to SU(3),
triplets and zero otherwise, the generators T, are the Pauli matrices 7, for SU(2)1, doublets
and equal to zero for SU(2)y, singlets. Furthermore, the field strength tensors are defined
by

Gh, = 0,G; — 0,G} —igs fPCGEGT

W, = 0, Wy —9,Wi —ige®™ A} AL, (6.1.7)
B, = 0,B, —90,B,,

and I‘](Dd ), I‘](Du ) and Fg) label the complex 3 x 3 Yukawa matrices.

6.1.1. Tree-Level Masses

If we assume that the Higgs field acquires a vacuum expectation value of the form

()5 )

we obtain the following gauge boson mass term from the kinetic scalar term:

2
L) = = [g7 (Af +145) (A —i45) + (9B — g45)°] . (6.1.9)
The mass eigenstates are then given by
Wi, FiWs
+
W# — M [
V2
Ay\ | cosBy  sinfy B,
<Zﬂ> - [— sin Oy cos Oy | \Ws, )’ (6.1.10)
where Oy labels the Weinberg angle,
g

cos by = (6.1.11)

Vi tg®
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6.1. CSI STANDARD MODEL

and the corresponding masses are

1 1
Mfy = Jg%?®  and  ME = (92 +g’2) W2 (6.1.12)

The Yukawa generated Dirac mass term for the leptons read

D_ 7 V0
£ = D+ he. (6.1.13)

and after a suitable unitary transformation,

UVIs = Uy

(6.1.14)
v =1,
where [, and L’ denote the mass eigenfields, the diagonalized leptonic mass matrix is given
by:
t .
( ) = UIE)[ g) Uf({l) = diag(me, my, ms) . (6.1.15)
If we rewrite the Lagrangian density in terms of these leptonic mass eigenstates, all the
unitary transformation matrices cancel and thus no interactions between different gener-
ations of leptons appear.
Furthermore, we find by analogy with the leptonic case for quark fields

20 +hee. (6.1.16)

Dy — Ty, 7

9 =Dy, \%

and introducing the mass eigenstates

Vi D = D}
(d) /
V." Dy, =D
9 bR (6.1.17)
VR Ur = U,
Vo, =ui,
yields the diagonalized quark mass matrices:
M](Du) = VL(u)\} F(u) V(l) = diag(my, me, my)
(6.1.18)

MY — @ Y p@
= —r vy
Lve P

This time, rewriting the Lagrangian density with the help of the quark mass eigenfields
leads to the CP-violationg term

- dia‘g(mda ms, mb) ‘

I U7 VOV D e (6.1.19)
\/5 S————

Vexkm

where Veogn labels the unitary Cabibbo-Kobayashi-Maskawa matrix [41, 42], and thus
transitions between different generations of quark fields can occur.
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6. CSI EXTENSION OF THE STANDARD MODEL

6.1.2. Scalon Mass

Since the SM Higgs boson, h3 := hgy, is the only massive scalar particle of such a theory,
it is clear that we have to identify it with the scalon. Therefore, at tree level massless, it
should acquire its mass (125.09 GeV) by radiative corrections at one-loop order®:

1
(125.09(;ev)2émi:83<a>2=87T2<(7>2 3-(2- My + M%) —4-3-m} | <0.

—(318 GeV)4

(6.1.20)
Obviously, this result is in contradiction to the requirement B > 0 for finding a minimum
of the potential and we are not able to reproduce the experimentally measured Higgs
mass. Hence, a classically scale invariant version of the SM is clearly excluded by mass
measurements.

The failure of this reduced Standard Model is caused by the dominating top quark mass.
Nevertheless, this negative fermionic contribution could be compensated by additional
scalars (extended Higgs sector) and/or gauge bosons (extended gauge group).

Out of the vast amount of possible classically scale invariant extentions of the SM, we
choose to concentrate on a nonabelian extension (see for example [8-14]) for the following
discussion. There, we first introduce an extra SU(2) gauge group, as well as a correspond-
ing scalar doublet, and add a real scalar singlet in a second step to be able to implement
the seesaw mechanism and to explain nonzero neutrino masses.

6.2. A Classically Scale Invariant SU(2) Extension of the
Standard Model

We consider the classically scale invariant version of the SM from above and extend the
SM gauge group Gsm by an additional SU(2)x symmetry,

SU(3). x SU(2);, x U(1)y — SU(3),. x SU(2)x x SU(2);, x U(1)y , (6.2.1)

under which all the SM particles act like singlets. Furthermore, we introduce a new scalar
boson @ as a doublet with respect to SU(2)x, which transforms trivially under Ggy. Hence,
the whole Lagrangian density is given by*

L= Lhy - iXWXW + (D,;b)T (f)#cp) ~ Vo(®, H) | (6.2.2)
with ) _ L b ain
o= (2; N ;;fj) wd 1= (h; ' ihi) . (6.2.3)
The covariant derivative has the form
D'®; = 01®; + ig  XF (7a) oy, , (6.2.4)

2

3The factor 3 in front of the top quark mass arises from the three different color charges and all the
other fermion masses are neglected due to their smallness. The particle masses can be found in Table 2.1.
We define Lsm = L&y — Vam.
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6.2. CSI SU(2) EXTENSION OF THE STANDARD MODEL

with the new coupling constant g, and the SU(2), related gauge fields® X,, and the
corresponding field strength tensor X*¥ is defined by

XM = OPXY — " XP — geeane X1 XY . (6.2.5)

The classically scale invariant potential reads
2 2
Vo(®, H) = A (@ch) Ay (HTH) —2), (qﬂ@) (HTH) , (6.2.6)

where Ay, Ay and ), denote dimensionless and real® coupling constants and since the field
® interacts with the Standard Model only via the mixing term —2\, (<I>T®) (HTH), this
interaction is sometimes referred to as Higgs portal.

We can decompose the two complex scalar doublets into their real components,

$1 hy
= P2 5 ha
¢ = and H= , 6.2.7
¢3 h3 ( )
®4 hy
or ~
0]
= = 2.
e=(7) (6.2,
and rewrite the potential as
_ 1 ~ .2 1 - N2 1 . -
Vo(®, ) = 1A (@icpi) + 1A (HH) — 5% (<I>i<13i) (Hka) : (6.2.9)

which enables us to apply the Gildener-Weinberg approach, as described in the last chap-
ter.

Firstly, we realize that we can use the SU(2) and SU(2)x symmetry to restrict the flat
direction of the tree-level potential to the plane

0
0
ny
Pt = no = 8 SO = <n1> o, (6.2.10)
0
n2
0

so that we are able to simplify the above potential along this flat direction to

1 1 1

From equation (5.0.2) follows that the conditions

I: Ms(A 2\ (A 2
¢ (Aaw)ny — Ay ( Gw)n; (6.2.12)
ny

IT: g (Acw)ns — X\, (Aaw)

®As the gauge boson X, does not interact with the SM, we sometimes refer to it as dark boson.
5The action has to be a real quantity.

=0
=0
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6. CSI EXTENSION OF THE STANDARD MODEL

have to be fulfilled to obtain Vp(f12*) = 0. Therefore, the GW condition at the GW scale
reads

Ay (Aaw) = Ap (Aaw) A (Aaw) (6.2.13)

and we find”

)‘P
flat (”1>-a: V 2t -U'—(Cos(a))-a ,0>0,0<a<

L Ao ~ \sin(a)
)\p+)\¢

| (6.2.14)

|3

where we have dropped the explicit scale dependence of the coupling constants in the last
equation for brevity and from now keep in mind that A = A (Agw). Furthermore, the
conditions (6.2.12) can only be nontrivially satisfied if

sgn(Ap) = sgn(Ag) = sgn(Ag) . (6.2.15)

The vacuum expectation values of the scalar fields, defined by the minimum of the
potential at one-loop level, can be expressed as®

_ ((93)\ _ (D)) _ [cos(@))
(p) = <(h3> =my) = Lsin(a) (o) . (6.2.16)
Since only the scalar field h interacts with the particles of the Standard Model and pos-

sesses a nontrivial VEV, the mass of the W-boson is, after symmetry breaking, given
by

1
m2; = 192 (h)? (6.2.17)

and with the definition of the Fermi coupling constant [43],

2
Gr = ‘/%2 =1.166 - 1075 (GeV) 2, (6.2.18)
My
we find
| (h) = sin(a) (o) = 246 GeV (6.2.19)
and hence:
246 GeV 246 GeV
<¢> - tan (Oé) ’ <U> - Sin(a) (6220)

Furthermore, the mass term of the dark gauge bosons X} reads (compare (6.1.9))

(@)

(9) —
Ly 3

gs (X7 + X5+ X3) , (6.2.21)
and thus the masses of the dark gauge bosons are degenerated:

M% =592 (8)° . (6.2.22)

B~ =

" Actually, one finds four different flat directions (compare figure 5.1), but all of them are physically
identical and we choose to work with n; > 0 and o > 0.
8We assume d¢ to be small enough to safely ignore it.
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The second derivatives of the tree-level potential are given by
PVo(d, )\ [ Ao (870 = 2ATH) 1+ 2007) —o\, BT
dpider ) —2\, AT A ((ﬁTﬁ — 2 §Td)1 + 2I§U§rT)
(6.2.23)

which, when evaluated at the vacuum expectation value n (o), yields the squared scalar
tree-level mass matrix (see (5.0.19)):

m2 = 82‘/0
v DpiOpy,

Considering the conditions from (6.2.12), this mass matrix reduces to the simpler form

(6.2.24)

n{o)

mg, 9

2 3)\¢n%—)\pn% _2)\7;711712 . 9
[ —2X\mny  3Agnd — Apn? ()", (6.2.25)

where all other entries of the 8 x 8 matrix vanish and n; and ne are defined by equation
(6.2.14). Therefore, we find 6 massless Goldstone bosons and the two eigenvalues

m2=0 and m3=2\,(0)? (6.2.26)

s

of the remaining matrix correspond to the squared tree-level masses of the scalon field hs
and a second Higgs field h,, respectively, where the requirement of positive definiteness
restricts A\, to be positive. The mass of the scalon is then generated at one-loop order and
reads for this model

mS
8n2 (o)

1 !
2—8B<a>2—2[ (2- My, + M7 +3-My) +mj —4-3- m§]>o.

(6.2.27)
Furthermore, the scalar flavour eigenstates ¢ and h can be written as a mixture of the
mass eigenstates hs and h,,

()=
at

Therefore, the two scalar mass eigenstates are both candidates for the Standard Model
Higgs field hgn, where it is far from clear which of them has to be linked with the SM
Higgs mass of 125 GeV.

Before we investigate these two possible scenarios, we first want to derive the beta
functions for all the coupling parameters of this model.

+ ¢’

+ I

+ cos(a) hs — sin(a) hy,
sin(a) hs + cos(a) hp, ) -

> n (o) +nhs+nyhy,
(6.2.28)

(9)
{h)
(9)
(h) +

6.2.1. Running Couplings

We will catch up on the discussion about renormalization of the effective potential, which
we skipped in section 4.2 and chapter 5 and concentrate on the pure scalar part of the
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6. CSI EXTENSION OF THE STANDARD MODEL

Lagrangian density,

¢0 " L ¢0 1~260 4 1~260 4 1~260 272

—‘;or(so)

where we have explicitly displayed the bar quantities and work in d = 4 — 2¢ dimensions.
Introducing the scale-dependent renormalized scalar fields and coupling constants up to
one-loop order,

1
1 1+ 362 672
@2) = 72 <€2> = 7y o0 RS G:) : (6.2.30a)
5Zh¢ 14+ §5Zhh
Ao =Zy, A = (1462y,) Ag
Ny =2, = (1+623,) M (6.2.30b)

A= = (1+40Zx,) N,

P

leads to

T
Escalar = <aﬂ (i)) (8# (i)) _ }A2€A¢ ¢4 _ EAQEAH h4 + %A2€Ap ¢2 h2

T
97 673, + 07 1.
+ <au (ﬁ)) o 0% (aﬂ (i)) — R (6Z,, + 26 Znn) Aurh*

522 +67Z, 8 Znn 4

1+ € 1+ €
ZA2 (0Zx, +26Zys) Asd" + 5A2 (6Zx, + 0Zpn + 0 Zgg) Ap &° I
~ 1 ~ 1
— N* Ny = Np) 622, 0°h — N> (A — Ap) 022, oh° .
(6.2.31)

As demonstrated in section 4.2, the effective potential comes at one-loop level along with
the counterterm (compare equation (4.2.58))

CT =

1
P Tr[ —CT, — CT4 + 2CT¢} : (6.2.32)

where we find for our model?

2
T CT, (4:234) 3 g1 1 <8ilg/;k) (6.2.23) A2€

(1203 + 4X2) ¢* + (1223 + 4X2) b

+ (8A2 = 1229\, — 12X )) ¢2h2] :

(4.2.46) 5 9 3

Ty (4218 2 3
€

TrCTa

1 2 4 3

3 22/ />h4 744
16(9+99 +9 +169z¢ ,
(4.2.56)

4
A2l o (MwMT> (1222) 5oc 0 Uiy

Tr CT
g ¥ € 4

(6.2.33)

9Since the counterterms appear only at one-loop order, we don’t have to distinguish between bare and
renormalized quantities and can work with the renormalized ones.
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Since we want to obtain a finite effective potential

V = Vp+ Vi + CT = finite (6.2.34)
the following relations have to hold in the MS scheme!?:
(02, +20Zs3) Ap = L [12)\ +4X2 + ggﬂ (6.2.35a)
A vo) e 162 »167t] -

1 1

0z 207 54) Ay =
(0Zxy +20Zpp) At = - 16m

1672
1

1

[12/\ +4M2 4 6 (3g4 +2¢%4"

+9

) - Byﬂ . (6.2.35b)

(67, + 6 Znn + 6 Z44) \p = [ =832+ 1220 + 122m10y | - (6.2.35¢)

€ 3272

The field strength renormalization counterterms dZ4,4 and 02y, can be calculated with
the help of the scalar self energy II(k?) (see appendix A.2) and read

1 9g2
69 = 2
¢ Gdm (6.2.36)
57 19¢% +3¢"" — 12y}
hh =g 6472
Since A2\ has to be scale-invariant, we find
d ~ d ~
- A*) = (A% z\2)
dInA ( °) 7 dlnA A
162 a\ (6.2.37)
A 2¢ A 2¢ A 2e
= AN+A*(1+6Z2
2eN“Zy A+ A oA + (1+ /\)dlA
and hence, we get up to one-loop order
dA déZy
A) = = — — 6.2.38
BV dIlnA dInA ( )
In addition to that, this relation reads for gauge and Yukawa couplings at tree level
dg dyy
_ _ U — 2.
Blo)= Lo =—cg and Blu) =% = —ey, (6:2:39)
Therefore, the derivation of equation (6.2.35a) with respect to InA gives
d6Zyg 1 1 9
—B(Ag)— 2eXs+ 2 © No—2¢ (825, +20Z49) Ap = ~ ——5 de(—12)3 —4X2 — gl
Bro) = 2€dgt 2= Mg —2e (623, +20Z50) Xs = - 15 6< 16)’
R,_/
N A
(6.2.40)
which yields in the limit € — 0:
B(Ag) = E Bt g2+ 24X +8)% + 994 (6.2.41)

%Tn addition to these relations we also find: 6 Z4, = 624 = 0
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In exactly the same way as above we find

1 3
B0w) = g [(12y§ —9g% - 39'2) Arr 2403 + 8N + S (394 +2¢%% + 4 ) 6yf} ,
(6.2.42)

and

1 9 9 3
B(p) = W)\p [—295 — 592 — 5g’ +6y7 + 12X + 12X — 8)\4 : (6.2.43)

These one-loop renormalization group equations (RGEs) are, despite of a slightly different
definition of the coupling constants, in perfect agreement with the results found in [9]
and [10]. The initial conditions for these scalar couplings will be defined at the Gildener-
Weinberg scale A = Aqw.

The beta function of the gauge coupling g, can be calculated with the help of the general
result for a SU(N) gauge group ([44], [45])

¢> [11 4 1

ame |3V g T —neg

Blg) = — 5

T(R)| , (6.2.44)

where ny and ng are the number of fermions and real scalars (without Goldstone bosons),
which transform under this gauge group, and T'(R) is defined by the trace of the generators
T, in the corresponding representation:

Tr [775) = T(R)d,p - (6.2.45)

For our SU(2)x gauge group'! we therefore find N = 2, ny=0, ns=1, T(R) = 1 and thus

1 43
where we define: Y
ge(A = Myx) = <7>X (6.2.47)

The Standard Model couplings are not affected by the introduction of the new gauge
group and the corresponding beta functions are hence given by (see [46])

Blg') = i?% "’
< ) 3 (6.2.48)
B(gs) = (4@2 793,

0 1)
1Eor real scalars the generators read: 71 = ( 0 12x2)7 To = % (O _1) (71 0 and
1 0
- _ 1 (Ll2xz2
Ta=32 ( 0 —12x2)'
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and

1 9y2  17¢"% 942
Blye) = a2 (t - = 8¢ |yt . (6.2.49)

The initial conditions for the Standard Model coupling constants at A = M; are taken
from [46]:

g'(A = M;) = 0.358

g(A = M;) = 0.648 (62.50)
gs(A = M) = 1.167

yi(A = M,) = 0.937 .

6.2.2. General Constraints

As we know from equation (6.2.28), the scalar field b’ can be written as a linear combina-
tion of the mass eigenstates hs; and hy,,

h' = sin(a) hs + cos(a) by, , (6.2.51)

and interacts, unlike the second scalar field ¢’, with the SM particles. Thus, depending
on whether hg or h,, is related to the SM Higgs boson, the couplings of the Higgs boson
to the other SM particles get rescaled by sin(a) or cos(a). Therefore, we have to claim
that the respective scaling factor is of order one to avoid coming into conflict with the
experimentally verified predictions of the Standard Model and more precisely, we can use

sin(a)) > 0.87 <= hs=hgwm (6.2.52a)

cos(a) > 0.87 <= hy,=hsgm (6.2.52b)

as a lower bound for our model [12].
Furthermore, from B > 0 follows the condition

IM% 4+ mi > (318 GeV)* (6.2.53)
and the validity of perturbation theory is guaranteed as long as'?

872 {72 472

Our tree-level potential (6.2.9) can be rewritten as
T N T N A\ -
Vo(g, H) =~ | H? — Z2¢? D Ky 6.2.55
and thus we can read off the tree-level conditions for vacuum stability:

A >0 and A2 < AgAp . (6.2.56)

12For a theory with the potential %q&“ the condition A\ < (477)2 has to be fulfilled.
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6. CSI EXTENSION OF THE STANDARD MODEL

As argued in [47], these conditions have to hold for large scales even at one-loop order and
we already found out that Ay (A) is positive at the GW scale as well. However, the GW
condition for symmetry breaking reads

A(Aaw) = As(Aaw)Au(Aaw) , (6.2.57)

and thus, we have to assume that at least the second vacuum stability condition is violated
for scales less than the GW scale and that the potential in this region is stabilized by
radiative corrections.

Our extended Lagrangian density (6.2.2) contains four free parameters: Ay, Ag, Ap and
gz- This number can be halved by the condition (6.2.19) for the vacuum expectation value
and by the identification of one of the mass eigenstates with the SM Higgs particle hgy.
In addition to that, it would also be possible to trade one of the coupling constants for the
Gildener-Weinberg scale Agw (Dimensional transmutation). Therefore, we are now going
to investigate this 2-dimensional parameter space for our two different possible choices of
interpreting the physically observed Higgs boson.

6.2.3. Identification of the Mass Eigenstate /,, with the Physically Observed
Higgs Boson hg)y

In this case, we can identify the experimentally measured Higgs mass M}, with mj and
find from equation (6.2.20) and (6.2.26)

(n)?*
m;% = 2)\p <O'>2 = 2 )\p m = MiSM 5 (6258)
and thus:
2
hsm .2
-sin“(a) . 6.2.59
b= g e (6:2.59

Using the definition of sin(«) (see equation (6.2.14)) and the Gildener-Weinberg condition
(6.2.13) immediately leads to

Ao = 2{h)° X} (6.2.60)
— 2.
ME —2(h)° )\,
and
M,%
Ay = SMo__ A, 6.2.61
T om2 " ( )

Considering (6.2.52b) and the experimentally measured values of M }%SM and (h) strongly

restrict the allowed parameter space'3:

0< Ay <Ap<0.031 (6.2.62a)
0.098 < Ay < 0.129 (6.2.62b)

13Be once more reminded that all these scalar coupling parameters are defined at the Gildener-Weinberg
scale Agw .
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In addition to that, we get from (6.2.53) a lower bound for the mass of the dark bo-
son:

Mx = %gz (¢) > 183 GeV . (6.2.63)

We choose A, and g, as our free parameters, which are restricted by condition (6.2.62a)
and (6.2.63). The resulting allowed parameter space is displayed in Figure 6.1, where g,
is assumed to be of the order of the other gauge couplings'*. Further restrictions could be

T LI — —
L R ]
N 1 - |
1.4} : ms=100 GeV | B
[ |
L ,/ -
»
L . i
-

L \ i
12} 1
100 1
0.8} i
9x I ]
0.6+ 1
0.4} 1
0.2 -
0.0 1

| L L | L L | L L | L L | L L | L L | L

0.000 0.005 0.010 0.015 0.020 0.025 0.030

Ao
Figure 6.1.: The dark area of the parameter space is excluded and the blue lines and the
dashed red lines represent fixed values of Mx and mg respectively.

found by considering stability requirements, where one would have to scan over the whole
allowed parameter space of Figure 6.1 and perform an analysis of the running of the scalar
couplings. Since this would go well beyond the scope of this master’s thesis, we refer to
[8] and discuss stability only for two exemplary points of the parameter space:

14 A too large gauge coupling would spoil our perturbative analysis.
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6. CSI EXTENSION OF THE STANDARD MODEL

Example 1: \,(Agw) = 0.005 and g¢,(M,) = 1.5

For these values we find
Mx =923GeV , m;=229GeV and Aqgw =783 GeV , (6.2.64)

and the RG evolution is shown in Figure 6.2, where we used the beta functions and
initial conditions from subsection 6.2.1. Furthermore, we also display the running of the

0.15
0.10
Ap
0.05 A
4 7 10 13 o NGeV) Ap
10 10 10 10 10
-0.05
-0.10

Figure 6.2.: Running couplings for A,(Agw) = 0.005 and g, (M) = 1.5.

Gildener-Weinberg condition in Figure 6.3 and together with the results from Figure 6.2
this demonstrates that the tree-level conditions for stability (compare (6.2.56)) are fulfilled
at one-loop order for large scales, but necessarily violated for A < Agw.

Example 2: )\,(Agw) = 0.025 and g, (M,) = 0.9
We perform our analysis in the same way as before and get
Mx =227GeV , mgs=24GeV and Agw =294 GeV . (6.2.65)

The scale dependence of the couplings and the GW condition is shown in Figure 6.4 and
Figure 6.5. In contrast to the first example we find that both tree-level stability conditions
are obviously violated for large scales and hence assume the potential to be instable.
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0.006
0.004

0.002
— A=Ay Ay

: : : : ‘ A(GeV)
104 107 1010 10
-0.002

-0.004

-0.006

Figure 6.3.: Scale dependence of the GW condition for \,(Agw) = 0.005 and
9z (M) = 1.5.

0.0020
0.0015
0.0010 — A2 =g Mg

0.0005

‘ ‘ ' ‘ ‘ A(GeV)
\19¥ 107 10 10® 10"

Figure 6.4.: Scale dependence of the GW condition for A,(Agw) = 0.025 and
9z (M) =0.9.

In addition to that, we notice the appearance of a second Gildener-Weinberg scale at
8.9-10% GeV, which corresponds to a second flat direction and thus to a second extremum
of the potential. Knowing all coupling parameters at this new scale enables us to calculate
A and B (A and B depend on the flat direction n) and with the help of equation (5.0.16)
we get
A
B
Thus, perturbation theory should be valid (compare chapter 5) and we find a second
minimum, which is smaller than the minimum corresponding to Acw = 294 GeV and
(h) =246 GeV:

B>0 |, ~1 and (0') ~3-10% GeV . (6.2.66)

V(n{o))
V(n'(d’))
Hence, this is another evidence for the instability of this potential. Nevertheless, a more
precise investigation of this new minimum, and in general of the appearance of a second

~107°. (6.2.67)
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1.2

0.10
Ap
0.05 A
Ag
: : : : : A(GeV)
104 107 1010 101 1016
-0.05

Figure 6.5.: Running couplings for A\,(Agw) = 0.025 and g, (M,) = 0.9.

Gildener-Weinberg scale, is rescheduled to later research.

6.2.4. ldentification of the Mass Eigenstate h, with the Physically Observed

Higgs Boson /gy

We set the scalon mass equal to the Standard Model Higgs mass,

_ sin®(a)

!

and find from the experimental restriction (6.2.52a):

(540 GeV)! < 9- MY 4+ mj < (575 GeV)*.

Hence, the upper mass bounds read

|mj, <575GeV  and My < 332 GeV |

With the help of the definitions of these two masses,

(6.2.17) 1
M U= L0 (0 =14
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and
(n)”

5 (6.2.26)
=2 5 >
sin”(«)

m2 A (02 =2, (6.2.72)
we can rewrite sin(a) as a function of g, and A, which leads together with (6.2.52a) to

the restricted parameter space in Figure 6.6. Thus, if we assume g, to be smaller than

3.0

........ sin(a)=0.90
_____ sin(a)=0.95
sin(a)=0.99

Ix

Figure 6.6.: The dark area of the parameter space is excluded and the lines represent
contours of fixed values of sin(«).

4.5, A\, has to be at least greater than 1.5, which leads in any case to the appearance of a
Landau pole (Figure 6.7a). Larger values of the gauge coupling would allow smaller scalar
couplings, but spoil perturbation theory for small scales (Figure 6.7b) and therefore the
identification of the scalon with the physically observed Higgs Boson is rather excluded.

6.2.5. Conclusion

We demonstrated that we have to identify the Standard Model Higgs boson with our mass
eigenstate h,, to be able to find a parameter space (gz, Ap), which does not lead to any
inconsistencies. All experimental observations that are predicted by the SM can then also
be explained by our SU(2)x extended model. In addition to the particle content of the
SM, one obtains a second scalar particle and three additional dark gauge bosons, which
are possible candidates for dark matter [8-10]. We also showed that the the running of
the Gildener-Weinberg condition can be used to find possible other minima of the effective
potential (in addition to the one reproducing (h) = 246 GeV), where a deeper investigation
of this feature is required.

Nevertheless, the experimentally observed neutrino oscillations and the resulting ap-
pearance of light, but massive, left-handed neutrinos cannot be explained in a satisfactory
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100 Ag(N)

50
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(a) Mlustration of the appearance of a Landau (b) Behaviour of the dark gauge coupling for
Pole for A\, = 2.1 and g, = 1. small scales for A\, = 0.3 and g, = 5.

Figure 6.7.: Exemplary behaviour of A, and g, in case of hs=hgm.

manner within this theory. Classical scale invariance prohibits explicit right-handed neu-
trino Majorana mass terms, which would enables us to explain the lightness of the observed
neutrinos (with respect to the masses of the other Leptons) with help of the seesaw mecha-
nism'®. This problem can be solved by the introduction of an additional real scalar singlet,
which acquires a nontrivial vacuum expectation value. Such a model was also discussed
in detail in [14].

6.3. A Classically Scale Invariant SU(2) Extension of the
Standard Model with Implemented Seesaw Mechanism

The Lagrangian density of our extended model reads

~ T/~
L= Ll — S X, XM + (Du@) (Do) + L (0,8 (0"s) + Lomidom
1 2 2 (63.1)
=2 14 . 1 7T N\C 14 e
— Vo(®, H, s) — <L Y (irH*) + 5 (VR)CF§)5> g +hoc.

where s denotes the new real scalar boson, which is a singlet under the gauge group (6.2.1),
and vg labels a vector of three right-handed neutrinos'®. In contrast to the simpler model
before, we added a Dirac-type and a Majorana-type neutrino Yukawa interaction term
with the corresponding complex 3 x 3 Yukawa matrices F](Dy ) and Fg ) to the Lagrangian
density and enlarged the tree-level potential to

Vo(®, H,s) = \g (<I>T<I>>2 NIy (HTH>2 + i)\ss‘l 652
—2), (qﬂq)) (HTH) s DB 5% — Ny, HTH 2,

150f course, we could add right-handed neutrinos to our theory and generate a Dirac mass via a Yukawa
interaction term in the same way we did for the other leptons. However, this would leave open the question
of the tininess of neutrino masses.

Y6 As discussed in [48], at least two SU(2) Higgs doublets are necessary to generate neutrino masses
at one-loop order. Since we are dealing with one SU(2) and one SU(2)x Higgs doublet, we thus have to
introduce three right-handed neutrinos to describe three massive left-handed neutrinos.
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with real and dimensionless coupling constants.
We perform the analysis of the Gildener-Weinberg mechanism in the same way as before
and decompose the two complex doublets into their real components

®1 hy
= ®2 2 ha
b= and H = ) 6.3.3
?3 h3 (6.3.3)
on ha
and define the real vector _
)
p=|H (6.3.4)
s
The potential can then be written as
- N2 1
V(®,H,s) = 7A¢<<1>f1>> 42 )\H(HH> + 1 A8t
1 (6.3.5)

—f)\ (@ )(HH)——A¢S<I>CI>S ——)\HSHHS

and with the help of the SU(2) and the SU(2)x gauge symmetry we restrict the flat

direction to
0

0
n
0 ni

flat =10 ny | -o. (6.3.6)
0 ns

ng
0
ng

>

Hence, the above potential along this direction is given by

1 1 1
Vo(gpﬂat) x ZA(bn‘ll + ZAHng + Z)\Sng

Ly 9

6.3.7)
1 (
- 5/\pn1n% — 5)\¢sn%n§ — iAHSngng ,

and since the flat direction has to fulfill equation (5.0.2), the conditions

I: )\qm% — )\png )\¢sn3 =0
IM: Agn3 —A\n? — Ageni =0 (6.3.8)
III . )\577,3 /\¢3n1 )\Hs'nz — O

have to hold. Again, all scalar couplings are evaluated at the Gildener-Weinberg scale
Acw. The Gildener-Weinberg relation reads

)‘is)‘H + 2)\(755)\;0)\]{5 + >‘12LIS>‘¢
Ao — A2 !

As = (6.3.9)
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and the flat direction can be written as

ny cos(a) sin(p) -
Pt = [ny | -0 = | sin(e)sin(B) | -0 ,0>0,0<a,3< 5 (6.3.10)
ns cos(3)
with
. ApsAp + AHsAp
sin(a) — : 6.3.11
(a) \/)\¢S (Ae + Ap) + As (Ap + Agp) ( )
and
. )\¢5 ()\H + )\p) + b (/\p + )‘¢)
= . 6.3.12
Sln(ﬁ) \/)\¢)\H — )\]2, + )\¢5 ()\H + )\p) + AHs ()‘p + )‘qﬁ) ( )
For
sgn (Ap) = sgn (Ag) = sgn (As) = sgn (Ap) = sgn (Ags) = sgn (Ams) (6.3.13)

we can find a nontrivial solution of (6.3.8), where none of the components ny, ng or ns are
allowed to be equal to zero. While we cannot follow the argumentation of [14] that this
would only be true if one of the mixing scalar couplings (i.e. Ap, Aps, Ams) is negative!”,
all the other results are in perfect agreement with [14].

The vacuum expectation values take the form

(¢3) (#) cos(a) sin(f)

(p)y =1 <(hg) | = | (h) | = [ sin(e)sin(B) | - (o) , (6.3.14)
(s) (s) cos(f)
and for the same reason as in section 6.2 we find
| (h) = 246 GeV | (6.3.15)
and thus:
246 GeV
(9) = tan(a)
246 GeV
(s) = sin(a) tan(5) (6.3.16)
(o) = 246 GeV
sin(a) sin(B)

Furthermore, the angles o and 3, which define the flat direction, are given by the simple
relations:

tan?(a) = % and tan?(B) = M . (6.3.17)

¢) (s)?

—~

"Especially in that case it would be possible to find a nontrivial solution with one vanishing component.
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In a next step, we aim to find expressions for the scalar masses in terms of the scalar
couplings. Therefore, we have to calculate the second derivatives of the tree-level potential
(see (5.0.19)):

Vo (®, H
OV(® H,s)) _ (6.3.18)
OpiOpy
Ao (<i>T<i> — 2 HTH - %52) 1
¢ ¢ —2)\, H®T —2\4s 5 O
+2), 00T
. N (AVH = 28T - Js?) 1 )
—2)\,®HT " " —2\pgssh
+2)\HﬁﬁT
~ ~ 2 _ oT 7
25T s s T BAs8" — A 070

~Aps hTh

Considering the conditions (6.3.8) reduces the resulting mass matrix to

9 82‘/0 )\¢TL% _)‘pnan —)\¢Sn1n3 ,
m(p = <a D ) =2 —)\pnlng )\Hn% —/\Hsngng . <O’>
PioPk n{o) _)‘qunlnS —AHsN2Nn3 )\qﬁsn% + AHsn%
Mg cos?(a) sin?(B —)p cos(a) sin(a) sin?(3)
=2 | =\, cos(a)sin(a) sin?(3) A7 sin? () sin?(3) (6.3.19)

—Ags cos(a) sin(B) cos(B)  —Apssin(a) sin(5) cos(B)
—Ags cos(a) sin(fB) cos ()
— s sin(a) sin(3) cos(B) (o)?
(Ags cos?(a) + Aprs sin?(a)) sin?(B)

where all other entries of the 9 x 9 matrix vanish. Since we already know the eigenvector

cos(a) sin(f)
v; = | sin(«) sin(B) (6.3.20)
cos(5)
with eigenvalue 0, we can rotate our squared mass matrix with the help of the orthogonal
matrix
cos(a)sin(f) —sin(a) — cos(a)cos(f)
D = [sin(a)sin(f8) cos(a) —sin(a)cos(f) | , (6.3.21)
cos(p) 0 sin(5)
which obeys
1
D|0| =v; and detD =1, (6.3.22)
0
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6. CSI EXTENSION OF THE STANDARD MODEL

and find'®:
T .2 _ 2
Dl ey
0 0 0
2
0 A (0)2 (1) + X ({007 + (0)?) "+ Ags ()7 () (Ns = Aris) (6) () () (o)
0 (\os = Aazs) (9) (k) (s) (o) Nos (6 (0 + Az (h) (0)?

0 O 0
=210 w11 wWi2 .

0 wor wo

(6.3.23)
Therefore, the diagonalized squared scalar mass matrix reads
1 0 0 1 0 0
ATDTm?ODA = [0 cos(y) sin(y) DTmZD 0 cos(y) —sin(y)
|0 —sin(y) cos(y) 0 sin(y) cos(y)
- (6.3.24)
0 0 0
=0 m} 0],
0 0 mi
with 5
tan(2y) = —— A2 (6.3.25)
Wi — W22
and the tree-level mass eigenvalues are given by
m? =0 (6.3.26)

and

2 2
mj o = Wil + W22 qﬁ\/(wn —waa)” + 4w%2

= (Ams + Ap) <h>2 + (Aps + Ap) <¢>2 + (Ams + Ags) <3>2

+ \/(AHS - Ap)z <h>4 + (O‘Hs - >‘¢>S) <3>2 + (/\p - )‘¢>8) <¢>2>2

2t = ) (7 (Ohats = A) (512 + s = Ap) (6)2)

(6.3.27)
The mass of the scalon is again generated at one-loop order and given by
1 > !
ml=——|3-(2- My + My +3-My)+mi+ms—4-3-mf —2> mi | >0,
8m2 (o) -
(6.3.28)

¥ Be aware that (o) = (¢)° + (h)? + (s)°.
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6.3. CSI SU(2) EXTENSION WITH IMPLEMENTED SEESAW MECHANISM

where m,, denotes the masses of the heavy right-handed Majorana neutrinos. Therefore,
the mass inequality

3
9- My +mi+ms—2-> my > (318GeV)" (6.3.29)
=1

has to be fulfilled.
The eigenvectors, which correspond to the mass eigenvalues, take the form

cos(a) sin(f)

vs = | sin(a) sin(f3)
cos(f)

—sin(a) cos(7y) — cos(a) cos(3) sin(7)

v; = | cos(a)cos(y) — sin(«) cos(B) sin(y) (6.3.30)
sin(3) sin(7)

sin(«) sin(y) — cos(a) cos(B) cos(7)

vg = | —cos(a)sin(y) — sin(«) cos(B) cos(7) |

sin(3) cos(7)

and hence, the scalar fields ¢, h and s can be written as a mixture of mass eigenstates:

¢ (¢) + ¢ (¢)
h]l=|((hy+n|=1|(h)]| +vshs+vihm, + v2hm, . (6.3.31)
s (s) + ¢ (s)

In particular, we find:

h = (h) + sin(«a) sin(53) hs + (cos(a) cos(y) — sin(a) cos(B) sin(7y) )hml

(6.3.32)
- <cos(a) sin(vy) + sin(a) cos(B) cos(7y) )hm2 :

All these results are again in agreement with [14].

6.3.1. Seesaw mechanism

We want to review the seesaw mechanism [17-21] and apply it to our model to explain
small neutrino masses.

After spontaneous symmetry breaking, the Lagrangian density (6.3.1) delivers a Dirac
neutrino mass term,

h

—~
~

™ ug + hee. | 6.3.33
D

——
Mp

£D,l/ = -y

S

as well as a Majorana neutrino mass term,

(r)° ()T v + hec. (6.3.34)
M,
R

N | =

LM,I/ = -
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6. CSI EXTENSION OF THE STANDARD MODEL

with Mg = Mg (see subsection B.3.3). Introducing the left-handed vector

wi, = <(VVRL)> (6.3.35)

enables us to combine these two mass terms to

1__ {0 M
LMy = 5 WL [Mg ME] (wp)+h.c. . (6.3.36)
—_——
M,=MT

Since M, is a complex and symmetric matrix, there exists a unitary matrix U such that
M, = Ut M, U* = diag (1, g, . . ., 1hg) (6.3.37)

is diagonal and non-negative [49, 50|, where the diagonal elements 7i; are the positive
square roots of the eigenvalues of M, M, [24, 51]. Defining

wr, = Uy, (6.3.38)
leads to
1. 1<
Lpim,y = —3 NM,N = . z;vzml Vi, (6.3.39)
1=
where
141
V2 / /\C
N=| | =w,+ (wr) (6.3.40)
Vg
satisfies the Majorana condition
N¢=N. (6.3.41)

Therefore, introducing a Dirac-Majorana mass term yields mass eigenstates, which are
Majorana fields. Furthermore, with the help of the decomposed matrix U [48],

U= (g;) : (6.3.42)

the neutrino weak eigenfields can be expressed as linear combinations of these mass eigen-
states:
v, = Upwl, = ULPLN , vg="Ug ()" =UrPrN . (6.3.43)

If we assume that the eigenvalues of Mg are much bigger than the elements of Mp
((s) > (h)), we can block-diagonalize the matrix M, (up to corrections oc My'Mp) by
performing a unitary transformation [51-53],

0 M, My; 0
t D * _ light
w2 20— [0 ] "
with Lo
1-3sJJ J _1
W ~ ( —?IT _ %JTJ) , J=MpMg", (6.3.45)
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6.3. CSI SU(2) EXTENSION WITH IMPLEMENTED SEESAW MECHANISM

and where Mj;gny and Myeayvy are symmetric 3 X 3 matrices:

Mlight ~ _MDMleMg ) Mheavy ~ Mg . (6346)

Hence, we obtain three light and three heavy neutrinos, where the tininess of the mass of
the observed neutrinos is naturally explained by the existence of heavy neutrinos.
6.3.2. Running couplings

For the sake of completeness, we also derive the RGE’s of the scalar couplings for this
model (compare subsection 6.2.1). The pure scalar part of the Lagrangian density reads

T

¢0 ¢0 1- 1- 1-
Lscalar = 6# ho o' | ho - EAZE/\((;& ¢é - ZA%A(}{ h’é - ZA%)‘S Sg
s s (6.3.47)

1 14 1:
+ S AZNG, 0 55 + S AT NGy R s+ SAT N GG A

and introducing the scale-dependent, renormalized scalar fields and coupling constants'?,

1 1
) 1 1
d)O . qb 1 + §(§Z¢¢ 6Z£h 5Z¢§3 ¢
ho | =Z2 | h|=| 622,  1+30Zwm 627 h, (6.3.43a)
1 1
%0 ° 622, 523 1+i6z.] N
N =2\ =04+62Z),) N, (6.3.48b)
leads to
T
¢ ¢ 19 4 Lo 4 lio
Lycalar = a,u h ot h - EA 6)\¢ P° — ZA Ag bt — EA “As 84
S S
1 A 2¢ 2 .2 1 A 2¢ 2 .2 1 A 2¢ 212
+ 5 A Ngs @7 87+ AT N hY 5%+ DATN, 67 h
¢ i\ ¢ 1-
+ 0. | h (Zg) zZZ—1)o"|(hn] |- ZAQE (62>, +26Znp) Arh*
S S

N> (82, + 20 Z44) A" — %AZG (62, + 20Z55) Ass*

1 =

1+ € 1+ €
+ §A2 ((5Z)\p +0Znn + 5Z¢¢) Ap d)Z h? + §A2 (6ZA¢S + 5Z¢¢ + 5235) Ags <;52 52

1~
+ 5/\26 <5Z,\Hs + 62 + (5255) AHs h? s + Terms (O( 5Z¢h, X 5Z¢3, X 5Zhs)

+ higher orders .
(6.3.49)

No summation over i.
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6. CSI EXTENSION OF THE STANDARD MODEL

The counterterms for our model are given by2°

<ol
Tr CTyp=A%= | (12X3 + 422 + A2,) ¢ + (12X + 4X2 +A37,) b+ (9A2 + 45, + 403, s*
€

+(8A2 = 120X — 120\ + XA s) O7N
+ (8A2, — 12X s A g — 6AAgs + 8ApA i) ¢2s2

+ (8N — 122 A s — A A s+ 8ApAgs ) h2s? |

TrCT A:J\%

3
16<g+gg +yg 16935525 ,

| 4
R e (R T
€

(6.3.50)
and from equation (6.2.34) follows that the relations
1 2 2 9 4

(025, +20Zyp) Ay = *16 5 [12% + AN+ NG+ 69 } , (6.3.51a)

1 3

(62 +20Z00) it = — o5 | 12X + 4N+ Mjp, + == (39" +20%0" +¢'*) = 39! .
(6.3.51D)
1

(625, +20Zu) A = <o [9A§ + Ay + 4Apgs — 27Tr (PRFEFRFE)} . (6.3.51c)

11

(023, + 02 +0Z50) Ny = ~ 55 3|~ 8AZH 1220 + 120y — 2gehes | (6.3.510)
11

(620, + 6200+ 620s) Mo = ~ 55 [ = 8X2, 4+ 120200 + 62 A0 — 8Nz |, (6.3.51¢)
11

(6Zns, + 82w+ 02u5) Mits = = 55— | =8N+ 120 s +6A s —8Np s, | (6:3.51f)

have to hold. With the help of the field strength renormalization counterterms from
appendix A.2,

1 9¢2
§Zgy = = —2
%7 ¢ 64n2
1 9¢ + 3¢”% — 12y7
57 = L 29+ 39 Yt (6.3.52)
€ 6472

€

1 4 .
5ZSS - - (—WTI" (FRFR)) 5

the RGE’s of the scalar couplings are calculated by analogy with subsection 6.2.1 and take
the form:

29We only consider contributions from heavy neutrinos and neglect light neutrinos.
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1 9
B(Ag) = (dn)? [ INyg2 + 24)\3ﬁ + 8)\5 +2X2, + ggi

1
B(Am) = e [ (12%2 —9g°% — 39’2) Al 424077 + 8N + 207,

| w

+ (394 +24%g% + 9/4) —6y;' ] :

BN = 152 1802 +8)\2 4+ 8)\%,, — 4 Tr (TRT{RTRTE) +4Tr (rRrﬁ)] .
1 9 9 3
M) = —= M -2 — =g — ¢ 21120 3.
B( p) (4%)2[ p( 2._% 29 29 + 6y; + o) (6.3.53)

1225 — 8)) - 2>\¢S>\H3] .

1 9
B0s) = (2 [)\¢s (2T (TRIR) — S92 + 122+ 6As — 8Ags ) — SApAHS] .

1 9, 3
B(AHS) = W [)\Hs (2 Tr (FRFR) - 592 - 59/2 + 6yt2 + 122y

+6X — 8, - 8/\p)\¢s] .

Once more, these results are in perfect agreement with [14].

6.3.3. Interpretation of the Physically Observed Higgs Boson

As discussed in subsection 6.3.1, the existence of heavy neutrinos is mandatory to explain
the observed small neutrino masses (with respect to the masses of the other Leptons) via
the seesaw mechanism. If we assume the heavy neutrino masses to lie in the TeV region
(or above), we get

<<Z>> (6:3.15) sin(a) tan(f) < 1, (6.3.54)

because we know that
Mhyeavy = MR (s) . (6.3.55)

Accordingly, the scalon as the physically observed Higgs boson is excluded, since this
identification would require
sin(a) sin(B) ~ 1. (6.3.56)

Otherwise, we would come into conflict with the experimentally observed values for the
coupling constants?!. Thus, we find

|m1 =125 GeV or my =125 GeV . (6.3.57)

218ee equation (6.3.32) and compare with the argumentation in subsection 6.2.2

63



6. CSI EXTENSION OF THE STANDARD MODEL

6.3.4. Conclusion

We demonstrated that the introduction of an additional real scalar field, which acquires a
nontrivial vacuum expectation value and is a singlet with respect to our extended gauge
group (6.2.1), enables us to implement the seesaw mechanism in our model and thus to
explain small neutrino masses in a satisfactory manner. Furthermore, we argued that
the scalon, which gets massive at one-loop order, cannot be identified with the physically
observed Higgs particle at 125 GeV. This is a consequence of the requirement of heavy
neutrino masses.

In addition to the particle content of the Standard Model, we obtain two new scalar
particles, three dark gauge bosons, which are again possible candidates for dark matter
[14] and three heavy neutrinos. The mass inequality (6.3.29) demands large scalar and/or
dark gauge boson masses (comparable to the heavy neutrino masses), in order to obtain
a positive squared scalon mass.

Our extended version of the SM contains many free dimensionless coupling parameters:
6 scalar couplings (Ag, Ar, As, Ap, Ags, AHs), the dark gauge coupling g, and the Yukawa

couplings F](DV ) and Fg ). This number gets reduced by two after identifying one scalar
mass with 125 GeV and the vacuum expectation value (h) with 246 GeV. In spite of this
reduction, a scan over the remaining parameter space is still quite challenging, but it was
shown in [14] that it is possible to choose the free parameters such, that no inconsistencies
with experimental observation occur and all requirements for stability and perturbativity
are met.

Altogether, this model is a promising classically scale invariant extension of the Standard
Model, since it is not in contradiction to experimental data and explains small neutrino
masses via the seesaw mechanism. Furthermore, it predicts additional scalar particles as
well as vector dark matter, which may be probed and discovered in future experiments.
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A. Auxiliary Calculations

A.1. Explicit Calculation of the Effective Potential for a Simple
Toy Model

To compute the integral of equation (3.4.21), we start by performing a Wick rotation and
write the infinite sum as a logarithm:

dk 2 (—nmt (Eaeed, )
iy [ fary EIE ()
320%0c
n( )

To calculate this integral with the help of dimensional regularization, our theory is con-
tinued to a d-dimensional space-time,

1 [ d%pg 1 AN 0}
Vlz/ln 14270 (A.1.2)
2/ (2m)d < k%,

where the factor A*~%, with []X] = %, arises from a redefinition of the coupling constant,

Ao — A%9)\, to keep the dimension of g, [Ao] = ﬁ, unchanged in a d-dimensional
space-time.

An integral of the form of equation (A.1.2) can easily be rewritten as

/ddk}E1 k‘Q +a / /ddk‘E 1 (A13)
(2m)d k2+b 2m) kL + A o

and is linked to the well-known and common integral ([27, 54]):

/ddkE 11 ra-9

41
Cr A (amf T O R

Therefore, we can solve equation (A.1.3),

Ak (k% +a 2T1-9%) /4 4

1~\4_d)\0qb(2)c and b =0, in d = 4 — 2¢ dimensions:

and find for the special case, a = %

1
6472

Vi =

1 ! 1 0 3
(2)\0¢(2)C> (_GAQe +1n (2)\0¢80> + e — In(47) — In(A?) — 2> + O(e) .
(A.1.6)
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To get rid of the divergency in the limit € — 0, we introduce the MS-renormalized, A-

dependent parameters A(A) and ¢.(A),
Ao = 2 )\(A) = (1 + (SZ)\) )\(A)
1 1 (A.1.7)
Poc = 23 ¢e(A) = (14 50Z,) ¢c(A)

with the one-loop renormalization constants 67 and 6Z, and find at one-loop order:

Ay A2 A2 3 138NN 0 A 4
== h <11 - = 207 Zy — — A= . Al
v 4!¢C + 25672 "R 2 + | 2025 + 02 € 3272 4!¢C ( 8)
In the MS-scheme, with A2 = A2 . ¢72~10(47) and for
1 3hA
202, + 02y = ———= A19
v T 04 €32m2’ ( )
the effective potential reads:
A A2l ixg? 3
V=2o¢tth S (InEC -2 ). A.1.10
TR (n A2 T2 ( )
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A.2. Computation of the Field Strength Renormalization Matrix

Since the full scalar propagator (see equation (3.4.15)) reads for our classically scale in-
variant theory (compare equation (6.2.31))

i
P+ (22722 =1) 9+ 1)

the scalar self energy II(p?), which is just the sum of all 1PI 2-point diagrams (equation

(3.4.16)),
iI(p?) = , (A.2.2)

is related to the renormalized one by ([55, 56])

%% 2 H(r)(pQ)]_
h¢ 2 hh(pQ)

ye(p*) Ten(p®)| _

oo 623, + 027,
g (p?) Hh p?)

h f . (A.2.3)
073, + 077, 6 Znn,

Hence, we have to calculate all infinite, momentum-dependent contributions to the scalar
1PI 2-point correlation functions to obtain the field strength renormalization matrix.
In the course of the following calculations, we make use of the Feynman parametrization
27]
1

1B ; dz AT (1 _0B7 (A.2.4)

and that hence
1 —_—
((p— k)2 —m24+i0%) (k2 —m2 +i0t)

) (A.2.5)

= /1 dz 3
0 ((k— (p(1 —2))? + p?x(1 — ) — m2 +i0t)

9

where afterwards one is able to perform a shift, k# — p*(1 — z), in momentum space.
Furthermore, we are aware of the well-known d-dimensional integral in Minkowski space

[27]
ddk 1 . (_l)n F(n - g) . g_n
/ Cr)d (k2 — A 10t (amd  TIn 2 (A —i0T) : (A.2.6)

and [57] serves as a helpful source for Feynman rules. Therefore, the relevant Feynman
diagrams are given by:
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_ _3[\4_(1%2/ dk Tr [(p + ¥+ ma) (F + mi)|
B 2 ) 2m)?® ((p+ k)2 —m?+i0T) (k2 — m? 4+ i0T)

n 2 J @2m)e ((p+ k)2 —mi+i0F) (k? —m? +i0F)

3 j4-d 2/ d?k ((p+k)2 —m%) + (k2 - m?) +4mt2 —p?
Yt @2m4 ((p+k)? —m? +i0t) (k2 — m? 4 i0%)

_ g jad y2/ d’k Amg — p? Lo (A.2.7)
L] @m)d ((p+ k)2 —m?+i0%) (k2 —m? +i0+)

4m? — p2

5 ¢ 1
= —3A%4 y2/ / dx +
") @n)d (k2 + p*z(1 — 2) —mj —i—iOJF)2
—A

1 : d
_ ai4-d, 2 5 oy i T(2-9%)
=-3A" %y, /0 dx (4mt p ) (47T)d/2 r(2)

(A—i0)5 24 .

1 .
d=4-2 i
=" _3 yf/o dzx <4m? —p2) (02 (1 + eln47r>

. (% — 5 +0()) (1= ema) (1+emA?) + ..
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—k
/p
P N P
+ — G —
I, = h-----<---C e h

e dg/ ddk 2P+/<7 WA R, (R 1
M2 +i0+ (k2 +i0%) ) \ (k + p)2 +i0*

a2 [ A% 1 ((2p + k) - k)
- 2/(27r)d (k% — Mg, +10%) ((k +p)? +1i07F) <(2p " k>2_l€2—|—i0+)

i PR — A(ph)?
— M3, +i0%) ((k +p)? +i0F) (k2 +i0F)

2
__ja-dd /ddk 1[k3? = (3 + k) — 19?3477
= ]\42 +10+) ((k+p)2+10+) (k.2_|_10+)
ol [ B (Yo 40 )+ ok ]

el d'k p
2 ) (2m)d | (k2 — ME, +i0%) ((k+ p)? +1i0T)

1,2
+ ab + ...
(k? — M3, +i0%) (k% +i0F)

__ju-ade’ [ A% / e 2P N i .
- d N . 2 2 2 TN+ 2
2 J@2m)® o | (k2 - A24i0+)° (k- AZ+i07)

—4-2 .1 6
= @t .
i (A.2.8)
1Hfh: h*j ,,,qﬁ,,, j*h
—p—k

__jead td / G DV s P R 1
4 (2m)® k2 — M2 +i0F (k2 +10t) J \ (k + p)? +i0*

(A.2.9)
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—k
/}‘(\
p ! p
X — > 777@3777 — >

1H¢¢: ¢ ,,,,,

_ ajadd /ddk 2p+k> (2p+k),, g R 1
2 +i0t (k2 +1i0t) ) \ (k + p)? +i0+

d=4-2¢ .19

2,2
164(471')2%1) + ...

(A.2.10)
Since none of the other Feynman diagrams possess infinite and p-dependent contributions,
we finally obtain the following results for the scalar field strength renormalization matrix:

1 9g2 1992 + 3¢g/% — 1242
— d 6Zp, = - . A211
€ 6472 an hh = ¢ 6472 ( )

In case of a theory with an additional real scalar field and right-handed neutrinos (see
section 6.3 and especially (6.3.1)), we also have to calculate § Zs5 (compare (6.3.48a)) and
hence have to consider the diagram

N AN
1 (S s (A.2.12)

with a Majorana fermion loop. Using the Feynman rules for Majorana fields from [58] and
neglecting light neutrino masses! leads by analogy with (A.2.7) to

1 1
Y =i-——Tr (TrTR)p° + ... , (A.2.13)
€ (4m)
and thus:
04 = 1 4 I A2.14
55 =\ 7 gan2 (I'rl'R) ) - (A.2.14)

1S m? = Tr (TrTR) - see subsection 6.3.1.
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B. General Lagrangian Density

Since we do not want to restrict our derivation of the effective potential in section 4.2 only
to some special cases, the aim of this section is to construct a general Lorentz-invariant,
gauge-invariant and renormalizable! Lagrangian density for a theory with n real spinless
fields, m Dirac bispinor fields and s real gauge fields. In the following discussion we draw
some inspiration from Steven Weinberg ([34-37]) and adapt his formalism here and there.

B.1. Gauge Field Lagrangian Density

We assume that the Lagrangian density is gauge-invariant with respect to a gauge group
G, which can be written as a direct product of subgroups SU(n) and U(1). Hence, the
s various generators T, of the gauge group G are hermitian and obey the commutation

relation
[TaaTb] = Z.fabcTc 5 (B.l.l)

with the real and totally antisymmetric structure constant fu,;.. The generalized field
strength tensor is defined as

FIV = 9rAY — 0V Al — fa AN AL (B.1.2)
where the s real gauge fields A, transform as:
All(z) — AR (z) — Haa(x) + farcA} (@) ac(). (B.1.3)

Out of the field strength tensor Fj" we can build up a general Lorentz- and gauge-invariant
Lagrangian density of the simple form

1
ﬁA = _Z F#V—F}LV,Q ) (B14)

since the second possible term ¢ - €54, Ff° Fi' can be written as a total derivative .

B.1.1. Parity-violating Gauge Term

We want to show as a little exercise that the term e””* F7 Fyl, can indeed be rewritten
as a total derivative. Using the fact that the Levi-Civita-Symbol is total antisymmetric,
it is easy to expand the above expression in the following way:
ST F, By = €7 (20,40 + [ALAL) (2 0,8 + [ AL AL ) =
be pb be pade gb d (B.1.5)
= <7 |4 (0, AD)(0AD) + 4 foI0ALAG(D,AD) + S Fo AL AG AL AS
I 11 I

For A =1, only coupling constants with mass dimension > 0 are allowed.
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I: The first part is straight forward,

4. Epauu(apAg)(auAg) =4 .gPoHV [ap (Ag 8ﬂAg) — Ag 8,)6,“4,%

B.1.6
= 4P, (A7 9,AT) -

since e77M¥ is antisymmetric in p and p, while 0,0, is symmetric.

II: If we realize that fo¢ is also totally antisymmetric, we can write the second term
as:

4. eP”“”f”bCAZAl‘i(apAg) — % ,6pauufabc 9, <AaAb Ac) ) (B.1.7)

ottty

III: We can relabel the Latin indices and write the third part in the form

1
gpauufabCfadeA’l[))AiAzAs _ g X 6pUul/[fabCfadeAzA§AZAi
+fa0dfabeA;Ag'AZAze/ (B18)
+fadbfaceAdAb A¢ Ae] =,

ptlottutty

and if we relabel the Greek indices as well and have the antisymmetry of e”7#* in
mind, we find

_ % . ghouv fabc]cade + facdfabe + fadbface AZA;AzAi . (Blg)

Since the structure constants satisfy the Jacoby identity
fabCfade + facdfabe + fadbface -0 (B 1 10)
the third term is equal to zero.

Therefore, we are finally able to write down the above expression as a total derivative:

pot pv ottty

gPTHVRS B = 4. g, <Ag 0, AL + % A2 A AC> : (B.1.11)

B.2. Scalar Lagrangian Density

Seeing that a complex scalar field ¢(z) can always be rewritten with the help of two real
spinless fields ¢1 2,

p(x) = Re[p(x)] +1Im[p(z)] = @1 (z) +ipa(z) (B.2.1)

it is sufficient to consider a theory with only real scalar fields and hence, we define ¢ to
be a set of n such real fields.

B.2.1. Kinetic Term

A general kinetic term,
1
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B.2. SCALAR LAGRANGIAN DENSITY

with the real and symmetric? mixing matrix Z, can easily be diagonalized with the help
of an orthogonal matrix O through

Z=0%20, (B.2.3)

and after an appropriate field redefinition,

NI

©=220¢", (B.2.4)

the Lagrangian density reads:

Liin = 5 (0u9); (09); - (B.2.5)

Since this Lagrangian density is clearly not invariant under an arbitrary gauge transfor-
mation of the form
i () Oq

©—e ©, (B.2.6)

we have to introduce the covariant derivative
(DFep); = 0'pi +i(ba)ikpr Al (B.2.7)

where 6, denotes the matrix representation of the generator 7, in the representation of G,
under which the scalar fields ¢; transform. These s antisymmetric and hermitian n x n
gauge coupling matrices (group generators) are proportinal to the gauge coupling constants
and satisfy the commutation relation

[emeb] = ifabcac . (B28)

From the transformation behaviour of gauge fields (B.1.3) follows that D¢ changes under
a gauge transformation in the same way as ¢ and we finally obtain a gauge invariant kinetic
Lagrangian density:

Lrc = é(Dutp)i (DF), . (B.2.9)

For a more detailed discussion of (non-abelian) gauge invariance the interested reader is,
amongst others, referred to [27, 36, 37, 59].

B.2.2. Interaction Term

For the potential V() we choose the most general 4th-order polynomial

Vo(9) = Kipi + Hirpisph + PikmPiPkPm + NikmnPiPrPmPn | (B.2.10)

with real coefficients k;, ik, Pikm and Aigmn. Gauge invariance requires that the condition

oVo(p)
Op;

(0a);y, o6 =0 (B.2.11)

is fulfilled, since an infinitesimal gauge transformation yields

Vo(0) = Vo(e®Paip) = V(i) + iag OV;(.SD) (Ba) i1, Pk - (B.2.12)

)

2A consequence of the fact that the Lagrangian has to be a real quantity and that the antisymmetric
parts cancel each other out.
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B. GENERAL LAGRANGIAN DENSITY

B.3. Fermionic Lagrangian Density

B.3.1. Kinetic Term

If we consider a set ¢ of m Dirac bispinor fields and want to be able to describe the

dynamics of the fermions (and antifermions) of the theory, we have to introduce a kinetic

term of the general form?

1
Lxin = §W (1®iv,0") (AR 1+i-B®Y5)9
+19° (1 ®iy,0") (AT @ 1+1i- BT ®@5) ¢° (B.3.1)
+ ¢ (1R (E@1+i-F®7ys)9°
(1 ®iv0") (E@ L +i-Fos)e],
with the adjoint spinor B
W =i, (B.3.2)
and the charge-conjugated field (see appendix C.2)
U = Cyo v (B.3.3)
We already made use of the identities (see (C.4.4))
P (1 ®i7,0") (A®L+i-Be7ys)y = (B.3.4)
= P (1®iv0") (AT @1+i-BY®@15) 1, o
and (see (C.4.5))
_ T
{‘“ﬂ@“w@“)(m“i‘FWW} - (B.3.5)

— (170" (EQL+i-Foy)y,

and introduced the Kronecker product, denoted by ®, to deal with the 4-dimensional
substructure of the m Dirac bispinor fields ;. Furthermore, one can show that (see

(C.4.6))

t
[1&(1@17“8“) (A®1+1i- B®75)¢} = (B.36)

=9 (1®i7,0") (A®1+i-Bey) 'y,

and hence, A and iB have to be hermitian matrices. The kinetic part of the Lagrangian
density can then be written in a very compact way:

1= — A
Licn =5 (0 ¥°) (Tam @ 17,8) [ET ﬂmﬁ'[—if ;T}@% (Zi)
o - T
(B.3.7)

Since the Matrix Y is hermitian, it can be diagonalized with the help of a unitary matrix
U,
Y =UYU', (B.3.8)

3E’yuwj and E’yu%lﬁj transform as four-vectors and therefore, Lorentz-invariance is guaranteed.
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B.3. FERMIONIC LAGRANGIAN DENSITY

and after a suitable redefinition of the fermionic fields,

/
w =

20w, (B.3.9)

>

we find
W (Lo, @ i7,0") w = (1, @ i7,0") (B.3.10)

where we immediately have dropped the apostrophe for the sake of simplicity.
Again, we have to introduce the covariant derivative,

(D)), = 0" + i (ta) ;1 Vi AL (B.3.11)

to make the Lagrangian density invariant under an arbitrary gauge transformation of the
form:

P — el @@ tay) (B.3.12)

The m hermitian gauge coupling matrices t,, which are the matrix representations of the
generators T, in the representation of G, under which the fermion fields ¢ transform, are
proportional to the gauge coupling constants and satisfy the commutation relation

[taa tb] = ifabctc . (B313)

For the same reason as for the scalar Lagrangian density we obtain a gauge invariant
kinetic fermionic Lagrangian density:

—_

Liin = =@ (lom @1D)w = (1, @ 1P) . (B.3.14)

2

To be able to deal with chiral theories (e.g. the weak interaction), we rewrite the
Lagrangian density with the help of left-handed and right-handed fermion-fields (appendix
C.3)

UJL,i = % (]l — ’75) 1/11 and wR,i = % (]l + 75) ¢z , (B.3.15)
and find (compare (C.4.10))
Lxin =YL (1 ®1D) ¢r + ¢r (1 @ i) ¢ . (B.3.16)

B.3.2. Dirac-Mass-Term

An explicit Dirac mass term for a set 1 of m Dirac bispinor fields has the form?

cD:—% (b (A@1+i-B@y)d+4¢ (AT @1+i-BT @)y, (B.3.17)

where A and B must be hermitian matrices, due to the fact that the Lagrangian has to
be real and (see (C.4.7))

W(A@ﬂﬂ-B@%W]T=E(AT®1+1.BT®75)¢. (B.3.18)

4@#)]- and 1,751, transform as scalars and pseudoscalars respectively.

79



B. GENERAL LAGRANGIAN DENSITY

Furthermore, we already used the relation (see (C.4.8)):

P (A1+i-Bay) v =9y (ATol+i-BT @) ¢, (B.3.19)
to simplify (B.3.17). With the help of the chiral fields v, and ¥ we rewrite the above
expression (see (C.4.11)),

Y[A®1+1i - Byt =

[A®1+i - B®ys|Yr + YR [A® 1L +1-B® 5] =
[(A+i-B)®l|Yr+¢Yr[(A—i-B)®l]| vy,
S————— N———

Mp ME)

Ur,
YL B.3.20
T ( )

and we finally get:

Lo = [F1(Mp © 1) + Fr (M) @ 1)y

+(n) (M @ 1) (¥r)S + (Yr)°(Mp © 1) (¢L)C] (B.3.21)

PR (Mo @ 1) In (M) @ 1) v

We have to emphasize that only those matrix elements are allowed to be nonzero, which
lead to gauge invariant mass terms. Since chiral fermion fields transform under an arbitrary
gauge transformation as (appendix (C.3))

YR — Oy
W, — e gy

the following relation has to be fulfilled:
tri(Mp®1) — (Mp ®1)tg; =0. (B.3.23)

For the chiral Standard Model this condition is only true for Mp = 0, due to the fact that
right-handed fermions are singlets with respect to the weak interaction (tg, su(2) = 0, but
tLsu@) # 0).

Nevertheless, even forbidden explicit Dirac mass terms can still appear in the Lagrangian
density after spontaneous symmetry breaking. This can be achieved through the famous
Higgs mechanism, where two fermions couple to a real scalar field ¢; (Yukawa interaction)
with a nonzero vacuum expectation value:

(B.3.22)

LYk = _% YL (Tpips @ 1) YR + %(FBM@' ® 1)3r,
+(@0n)° (Th i @ 1) (Ur)° + (Wr)°(TD 490 ® 1) (1) (B.3.24)

(B'ilg)—%(rm%‘ @ 1)¢YR — %(FJ]B,i(‘Di ® 1) -

Again, only those matrix elements of the Yukawa coupling matrix I'p; are nonzero that
lead to gauge invariant terms. From the equations (B.2.6) and (B.3.22) we find the fol-
lowing condition for gauge invariance:

tLJ' (FD,m &® ]1) — (FD,m &® ]l)tRﬂ' = FD,n(Gi)nm ®1 . (B325)
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B.3.3. Majorana-Mass-Term

We are able to obtain a second type of mass terms, the so called Majorana mass term, if
we connect fermions with antifermions and from the identity (see (C.4.9))

f
[W(Az®ﬂ+i-32®75)w] =E(A;®11+1.33®75>¢C, (B.3.26)

we find:
ﬁMaj=—% [@(A®Il+i-B®75)wC+W(AT®J1+i-BT®75) w] . (B327)

After defining
1
A= (M + )

: (B.3.28)
_ T
5= (8- am)
we can rewrite the above Lagrangian density as
1] 1 P .
Ly = —3 (0 ML®§(1+75)+MR®§(]1—75) P
) ) (B.3.29)
+ ¢ <Mﬁ®2(1 —75)+MR®§(H +’Y5)> 14 ;
and if we again introduce the chiral fields 1, and ¥R, we finally get:
17 _
Lnaj = —3 [wL(ML ® )¢ + (Yu)° (M) ® 1)y
(B.3.30)
+ PR (M ® 1) (r)S + (Wr) (MR @ ﬂ)i/}R] :
Since chiral antifermions transform, analog to equation (B.3.22), as
c_ e_io‘i(x)t*R,i c
(Wr) o (¥r) (B.3.31)
(P)° — e MLt ()
the condition for gauge-invariance is given by:
tL,‘ML + Miti . =0
Z b (B.3.32)

tri My + Mbth, =0.

In the Standard Model, this is only nontrivially true for sterile fermions, e.g. right-handed
neutrinos, which only interact via gravity.
Furthermore, we realize that My, and My are symmetric matrices

My, =M and Mgp = Mg , (B.3.33)
since the following identity holds (see (C.4.12)):

YL (ML ® 1) ()¢ = 9 (M @ 1) (1r)° (B.3.34)
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B. GENERAL LAGRANGIAN DENSITY

Again, primary forbidden terms can be generated via Yukawa interactions and sponta-
neous symmetry breaking:

1|— _
Lyia = 5 U, (Trapi @ 1) (Y1.)° + (Z/JL)C(F{,iSOi ® 1),

(B.3.35)
+ (r) (Tr,iwi ® 1)Yr + Ur (Th i ® 1) (¥r)°
Gauge invariance is guaranteed as long as
i Tom ®1) + Tom @ 1)t = Trp(i)am @ 1 (B.3.36)

tri(Th p ® 1) + (Th ,, ® Ditf; = Th , (0:)nm @ 1

is fulfilled and for the same reason as above, I't,; and I'r ; are symmetric m X m matrices.
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C. Fun with Gamma Matrices

We want to prove some of the relations used in appendix B and start with a short summary
about gamma matrices, charge-conjugation and chiral fermion fields. For more details see
[51, 60] .

C.1. Gamma Matrices

The 4 x 4 gamma matrices (y,) = (70,71, V2,73) are defined by the commutation relation

{7#7711} = YuYv + Y Vu = 29#1/]1 y (Cll)
and satisfy
T
o (C.12)
Vi = Vi

Furthermore, the fifth gamma matrix, s, is given by

V5 = 1707117273 (C.1.3)
and from (C.1.1) and (C.1.2) follow:
Y5, Vuy = 0
o “1 (C.1.4)
Y5 =5 -

C.2. Charge-Conjugation

The charge-conjugation operator interchanges particles and antiparticles and hence flips all
internal quantum numbers (charges). For a Dirac bispinor field v; the charge conjugated
field ¥ is given by:

U = Cyo 05 (C.2.1)

The charge conjugation matrix C' is defined by the relation

C1y,C = —WE , (C.2.2)
and obeys [51]:
ct =c™!
C.2.3
ct=-C. (©23)

For the adjoint charge conjugated spinor we find

— . C.2.3 o C.2.2) 1 (C1) _
08 = (O ) e 2 Tty 22 g T (rd)Tet 2Dyt (C24)
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and from (C.1.1) and (C.2.2) we get a commutation relation for v5 and C":

Clyy=~c™t. (C.2.5)

C.3. Chiral Fermion Fields

If we want to deal with chiral theories, we have to introduce the two projection operators

1 1
PL=5(1-7) and Pr=_(1+1), (C.3.1)
with the simple properties:
PL + PR =1
P,-Pr=0 (C.3.2)

(Pryr)* = Pur -
Therefore, we can decompose a Dirac spinor ; in its left-handed and right-handed com-
ponents,

Vi = (PL + Pr)Yi = Pubi + Pripi = thir, + i (C.3.3)
which transform differently under a chiral gauge transformation and are eigenstates of ~s:
VYR = Yir and ¢ = —Yi, (C.3.4)

The behavior of the chiral fields under a general gauge transformation can be easily inves-
tigated for infinitesimal transformations,

¢ —><]1 —+ itiai(:v)>¢ =
( (s ® 1+ fas ©5) 0 <x>)<wR+wL>=
:<1+1 (b +tai) @1 ai(x)) . (C.3.5)
—,_/
+<11+1 ti; — t2,) ®Ilaz-(x)>wL,
—,_/

which leads, as required, to

VR — eiai(ﬂﬂ)tR,in

by s ey (C.3.6)

Furthermore, a charge conjugated left-handed field is right-handed and vice versa:

(C.2.1) % 1 Y
()" =" O v = Crg 5 (1= 93) ¥
c14) 1 N L (C25) 1 .
4 )05<1+75>%Tw 2 )5 (1+7§) Cro ¢ (C.3.7)
CL4) o .
C2Y Pry® = (09
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C.4. Useful Relations

Due to the fact that fermion fields anticommute,

Yy = —ed; (C.4.1)

we find that the transpose of an expression of the following form comes along with a change
of sign:

wT(Ame ® Z4><4) ¢ = ('Lpi)aAijZab(wj)b
Cﬁ.l)

= (A7) (Z a5 CEY = ()5 (AT)ji(ZTVba()a (C.4.2)
= —¢T (Amxm & Z4><4)T Y.

With the help of the relations (C.1.1) - (C.4.2) we are now going to prove the identities
used in appendix B and ignore total derivatives of the form:

P(AR1+i-B®~s) (ﬂ@i%é_/‘)w:

(C.1.4) — .= .
= 1®iyo0' ) (A®l—-i-B®
(0 < 1u ) ( 1 ¥5) ¢ (C.4.3)

:@b(mm(—a?)) (A@1—1i-B®qys)d

+ total derivative .

e Relation (B.3.4)

w(ne;iwa“) (A®1+i-B®qys) ) = zp(n@iwa#) (AT@1—-i-BT@7s)

(1 ®i7,0") (AR 1 +1i-B®ys) " =
29 _pT (100 1 0i7,0") (A 1+i-Bons) (10 0yF) "
(22O 4T (1 giyTor) (Ae 1 +i- BoAd) (10071 (18 Cqf) ¢

<_
(C42) T (1 @) (AT ®1+i-BT@1s) (ﬂ ® i%ﬁ“> ¥

o —
(@197 <Il ® 17u8”> (AT®1-i-B'@p)y O

(C.4.4)
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86

e Relation (B.3.5):

T
w<n®maﬂ><E®1+1‘F®%>wc} — (1@ (E@1+i-F o)

[0 (1®iv,0") (E® 1 +iF @~s)y°]" =

C.1.2)(C.1.4 . NP
ORI T (esfo) (Ble1—i- Fle o) (11 © <—1>7253”) (L&) ¢

C.2.2)(C.4.4 — ; o 1
(C2ACAD YT (1 ® (0 10) (1 ©70) (Jl@rm@“) (BE@l+i-Fop)y

(c.1.1§C.2.4) %(1 ® i,mau) (Fl+i-F® ’}’5)Jf (0 O
(C.4.5)

e Relation (B.3.6)

-
¢(Jl®ma“)(A®]1+i-B®v5)¢] =P (1®i7,0") (A@1+i-Baqys) ¢

[0 (1®i7,0") (AR 1+i-Boys)y] =

C.1.2)(C.1.4 . AV ® Y

(C.1.2)(C.1.4) Pt (AT ®1—-i-B'® 75) <]l ® ( 1)7,]; “) (L®0) 9 (C.4.6)
_ n

(CLINCI4) <1L ® iwaﬁ‘) (Ao1+i-Bey)iy O

e Relation (B.3.18)

i
w(A®]l+i-B®'y5)w] :E(ATQQI[_H.BT@%)w

WAel+i-Boy)y] ETY ol (Ao 1-1 B oas) (1@w0) v

U (Aren+iBley)y O
(C.4T)

e Relation (B.3.19)

¢C<A®]l+i-B®75>¢Czw(AT®1L+i'BT®75)¢

V(AR 1 +1i-B®~vs) ¢ ©24 YT (10 C ) (A®1+i-Beys) (1@ Cy ) ¢
C.2.5 . *
©29 4T (Ae1+i-Be4T) (LoT) v
Lyt e (AT @1+i-BTo) O
(C.4.8)
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Relation (B.3.26)

t
[W(A@]l—i—i-B@’ys)w] =Y (AT®@1+i-Bf@nqs)¢°

T
[W(AMH-B@%)w] 2yt (Ale 1 -1 Bl @) (12 90) ¥
CLY Ut (1 ® ~0) (AT ©1+i- Bt ®’Y5> e 0O
(C.4.9)

Relation (B.3.16)

¢<ﬂ®i¢)w=m(1®iw>m+m(miw>w

L <11 @iw)wR CLY 20T (1 ® (1 - 75)) (1@ 90) (1@ i7,D%) (1® (1 +95)) ¥

(C.1.4)

e i

YP(1@iyD") (1o (1 -9) (1o (l+)y=0 O
=0

(C.4.10)
Relation (B.3.20)

¢[A®]l“‘i'B®')’5}¢:%[A®ﬂ+i'B®’Y5]¢R+¢R[A®ﬂ+i'3®’75 YL,

- (

VrR(AQ1+1-B®ys)Ur (A® 1+ B®~s)PLPrY

C.1.4) —
="
s, o (C.4.11)

Relation (B.3.35)

@bL(ML ® 1) (Yr)" = ¢L<ME ® ]l) (1L)°

¢ (€21 i (1®9) (ML ® 1) (L®Cyy) ¥

(C.2.3)

= ¢L<MLT ® ﬂ) (Yo)* O

%(ML ® ]l) (YL)
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D. Gaussian Integrals

We want to calculate various Gaussian Integrals, which are of great use in section 4.2 in
the course of the derivation of the effective potential for a general Lagrangian density at
one-loop order. This discussion is based on [27, 61, 62].

D.1. Bosonic Gaussian Integrals

We start with concentrating on Gaussian integrals over ordinary commuting quantities
and consider integrals over real variables as well as over real fields.

D.1.1. Gaussian Integral over Real Coordinates

The one-dimensional Gaussian integral, with a = |a|e!7, -5 <7< g,l is given by

o0
2
/ dz e~ 2997 :,/% , (D.1.1)
—0Q

since it is not hard to show that
00 2 0 00 a2
[/ dz e%“IQ] = / dzdy e 2@ +v?) = 271'/ drre 2z = 2 , (D.1.2)
—00 —0o0 0

and where the complex square root is defined as:
Va=y/|a|- €7 . (D.1.3)

We can use this result to compute the n-dimensional real-valued integral of the form
o0 1
7, = / A"z e 2% AT (D.1.4)
—0oQ

with the real, symmetric? and positive definite Matrix A;j;j. Hence, there exists a real,
orthogonal matrix @) such that
A1
D= =QTAQ |, (D.1.5)

and if we define
T=Qz, (D.1.6)

'The integral converges only for Rea > 0.
2The antisymmetric part cancels due to 2T Az = 2T AT z.
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we get

o0 1.T > 1 =T s i e 1 72
/ drze 2% A2 —/ A"z |detQt| e 2% P® —H/ dz; e 2%
9] i=17—00

" (D.1.7)
~1I 2r [ (2m)"
N paie} )\z N detA ’
where we used the fact that the determinant of an orthogonal matrix is £1.
We can also consider the related integral
I, = / d"Re(z) d"Im(z) o747
Py (D.1.8)
— / d"Re(z) d”Im(z) 6(Re(z)fi Im(2))T A (Re(2)+i Im(z)) 7

with the hermitian and positive definite matrix A. With the help of the unitary matrix U
we can diagonalize the matrix A
A
D= = UTAU , (D.1.9)
An
and after defining
z=Uz, (D.1.10)

we find?

/ d"Re(z) d"Im(2) e~ Az = / d"Re(z) d"Im(z) |detUT| o2 Dz

- S - R (D.1.11)
— d 72' dI 7’L 7)\1'Re(2i)27)\¢1m(2¢)2 ey .
Z1_[1/00 Re(z;) dIm(z;) e Totd
D.1.2. Gaussian Integral over Real Fields
We want to calculate a path integral of the form
/[d¢] Sl (D.1.12)
with the classical action
1
Stol =~ [ dlud's 6w~ )oty) (D.1.13)

3|detUT| = 1 since U is a unitary matrix.
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where ¢ denotes a vector of s real fields and A a real and symmetric s X s matrix. We
limit our space-time volume to V = L* and write the fields and the matrix with the help

of a Fourier series as 1
= V Z €lk"m¢(k
n

Y e

Due to the finite volume and the choice of periodic boundary conditions the wave vector
is discretized and given by

(D.1.14)

2mn#

L Y
where n# is an integer. Inserting these expansions back in (D.1.13) it is not hard to show
that one gets:

ot = (D.1.15)

S16] = 50 S0 6T (k) Alha)dkn) (D.1.16)

Although ¢(z) and A(z — y) are real quantities, ¢(k,) and A(ky) are in general complex
and have to obey

h(— n) = b kn
o) = ) (D117
A(—kn) = A% (ky)
Furthermore, from the symmetry of A, A(z —y) = AT (y — z), follows
Aky) = AT (=k,) = AT(k_,) , (D.1.18)
and the relations from (D.1.17) enable us to find
1 2 A - (s=s7) 1 5 . .
Sl =—5y > Ot (k) Alkn)d(k) ~3v > O (—ka) A(=kn)d(—kn)
L Lo " (D.1.19)
= 5770 (0A0)9(0) = 3 > &' (kn) Alkn) b(kn)
2V |4 =
The measure of the path integral can then be written as
[dg] = C - d*(0) [ [ d*Re(d(kn)) d°Im(d(kn)) , (D.1.20)

n>0

where we are not interested in the exact form of the constant factor C, since we are always
dealing with fractions of Gaussian integrals. Of course, the notation n > 0 for a vector is
a misnomer and needs clarification. We define the vector n to be ”positive” if

>0 v n’=0,n'>0 v n°=0,n'=0,02>0 v ..., (D.1.21)

which is only one possible choice to systemize the sum over all n.

91



D. GAUSSIAN INTEGRALS

We can now reduce our path integral to simpler Gaussian integrals over real coordinates
and we find from (D.1.7) and (D.1.11):

/ dgles¥ = ¢ / a9(0) T d*Re(B(kn)) d*Tm((kn)

n>0
e~ 2T OAOI0)§ Tosg 61 () Akn)dlkn) () 1 99)

(iV2m)s H (iVm)s
detA detA

If we realize that detA = detAT and use relation (D.1.18), we can simply the above result

to
iS[¢] _ ] [ SN
/[dqb =C- detA =C- DetA , (D.1.23)

all &y,

with the new overall factor C' and the functional determinant DetA.

The alert reader might have cast doubt on the legitimacy of our calculation of the
path integral in (D.1.22), since the Gaussian integrals seems not to converge at all, due
to the purely imaginary phase. But, as defined in equation (3.1.1), we actually perform
the integral in the limit 7" — oo(1 —i0%), and therefore, we should have changed all k0
to kO 4+i0% 4 [27], where the term i0T delivers a real contribution to the phase and the
necessary convergence factor.

In a final step, we perform the limit L — oo, where the sum over the discretized momenta
becomes again an integral,

d*k (D.1.24)

all ky,
and in the end the path integral reads

/[d¢]€ls[¢] C o 2 fd4acf(2 ) lndetA(k) (D125)

D.2. Fermionic Gaussian Integrals

We can also deal with Gaussian integrals over non-commuting quantities, so-called Grass-
mann numbers. Again we distinguish between integrals over variables and fields and start
with a short introduction about these special numbers.

D.2.1. Grassmann Numbers

Grassmann numbers are anticommuting quantities (i.e. fermionic fields), which obey

{.x} =0, (D.2.1)

and
VY =xx=0. (D.2.2)

4If we perform a Fourier transformation a shift of the T-axis in the direction —i0" has to be compen-
sated by a shift of the k°-axis in the direction +i0".
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Therefore, a Taylor series expansion of a function f(1)) has the simple form:

fW)y=a+b-1. (D.2.3)

By analogy with an integral over ordinary numbers we can also introduce an integral over
Grassmann numbers (Berezin integral [63]), which is defined as a linear functional:

/ A (a- f(@) +b-g(Y) =a- / a f(4) +b- / dp g () (D.2.4)

The integral over a function f(v)) is then given by

/d¢f(zp) - a/d¢+b/d¢¢ : (D.2.5)

and if we claim that such an integral should be invariant under a simple shift ¢ — ¥ + ¢,

Javsw)= [awswsa=(erie) [aw b [aw, (D.2.6)

we find:
/ﬁw—o. (D.2.7)

The second integral is not determined and is therefore set to be equal to 1:

/dww =1. (D.2.8)
As a consequence, integration and differentiation are identical for Grassmann variables:

/wzi. (D.2.9)

Furthermore, it follows from equation (D.2.7) and (D.2.8) that®:
1, ifm=n.

] (D.2.10)
0, otherwise.

/d”zbwl...wmz/d¢n...d¢1¢1...¢m:{

D.2.2. Gaussian Integral over Grassmann Variables

With all this knowledge about Grassmann numbers we can now consider an integral of
the form

I = /dmw e3VTAY (D.2.11)
First of all, we notice from equation (D.2.10) that this integral is zero for an odd dimension
m and that we can write:

1
n!2n

L = Top = / dv (i A" (D.2.12)

®The ordering of di; is conventional and different choices can result in a different sign. Since we always
consider fractions of Gaussian integrals over Grassmann variables an overall factor does not bother us.
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Moreover, due to the antisymmetry of v;1;, the symmetric part of A cancels and hence,
we assume A to be antisymmetric from the beginning. Since 1;1; = 0 (no summation
over i), we can further simplify the integral and find

1
Ty = / 2y

n!2n

Z AU(I)U(Q)"'AU(Qn—l)U(Zn) wa(l)'--wa(Qn)
0ESh —
€o(1)..0(2n)¥1---P2n (D.2.13)

(D.2.10) 1
= on €i1i9...i2n

Ajiy A

12n—1%2n

where S, denotes the symmetric group. The result we found is just the definition of the
pfaffian of the matrix A, which turns out to be the square root of the determinant for an
antisymmetric complex matrix [64],°

1
pfA = n!on Eigig.iign Airig---Aign_tizn = Vet A ) (D.2.14)

and therefore, we finally get:

/d% es?V A = \/det A . (D.2.15)

The second Gaussian integral over Grassmann variables we want to have a look at, is of
the form:

/ d™yd™y* eX AX (D.2.16)
If we realize that x;x; just acts as a c-number,
X3 XG XmXn = XmXn X Xj (D.2.17)
and that

P1X1%2X - PnXn = (1) T2 F "0 b0 b X1 X2 X0

n(n—1) (D.2.18)
= (=12 P12 nxiX2-Xn
the above integral can be written as
2.10) 1
/ drydyt extAx (D210 - / d™d"x" (X7 Aijx;)"
(D.2.17) 1 * % * *
= ﬁ /andX1andX1 n! zs; XlAla(l)Xa(l)XnAnU(n)XO'(n) (D219)
gESR
(D.2.18) n-(n—1) % % * *
= (=1) = /an---dX1an---dX1 Eiqorin ALy Aniy, X1+ X X1e--Xn s
and we find:
n an. + ytA n(n—1)
d™d"x" eX X = (=1)" 2 detA. (D.2.20)

SActually pfA = +v/detA, but again, we don’t care about an overall factor.
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D.2.3. Gaussian Integral over Grassmann Fields

By analogy with the bosonic path integral we can also compute an integral of the form
_ / (] 5] = / (] - b S ety T @AG-pel) (D.2.21)

with the antisymmetric 2n x 2n matrix A and the 2n complex Grassmann fields w;.

Again, we limit our space-time volume to V = L* and after performing a Fourier
series (compare equation (D.1.14)) it follows from the antisymmetry of the matrix A,
Az —y) = —AT(y — x), that:

Aky) = —AT(<k,) . (D.2.22)

This condition and the anticommutativity of Grassmann variables leads to

Slw] = —%QJT(O)A(O)Q(O) — é;@T(—kn)A(kn)c&(kn) , (D.2.23)

and the path integral then reads

I_C / 0(0) T 4 (k) A —k) ¢~ 2% OAOZO— T @ (—bn) Alka)ol0r)

n>0
= C'y/detA(0) HdetA =C H \/det A(k, VDet A
n>0 all k,,

(D.2.24)
where we applied equation (D.2.15) and (D.2.20) and used that detA(k,) = detA(—k,)7.
Therefore, we finally get

/ (] e 4 S Aty T @A) _ ¢ o3 S VeI i Indetlh) (D.2.25)

The calculation of the path integral version of the Grassmann integral (D.2.20) is now
straightforward and leads to:

[ianliay e et sx @m0 ¢ [T detd(h) = € Deta
all kn (D.2.26)
L—)oo C efd4 f(2 ) IndetA(k) '

"detA(kn) = det (AT (—kn) ) = (~1)*"detA(—kn)
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