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Abstract

In this thesis we consider a Higgs-Yukawa system consisting of a self-interacting
scalar field (Higgs field) that couples to a fermion (top quark) through a Yukawa
interaction term. We study this system in the framework of the functional renor-
malization group and we use the Wetterich equation in order to describe its flow.
The main goal is to directly derive Higgs mass bounds from the flow of this system.
The non-perturbative nature of the Wetterich equation allows us to test a wide
range of bare parameters and to investigate mechanisms that could decrease the
Higgs mass bound. We confirm the results of [13], [I4], [II] where it was shown
that lower (and upper) Higgs mass bounds arise as a result from the flow of the
effective potential itself, without any additional assumptions. We also confirm the
fact that by taking deviations from the in perturbation theory commonly used -
type UV potential into account, the Higgs mass can be further decreased. Similar
to this investigation we consider a generalized Yukawa coupling H (¢)1% in order
to test the influence of the higher Yukawa interactions h;0**14¢) (j > 0) on the
Higgs mass. We find that it is indeed possible to generate flows that result in even
smaller Higgs masses. In the last chapter we extend the toy model by including
the strong sector in order to describe the flow of the Yukawa interaction more
accurately and we derive the corresponding new flow equations.
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1 Introduction

One of the biggest successes in the physics of the past century is the development of
the Standard Model. It describes all so far discovered elementary particles and three
of the four known fundamental interactions among them, the electromagnetic, the weak
and the strong interaction. Many experiments confirmed the predictions of the Standard
Model to high accuracy and also led to the discovery of many more particles. One central
problem in the development of the Standard Model was to explain how the gauge bosons
of the local gauge theories (or to be more precise, the gauge bosons of the weak interac-
tion) and the fermions acquire their masses, since the introduction of corresponding mass
terms violates the invariance under gauge transformations. A possible solution was pro-
posed by Higgs, Kibble, Guralnik, Hagen, Englert and Brout in 1964 and became famous
under the name Higgs mechanism ([I], [2], [3], [4]). By introducing a scalar field, the
so-called Higgs field, the fermions and the gauge bosons of the weak interaction obtain
their masses through spontaneous symmetry breaking within the newly introduced Higgs
sector. This idea accompanies with the emergence of a new particle, the Higgs boson. It
took further 50 years, until 2012, when the Higgs boson was finally verified at the LHC
[5] and thus confirmed the Higgs mechanism to be an appropriate way to describe the
mass generating within the Standard Model.

Despite its huge success, the Standard Model still exhibits some inconsistencies. First
of all it does not contain the fourth fundamental interaction, the gravitation. However,
at least at the Planck scale at around 10 GeV, the effects of gravitation become of the
same order of magnitude as the other interactions and thus cannot be neglected. Further-
more, perturbative calculations hint at the existence of Landau poles of the electroweak
interaction and the scalar self-interaction at finite momenta. All these are arguments
for considering the Standard Model as an effective theory, emerging from a more funda-
mental theory. The natural question that arises now is up to which scale the Standard
Model is valid. At best, the Standard Model is valid up to the Planck scale, but there is
a possibility that new physics already appears at scales much closer to the IR. One way
to approach this question is to investigate the scalar effective potential, deriving mass
bounds for the Higgs boson. It turns out that the lower mass bound depends on the
chosen cut-off, i.e. the scale up to which one assumes the theory to be valid. As soon as
the measured Higgs mass falls below the derived lower Higgs mass bound, the theory is
no longer valid at the corresponding cut-off.

The first approach to deriving lower Higgs mass bounds was by assuming that the effec-
tive potential might become unstable.



It was commonly believed that the one-loop contributions from the Higgs boson and the
top quark destabilize the effective potential in the sense that if the top Yukawa coupling
is much stronger than the p*-coupling of the Higgs field, the effective potential might no
longer be bounded from below for large Higgs amplitudes. In other words, if the Higgs
mass is too small compared to the top quark mass, the effective potential has no longer
an absolute minimum. The Higgs mass bounds then were obtained by demanding the
potential to be at least meta-stable, imposing that the (unstable) vacuum is sufficiently
long-lived, with a lifetime comparable to the age of the universe. This way, by pertur-
bative calculations, stability criteria were derived and thus corresponding lower Higgs
mass bounds that were connected to the mass of the top quark ([6], [7], [8]). However,
depending on different parameters such as the mentioned top mass, the experimental
value of the Higgs mass is close to or even violates these mass bounds. Therefore, this
instability approach was put into question.

Correspondingly, lattice calculations [9] for example did not show any instabilities at all,
in [10] it was even shown that for a simplified model, the Higgs-Yukawa model, the insta-
bilities of the effective potential only occur when the renormalized perturbation theory
results are extended to areas where the approximation is no longer valid. Hence, new
investigations of Higgs mass bounds are desirable.

In this thesis we will consider the Higgs-Yukawa modeﬂ For different bare couplings at
a given cut-off A we will compute the resulting Higgs masses, trying to find the combi-
nations which yield the lowest mass. At first sight, this seems to contradict the common
viewpoint that IR observables should be independent of details of the UV theory. How-
ever, the Higgs mass bound should not be regarded as a pure IR quantity. Usually it is
expressed in terms of the UV cut-off A. If we want to investigate this dependence, we
necessarily have to make some statements about the theory near the cut-off, for exam-
ple concerning the UV regularization. Hence, the scheme-dependence of the Higgs mass
bound becomes to some extend physical [I1]. In the course of our analysis we also have
to cover the case of large bare couplings and thus we face a non-perturbative problem.
Accordingly, the framework of the functional renormalization group (FRG) delivers ap-
propriate tools. We will calculate the flow of the appearing couplings according to an
exact FRG equation, the Wetterich equation [12], and test the influence of different UV
bare actions on the Higgs mass bound. Similar investigations already have been done in
[13], [14]. In [13] it was shown that by allowing arbitrary bare couplings but demanding
to reproduce the correct IR physicsﬂ, the RG flow restricts the possible Higgs masses to
a finite window, providing us with upper and lower bounds for it, without any additional
restrictions or instability assumptions. In [14] these investigations have been extended by
considering deviations from the in perturbative calculations usually used quartic scalar
potential. The author showed that in this case the lower Higgs mass bound could be
further decreased. The main purpose of this thesis is to further extend the toy model
by taking additional operators into account, namely a generalized Yukawa interaction of
the form H ()i instead of hoin).

'Why this is an appropriate simplification of the Standard Model will be discussed in chapter
2That is to reproduce the correct vacuum expectation value of the Higgs field and the top mass.



In chapter [2| we recall some basic results of quantum field theory (QFT). Beside a general
introduction we will explain the Wilsonian approach to the FRG and present the impor-
tant steps of the derivation of the Wetterich equation, which will be the starting point
for all of our calculations. Finally we give a short introduction to the Higgs mechanism.
The content of this chapter is mostly standard text book knowledge.

Chapter [3| deals with the question why for our purposes the simple Higgs-Yukawa model
is an appropriate simplification of the Standard Model. This discussion has already been
held in e.g. [13], we will recall the important steps.

In chapter [4] we will derive the necessary flow equations of the effective potential, the
generalized Yukawa coupling H(y) and the anomalous dimensions of the fields.

The approximate solution of the corresponding set of equations will be performed in
chapter [5] First they are rewritten in renormalized and dimensionless quantities and
afterwards we apply some further approximations. The simplified equations are solved
numerically with Wolfram Mathematica. Subsequently, we briefly discuss the results.
The last chapter is dedicated to a last extension of the toy model. We will take the
SU(N¢) gauge symmetry of the Standard Model into account, because the strong cou-
pling g3 has a significant impact on the top Yukawa coupling, as we will see in

chapter [3] Hence, after introducing a Yang-Mills term as well as corresponding gauge
fixing and ghost terms, we will derive the new flow equations of the quantities mentioned
above.

We end with a summary and an outlook to possible future investigations.



2 Theoretical foundations

The content of this chapter is standard textbook knowledge and thus inspired by for
example [15], [16], [I7] or by reviews such as [I8].

2.1 Quantum Field Theory

In QFT, all important physical quantities like cross sections can be calculated by so-
called n-point Green’s functions, where n denotes the number of involved particles or
fields. Formally, these functions are defined as the vacuum expectation value of the time
ordered product of these fields in the Heisenberg picture. In the path integral formalism,
this expectation value is equivalent to integrating over all possible field configurations,
weighted by the classical action,

(p(z1) - pl@n)) = (QUT (1) - - - p(2n)) [Q) ZN/DQO (1) - - p(an)ee.
(2.1.1)
Note that we have operators on the left hand side, but usual functions in the integrand

of the path integral. The normalization constant N is fixed by the condition (1) = 1.
The path integral measure can be considered as

/m: I de@v). (2.1.2)

To make the exponent in equation (2.1.1)) real, we perform a so-called Wick rotation. By
transforming xg — —izg and Z — &, we effectively change over to the Euclidean metric,
changing the exponent from iS[p] to —S[p]. Consequently, the Clifford Algebra reads

{ Vs W}t = 20
Now the Green’s functions can be calculated with the help of the generating functional

Z|[J], given by

Z[J] = /Dgo e St (2.1.3)

where we have used the short hand notation [ Jo = [ dzJ(z)¢().

10



2.1 Quantum Field Theory

Then we obtain the n-point functions just by taking the derivative of Z[.J] with respect
to the source J,

1 o
e = Z[J . 2.14
However, there are more effective ways to store the physics than using the generating
functional Z, since it also produces unconnected terms like (p(x1)) - - - (p(xy,)), which
do not contain any new physical information. Therefore, we consider the Schwinger
functional W[J] = log Z[J]. Now the derivatives only yield the connected terms,

5TL

<(,0(l‘1) S 90($n)>conn = 5J($1) . 5J($n)W[J] (215)

J=0

To see how this works, let us consider the simple case of 2-point functions:

o™ (a7t (i [ 2 t757))

B <1 [ ¢<x1>¢<mz>e‘5‘*fz‘“"> o

—~ ( /Dw p(a2)e 5t T /Dso p(z1)e 5t J‘”)

= (plz1)e(x2)) — (p(1))(p(22))
= <(P(x1)90(x2)>conn-

S2W1[J]

J=0

J=0

Similar calculations for all n > 2 can be obtained.

If we are able to explicitly calculate Z[J] or W[J], we can regard our theory as solved,
because then we have access to all Green’s functions and therefore, as mentioned above,
to all other physical quantities.

But still, the Schwinger functional is not the most elegant way to store our information
of the theory. This would be the effective action I'. First, we introduce the classical
field ¢(z) as the (connected) vacuum expectation value of the field operator ¢(x) in the
presence of a source J, hence

) = Gl = 7 (2.1.6)

The effective action is then defined as the Legendre transformed function of the Schwinger
functional with respect to the variables J and ¢,

rie] = sup{ W0 + [ o). (2.1.7)

11



2.1 Quantum Field Theory

We will skip the supremum and just keep in mind that J = Jy,;,. Now the variation with
respect to the classical field yields

o 5W 5J y y
50(@) ~ ), 37(u) 06(x) /¢ m+/6 )
—= (2.1.8)
= J(x).

Equation can be viewed as the quantum equation of motion of the vacuum ex-
pectation value in presence of a source J.

It is also possible to derive an equation of the effective action. Starting from the gener-
ating functional Z[J] we obtain

which is equivalent to
e~ Tlel — /Dgo oS+, J(o—0)

By performing a shift of the variable ¢ — ¢ + ¢, which according to equation ([2.1.2)
leaves the path integral measure invariant, we obtain

rlg _ /DQP o~ Sletdl+ [, o _ /DQO o~ Slotrel+ ], e (2.1.9)

Equation (2.1.9) represents a functional diffeo-integral equation for I', which is hard to
solve. The common perturbative approach is to expand the action S in the exponent of
the integrand, yielding a Gaussian integral.

5S
M

1
=5+ SWp + §S<2>W + O(p%).

2
Slo+6) = 516 + @+3 [ | 5ommme@em + 0)

If we only consider the 1-loop approximation, we can neglect the term (g—g — —) © as

dp
well and find

—Tlg] _ 519l / Dy =350,

Now we can solve the Gaussian type integral, take the logarithm and after applying the
1
identity logdet™2 = —% Trlog we finally get

T[¢] = S[p] + %TrlogS(Q). (2.1.10)

However, in this thesis we will take a different approach, namely by applying the ideas
of the renormalization group (RG) to QFT.

12



2.2 Renormalization and Functional Renormalization Group

2.2 Renormalization and Functional Renormalization Group

2.2.1 Wilsonian approach

Whenever one starts to calculate the n-point Green’s functions of a given theory, one will
recognize that divergences can appear. The reason are high-energy quantum fluctuations,
i.e. fluctuations on high momentum scales. Therefore, we have to use a technique called
regularization to get rid of these infinities. A simple way to do so is to introduce a
UV cut-off A, which restricts us only to fluctuations with |p| < A. At this point we
see another reason why it was important to perform the Wick rotation. In Minkowski
space, the condition above would also hold for momenta with both large timelike and
large spacelike components. In the Euclidean space however, |p| < A really implies small
components of the momentum. We denote the regularization by writing the path integral

measure as follows:
/ADsoz/ 11 de).

Ip|<A

Of course, our divergences are now encoded in the parameter A. Taking the limit A — oo,
they will appear again. In order to avoid this phenomenon one has to apply the technique
of renormalization. The goal is to introduce new parameters in such a way that the results
become independent of A and hence remain finite when sending A to infinity again. This
can be done for example by adding so-called counter terms to the original Lagrangian,
which compensate the occuring divergencesﬂ

However, we will use a different point of view. Just from the beginning we claim that
our considered theory is just an effective theory in a sense that it is only valid up to the
scale A. Hence, if we try to construct the corresponding effective action, fluctuations on
a higher scale will not be taken into account.

Now Wilson introduced the idea to "integrate out" the fluctuations (momentum-) shell
by shell, unlike in perturbation theory, where the fluctuations are treated the same way
on all scales by the bare quantities [19], [20]. Let 0A denote the thickness of such a shell
and let us decompose the field as follows

©(p) = @()O[(A — 6A)* — p*] + 3(p) (O[A* — p?] — O[(A — 6A)* — p?]).

While ¢(p) carries the modes with small momenta and is often referred to as soft mode,
&(p) carries the modes with larger momenta and is called hard mode.

1To be more accurate, the bare couplings are split into renormalized parts and counter term parts.

13



2.2 Renormalization and Functional Renormalization Group

We can perform the shell integration, considering the regularized generating functional

Z[J] = / Dy e Slel+[ Je
A

_ / Dy / D ¢~ Slo+@+] (7+9)
A—G6A A—6A<|p|<A

= / D@ efsWilson[‘ﬁ]J”f JWilso'n@.
A—0A

Here Syiison corresponds to a theory that is valid up to the scale A — §A, containing all
the information of the high energy fluctuations of the hard modes. Therefore, the hard
modes affect the dynamics of the soft modes. In general, the new couplings in Sy ;ison
will be different from those in the original action. It is even possible that the high
energy fluctuations will generate completely new interactions which did not even appear
before, as well as some other interactions might die out. One should think of all possible
interactions to be represented by their couplings and consider these to be coordinates of
an infinite dimensional coordinate system. Then each point in this coordinate system
would represent a different action, i.e. a different theory. In this sense, the space spanned
by the couplings could be referred to as theory space. The integration of the hard modes
with A — 0A < |p| < A (= RG transformation step) corresponds to moving from one
point in theory space to another. If we let the thickness of each shell tend to be infinitely
small and iteratively perform these RG steps, we generate a smooth trajectory (= flow)
of the action in the theory space. An elegant mathematical equation that describes the
flow of the corresponding effective action I' is given by the Wetterich equation and will

be derived in subsection 2.2.3]

2.2.2 Some further notation

Before we start with the actual derivation of the Wetterich equation let us first introduce
some notation and conventions. First we define the Fourier transformation:

R e e U e

Concerning the anti-spinors of fermionic fields be aware of the complex conjugation,

() = / PP, () = / (),

14



2.2 Renormalization and Functional Renormalization Group

By these definitions we have

dp(z)
dp(y)

and the same rules for spinors.

No matter how many and what kind of fields the considered theory is made of, the
Wetterich equation always looks the same if one combines all fields in an adept way.
Since our toy model will contain one bosonic field and one fermionic field, as we will
discuss in chapter |3 we will restrict ourselves to this case in the following lines. First we
define a vector containing all the fields 7]

=z —vy), — == (27T)d5(p —q) =pgs

¢(p)
®p) = | () |,
T (—p)

where a = 1, 2,3 denotes the index in the field space. For the path integral measure we
use the short hand notation

/ DO = / DeDyYD.

The field vector ® motivates the introduction of the source vector

One should notice that since we operate in the path integral formalism, all fermionic
fields as well as the corresponding source fields are Grassmann valued fields. Therefore,
their components are anti-commutating numbers, according to their spin statistics. This
yields some subtleties when working with the quantities defined above. For example
consider the quantity ®7.J, which clearly is a scalar. Therefore, we should be able to
transpose it, getting the same number again:

@' = (o +vTp" +¥m)T
= (pp — —n"Y7)
£ JT®.

2The reason why we define the field this way is to write the source term in our effective action in a
convenient way, as we will see later.

15



2.2 Renormalization and Functional Renormalization Group

To obtain the expression J7 ®, we have to change the sign of the second and third term,
i.e. the sign in the fermionic sectors. This is exactly due to spin statistics. To remind
ourselves of this fact we insert a factor (—1)°, with s = 0 in bosonic sectors and s = 1 in
fermionic sectors. Then we can write

@' NT = (-1)°J7 .

Whenever we change the order of multiplying such objects (for example when transposing
a product), we have to insert this statistic factor.

Of course we can also define linear operators, acting on the field space as well as the
momentum space. Such objects carry two field indices as well as two momentum indices.
The multiplication is then defined as

MQWF/M%mwm

q

or the product of two such operators

(B (p.0) = [ A"(p,0) B0 ).

Finally, we introduce the so-called super trace. Its definition is to take the trace over
all existing types of indices. In our case this would be integrating over the continuous
momentum indices, taking the sum over the field indices (where we have to consider the
statistic factor as well) and finally taking the Dirac trace in the fermionic sectors, since
these objects live in the d,-dimensional Dirac Spacqﬂ Thus, in our specific case of one
bosonic sector and two fermionic sectors we have

STr A = /A“(pm) — Try (A% (p,p) + A% (p,p)) .
p

As mentioned above, more fields can be easily included by extending the field and source
vector, respectively.

After all these definitions we can now begin with the actual derivation of the Wetterich
equation.

3d, = 2L4/2] i5 the dimension of the Clifford-Algebra in fundamental representation in a d-dimensional
space time.

16



2.2 Renormalization and Functional Renormalization Group

2.2.3 The Wetterich equation

The derivation of the Wetterich equation is widely known and presented in many papers,
for example in the original work of Wetterich [12] or in various reviews such as [1§], [21],
[22]. Inspired by these templates, we will recall the important steps of the derivation.
Let us first introduce a RG scale parameter k, denoting the momentum scale up to which
the high energy modes have been integrated out. Now we can specify the starting and
end point of the theory space trajectory. We demand

ImIy =S5, IimIl,=T
Py Nl ' pSo k ’
where S is the microscopic action that has to be quantized and T" is the full quantum

effective action, including all fluctuations. As a next step, we define the UV and IR
regularized functional

Zi|J] = / DPeSIOIH[ TT P25 (2] (2.2.1)
A

where we added a so-called regulator term to the exponent. It is given by

ASE = 5 [ o0 Rus@eta) + [ S0 Rur(a)il)
q q
=5 [ ¥ Com@a) (2.2
wherd]
Rip(q) 0 0
Ri(q) = 0 0  —Rip(—q) |- (2.2.3)
0 RkF(q) 0

The indices B and F denote the bosonic and fermionic regulator functions respectively.
Since the regulator term is quadratic in the fields, it can be viewed as a scale dependent
mass term of the fields. The regulator functions are required to satisfy the following
relations:

lim Ry >0

Z%—m

lim R =0 (2.2.4)
E%O

2

4The regulator is diagonal in the momentum indices, Ry (p,q) = 6p.q Rk (D).

17



2.2 Renormalization and Functional Renormalization Group

The first condition implements the IR regularization. For example, if Ry is proportional
to k2 for ¢*> < k2, the regulator equips the IR modes with a mass proportional to k and
therefore suppresses them. The second condition ensures that we recover the standard
generating functional Z (respectively the full quantum effective action I') in the limit
k — 0. The last condition justifies the use of the saddle point approximation in the limit
k? — A? — oo, which returns the microscopic action Sﬂ Furthermore, it is convenient
to rewrite the regulator functions in the following forrrﬁ

2 2
Rip(p) = Zp1p* Tip <Z2> ; Rip(p) = —Zykp mkr <ZQ> ,
with dimensionless shape functions r;(y) and the dimensionless argument y = p
Since we defined appropriate boundary conditions, we now consider the actual traJectory
of the effective average action I'y. First we determine the behaviour of the IR regularized
Schwinger functional W}, = log Z;, under changes of the scale k. But instead of using
derivatives with respect to k, we introduce the dimensionless RG time

@
dk

Let us see how this operates on the Schwinger functional if we keep the source J fixed:

t:log%, o=k

ath[J]’ = —l/DtI) Oi(ASy[®]) e~ SEI+S JT@-AS, (0]
J Zi Ja

~5 @R @ 5 [ DO EI (g, Te-ssw
q kJA

- - / R (@) (o(~2)p(0))” — [ BRir(a)(D(a)e())”
By adding zeros

(p(=a)) (@) — (p(=a)”(w(a))”
(W(@) (@) — (@) (W (0)”

we can rewrite the expression above as following,

0
0

o] =3 / Tr (9, Ri(g) Gi(g, 9))

- /@Rw ~a))"{p(a))” ~ /&RkF(Q)@(q»JW(Q))J, (2.2.5)

q

SFor details see [Z1]
SIn fact, this is already a special choice, see further comments at the end of this subsection or in section

E2

18



2.2 Renormalization and Functional Renormalization Group

where we introduced the full connected propagator Gy,
K 5

= 5T (—p) R 5Tap)

Grav(p: p) = (L (—p)@u(p))” — (@1 (—p))” (Bu(p))”

The last two terms in the equation for 0;Wy[J] ’J just yield the scale derivative of the full

regulator term, where the argument is now the vacuum expectation value of the field,

;/8tRkB(Q)<SO(_Q)>J<90(Q)>J —/@RkF(CJ)(w(Q))JW(q)V
_! / (@ (=g))” (B R)™ (q)(@s(q))”

2 q
= 3tASk[(<I>>J].
Thus, we finally find
o), =5 [T @R Cirla.0)) - AAS (@) (2.2.6)

q
Motivated by this, we define a macroscopic ﬁeldlZ]

p(x) 35
o) = | (@) | = (2(@))dnn = ka[J] (2.2.7)
T (x)
and introduce a modified effective average action as the Legendre transformation modified
by the regulator term,

Ield] = sup {—ka + [ J%} AT (228)

J

As before, for every given macroscopic configuration ¢ exists a source field J = Jg)p
which maximizes the expression in the curly brackets. Because W), depends on k, Jsyp
will do so as well. From now on we skip the supremum and the subscript of Jg,, again.
Since the first term in the definition of I'y is a Legendre transformation and thus convex,
any non-convexity results from the regulator term.

Let us consider the new equation of motion for the macroscopic field:

LARNI / 0T) T [0

53T 56T (x) 37T(y) 56T () W)
o(y)
s [90T W) 5
1) [ S50~ g A5
iy 1)5J<w>£@mm.

"Note that we now use the variables ¢, and 9 for the macroscopic fields.



2.2 Renormalization and Functional Renormalization Group

In position space, the functional derivative of ASy reads

5¢T / oL (y)Ri(z —y /sz—x 2)

= (Ri9)(2).
Thus, the equation of motion is given by
lf [¢] = (=1)°J(z) — (Rro)(x) (2.2.9)
5T () M T ; -
and in momentum space
5 :
Lp[¢] = (=1)°J(p) — Ri(p)o(p)- (2.2.10)

6T (—p)

Our next goal is to compute the behaviour of the effective average action under a change
of the RG scale, while we keep the macroscopic field configuration fixed. It is necessary
to find a relation between the connected propagator and the effective average action to
be able to express the corresponding differential equation in terms of I'y itself. For this
purpose, let us introduce the so-called fluctuation matrix as the second variation of T'j,

5 5

(2) ._
o
_ i F[gb]((g 5 5 ) (2.2.11)
w%—p) kP Gel@) 0@ 39T (—q) ) -
5¢(p)

We refer to this matrix as a 3 x 3 matrix (according to what we call field indices), but
keep in mind that it has the following sub-structure,

(1x1)  (1xdy)  (1xd,)

I‘S): (dyx1)  (dyxdy) (dyxdy)
(dyx1)  (dyxdy ) (dyxdy)

Then from equation (2.2.10) we get
F

ry )(p, q) = (—1)8J(p)5¢5@ — Ri(p)dp.q- (2.2.12)
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2.2 Renormalization and Functional Renormalization Group

It is now possible to derive the relation we are looking for:

& %
Opg = J(p)m = /q/ (J(p)(Wq’)> (¢(q’)5j(q)>

<_
/,(_1)8 (rf)(p, ¢) + Rk@)a,,,q/) <¢<q’)5j@>

q
L0 (200 + Rt ) Gitd )
or in operator notation
1= (—1)*TP + Ry)Gs. (2.2.13)
This enables us to write down the Wetterich equation:
aral], = o]+ [ 9w ~ass

_ 4mmh—&A&w

;/Tr (9 Ri(q) Gi(a,q))

q

213) (—1)° !
2 2:13 u / Tr (8tRk (p)ép,q (F](CQ) + Rk) (p7 Q)>
2 p,q
= ESTr (28;& . (2.2.14)
2 LY + Ry
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2.2 Renormalization and Functional Renormalization Group

The Wetterich equation is a pure differential equation of the effective action, we
got rid of any functional integrals. Furthermore, it has a one-loop structure (compare
with equation ), but it is exact since the full propagator Ff) appears in the
denominator. As mentioned above, the regulator term in the denominator guarantees the
IR regularization, since it behaves like a scale dependent mass term. Its scale derivative
in the numerator however expresses the Wilsonian idea of integrating out momentum

shell by momentum shell, because it is peaked around p? ~ k2, as shown in figure

2
p

FIGURE 2.1: Typical shape of the regulator (red) and its scale derivative (purple). Quoted
from [I8]

In this sense the UV regularization is implemented as well. The solution to the Wetterich
equation corresponds to the trajectory of the scale dependent effective action with fixed
starting point (I'y = S) and fixed endpoint, i.e. the full quantum effective action. The
trajectory itself also depends on the choice of the regulatorﬁ As already mentioned above,
all operators that satisfy the symmetries of the theory can be excited during the flow.
Hence, we will have to truncate the effective action when performing actual calculations,
taking only a finite number of operators into account. Due to this we might end up in
some distance to the actual quantum effective action. The quality of the convergence
depends on the truncation as well as on the regulator.

8See section for further comments.
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2.3 Spontaneous symmetry breaking

2.3 Spontaneous symmetry breaking

To understand the basic principle, let us consider a simple p*-theory, where ¢ is a real
scalar field. Furthermore, the Lagrangian shall be invariant under Zs transformations.
Thus, the Lagrangian in Euclidean spacetime reads

L= % 0o + %/fcp? + %sﬁl = % o + V (), (2.3.1)
where A > 0 has to hold since we demand the potential to be bounded from below. The
shape of the potential is determined by the parameters ;4 and A and thus the ground state
of the system, since it corresponds to the minimum of the potential. Let us consider
homogeneous field configurations. Then, in case of p? > 0, there only exists a single
minimum at ¢y = v = 0. If 4% < 0 holds we have two physically equivalent minima at

[ 2u?
%0 v N
The two phases are illustrated in figure [2.2]

2> 0 <0
74 %4

¢
0 \/N
FIGURE 2.2: (Left) System in symmetric phase. (Right) System in broken phase.

In the latter case the system will choose one of these two minima to be the ground
state. In case that the field configuration is ¢ = 0, i.e. the unstable extremum, small
fluctuations will drive the system into a stable field configuration at ¢ = +v. However,
since v # 0 holds, the ground state violates the original Zs symmetry of the Lagrangian.
We say the theory is spontaneously broken. To decide whether a system is in the broken
phase or not, we simply have to investigate if the vacuum expectation value v vanishes.
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2.3 Spontaneous symmetry breaking

As a next step, we introduce a priori massless fermions to our model. They shall interact
with the scalar field via a Yukawa interaction hpp. But if we now decompose the scalar
field into its vacuum expectation value and fluctuations around it,

p(x) =v+o(z), (o(z)) =0,

the interaction term reads

how = hodi + ha.

If the system is in the spontaneously broken phase, i.e. v # 0, the left term can be
interpreted as a fermionic mass term with m = hv. Although we introduced a priori
massless fermions, they received a mass via spontaneous symmetry breaking. The mass
of the scalar field itself is given by the curvature of the scalar potential at the ground
state.

The Higgs mechanism in the Standard Model

The original purpose of introducing the Higgs sector within the Standard Model was dif-
ferent from the suggestions above. The interactions of the Standard Model are described
by gauge theories. As a consequence, fermionic mass terms are forbidden because they
would violate the gauge invariance of the Lagrangian. This is not a problem for the theo-
ries of quantum electrodynamics (QED) and quantum chromodynamics (QCD), because
their gauge bosons (photons and gluons) are known to be massless. In case of the weak
sector however, experiments showed that the three corresponding gauge bosons (W and
Z bosons) do have a mass, which are in addition much larger than the masses of most of
the other elementary particles. To explain this circumstance, the Higgs mechanism was
proposed ([I], [2], [3], [4]). Furthermore, since the gauge group of the (electro)weak sec-
torﬂ is SU(2)r x U(1)y 23], [24], the Higgs field was originally introduced as a complex
scalar doublet rather than a single scalar field. Hence, we have four physical degrees of
freedom. The breaking of this symmetry is different from the example above as well. The
consequences of spontaneous symmetry breaking depend on the nature of the symmetry
that becomes broken. If the symmetry is a global continuous symmetry, the Goldstone
theorem predicts the appearance of massless particles, the so-called Goldstone bosons.
In our example the Lagrangian was invariant under a discrete symmetry. Thus, no
Goldstone boson appeared. The more interesting case is the breaking of local gauge
symmetries like the ones of the Standard Model. However, the proof of the Goldstone
theorem only holds for global symmetries. Nevertheless there exist no Goldstone bosons
in the Standard Model due to the local gauge symmetries. In the Standard Model the
degrees of freedom of the Higgs doublet split into one massive scalar field, the Higgs
boson, and three so-called would-be Goldstone bosons. The latter ones are "eaten" by
the gauge bosons and provide them their masses. In general, the mechanism works as
follows. Let G be the gauge group. Then after symmetry breaking the ground state still
might be invariant under a subgroup of G, the so-called stability group H.

In the Standard Model, the electromagnetic interaction and the weak interaction are combined to the
electroweak sector.
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2.3 Spontaneous symmetry breaking

Furthermore, let n be the number of involved (real) scalar fields.

Then n — (dim G — dim H) of these fields remain as massive Higgs fields. Consequently
(dim G — dim H) would-be Goldstone bosons appear, which are eaten by gauge bosons,
providing them with their masses. Hence, dim H gauge bosons remain massless. In the
case of the Standard Model we have the four-dimensional gauge group G = SU(2)1, x
U(1)y that becomes spontaneously broken. After symmetry breaking the ground state
remains invariant under the one-dimensional electromagnetic gauge group H = U(1)e.m.
As mentioned above, we have n = 4 physical degrees of freedom. Thus, we end up with
one massive scalar field (the Higgs boson), three massive gauge bosons (W* and Z2)
and one massless gauge boson (the photon). In a similar way the fermions receive their
masses via a Yukawa interaction with the Higgs doublet.
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3 Our toy model

In this chapter we want to introduce the toy model we are going to work with. Let us
first write down our ansatz for the effective effective action and discuss it afterwards:

7z ) )
T[] = / {Uk(wz) + gkauso Mo+ Zy 1 bidhp + iH ()|, Hi(p) = ¢ hi(9?)
(3.0.1)

The toy model consists of a real scalar field ¢ and a fermion, which represent the Higgs
field and the top quark respectively. We allow arbitrary self-interactions of the scalar
field, given by the effective potential U, and we also introduce a generalized Yukawa
coupling Hy () H Note that we impose a Zo symmetry on Uy and hg. The discussion
why this is an appropriate simplification of the Standard Model has already been held
in [13], [25], we are going to recall the important steps.

The original Standard Model is of course much more complex than our toy model. For
example, as already mentioned, the Higgs field is a complex doublet in the Standard
Model. Beside self-interaction terms it couples with the gauge bosons of the electroweak
interaction through the couplings ¢g(U(1)) and ¢’(SU(2)), implementing the masses of
W+ and Z bosons via the Higgs mechanism. The same holds for the fermions, here the
couplings are of the Yukawa type hy. The main interest of this work focusses on calcu-
lating Higgs masses and therefore on the effective potential Uy. To justify the ansatz we
thus have to answer two questions: Why is the dominant influence of the other sectors
on the scalar sector only given by the top quark and why are we allowed to reduce the
complex Higgs doublet to a real scalar field with a Zo symmetry?

To support our arguments we will use some results of perturbation theory. We are
conscious of the fact that the couplings of the strong interaction sector increase in the
IR, denying the application of perturbative methods.

'Tf we choose h(p?) to be constant, we obtain the original Yukawa coupling.
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But indeed, this happens on a scale lower than the one of electroweak symmetry break-
ing, so that the IR flow should not have a significant impact on the flow of the effective
potential, since it should already have been frozen out. Because the SU(2) coupling ¢
is smaller than the strong coupling g3(SU(3)) in the IR, the same argument holds, too.
Furthermore, the Yukawa couplings can be considered to be in the perturbative regime
as well, if we have a look at the experimental dataﬂ In the IR the vacuum expectation
value of the Higgs field is given by 246 GeV and the top mass is measured to be 173 GeV.
Hence, the strongest Yukawa coupling, i.e. the coupling of the top quark, would have an
IR value of higp ~ % = 0.70, which is still smaller than one. Only the scalar sector might
turn out to be non-perturbative, especially since we are going to test the parameter space
over a wide range, including strong bare couplings. This could influence the other sectors
as well, it might even be possible that they are all driven into a non-perturbative regime.
This again would render the neglection of their influence on the scalar sector unjustified.
Although, if such strong dynamics would play an important role in the Standard Model,
their qualitative effects should be observable within the scope of our toy model as well.

Let us start with the RG improved perturbation theory result for the effective potential
of the Standard Model up to one-loop-order ([27], [28], [29])

1 1
U = —5m*()e°(t) + gA1)o" (¢)
5
n M?(9)
L M;(o)* 1 O gl 4+ Q(1), 3.0.2
# 3 o) los S —ei] 000 (302
whereas
M () = kid?(t) = ]
and
1 )
m=6 m=_g), =0,  a=g
1 )
no=3, k2=l + 9O, k=0, 2 =2
ng = —12, R3 = ihtop(t)ﬂ R3 = O, C3 = 5
ng =1, Ky = ;)\(t), Ky =m2(t), cy4= g
1 9 3
ns = 3, K5 = 5)\(t), ks =m-(t), c5= 7

2All experimental data are quoted from [26].
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M; contains the masses of the particles, i.e. M; = (mw, mz, Miop, MHiggs, MGoldstone )-
m?2(t) and A(t) are the couplings of the quartic Standard Model potential. Finally, Q(t)
is the cosmological constant, which is irrelevant for our considerations, since we are
interested in the Higgs mass. The Higgs mass is related to the curvature of the potential
and thus independent of ©(¢). Among the fermions the top quark is by far the heaviest
and therefore the corresponding Yukawa coupling h.p(t) the strongest. Hence, we already
neglected all the other fermions (quarks and leptons) in equation . Furthermore,
the couplings g and ¢’ of the electroweak interaction are known to be much smaller than
the top Yukawa coupling and the SU(3) coupling g3 in the IR. Although g is increasing
with momentum, both g and ¢’ are smaller than gz and hy,, at least up to the GUT scale
at around 10'® GeV. Thus, we are able to disregard all terms with i = 1,2 in equation
(3.0.2) as well as in the S-functions of the remaining couplings. Among the remaining
couplings, the S-function of hy,, contains contributions from the strong and electroweak
sector and thus would be the last connection to the sectors we neglected so far. Hence,
we have to investigate whether a neglect of these contributions to the S-function of hyp
can be justified as well. From [27] we know that at one-loop level the S-function reads

1 9 9 17
athtop = 167’(’2 <2h?op - 89?2,ht0p - Zthtop - 129/2ht0p> . (303)
As discussed above, the electroweak contributions can be ignored. The problem is the

strong interaction term. Using hop = 0.70 we get %hg’op ~ 1.57. Comparing this to the

strong interaction term (with as(myz) = % = 0.118 we obtain 8¢3hs, ~ 8.30) we see
that its neglect is in fact a rough approximation. Because we are mainly interested in
the qualitative behaviour of the Higgs mass and the effective potential respectively, we
can nevertheless omit this term as well.

The last step is the reduction of the complex Higgs doublet to a single real scalar Higgs
field. Since we dropped the electroweak sector, we lost its corresponding local gauge in-
variance, including the gauge bosons. The spontaneous breaking of the remaining global
symmetry would lead to massless Goldstone bosons, which however cannot be "eaten"
by the (missing) gauge bosons. This problem has to be solved and at the same time we
have to imitate one key property of the Standard Model, that is we have to set up our
toy model in a way that mass terms for the fermions are forbidden. Motivated by the
Standard Model itself, where it is indeed possible to express the scalar potential just via
one single scalar field by making use of the gauge invariance, we approximate the scalar
sector by one real scalar field. This theory does not possess any continuous symmetries
and thus the problem of the Goldstone bosons vanishes.
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To make sure that no fermionic mass terms are allowed, we demand our theory to be
invariant under chiral transformations,

P — ei%%w, P — 1/_16”5%.

Due to this transformation, a mass term would behave like ¥1) — —1t) and thus violate
the symmetry. However, this would also hold for Yukawa type interactions. To solve
this problem we additionally impose a discrete Zso-symmetry on the scalar field, which
then compensates the minus sign. For this reason, the scalar potential has to have the
form Uy, = Ui (¢?) and the generalized Yukawa coupling has to satisfy Hy () = ¢ hi(¢?).
Hence, we find the proposed truncation .
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4 Flow equations

In this chapter we want to derive the flow equations corresponding to our toy model.

4.1 The fluctuation matrix

As a first ingredient of the Wetterich equation ([2.2.14]) we calculate the fluctuation matrix
of our model, that is

e

o

@) B 5 T 5

I (pg) = @ k(9] <6<p(q) 69 (q) &ZT(—q))
54 (p)

We consider the action in momentum space (at least kinetic terms)ﬂ

relol = [ Ue)+ [ P Peae(-0) - [ Zuwd@gita) +i [ Hl@)i@)

and compute the (1,3) element as an example:

S [ )22 wpu J
ks = = T
dp(=p) "80T(—q)  Jo ©Tde(-p) 09T (—q)
To perform the derivative acting from the right, we have to transpose the product ¥1),
which yields a minus sign since both fields are Grassmann valued:

5 5 @) g, §T()
5o p) ST (—q) i [ Ho Sy

Finally, by using our conventions concerning the Fourier transformation we get

5

do(—p) b &

<—
rms = [ B ),

"We will write Uy(y) instead of Ug(p?) again to not get confused with the derivatives with respect to
© that are going to appear.
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4.1 The fluctuation matrix

The other entries can be calculated similarly, the final result becomes

2
e v.a) =
Z 25, o[ U/ (@) et Pz ¢ ) _ it ' o
WiyipH,f(';)eff“:*(;)“ﬂwwu) i, Hi(e)yb(@)e @) —i [, Hy ()T (z)e (P~
i [, Hi(p)pT ()t 0 , ~Zy P Op.g — i [, Hi(p)e P ae |
i, Hy(p)(@)e im0 ~Zyp kPop.a + i [, He(p)e  P=D® 0

(4.1.1)

where primes denote derivatives with respect to ¢. We will now add the regulator term
Ry. By defining the quantities E|

P(q) = *(1+m8(q), Pr(q) = (1 +rrr(q)”

we thus get

(Ff) + Rk) (pg) =

Zo 1 P(D) Sp g+ [, UL —ilpma)e g - ilp—a)z . i(p—a)
%:f(Z)IQ':J)Ief:<pi§£)5(1)¢(z) foH,’C(cp)'gb(ac)e (=) _fo Hllc(@)wT(m)e (=)

— . —_ T T
—i [ H},(p)§T (z)e~ i) 0 Zyrp” Utmhp)dpa | (41.9)

i, Hy(p)e (Pm 0
. i(p—a)a —Zy kp(1+7rF)dp,
i [, Hy, (@)t (@)e =) i L Hy(pyemio- e 0

Furthermore, we will see later that some of the projection rules include setting the fields
to constants. Thus, we also write down the expression above for this case ﬂ

@) _
eI e iH ()] ()T
—iH] (p)yT 0 ~Zy T (1 + i) — iHi(p)
iH ()Y ~Zy kp(L + 11F)0p g + iHi () 0

(4.1.3)

2 Actually, Pr will appear later in the inverse expression.
3Setting the fields to constants means that we can perform the position space integrals, which together
with the exponential functions just yield factors dp,q.
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4.2 The generalized Yukawa coupling

4.2 The generalized Yukawa coupling

The flow of a field-dependent generalized Yukawa coupling has already been studied in
different physical contexts, e.g. linked to gravitation [31],[30] or to QCD [32]. In [33] the
authors investigated exactly the same system as in this thesis but with respect to the
search of Gaussian fixed points and critical behaviour. Nevertheless, the latter work will
be appropriate for comparing the derived flow equations.

The first step to compute the flow of any quantity is to find a projection rule which
extracts it from the effective average action. In the case of the generalized Yukawa
coupling we have

18,
1/1 w

4,0 po = const

50Hk(800)]]- wzw_o )

where Jg is an infinite volume factor, emerging from the integration over the full space-
time. Since the Wetterich equation (2.2.14)) already describes how 'y, evolves with the
RG time, we immediately get the flow equation of Hy,

1731

5OatHk(900)]1dv = ;(57155 STr

p = o = const

_ OBy -
Y=9=0

z (4 2.1)
Fg) + R w o

From now on we skip the subscript on g. Our task is to compute the right hand side of
equation . We will not do this straightforwardly but apply some technical tricks
that will simplify our calculations. We want to rewrite the argument of the super trace
by introducing an alternative scale derivative:

6t ik Tz )
=) /x M @ (4.2.2)

= zk

Here we have r, = ryp and ry = rip. This derivative acts only on the regulator parts.
Thus, we immediately have

(gti — Jlog[T\?) + Ry (4.2.3)
r'® 1 R,

Now we want to use the fact that terms which do not contain any fermionic fluctuations
(that is ¢ or 1) fields) will vanish under the projection. Hence, we decompose

TP+ Ry =T, + AT + Ry,

(2)

where F<p . T Bk contains the terms that do not include any fermionic fluctuations and

the regulator, while AF,(;) includes the remaining terms that involve fermions.
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4.2 The generalized Yukawa coupling

This enables us to rewrite the super trace as following

STr (f)ti — STr§; log[T\?) + Ry
Iy + Ry
~ ~ AF(Q)
= STr J;log[[2) + Ryl + STr | dylog | 1+ —5—2— (4.2.4)
7 Fg&,k + Rk;

The first summand will vanish due to the projection, because it is independent of
fermionic fields and thus vanishes when applying the field derivatives. Concerning the

remalmng term, we can apply another trick: Since after the functional field derivatives 5 o

and ‘L the fermionic fields are set to zero anyway, we can set ¢» and v to constants right
from the beginning, so that the functional derivatives actually become simple partial
derivatives. This also implies that we can use version of the fluctuation matrix.
The quantities introduced above then read as following

, iHy  iHpp —iHpp"
AT (p.q) = bpq x | —iHDT 0 0 : (4.2.5)
iH3 0 0

( r® +Rk)( q) = Opgx

Zy,xP(p) + U] 0 0
0 0 —Zyept (1 + rip) — iHy | (4.2.6)
0 _Zl/)7kp(1 + ripp) + 1 Hy 0

We now introduce the "full inverse propagators"

£o(q) = ZoxP(q) + UL (), &ula) = Z5 1 Pr(q) + Hi ().

Then the inverse of the expression above can be written as

3 1(10) 0 0
F(Z) R -1 o S00 0 _Zw,k(l‘H"kF) _ 1Hy
(w,k"’ k) (p,q) = dp,q ¥ sttt &y (p) p &y (p)
Zyk(+rer) zH
0 &y (P) zb + k 0 ( )
4.2.7
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4.2 The generalized Yukawa coupling

and we are able to perform the matrix multiplication

AT -1
F(g)ik(n q) = / / (Tffi + Rk> (. P)AT (', 0)
P

907]‘: + Rk
= 0pq 1H},
H”’lZJw ﬂ_ _ﬁ
g (llH,QE) - 3 3
— +r 4
. *”(’C Ew’;FT’” . o0 0 | (4.2.8)
k(1T e ]b —tHy 71
&y ¥ 0 0
As we have already discussed, we reduced the flow equation to
(_
1791 AF( ) 0 | = const
000 H ()1 —f—fST o1 14+ —— 4.2.9
O = ga ST\ \ U e ) e =m0 429

Of course, we can change the order of accomplishing the different steps of calculation. We
will first compute the super trace, then perform the field derivatives and finally compute
the modified scale derivative. Setting the fermionic fields to zero also implies that the

(2)
only terms of log <1 + (2;) that will contribute according to the projection are
k

those containing exactly one 1 and one 9 field. Therefore, we expand the logarithm into

a power series, log(l —|— x) => %xk Since we already know that each non-zero
entry of the matrix contains at least one of the mentioned fields, the only orders
that contribute to the ﬂow equation are the first and the second orders. Let us start with
the first order contributions. Performing the first part of taking the super trace (that is
summing over the diagonal field indices) yields

H} )y iH!"ynp
SpqiH b0l — 5 R TY
k F[[/ﬁgtp p,q &0

The next step is to sum (= integrate) over the diagonal momentum indices, which includes

setting p = ¢:
/ i Hlnp
0o .
p S
We see that the factor g appears as well as on the left hand side of equation (4.2.9). As
mentioned before, it is formally infinite. But if one puts our theory in a box with finite
length L, this factor is nothing but the volume of this box and therefore finite as well.
Now we can cut the factor on both sides of the equation and take the limit L — oo again.
Furthermore, the field derivatives cause the term 1 to disappear,
? <—
5% Wb 5o Lg,.
The Dirac identity means that we obtain d, copies of the flow equation, just like we saw
on the left hand side of the projection rule. Thus, we can skip this factor.
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4.2 The generalized Yukawa coupling

Now we are only left with executing the modified scale derivative

- iH! , (-1) ore(p) 0y(Zy rip(x))
aa/ kzézH”// 2z £,
. p & — plu & g %kérkB(m) Zpk

Z
- _iaoH,g’/p2at( “"”“Z’“B@)). (4.2.10)
P 3

Up to coefficients resulting from the projection rule and the log-expansion, this is our

first contribution to the flow equation of Hj. Let us now consider the second order
(2)

contributions. First of all we have to compute the square of Fé)%' Because the (1,1)

o,k T

entry already contains ¢ as well as 1), we can effectively set it to zero when calculating
the square. The interesting parts then read

AF(2)
(2)7’C (p,q) = —(Hy)?6p,qx
F(p,k) + Rk
() - .
7Z1b,k§:2;p kF (¢p¢+prT¢T) 0 O
g,
Ep&y
0 wo _ Zy(Lrgp)p” —iHy, STyt

&pfw
(4.2.11)

In the (1,1) element the terms containing the slashed momenta will cancel each other,
because

bpp + TP = Ppp — dpp = 0,

where we used that transposing the second scalar yields a minus sign since we changed

the order between the fermionic fields. This leaves us only with the term —g;g’; Y1) in

the (1,1) element, which makes the further calculations in this sector similar to the steps
above. We thus state only the final result (including the —% from the log-expansion):

20,(Z. 202 Zy (1 0.(Z
i50Hk(H,’€)2/p t( go,kaB)+ D w,k( —l—?“kF) t( w,krkF)

. 4.2.12
T 6. (42.12)
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4.2 The generalized Yukawa coupling

Let us now consider the fermionic sectors. Note that we have to take a factor (—1) in
front of each term into account, according to our definition of the super trace, as well as
we have to take the trace over the Dirac indices. Still the terms with slashed momenta
cancel:

Try (i) + Try (p" ") = Ty (pap) — Try (Yibp)

= Trv(zifW) —Tr, (pw¢)
=0.

In the second step we used the cyclicity of the trace, but because we did not change the
order between 1 and v no extra minus occurs. Furthermore, since

Try (97 97) = = To, (1)),

the (2,2) and (3, 3) entry yield the same contribution. By setting p = ¢ and by integrating
over p we get (including the —% from the log-expansion and the (—1) due to spin statistics)

(1) (=3 ) d- D) / (-5 i (12.13)

Performing the field derivatives as earlier gives

1
ggofw

where we can skip the factor 1, again. It is straightforward to compute the modified

—idod Hy.(H})? / lq,, (4.2.14)
p

scale derivative, which leads to

20,(Z 275 1p2(1 oz
iéon(H,’g)zfp t( <p,k7“kB) + w,kp( +TkF) t( w,kaF). (4_2.15)

P fg&ﬂ fsafi

36



4.2 The generalized Yukawa coupling

Now we can write down the full flow equation by collecting all these terms and by
including the missing coefficients. We finally find

/p2H/Z(80)3t(Z<p,k7“kB(p))
» §2(p)

1
O Hy (o) = — B

2020 Zp jri(p)) 42y pp* (1 + 11p(p)) 04 Zy krier (p))

} 2
+3 | O { 206 ) & DED)

(4.2.16)

It is convenient to express the result in terms of the so-called threshold functions. Their
definition is given in appendix [A] In terms of these threshold functions the expression
above reads

O () = — 2H] (9) 2 koak™ 21 |2 L1207 (05, |

_ _ _ FB)d — — _ _
Ak 2 2 B () HE (D | 253072 HR (), Z kU () mus |
(4.2.17)

where i = 2d+17rgf(%). This fully agrees with the flow equation derived in [33], where
the authors also considered the Zo-symmetric Higgs-Yukawa model at zero temperature.
However, they are discussing the system for a continuous number of fermion degrees
Xt = dyNy, where Ny is the number of fermions. In this thesis we so far considered
the Ny =1 case. Comparing this result with former works on the Higgs-Yukawa system
including only the standard Yukawa interaction howt) (see [13], [14] or the corresponding
joined work [II]) we find that especially the term ~ H;' will be interesting because in
the former truncation H(p) = hoyp it did not appear at all. In the same manner the
combination HpH. ,’62 corresponds to the inclusion of new terms. By taking them into
account we hope that we can further decrease the lower Higgs mass bounds.
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4.3 The effective potential

A first consideration of the flow of the effective potential can for example be found in
[12]. To extract the of the potential from the flow of the full effective action we use the
projection according to [13]

= = const
SoUx(po) =T |¥ ~ 702

Yv=v=0
and therefore the flow equation reads (we skip the subscript on ¢ as usual)
1 O Ry, © = const
300 Ui () = =STr | —v—— - . (4.3.1)
2 [0 1 R | [p = =0

This projection is much simpler than in the case of Hj, because we do not have to
apply any field derivatives. We are even allowed to set 1 and 1) to zero right from the
beginning, which simplifies the fluctuation matrix significantly. We do not have
to make use of the trick involving the modified scale derivative either, it is possible to
straightforwardly compute 9B and take the super trace. We find

F;f)JrRk
1 20,(Z, 2 Zu k(1 Z,
U () = /P 9 (ZykreB(P)) _dW/P wk (14 7rr(p)) 0 ( w,kaF(p))’ (4.3.2)
2 Jp & (p) p §u(p)
or again expressed in terms of threshold functions
_ did | 7=17.-277117, . . di(F)d | »—2 1 —2 172,
AUx(p) = 2vqk®d [Z%kk Uk(w),n@] 2d okl |22k 2HE | (43.3)

Again our result matches with the flow equation derived in [33]. If we compare it with
the former results corresponding to the standard Yukawa coupling [13], [14], [II] we
find that, as expected, no additional terms appear in the flow of the effective potential.
The only difference in the flow equation is that in the denominator of the fermionic
contribution (second term of equation (4.3.2)) we have &,(q) = ZikPF(q) + HZ(p)
instead of Z?MCPF(q) + 2?h3. Hence, our result is consistent with the old one because
we easily recover it by choosing H(p) = hop. The fact that we only have to substitute
hich — H ,g goes hand in hand with the calculations essentially being the same in both
cases. Thus, we decided to only state the final result, the detailed calculations can be
found in [13], [14].
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4.4 The anomalous dimensions

4.4 The anomalous dimensions

In this section we deal with the flow of the field renormalizations Z, j and Z, ;. Let us
start with the scalar field renormalization. The projection rule is given by [13]

1 ) ) Yp=1v=0
Zpr = —n" o r . 4.4.1
Yo%k = oq" Y0 5o 5o | b = —a (4

We introduced the fluctuation of the scalar field around the vacuum expectation value,
o = ¢ —v. The reason why we only set o to zero instead of the entire field ¢ is that in
the spontaneously broken, regime we explicitly have a non-vanishing vacuum expectation
value (which itself will be a scale dependent quantity, too). Therefore, it is important
to take operators of the form v;}0,00"0 into account when calculating the flow of Z .
Furthermore, unlike the cases of Hy and Uy, we have to leave at least the fluctuation
around the vacuum expectation value with some momentum. After performing the field
derivatives we have to set p’ = —¢ and then we can take the momentum derivatives. As
a last step ¢ (respectively —p’) is set to zero. Because it is somewhat more complicated,
let us quickly check the projection rule. The only term of the effective action we have to
consider is the kinetic term of the scalar field:

1 5 4 1
P70, Do ~Z -
51" 00y 5o 00) 50(]),)/]02 kD" DAP(P)P(—P)

1 1 1)
= ﬁnp q/’aq" /pQZgo,kp)\p/\ (5p,p’80(_p) + ‘P(p)(s—p,p’)

do(q)
1 po 1 A
= 551" 00007 | 520kl DA (519,13’5—1)41 + 5p,q5—p7p’)
2d » 2
1 g
= 521" Ogr 0o (3-q ™)
Now we set p’ = —¢ and perform the momentum derivatives, which indeed yields dg Z, .

According to this we see that the derivation of the flow equation will be much more
technical, since one has to be very careful of how to treat the momenta. However, just like
in the case of Uy, the fluctuation matrix becomes simpler because the fermionic fields are
set to zero. We expect that no new terms will occur in comparison to the old truncation,
because any new fluctuation terms involving Hj, vanish under the projection ¢ = ¢ = 0.
Indeed we reproduce the old results up to natural substitutions like h%vz — H,%(vk) or
h? — H;?(vi,). The reason why these functions are evaluated at the vacuum expectation
value is just due to setting o to zero. Furthermore, there occurs a term containing
the third derivative of the scalar potential. It arises because during the calculations we
expand the effective potential into a power series about the vacuum expectation value in
order to properly perform the field derivatives with respect to o.

39



4.4 The anomalous dimensions

Furthermore, we have to apply the trick involving the expansion of the logarithm again
and finally make use of the fact that only terms containing exactly two fields o will
contribute according to the projection rule. Because the fluctuation matrix already
includes second derivatives of the effective potential (see ) we end up with third
derivatives. For detailed calculations we refer to [13], [14], because again the result is the
same up to the substitutions mentioned in the case of Uyx. Consequently, we just state
the final result

2dy g2 5 )4 Zy k(1 +r(p)\?
g A k>/pat {p (ap2 &(p) ) }

2
2 [l (a.70) ) (142

In case of the field renormalizations it is more convenient not to perform the modified
scale derivative right now, it will be done later when we start with the numerical analysis.
In terms of the threshold functions we obtairnl

4, 2 L -
OuZpp =~ Jvak™* (U,S”) Z;2m3, [Z%;/c 2UL! (o), Z b QU,Q’(vk);n@}
_8
d
(F)d

8 ~ B o
+ = dvak O HE () HE(00) 2 [Zwik: 2H,3(vk);nw}. (4.4.3)

_ — F)d —2, —
dvvdk‘d 4]—[,?(vk)Zdﬁﬁmé(L ) [Zwik 2H,3(vk);774

The flow of Z, ), agrees with the result derived in [33]. As mentioned before, the flow
in the former truncation [13], [14] is reproduced for the choice Hy = hop. For a general
choice however, the combinations of Hj, and Hj, will generate new contributions.

The discussion we held on Z j, is also valid for Z;, ;. Hence, we consequently just state
the corresponding projection rule [I3] and the final result for the flow equation. The
projection reads

— —
802y ) = _ L [ rp—2 _[p=v=0 (4.4.4)

Tr~ Y*O0 p ——
dd, TS )t a=v

4A short comment on why there suddenly appear derivatives with respect to p*: Actually, the functions
&y and & are functions of p® rather than p, because the functions P = p? (1 + reB (%z)) and

2
Pr = p? (1 + reF (i’—z)) depend on p?. During the calculations terms like pgapau(pz) appear,

which can be rewritten as 2p®9,2u(p®).
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4.4 The anomalous dimensions

and for the flow equation we get

2_, ~ Z, (1 +7'kF(p)> 1
T = —=H?(v3,)0 vk 29, . 4.4.5
V2o = =5 HE () / o e (4.4.5)

Expressed in terms of the threshold functions we finally obtain
8 d iy df -2, 1,
Oy = _ng/f(”k)"Udkd 4Z¢,}CZ@,}CW§§B) [Zwik PHi (0r), 2o, 1k 2 UR (0r); 1y s | -
(4.4.6)

The result matches with [33] and the choice Hy = hpy reproduces the former results of
[L3], [14]. In general, the pre-factor H;? in front of the threshold function will generate
new terms.

There is one more interesting feature concerning these flow equations. In the next chapter
we will see that if we switch over to dimensionless quantities and after choosing our
specific regulator functions we can transform the coupled differential equations (4.4.2)
and into an algebraic system by introducing the anomalous field dimensions

Npk = —0¢log Zy, 1, and 1y, = —0¢log Zy ..
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5 Numerical analysis

5.1 Rewriting the flow equations

Before we can start a proper numerical analysis of the flow equations, it is convenient
to rewrite them using dimensionless quantities. A simple power counting of the mass
dimension of the fields yields

We thus introduce the renormalized and dimensionless field variables

- 1 2-d 1 14

QD = Z@}kk 2 Sav ¢ = Zd,,kk 2 7/1»

as well as the dimensionless effective potential and the dimensionless generalized Yukawa
coupling

Uk = ki_dUk, ﬁk = le,}vk_lHk‘

Before we move on we finally want to treat the effective potential as a function of ¢? or
more conveniently of p = %gpz. Thus, in the following all field derivatives of the effective
potential are defined with respect to p or its dimensionless counterpart. Furthermore,
we also caused a "dimensional" flow, because the pre-factors of the quantities are now
scale dependent, too. We obtain

. ~ o _ B 1.
OUK(p) = =AUy + (d = 2+ npp)pUk(0) + k™00, p=5¢°

~ N - d = N B B
OHi(p) = (N — 1) Hi + <2 -1+ 77“;”“) GH; (@) + k' Z, 0 Hy.

The expressions for ;U and 9;Hy can be read off from equation (4.3.2)) and from equa-
tion (4.2.16|) respectively. We only have to rewrite them in our new variables as well.

For example, in equation (4.3.2) we have

d2
fcp(p) = Zso,kp(p) + dTOQUk(SO)

= ZokP(p) + Zop® (2001(5) + UL(D)) -
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5.2 Choosing the regulator functions

Performing similar calculations for the other terms and introducing

DI0)(5) = 7 (304() + 2001 (5))
wa(p) = 25U (p) + Uy, (p)
1 ~2

I*ik = E’Uk.

we finally find
O0W(B) = ~d T+ (d = 2+ ) pUL(B) + 204l [wu(5): ms | — 2yval* | HE(B)sm]

OHy(@) = (mys — D/ H + (d —1+ ”“”’“) BHL(P) — 20 (@)valf |wu(P)imy |

2 2
Fa B)d | 7 ~ ~
+ dvaH (@) HRE @) [ HE(B), w00 (7): ms s
8 - N
Oy = _EHk (Ok)vaZy, km(F 1 [Hk( k) WU(’ik)W?wanso}

4 ~ 5 -
Nk = —Evngo,kD[Uk](Hk)mg,z [wu(f%),wu(ﬂk); 774

8 g
= S dyvaZp 25 m | B )5,

d
8 ~ o =9
=0 AR ) A B)mS™ [HE @)y (5.1.1)

The flow equations of the Z; can be multiplied by a factor —Z, 1, which yields the
anomalous dimensions 7; ; on the left hand side of the equations. "Remember the fact
that concerning U, primes denote derivatives with respect to p, whereas concerning Hy,
primes still denote derivatives with respect to ¢. Because we will only deal with the
dimensionless quantities in this chapter, we furthermore skip the tilde again, if nothing
else is stated.

5.2 Choosing the regulator functions

The next step is to choose specific regulator functions so that we can finally perform the
remaining momentum integrals encoded in the threshold functions. There are various
possibilities to choose regulator functions that satisfy the conditions . However,
since the choice of the regulator functions affects the flow of the effective action, one
should ensure that the flow remains as stable as possible and converges fast towards the
physical theory. The corresponding optimization of the regulator functions has already
been investigated a lot (see e.g. [22], [34], [35]). It turned out that choosing the following
"Litim regulator" is reasonable

.
Rip = Zppp*ris © 2 Zyp(k* — p*)Ok* — p]

h
Rip = —Z¢7kp7“kp, (1+ TkF)Q choice 1+rgpa, (5.2.1)
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5.2 Choosing the regulator functions

where rpp = (f}—; — 1) O[k? — p?] according to the first equation. Another advantage of
this regulator choice is the fact that the integrals can be performed analytically. Let us
consider the threshold function lil [wu(p); 774 in the flow equation of Hj as an example.
It reads

O R
19wy (p); = v_1k2d/ t%kB .
Hotorns] = 200%™ | s P
By using
2 2 k2 2 2
Plp)=p (1 +rg)=p° 1+ ?—1 O[k" —p7]
and

Z, OB = Z10*0i(Zp jri)
= N k(k® = p*)Ok? — p?] + 2k*O [k — p] + 2k (K — p*)3(k* — p?)
we are left with]
1U;1k2d/ —np i (k* = p*)OK* — p?] + 2kO[k* — P2]2
! P (02 (14 (4 — 1) Ok = p]) + K2wu(p))

I 4,994 1 d—1 /k i1 Nk (k? = p?) + 2k*
1y 1 d 7
T e e e A S TGN 05

I 4.0 g,a20 2 d_1 1 N,k
— Sy, 1 1 e
1" e ) e U s 2

- e (i)

where Vol(S971) is the surface area of the (d — 1)-sphere. This result agrees with [36].
The computation of the other threshold functions works similarly and does match with
the threshold functions given in [36] as well.

!The term proportional to (k* — p?)§(k* — p?) does not contribute when we integrate over the full
momentum space.
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5.2 Choosing the regulator functions

Appendix[B]shows all appearing threshold functions after the application of the regulator.
Eventually, the flow equations (5.1.1)) read

4v
OUk(p) = ~dUk(p) + (d = 2+ ngk)pUs(p) +

d+2 —d+1
Ltwa(p) 1+ Hi(p)

O HL(2) = (o — 1 Hile) + (d 1y “) PHL(2)

1— N,k R ]

2 2
_ ?H@’(@)W {1 - dnikz]
+ %dﬂk(@)ﬂf(@ 1 +1H,§ (1 +wlu(P))2 [1 B ‘;’ig]
+ S%Hk(sO)Hf(sO) a +1H,3)2 1 +:)u(p) [1 - Jikl]
Nk = 4%ldl?[Uk](/%)

(1 + wy(kg))?

8vg 2 1 1—?7¢k 1
—d~H + :
B ’“(“’“){(1+Hz<vk>>4 I—2 (14 B

(lzmes Iy 1
2d—4  4) (1+ H(vy))?
SUd

/ N,k 1 1
Mk = 7Hk2(vk) (1 — di 1) T o) (L% o)) (5.2.2)

Now the differential-algebraic nature of the equation system is obvious. The last two
equations of the anomalous dimensions are purely algebraic, the solutions can then be
inserted into the two remaining differential equations of Hy and Uy. However, there is
still a little inconvenience: We mixed between the variables ¢ and p. It is not difficult
to rewrite everything in terms of p. For example HZ(p) = ¢?hi(p) = 2phi(p). In the
case of the flow equation of Hy there is a little subtlety: Here the rewriting causes the
appearance of a global factor ¢, e.g.

Hy{ () = 9(30phy, + 2p0 ).

This global ¢ on the right hand side of the flow equation cancels with the ¢ on the left
hand side, O,Hy = ¢ O¢hy, which leaves us with the flow equation of hy(p).
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5.2 Choosing the regulator functions

Hence, we finally find

OUi(p) = ~dUilp) + (d =2+ npa)pUi(p) + 22 | < jﬁi) —dyy ;2%]
0un(p) = (s = Dta) + (5 =1 "5 ) (1 (0) + 201500)
- B0+ 20 o |1 7]
5 R0) (o) + 200400 1 2;hz<p> (R e {1 - c?i‘ﬂ
(o) (elp) + 2080)” -
Nk = ?D[Uk](ﬁk)w
+ 8%1% (hw(kr) + 26l (rr))? { i 2%1]1%(%))4

L Lk 1 /N 1
d—2 (1 + QKkhi(ﬁk))g 2d — 4 4 (1 -+ ZKkhi(I{k))Q
1 1

(14 26ph3 (#5))? (1 + wulsr))?
(5.2.3)

8v
N e = Td (hk(/ﬂk) + 2/€kh§c(l€k))2 <1 _ Mok >

d+1

Now primes only denote derivatives with respect to p.

Before we go further a short comment on why it suffices to consider only one specific
regulator, although we explained in subsection [2.:2.3] that due to truncating our theory
the IR physics (and thus possibly the Higgs mass bound as well) becomes dependent of
the regulator. The point is that we fix our theory in the IR rather than the UV, because
the UV values of the couplings are experimentally not accessible. If we consider a specific
UV set-up that yields a corresponding Higgs mass, then of course, the usage of a different
regulator with the same UV set-up might yield a different mass. However, we could just
change the UV set-up in order to recover the original Higgs mass. In this sense, the Higgs
mass bounds do not depend on the choice of the regulator as long as we adjust the bare
couplings correctly. Since we are not interested in their actual value but only in the IR
physics we are fine with using only the Litim regulator for our analysis.
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5.3 Truncation of the effective potential and the generalized Yukawa coupling

5.3 Truncation of the effective potential and the generalized
Yukawa coupling

We will now perform one last approximation, because the full equations are still
too complicated to be solved. Our ansatz will be to expand the effective potential and
the generalized Yukawa coupling about the vacuum expectation value. We thus have
to distinguish between the symmetric phase and the spontaneously broken phase. The
latter one will be slightly more complicated, because the vacuum expectation value itself
is scale dependent as well.

5.3.1 Symmetric phase

In the symmetric phase we expand about vy = 0. Thus, our expansions read

hjj(!t>pj_

Uk(p) = Z ZTPZ7 hi(p) = Z

i=1 §=0
Here n and m are the orders of the truncations of Uy and hg, they correspond to the
amount of operators that are taken into account. We will choose finite n and m and

solve the flow of the couplings u; and b;. Their flow equations can be easily derived:

dyu; = ) (atUk)]pzo, i=1,...n
8th] - agj)athk‘p:() 9 .] - 07 ... 7m' <531)

Together with the algebraic equation system of the anomalous dimensionsﬂ we obtain a
differential-algebraic system which we can solve numerically.

As discussed in section the system can switch from the symmetric phase to the
spontaneously broken phase, which corresponds to the fact that the minimum of the
effective potential moves away from p = 0. This suggests to expand Uy and hy, differently
in the spontaneously broken phase.

2See last two equations of (5.2.3)).
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5.3 Truncation of the effective potential and the generalized Yukawa coupling

5.3.2 Spontaneously broken phase

In the spontaneously broken phase we expand about k. Per construction Uy should
have a minimum at p = kK and thus u; = 0. Therefore, our truncations read

Ur(p) = Z l%;f)(P —kr), hilp) = Z
=0

1=2

10— .

Hence, the flow equations of the couplings become a bit more complicated

8tui = 8(2) (8tUk)‘ + 8t/<;k Ui4+1, 7= 2, RN 04

L p=Fk
b = 8£j)(8thk)‘p +Okr by, J=0,...,m, (5.3.2)
— s

where §,,41 = up+1 = 0. Furthermore, we have to calculate the flow of the minimum.
By using the condition Uj, (k) = 0, which implies 9,U} (k)) = 0, we obtain

1
at/{]f = ——Op(atUk) (533)
U2

p=FKk

From experiments we know that in the IR the system is situated within the spontaneously
broken phase with a non-vanishing vacuum expectation value of 246 GeV. The IR physics
corresponds to the limit ¢ — —oo (or equivalently & — 0), however, the solutions show
that the flows already freeze out at ¢ = —20... — 5. As described in section [2.3] the
Higgs mass is given by the curvature of the effective potential at the vacuum expectation
value,

d2
——Uk(p) = lim vg\/ua(k). (5.3.4)
k—0

=1i
mH = dy
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5.4 Qur task

The main goal is to investigate the influence of the different couplings on the lower Higgs
mass bound. The first step is to choose the initial conditions of the flow equations, i.e.
the UV or bare values of the couplings. Then we start to integrate the flow equations
numerically. However, we cannot allow arbitrary flows. As mentioned above we know
from experiments that there is a non-vanishing vacuum expectation value of 246 GeV.
Consequently, the UV parameters have to be chosen in a way that the system will be
situated within the spontaneously broken phase in the limit & — 0. Furthermore, ac-
cording to section the top mass is determined by mop, = v ho. It is measured to be
173 GeV, hence we also have to make sure that by freezes out at %772. Basically, there
are two possibilities: We could start in the symmetric regime, using equations (|5.3.1]).
Then we have to define a criterion that specifies when to switch to the broken phase. For
example in the simplest possible truncation n = 2 and m = 0, assuming that we start
with positive u; and ug, the switching criterion would be that u; becomes zero. From
that point on the system is described by the equations and E The values
at the switching scale define the new initial values in the spontaneously broken phase.
For this kind of flow the UV value of u; is adjusted so that we generate the requested
vacuum expectation value, while the correct IR top mass is ensured by the adjustment
of the UV value of hg. This process is called fine-tuning and is realised by two nested
bisections. The UV values of the other couplings are free parameters in our investigation.
Note that as long as the system is situated within the symmetric regime, ki has to be
set to zero in the (algebraic) flow equations of 7, j and 7y .

The second possibility is to start directly in the broken phase. The role of u; is then
replaced by ki. Thus, at all scales, the flow is described by the equations and
(5.3.3)). The correct IR values of the vacuum expectation value and the top mass are
then ensured by the fine-tuning of the initial values of ki and §y. The fine-tuning is
again realised by nested bisections of these parameters and the UV values of the other
couplings remain as free parameters.

Now we can test different truncations n and m to see which couplings affect the Higgs
mass significantly. Furthermore, we are interested in how the actual numerical values of
the UV parameters affect the Higgs mass. Beside this, the cut-off A also plays an im-
portant role. For a fixed UV set-up, the Higgs mass will differ between different cut-offs.
The argumentation is now as following: From experiments we know the Higgs mass to
be 125 GeV. If we observed that the lower Higgs mass bound at a specific cut-off Agpit is
higher than the measured Higgs mass, this would mean that the Standard Model is no
longer valid at this scale. However, since our toy model is just an approximation of the
Standard Model, the results of this thesis are rather of qualitative then of quantitative
value. Nevertheless, the idea described above clearly shows why it is interesting to find
out how the different couplings might shift the lower Higgs mass bound.

3In principle, the flow could switch between the two phases several times. However, in case of the UV
conditions considered in this thesis this has not been observed. Once the flow reached the broken
phase (or if it started in the broken phase) it never switched back to the symmetric phase.
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5.5 Results and discussion

5.5.1 A simple truncation

To understand the basic behaviour of the couplings let us first consider the simplest
truncation n = 2 and m = 0. Furthermore, we assume a four-dimensional spacetime, i.e.
d =4 and d, = 4. The flow equations in the symmetric case then read

bo®(ny,k —5) | u2(nyk — 6)
2072 6472 (up +1)2
_ 3 u22(77<p,k - 6)
3272 (u1 + 1) 3
b0’ (o —6)  Bo®(nyk —5)
9672 (ur + 1)2 8072 (ug + 1)

Orur = w1 (M — 2) —

1
Orug = 2usg (nka + 2) — 4ugy + 5?[]04(771/1,14 — 5)

Otho = %(%,kz +2) +bo(nyr — 1)

_ ho® (1= §7p)
Tk = 1672 (ug + 1) 2

_ b’ 1(1 )+1( 1)+3 (5.5.1)
77507,{“ - 47_(_2 2 nw,k‘ 4 nw,kﬁ 4 J.

and in the spontaneously broken phase

ho'(nyk —5)  3u’(nyk — 6)
(202K, +1)3 32 (2ugky + 1)

8,571,2 = 211,2(77%]{ + 2) — 4uy + 5

B0 = 22 (1o +2) + Bo(mus — 1)

2
B ho® (1,5 — 6) B ho® (g — 5)
9672 (2ho%kg + 1) (2ugky +1)2 8072 (2ho2ky + 1) 2 (2uaky + 1)

hO2 (1 - %ngo,k)

Mok = 1672 (2b02%kk + 1) (2uakg + 1) 2
_ bo%ki(ek —2)  bot(mpe—4) 3bo" ki, Jug>k
Mok = 42 (2ho2ky, + 1)4 1672 (2h02mp + 1)3 4n2 (2002ky, + 1)4 | 1672 (2unrep + 1) 3
1 bo? (1 — £ny.k) Bug (1— §7p.k)
Opkig = — 2) — — SEALUV SN 6%, : 5.5.2
ik = k(e +2) = - <47r2 (2ho2ry + 1)2 3272 (2uky + 1) 2 (5:52)

In this truncation only positive ug(A) are allowed, since the UV potential has to be
bounded from below. This criterion has also been chosen in several lattice simulations
that included ¢*-type potentials. In [9] it is shown that considering the Higgs-Yukawa
model with Ny = 8 fermions coupling to the scalar field no instabilities of the effective
potential occur. [37], [38] extended this model and took the doublet structure of the
Higgs field into account, interacting with the top-bottom doublet. In [39] the effect of a
potential fourth quark generation has been investigated. All these works have in common
that the lower Higgs mass bounds were determined by us = 0.
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In our current simple truncation n = 2 and m = 0 we will also show that the lowest Higgs
masses are achieved in the case of us = 0. However, we will see later that by considering
higher truncations the Higgs masses can be further decreased.

Since we restrict ourselves to ug > 0 for now, we also have to start with positive u;(A).
Otherwise Uy would already possess a minimum at p # 0 and the system would not be
situated within the symmetric phase. In our analysis we observed two basic facts about
the different types of couplings: The couplings u; push the system towards the symmetric
phase. If their UV values are chosen too large, we cannot reach the broken phase, no
matter which UV values of bh; are chosen. Consequently, the IR value of the vacuum
expectation value decreases with increasing UV values of the wu;, because the longer (in
terms of the RG time ¢) the system flows within the symmetric phase the shorter it
flows within the broken phase before the quantities freeze out. However, the vacuum
expectation value (or better its corresponding quantity ) is built up in the broken
phase. Hence, if the system does not flow sufficiently long within the spontaneously
broken phase, we end up with vacuum expectation values smaller than the required one.
The behaviour of the b; is the exact opposite: The larger their UV values are chosen,
the faster the system is pushed towards the broken phase and hence the larger becomes
the IR value of the vacuum expectation value. If their UV values are chosen too small,
the system never reaches the spontaneously broken phase.

We tested a cut-off range from 10 to 10® (in units of GeV) and bare parameter values
uz(A) from zero to 100. According to the explanations above there will be a critical value
uS™, where the system remains in the symmetric phase or at least where we no longer
can manage to obtain the correct IR physics. In this case, as described in section [5.4] we
already have to start in the broken phase, using x; and hg for the fine-tuning procedure.

For the current truncation, the critical value is u%’“it =1...2, depending on the cut-off.
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5.5 Results and discussion

The results of these first investigations are shown in figure [5.1] and figure 5.2
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FIGURE 5.2: Higgs mass in dependency on the bare coupling us at different fixed cut-offs

The interpolating lines are drawn just to guide the eye. We can see that for fixed ug(A)
the Higgs mass increases with the cut-off. At the same time, when fixing the cut-off,
the Higgs mass increases with ug(A) El Because our main interest lies in manipulating
the lower Higgs mass bound, we should therefore concentrate on lowering ug(A) as far as
possible in our future analysis. The qualitative shape of the plots above agree with the
results of [13], [I4], [II]. From figure we see that for large cut-offs, the actual Higgs
mass varies less and less with the actual choice of the bare coupling uz(A). At the same
time, figure[5.2)shows us that for fixed cut-offs, the Higgs mass seems to approach a state
of saturation. The larger the cut-off the earlier the Higgs mass becomes saturated.

4This is no surprise since the Higgs mass is proportional to the IR value of /uz, see equation (5.3.4).

52



5.5 Results and discussion

This kind of reminds us on the Landau pole: If the cut-off lies in the vicinity of the
Landau pole, an "infinite change" of the bare value of uy only translates into a finite
change of its IR value [II]. As we mentioned before, we also observed that the lowest
Higgs masses are achieved in the case of ug(A) = 0. Furthermore, the results do not only
match qualitatively but also quantitatively. If we compare the lower Higgs mass bounds
(uz = 0) at A = 10* and A = 108 with [I4] we find

TABLE 5.1: Comparison of lower Higgs mass bounds in GeV
| A=10" A=108

m" (our result) 74.50 149.56
m'n([14)) 73.66  147.52
deviation 1.23% 1.36%

The small deviations can for example be explained by the fact that the fine-tuning preci-
sion for the vacuum expectation value and the top mass were different. An indication for
this might be that the deviation at the higher cut-off is bigger, since more digits become
significant when performing the numerics in dimensionless quantities (at the end, the
dimensionless quantities have to be multiplied with powers of the cut-off).
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5.5 Results and discussion

5.5.2 Higher truncations

In this subsection we want to analyse the influence of higher truncations. Because the
system becomes increasingly complicated when more and more operators are taken into
account, we have to state one more criterion to distinguish between physical and non-
physical flows. When we considered higher truncations m and n, we observed that
the effective potential Uy develops additional (local) minima for some bare parameter
combinations, although it is still described by the symmetric equations, see figure [5.3]

100 x U[p]

1.0F

0.5

T

0.0 ——— p
. 0.5

-1.0r

FIGURE 5.3: An inconvenient choice of the start parameters can cause the appearance
of additional minima in the symmetric phase. Here we have m = 1 and n = 4 with
(ug(A), uz(A),us(A)) = (0.10,0.00,0.00) and h1(A) = 8 at A = 10®

There are two issues in such a case. The first is that our truncation approach relies on
the fact that we expand about the vacuum expectation value. If an additional (local)
minimum appears, we are no longer able to decide which minimum the system is situated
in and thus we do not know where to expand. This problem can be addressed by solving
the full flow of U (p), but this is beyond the scope of this thesis. The second issue is
even more crucial: Actually, we are not able to decide whether the additional minima
are just artefacts of our truncation or not. It might turn out that if we were able to solve
the full equation of the effective potential Uy, we could observe no additional minima at
all. Indeed, according to [11], the radius of convergence of our expansion is typically too
small to resolve additional minima. Hence, such bare parameter combinations cannot be
used for further argumentations.

Speaking of artefacts of our truncation we should mention another fact. In general we
want the effective potential to be bounded from below, which means that the highest
order coupling u,, should remain positive at all scales.
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5.5 Results and discussion

However, it is enough to choose a positive UV value, because if the UV potential is
bounded from below, the effective potential will remain bounded from below at all scales.
We can see this by considering the flow equation of Uy (see first equation in (5.2.2))):
Up to the dimensional flow caused by introducing dimensionless quantities, the flow is
suppressed by the factors ﬁ(p) and #’li(ﬂ)’ which both tend to zero for p — oc.
In other words, for sufficiently large p, Uy does not change significantly and thus the
property of being bounded from below is preserved. Hence, the leading order coupling
Uy, becoming negative during the flow does not cause any problems, it is just an artefact
of our truncation as well.

To finally analyse the influence of the different couplings we tested different combinations
of m and n and computed the Higgs mass. The UV parameters were all set to zero,
u;(A) = 0 and h;(A) = 0. The cut-off was chosen to be 10* and 108. The corresponding
results are shown in table [5.2] and table 5.3

TABLE 5.2: Higgs mass in GeV for different truncations at A = 10*

n
2 3 4 5 6

74.50 T71.93 7217 72.15 72.15
74.09 7156 71.80 71.78 T1.78
74.12 71.60 71.84 71.81 T71.82
74.11 71.60 71.83 71.81 71.81
74.11 71.60 7183 71.81 71.81
74.11 71.60 71.83 71.81 71.81

Tl W N~ O

TABLE 5.3: Higgs mass in GeV for different truncations at A = 10%

n
2 3 4 5 6

149.56 147.69 147.70 147.76 147.68
148.18 146.41 146.43 146.47 146.37
148.27 146.40 146.44 146.53 146.39
148.21 146.41 146.43 146.43 146.38
148.22  146.35 146.48 146.39 146.41
148.25 146.33 146.42 146.42 146.43

T W N~ O

According to this it will be sufficient to choose m = 1 and n = 4 as our highest truncation.
We will use this combination for our further analysis.
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5.5 Results and discussion

5.5.3 Lower Higgs mass bound induced by u,

In this subsection we try to lower the Higgs mass bound by varying us(A), while h1(A) = 0
is kept fixed. The difference to subsection is that due to our new truncation we
are now free to allow even negative bare values of ug, which are stabilized by the new
higher order bosonic couplings us and u4. In other words, we investigate the influence of
deviations of the effective potential from the p*-type bare potential. According to what
we have observed so far, this should yield smaller Higgs masses than the ones achieved
in the mentioned subsection. To make negative uy possible, we have to match some con-
ditions. For example, we have to make sure that us is positive when reaching the broken
phase. Otherwise, if us remains negative, it would yield an imaginary Higgs mass (since
the vacuum expectation value must be positive). On the other hand, if it was negative
but became positive again, it would mean that us somewhere becomes zero, leading to a
singularity in our equations according to equation . Both cases imply that we do
not reproduce the correct IR physics and thus they are non-physical. The reason for this
behaviour is of course the fact that starting with negative us in the spontaneously broken
phase corresponds to expanding about a maximum which contradicts our approach to
always expand about the minimum of the effective potential. Since we start with positive
us (UV potential has to be bounded from below) the UV value of ug needs to be positive
as well, because otherwise the UV potential would already possess additional minima.
To make sure that no additional minima appear during the flow, us has to change its
sign before getting to the switching scale determined by w; becoming zero. These effects
lead to the fact that us cannot be chosen arbitrarily low.

Taking this into account, we can generate flows that reproduce the correct IR physics.
The results for the Higgs masses are shown in figure [5.4]
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FIGURE 5.4: Higgs mass for negative bare couplings us(A)

We see that indeed a negative bare coupling uz(A) lowers the Higgs mass significantly.
The effect becomes less strong when increasing the cut-off. This behaviour has already
been observed in [14], [IT]. The lowest Higgs masses we achieved are listed in table

TABLE 5.4: Lowest achieved Higgs mass at different cut-offs
[A=10" A=10° A=105 A=10" A=10°
my™ [ 2949 7044 9250 11474 132.22
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5.5 Results and discussion

To compare these results qualitatively with the FRG studies in [14], [II] we have to
repeat these calculations for the case m = 0, since the authors did not include the flow of
the h1 operator into their equations. For a n = 3 truncation and a bare value of ug = 3
we find for example

TABLE 5.5: Comparison of Higgs masses in GeV for negative bare values of us

A =10 A =108
ug = —0.05 up =—-0.08 up=-0.05 wup=—-0.08
m g (our result) 61.29 45.73 144.91 141.69
mp (|14]) 60.83 45.67 142.82 139.48
Amy/mY; (our result) 17.73% 37.92% 3.11% 5.26%
Amy /mY (J14)) 17.42% 38.00% 3.19% 5.45%
Here, AmmoH = m%n_omH is the relative change of the Higgs mass normalized with the

H H
former lower Higgs mass bound m% derived from the @*-type bare potentials (see table

5.1). This is the interesting quantity because it characterizes how far we can shift down
the Higgs mass when considering deviations from the quartic UV potential. Our results
agree with those of [14].

5.5.4 Lower Higgs mass bound induced by h;

In the case of h; we are a priori completely free to assume any bare values, positive or
negative. For a fixed cut-off A = 10° and fixed (ua(A), uz(A),us(A)) = (0.50,0.00,0.00)

we thus tested a first set of bare values. The results are shown in table [5.6l

TABLE 5.6: Higgs mass for different bare parameters b
[bi=0 bBi=-5 bh1=5 h=-10 bh =10
mpg || 175.32  194.65 15231  211.38 12347

Negative b1 seem to raise the Higgs mass whereas positive b1 lower it. Since we want to
find a lower bound, the latter case is the interesting one. Before we move on, however,
let us check whether different relative signs between the h; have an interesting effect. We
therefore temporarily set m = 2 and use different combinations of h1(A) and ha(A).
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5.5 Results and discussion

The results are listed in table m

TABLE 5.7: Higgs mass for different combinations of h; and hs

(h1,b2)
(0,0) (5,0)  (5,-5)  (-5,5) (-5,-5)  (5,5)

mp || 175.34 15234 15244 194.66 194.79 152.24

There are no exceptional effects observable. In the case of fixed b, positive ho still lower
the Higgs mass and negative ho increase it. The same holds the other way around. This
is another argument for studying only truncations with m = 1. The next step in our
analysis is to investigate in which ways the Higgs mass behaves if we steadily increase b.
At the same time, different UV set-ups for the u; should be considered. As earlier, we
restrict ourselves to positive values of us at the beginning. To find out which set-ups of
ug and uy yield the smallest Higgs masses, we tested some combinations for fixed cut-off
and fixed up. For A = 10° and uy = 0.3 table shows the outcome.

TABLE 5.8: Higgs mass for different combinations of ug and uy

b1

0 4 8
( ) 150.36  127.01 94.69
(0.5,0.5) || 150.89 127.68  95.67
(1.0,0.0) || 151.41 128.34  96.62

(us,ug)  (0.0,1.0) || 150.36 127.01  94.70
( )
( )
( )

0.0,0.0

1.0,0.2 151.41 128.35 96.62
0.2,1.0 150.58 127.28  95.09
5.0,5.0 155.54 133.53 103.94

The lowest Higgs masses are achieved when the UV values of ug and uy are set to zero
or in other words when considering a quartic UV potential. In our further analysis we
therefore keep them zero and consider different UV values ug > 0. For the cut-offs
A =10* and A = 108, the outcome of this analysis is shown in figure

The influence of h; on the Higgs mass is significant. However, we observed an important
fact. Considering a fixed UV set-up of the u;, h1 cannot be arbitrarily increased. There
exists a critical value from which on the effective potential develops additional minima.
From figure [5.5| we see that these critical values are h; = 4,10, 14 for us = 0.1,0.3,0.5.
Furthermore, us cannot be chosen arbitrarily low.

5Note that even for a vanishing bare value of > the Higgs masses already differ from those of the m = 1
truncation. However, it changes by less than 0.1%.
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5.5 Results and discussion
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FIGURE 5.5: h; dependency of the Higgs mass

If it becomes too small, the fermionic fluctuations heavily dominate, which yields either
too large top masses or us becomes negative in the spontaneously broken phase. This
can be seen from the flow equation of uy in the symmetric phas

~32ho (ho® — b1) (w1 +1) % (ho" +807%ho* — 64007 (u1 + 1) ?)
16072 (ug + 1) 3 (128074 (ug + 1) 2 — ho?)
160072002 ug (u1 + 1) 3(647%(1 + u1)? — b3)
16072 (ug + 1) 3 (128074 (ug + 1)2 — ho?)
15u9? (—3207%ho? (w1 + 1) 2 — ho* + 76807 (u1 + 1) ?)
16072 (ug 4+ 1) 3 (128074 (ug + 1) 2 — hot)

8tu2

In the symmetric phase u; stays positive (its zero determines the switching scale to the
broken phase) while by remains positive and smaller than one. Hence the denominator
in the equation above is positive and the h; contribution comes with a positive sign as
well as with a large coefficient in comparison to the other terms. Hence, it is lowering wuo
when integrating out he flow equation (¢ < 0).

If the effects mentioned above occur, the correct IR physics cannot be reproduced. In
order to make use of the fact that h; lowers the Higgs mass we thus have to choose us
sufficiently large, which however increases the Higgs mass again, according to subsection
(.53l It is of relevance to find out which effect dominates.

SFor simplicity, we consider the n = 2 and m = 1 truncation.
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5.5 Results and discussion

Figure compares the lowest Higgs masses achieved by the variation of h; (and keeping
ug > 0) as well as those achieved by variation of us.
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FIGURE 5.6: Comparison between h-induced and us-induced lower Higgs mass bound

We find that the answer to the question above is that both effects keep the balance. In
the end, the lowest Higgs masses obtained by varying bh; (while keeping ug > 0) are of
the same magnitude as the ones obtained by varying us. Most of the time the latter case
even yields the smaller Higgs masses.

Similar to the investigations on the ug-induced mass bounds we therefore want to allow
for negative bare couplings us. This implies that we have to choose non-zero bare values
of ug and/or uy in order to establish a bounded from below UV effective potential.
According to what has been observed so far it is also clear that we will not be able to
extend the bare value of h; as far as when considering bare potentials with us > 0.
Indeed, we were not able to increase h; further than 3...4, as shown in figure for the
case of A = 10°.
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FIGURE 5.7: h; dependency of the Higgs mass for non-quartic UV potentials

However, we find that considering these deviations from the quartic UV potential allows
us to further decrease the Higgs mass, although we have to restrict ourselves to smaller
UV values of ;. Figure compares the corresponding new lower Higgs mass bounds
with the former result.
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FI1GURE 5.8: Comparison between us-induced and hi-induced lower Higgs mass bound,
where we distinguished the latter one between negative and non-negative bare values of
U
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5.5 Results and discussion

Hence, we state that it is indeed possible to further decrease the lower Higgs mass bound
by considering higher order Yukawa interactions hjg02j+11;w, j > 0, since we managed
to beat the bounds we obtained by only considering deviations from the quartic UV
potential while taking only the standard Yukawa coupling into account. Table shows
the relative change of the Higgs mass, normalized with the former wus induced lower
bound.

TABLE 5.9: bh; induced lower bounds with generalized UV potentials
[A=10" A=10° A=10° A=10° A=10°

min 20.96 6256  91.31 10748  128.20
Ampg/mY || 28.93% 11.19%  1.29%  6.33%  3.04%

The fact that the value for A = 10 is a bit odd is most likely a numerical issue rather
than a physical effect.

63



6 Extending the toy model

In this chapter we want to extend our toy model. Hence, we return to dimensionful and
non-renormalized quantities. Our goal is to take the SU(N¢) structure of the Standard
Model into account. We focus on the strong interaction part of the Standard Model
unlike [40] where the flow of the non-abelian part of the electroweak sector has been
studied. For a phenomenological investigation of lower Higgs mass bounds in a model
similar to our approach see [41]. In [32] two-flavour QCD at finite temperature and quark
density has been considered, also including a generalized Yukawa interaction.

We start with adding a Yang-Mills term to our effective average action,

1
€T

which requires a gauge fixing term, as usual. We choose

7
T, = ATy ((9,4M)?) .

£

€T

In this chapter we will use Roman small letters for the colour indices (a,b... =1,..., N¢)
and Roman capital letters to label the generators 77 of the Lie algebra su(N¢), i.e.
I,J,...=1,...,Nc? — 1. The generators shall be chosen such that Tr(7;7T;) = %(5IJ.

The Yang-Mills term and the gauge fixing term then read

rgfz/ % Tyy = / S

Furthermore, this yields a ghost term

thost = _/Zc,kczaungch
z

with the covariant derivative
DY = dap0" — ig A [Tt ab,

where g is the SU(N¢) coupling. Our new ansatz for the effective action eventually reads

te= [Uir [ S5remietn — [ e + [ PR | Zaramean

p

- /pZQg pupo A7 () A7 (= / Hy* (z)y*(z) + /p 9 Zu 0" 01 A = DTl (a)

T / 0 Ze ks (D)0 — ¢*)AL(p — q)[T1]en(q). (6.0.1)

)

Note that the ghost fields are scalar Grassmann valued fields.
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6.1 Extended fluctuation matrix

6.1 Extended fluctuation matrix

Although we introduced more fields like the gauge field and the ghost fields, the derivation
of the flow equation is completely the same as in subsection[2.2.3] The Wetterich equation
is still valid, the only thing that changes is that now the super trace has to be taken over
the colour indices, the generator indices and the spacetime indices as well. Because the
ghost fields are Grassmann valued fields, the contribution from ghost sectors come with a
minus sign, just as in the case of the fermion fields. We introduce the new (macroscopic)
field vector

©(p)
}gﬂa(p)
— a (_p)
¢<p) AL (p) )
ca(p)
ca(=p)
which will make the fluctuation matrix a 6 x 6 matrix with respect to the field indices
?
5¢%—p)
o é*p)
(2) _ | T 5 & T T T
w0 =| " |\l (o mw g A ww D)
6A{§—p)
5Ca(_p)
?
oc;(p)

We will focus on the additional terms in the flow equations of the quantities Uy, Hy, Zy
and Z, ;. Because their corresponding projection rules imply setting the gauge field to
zero it is sufficient to take only the quadratic part of the Yang-Mills term into account.
In momentum space it reads

ZAk v
[ 2 b = ) A5 0) A7),
p
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6.1 Extended fluctuation matrix

Together with the gauge fixing term this yields

ZAk PuPv | 1pupy v
[ 202 (0 - 25+ 750 ) At A1)
p

2 § p?
= [ Dyt (vt + g ) AT
where we introduced the transversal projector WEV = O — P ;é’” and the longitudinal
projector ﬂ'ﬁy = p;#. They satisfy the relations
ﬂ'z:l, + ﬂﬁy = O
nyﬂ'zg =0
7'['51,71'7”—‘0 = FZU
7T£V7ng = wﬁo

(6.1.1)

The structure of the new regulator is given by

Ry(p) 0 0 0 0 0
0 0  —Rj(-p) 0 0 0
B 0 Rylp) 0 0 0 0
Repa) =0pa | 0 0 Ra(p) 0 0 ’
0 0 0 0 0  —Re(—p)
0 0 0 0  R.p) 0

where we choose the following convenient form of the regulators
R, = Zeoﬂkpzrcp,k
Ry = —0avZy 1Py k
Ry = 5]L]ZA7kp2 <r£,k7rﬁTLV + 27’%},&%})
Re = 0apZe kP k-

This leads to the familiar abbreviations
P, =p*(1+ Tok)
Py = p2(1 + rw,k)z
p;{/L — 2 (1 I T}Z:QL)
P.=p*(1 +rep)
and

£o(0) = Zo i Pplq) + UL (%), &u(a) = Z3 1 Py(q) + H ().
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6.1 Extended fluctuation matrix

Finally, we can write down F,?) + Ry, for our extended toy model. We will label the
entries of the matrix with the fields, so for example the (2,4) entry will be denoted by
(10, A). Then the non-vanishing entries (the gauge field and the ghost fields have already
been set to zero, as mentioned above) read

Zok Py dpg+ [ UL (¢%) e ~ilema)T g [ Hy (¢ ) e P DTl ()l ()
i f Hi( wb( Ye~ i(p—q)z
—i [, H ()"0 (x)e”
—i [, Hy(o)pT(x)e =)
i [, Hy (@) (x)e
8ab0p; q(— Zy (1 + T 1 )p") —l5abf er ip=a)z
OabOp.qZup (1 + Ty k)P + i0ap [, Hpe P~
—9Zp 175 07(q = p)[T1ea
92y k[ Trlae (P — q)
9Zy 10 (q — P)¥u[T1]ed
—9Zy k[ Trloetd ™ (p — )7
81500 qZak (Pj{wfu n %pngy)
—0ab L Pe
OabZe,k Pe- (6.1.2)

A

L2 E2ErrEEEE EEE

S EET TR EEEES S

A~~~

—~~
O O
%
~ o)
o *

The first six terms are the same as in our old truncation (4.1.2)), up to the new colour
indices.
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6.2 Extended flow equations

6.2 Extended flow equations

6.2.1 Extended flow of the generalized Yukawa coupling

The modified projection rule reads

p = const

— -
1 91 ORy | 8 |v=d=0
c=c*=0

In principle, we can perform exactly the same steps as in section First, we can set
all fields to constants again, which yields factors ¢, 4 as earlier. Then we decompose

¢+ Ry = (00 .. + Re) + AT,

so that éf‘,(f) contains all fermionic fluctuations, i.e. the "old" entries (¢,1), (¢,),
(¢, ¢), (¥, ) and the Yukawa part of the (¢, ) entry, as well as the new terms (1, A),
(1, A), (A,9) and (A,1)). The remaining matrix F,(jl‘%chRk is block-diagonal. Accord-
ing to section the rewritten flow equation reads

© = const
— -
1 51 - AT 5 lw=v=0
50615Hk(90)]ld7 = m&pﬁi STr [O:log | 1+ I‘I(f) . R 5¢f A# —0 - (6.2.2)
3P, 41,C c= C* —_ 0

Hence, we have to compute the inverse of F§€21)4 oc T R;.. As mentioned before, it is

block-diagonal, F,(jll’%c + Ry, = A® B. The matrix A contains the same entries as in
our former truncation up to the new colour indices (see (4.2.6)). However, as we can see
from , these entries are diagonal in the colour indices. Thus, we can immediately
invert it, using the former results up to a factor d,5. The inverse of B can be computed
easily as well, because the entries (¢, c*) and (c*, ¢) are just scalars (and diagonal in the
colour indices) and to invert the (A, A) element we can make use of the properties (6.1.1)
of the projectors. The inverse of B is then given by

) 0 0

T L
5[] 1 (ﬂ-,u,z/ + 7T,uu
PT § PL

ZAk
5ab
Op,q X 0 0 Zeso Pe
0 — o 0

Zc,ch
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6.2 Extended flow equations

-1
and we eventually have (F,(fl‘ ot Rk> = A~ ' @ B~!'. Consequently, the product

Fff Z’(“j j_ - has the following non-vanishing entries:
CXOF i HY D! &
(0, 9) : i0p. g Hidh g5
(¢,9) : iy g ™
(6:0) : iy g H} AL
(¥, ) : i0p,q Hy, Zw,k(lw?;: L Pt
(1, A) : —0p.g9 2,k Zw’k(HTgTWﬂHk [Ts]ae b
(¥, A): —0p.a9Zy k 7Z¢Yk(1+gi’k)¢T+in Y O[T ea
(A,9) : 5p,quZ::’: (E} + 5’;%) D Tiles
(A,9) : _5p,quZf,’: (7;% + 5?/?) [TrlpepTeq T, (6.2.3)

Now it is time to perform the log-expansion again. From we see that concerning
the first order, only the (¢, ) entry is relevant. Indeed, it yields exactly the same
contribution as in our former truncation. The same way, the old contributions coming
from the second order are reproduced. However, there appear some new terms in the

- @ 2
entries (¥,1), (1,1) and (A, A) of <<2)AF’“> . They read
Fk,ap,A,c—"_Rk
9223, 1. Zy k(14 +iHy, (7l L -
(¥,0) 0y e s LRl (Zep 4 €280 ) [Ticlae ! 7 (T
_ 92Z2 iy 14+ T—i-'H T L _
(ij) : 5p7q ZAi/}k’k v,k ( 2:1@)75 1Hy (;LAT/\ +§%§) ’YT’/\wT’f[TK]fa[TK]bewT’e’YT’U
9°Z; L N Te o Zy k(14 +iH
(4,4): ~0pa 7t (T + €5 ) Vo[ Tr]ea AR (1)

9222 al k. —Zoy (Lo o) pT +iH, -
5 (T 4 ¢l ) [Tijaey ey ol e o)
(6.2.4)
The next step is to analyse the super trace. We start with the analysis of the Dirac

structure. We explain the calculations in detail for the fermionic sectors, the calculations
for the (A, A) entry are similar.
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6.2 Extended flow equations

The first observation is that we can neglect the p terms since the trace over the product
of an odd number of y-matrices always vanishes. Because taking the super trace also
implies setting a = b and summing over a, the coefficients of (1/,%) and (¢, 1)) are the
same and we are left with

Tr, (= Ty + 4T T ey = Tr, (= 9l 47 — 47yl )
=PIy + PIye.

Note that both the terms are contracted with the projectors 7y, which are symmetric
in the spacetime indices. Hence, both terms together yield the contribution

29 4Ty gl
By performing the field derivatives of the projection rule (which yield a factor é.r) and
using

1
WAU(’YJ’Y)‘) = §7TAU(’YU’y’\ + ’y)"y") = 7r,\g(5(”\]ld7

we finally getﬂ

272 T L)

. 9°Z5  Hy, (7 T

2i0p,q Lk 2k )\T +¢ AL [T1ae[Ts]ea-
Zak Sy \ P Py

Due to the super trace we also have to set I = J, which enables us to simplify the
expression above once more

1 1
(T7lae|Tr)ea = Te(T7Ty) = 5511 = 5(1\702 —1).

Furthermore, we can use

ﬂf)‘ =(d-1)
Wf’\zl

After taking the trace over the momentum indices and collecting all missing pre-factors
from the Wetterich equation, the projection rule and the log-expansion as well as a factor
(—1), since we operate in fermionic sectors, we finally end up wit

1 NC2—1gQZ{ik~/1 (d—l 1)
“SoH 5o | — ([ +e— . 6.2.5
40 k NC ZA’]{: t p€¢ PZ; ‘£P£ ( )

Similar calculations for the (A, A) entry yield exactly the same term.
The factor §y cancels with the one on the left hand side of the flow equation as always.

The 14, can be skipped, because it also appears on the left hand side of the flow equation.
*Note that in this chapter, the modified scale derivative 9; = >, [, Zi_,kl@t(Zi,kn(r))
terms i = @, 9, AT, AL c.

(s .
) includes
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6.2 Extended flow equations

Hence, the additional contribution to the flow equation of H}, reads

N2 —1 g wk ~ / 1
fH — 6.2.6
" No Zag £y ( PT £P£> (6.2.6)

and in terms of the threshold functions

gy NP =1 FB)d [, -2,
~20° 23 Hy = vak! Ha- 0P 2z 3 2, im0

(FB)d _ _
+ P W2z R 0y ] b (62.7)

6.2.2 Extended flow of the effective potential

The projection rule reads

© = o = const
=1 =0
A, =0 . (6.2.8)
c=c"=0

O Ry,

1
000Uk () = B STr @
k k

Due to the fact that except ¢ all fields are set to zero, the new fluctuation terms disappear.
Hence, it is clear that no additional terms emerge, but just like in case of the Yukawa
coupling, the former terms are reproduced. However, there will be two differences. The
first is the additional colour structure in the fermionic sector. Although it is diagonal
in the colour indices (see (1,) and (¢,%) entries in (6.1.2))), we will get an additional
factor No when taking the super trace H This holds for all former terms with a d, in
front. The second difference is the new structure of the regulator term Ry. It will lead to
additional terms in the (A, A), (¢,c¢*) and (¢, c¢) entries of (%R’;% The corresponding

contributions to the flow equation of U, read

T L
%(NCQ —1) /pQ <(d B 1)8t(ZA,k7”A7k) N Eﬁt(ZA7krA7k)>
P

ZarPT Za Pk

and

Ne /pg 8t(Zc,k7”c,k).
P Zc,k;Pc

However, we see that both contributions are independent of ¢. Hence, they only result in
a scale dependent shift of the effective potential (and thus contribute to the cosmological
constant, see chapter . If we were interested in an analysis as performed in chapter
we could neglect these terms. Then the flow equation reads

BUx(y )_2udk;dz0[ R0 ()i | — 24, Newgk®§* Z;ik;*ﬂ,i;nw}. (6.2.9)

3In the case of the Yukawa coupling it was cancelled due to the modified projection rule.
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6.2 Extended flow equations

6.2.3 Extended flow of the anomalous dimensions

We focus only on the anomalous dimensions of ¢ and v, respectively ).
Let us start with Z, ;. The projection rule reads

Ofo
YvV=v¢=0
1 ) ) A,=0
:7'00-
(50Z k an 8qp8 5o ()(5 (p,)l“k c=c* =0 (6.2.10)
P =—q
pP=-¢=0

We immediately see that all new fluctuation terms that appeared in the extended fluc-
tuation matrix (6.1.2]) will vanish again, since we set the fermionic fields to zero. In
contrast to the case of the effective potential however, we have to apply the trick involv-
ing the rewriting of the super trace and using the log-expansion. It turns out that as a
consequence even the entries (A, A), (¢, ¢*) and (c*, ¢) will yield no additional terms so
that we obtain the same result as in our former truncation. The only thing we have to
be aware of is the colour structure of the fermionic sector again, which simply yields a
factor N¢ in front of former terms that contained a factor d,. Thus, the flow equation
reads

4 o
g = dvdkd 6<U(3)> Z53ms s | 251K 208 (0), Z kU ()i |

- —dWchdkd_‘lH,’f(vk)Zw 2 {F)d {Z_’ik_QH,f(vk); ma]

d
8 d—6 712 2 (F)d [ 7—27.—2 r2
+ ~d, Newvak ' HP (0 H} (00) Z; [ng Hk(vk);nw}. (6.2.11)

The projection rule for Zy ;. is given by

U:_O
3 5 Al
_ , (L
002y, = — dd NC Tr., v*0, “W( ) 5%“() =0 (6.2.12)
q:ﬂ
q=p' =0

It is clear that in this case we have to work a little more, because we cannot set the
fermionic fields to zero from the beginning. The calculations are similar to those in the
case of Hy. We perform the decomposition of I'y + Ry as well as the rewriting of the
super trace. However, we have to take into consideration that the fermionic fields carry
momentum.
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6.2 Extended flow equations

(2)
The usual calculation of (Q)A% and its square shows that all former terms of the flow
k A,b,c k

equation are reproduced, but there appear new terms in the (A, A), (x,%) and (3,v)

) 2
entry of <F(2)AF()+R> . Introducing the abbreviation
k,A,¢,c k
Tio(0) Tl ()
K,»(q) = -4
rold) PIlg) * P
Zy k(1 + 7y x(q)d + iHg
R(q) =
@ §u(q)
- —Zp (1 + 1y () g" + iHy
R(q) =
@ &u(q)
they read
(¥, 1) : ZA . fp RO TrJaena (0 — $) K ()9 (p — )70 [Tk o
(¥, ) : zA s R(p) K ()73 ¥ (s = p)[Tk] ja T et ™ (5 — p)7E
(A,4): —gzi¢;k [ K 0)0°(s = p)n[T1)eaR(9)[Ty)ap ! (s — p)
+ ZA kK (D) Trlae™ (0 — )75 R(s)v o™ (p = 9)[Ts] fas

(6.2.13)

where we already set p = ¢ and integrated with respect to p, due to the super trace. We

are still left with two momentum integrals, because the fermionic fields carry momentum
(2)

and thus F(Q)A% is not diagonal in the momentum indices. Therefore, we have
k,A,p,c Tk
2
Ar? AT Art?
/ (2) (p7p) = / 2) (p7 S) (2)7 (Svp))
P \Ti 46T Br s\ T age T Br Ly age T B

which corresponds to the two momentum integrals appearing in equation (6.2.13]). The
next step is to perform the trace over the remaining index structures. We will explain
the calculations in detail for the fermionic contributions, the calculations for the (A, A)
entry are similar.

“Note that R(q) and R(q) are matrix-valued.
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6.2 Extended flow equations

Let us start with the Dirac trace. In the (¢, ) entry we have

Try (—R(p) 1 (p — )8! (p — $)70) = Try (9 (p = )7 R(P) 1AV (P — 9))
= P! (p — 8)v R(P)AV (P — 3).-

Performing the field derivatives creates factors dep, Op—sp and dp_s q.

5 T
i e 4 5
Concerning the (1),1) entry we obtain

Try (R(p)A ¢ (s = p) (s = p)va ) = = Try (109 (s — p)P! (s — p) AR (p))
= Tr, (¢ (s — p)WR" (P) 1019 (s — p))
=/ (s = PR ()11 (s — p).
In this case the field derivatives create factors .y, 05—,y and d5_p 4. By setting a = b due
to the super trace and using the d.y we obtain Tr(T7T7) = %(NC2 — 1) in front of both

terms, just like in case of Hy. Carrying out the s-integration enables us to summarize
both terms, which yields

272
15 , 9" 2.k
2 pq ZAJC

(No2 - 1) / (K (p =)o R(P) + K (p+ p’)wRT(p)%> :

According to the projection rule we have to set p’ = ¢, which yields a factor d. The last
part of the projection rule reads Tr,~”0,~. Hence, the iH), terms of R(q) and RT(q)
vanish, because the trace over an odd number of v-matrices vanishes. By defining

_ Zyr(L+74k(p))

fp)p ) P
we obtain
15 Tr. ~¥O gQZQ%),k(N 2_1)/<K)\J( o l) f( ) _K)\U( + /) f( ) )
500 11y 7 Opr Zar c P =D )V (P)PIA P+DP )N P)PYs | -

P

Because K is symmetric and by writing P = pu" we find

1. 9°Z; vo
S0—E(Ng? = 1) / Tey (199799 £ @)y (Ko (b = ) = Knolp + 1))
p

270 Zak
(6.2.14)

Accomplishing the p/-derivative and setting p’ = 0 due to the projection rule gives

DPAPo Py DPADo Py 1 OxvDo + OuoP 1
Oy Kna @ F0')| ,_y=E2 T2 Op2 T F 205Dy Op2 ——
pee P'=0 piPL(p) p2 P Pkp) p?Pk(p) PP (p)
DAPo Dy DAPo Dy 1 OxvPo + OuoPr
F2 +2 O o
p*P% (p) p> T PI(p) PP (p)
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6.2 Extended flow equations

Eventually, the new contribution reads

9225 k
25071;0\702 -1) / Tr, (7”7"7“%) f(p)py

p
DAPo Py DAPo Py 1 1 _6xuPo + OuoD 1
¢ —¢ 2 oo T OvobA s
( PPk (p) P T Pip) 20 p?Pi(p) 7 PE (p)
PAPoDy . PAPoPu 1 1 0xpo + 51/0]7)\)
- 0. - (6.2.15)
p*P% (p) p* T Pi(p 2 p*Pl(p)

After using the identity
TI'V (’YV’YJ’)’M’}/A) — d'y (6VO’6},LA o 5V,l,t60’>\ + 51/)\60’},6)

and some index algebra we find

272

T 2y (d=1 € {l-d) (1-4d
200t 500 =) [ 10450 (B~ 5i) * P P )
(6.2.16)

The final step is to collect all remaining pre-factors, i.e. from the Wetterich equation,
the projection rule and the log-expansion as well as a factor (—1), since we operate in
fermionic sectors. Therefore, we obtain

1922i,ch2—15 /Zw,k(1+r¢) {an (d—l 3 > £(1—d) (1—d)}
—= ¢ 2 — — .
d Zar 2Nc » &y P\PI(p Pip) Pi(p)  Pi(p)
The (A, A) entry yields exactly the same term, so the final result for the additional
contribution to the flow equation of Z,, ; reads

29225,kN02—15t/Zw,k(1+r¢) {p262<d—1 ¢ >+§(1—d) (1—d)}7
p

“d Zar 2NG €o "\PT(p) Pi)) Pk Pl
(6.2.17)

and in terms of the threshold functions

8va g°> N¢? — 1k;d74

7. 20d e -2
bk d Zakr 2Nc

FB)d _ _
{(1 — dym{y” {k 27 HEO; mmﬂ
+emihPM {k*QZ;,iH;f, 0577y, nﬂ — (1 —d)M P [k*ZZﬁH}i 05 17, 775]

FB)d [, —2,,—
—l—f(l—d)Mi1 ) [k 2Z¢3€H13,0%77w»77ﬁ] } (6.2.18)
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6.2 Extended flow equations

It is convenient to choose the same regulator for the transversal and longitudinal part,
Pj = PZ;. Our new set of flow equations in dimensionless and renormalized quantities

then readd’]

T~ 7 ~T71 [~ ~ FYd | 772/ ~
OiOK(5) = =AUy + (d = 2+ ) FUL(B) + 204lf | wul )i ms | — 2 Nowal* | HE(B)sm]

- ~ d n o~ L B
O H(p) = (nyx — 1) Hy, + <2 —1+ ‘;k> GH;,(¢) — 2H}! (¢)valf [wu(p);w}

+ dva (@) @IS [HE(), w0 (7): ms o]

N a1 5 [0

— 4g° Hy,
Nk = Sﬁf(ﬁk)vdmﬁﬁmd [ﬁg(ﬁk),wu(f%k); M 774
- 82’;’92]\7;}2\;{0 = d o+ miy" [ AR50, 05, ma
+ (L= d)(€ = DM [R50, 0. ma |
ok = DO mda [wnin) wa ()im|

8 ~ o ~ o,
+ gdchvdH,’f(vk)miF)d [H,?(vk), 774

8 ~ o, o,
~ = Nowa IR0 B )m§ ™" |

z?(ﬁk);nw} , (6.2.19)

- - . 2 - -

where DI0L)(5) = 5 (30(7) + 250(5)) and wu(p) = 2501(5) + U4(7).

By these equations we take the full impact of the strong sector on the flow of the gen-
eralized Yukawa coupling into account. This set of equations is to be completed by the
flow of g and n4. As a first simple approach we can use the perturbation theory one-loop
B-function to test the qualitative impact of the newly derived terms.

5For the strong coupling we have §2 = k:d74%.
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7 Summary and Outlook

In this thesis we considered a simple Higgs-Yukawa system to investigate the impact
of certain operators on lower Higgs mass bounds, applying techniques of the functional
renormalization group. Therefore, the main focus lay on the flow of the effective potential
since the Higgs mass is determined by the curvature of the potential evaluated at the
ground state. After presenting some basics about the FRG including the derivation
of the central equation of this thesis, the Wetterich equation, we initially derived the
flow equations of the quantities appearing in our toy model. Unlike former works ([13],
[14]) that dealt with lower Higgs mass bounds in a Higgs-Yukawa system in the FRG
framework we included a generalized Yukawa coupling H ()14 and computed changes
in the old versions of the flow equations. While the equations of the effective potential
Ui and the field renormalizations Z,; and Z,; were basically the same, up to some
natural substitutions, the flow equation of the generalized Yukawa coupling exhibited an
additional term. Our results matched with the flow equations of [33], who considered the
same model but under a different point of view.

Using the derived flow equations as a starting point, we subsequently solved the flow
of the couplings numerically. In the course of the numerical treatment we performed
a polynomial expansion of the effective potential and the generalized Yukawa coupling
about the vacuum expectation value in order to simplify the set of differential equations.
Solving the equation system we reproduced established results of [14], i.e. we showed that
deviations from the quartic UV effective potential indeed allows us to find bare coupling
combinations that decrease the lower Higgs mass bound. The next step was to investigate
the influence of the new operators encoded in the generalized Yukawa coupling H(y). We
observed that the new operators affect the flow significantly, for a fixed UV potential the
Higgs mass could be lowered by several GeV, just by taking the simplest new interaction
term b3 into account. Its impact on the Higgs mass was much bigger than the one
of other higher dimensional operators b; @2 ) with j > 1, thus we restricted ourselves
to the case j = 1 in our further analysis. It turned out that to guarantee the correct
IR physics, we have to choose a sufficiently large UV value of the quartic coupling of
the effective potential. At first we restricted ourselves to quartic UV potentials and thus
we were able to choose relatively large bare values of by since in the case of quartic UV
potentials us > 0 has to hold anyway. However, to compensate the large h; bare values
the bare value of us had to be increased as well and as a consequence the lowering of the
Higgs mass due to increasing h; and the increasing of the Higgs mass due to increasing
ug nearly compensated each other. The derived mass bounds were at the same order of
magnitude as those derived when considering deviations from the quartic UV potential
but taking only the standard Yukawa interaction into account.
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Thus, we extended our analysis to more general UV potentials up to p?, especially in-
vestigating the case us < 0 again. Although this restricted us to much smaller bare
values of hh; we were able to generate flows that yielded smaller Higgs masses. Hence,
the combination of negative us and comparatively small h; lead to a notable lowering of
the former Higgs mass bound.

Nevertheless, as already mentioned in section [3] the Higgs-Yukawa Model in its current
version completely neglects contributions from the strong interaction sector of the Stan-
dard Model. However, since we know from perturbative calculations that the flow of the
top Yukawa coupling is influenced significantly by strong interaction terms, we decided
to further extend our toy model by introducing the SU(N¢) structure of the Standard
Model. We derived the new flow equations of this system, at least the equations of the ef-
fective potential Uy, the generalized Yukawa coupling Hj and the field renormalizations
Zy and Z, . The flow equations of Hy and the field renormalization Zy ; acquired
qualitatively new terms. The new set of equations opens the door for a further numerical
analysis. The flow equations of the remaining quantities, e.g. the equation of the strong
coupling, can be adopted from perturbative results, since the location of the Landau pole
lies sufficiently far beyond the scale where the interesting quantities freeze out. Thus,
a future task is to investigate whether the new operators of the generalized Yukawa
coupling can achieve a further lowering of the Higgs mass bound in this more accurate
model (with reference to the Standard Model). The new terms in the flow equations
might enable this.
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A Threshold functions

The definition of the threshold functions is taken from [21]. Together with the introduced
abbreviations

Pp(q) = ¢*(1 + r1,8(q))
Pp(q) = *(1+ 1 (q))?

vyt = 2dH1n5T <d>
2
the threshold functions read
n+0n0 _1,9m— —(n
1w np] = ’Ovdlkz d/ K Oi Ry B( )> (Ps(q) + wk?)~ +1)]
4 q ZB k

n+0no _ n— —(n
P sp] = e nt [ [ PPD (@(ZFm( D) (Pela) +k?) )
g L1 +7rer

1 1
l(FB)d . — —1k2(n1+n2 d/

2
(F)d;, . s P 0 1+T'Fk(‘J)
my - wins] = 1" K /qq g |04 Pr(q) + k*w

[ (-2
m(F)d[W'nF] —111 17.6— d/qgét (8‘12 PF(Q))
2 474 . Pr(q) + kw

1 1k2(m+n2—1)—d/q25 _ (6%2]33((])) (5‘%2]33((]))

d . - __
My g (W1, W23 NB] = 40d p " | (Pe(q) + k2w1)™ (Pp(q) + k2ws2)"2
— 8 T
32 FB(a)
1 - 1+ 7p4(q) <8q2 B q)
(FB)d . - —1 2(n1+n2 1) 2 5
My 0t [wlv w23 NF, nB] 4vd k /qq Oy (PF(Q) 4 kal)vu (PB(Q) + k2wQ)n2
1 ~ 1+ Trk(q) 1 )
M(FB)d . -1 2(n1+n2) d/a > .
B A e O " L(Pr(q) + K2wn)™ (Pp(q) + Kws)
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B Threshold functions for the Litim
regulator

After application of the regulator

nm@%=<§—4>@M3—f)

(1 +rrr(@)? = (1 +r5xa))

the threshold functions defined in appendix [A] read

2(n + 0n,0) NB,k 1

di o1 0) (1 _ "B,

Fules 1] d < d+2) (1+w)n
2(n+ dnp) NFk 1

(F)dy, ,. _ 0 (1 = }

ol ] d ( d+1>a+wwﬂ

J(FB)d

B,k

m(F)d[w' | = 1 +1—77F,k L fl=mpe 1y 1
e () T S i s ey SR 2d—4 " 4) (1+w)?
F)d 1
mé)WWHZZTI;g
d ) _ 1
7’77/7117”2 [Wl; w23 77B] - (1 4 wl)nl(l + W2)n2
FB)d . — 1B,k 1
mﬁlhnl [W17w27 nr, nB] - <1 B d+ 1> (1 + wl)nl(]_ + w2)n2
2n9 NEk 1

A(FB)d . _ 1— b

n1,n2 [W17w2777F,77B] (d— 1) d—1 (1—|—w1)n1(1 +(,U2)n2+1

_1—|—w1—2n1 (1_77F,k) 1
d—1 d (1+w1)n1+1(1+W2)n2.
These results match with those of [36] (apart from the newly introduced Mrgigz)d
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