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Abstract

We examine the dynamical breakdown of the electroweak symmetry in classically conformal
extensions of the Standard Model of Particle Physics known as Higgs Portal Models. Since
quantum corrections are responsible for symmetry breaking in these extensions, we study the
effective potential up to one-loop order and discuss the application of the renormalisation group
to ensure the validity of perturbation theory for arbitrary field values. We emphasise how a
judicious choice of the renormalisation scale can minimise the effect of large logarithmic con-
tributions from quantum corrections. In particular, we present a method to re-sum the largest
logarithms in models with several scalar fields without resorting to multi-scale techniques. In
this way, the improved potential admits a perturbative expansion if the renormalised coupling
parameters are small. Non-trivial minima of the effective potential correspond to vacua of the
underlying quantum field theory and signal the dynamical breakdown of symmetry. By identi-
fying such points, we conclude that certain Higgs Portal Models can accommodate the radiative
generation of the electroweak scale, as well as physics beyond the Standard Model. We also
comment on the available literature on the subject and discuss the advantages and shortcom-
ings of the different approaches to radiative symmetry breaking.
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Notations and Conventions

e Unless we specify otherwise, we work in units in which 7z = ¢ = 1.

e We will use the Euclidean metric to evaluate functional integrals and Feynman diagrams.
Results in the Euclidean theory can be converted to results with Minkowski metric by a
Wick rotation.

e Divergent integrals will be regularised with dimensional regularisation and we will use
the M S renormalisation scheme, in which the counter-terms are proportional to the com-

bination L1 )
~ 4+ —vg — = log (4
€ + 27E 9 Og( 7T) )

where vg = 0.577- - - is Euler’s constant, log is the natural logarithm and the number of
dimensions is d = 4 + e. Divergent terms are expressed as poles in € and the renormalised
Lagrangian density is finite in the limit ¢ — 0.

e We will adopt the Landau gauge throughout the text, unless we state otherwise. This
gauge is fixed by adding to the lagrangian density of a gauge field A, the term [54]

2
1 2
-3 (Eﬂj@mt)

and by taking the limit A — oo after computing the gauge field propagator. In momentum
space and four spacetime dimensions, the gauge field propagator in the Landau gauge

reads
1 1 k.

A v k)= ——5-5 v T 19 P
wh) = oz (7’“ k2 )
where 1), = diag(—, +, +, +) is the Minkowski metric.

e The reduced Planck mass is

Mp = 2.435 x 10'® GeV .



Introduction

The origin of the electroweak scale is not yet known. While the discovery of a Higgs boson
completes the experimental corroboration of the Standard Model of Particle Physics, several
questions remain unanswered and an extension of the model is warranted. On the other hand,
the current lack of evidence for physics beyond the Standard Model favours the simple proposal
that it remains a valid effective theory for energies up to the Planck mass, at which gravitational
effects are expected to become important. If this is the case, then there will be no intermediate
scale between the electroweak and Planck scales [9,[16]. Although extensions of the model are
needed to incorporate dark energy, dark matter and gravity, for example, one can envisage ways
to minimally modify the theory without introducing new physical scales.

In the Standard Model, the masses of fermions, excluding neutrinos, and vector bosons
are generated by the Brout-Englert-Higgs mechanism. The underlying electroweak symmetry
is spontaneously broken by a non-vanishing vacuum expectation value of the physical Higgs
field. The condensation of this field is achieved by including a negative mass-squared parame-
ter in the lagrangian. The current experimental data indicate that this mass term nearly vanishes
at large energies, which means the Standard Model is nearly-conformal in the ultraviolet (UV).
In this scenario, classically conformal extensions of the current theory are promising candidates
to address open problems such as how the Higgs boson mass is generated. Moreover, the mea-
sured value of the Higgs mass of approximately 125 GeV signals that the electroweak vacuum
is metastable [9], which motivates the search for models in which the vacuum is stabilised.

Since classical scale invariance forbids the notion of an intrinsic energy scale, the lagrangian
of classically conformal models cannot contain any mass terms. By removing the Higgs mass
parameter, the Standard Model lagrangian becomes scale invariant and the breakdown of the
electroweak symmetry no longer occurs at tree level [14]. Nature clearly displays different phys-
ical scales, which implies some mechanism must be responsible for the breakdown of classical
conformal symmetry.

Sidney Coleman and Erick Weinberg studied such a mechanism [3]. Their key insight was
that quantum corrections break scale invariance and consequently can lead to non-trivial vac-
uum expectation values of the fields. Indeed, this is a manifestation of the dimensional trans-
mutation phenomenon, in which dimensionful quantities arise from quantum loops as a con-
sequence of renormalisation. Loop corrections thus modify the classical potential into an effec-
tive counterpart and if the effective potential exhibits a non-trivial minimum, then symmetry
breaking occurs dynamically. In this case, all mass parameters are generated by the quantum
corrections. In other words, mass originates from the quantum theory.

Although current data rule out the Coleman-Weinberg mechanism for the Standard Model,
this interesting idea has propelled research into classically conformal extensions of the model,
first considered by Hempfling in [15]. These extensions are, in principle, sufficiently robust
to accommodate phenomena such as baryogenesis and particle dark matter [17, 24, [32], yet
they are simple enough to be predictive. In particular, they are alternatives to supersymmetric
models, for which no evidence has been gathered so far.

Classically conformal models can also pave the way to a technical resolution of the hierar-
chy problem [29 (15, [19], which is also addressed by supersymmetry. One way to understand
this problem is to realise that, in the absence of a symmetry that guarantees the vanishing of
the Higgs mass term, one needs fine-tuning to explain the small ratio between the electroweak
scale and the Planck scale. However, since the electroweak scale arises as a radiative effect in
classically conformal models, it can be radiatively stable, thus resolving the hierarchy problem.
In other words, classical conformal symmetry serves as a custodial symmetry which protects
the Higgs mass from radiative corrections, as was suggested by Bardeen [14]. However, it is



important to notice that such conclusions are still rather speculative, since little is known about
the relevant effects of a UV-complete Planckian theory. Nevertheless, there is sufficient motiva-
tion to seriously consider classically conformal extensions of the Standard Model as gateways
to new physics.

In this work, we will systematically analyse how such models dynamically generate the
electroweak scale, placing special emphasis on what are the conditions for the occurrence of
the radiative breakdown of symmetry and how one can use the renormalisation group to ex-
tended the validity of perturbation theory to all scales below the Planck scale. We will see that
perturbativity is guaranteed if the running couplings continue to be small parameters at high
energies and no Landau poles occur below the Planck mass. We will show that there is no need
to employ several subtraction masses when multiple scalar fields are present, contrary to what
has been done in the literature [42, 135, 143| 144], as long as the theory is weakly coupled across a
large range of scales.

The thesis is structured as follows. We begin with a review of the theory of effective actions
and the one-loop effective potential in Chapter |1} In Chapter [2, we present a systematic way
of understanding different cases in which the breakdown of symmetry is realised via radiative
corrections. In Chapter 3] we will present a practical alternative to multi-scale techniques. By
using the renormalisation-group (RG) equation with a single subtraction mass, we will develop
a method to improve potentials with an arbitrary number of scalar fields. With the technique of
RG-improvement presented, the one-loop effective potential will be sufficient for our purposes.
In Chapter @] the Conformal Standard Model will be studied in preparation for the classically
conformal extensions in Chapters [5|and [6] Finally, we will conclude that a particular class of
classically conformal models, known as Higgs Portal Models, is capable of radiatively generat-
ing the electroweak vacuum and of ensuring vacuum stability.



Chapter 1

Effective Actions

The phenomenon of spontaneous symmetry breaking and the presence of unsymmetrical solu-
tions is intimately related to the vacuum degrees of freedom of a quantum field theory. Since
the vacuum expectation values (VEVs) of field-operators are classical fields, one can envisage
an effective theory that describes the dynamics of the field-VEVs and of macroscopic excitations
in the vacuum. Such a theory can be achieved with the Method of the Effective Action, intro-
duced by Goldstone, Salam and Weinberg [1] and Jona-Lasinio [2]. In the following section, we
will follow references [2} 4], [7].

1.1 The Effective Action

For simplicity[*} let us consider the dynamics of a single scalar field ¢ in d dimensions, given
by an action functional S. The n-point correlation functions are generated by a functional Z

defined as
21j)i= [ Do e st 0
where j is a source for the field ¢, viz.
G.9) = [ e ja)oo). @
such that one can compute the n-point functions by functional differentiation
1 " Z[j]
Gz, ..., 1) = - : . 3)
) = 0] G 63|
The functional Z thus admits the series expansion
=1 — " e . 4
20 =1 D [ e G ma)ion) ) @
The connected n-point functions are generated by the related functional
Z [J ] _ — 1 d d (n) . .
IOgm = ngl ﬁ /d xy---d%y Gc (.%'1, ...,l‘n>_]($(11) a ](mn) : (5)

*The generalisation of the definitions and computations of this section to an arbitrary number Ny of scalar fields is
straightforward. One promotes the single scalar field ¢ to a collection of scalar fields ¢; , (i = 1,..., Ng) and the single
source j to a corresponding collection of sources j; , (i = 1,..., Ng).



For example, the connected two-point function is given by

62 log Z[4]
(2) — e ZUl
Ge”@n, o) 0j(21)05(z2)

In an interacting theory, the connected two-point function is related to the free propagator by
Dyson’s equation,

= G(Q) (.231,1‘2) — G(l)(l‘l)G(l)(.ﬁg) .
7=0

6] @) = (6] @ra2) — S ©)

where ¥(x1,z2) is called the self-energy and encodes the corrections to the inverse free prop-
agator. In perturbation theory, such corrections are comprised of amputated one-particle irre-
ducible Feynman diagrams. Amputated diagrams are those obtained by removing the external
lines from a connected diagram that contributes to a connected correlation function. In this way,
we can define an amputated correlation function as follows.

n 1
Ggrl’;t)p(xla 71‘71) = H /ddyk) |:G(2):| (x/inyk)G(n)(ylv ayn) (7)
k=1

One-particle irreducible diagrams cannot be split into disconnected terms when an arbitrary
internal line is removed. We define the proper vertices '™ (zy, ..., z,,) of the theory as the am-
putated one-particle irreducible correlation functions. In particular, we have re (r1,22) =

-1
[GEQ)} (x1,22). In the same way that the inverse connected two-point function includes cor-

rections from the self-energy diagrams, the n-point proper vertex will include corrections from
the interactions terms of the theory. Therefore, if we are interested in the effective counterpart
of the theory, it will be convenient to find a generating functional for the proper vertices.

Let us now define Slon 7
. og
Ge(x37) = —

(759 = 5i0)

and assume this relation can be inverted to yield the current j.(x; ¢.). We can interpret eq.
as the VEV of the field operator in the presence of a source. We also note that

bl ®)

Be(;0) = w

To build the effective theory, we will trade the functional dependence on j by a dependence on
the classical field variable ¢., sometimes also referred to as average or mean field variable. We
can then write the Legendre transform of — log Z[j] as

=GV (2). )

Jj=0

rio = {-ls 2+ [ s} (10)
IZ)=Jc TP

which is a functional of the classical ﬁeldﬂ This transform is referred to as the effective action,
because it is, in fact, the generating functional of the proper vertices of the theory. Indeed, its
first functional derivative reads

or .
WW)C] :jc(‘T;(bc) ) (1)

tIn what follows, we will write only one argument for the classical field, viz. ¢(x), since the current is to be
evaluated as jc(x, ¢c).




as can be easily checked from egs. (8) and (10). If in the absence of sources the field-VEV is

de(x;0) =0, (12)
then eq. implies
or
=0, 13
50e(@) |y _, (13)

i.e., the field-VEV is a stationary point of the effective action if no external sources are present.
The second functional derivative of the effective action can be computed from eq. (8) as follows.

gy = [ty 2(Es)  logZ
d(x1 2)—/d ® S5oe(w2) 67 (23)8j(x1)

j=je(v)=0

G£2) (963, xl)

g, T
B /d = 0¢e(w2)00c(23) o=

52T =
= [Gﬁz)} (71, 22) = T (21, 29)

5¢C(x1)5¢6(x2) Ge=

which is the two-point proper vertex. In a similar fashion, taking further functional derivatives
of eq. (8) will yield the n-point proper vertices.

onr
5¢c<x1) 6¢c(mn

We can therefore expand the effective action as follows.

_ d (2) - (n) _ )
H dyk @k, Yk)GS (Y15 oo Yn) =TV (21, .oy )

+Z /d%1 2o T (21, oy ) (Pe(21) — 0) o (o) —v)  (14)

It is, however, more convenient to expand the effective action about the zero-field configuration,

0] + Z /dd:g1 A%, T (21, ooy 20) Pe(1) e (20) (15)

nl

where F(()n) (z1,..., z,) are amputated one-particle irreducible correlation functions computed in
the presence of the source j.(z;0), which does not necessarily vanish.

We are interested in field-VEVs which are translationally invariant. For this reason, it is
convenient to consider the Fourier transform of the correlation functions

F(()")(ajl, ey L) = ﬁ [/ (d Pi } d(S <Zpl> (P1, -, Pn) €XD ( sz p1> , (16)

=1

such that the the effective action can be written as
dvx,d%; )
0] + Z /ddx H [ dp ée( Z)] I )(pl, vy Pn) €XD (z Z(xl — ) -pi> .

By expanding the correlation functions in powers of momenta,

L5 (D1, ooy pn) = T T (p1y )| it
p=0
+7 Z # plv' 7pn) pi,upj,u+"' ;
op 3p
YNNG p=0

10



we obtain a derivative expansion for the effective action,

+/ddx§:jl¢2;<f)fg Z/dd (O GG+ W)

which resembles a classical action functional. The normalisation Z(¢.) of the kinetic term will

be determined by the amputated one-particle irreducible correlation functions 1"(()”) evaluated at
zero momenta. The non-derivative terms are interpreted as an effective potential, i.e., we define
the effective potential of the theory as

/dxveffqbc ) :=T]0 /dd Z‘% £{"(0,...,0). (18)

For field-VEVs that are translationally invariant, ¢.(z) = ¢.(0) = ¢., we have

Vett (Pe) — Z ¢C. F(”) )1 (2m)%5(0) = T[0] = 0.

By defining I'[0] = —(27)96(0)V(0), we obtain a formula for the effective potential of transla-
tionally invariant VEVs
Vtt(¢0) = )+ Z o F(n) 0,...,0) . (19)
From eq. , we then obtain
or OVt d
=— = 2m)%6(0) ,
6¢C(SU) ¢C:v a(bc ¢C:v ( ) ( )
Vet
=0, 20
e, . (20)

i.e., translationally invariant field-VEVs are stationary points of the effective potential in the
absence of external sources. In this thesis, we will exploit this fact to probe for non-trivial
vacua in classically conformal extensions of the Standard Model. If such non-trivial minima
are present in these models, then the breakdown of symmetry is entirely due to the quantum
corrections of the theory.

With eq. (19), one may compute the effective potential of the theory up to any loop order. It
is useful to recall that the loop expansion is equivalent to an expansion in powers of /. To see
this, one reinstates 7 in eq. ,

:/D¢ e~ 7SR G (1)

and notices that eq. implies that vertices contribute with 2~! and propagators contribute
with 7 in each diagram. In amputated one-particle irreducible diagrams, the power P of # is
then given by P = I —V, where [ is the number of internal lines and V' is the number of vertices.
Moreover, in momentum space, each internal line is accompanied with a momentum integral,
while each vertex is associated with a §-function. Conservation of the external momenta of the
diagram prevents one J-function from being integrated, in such a way that we can reduce the 1
integration variables by V' — 1 only. The number of loops in a diagram is equal to the number
of remaining integration variables,i.e, L=1—-V +1= P+ 1.

11



For our purposes, the one-loop effective potential will be sufficient. Indeed, as we will see in
section (3.2), one can use the renormalisation group to re-sum certain terms of higher powers of
hwith limited knowledge of lower loop-orders. In this thesis, our strategy to study the radiative
breakdown of symmetry in classically conformal extensions of the Standard Model will rely
only on one-loop quantities. We will then use the renormalisation group to incorporate certain
higher loop-order terms, in a procedure known as renormalisation-group improvement of the
effective potential, which will be discussed in Chapter

In the following section, we will follow references [4, 7, §].

1.2 The One-Loop Effective Potential

The one-loop effective potential is given by eq. with the amputated one-particle irreducible
correlation functions truncated at one-loop order. It is, however, more practical to obtain a
concrete expression for the potential in terms of a momentum integral that can be computed in
a given regularisation scheme. To obtain such an expression, we can expand the effective action
up to first order in 7.

Let us then expand the action functional around an arbitrary field configuration ¢

3S
3¢(x)

1
+ 3 /ddmddzz B(r1)

¢(x)+
P=¢

528
5¢(x1)0(x2)

516+ o] = Sl + / dta

¢(x2) + 15 9) ,
P=p

where I(y; ¢) represents higher order terms in the expansion. Let us also define

AN a1, 0) = 5275 . (22)
Y 0p(x1)0¢(22) | 4=,
We can now rewrite eq. as
20 = exp {15161 + 169} 201 @)
where
1[/68 1
210 =N [Do e 1] (53 -0.0) +50.870) + 10|}
/ h [\ d¢ 2 (24)

(¢,A71¢) := /ddxlddﬂh P(x1) A7 (g1, 22)p(w2) -

The factor of N is the overall normalisation of the functional integral, which was not included
in eq. 21). In particular,

1 _
N/D¢ exp{—%(¢7A_1¢)} = (det A1) V2 (25)
It is now convenient to choose ¢ to obey the classical equation of motion
05
=j(x), 26
so@) P =@ (26)

12



which defines ¢ as a functional of j. We are going to assume this relation can be inverted to
yield j(z; ). With this choice, eq. reduces to

2151 =N [ Do e {; Bw, A716) + I ¢>} } . @7)
Moreover,

_ /D¢ exp{—7 [5(6.80) + I(g39)]} _
I D¢ exp {55 (6, A¢) }

oo {21 (o) Y {Sacns)| -
=1+ 0(h).

(det A1) Z/j)

In this way, we can write

Z'lj] = (det A=) L O(h)

‘ ' A ) ) (28)
—hlog Z[j] = Sl¢] — (4, ) + §TrlogA7 +O(h).
From egs. (8) and (26), we obtain
dlog Z[j]
—h——="2 = —p(z) + O(h) = —d.(2) . 29
2L o)+ O = ~6ula) )
The effective action can then be written as (cf.eq. (10))
h
loc] = STe] + (e e — 9) + P Trlog A1 4 O(?) =
5S , h B ,
:S[¢C]+ wﬂo_(bc +(]c>¢c_§0)+§TrlogA +O(h)
Since ¢. — ¢ = O(h), we have (% —Je,p — @) = O(h?). The effective action then reads
h
F[(bc} = S[¢c] + §TI'10g ATt + O(h2) ) (30)

where the inverse propagator A~! is to be evaluated at ¢.. We thus see that the effective ac-
tion for the translationally invariant field-VEV is comprised of the tree-level action evaluated
at ¢. and the quantum corrections, which are contained in the logarithmic term (see also [4} [7]).
Terms with higher powers in % correspond to contributions from higher loop orders to the ef-
fective action. Indeed, from the diagrammatic relation L = P + 1 and the Legendre transform
—hlog Z[j.] + (jc, ¢c), we see that the [-th loop order contributions to the effective action are
accompanied by a factor of A'=1+1 = Al

Since ¢, is translationally invariant, the propagator A(¢.; z1,z2) depends only on =1 — x2
and is, therefore, diagonal in momentum space.

. 1
A (¢ei ki, ko) = /ddxlddxz exp (—iky - @1 + iky - 22) A7 (G 21 — 9) =

= @ny?
— 5k — ko)A (b k1)

13



This implies the functional trace in eq. reads
Trlog A™! = /ddklddkzg 6(k1 — ko) trlog A=Y (pe; ky, ko) =

= 5(0)/ddk trlog A~ (¢ k) ,

where the remaining trace sums over spin or internal degrees of freedom in models with multi-
ple fields (see below). We can now write the non-derivative terms in eq. as

/dxveff be) = /ddacV (¢c) + /dd / ——trlog A7 (¢ k) + O(R?)

where V() is the tree-level potential. The one-loop term is

df. N
VW (g.) = %/éT)dtrlogA—l(a;C;k) (31)

and the effective potential can be written as

Veir(0e) = VO (pe) + AV () + O(R?) =

) 32
— VO (4,) + gtr/ (‘;’;d log A} (¢ei k) + O(R?) . >

The One-Loop Effective Potential for Scalar Bosons

To obtain the expression for the one-loop effective potential in the scalar sector of the theory,

let us begin by considering the simple example of massive ¢*-theory, with the (euclidean) la-
grangian density given by

B 0p d0¢p 1

L= Ozx+ Ox,, * 2

0p 0¢p 1

Ty Z 90 0w, T 2

1

m2¢? + 1>\qz54+

(33)
2 1 4

B¢? + chz) +Q4+D,

where (Q is a constant and A, B, C, D are counterterms that render the loop expansion finite in
four spacetime dimensions. Moreover, ¢ is the quantum field to be integrated in the generating
functional Z[j]. The tree-level effective potential is then given by

1 1
VO(ge) = 5mP67 + 7001 + Q. (34)
The inverse propagator in momentum space reads
“Herk) =k +m® +3)g7 (35)

such that the one-loop term in the effective potential isE]

+ipmgry tomgs po (36)
(& 4 (&

d
V(l)(¢>c)=;/(d k - log (k* +m? +3X¢7) + 5

)

Note that counterterms were not explicitly written in eq. and that B, ¢(1) and D) are the counterterms in
the one-loop approximation.

14



In four spacetime dimensions, the momentum integral diverges. To regularise the theory, we
taked =4+ ¢, 0 < € < 1, and use dimensional regularisation. The result is

2 1 1 1
p — _SmA < + 578 — 210g47r> :

1672 \e 2
cW = o (1 - le - 110g47r) ,
812 \e 2 2 (37)
DW= — m <1 + lvE - 11og 47r)
3272 \e 2 2 ’
v (m? + 3)p?)? [1 m® + 3\ 3}
6472 12 20

In four spacetime dimensions, the renormalised effective potential of massive ¢*-theory then
reads

1 1
=04 —m2¢? + - \p?
Vest(dc) tomige +  Age + 5

It is straightforward to generalise this result to a model where Ny > 1 scalar fields are present.
The inverse propagator now reads

A (Geik) = K2 + M2, (¢c) ,

2 2\2 2 2
e+ 30c) {1 m Z;’M’c —3] O . (38)

PV (39)
My(pe) = 5—o-—,
8¢c,aa¢c,b
and the renormalised effective potential in four spacetime dimensions is
h M2(p) 3
_ o 4 ) 2 2
Via(60) = VO (60 + grmper {3060 [l "L S o). o

The One-Loop Effective Potential for Vector Bosons

To compute the one-loop effective potential for gauge fields, it is practical to choose the Landau
gauge, in which the Faddeev-Popov ghosts decouple from the scalars. We will thus fix the
Landau gauge and ignore the ghost-field contributions to the effective potential. The inverse
propagator for gauge fields then reads

- e bk,
A (e k) =D eley” (K + M (o)) (m— - ) : (41)

where M is the tree-level mass matrix for vector fields and ¢ is an eigenvector of M [7]. The
computation of the renormalised effective potential in the vector-boson sector proceeds in an
entirely analogous way to the one in the previous section. The one-loop contribution is

1

d?k ~
Vv(elc)tors = 5“ / @) log A~ (¢,; k) 4 counterterms =

d—1 d?k
= tr/ and log (k* + M?(¢.)) + counterterms ,

where the factor of d — 1 is comes from summing over the polarisations of massive vector fields.

In four spacetime dimensions, we find
2
tr {M4(¢>C) {log M (fc) - 5] } . (42)
I

‘/V(elC)tOl‘S (¢C) =

6472 6
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The One-Loop Effective Potential for Dirac Fermions

The derivation of the one-loop renormalised expression for the effective potential in the fermionic
sector is analogous to the scalar and vector-boson counterparts. The important difference that
arises in the fermionic case is the inclusion of an overall factor of —2 coming from the logarithm
of the Gaussian integral in the analogue of eq. for Grassmann variables. We thus obtain

fermions

dk X
A —tr/w log A=Y (¢,; k) + counterterms , (43)
where the inverse propagator reads

Yo k) Zmﬂ +M(ge) , (44)

where M(¢..) is the tree-level mass matrix for fermions, which is a linear function of ¢.. We find
the one-loop renormalised contribution

(1) 4 2 M(QSC)MT(ch) 3
fermlons(éf’) - 6477'2 tr { (M(QSC)MT (¢(')) ( ,U/Q - 5 ) (45)
where the factor of 4 comes from summing over the Dirac indices, i.e., it is the number of

degrees of freedom of a Dirac fermion. The remaining trace in the above expression sums over
the internal degrees of freedom and colour charges of the fermions.

The General One-Loop Term

In a model with scalars, vectors and fermions in four spacetime dimensions, by working in the
Landau gauge and adopting the M.S scheme, we can write the renormalised one-loop term in
the effective potential as

(1) (pe) =

i 2Zfa ( ‘%M(f“) —xa) : (46)

where the index a runs over all mass eigenvalues, the tree-level field-dependent mass eigenval-
ues have been generically denoted by m,(¢.) and the constants £, and x, read

1 for scalars
&w =< —4 for Dirac fermions
3 for vector bosons ,
3 for scalars and Dirac fermions
Xa = .
5 for vector bosons .

A convenient way of writing the one-loop term is obtained by rewriting each mass logarithm as

2
m
1 o g a (jc) 5
I M
where M is any function with mass dimension equal to one and will be referred to as the pivot
mass. For example, if there are N, scalar fields, we can choose M to be the radial variable in

the scalar-field configuration space

2 2
= log M + log % , 47)

Ng
2
=Y .-
a=1
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We can then rewrite eq. as
2
VO (¢e) = M* (A + Blog A;) , (48)

where we defined the functions

Zg (b )10 2(¢ ) _ 4
64’/T2M4 a c)10g M2 Xama(¢c) )

~ Gt L

(49)

Since M is arbitrary, we note that different choices M and M’ are related by the transformations

12

ma(¢e) M
6471'2 Zga( (¢¢) log M2 — Xa™ c> 64n 22&1 (¢c) log —— M2

% (50)

EAIMI4 +BIMI4 log M2 ,

BM* =B M™ .

The one-loop term is evidently invariant under the above transformations. Using expres-
sion is advantageous since the explicit dependence on the subtraction mass is contained

only in the logarithm log ©if M is independent of y. We will refer to this logarithm as the
pivot logarithm. In the followmg chapters, we will use the form of the one-loop contribution of

eq. (49).
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Chapter 2

Dynamical Symmetry Breaking

The radiative corrections encoded in the effective action studied in Chapter[I|can be sufficiently
large so as to generate non-trivial vacua for a quantum field theory. Indeed, from eq. , we
see that the stationary points of the effective potential correspond to translationally invariant
vacuum expectation values of the scalar fields if no external sources are present. It is, therefore,
of crucial importance to determine whether or not the quantum corrections can considerably
alter the vacuum structure of a given model. In this chapter, we will review the archetypical
examples of radiative symmetry breaking, which were originally studied in [3} 5], and discuss
the limit of applicability of the one-loop approximation to the effective potential.

2.1 Massless ¢’-theory

We begin by considering ¢*-theory. The one-loop effective potential was given in eq. (38). Witha
view to classically conformal models, we set the tree-level mass parameter and vacuum energy
to zero, m?> = 0 ,Q = 0, which is consistent with eq. . This is the simplest classically
conformal model and is referred to as massless ¢*-theory. For convenience, we drop the “eff"
and “c" subscripts from the effective potential and classical field, respectively, and we include
the subtraction mass 1 and coupling A as explicit arguments of the effective potential,

1 9hAZ Pt 3\P2 3
V(i h0) = A6+ L {1 o —2}+0<h2>. 51)

2.1.1 Perturbative Structure, Renormalisation and Stability

In general, the one-loop approximation will be reliable if the O(h?) terms in the effective
potential are not large. Otherwise, perturbation theory ceases to be valid. Perturbativity is guar-
anteed if the couplings are small parameters and there are no large logarithmic contributions in
the loop corrections.

To better understand the perturbative structure of the effective potential, let us analyse the
potential in massless ¢*-theory. The mass logarithm in eq. originated from the momentum
integral in eq. (32). In general, a momentum integral will exhibit a logarithmic divergence
which, upon regularisation, is converted into a mass logarithm log 3i‘f2 . In this way, there can be
at most n such logarithmic factors in an n-loop Feynman diagram. The n-th loop-order effective
potential will thus contain products of the coupling and logarithm with powers given by, at
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most, A"t [h log 3¢

m r Such terms are referred to as the leading logarithms of massless ¢?-

theory. The loop expansion of the effective potential is thus a power series in A and in 7iA log 32252

and truncations at a given loop-order will be useful approximations if both parameters are
small.
If there are large logarithms, i.e., i ‘)\ log

3Ap32

2
ing the subtraction mass y to regain perturbativity. Indeed, the subtraction mass is an arbitrary
parameter and the value of the effective potential, for fixed values of the couplings and fields,
cannot depend on it. The renormalised parameters of the theory will, however, vary for differ-
ent choices of 1, due to the addition of counterterms. In general, for each coupling parameter
and field"} one defines the renormalisation group (RG) functions

‘ > 47, then one may use the freedom of choos-

O

B ZM@

B(Ae€) :

)

Ao,e€ fixed

(52)

Ao,e€ fixed

which are referred to as S-functions and anomalous dimensions, respectively. For massless
¢*-theory, the relation between the renormalised coupling A and the bare coupling )\ is (cf.

egs. 37))
Ao = p€ (A +hCD 4 O(rﬂ)) .

Upon differentiating with respect to p, one finds

dc®
dA

0:e<>\+h0(1))+<1+h >ﬁ+0(h2),

which leads to

dc®
B=c¢ </\ — h\ Y

BA? (101 1 e
:e{)\+9 A (+7E—2log4w>}+0(h2) 20
€

+ hc<1>> + O(R?) =

872 2

0 9hN2

o7t Oh?) = W + O(h?) . (53)

Analogously, we see from egs. that the one-loop anomalous dimension of the scalar field
vanishes, which implies that, at one-loop order, the field variable ¢ is independent of the choice
of subtraction mass.

By integrating the first of egs. and using the result of eq. (53), we obtain the one-loop
running coupling

Ao
AMB) = —me >
1-— 982‘20 log ﬁ

(54)

where A\ = A(p0) and py is an arbitrary reference mass. We interpret A(x) as the value of the
coupling parameter when the subtraction mass is chosen to be p, which is related to the corre-
sponding value at o by terms of all orders in A\g and 2\ log ﬁ (cf. eq. ). This observation

*Recall that the relation between the bare field and the renormalised field is given by ¢o = vV Z¢.
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is the key to regaining perturbativity in the case of large logarithms. Indeed, the closed form
in eq. guarantees that, as long as [A(p)| < 4w, the logarithm in the denominator can grow
large. Therefore, if the potential evaluated at the mass p exhibits large logarithmic terms, then
we should evaluate the potential at the mass j, where these logarithms have been re-summed
into A(u). More precisely, we see that

{9?1 : 3)\0¢2} | 55)

Alw? = 306) = >_N* | gz los =
0

n=0

i.e., the renormalised coupling at the mass-squared p? = 3\¢¢* corresponds to the sum of all
leading logarithms at a reference mass 9. We thus see that the one-loop RG running of the
coupling parameter is sufficient to re-sum into a closed form the highest powers of the mass
logarithm that appear at each loop-level. Perturbativity is then guaranteed if A\(u? = 3\g¢?) is
small.
Since the effective potential itself is independent of the choice of 1, it must satisfy the equa-
tion
av v oV
= A L+ M
Hap =g TN
which is referred to as the renormalisation group (RG) equation for the effective potential. From
eqgs. and (53), it is straightforward to verify that eq. indeed holds. This implies that
eq. (5I) may be regarded as a perturbative solution of the RG equation and, thus, A in
eq. (51) should be interpreted as A(). Moreover, from egs. (54) and (55), we see that

+ O(h?), (56)

Ap? = 3000?) 1 Aod?

(0) 2 _ 2 _ 4 4

Vv (A(M - 3>\0¢ )7¢) - 4 ¢ - 4 1— 9;5’)\'0 log 3hoh? (57)
1672 ud

i.e., the tree-level form evaluated at the mass-squared p? = 3\o¢? corresponds to a re-summation
of all leading logarithms at the mass /1. This statement can be recast into a double interpretation
of eq. (57). On the left hand side, it is the lowest order effective potential at the mass-squared
u? = 3Xo¢?. On the right hand side, it is the potential at the mass po for which terms of all
orders in 7 have been included. For this reason, eq. is frequently referred to as the one-
loop RG-improved potential. The one-loop form V(1) evaluated at ;12 = 3)\o$? will contain the
re-summation of subleading logarithms. In general, one may define terms of the kind

27k
ALk [log ?’Af]  k=0,1,2,..., (58)
7]

to be of n-th-to-leading logarithmic order. From the re-summation of leading logarithms in
eq. (55), we expect that the stability of the tree-level form implies the stability of the full effective
potential. In what follows, we will argue that this is indeed the case. In the next chapter, we
will analyse the RG-improvement of effective potentials in more detail and prove this result.

It is also possible to define a choice for the subtraction mass implicitly. For example, the
logarithm in eq. may be removed by evaluating the effective potential at the mass p? =
3\(u)¢?, which yields

L 4 270% ()¢ 2
V= 4)\(u)¢ h 282 T O(h*) . (59)
When evaluated at this mass, the effective potential contains no logarithmic terms. From eq (55),
it is clear that this choice is related to the previous one,

1= 3A(1)@* = 3hd® + O(h) , (60)
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and re-sums the leading logarithms evaluated at the mass .

We will be interested in the stability of the effective potential. It is generally more conve-
nient to analyse the stability of the tree-level term than that of a given loop-order approxima-
tion. Loop corrections introduce new terms, most importantly logarithms, which will affect the
stability of the potential. It is therefore of practical interest to evaluate the effective potential at a
subtraction mass for which loop corrections vanish and the effective potential has the tree-level
form. In massless ¢*-theory at one-loop level, such a choice corresponds to

3
(2 = 3A\(p2)¢” exp (—2> , (61)
at which the one-loop approximation reads
1
V= ZA(M*)& +O(h?). (62)

This potential will be bounded from below if A(x,) > 0 for large values of the field. Since the
effective potential cannot depend on the choice of 1, we then conclude that a sufficient condition
for the potential to be bounded from below in massless ¢*-theory is
lim A(py) >0. (63)
¢p—00
In the literature, the stability of the tree-level form is sometimes taken be to a sufficient indi-
cator of the stability of the effective potential without justification. As we commented, it is an
expected result from the leading-logarithm re-summation and, indeed, for the simple one-loop
approximation (5I), the stability of the effective potential can be directly verified. However,
we will prove in the next chapter that there always exists a choice of . for which the one-loop
effective potential can be written as the tree-level form.

In this way, we see that, for a general model with an arbitrary number of scalar fields, one
can verify whether or not the one-loop approximation of the effective potential will be bounded
from below by analysing the stability of the tree-level potential at the mass (i, with one-loop
running parameters. In appendix [B, we will go further and prove that it is always possible to
choose p: such that the full effective potential (to all loop orders) can be written as the tree-level
form.

Furthermore, it is clear that choice will also re-sum leading logarithms at the mass 1, for
it differs from eq. by a multiplicative constant. At the mass given by eq. (61)), the logarithmic

term reads \ )
log 3Ap )97 (u;)¢ = 3 .
[ 2

In this way, if 3A(u.) < 47, the O(h?) terms in eq. contain no large logarithms.

2.1.2 Radiative Extrema
The stationary points of eq. (51), up to O(h?) terms, are solutions of the equation

9hA? 3\g?
— 43 _
0=¢ {)\—l— 16:2 <10g 2 1>} .

In this way, non-trivial extrema are given by

32 _ 1672
uZ 9

h)log + hA. (64)
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We note that eq. can only be satisfied if either the coupling is large or the logarithm is large.
This implies that non-trivial extrema are located outside the range of validity of the one-loop
approximation, as S. Coleman and E. Weinberg first noticed in [3]. To overcome this limitation,
we may RG-improve the effective potential.

The leading logarithms are re-summed into the tree-level form (57). This result was obtained
in [3,136] 42| 46]. As we noted above, a related RG improvement may be obtained by choosing
1t = pi« as in eq. (6I), which can be approximated by

e = 3A(ps) 0% exp <—§> = 3)\¢” exp (—3) + O(h) .

The improved potential in eq. is then approximated by

1 Ao ¢4
T4 9nA 3X002 3 ’
1= 7672 (10 - 2)

VO A, 8) (65)

Both egs. and represent improvements of the one-loop effective potential in the sense
that higher orders in )¢ (formally higher orders in %) are included as a result of integrating
the one-loop S-function. Evidently, one can obtain better approximations of the full effective
potential if knowledge of the RG functions up to higher loop-orders is available.

Moreover, as we noted above, the running coupling A(u) is small for a large range of values
of the logarithm log -£-, which alleviates the constraint on the size of the logarithmic contribu-
tion. The stationary points of the improved potential or are given by

o).

0= {20 + (66)

Therefore, we note that non-trivial extrema are determined by the running of the coupling. This
is a general feature which will also be present in more complicated models. The extrema of the

RG-improved potential are determined by the running of the parameters of the model.
We see that eq. implies that non-trivial extrema correspond to a large running coupling

B 3272

M) = -, (67)

which renders the RG improved potential non-perturbative as well. We thus conclude, as S.
Coleman and E. Weinberg observed [3], that quantum corrections to massless ¢*-theory are
not capable of generating non-trivial minima in the perturbative regimeﬂ In appendix B we
examine the more general case of O(N)-symmetric ¢*-theory.

2.2 Scalar Quantum Electrodynamics

One of the key ideas that S. Coleman and E. Weinberg presented in [3] was that the hierarchy
between different couplings plays an important role in realising the dynamical breakdown of
symmetry in a perturbative regime. This is not evident in pure ¢*-theory, which displays a
single coupling parameter. However, scalar quantum electrodynamics (scalar QED) is a sim-
ple classically conformal model in which the magnitudes of the scalar coupling and the gauge
coupling can be exploited to obtain perturbative non-trivial minima.

This conclusion holds up to subleading logarithmic orders.
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The one-loop effective potential for scalar QED readﬁ

A
V(¢):1¢4+
68)
h(;54 9 3)\¢2 9 )\¢2 3614 612 ¢2 5 56/4 (
A log —— + A" log —- 1 — 15)° —
+647r2 <9 og 2 + A” log 2 + 6 og 1 ) 35 |

where ¢? = ¢? + ¢2, ) is the scalar-sector coupling and €’ is the gauge coupling. Non-trivial and
real stationary points given byﬁ] ¢ = ¢1 = v # 0and ¢2 = 0 impose the following constraint on
the couplings.

h 32 A2 3et 0 e
-A= 9N*1 Nlog & + —1 — 10— — ) .
1672 ( 08— tAET st g 8 16
We can solve this equation for ) iteratively. This is equivalent to assuming A = O(he’?). Indeed,
to lowest order in the gauge coupling, we find

5= he't (3 e?v? 1

_ne” (o, etvt 1 2 18

1672 \16 ° 452 16) +Omen) (69)
where the O(h?e®) terms are obtained by including the contributions proportional to A2. We can
further simplify eq. by choosing the subtraction mass to be the field VEV, i.e., 4 = v. This
choice eliminates explicit factors of v in eq. (69). We obtain

he't (3 e? 1
_ 1 _ 2,78y 7
A= e (16 &7 16) +O(e”) (70)
We then have the effective potential
3he'tg? ¢* 1 218
- o . 71
Vo) = Sss (toe % - 5) + 002e") 7)

Some important comments about egs. (69), (70) and (7I) are in order. First and foremost, eq.
guarantees that the stationary-point equations are satisfied in a perturbative regime. Indeed, if
the gauge coupling is sufficiently small, then A is also a small parameter and no large logarithms
are present, since the logarithmic term in eq. vanishes at ¢ = v. Secondly, having A\ =
O(he') renders the tree-level potential of the same order as the one-loop contribution, since
both are now of order he’4. This does not invalidate perturbation theory, it merely reorganises
it. The potential should be viewed as the leading order term, while contributions of higher
loops or, more generally, of order i%¢’® contain the subleading terms. In particular, the other
logarithms present in eq. are now subleading and small. Indeed, if ¢’ is such thate’ < 1,
then " log ¢’> < 1 and the subleading logarithms are at most of order

o8 (10ge’2)2 < et 10g6/2 <1,

so the remaining logarithms in eq. are small.

The one-loop potential can be obtained straightforwardly with the method presented in section (1.2). We omit
the details for the case of scalar QED, since we will give a detailed derivation of the one-loop effective potential of the
Conformal Standard Model in Chapter

SThis is, in fact, a gauge choice.
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We then find the second derivative

d*v _ 3he*
dé? |,_, ~ 128x2°

2
m? >0 (72)
which signals that radiative symmetry breaking occurs and there is a non-trivial minimum at
¢ = v. This result is correct up to order h?e’®. The vector boson acquires a mass given by

mi = —v?,

such that we find the ratio )

my  3he”

m2, 3272 @3)
as was computed in [3]. We expect that this perturbative calculation reproduces a local mini-
mum of the effective potential reliably, even though it will cease to be valid near the origin of
the scalar-field configuration space or for very large fields, where logarithmic terms are large.
To probe the potential at all scales with a limited knowledge of the loop expansion, one needs
RG improvement. The improvement of scalar QED was studied by S. Coleman and E. Weinberg
in [8]], where they concluded that indeed the minimum found above is reliable. We will analyse
a similar, yet more complicated, case in the Chapter [4

2.3 Flat Directions

Some years after S. Coleman and E. Weinberg published their seminal paper [3]], E. Gildener and
S. Weinberg published a complementary work contemplating the case in which several scalar
fields are present, as opposed to the single scalar in ¢*-theory and scalar QED. Here we will
briefly review and comment on their results.

In the previous section, we concluded that radiative symmetry breaking occurs in scalar
QED as long as the one-loop contribution in the effective potential was of the same order of the
tree-level term, i.e., both are of order he’* at the scale of the minimum ¢ = v. However, we can
easily imagine scenarios where this is not realised, as we will analyse below.

Let us consider a classically conformal model with N, scalar fields, V) coupling parameters
and N,,, mass logarithms, where the tree-level term is of lower order than the one-loop term. In
this case, any correction to the tree-level stationary point will be formally of order /. We write
the tree-level as )

v = i > Nijrdididrdr (74)
ijkl
where the coupling parameters have been collected in the symmetric symbol \;;z;. The one-
loop contribution is given by eq. . Let us denote the tree-level minimum by v(®) and the
one-loop VEV correction by v(!). We can then formally expand the stationary point equation in
powers of 7 to obtain

0= 2 (v + hV(l))‘ -

i =00 +hp(D)
_ oV + m MO 8‘/7(1) +O(R) =
O p=v(0) J 0pi0¢; ¢=0(0) ! O $p=v(0)

24



M
o +n 2

N 9%, +O(h?). (75)
¢='U 0 2

> 5495
B j 8¢la¢j (]5:1)(0)
If v(®) = 0, this equation is trivially satisfied, since the first and second derivatives of V(*) and
the first derivative of V(!) vanish at the origin of the scalar-field configuration space. Let us
then assume the tree-level potential exhibits a non-trivial minimum, i.e.,

v 0)_(0) (0
9%, ZZ/\UMUJ(- )v,i)vf ) =0,
tolg=v® iy 76)
1 0 0) (0) (0
VO (s 1,0 = 1 S oS N Vou® = 0.

i Jkl

Evidently, the condition will not be satisfied for arbitrary values of the couplings, i.e., it is
a constraint on the coupling parameters of the model, which must be satisfied for the choice
of subtraction mass at which the effective potential is computed. Thus, we assume that there
exists a choice p = pugw for which eq. is satisfied and we compute the effective potential at
this mass. Moreover, eq. is satisfied for any value of the radial variable in the scalar-field
configuration space,

(0)

sy CRw

3 2

= Z)\jjkleNkNl =0 s
jkl

i.e., a non-trivial tree-level minimum corresponds to a flat direction of the tree-level potential in
classically conformal models. Only the angles IV can be determined, while the radius ¢ remains
undetermined at lowest order. We see that eq. leads to

o)
0= 32 )\ijkwl(co)vl(o)v](-l) + 7&#

)

jkl $=v(
_ ), (0, (1) av _
0_3ZAijk,Nivk v +ZNZ-T¢ )
ijkl % ¢=N¢
v
=0
+ B

i.e., we can determine the lowest order radial coordinate of the VEV by the stationary point
condition on the one-loop term

oy
=0. 77
5, =" (77)

Once ¢ is determined, one can use eq. again to determine v("). We will, however, be mostly
interested in the lowest order VEV. Using eq. , we write V(!) along the flat direction as

2
VO (ugwi A, 9) = AN, \)p* + BN, A log —5— . (78)
GW
From eq. (77), we find
logﬁ——l—é (79)
HEw 2 B
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From this result, we conclude that the one-loop approximation of the effective potential will
exhibit no large logarithms along the flat direction if A and B are of the same order. In a theory
with gauge couplings, this can be achieved by assuming the scalar-sector couplings are all of
order g2, where g is a typical gauge coupling, for in this case we have A ~ B ~ O(g?). In the
case of large logarithms, RG improvement has to be employed.

Using eq. (79), we find that the potential up to one-loop order evaluated at the stationary
point reads

hB
V(pcw; A, Np) = —7<P4 .

Therefore, we must have B > 0 along the flat direction in order to obtain a radiative minimum.
Indeed, in a similar fashion to eq. (75), we obtain

o*V ) *v
=30 NijuNeN + 6hp > NijuNgv, +h
06i09; | ) 4 hp %: ! %: ! ! 0905 |,
*v ?v
= SN, 2 B2, 80
2NN, B ko 05 ? (%)

i.e.,, we obtain a minimum along the flat direction if B > 0.

2.4 A Panoramic View of the Dynamical Breakdown of Sym-
metry

From the above analysis of radiative symmetry breaking in classically conformal models, we
identify the following important cases in which radiative extrema can be found.

e Case . V(O > V(1) the Gildener-Weinberg case.
The first case corresponds to the scenario in which the tree-level term is of lower order
than the one-loop correction. Since quantum corrections are small compared to the classi-
cal level, a radiative minimum can only be generated if the tree-level term exhibits a flat
direction, which can be slightly deformed by the one-loop contribution. This was studied
by E. Gildener and S.Weinberg in [5] and holds for an arbitrary number of scalar fields.

The caveat is in the flat-direction constraint (76), for it is necessarily an assumption (albeit
not a strong one) that the Gildener-Weinberg mass picw exists for a given model. This con-
straint is related to the stability of the tree-level potential. Indeed, for classically conformal
models at tree level, boundedness from below is typically expressed as a constraint on the
couplings [28]. If we assume that the tree-level potential in eq. exhibits Z, symmetry
besides conformal symmetry, we can write it as

Ny
1 1 A
v — 1 > Nijrdididrd = 1 > davby i
ijhl a,b=1

This form makes the invariance of the potential under ¢, — —¢, explicit. The tree-level
potential will be bounded from below if the coupling matrix A satisfies

1" A =" Xapnams >0, (81)
a,b
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where 7 is a vector with non-negative components in the basis (¢3, ..., ¢?\,¢). A matrix \
which satisfies eq. is called copositive [50]. Schematically, we can write the stability
conditions of the tree-level potential as follows,

n" Ay < 0 = unbounded from below ,
n"An = 0 = flat direction ,
n"An > 0 = bounded from below .

Concerning a hierarchy of the coupling parameters, as E. Gildener and S. Weinberg con-
sidered, Case I will be free of large logarithms at the mass pucw if, for example, the scalar-
sector couplings are all of order g2, where g is a typical gauge coupling. The one-loop term
will then be of order g*. Let us define Ayax := g2. We can then say, more generally, that
Case I can be identified with the case in which the tree-level is effectively of order Ayax,
while the one-loop term is of order A2, when the potential is evaluated at a stationary
point.

e CaseIL: V(O < V), the Coleman-Weinberg case.

Although the loop expansion of the effective potential must converge, it is conceivable
that the one-loop term is of the order of the tree-level potential. This was the case studied
by S. Coleman and E. Weinberg in [3]. Intuitively, it corresponds to the expectation that
quantum corrections need to be as large as the classical potential to produce a (global)
minimum. As the example of scalar QED made clear, this corresponds to a hierarchy of
the coupling parameters, in which the scalar-sector couplings are of order g*, where g
is a typical gauge coupling. More generally, Case II can be identified with the case in
which both the tree-level and the one-loop terms are effectively of order i\2,, ., when the
potential is evaluated at an extremunﬂ}

¢ RG Improvement: Re-summation, stability.
We will analyse different methods of RG-improving the effective potential in the next
chapter. In particular, we will see that it is always possible to choose the subtraction mass
such that the full effective potential has the tree-level form, as we also commented in
section (2.1.T). In this way, the (RG-improved) potential will be bounded from below if
the running coupling matrix is copositive in the large-field limit.

As we will see in concrete examples in the following chapters, it is not necessary to re-
sum all leading logarithms, for one can always consider a model in Case I or II, in which
large logarithms are avoided near the radiative minimum and only appear near the origin
and near infinity. RG-improvement can be performed in the hypersurface of vanishing
quantum corrections (see Chapter B), up to subleading logarithmic errors, as long as the
running couplings of the model remain small over a large range of scales. In this way, we
can study the effective potential for a large range of field values, incorporating contribu-
tions that are formally of all loop-orders.

In Chapters [ 5| and [} we will apply Cases I or II and RG-improvement to study classically
conformal extensions of the Standard Model.

YIn this way, the expansion is powers of Amax does not need to coincide with the loop expansion in powers of £,
since both the tree-level and the one-loop terms could be of the same order in Amax.
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Chapter 3

Renormalisation Group
Improvement of Effective Potentials

In this chapter, we will use the renormalisation group (RG) to improve the one-loop approx-
imation of the effective potential, i.e., to re-sum contributions from higher loop-orders. This
was first done by S. Coleman and E. Weinberg in the case of a single massless scalar field [3].
B. Kastening extended the method to the massive case [36]. In both cases, knowledge of the
RG functions to one-loop order is sufficient to re-sum the highest powers of logarithmic terms
(referred to as leading logarithms) to a closed-form expression.

When more scalar fields are present or, more precisely, different mass eigenvalues are fea-
tured in the effective potential, it is necessary to employ multi-scale techniques to re-sum all
of the leading logarithms [42) (35| 43} 44, 48]]. These techniques introduce several subtraction
masses instead of a single i, and are also related to the use of the decoupling theorem in mass-
independent renormalisation schemes [41] [45].

We will be interested in practical alternatives to multi-scale methods to analyse the effective
potential across a large range of scales when an arbitrary number of scalar fields are present.
For convenience, we focus on the one-loop improvement of a general theory. We will prove
that the one-loop effective potential can be written as the tree-level form for a specific choice
of the subtraction mass. As we will see, this corresponds to a re-summation of the leading
contributions from higher-loop orders and does not require multi-scale techniques. The method
presented in this chapter will be generalised to an arbitrary number of loops in appendix
where we show that the full effective potential (to all loop-orders) can be written as the tree-
level form.

Fixing the Notation

We consider a theory with Ny scalar fields and N, couplings in addition to vector and fermionic
fields. We denote the couplings (possibly including mass terms) by A = (A1, ..., An, ) and the
classical scalar fields by ¢ = (¢1, ..., ¢, ). There will be N,, field-dependent mass eigenvalues,
denoted by m = (my, ..., my,, ). Note that each eigenvalue is a function of the couplings as well
as the fields.

We will also denote the effective potential by V(u; A, ¢), making its dependence on the cou-
plings explicit. As we will see, the full effective potential cannot depend on the arbitrary sub-
traction mass p. Nevertheless, its truncations to a given loop order will depend on . For this
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reason, we choose to include y as a separate argument of V. We will consider the effective po-
tential V' (u; A, @) as a function defined on a domain of the parameter space spanned by (y; A, ¢),
i.e., by the subtraction mass, the couplings and scalar fields of the theory and we will keep
factors of 7 explicit in this chapter.

3.1 Re-summation of Logarithmic Terms

The effective potential can be computed in perturbation theory as the loop expansion (cf.eq. (30))

wawziﬂwmmww (82)

=0

where V) (u, \, ¢) is the I-th loop-order contribution and, in particular, V(9 (), ¢) is the tree-
level term. In general, the highest powers of the mass logarithms that appear in the renor-
malised {-th loop order term will be of the form [37, 141} 42]

Np 2 Ng Ny,
i (logW) N na=1,na=0,1,.... (83)
a=1

a=1

and are referred to as the leading logarithms of the theory. The appearance of explicit logarith-
mic terms can jeopardise the validity of perturbation theory if the mass logarithms are large. In
particular, this implies that for large field values, which will generally yield large logarithms,
the loop expansion is not reliable. If one is interested in the large field behaviour of the effective
potential, e.g., to study the vacuum stability of a given model, then one needs to enlarge the
region of parameter space for which perturbation theory holds.

In the one-field case (Ng = N,,, = 1), this is accomplished by re-summing the (sub)leading
logarithms by choosing 1 to be the only mass eigenvalue, as was done in eq. (59). When Ny > 1,
itis not possible to suppress all logarithms individually, since there is only one subtraction mass.
For this reason, one needs to employ multi-scale techniques in order to re-sum the leading loga-
rithms, as they are defined in eq. (83), with correct coefficients. These techniques employ several
arbitrary subtraction masses. Work in this direction was initiated in [35] and later pursued in
[42, 43, 144) [48].

In this chapter, we will develop an alternative way of re-summing logarithms in the effective
potential. To achieve this, we begin by noting that we can express the potential as an expansion
in powers of a pivot logarithm, as was done in [37,42]]. Such an expansion is very instructive
because it allows us to collect all the explicit dependence on the subtraction mass in only one

term. To achieve this, we use eq. @) and we define log JL”—; to be the pivot logarithm. Inserting
eq. into eq. leads to the series

) l n
wwm=Z#ZWW@%£ﬂ, (84)
=0 =0

where w) (A, ¢) may include logarithms of the ratios %, which correspond to the angular

variables if M is chosen to be the radius. Furthermore, we have AM* = w(()l) and BM* = w%l)
in eq. (48).
The expansion in powers of a pivot logarithm was used in [37]. It is best suited when the

pivot logarithm is the dominant one, i.e., when logarithms of the ratios % are subleading and
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we have the relation )

log —-
12

2

a } . (85)

M2
For example, this can be achieved in a region of parameter space where the subtraction mass

is at most the smallest mass parameter, 4 < ming{m.(A, ¢)}, and the pivot mass is at least
the largest mass parameter M > max,{mg, (A, )} or in the converse case. In particular, when

‘log { ’10g A
and we recover the one-field case. A concrete example of this situation is obtained by defining
the pivot mass to be the radius in the scalar-field configuration space and taking the large-field
limit, i.e., M = p — oo at fixed values of the ratios (angles) %. In in this limit, all logarithms
are equal to the radial logarithm. For very large values of the fields along a particular direction
in parameter space, we thus conclude that the angular logarithms are subleading, as expected.
Both re-summations in leading logarithms and in the leading powers of the pivot logarithm will
yield the same result if all the mass eigenvalues are degenerate (V,,, = 1). If they are not, the re-
summation in leading powers of the pivot logarithm will only be reliable when condition (85)
is satisfied. In the next sections, we will see how to overcome this limitation.
We may change the summation variables in eq. to obtain

log

>>max{
a

} we see from eq. (47) that all logarithms are approximately equal

oo l M2
V(p X ¢) = Z Zw” [1og ]
=0  n—0 .U
o0 oo 2 n
_ Z Z hl+nwg+n)(>\, b) {log /\/12] —
1
=0 n=0
= W filhsp, A ),
1=0
where we defined the functions
2 n
filhs i A 6) = Zh"w<”” )[log/:f } , (56)

which will be referred to as the [-th-to-leading functions. It is also convenient to define
=D Hwl (A ¢) =0("), (87)
such that the potential can be written as
M2
Vi 0) = an 0 los | 9)

From the above considerations, we see that a practical alternative to the re-summation of
the {-th-to-leading logarithms is to work with the pivot logarithm, if it is the dominant one, and
to re-sum the I-th-to-leading functions of eq. (86). This amounts to changing the set of relevant
logarithms,

m2 M2 m2
Si=dlog e 4 =1, N, b Sy=log o log e g =1, Nyb . 89
1 {Og /,62 } D2 {Og /1/2 0g M2 a } ( )
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If one chooses to work with the set S;, multi-scale techniques are needed to re-sum all the
logarithms with correct coefficients. On the other hand, if the pivot logarithm is the dominant
one, we can work with the set S, and use a single subtraction mass to re-sum the logarithms to
a closed-form expression, which, when expanded in powers of the pivot logarithm, reproduces
the correct coefficients of the elements of the set S, in the effective potential. We will prove this
is true to leading order in the next section, whereas the general case is left for appendix

Evidently, the field-dependent mass eigenvalues will vary for different regions of parameter
space. Thus, one would have, in principle, to make different choices of the pivot mass M for
different domains, such that eq. is satisfied. In section (3.2.1), we will not address this
issue. This difficulty will then be overcome in section (3.2.2), in which we will also prove that
it is possible to write the effective potential as the tree-level form, i.e., there exists a scale at
which quantum corrections vanish. In appendix B} we prove that this scale can be determined
in perturbation theory, without resorting to multi-scale techniques.

3.2 RG Improvement

When one computes the renormalised effective action, inevitably a spurious mass is introduced,
since the loop corrections will in general depend explicitly on the subtraction mass p, which is
also referred to as the renormalisation mass scale. Changes in this renormalisation scale are
accompanied by changes in the parameters of the theory, which are encoded by the standard
renormalisation group equations

Bi= BN = u%xiw) =S ua?,
=1
90)

_ d 1
Yo =%(N) = g log Za(u Zh

wherei =1,...,Ny, a =1,..., Ny and Z, is the normalisation of the field ¢,. The above deriva-
tives are referred to as S-functions and anomalous dimensions, respectively. Given the anoma-
lous dimensions, one can compute the 3-functions in perturbation theory from the loop expan-
sion of the effective potential. Examples will be given in the following chapters.

Since the physical content of the theory must be independent of the choice of y, it follows
that the effective action cannot depend on the subtraction mass. This statement is translated
into a RG equation for the effective action

d o [0 &, 0 ) 5 B
16 = (g + B - Z%/dwa Dp | T =0 oD

The effective potential inherits its own RG equation from eq. (91, given by
v R I 9
-~ i~ 5 D Yaban— | VA, = ; 1,0
W = ua#+;ﬁa)\i 2;7(;58% VA, ¢) = +Zﬁa/\ V(1;1,0) .

Note that the left hand side of the above equation is only zero if the vacuum energy V(u; A, 0)
is scale invarian{*| It is always possible to make a field-independent shift to the potential such

*This was not taken into account in eq. because the vacuum energy was set to zero in massless ¢*-theory.
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that the scale dependence of the vacuum energy is cancelled [39) 42]. We define

V(i A\ ) = V(s A, ) + 5A (1, A)

92)
A, A) ==V (13 A,0) + 6A (1, A)
and demand
0 .9
M@ +;ﬂ137/\1 A(p,A) =0.
In this way, the potential f/( w; A, @) satisfies the equation
Wiing) = [l 1352 - Z ¢ A 6) = 93)
Md,u M3 A, = ,uau 2 zaA Ya aa¢ U»

which can be interpret as a partial differential equation on a domain of the parameter space
spanned by (u; A, ¢). In what follows, it will be useful to define the I-th loop-order derivative as

Zﬁ” 0 —IZ Dz (91)

3.2.1 Pivot Logarithm
Following egs. and , we may write the potential V(11; \, ¢) as

V(0. 0) = an o g 2] =SS e (.6 [l 2| =

n=0 k=0
= Z R* fro (B A, 9) (95)
k=0
[eS) M2 n
Felhsp, X @) =Y BB (N, ¢) {log A :
n=0

The derivatives of the coefficients ,, can also be treated in perturbation theory (cf.eq. ).

N R
(ZB(” POy %a(%) n(A0) =

= Z RO, (X, ¢) . (96)

d B o0
iy (A 9) = gj

Inserting egs. 95) and (96) into eq. (93) yields

i hssz_ild(l)wg_l):%n—i—l) i Ral), —2 i zn: CPdOM,
s=n-+1 =1 s=n-+1 s=n =1

which leads to the two recursive relations

dW g ~(n) _ 2(n+ ) 7(:-1&-+11) 7 (97)
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s—n—1

1 .
Zd(l = 2(n+ 1)) —2";1 FCTDAOM s>+ 1. (98)
=1

By solving eq. (97), we obtain the relation
[a®] 7O [a®] "B = 2mnlp™ | (99)

The leading function in the effective potential reads

2 n
o, A, @) = Zh” 5™ ( [log/:t } . (100)

We can now use eq. to write eq. (100) in closed form.

oo

ol 0, 0) = S0 2 {[00] 70000 1o Aff] -

2nn!
n=0 n

© (] " L
:z_“;{n' [ra®] V(°)<A7¢>} [2103; #2} _
= VO (A(tm), 6(trm)) o

where we defined the one-loop running parameters

Mo 5 =IO, 30) =4,

- d¢ I - -

3t): =5 NG, b0 = (102
2

typm = %log /:12

Thus, we can RG-improve the effective potential by re-summing the leading powers of the
pivot logarithm into a closed-form expression which is the tree-level term evaluated at the point
(A(tm), @(tam)). Re-summation of subleading terms can be done with the aid of eq. . How-
ever, to find closed-form expressions for subleading terms, it is more convenient to use recur-
sive relations for the fj functions instead of egs. @ and , as was done in [37]. This will be
reviewed in appendix

To see that it is not possible to re-sum all the leading logarithms with the above method, it

is sufficient to note that f; only re-sums the highest powers of the pivot logarithm, which have

the coefficients 1]),(7,”). These coefficients do not, in general, coincide with the coefficients of the

leading logarithms of eq. . For example, we have
wy) =BM*,

which is a sum of coefficients of leading logarithms (cf. eq (#9)). This remains true to higher
loop-orders. A concrete example is given in appendix[B} Moreover, the above results imply that,
starting from the tree-level form

VO (A1), (1)) , (103)

where A and ¢ are the one-loop running parameters given in eq. (102), there is no choice of ¢
(choice of pivot mass) for which a Taylor expansion of eq. (103) would generate the leading
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logarithms of eq. (83). Thus, multi-scale techniques, for which the running parameters have
several arguments ¢4, t2, ..., are needed, as was argued in [35) 42} 43} 44, 48].

Nevertheless, if the pivot logarithm is the dominant one, the above method correctly re-
sums the (sub)leading terms in the effective potential. In particular, a Taylor expansion of fy
reproduces the correct coefficients of the leading powers of the pivot logarithm in the effective
potential. For this result to hold it is paramount that the pivot logarithm is dominant.

Indeed, consider the case in which N,,, = 1. The pivot mass can be chosen to be the only
mass eigenvalue of the theory, M = m, such that eq. re-sums leading logarithms (cf.
section (2.1.1)). This is not true if the theory contains different mass eigenvalues because in this
case the coefficients @ with k > n+1 include logarithms of the ratios % If the theory contains
many large logarithms, subleading terms in the expansion might become comparable to or
greater than the leading function, invalidating the perturbative expansion.

Therefore, eq. will only be a valid truncation of eq. in regions of parameter space
in which the logarithms of the ratios % are smaller than or negligible in comparison to the
pivot logarithm. As we commented in the end of section (3.1), the choice in eq. varies for
different domains in parameter space and it can thus be difficult to choose the pivot mass. In
the next section, we will solve this issue.

3.2.2 Improvement Along a Characteristic Curve

Given boundary data, the Cauchy problem for eq. can be solved by the method of character-
istics (cf. appendix[A). The characteristic equations for eq. along a particular characteristic
curve can be written as
dn _
dt
dA;
3 =P
dg, 1
d t - 2 Ya (ba ’
dv
— =0
dt ’
where the last equation is the condition for the scale independence of V. Quantities run along
characteristic curves in parameter space and the characteristic parameter ¢ sets the scale of the
subtraction mass and physical quantities. The bare quantities are the boundary values deter-
mined by Cauchy data on a regular noncharacteristic hypersurface in parameter space.
A hypersurface defined by ¥(u, A, ¢) = 0 is said to be regular if VX = (9,%, 0, X, 0,%) # 0.
It is said to be noncharacteristic if

I

(104)

N Ng
_ 0% o 1 %
E(VY) = Ha + ;:1 5187)\1 ) GEZI Vaqsa% #0.

A typical example of boundary is the hyperplane u = 1o # 0, which is clearly regular. It is
noncharacteristic, since Z (e,,) = o # 0. This hyperplane is parametrised by the bare quantities

£ = (Ao, o) -

A particular choice of boundary conditions, i.e., a choice of &, corresponds to a characteristic
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curve in parameter space. The solution of eq. (104) along a particular curve is then

p(t) = poe’
>\i = /\z(t) y
Pa(t) = ba0Za(t) "7, (105)
Za(t) = Z4(0)e Jo va(A(m)dn ,
V(u(); A(8), 9(1)) = V (1103 Ao, o) -

We do not include an explicit solution for the couplings, since it depends on the functional form
of the S-functions. Usually the bare field-normalisation is set t(ﬂ Z,(0) =1.

Solution (105) implies that running along a characteristic curve does not alter the value of
the effective potential and, hence, it is scale invariant. Any choice of characteristic parameter
(any choice of ) is equally valid, as long as the Cauchy problem is well defined. Running can
thus improve the validity of the perturbative expansion of the effective potential at a given loop
order. If we know how the couplings, masses and fields run along characteristic curves, the
scale independence of the effective potential provides a way to RG-improve it by incorporating
the effect of the running of its parameters, such that the contributions from radiative corrections
are minimised by a suitable choice of scale.

For example, it is not possible to choose the hypersurface V (i; A, ¢) = 0 as a boundary. It
is evidently characteristic because the effective potential satisfies the RG equation (93). In this
case, the Cauchy problem is ill-posed. This also implies that it is not possible to choose ¢ (choose
W) in eq. such that the full effective potential vanishes.

It is, however, possible to choose ¢ such that loop contributions to the effective potential
vanish. In what follows, we will examine this choice for the one-loop approximation of the
effective potential. In appendix[B| we will generalise the method to any loop order.

The Hypersurface of Vanishing Loop-Corrections: A First Approach

From eq. (48), we see that we may choose a field-dependent value for the subtraction mass such
that the one-loop contribution vanishes. This choice defines a hypersurface in the parameter
space spanned by (u; A, ¢), which is given by the equation

LA ()\, M)
2 ¢
B(\ %)
We note that this choice can be motivated by the consideration that, while it is not possible to
suppress all logarithms individually with a single subtraction mass, one can suppress the quan-
tum corrections altogether, when evaluating the potential on the hypersurface given in eq. (106).

Along a particular characteristic curve given in eq. (105), the characteristic displacement to the
hypersurface of eq. (106) is a solution to the implicit equation

bt
pA(t) _ llog 7M2 + 1A ) ) ()\(t*)’ 5"‘))
pg 2 i 215%(/\( s ¢<t*>) ’

s = Mexp (106)

t, = %log (107)

This can be always done by a suitable global rescaling of fields.
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which can also be written as

1)
2B( L )
At this scale, the effective potential reads
V(s Ay b)) = (0)(/\*7 bx) + O(hz) )
« = p(ts)
p = pi(t) (109)
A = Aty
b = (ts) -

It is straightforward to verify that egs. and remain unchanged under a redefinition
of the pivot masﬂ given in egs. . To understand that the formula represents an RG
improvement with respect to a reference mass p, we note that A, and ¢, contain terms in all
orders in 7, due to the integration of the S-functions and anomalous dimensions (cf. eq. -)

In sectlon (2.1.1), in the case of massless ¢?-theory, we concluded that the O(h?) terms in
eq. (109) contained no large logarithms and that the displacement (108) re-summed the leading
logarithms of the theory. When more scalar fields are present and different mass eigenvalues
are featured in the effective potential, the choice will unfortunately not re-sum the all the
leading logarithms at an arbitrary reference mass o, due to the results of section (3.2.1).

Nevertheless, the results of that section also imply that logarithmic terms contained in O(h?)
will be of subleading order with respect to a dominant pivot logarithm at an arbitrary reference
mass fo. This can be seen as follows. We first approximate eq. by

t, = Tlog M;+1A<Ao’m

3108 2]Ba(A0,)+O(h)’ (110)

which is invariant under redefinitions of M due to eqgs. (50). We exploit this invariance of the
above equation to redefine M (starting from any arbitrary initial definition) as

2
> max{log m‘l(j\:;qbo)} . (111)

2
log —-
0

We then note that eq. (109) can be expanded in a Taylor series

VO, ¢) = h (Mo, do) (2t.)" =

oo » M2 n
= Z hnwérb)()\m ®o0) (10g 2) +e,
n=0 ,[LO

where we used eq. . The ellipses hide terms with positive powers of A, which contain the
logarithms of the ratios . Such terms are subleading for M given in eq. . The first term
in the above equation C01nc1des with the leading function ( of the pivot logarithm. We
conclude that eq. necessarily includes a re-summation of a dominant pivot logarithm with

The choice M = p, is excluded because, in this case, eq. (106) does not hold. Evidently, eq. (106) is also not valid
when B = 0. This implies the above method has to be employed with care in regions where the B function changes
sign.
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respect to the mass y1o. It is not, however, necessary to identify which is this dominant logarithm
in a given region of parameter space because of the invariance of eq. under redefinitions
of the pivot mass. We have thus overcome the issues outlined in the end of section (3.2.T).

To put it differently, the characteristic displacement ¢, given in eq. automatically re-
sums the highest powers of dominant logarithms at the mass 1 in any region of parameter
space where B # 0. Therefore, the O(h?) terms in eq. are necessarily subleading, i.e., they
are not the largest logarithms appearing in the set S, of relation (89).

The alert reader will notice a subtlety in the above proof. Upon redefining M to satisfy the
inequality (111}, it is possible that M depends on 1. This does not invalidate the above results,
for 119 is an arbitrary reference mass and, hence, a constant. It was assumed that the pivot mass
is not a function of y, i.e., it cannot change as one travels along the p-axis in parameter space.
However, the pivot mass can be identified with a particular constant, which can be proportional
to the boundary value yp without contradiction.

In this way, one can improve the effective potential by re-summing powers of the logarithms
that appear in the one-loop correction. This is achieved by evaluating the tree-level potential at
the field-dependent scale of eq. (110), which generalises eq. (I00), and will be a reliable approx-
imation in perturbation theory as long as the running couplings A(t,) are small. In appendix[B}
we will present a more general way of computing the characteristic displacement in perturba-
tion theory and we will give a formula to compute ¢, to any order in .

Conclusions

We have presented a method to RG improve the effective potential in the general case in which
N scalar fields and Ny couplings are present, without resorting to multi-scale methods. We
use the freedom to choose the single subtraction mass 1 to evaluate the effective potential of
the theory on hypersurface in parameter space in which quantum corrections vanish. While
this does not re-sum the leading logarithms as they are defined in the literature, it amounts to
a re-summation of all logarithms that appear at one-loop level, with sub-leading logarithmic
error. One notes that this is possible by understanding that one may work with different sets
of logarithms (cf. eq. (89)) and that the characteristic displacement of eq. automatically
re-sums the leading logarithmic contributions to the effective potential.

Moreover, once the one-loop S-functions and anomalous dimensions are known and the
boundary values for the running parameters are given, this method can be numerically im-
plemented in a straightforward way, as we will show in Chapters i, [f|and [l Indeed, given
the definition of ¢, in egs. or (110), it is a simple matter to numerically evaluate A(t,) at
given field values. We therefore conclude that the method presented is a numerically simple
alternative to multi-scale techniques.

It is also worth noting that the results of this chapter show that the one-loop RG-improved
effective potential will be given by

V(g A ¢9) = VO (A, )

also for large field values, as long as A\, < 1. Indeed, eq. is a reliable approximation in a
large region of the scalar-field configuration space if the running couplings are small across a
large range of scales. Therefore, to study the stability of the improved effective potential (e.g.,
boundedness from below), it is sufficient to consider the tree-level form. The RG-improved
effective potential will then be bounded from below if (cf. section (2.4))

A

*n‘large fields >0.
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In this way, to check whether or not the one-loop improved effective potential, which contains
contributions from all loop orders, will be bounded, it is sufficient to compute the running
couplings at large scales and verify whether or not the running coupling matrix is copositive.
Even though expected, this result is not trivial, for quantum corrections could lead to other
conditions on stability. In appendix (B), we generalise the results of this chapter to case in which
the RG functions are truncated to any loop order. We thus conclude that, precisely because the
logarithms can be re-summed into the n-loop running couplings, it is sufficient to analyse the
stability constraints on the n-loop running coupling matrix, for any positive integer n.

We are now in a position to analyse several classically conformal models. With the above
technique of RG-improvement, we will be able study the effective potential of these models
across a large range of scales (field values), which will aid the numerical search for the global
electroweak minimum.
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Chapter 4

The Conformal Standard Model

In the second part of this thesis, we will be interested in classically conformal extensions of the
Standard Model. For this reason, we dedicate this chapter to study the effective potential of
the Conformal Standard Model, in which the tree-level Higgs mass parameter vanishes. This
implies no symmetry breaking occurs at tree-level and a non-trivial VEV has to be generated by
quantum corrections.

4.1 The Tree-Level Mass Spectrum

The scalar-field content of the Conformal Standard Model is comprised of the Higgs SU(2)
complex doublet parametrised by
H=— (I tik)
\/§ h3 + Zh4
with the tree-level scalar-sector potential given by

4
VO = \H'H)? = % > hihi. (112)

a,b=1
The mass-squared matrix at an arbitrary point of the scalar-field space reads

) 92V ()

4
M? = —— =\, h2 + 2X\hohy . 11
b = Bh o >\5b; o+ 2X\hahy (113)

We will be interested in the field-dependent eigenvalues of eq. (113). The action of M? on any
quadruple ) is

S

> M2y = 2\po(H H) + 2\hoh - ), (114)
b=1

where h = (h1, ha, hs, hy) and 1/7 = (¢1,%2,13,14). For h- 1; =0, eq. |D is an eigenvector
equation with eigenvalue 2\HTH = Ah2 = Mh2. There are three such eigenvectors, which
correspond to the Goldstone directions. The remaining eigenvalue can be found by setting

¢ = h, which yields the field-dependent mass-squared 6\(H'H) = 3\h2.
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Let us now collect the mass eigenvalues for vector bosons and fermions, which are the same
as in the non-Conformal Standard Model. These can be straightforwardly computed as the
eigenvalues of the vector-boson mass matrix and fermionic mass matrix. Due to the SU(2)
symmetry of the model, we find that all mass-squared eigenvalues are proportional to h? =
2H'H.

In the vector-boson sector, we find

m4 =0,

2 2
m2Z — g —Zg h2 ,

2 (115)
m%,v = gzhz ,

2 g .2
= = 7h .
my 1

The zero mass eigenstate is the photon field, which is the gauge boson of the residual U(1)gm
gauge symmetry of the Standard Model. The degenerate states correspond to the charged (com-
plex) vector-boson fields and the remaining state is the neutral (real) vector-boson field. The
embedding of the residual gauge group into the full SU(2) x U(1) group in the Standard Model
is characterised by the weak mixing angle, defined by

g = gtanfy .

In the fermionic sector, the mass eigenvalues can be computed from the Yukawa interactions of
Dirac fermions with the Higgs doublet. We will be interested only in the top quark contribution.
The other couplings in the fermionic sector will be set to zero, due to their small values relative
to the value of the top Yukawa coupling at the electroweak scald*] We thus find the top quark
mass eigenvalue

my =

Tl (116)

4.2 The One-Loop Effective Potential

The one-loop contributions in the Conformal Standard Model are

v — V(l) + V(l) + V(.l)

scalar bosons vector bosons Dirac fermions
(1 1 1 4 m2 3 4
Vscalarbosons - 6472 Z |:mz log (MQZ ) - 2mi:| ’
i=1
2 2
1) _ 3 4 mw 5 4 4 mz 4
Vvectorbosons - 6472 |:2mW log < ’uz ) - ng +mgz IOg (Mg) - mZ:| s

5
6
2 4p4 2 12
) _ 4 m 3,1 —3Yih Y2 h
VDirac fermions — G472 |:mF log (/15) — 2mF:| ~ “oinZ .
F

*To see that the error in neglecting the contribution from other quarks is negligible, one notes that the top quark
mass is considerably larger than all other quark masses. For example, the ratio of the bottom quark mass to the top
quark mass is given approximately by 2.41% with the current experimental values.
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We will choose the pivot logarithm to be 3 log Z—z, such that we can write the one-loop effective

potential as (cf.eq. (48))

h2
v = pt [A(A7g,g’7 Y;) +B(X,g,9',Y:) log 2] : (117)
0
4
1 4 m:\ 3 miy
AN 9,9, Y1) = GAn2hA {2 (mi log <h§> 5m ) +6mwlog< )
m2 5 Y2 3
—5miy + 3mY log <h22> oMz ~ R) [log ( 5 > — 2} } ,
1

4
B\ g,q.Y:) = [Z m} + 6my, + 3my — 3Y,ht

64m2h4

In particular, we can write the B function as

’ _ 1 2 § 4 3 2 2\2  oyr4
B\, g0 Y1) = o5 4120 + o' + 1 (07 + %) = 3v' (118)
RG Equation and the Scalar-Sector S-function
The RG equation for the effective potential reads
ngﬁ +B8g7 + By 55+ 8 1h2 V=0 (119)
Fou ™ aox -"a ga/ oy, 2Men) " T

where we used the fact that the effective potential only depends on the radial field h. The
running of the gauge and Yukawa couplings and of the Higgs field is determined by well-
known Standard Model loop effects. For simplicity, we will only consider the running of the
gauge and top Yukawa couplings and the Higgs field. At one-loop level, we find [6} 47, [17]

7= 553 (7997 = 3¢ +12¥))
19¢®
Ba = —96;“12 :
B = 3 (120)
b1 = 15z 577~ Se2¥i— 3o - Ta™W) |
Bg, = —161293 :

where we included the contribution of the strong coupling gs to the top Yukawa S-function.
Keeping terms up to one-loop order, we can rewrite eq. (119) as [6]

ova gy 1hav<°>

Fon TP an T2 an

The terms proportional to 8y, 8, and 3, vanish because the scalar-sector tree-level potential

does not depend on the gauge and Yukawa couplings. Since 10, log Z—z = —2, we obtain
v 1 v
= = 2Bh*
an o =R (121)

= (8—2\y) =8B.

41



Together with eq. (118), this implies

A 4 2 12\2
12X% + = (=99 — 39" + 12Y?) + 890 3 rgT) 3V, . (122)

/ [
B()\hg’g?}/t)_gﬂ_g 2 8 16

Running Parameters

The characteristic equations for the gauge and Yukawa couplings read (cf.eq. (120)) [17, 31]

dg? 19¢*
=7 123
dt 48727 (123)
dg/2 41914
= 124
dt 4872”7 (124)
dg? T4
s _ 125
dt gn2 s> (125
dyy? L (954 22 9 au0 1T 5o
=— | Y - ——gY - =47y | . 12
T (2Yt 89V — 19V — 59V (126)
The solutions of the gauge couplings are easily found to be
2 0)
2(4) = 9°( ’
SO = T o
/2 0)
ry—— 90O 127
g ( ) 1 o 43;29,2(0)t ( )
2
(0
20 = 50

1+ ghg2(0)t

where we have set the boundary values at the Z-boson mass ;190 = mz ~ 91 GeV. To solve for
the running top Yukawa coupling, we integrate eq. (126) numerically. The experimental values

1.0
0.8} L g
0.6F gl2
M T~ g2
0.2} \ — Y
0 10 20 30 40
log Jn‘l—z

Figure 4.1 — Analytical solution for the squared gauge couplings and numerical solution for
the top Yukawa coupling with the boundary values given in eq. (128). The dashed vertical line
marks the Planck scale at tp ~ 37.8.
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at my are given by

(t =0) ~0.652,
'(t = 0) ~ 0.358
g'(t=0) (128)
gs(t =0) ~1.22,
Yi(t =0) ~ 0.933.
The gauge coupling ¢’ exhibits a Landau pole at ¢ = % ~ 90.07, in the far ultraviolet. Since
Mp

this pole is above the Planck scale tp = log ;"2 ~ 37.8, we expect that a quantum theory of
gravitation or a Grand Unified Theory, which we do not contemplate here, will eliminate it. We
also note that the gauge and Yukawa couplings vanish in the limit ¢ — oo, regardless of their
initial values. In particular, they have small values around the Planck scale given by

The running Higgs field normalisation is a solution to the characteristic equation

dlogz 1
dt 322

—9¢% — 3¢g"% +12Y?) , (129)
t

which can be numerically integrated, with boundary value Z(t = 0) = 1.

Finally, let us set A(t = 0) ~ 0.125 to match the situation in the Standard Model, i.e., to
obtain the correct (experimental) value for the Higgs mass. We can then numerically integrate
f in eq. (122). The resulting running Higgs self-coupling is depicted in Figure

A

0.12
0.10}
0.08}
0.06}
0.04}
0.02}

log:-

10 20 ———80——40

Figure 4.2 — Numerical solution for the Higgs self-coupling in the Conformal Standard Model.
The dashed vertical line marks the Planck scale at tp ~ 37.8.

Following the conclusions at the end of section (3.2.2), we see that for this particular boundary
value of A\, we obtain a potential which is unbounded from below, due to the negativity of the
Higgs self-coupling at large field values, i.e., for ¢.. =~ 40. However, the potential becomes again
stable at transplanckian energy scales.
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4.2.1 Radiative Extrema
Casel
For the running coupling depicted in Figure[4.2} the Higgs self-coupling vanishes at the masses

fmax ~ 3.20 x 100 GeV ,

130
fmin ~ 4.16 x 10%° GeV . (130)

Since the tree level vanishes at these scales, the effective potential is then given by eq. and
its second derivative at a stationary point is simply 8Bh2. We thus recognise the first (second)
mass in eq. as the one at which the one-loop approximation develops a maximum (mini-
mum), since at those scales we have B < 0 (B > 0), as can be verified numerically. We find the
corresponding field values at the stationary points

)

> , (131)
Hmin

1 A
’Urznax = MIQIlaX exp <_2 - E

1 A
2 _ 2 . _ - _ =
vmln - l’[’mln €xXp < 2 ]B

Umax ~ 1.68 x 10! GeV ,
Vmin & 1.04 x 1027 GeV .

For both scales in eq. , we find that A and Blog Z—z are small, which signals that no large
logarithms occur. More precisely, it can be numerically checked that all logarithms of the model
are not large at the stationary points (I3I). This implies that the one-loop approximation is
reliable at those scales. The running Higgs mass at the scale of the minimum is

L A6.88%x 107", (132)

Case II

Let us now analyse the more general situation in which A does not vanish. A stationary point
of the one-loop effective potential for the Conformal Standard Model is given by the equation

- é+A()\ " Y:) 4+ B(A ’Y)loh—Q Rt} =
7dh 4 y 9,9 5 1t 9,9 5 1t g/_}? -

A 1 h2
=4 <4 +ANg,9.Y)) + ilB%(A,g,g’,Y%) +B(X, 9,9, Y2)log /ﬂ) he .

Therefore, non-trivial stationary points are obtained if the couplings at the mass ;. obey the

constraint ,

A 1
T A0 Y0+ 5BOV 0.6 Y0 + B g, Y log 15 =0,
where v is the value of the non-trivial VEV. Following [3], we set u = v and obtain

A+4AN, g,¢, Y:) + 2B(N, g, ¢, Vi) = 0. (133)
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Since A(\) and B(\) contain terms of order A\? and fourth powers of gauge and Yukawa cou-
plings, we can approximate eq. (133) as

A+ 4A(07979/»Y;5) + QB(O,g,gCYt) =0,

as was done in [3] for the massless scalar QED (cf. Chapter . This is justified, since from
eq. and the running of the parameters (cf. Figures [f.1]and £.2), we see that X is much
smaller than the gauge and Yukawa couplings for a large range of scales. In this way, a first
approximation to A(x = v) is entirely determined by the values of gauge and Yukawa couplings
at the VEV scale,

Mp =v) = —4A(0,9,9',Y;) — 2B(0,9,9',Y2) . (134)

We can interpret eq. (134) as a definition of v, if the running couplings are known, i.e., the Higgs
VEV will be given by the mass scale at which the constraint (134) between the couplings is
satisfied. The second derivative reads

d2

T (VO 4y

L

A
=12 <4 + AN g,9,Y)) + gIB%(/\,g,gﬁYt)) RS

h=p=v

A 7 135
~ 12 <4 + A0,9,9', Y1) + 613(079,9’%)) v = (135)

=8B(0,9,9, Y;)v?,

where we used eq. (134). To find a minimum, we must solve eq. (134) and select the root for
which eq. (I35) is positive. For the Higgs self-coupling depicted in Figure we find a maxi-
mum and a minimum at the scales

Umax ~ 1.55 x 10! GeV ,

136
Vmin &~ 1.08 x 1027 GeV . (136)

This is in accordance with the results of [12], where the Coleman-Weinberg method was applied
to the Standard Model effective potential. The running Higgs mass at the scale of minimum is

2
"'h ~ 8B(0,9,¢', V;) ~ T.21 x 107 (137)
v

As before, the extrema in eq. are located at very high energies, which implies the couplings
evaluated at these scales are correspondingly very small. This prevents the appearance of large
logarithms in A and B at the scale of the minimum and guarantees the reliability of the one-loop
result. We note that, although the values given in egs. and differ, one must take into
account the fact that the running masses are evaluated at different scales in each case, as a result
of different approximations to the one-loop effective potential.

Since the effective potential is obtained from proper vertices evaluated at vanishing external
momenta (cf. Chapter[I), the physical (pole) mass of the Higgs boson is obtained by adding
the self-energy corrections at non-vanishing external momenta to the Hessian of the effective
potential. Moreover, the radiatively generated VEV is not of physical interest, since it will be
generally gauge dependent. Thus, the only quantity of physical interest in the above analysis
is the mass-to-VEV ratio, given by 8B. This quantity is entirely determined by the running
of the couplings. We will therefore check the reliability of the one-loop approximation in the
following section by RG-improving the potential and verifying that the mass-to-VEV ratio is
not considerably altered.
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We also note that, once we fix the effective potential at the scale of the minimum p = v,
no non-trivial maximum is present. The converse is also true, i.e., the effective potential at the
scale of the maximum exhibits no non-trivial minimum, which can be seen in Figures and
and verified numerically. This can be understood by noting that the one-loop approximation
evaluated at ¢ = v only holds in the vicinity of the stationary point v, since large logarithms
appear for large differences in field values. On the other hand, both extrema will be present in
the RG-improved potential, which is valid for a large range of scales.

V [GeV*] V [GeV?]

h [GeV]
\mm‘y
-6.21695x 1003

(@ (b)

1.54658x10""

-3.7863x10%

h [GeV]

Figure 4.3 — The one-loop effective potential for the Conformal Standard Model, computed at
the scale of the minimum.
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Figure 4.4 — The one-loop effective potential for the Conformal Standard Model, computed at
the scale of the maximum.

4.2.2 RG Improvement

We are interested in the large-field behaviour of the effective potential of the Conformal Stan-
dard Model and in verifying that the radiative minimum obtained in the previous section con-
tinues to hold for the RG improved potential. Following the results of Chapter 3] section (3.2.2),
we write the RG-improved effective potential as

V = MZ_Q(t )h4
4 * 3
138)
1B A(0,g,4.Y) (
Lo Y k) = 5108 5 SR 0,9, %))
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Let us recall the meaning of eq. (I38). We are interested in incorporating higher loop-orders
in the effective potential, before we can apply the Coleman-Weinberg method. Given only
knowledge of the one-loop RG functions, we start at the mass v , which defines a hyper-
plane p = v in parameter space. As in the previous section, v will be the value of the field
at an extremum. We then run the parameters along a characteristic curve to a hypersurface at
which loop corrections (approximately) vanish. This characteristic displacement corresponds
to a field-dependent rescaling v — ve'*.

At the hypersurface of vanishing loop corrections, the effective potential has the tree-level
form. The higher loop-orders are contained implicitly in the running coupling A(¢,) = A, and
field normalisation Z(t.) = Z.. Thus, eq. has two interpretations. It can be seen as the tree-
level potential evaluated at the scale ¢,, or as an improved potential, which formally contains
all orders in %, evaluated at the mass p = v. Note that & denotes the value of the Higgs field at
p = v. We have also neglected the A\? factors in the A and B functions, for consistency with the
previous section.

Moreover, since we are dealing with a single scalar field , the factor 2 only depends on the
value of the couplings at 4 = v and is thus an unimportant shift. At large field values, t. ~ log 2
and the improved potential coincides with the potential V(h) = %h)h‘l frequently used
in the literature to study vacuum stability in the Standard Model [9} 11} [10]. Indeed, the Higgs
mass term in the effective potential is negligible at large field values, such that the Standard
Model is nearly-conformal in the ultraviolet.

Stationary Points

The stationary points of eq. (138) are solutions of the equation

dv 3 B ma,a  As —2,4
0= T = At.)Z~ (t)h+{4*h 57 h

which can be written as (compare with eq. (133))

- Be A 9,3

= {)\* + 1 5 Yo ¢ Ly °h° =

={\+ QB()\MSJ*,QL,K*)} 272h3
where we used ‘é"h = h, which follows from eq. ( , and eq. ( . The second derivative of
eq. (138) at a stationary point h = v reads

(139)

42V 1 L A
2 =" = 272 n -5 -5
mi= . V27 (ﬁ* + 456* 25*% 5 67*) ; (140)
where we defined 03 a8 55 op
5B : (5 +Pagy T 05y T Piay; ) ’
t
(141)

0Yy 1= (ﬁg + ﬂg + Bt an)
t=t,

Equation (140) defines a running mass parameter for the Higgs field. The scale s at which
eq. (139) is satisfied and eq. (140) is positive defines the Higgs VEV through the equation s =
t«(g,9’,Y:,v). Once s is known, one can invert ¢, to obtain v. We then find the minimum

v~ 1.04 x 10*7 GeV

) (142)
"h ~ 743 %1074
v
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Figure 4.5 — RG-improved potential for the Conformal Standard Model.

By comparing eqs. (136), (137) and (142), we see that the location of the Coleman-Weinberg min-
imum and the mass-to-VEV ratio do not change considerably by including higher-loop contri-
butions, as expected. The relative differences read

~1.03771 x 10*7 — 1.08393 x 107

1) ~ —4.2
v 1.08393 x 1027 6%,
—4.92485 x 10193 4 6.21695 x 10103
Vi = ~ —20.78 143
mn 6.21695 x 10103 %, (143)
2\ 743136 x 10~ — 7.20594 x 10—
5l = a D ~3.13%.
2 7.20594 x 104

Moreover, we see that the improved potential exhibits a maximum, which was absent in the
one-loop approximation (cf. Figure[4.3). This is not unexpected, since the improved potential
is valid for a large range of scales and better approximates the full effective potential. Indeed,
eq. remains valid for all scales below the Planck mass, due to the running of A shown in
Figure We note that the maximum is at a different location than that in eq. , since we
are evaluating the improved potential at the scale of the minimu

Indeed, eq. has another root, besides the scale of the minimum. It is straightforward to
check that this root corresponds to a maximum located at the field value

Umax = 1.66 x 10 GeV , (144)
which differs from that in eq. (136) by

1.65526 x 10t — 1.54658 x 10!
OVmax = ~ 7.03% ,
v 1.54658 x 1011 %

7.36475 x 1010 — 4.49033 x 10
OVax = 4.49033 x 1070 ~ 64.01% .

(145)

That the relative differences in the Vi,in, Vimax values of the potential at extrema are larger than
the corresponding VEV differences is understood from dimensional analysis, since the fields are
elevated to the fourth power in the potential. The improved potential computed at vy,ax also

TRecall that the improved potential can be seen as the potential evaluated at the scale ¢ = v, for which terms of all
orders in i have been included.
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exhibits a minimum, which was not present in the one-loop approximation (cf. Figure 4.4). We
refrain from showing the corresponding graphs.

We conclude that the one-loop effective potential determines the extrema reliably, as ex-
pected. The higher-loop contributions which are re-summed by the one-loop RG improvement
alter the VEVs obtained with the one-loop approximation by less than 8% (cf. egs. (145)) and,
more importantly, the mass-to-VEV ratio changes by less than 4% (cf. eq. [143)).

From the results of both Case I and Case II above, as well as the RG improvement check, we
conclude that the running of the Standard Model parameters is not sufficient to dynamically
generate the electroweak vacuum, at least up to the one-loop improved potential. One could
choose a different boundary condition of the Higgs self-coupling in order to modify the values
of the radiatively generated VEV and mass to better approximate the values of the Standard
Model. However, one can verify numerically that different values of A at the scale o = mz ~ 91
GeV do not considerably alter the above conclusions of the one-loop RG improved analysis.

In [47], the authors use the so-called Coleman-Weinberg (CW) renormalisation scheme as
opposed to the M S scheme to study the effect of higher loop-orders in the analysis of a dy-
namically generated electroweak vacuum. One of the features of the CW scheme is that the
Higgs field normalisation Z is set to be equal to one at 4 = v, i.e., at the scale of the Higgs
VEV. As studied in [47], the conversion of M S-scheme functions to CW-scheme functions can
be laborious.

However, the above analysis of one-loop RG improvement shows that there is no need to use
the CW scheme and one can work with M S-scheme functions, if one regards the RG improved
potential as a potential at the scale ¢ = v in which certain contributions to all loop orders
have been included. The method of RG improvement presented here is numerically simpler to
implement, since one does not have to convert RG functions to the CW-scheme and, once an
approximation for ¢, is known, the RG improved potential is obtained from the straightforward
evaluation of the quantities A(¢,) and Z(t.).

Moreover, in the terminology of this thesis, we note that the authors of [47] choose the pivot

logarithm to be log Z—z in the CW scheme. This choice is justified in the context of a theory with
only one scalar field in the CW scheme. In the next chapters, we will examine classically con-
formal extensions of the Standard Model known as Higgs Portal Models, which are sufficiently
robust to generate the electroweak vacuum radiatively.
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Chapter 5

Conformal Standard Model with a
Real Scalar Singlet

5.1 An Overview of Classically Conformal Extensions of the
Standard Model

Since S. Coleman and E. Weinberg published their seminal paper on radiative symmetry break-
ing [3], a myriad of models have been analysed throughout the literature. A selection of impor-
tant works has been assembled in the

As outlined in section (2.4), there is some freedom in realising the radiative breakdown
of conformal symmetry. Models can be collected in two broad classes, which correspond to
the Coleman-Weinberg and Gildener-Weinberg cases. We note that both, in principle, can be
applied to an arbitrary number of scalar fields, even though it is quite often understood that
only the Gildener-Weinberg case is suitable for a multiple-field model.

Simply put, a non-trivial minimum can be generated if the tree-level potential exhibits a flat
direction (Case I) or if the couplings satisfy some hierarchy which renders the one-loop correc-
tion comparable in magnitude to the classical potential at a given scale (Case II). In each case,
pertubativity is guaranteed if no large logarithms are present, which automatically restricts the
use of the one-loop effective potential to a small region of parameter space in the neighbour-
hood of the critical points. To enlarge the region of applicability of the effective potential, one
uses the renormalisation group to re-sum certain higher loop-order terms (cf. Chapter [3).

Examples where the Gildener-Weinberg case was adopted can be found in [31}132} 21}, 23} 15}
19] (18], whereas the Coleman-Weinberg method was predominantly used in [22} 24} 29} 30} [33].
Regarding RG-improvement, we note that one does not need to resort to multi-scale techniques
in a multiple-field case, contrary to what is proposed in [42] 35, 43} 44]. Indeed, as we anal-
ysed in section (3.2.2), with a single subtraction mass one can re-sum higher loop-orders in the
effective potential, with an approximation error that can be made of subleading order if the
magnitude of the running couplings is sufficiently small. The RG-improvement technique de-
veloped in section was applied in Chapter {4] to study the Conformal Standard Model
across all scales below the Planck scale, and will be applied in the next chapter to a classically
conformal extension of the Standard Model, providing us with a critical insight of the effect of
higher-loop orders in Case I and II of radiative symmetry breaking.

Evidently, increasingly complicated models can be built. Typically, one considers an ex-
tended scalar sector, which provides a bridge or portal between the Higgs doublet and a hidden
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sector, yet to be discovered. Such models are referred to as Higgs Portal Models. Besides the
additional scalars, it is convenient to consider hidden gauge fields and fermions, with a view to
phenomena beyond the Standard Model. Let us take the first step.

In this chapter, we will analyse the dynamical breakdown of symmetry for the simplest
classically conformal extension of the Standard Model, in which a real scalar singlet field, which
does not transform under a transformation of the Standard Model gauge group SU(2) x U(1),
is added to the lagrangian. This additional scalar only couples to the Higgs field. We will study
the possibilities of radiative symmetry breaking outlined in section (2.4). The analysis of this
model is instructive, as it provides insights into the meaning of the dynamical generation of the
electroweak scale and paves the way to more complicated models.

5.2 The One-Loop Effective Potential

The scalar-field content of the model comprises a real scalar singlet ¢ and the Higgs SU(2)
complex doublet with the tree-level scalar-sector potential given by

VO =\ (HTH)? + %apQHTH + %p‘* . (146)

It is straightforward to check that the scalar-sector mass eigenvalues, which diagonalise the
Hessian of (146), are given by

1 A 1/
m? = <3/\1 + ;) h? + = <22 +3A3> o?—

2 2
—1 3)\—ﬁ h? — 3)\—& 22+4)\2h22
B 1 B 3 9 ¥ ==,
A
m%:)\lh2+?2<p2,
A
md = 3k + 2 047)
A
mi:)\lh2+?2cp2,
1 A 1 /X
2 2 2 2 2
=— {3\ — | h — [ = A
my 2<3 1+2> +2<2+33>§0+

1 2
+ 2\/[(3)\1 - )\22> h? — (3)\3 - /\22) (,02:| + 4)\%h2§02 y

where h2 = h2. The vector-boson and fermion masses are the same as in 1) and 1| In the
same way we derived (117), we find the one-loop term

2
v = [A(A, 0) + B(), 0) log pQ} , (148)
W

5
1 m? 3 m?
AN O) = ——— E 41 i) Tyt 6m 1 Dwoy
(N, 0) 647r2p4{ (mZ og<p2) 2m1)+ myy, log =

i=1
2 Y2
—5miy + 3m7 log <TZQZ> — gm‘é —3Y;  cos* 0 {log (2’5 cos? 0> - 2] } ,
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5

1
> mi+6miy, +3mYy — 3V Rt
i=1

B(A,0) = Gan2t
where we have chosen the pivot mass to be radius in the scalar-field configuration space and
we defined the angle
cos? 0 = Zi = '02;2('02 zl—sp—2 =:1—sin%6,
h%:=h? +h3 +h3+h3.

In particular, we can write the B function as (compare with (118))

647°B(\, 0) = (12)\2 + % + gg + 136( +¢%)* — 3Yt4) cos* 0+
+ (6A1 A2 + 2A3 + 3A2A3) cos® Osin® 0+ (149)
+ (A3 +9A3) sin® 0.

Running Parameters

The RG equation for the effective potential of the Higss portal model reads

0 B d o 1 .9 1 0
(liau +jz::15j67/\j +5gafg +5g’afg, +5t6T,t — g mhar — 2%"@8@) V=0. (150)

At one-loop level, the anomalous dimension of the singlet vanishes [6, 17, 47]. Thus, keeping
terms up to one-loop order, we can rewrite (150) as

DR | O T 0
P IL v L T

Since 0, log ”—2 = —2, we obtain

S 9v@ 1 gv®
> B = 5m =
- 2 oh (151)

= (B1 — 2\191) cos? 0 4 (B2 — Aayn) cos?® Osin? @ + By sin? @ = 8B(\, 0) .

Together with (T49), this implies the one-loop scalar-sector S-functions read (compare with
[122))

1 A by 394 3(92+g/2)2
= 12202+ 22 L 2L (902 — 342 + 12V 2 o TI ) gyl

B SW[A+4+2(99 39”7 + t>+8+ G 31,
1 Ao

B = 87r[6A1A2+2A2+3A2A3+4( 99> — 39”7 +12Y7) | , (152)
1
— [A2+9N3] .

BB 87T [ + 3]
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5.3 Flat Directions

To probe for non-trivial radiative extrema, we consider the two cases outlined in section (2.4).
Let us first consider Case I, in which the tree-level potential exhibits a flat direction when com-
puted at the Gildener-Weinberg mass pgw.

Intuitively, one expects that the dynamical breakdown of electroweak symmetry will not be
realised in this model. Indeed, from eq. (80), we see that a radiative minimum will be present if
B > 0. For a fixed angle, we see from eq that B will only be positive if the contribution of
the top Yukawa coupling is small or the portal coupling As is sufficiently large so as to counter
the Yukawa term.

The top Yukawa coupling will only be small at masses much larger than the Higgs VEV (cf.
Figure[4.1). This implies that, if the portal coupling is a small parameter, it will not be possible
to set pcw =~ 246 GeV, i.e., the Gildener-Weinberg mass cannot be close to the Standard Model
Higgs VEV, contrary to what one would expect. Nevertheless, it is conceivable that the Higgs
VEV at high scales is Standard-Model-like and, more importantly, its running mass is close to
the pole mass of 125 GeV. Alternatively, one could set the portal coupling A, to be sufficiently
large near pcw ~ 246 GeV so as to counter the Yukawa contribution.

We note that there are two possibilities for mass generation. One is to consider that the
Higgs mass is radiatively generated, such that the physical Higgs field is identified with the
field which is parallel to the flat direction of the tree-level potential. In this case, the Higgs mass
is (cf. eq. (80))

mj, = 8Bv?, , (153)

where v, is the radial VEV. The other possibility is to have the Higgs particle associated with the
eigenstate which has non-vanishing tree-level mass, which corresponds to the field orthogonal
to the flat direction. We will examine these cases below.

Flat Direction along the Higgs Axis
The tree-level potential (146) exhibits a flat direction along the Higgs axis if

/\1(HGW) =0.

In this case, the potential will be bounded from below if As(ugw), As(ucw) > 0. Along the flat
direction, the VEV of ¢ vanishes. To reproduce the Standard Model Higgs mass-to-VEV ratio,
we must have

1257
8Bly—o ~ 3 ~ 0:26.
From eq. (149), this implies
A3 3
ZZ + §g4 + 1—6(92 +¢'%)? = 3 ~ 2.0872, (154)

i.e., the portal coupling A2 (ucw) has to be large. By numerically running the gauge and Yukawa
couplings (cf. Figure , we find that, for ucw below the Planck mass, the solution of eq.
is Xa(pew) = 9. Although this value is still in the perturbative regime (A < 4m), once it is
used as a boundary condition for the numerical integration of egs. (152), it leads to a Landau
pole below the Planck scale, regardless of the (perturbative) initial value of A3. Since we are
interested in a model which remains perturbative up to the Planck scale, we conclude that there
can be no flat direction along the Higgs axis.

53



General Flat Direction

A general flat direction, obtained from the tree-level stationary point equations, is given by

A 22
2 2 ;2 1,9

:——h :——h s

7T T Mo (155)
4M A3 = A2,

where the couplings and fields are evaluated at the Gildener-Weinberg scale. In order for a ra-
diative minimum to be obtained, we must have B > 0 at the point of minimum (cf. section ).
However, as in the case of the flat direction along the Higgs axis, it is not possible to obtain the
electroweak vacuum at pgw ~ 246 GeV without the presence of Landau pole below the Planck
scale. To understand this, we compute the B function along the flat direction for p ~ 246 GeV,

 A3(1.95815 + 16(—1.82546 + (—2X; + A2)?))

B
102472 (—2A; + Ag)2 ’

(156)

where we used egs. (149) and (155), as well as the values of the gauge and Yukawa couplings at
p = 246 GeV. In Figure graphs of B in eq. are shown for different values of A\; and As.

B
0.0010 0.0010
: 0.0005
0.0005
o 0
0.0005 ~0.0005
_0.0010 -0.0010
e -0.0015
(a) (b)

Figure 5.1 — Graphs of B along the general flat direction for different values of A\; and A,.

We see that B is positive along the flat direction for a range of values of A\; and \,. However,
using the values of A\; and A, abov for which B is positive as boundary conditions for the
numerical integration of the system of egs. (I52), we find Landau poles below the Planck scale.
This signals that, even if the potential is RG-improved, the model does not remain perturbative
up to the Planck scale. We, therefore, discard the possibility that the radiative breakdown of
symmetry occurs via the Gildener-Weinberg mechanism (Case I).

*We refrain from showing graphs of other regions of parameter space. A numerical integration of the 3-functions
shows that the values of the couplings in other regions in which B is positive also lead to instabilities and have the
further unpleasant property of allowing for negative values of ;.
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5.4 Radiative Extrema

Let us now consider Case II, in the regime in which g 2 A1 > Ay, A3, where g stands for a
typical gauge coupling. To first approximation, we neglect the contributions from the singlet to
the effective potential, which then becomes identical to (117). The one-loop effective potential
is then approximated by

A

Ao A3 h?
V="1pt =
T+

Zh2? + 220t + AR + Bht log — | (157)
4 4 12

where A and B are evaluated at A, = A3 = 0. This approximation corresponds to keeping only
first order in Az, A3. Moreover, this is equivalent to setting ¢ = 0 in the one-loop contribution,
which justifies factoring out the pivot mass h instead of the radius p. We will denote the field-
VEVs as (h) = v and () = w and we will set the subtraction mass to be the VEV of the Higgs
field, i.e., u = v. If we wish to match the situation in the Standard Model, we set v = 246 GeV.
The stationary point equations read

A
0=X\v>+ ?zvuﬂ + 4Av3 4+ 2B |
A2

0= ?vzw + Aw? .

We are not interested in the w = 0 solution, since it reproduces the Conformal Standard Model
result (133). For w # 0, we find

(158)

2 A2 o

w' =3 " v, (159)
which implies () is real if A, < 0 or A3 < 0. Using eq. (I59), we can solve the first of egs.
for A3 as a function of A\; and A,. We find that, if A\, is positive (negative), then A3 is positive
(negative), which implies A\, must be negative (positive) in order for the VEV of the singlet to
be real. We note that the potential is not bounded from below if A1, A3 < 0. However, we expect
that the one-loop approximation will only be valid in the vicinity of the stationary point and,
therefore, the issue of stability of the potential will be left for the RG-improved potential. In this
way, we allow negative values of A\; and A3 in this approximation. At the stationary point, we
then find the Hessian matrix

9 o2\ +8A+4AB A
M =w ( )\2% )

with eigenvalues

Mi 1 1 2 2w2
- =3 (2A1 + 8A + 4B — X\o) + 3 (2\1 + 8A + 4B + \y) +4>\2v—2 ) (160)

With the assumed hierarchy of couplings g 2 A1 > A2, A3, we expect that the largest eigenvalue
in eq. will correspond to the physical Higgs mass and the smallest eigenvalue will yield a
light extra scalar. To conform to current experimental bounds, the portal coupling A, must then
be very small.

However, a detailed numerical analysis reveals that it is not possible to have both eigenval-
ues in eq. positive, even for very small values of \,. In Figures[5.2]and 5.3 graphs of both
eigenvalues in eq. are shown for different values of the parameters A; and A, in the per-
turbative regimg'| From Figure we see that the stationary point is generally a saddle in the

tWe discard values for which Landau poles appear before the Planck scale.

55



2
regime A; > 0and A2 < 0. In particular, in the region in which % assumes the Standard Model

2
value for the Higgs mass-to-VEV ratio of approximately 0.26, the eigenvalue % is a negative
number with small absolute value. On the other hand, in the regime A; < 0 and A2 > 0, only
maxima are found for perturbative values of the couplings, as can be seen in Figure[5.3]

M,
v2
0.0
0 -0.2
3.0
-0.005 _04 25
o 2.0
-0010 ~ 15
-0.6
-0.015 10
0.5
-0.020 -0.8f
-1.0k . . . ! A
00 02 04 06 08 10
Ay
(@) (b)
Figure 5.2 — The mass eigenvalues of eq. (160) for positive A\; and negative )\, in the perturbative
regime.
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Figure 5.3 — The mass eigenvalues of eq. (160) for negative \; and positive )\, in the perturbative
regime.

We conclude that imposing a hierarchy of couplings g 2 A1 > X2, A3, in the spirit of the orig-
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inal paper by S. Coleman and E. Weinberg [3], cannot generate the electroweak vacuum with
running couplings that remain perturbative for scales below the Planck scale. Together with the
results of the previous section, we thus find that the minimal classically conformal extension of
the Standard Model does not accommodate the dynamical generation of the electroweak scale.
This is in accord with previous findings in the literature. A recent example is reference [34], in
which the authors discuss of this model with a view to early-Universe physics. They conclude
that the minimal extension of the Standard Model is excluded by doing a Gildener-Weinberg
analysis, although they do not consider the Coleman-Weinberg case. In the next chapter, we
will see that adding extra gauge bosons to the hidden sector makes the model sufficiently ro-
bust such that dynamical symmetry breaking can occur.
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Chapter 6

Conformal Standard Model with a
hidden SU(2) Gauge Group

In the previous chapter, we concluded that adding a real scalar singlet to the Conformal Stan-
dard Model lagrangian was not sufficient to yield a dynamical generation of the electroweak
scale. To increase the sophistication of the model, we could promote the additional field to a
complex scalar and make its symmetry group local, i.e., the model could feature a hidden U(1)
gauge group. However, from the point of view of an ultraviolet completion of the model, it is
more interesting to have a gauge coupling that vanishes in the far ultraviolet. This cannot be
achieved with a running U (1) gauge coupling, but rather with an SU (V) coupling parameter.

In this chapter, we will thus consider an extended scalar sector comprised of the Standard
Model Higgs doublet and an additional scalar doublet, which transforms under a hidden SU(2)
gauge group. This model exhibits all the qualitative features of interest for radiative symmetry
breaking and allows for a detailed analysis of the RG-improvement techniques developed in
Chapter 3| and appendix Bl We will use RG-improvement to analyse the stability and the large
field behaviour of the model and we will conclude that perturbation theory remains valid at all
scales below the Planck scale for suitable boundary conditions of the running coupling param-
eters. More complicated models which have been studied in the literature can be analysed and
RG-improved in an entirely analogous way.

The tree-level potential for such a classically conformal lagragian is thus of the form

VO =\ (HTH)? + MH HO'® + \y(T0)? (161)

where H is the Standard Model Higgs SU(2) complex doublet and @ is the complex doublet
which transforms under the hidden SU(2) gauge group, given by

_ L (1 +ipe
®= V2 (903+i</74> ’
6.1 The One-Loop Effective Potential

The tree-level mass eigenvalues can be straightforwardly computed due to the symmetry of
eq. li Indeed, if we define & := (hy, ha, hs, hy) and @ := (o1, @2, @3, ¢4), such that h2 = h2 =
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2H"H and ¢? = 20T®, we can write the second derivatives of the tree-level potential as

PVO (5u hahy 8V(°)+hahb82V(0
oh h2  Oh2

OhaOhy h o h3
PVO  hap; 92V O
Ohadp;  hy Ohdyp ’
9*v O _ <5w _ %%‘) oV 4 P 9*v (O
dpilp; P dp 2 0p?

The action of the Hessian matrix on any multiple 1/7 = (5, 6) is given by

%‘*hf W oo e

9V ©; 02V h .
Z&plahb hcp ah&p S

Z 92V () (ga h, ) vV N he 02V

which becomes an eigenvector equation with eigenvalue ; d‘g; Lif - £ = 0. There are three

such eigenvectors, which correspond to the Goldstone directions of the Higgs field. Analo-
gously, by analysing the action of the Hessian on a multiple ¢ = (6 X ), one finds three more

eigenvalues, equal to 1 d‘a/< which correspond to the Goldstone masses of the ® field. Note

that the Goldstone masses vanish at stationary points of V(%), as they should. The remaining
two eigenvalues can be found by a rotation in the scalar-field configuration space to the basis

{ (h O) ( ) (5 O) ( ) }, in which the Hessian is block diagonal. The unknown eigen-
values are then roots of the secular equation for the non-diagonal block, i.e.,

’vlo a2v<°>
—

52y (0) 82 V(O)
dpOoh 2

From eq. (161), we thus obtain the tree-level mass spectrum in the scalar sector (compare with

eq. (147)) , N
m% = 5 (3)\1 + 2) h2 + 5 (22 + 3)\3) (pQ—

1 A A 2
- (-2 ] i

m%zm%zmi:)\thr; 2,
\ (162)
m§:m§:m$:§h2+)\3§027
1 A 1 /A
m§:2(3)\1+ 2)h2+2(22+3>\)<p2+

1 A A ?
+ 2\/[(3A1 - 22) h2 — (3)\3 - ;) @2] + 4X2h2p?

The mass eigenvalues of vector bosons and fermions are the same as in eqgs. (I15) and (116). We
can compute the field-dependent mass of the hidden gauge boson in an entlrely analogous way
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as the masses in eq. (115). We find the eigenvalue

mi= g2 (163)

with multiplicity three, where g, is the gauge coupling of the hidden SU(2) group. The one-
loop effective potential is then of the same form as in eq. (148), only now the A and B functions

read
5
1 4 m? 3 m%v

5 Y2 3
— by + 3my log ( ) 5z = 3Y/! cos’ 0 [log <2f cos? 9) - 2} +
m
+9mdlog(pd> - 3}7
1 5
B(A,9)=647T2p4l§ mi 4+ 6miy + 3my — 3V ARt + 9mb| |

where, as before, the pivot mass is the radius in the scalar-field configuration space and we
defined the angle

B2 2 2 2
=l i —sine,
p p

h%:=h? +h3 +h3+h3.

cos? 6 :

The B function now reads (compare with eq. (149))

3 3
647°B(N, 0) = (12)\2 + A3+ 8g + 16( 24+ g%)?2 - 33@4) cos* 6+
+ (6A1 A2 + 2)\2 4 6X2\3) cos? O sin” O+ (164)

2

9
+ </\§ + 1222 + 1693) sint 6.

Running Parameters

The RG equation for the effective potential of the Higss portal model with a hidden SU(2) gauge
field reads

0 S~ 0 ) ) ) o 1 .9 1 )
(#w‘F;ﬁja)\j+ﬁgag+ﬁg’ag,+f3t5,yt+ﬁdag — 5 mhg, 2%808@)‘/—

At one-loop level, the anomalous dimension of the extra scalar doublet is

—9g3
3272

Yo = (165)

By truncating the RG equation to one-loop order, we obtain

B — 2X\17v1) cost 0 + (B2 — Aavh — Aa) cos? Osin? 0 + (Bs — 2)37, sin* 0 = 8B(\,0) . (166)
® ®
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Together with (164), this implies the one-loop scalar-sector S-functions read (compare with
(152))

- A 3 4 3( 2+ /2)2
_ 2 2 1 2 2 2 g g Tg 4
[ A
P = 872 6A1 Ao + 2)\% + 6A2A3 + f (_992 - 3912 + 12Y1-52 - 993)} ) (167)
[ 9 995
_ 2 2 2 d
ﬁ;} — @ _)\2 + 12)\3 - 5)\3gd + 16:| .

Moreover, the S-function for the hidden gauge coupling reads [24]

1 (43, 1 259 .
_ 435 1 259 5 168
Bd 1672 ( 6 94 (4’/T)2 6 gd) ( )

In Figure[6.1} the running gauge coupling of the hidden SU(2) group is shown. We have chosen
the boundary value gq(u = myz) = 1.

1.0
0.8f
0.6}
0.4
0.2k . . . "
0 10 20 30 40
¥
log m

Figure 6.1 — Numerical solution for the gauge coupling of the hidden SU(2) group with the
boundary value g;(p = mz) = 1. The dashed vertical line marks the Planck scale at ¢p ~ 37.8.

6.2 Hierarchy of Couplings

To search for radiative extrema and avoid large logarithms, we consider Case II outlined in
section , with the hierarchy of couplings A1, A2, A3 < O(g?), where g stands for a typical
gauge coupling. In this regime, we can neglect the scalar-sector contributions to the one-loop
approximation. The effective potential up to one-loop order is then approximated by

A2
1

A 2 2, A3 4
= — h —_
1 e
2

h
+ Agmh* + Bsyh? log e +

1% h* +

169
99, (169

o log gap® 5
6472 16 42 6)
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where we defined
1 m2 m2 5

-3y [1og (Yj> — 2]} , (170)

1 3 3
B — 4 2 /22_3y4
SM = e (89 +16(9 +97) t ]

for convenience. As before, we denote the field-VEVs by (h) = v and (p) = w and we set the
subtraction mass to be the VEV of the Higgs field, i.e., 1 = v = 246 GeV. The stationary point
equations read

Ao
0=\v®+ 2vw + 4Agmv® + 2Bgyv? |

0= 22,2 993 v (105;93“’2 —1) .
2" 64 4 4v? 3

The first of egs. is identical to the corresponding equation obtained in the Standard Model,
if we regard the term proportional to w? as an effective mass parameter for the Higgs field
generated by the VEV of the extra scalar. We will thus regard w as a free parameter, which we
will tune to obtain the correct Higgs boson mass below. We note that we can express A; and A3
as functions of X\, and w by solving egs. (I71). At a stationary point, the Hessian matrix of the
potential in eq. reads

2 ) 2M1 + 8Agy + 4Bsm \ )\27 , 172)
=7 w .
)\2% 2)\3 1)2 138#2 vz (log gjv2 + 2)

(171)

In Figure n graphs of the eigenvalues of - in eq. -i are shown for different values of the
free parameters Ay and w.

We see that there exists a range of valueq™| of A, and w for which one mass eigenvalue is close
to the physical Higgs mass-to-VEV ratio in the Standard Model of approximately 0.26. In this
range, the other eigenvalue is positive and larger. We therefore conclude that the Higgs portal
model with a hidden SU(2) gauge group is capable of dynamically generating the electroweak
vacuum, for a suitable choice of parameters, and we find a heavy extra scalar in addition to the
physical Higgs field.

From Figure 6.2} we choose the boundary value

A2(p =wv) = —0.001, (173)
for which the smallest mass eigenvalue equals 0.26 if the extra scalar has a VEV equal to
w = 4129.61 GeV . (174)
With these values, we can solve egs. for \; and )3 to obtain

M(p=0v)~012,

175
)\3(,u = 1}) ~ —0.011. ( )

Note that the tree-level potential is unbounded from below for negative A3. This is, however, not
an issue, since the one-loop approximation (169) will only be valid when the logarithmic terms

*One may verify that positive values of A2 lead to a saddle point, which is not of interest.
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Figure 6.2 — Mass eigenvalues of the Hessian in eq. (172) for different values of the free param-
eters A\ and w.

are negligible. For large field values, such logarithms grow large and eq. is no longer a
reliable approximation of the effective potential. We must, therefore, RG-improve the effective
potential to study stability. We will do so in the next section.

With the boundary values in egs. and (175), one may explicitly verify that no large
logarithmic contributions are featured in eq. (169). The products of logarithms with couplings
are all less than 3.5 < 47 at the radiative minimum. Analogously, one may compute the scalar-
sector contributions to the one-loop term and verify that they are indeed negligible around
the stationary point. Thus, the one-loop approximation (169) is reliable and we may trust the
electroweak vacuum found above. At the minimum, the mass eigenvalues of eq. are

my = M_ ~125.44 GeV ,

(176)
my, = My ~ 318.91 GeV .

The extra scalar particle is therefore heavier than the physical Higgs. In Figures[6.3]and the
graphs of the one-loop approximation are shown.
In particular, from Figure [6.4, we see that the potential along the Higgs direction is almost
constant, which can be understood from the high value of the hidden SU(2) gauge coupling at
the scale of the minimum,

g3 (=)~ 0.91.
A numerical search confirms that there is indeed a global minimum at (h = v, ¢ = w).

Finally, by implementing the boundary conditions of egs. and and integrating the
B-functions in eq. (I67), we find the running scalar-sector couplings depicted in Figure For
the tree-level potential given in eq. (161), the copositivity of the coupling matrix translates into
the conditions

)\1>0,)\3>0,4)\1)\3—)\§>0.

From Figure we see that the determinant of the coupling matrix, 4A; A3 — A2, and both self-
couplings A; and A3 are positive at high energies. We thus conclude that the RG-improved
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Figure 6.3 — (a) Graph of the potential in eq. for different values of the Higgs field h, with
the value of extra scalar fixed to ¢ = w. A minimum is present at h = 246 GeV. (b) Graph of the
potential in eq. for different values of the extra doublet field ¢, with the value of Higgs
field fixed to h = v. A minimum is present at ¢ = 4129.61 GeV.
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Figure 6.4 — Contour plots of the potential in eq. (169) for different values of the scalar fields.
The electroweak vacuum is denoted by the green dot.

potential and, therefore, the full effective potential (cf. Chapter [) will be bounded from be-
low for this model. Moreover, all couplings remain perturbative up to the Planck scale and we
conclude that the Higgs portal model with a hidden SU(2) gauge group is capable of accommo-
dating the dynamical generation of the electroweak scale and remains valid for all scales below
the Planck scale.

This model was studied in a slightly different fashion in [24]. In that reference, the authors
choose to reproduce the Coleman-Weinberg reasoning for scalar QED in the Higgs portal model.
They first work in the decoupling limit A — 0 to impose that radiative symmetry breaking
occurs in the hidden sector at the scale of the VEV for the extra doublet, which then is tuned such
that the mass parameter for the Higgs field in Standard Model is reproduced. This method can
correctly reproduce the observed Higgs mass, as was shown in [24]. However, we see from the

64

¢ [GeV]

-6.5x10"0
-7.5x10"0
-8.5x10"0
-9.5x10"0

-1.1x10"



—_ Ay A2

A3 — A23—(A2)?
0.08}

0.06} : 0.002 /\_
0.04} ; 0.000 :

0.02f ~— : -0.002

0.00 . ~0.004
—0.02F .
0.0 : ~0.006
~0.04} :
L. -0.008
0 10 20 30 40 0 10 20 30 40
“ “
log -~ log: -

(a) (b)

Figure 6.5 — (a) Running coupling parameters in the scalar sector with boundary values given
in egs. (173) and (175). (b) Running determinant of the coupling matrix for the scalar-sector.
The dashed vertical line marks the Planck scale at tp ~ 37.8.

above analysis that such a sequential approach to the problem, in which one first considers the
Coleman-Weinberg case in the hidden sector and then tunes the scale p = (), is not necessary.

Indeed, if we follow the insight of S. Coleman and E. Weinberg and consider an adequate
hierarchy of couplings (as was outlined in section[2.4), we see that there is no need to consider
the decoupling limit, since both stationary point eqs. can be solved simultaneously in the
one-loop approximation, as we showed. Moreover, instead of fixing ;1 = (), we can choose
w = (h) = 246 GeV directly, which clarifies the meaning of the radiative generation of the
electroweak scale.

To see this, we note that, even though the pole mass is obtained by taking into account
the self-energy corrections at non-zero external momenta, which are not captured by Hessian in
eq. (I72), the running Higgs mass at the electroweak scale should be an adequate approximation
of the pole mass, if the one-loop approximation is reliable. Therefore, we understand that the
electroweak vacuum is dynamically generated if, at the scale of the radiative VEV of the Higgs
field, the running masses of the particles approximate their Standard Model values. This is
achieved in the above model.

Although the model correctly reproduces the electroweak vacuum, it can lead to different
measurable cross sections in comparison to the Standard Model. For example, we may study
the effective self-couplings of the physical Higgs particle, which is the mass-eigenstate with
eigenvalue close to 125 GeV in eq. (176). To do this, we must first change basis in the scalar-field
configuration space to the basis of mass-eigenstates,

h = hcosf 4+ psinf |
@ = —hsinf 4+ pcosb

where 6 is the mixing angle of the two scalar fields, such that 7 and ¢ satisfy (cf. eq.

M (h> ~ 125.44 <h) M <0> ~ 318.91 <9> .
0 0 & &
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We can then define the effective trilinear and quartic Higgs self-couplings as

® . 10°%V
€ : 7 ?
6 84h3 (177)
4 10%*V
Neit = G gt

In Table[6.1} we collect the predicted values of the effective Higgs self-couplings and the mass of
the extra scalar for different values of the portal coupling A,. In each case, one must set the VEV
of the extra scalar such that the smallest mass eigenvalue reproduces the Higgs mass. We also
include the relative differences of the predicted effective self-couplings to their corresponding
values in the Standard Model,

A9 -8,

SopA W) 1= M (i =3,4)
)‘SM

We refrain from computing values of the portal coupling which are larger than 0.011 in magni-
tude because a numerical integration of the S-functions then leads to a Landau pole below the
Planck scale.

Ao AP SouA® A s @ m,

-1077  30.21 GeV  —5.54%  0.10 —22.16% 31868.20 GeV

-107%  30.21 GeV —5.54% 010  —22.16% 10077.60 GeV

-107° 30.21 GeV —5.54% 010 —22.16%  3186.82 GeV

-0.0001  30.21 GeV ~ —5.54%  0.10 —22.16%  1007.77 GeV

-0.001  30.20 GeV  —5.56%  0.10 —22.11%  318.91 GeV

-0.004  28.61 GeV —10.55% 0.097 —25.53%  163.20 GeV

-0.006  17.21 GeV = —46.19% 0.048 —62.88%  145.64 GeV

-0.01 7.90 GeV  —75.30% 0.010 —92.06%  168.00 GeV

-0.011 781 GeV  —T75.57% 0.010 —92.24%  175.45 GeV

Table 6.1 — The predicted values for the effective Higgs self-couplings and mass of the extra-
scalar in the Conformal Standard Model with a hidden SU(2) gauge group for different values
of the portal coupling A;. All values are approximated to two decimal places.

We note that smaller portal couplings yield a heavier extra scalar and better agreement with the
Higgs self-couplings of the Standard Model.

6.3 RG Improvement

To analyse the large-field behaviour of the effective potential of the Higgs portal model with
a hidden SU(2) gauge group, we need to RG-improve the potential. Improvement will also
allows to verify the reliability of the one-loop approximation. The RG-improved effective po-

tential reads (cf. section (3.2.2))

Ai(ts) - Ao(ts) - As(ts) ,,—
V=" 2(t)h* + T Yt 25 (t)hPe% + 1 Z2(t)e"
2 4 4 2 2
. ASMh4 + BSMh4 log ng 6%5?2 % (10g gfﬁ — %) (178)
* — 1 )
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where Zj, and Z, are the normalisations of the Higgs and extra doublet fields, respectively.

Let us recall that the meaning of eq. (I78). We start at mass v = 246 GeV and run the
parameters along a characteristic curve to a hypersurface at which loop corrections vanish. The
characteristic displacement is, to lowest order, ¢,. If we regard the potential as evaluated
at the mass ¢ = v = 246 GeV, then all orders in % are re-summed in the running couplings
A(t«) = A« and field normalisations Z(t.) = Z.. We note that h and ¢ denote the values of the
Higgs and extra doublet fields, respectively, at © = v = 246 GeV. Moreover, for consistency with
the previous section and due to the assumed hierarchy of couplings at this scale, we neglect the
scalar-sector contributions in the numerator and denominator of ¢,.

In Figures|6.6/and graphs of the RG-improved potential are shown. By comparing Fig-
ures and we see that the improved potential does not change considerably
around the minimum, which confirms the reliability of the above one-loop approximation.

v [Gev V [GeV4]
€

-1.4x10"
-2.2798x10""
-2.2799%x10"" -1.6x10"
-2.2800x10™\

-1gx10"
-2.2801x10"" \
-2.2802x10"" -2.0x10
-2.2803x10""

-2.2x10"

=~ h [GeV] ¢ [GeV]

280 300 320 340 360 5000 5500 6000

(a) (b)

Figure 6.6 — (a) Graph of the RG-improved potential in eq. for different values of the Higgs
field h, with the value of extra scalar fixed to its value at the stationary point. A minimum is
present at b ~ 320.16 GeV. (b) Graph of the RG-improved potential in eq. for different val-
ues of the extra doublet field ¢, with the value of Higgs field fixed to its value at the stationary
point. A minimum is present at ¢ ~ 5234.32 GeV.

After a numerical search, one finds that the improved potential has a global minimum at the

field values
h ~ 320.16 GeV ,

© =~ 5234.32 GeV ,

which differ from the values of the previous section by

(179)

~320.16 — 246

1) ~ 30.1

v YT 30.15% ,
5234.32 — 4129.61

ow = 112961 ~ 26.75% .

These differences are understood from the fact that higher loop-orders can affect the one-loop
results. Numerical precision also has to be taken into account and the use of values for the
couplings and masses that are more precise than those employed here can lead to more accurate
results.

We conclude that the Higgs portal model with a hidden SU(2) gauge group can generate
the electroweak vacuum for the choice of running couplings depicted in Figure The model
is perturbative at all scales below the Planck scale. Moreover, from the running of the couplings

67



V [GeV4] V [GeV*]
40000} ator
1x1016
— _ _1.6x10"
= 30000 8x10" = il
[5) 6x101° ()
e © -1.8x10™
= ax10 =
S 20000 2x1015 -2.0x10"
0
-2.2x10"
10000}
500 1000 1500 2000 2500 3000 260 280 300 320 340 360 380
h [GeV] h [GeV]

(a) (b)

Figure 6.7 — Contour plots of the RG-improved potential in eq. (178) for different values of the
scalar fields. The global minimum in eq. (179), found numerically, is denoted by a green dot.

and the evaluation of the RG-improved potential for field values up to the Planck mass, we may
infer that the one-loop improved effective potential is bounded from below (cf. section (3.2.2)).

The above results were achieved via the Coleman-Weinberg approach (Case II). Instead of at-
tempting to repeat the above results in the Gildener Weinberg approach, we will slightly change
the parameters of the model and study a Case I example which fails to identify the global min-
imum of the effective potential. This will illustrate the importance of correctly identifying in
which case the model belongs and the utility of RG-improvement.

6.4 A Gildener-Weinberg Example

To illustrate the importance of distinguishing between Case I and Case II outlined in section (2.4),
we will consider an interesting example where the Gildener-Weinberg approach, presented in
section , fails to capture the global minimum, which is found with the improved version
of the potential. This example also makes clear the importance of RG-improving. Indeed, the
improved potential is valid in a much larger region of parameter space than the one-loop ap-
proximation and is thus able to correctly identify the global minimum.

Let us then consider the classically conformal model of Chapter [ with a different choice of
boundary values for running couplings. We choose the boundary conditions

gow (u=mz) = 0.840125 ,
A1(p = mz) = 0.140938 .
Ao( = myz) = —0.017367 ,
As( = mz) = —0.00122639 ,

(180)

for which the running of the scalar-sector couplings are depicted in Figure[6.8]

We see that the model is bounded from below, since the coupling matrix is copositive at high
energies (cf. Chapter[3). This is not surprising since this model is very similar to the one anal-
ysed in Chapterﬁ in which we used the hierarchy of couplings A1, A2, A3 < O(g*) to compute
the one-loop approximation and found that it correctly determined the global minimum.
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Figure 6.8 — (a) Running coupling parameters in the scalar sector with boundary values given
in eq. (180). (b) Running determinant of the coupling matrix for the scalar-sector. The dashed
vertical line marks the Planck scale at tp ~ 37.8.

In the current example, we will ignore the fact that the model is Case II, and we will apply
the Gildener-Weinberg approach (Case I). We will find that this approach does not identify the
correct global minimum. This implies that a correct application of Case I or Case Il is paramount
to a reliable use of the one-loop approximation.

The potential acquires a flat direction when the determinant of the coupling matrix, given
by 4\ A3 — A3, vanishes. For the model at hand, this happens at the mass (cf. Figure

UGW =~ 318.28 GeV . (181)

Along the flat direction, the square of the ratio of the Higgs field to the extra doublet field is

¢* _ a(ucw)

h2 T 2x3(ucw)

At this scale, the B function in eq. (164) reads B ~ 3.16 x 10~* > 0. This signals that there will
be a radiative minimum at the Gildener-Weinberg mass. We can compute the Higgs VEV from
eq. (79). The result is

~ 13.41.

(h) = v ~243.31 GeV .

Furthermore, the only non-vanishing tree-level mass eigenvalue, which corresponds to the state
orthogonal to the flat direction, is
my, ~ 123.81 GeV

i.e., the Higgs has a vacuum expectation value which is Standard-Model-like at the Gildener-
Weinberg scale and the physical Higgs field can be identified with the state orthogonal to the
flat direction. The state along the flat direction acquires a radiatively generated mass equal to

A 2
my=v(|8B(1- 2> ~ 46.47 GeV .
223

H=HGW
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We thus see that the extra scalar field is lighter than the physical Higgs particle, in contrast to
what was found in the model of section (cf. eq. (I76)). The criterion used in the previ-
ous section, which established that the electroweak minimum should be generated at the scale
of the Higgs VEV is also not realised, since the Gildener-Weinberg mass in eq. is larger
than the Higgs VEV. Nevertheless, the current model exhibits the electroweak minimum, in the
sense that the Higgs mass and vacuum expectation value are approximately reproduced at the
Gildener-Weinberg scale.

Let us now consider the RG-improved potential, given by eq. (I78). Recall that, due to the
hierarchy A1, A2, A3 < O(g*), we ignore the scalar-sector contributions to the one-loop term. A
numerical search shows that the global minimum of the improved potential is located far away
from the Gildener-Weinberg minimum, approximately at the field values

(h) = v~ 2489.21 GeV , (p) = w = 6896.44 GeV .

Furthermore, a numerical computation of the Hessian shows that the Gildener-Weinberg mini-
mum ceases to be a stationary point after improvement. In Figure 6.9} the minimum of the one-
loop approximation and the global minimum of the one-loop improved potential are shown.

V [GeV*] (unimproved) V [GeV*] (improved)
8000
1200
75108 1 1.8x10"
7500
12
= 1000 5x10° = 1.4x10
5] © 7000} 12
3 %108 3 1.0x10
S
800 1x108 S- 6500 6.0’(1011
2.0x10"
600 -1x108 6000 o ]
: > : ; 55001 - : ey %
150 200 250 300 2000 2200 2400 2600 2800 3000
h [GeV] h [GeV]

(a) (b)

Figure 6.9 — (a) The electroweak minimum (green dot) of the one-loop effective potential com-
puted at the Gildener-Weinberg mass given in eq. (181). (b) The global minimum (green dot) of
the one-loop improved effective potential.

From Figure [6.9(b), it seems that the global minimum of the one-loop improved potential is
located at an almost flat direction. This is an effect of resolution of the contour plot, since a
numerical computation of derivatives shows that the point labelled by the green dot is indeed
a global minimum.

We thus conclude that the Gildener-Weinberg approach (Case I) fails to capture the radia-
tive global minimum in this case. The reason for this is that the hierarchy of couplings was
disregarded, in contrast to Chapter [, where we correctly considered that the above example
should be analysed as Case 1I, not Case 1. We regard this as an important observation that could
lead to incorrect conclusions about radiatively generated extrema if overlooked. Moreover, this
example illustrates the importance of RG-improvement, which is what we advocate here.
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Conclusions

Classically conformal extensions of the Standard Model are simple, yet predictive, models that
can accommodate a rich phenomenology. There is a pressing need to extend the current the-
ory to incorporate gravity, dark energy, dark matter, massive neutrinos, baryogenesis and other
phenomena which lie beyond the scope of the Standard Model. As the LHC has yet to detect
signs of superpartners, alternatives to supersymmetry become increasingly favourable. More-
over, the near vanishing of the Higgs mass parameter in the ultraviolet indicates that the current
theory is nearly-conformal around the Planck scale.

Therefore, given the current data, a minimalistic approach would reject supersymmetry or
even Grand Unified Theories. In this way, the possibility of a new physical scale between the
electroweak and Planck scales is discarded. If we follow the hint of the ultraviolet behaviour of
the Standard Model, we see that we should consider a theory which has conformal symmetry at
tree level. Moreover, conformal symmetry should be realised in the full quantum theory at an
(unkown) UV fixed point. Soft breaking of this symmetry occurs via quantum and thermal cor-
rections, which generate all mass scales, including the mass of the physical Higgs boson. Such a
scenario is certainly appealing, for, if it is realised in Nature, mass is then simply a consequence
of the quantum theory. Furthermore, this framework also paves the way to a simple resolution
of the Hierachy problem because the Higgs mass can be protected from radiative corrections by
the custodial conformal symmetry present at tree level.

If quantum (loop) corrections are to be responsible for mass generation, one needs to under-
stand under what conditions this is possible. We placed particular emphasis on the importance
of correctly identifying the mechanisms through which radiative symmetry breaking occurs.
In Chapter 2} we outlined the two general cases that are possible. Either the tree-level contri-
bution is larger than the loop corrections or otherwise. This simple statement has important
consequences. If the tree-level term dominates over loop corrections, a non-trivial minimum
can only be generated at points in which the tree-level contribution vanishes. This typically
leads to the requirement that the classical potential exhibits a flat direction. Conversely, loop
corrections might be the dominant contributions at a given point in parameter space. Both
cases are related to a hierarchy of the coupling parameters of the theory, as was outlined in
section (2.4). Disregarding such hierarchy can lead to incorrect conclusions, as we pointed out
in section (6.4). There we showed that, even though the classical potential might exhibit a flat
direction on which a radiative minimum occurs, if it does not dominate over loop corrections,
a global minimum can be located elsewhere. This simple fact is frequently overlooked in the
literature.

Besides determining whether or not quantum corrections generate a global minimum, we
must also determine stability properties of the potential, e.g., boundedness and verify the valid-
ity of a given loop-order approximation. Since the effective potential exhibits large logarithmic
contributions away for field values which are much different from those at the minimum, a
perturbative expansion of the potential is valid only in a limited region of parameter space.
Nevertheless, one may develop a technique to restore or enhance the validity of perturbation
theory. This is usually done with the aid of the renormalisation group (RG). In Chapter[3} we de-
veloped a novel technique of RG-improving the potential, motivated by stability considerations
and by a search for a simple alternative to multi-scale methods, which have been used previ-
ously in the literature. The implementation of such methods is rather involved. Multi-scale
techniques can also be related to the decoupling theorem [45].

With the method developed in Chapter B|and further developed in appendix[B] we are able
to RG-improve a potential with an arbitrary number of scalar fields using only the conventional
RG equation. We showed that this method automatically re-sums the leading contributions
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from higher loop-orders when it is applicable and justifies a frequently used criterion of stability,
namely that the stability of the tree-level form in the large-field limit is a sufficient indicator of
stability of the (improved) effective potential. With this new tools at hand, we proceeded to
examine the dynamical generation of the electroweak scale.

We adopted the following criteria to search for models in which the electroweak scale is
dynamically generated. The effective potential of a given quantum field theory must exhibit a
global minimum which reproduces the Standard Model Higgs vacuum expectation value and
running mass. The correct Higgs vacuum expectation value is needed to ignite the usual Brout-
Englert-Higgs mechanism through which vector bosons and fermions acquire mass. The Higgs
running mass does not need to coincide with its pole mass. However, the running mass is a
good approximation to the pole mass of a particle if the effective potential is evaluated at scales
which are near the vacuum expectation value of the particle.

Therefore, we searched for classically conformal models in which the effective potential,
when evaluated at the scale of the Higgs vacuum expectation value, exhibited a non-trivial
global minimum. Moreover, at this minimum there should be a mass-eigenstate with the mea-
sured value of the Higgs boson mass, around 125 GeV. Regarding the validity of perturbation
theory, we took as our guiding principle the fact that there should be no new physical scales
below the Planck scale. This implies that the running couplings of the theory cannot exhibit
a Landau pole between the electroweak and Planck scales. Our analysis was limited to one-
loop renormalisation group functions, but since all couplings should remain small parameters
across a large range of scales, we expect that higher loop-orders will bring only small correc-
tions. We adopted the Landau gauge throughout the text for convenience, since in this gauge
the Faddeev-Popov-ghost contributions to the effective potential can be disregarded.

As we saw in Chapter |4} current data rule out a dynamical generation of the electroweak
scale in the Conformal Standard Model, since the running of the Standard Model parameters
can only generate a non-trivial minimum at large energies. Therefore, if the Higgs mass is to
be a radiative effect, we need to consider non-minimal extensions. We have focused on Higgs
portal models, which were studied in Chapters[5|and [6} The key idea is simple. One extends the
scalar sector, adding additional scalar fields which are singlets under the Standard Model gauge
group. The interaction of such scalars to the Standard Model occurs only via the Higgs field.
In this way, the coupling of the additional fields with beyond-the-Standard-Model particles is
hidden, i.e., it can only be detected through the Higgs portal. It is advantageous to consider
these hidden sectors to model a diverse range of phenomena beyond the Standard Model.

In Chapter 5} we thoroughly analysed the simplest classically conformal extension, which
features an additional real scalar singletﬂ We saw that, although it is possible to reproduce
the electroweak vacuum in this model, this comes at the expense of Landau poles below the
Planck mass. The reason for this is that, in order to generate real and positive masses, the
portal coupling generally needs to be large to balance the negative contribution of the top quark
Yukawa coupling. Our perturbativity criterion then lead us to discard this model. Clearly, one
could then study arbitrarily complicated models, with hidden sectors tailored to admit complex
phenomenology.

Fortunately, we concluded in Chapter [p| that a very simple extension can correctly generate
the electroweak scale. This model features an additional scalar field which transforms under a
hidden SU (2) gauge group, and has been also considered in [24]. The role of the gauge coupling
is counteract the dominant influence of the top quark Yukawa coupling in the running of the
parameters. Indeed, since the SU(2) gauge coupling decreases as energies increase, this does
not lead to Landau poles below the Planck scale, contrary to the case of the singlet model.
Evidently, one can also consider hidden SU(N) , (N > 2), gauge groups, which will have

fThe O(N)-symmetric model is analysed in appendix
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an effective low energy physics which differs from the SU(2) case. Nevertheless, all the key
properties of the dynamical breakdown of symmetry are encapsulated by the simple SU(2)
model and complications should only come at the interest of phenomenology.

To sum up, in this thesis we have thoroughly examined the possibilities for a dynamical
generation of the electroweak scale. With the aid of a new method of RG-improvement, we
concluded that one-loop approximations to certain Higgs portal models are reliable and cor-
rectly identify a global electroweak vacuum. This implies that it is possible that the Higgs mass
and subsequently all mass scales originate from a dynamical breakdown of symmetry, in which
case the electroweak vacuum is stable and the metastability of the Standard Model is lifted. It
also explains the origin of the mass of the physical Higgs boson. In the specific model analysed
in chapter|6] we found an extra heavy scalar in addition to the Higgs particle and computed the
effective trilinear and quartic Higgs self-couplings, which can differ considerably from those in
the Standard Model.

The future prospects of this area of research are encouraging. We conclude that there are
sufficiently simple models with classical conformal symmetry that are predictive model and
can be tested in particle accelerators. Moreover, the coupling parameters can be chosen so as
to remain perturbative up to the Planck scale. Thus, there is no need to consider supersym-
metric extensions, Grand Unified Theories, or large numbers of spectator states (as in [25]).
Quantum-gravitational effects will most likely become relevant around the Planck scale, but
no new physical scale arises below it. In this way, corroboration of such models in future ex-
periments would provide insight into physics across a large range of scales, all the way up to
quantum gravity. It remains to be seen.
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Appendix A

The Method of Characteristics

In solving the renormalisation group (RG) equation, it is useful to use the method of characteristics
for partial differential equations (PDEs). We will review the method, providing basic examples
of solutions of PDEs.

Fixing the Notation

We will use a slightly modified version of the notation used in [49]. A point in R” or a n-
component vector will be denoted by = = (x1,...,2,). The canonical basis in R" is given by
unit vectors e; such that ), (e;)rx(ej)r = d;;. The gradient of a scalar function is defined as
V =) .e;0;. Apointin Z™ with non-negative components is called a multi-index and will be
denoted by greek letters, for example o = (o, ..., @y, ). For convenience, we define

n
la| == E ai=a1+-ta,, €,
i=1

(182)

n
Qo e 7 e 5 | , n
x .—IILi7—11 coexpm, x € R
=1

Aa = Aal...an P

where A is a tensor field. The most general |«|-th order derivative of a function v : R™ — R will
be denoted by
olely

« = — [ .. A% . 1
V%u FIT o 0] oy u (183)

A1 The Cauchy Boundary Value Problem

We will be mostly interested in linear differential equations and we will not discuss the non-
linear case or systems of differential equations. For a more complete treatment of the subject,
we refer the reader to [49], upon which we based this section.
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A.1.1 The Characteristic Form
A general m-th order linear differential equation for a function « : R” — R can be written as
= > Aa(@)Vu(z) = B(x) (184)
|| <m
where A, and B are functions from R” to R and £ is the differential operator

= ) AVi= D ANVOHL

la|<m |a|<m

= ) AV

lee|=m

(185)

L is called the principal part of £. We can define the characteristic form of L as the contraction

E(v)= > An® ,YweR", (186)

|a]=m

such that, formally, Z(V) = L.
Under a change of variables y = y(z), by the chain rule,

0y, . 0
Z al‘jt 83/1 ZJ: CljaiyJ ’

v:vm:cvy.

We find that a k-th order derivative with respect to the variable z; can be written as a linear
combination of derivatives with respect to the y variables of order less than or equal to k.

o 0 0
35:7: Cij, - Cijp—— -+ cee
' 39:? Xj: " o 3yj1 ayjk *

where we have hidden derivatives of order less than £ in the ellipses. Therefore,
V=V =(COVy)*+ -,

where derivatives of order less than || are omitted. The principal part of £ can then be written
as

L= Y AV"= > A,(CV,)", (187)

|a|=m |a]=m

and the characteristic form in the y variables reads

= Z Ay (Co)* | Yo e R™,

lee|=m

such that, formally, =,(V,) = L.
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A.1.2 (Non)Characteristic Hypersurfaces

Given a hypersurface S C R™ defined by the equation
Y(z) =0, (188)

where ¥ is a C™ function, we say that S is regular if VX # 0. The Cauchy boundary value problem
consists of the differential equation and boundary data, i.e., the values of u and its normal
derivatives of order less than m on S. A solution of the problem then satisfies and its
values on S are determined by the boundary data.

Consider the example X(z) = z,. Then S is defined by z,, = 0 with normal vector e,, and
normal derivative given by > .(ey,);0; = >, 6in0; = 0,. The boundary data can be written as

OFu(z) = op(z1, oy tp_1) , k=0,..,m—1. (189)

In particular, this implies that
Vo= O 03 G,

for oy + - -+ + v, < m. Therefore, on S, eq. (184) reduces to

Ao..om(@)0u(@) = B(x) = Y Aa(@) -+ 077" b0, (@) |

|aj<m

which has a unique solution for 9] u(x) if Ag..o,m(x) # 0 forz € S.

With further generalisations in mind, note that Ay = Z(e,) = E(VX). Therefore, we
can determine 9] u(x) and, in fact, all derivatives V®u(z) with |o| = m on S from eq. and
the boundary data if =(VX) # 0. In this case, we say that S is noncharacteristic. Otherwise, S is a
characteristic hypersurface and we cannot determine all of the V*u(x) derivatives with |a| = m
on S, and therefore we cannot solve the Cauchy boundary value problem.

Suppose now that ¥ is an arbitrary C™ function. Since S is regular, for any z € S, 9,2 # 0
in a neighbourhood of z. This allows us to define the (invertible) change of variables

_Jx i=1.,n-1
vi = {z@) PR (190)

such that S is defined by the equation y,, = 0. With respect to the y variables, S is nonchar-
acteristic if £,(V,X) # 0, where, in terms of the y variables, ¥(y) = y,. Note, however, that
=,(V,X) = E(VX). Therefore, without loss of generality, we conclude that a regular hypersur-
face S is noncharacteristic if Z2(V3) # 0 and characteristic otherwise.

The condition =(VX) = 0 is a first-order PDE for ¥. We can find a family of characteristic
hypersurfaces by solving this PDE. In the non-linear case, = not only depends on the indepen-
dent variables = but also on the boundary data. The solutions to the characteristic condition
E(VX) = 0 form a family of characteristic manifolds.

Note that (real) characteristic manifolds need not exist. Consider the example of the Laplace
operator A = Y_. 2. The characteristic form is

(U) = ZU?’

which is positive-definite and thus can never vanish for regular hypersurfaces.

(1]
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A.1.3 First-Order PDEs

If (184) is a first-order PDE, then m = 1 and, upon a suitable change of notation, we can rewrite
it as

Lu(z) = A(z)u(z) + Z B;(2)d;u(z) = C(x) , (191)

where A, B; and C are functions from R" to R and the differential operator £ has principal part
L given by

L= zn: B;0; = Z(V)
=1

E(v)=> By , Vv eR".
i=1
To solve a Cauchy problem for the PDE (191), we collect the boundary data for « on some

noncharacteristic hypersurface M defined by the equation G(z) = 0, where G is a C™ function
with Z(VG) # 0. Given a chart (U, f) for M, the boundary data is given by

where 1 is a set of n — 1 independent variables, obtained from z by eliminating one variable
via the equation G(z) = 0. Let us denote the local coordinates by f(Z) = &. Since f must be a
homeomorphism, it can be inverted to yield 2 = f~1(£), i.e., n — 1 independent variables as a
function of the local coordinates on M. Thus, we can denote a point x € M by z(2) = z(f~1(£))
to make explicit that only n — 1 variables are independent.

We can find characteristic hypersurfaces by solving the first-order equation

which gives an orthogonality condition between the vector B(x) and VE(z) for any point z in
the hypersurface S given by ¥(x) = 0. This implies that B(z) is an element of the tangent space
of the hypersurface S at z, i.e., B(z) € T,,S. We can associate B with a parametrised curve in S,
vy:R—->R"
t=(t),

= B60).

Note that if S intersects M, we can solve the Cauchy problem with boundary data on M by run-
ning along such a parametrised curve. Concretely, given local coordinates £ on M, we associate
B with a family of curves with boundary conditions

v:R" - R"
(t,&) = (t, ),
Y(0,8) =z(f~1(¢) e M, (193)

o= B
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These curves are called characteristic curveq’|for (I91). Thus, for all points in S, eq. (191) can be
rewritten as

. i
ot
=1

Oju = F(V(t7$)7u) )

with F(y(t, &), u) = C(v(t,€)) — A(y(¢t, €))u. Therefore, by the chain rule, we obtain

S~ PO (6w

In this way, the Cauchy problem for the linear first-order PDE (191) can be recast as system
of differential equations along a characteristic curve v with boundary conditions.

oy

5 B(v(t,€)) ,

0

a%b =F(y(t,€),u), (194)

70,6 = z(f71(€) e M,
u(7(0,€)) = ¢(¢) -

These equations are called characteristic equations. For a fixed ¢, the solution along the charac-
teristic curve will be u(vy(¢,€)). By varying (¢,£), we obtain the solution u(vy(t,&)) for the whole
domain R"™. To express it in terms of the original independent variables = = (¢, &), we invert
the function v to obtain (¢,£) = v~ (=) such that u(y(, £)) = u(z).

To see that it is possible to invert v, consider first the case in which G(x) = z,, and B,, # 0.
Then Z(VG) = B, # 0 and the hypersurface M described by z,, = 0 is a noncharacteristic
hyperplane. In this setting, we can choose f to be the identity, such that we obtain

= (1., Tn) ,

&= ( oy Lp— 1)

g = ( 1, 7§n 1) f(i‘) f?

2(f71(€)) = (@1, @n-1,0) .
Then the jacobian matrix of y for any point (¢,¢ = 0) in M is given by
O On . 071 B, 1 --- 0
ot 851 6£n71 . .
jac('y)\t:(] = — : : .. : ,

9 Oy .. O Bpy 0 - 1
ot B& 901 B, 0 -+ 0

the determinant of which is det jac(y) |,_, = (—1)""'B,, # 0. By the Inverse Function Theorem,
this implies that there is a local inverse of y in the vicinity of (§,¢ = 0).

Now consider a general C™ function G(z), such that Z(VG) # 0 and G(z) = 0 gives the
noncharacteristic hypersurface M. Since M must be regular, VG # 0 in the vicinity of any point
in M. Let us perform the (invertible) change of variables,

_for =101
¥i= G(x) i=n

*Sometimes (193) is called a projected characteristic curve to distinguish it from a similar curve in R**+! in which one
also includes the dependent coordinate u as component.

78



We already know that 0 # Z(VG) = £,(V,G), where G(y) = y,,. In terms of the y variables, the
first-order PDE reads

where F(y,u) = C(z(y)) — A(z(y))u and

In particular, B, # 0. Therefore, we see that we can take G(x) = x,, and B,, # 0 without loss
of generality. This guarantees that v has a local inverse and we can solve the system (194). We
provide simple examples of this powerful method below.

An Example: The Transport Equation

To illustrate the method of characteristics, an archetypical example is the solution to the trans-
port equation. A possible Cauchy problem is
Ozu+cOyu=0,
u(0,y) = sin(y) ,
where ¢ is a fixed constant. The characteristic form is =(v,,v,) = vy + ¢ v, and the line
parametrised by (0, ) is therefore noncharacteristic (it is also clearly regular). This means the
problem can be solved with the given boundary data. The corresponding characteristic equa-
tions and boundary conditions are
o
ot ’
On _
ot
Ou
Z_0
ot ’
T (07 E) =0 )
V2 (07 f) = 5
u(0,§) = sin(¢) -

The solution to the system is straightforward to find and reads
n(t, &) =t+a(f),
Y2(t,€) = ct + az ()
u(71 (t7 5)7 ’72(t7 5)) = a3(€) )

where a1, a2 and ag are a priori arbitrary functions of £. In particular, we see that « must be
constant along a particular characteristic curve. The boundary conditions impose a1(§) = 0,
az(€) = £ and a3(€) = sin(€). We can invert -y to express the solution in terms of z = 7, (¢, ) and
y = v2(t,&). Indeed,

=78 =t,y="(t§ =ct+¢
E=y—cx.

Therefore, the solution is u(x, y) = sin(y — cx).
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Appendix B

The Hypersurface of Vanishing Loop
Corrections: A General Approach

In this appendix, we will generalise the results of Chapter 3} in which we proved that the ef-
fective potential can be evaluated at a hypersurface where the one-loop corrections vanish and
that knowledge of the one-loop RG functions is sufficient to re-sum the largest logarithmic con-
tributions to the effective potential. We will prove that, in fact, there exists a hypersurface on
which all loop corrections vanish. The corresponding field-dependent scale can be computed
as a power series in fi. To lowest order, the results of this appendix will agree with those of
Chapter [3l We will show that higher orders contribute with subleading terms that were not
contemplated in that chapter. We will conclude that this general method, which can be easily
implemented numerically, is a viable alternative to multi-scale techniques.

Fixing the Notation

As before, we will consider a theory with Ny scalar fields, Ny couplings, vector and fermionic
fields and NV,, mass eigenvalues. The couplings (possibly including mass terms) are denoted
by A = (A1, ..., A, ), the classical scalar fields by ¢ = (¢1, ..., ¢n,) and the mass eigenvalues by
m = (m1, ..., my,, ). The mass logarithms will be defined as

ca=1,..,Np, (195)

where we make explicit the dependence of the mass eigenvalues on the couplings as well as on
the fields. We will also denote the effective potential by V' (u; A, ), which is a function defined
on a domain of the parameter space spanned by (u; A, ¢). We will use the modified multi-index
notation adopted in appendix|A}l Given a multi-index o = (v, ..., ), we will denote

N
la| == Zoci ,
i=1

n

o, o 00 Qnp,
x —Ilml =4 "'Z’n”,
=1

Aa = Aal...aN ’
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where z is a vector field and A is a tensor field. We will denote a reduced multi-index as

{a} = (a1,...,an_1),

which is simply a multi-index with the last component removed. Given some function f(a) =
f(ai,...,an), we will also make use of the change of variables

a a—op a—a]—...—QaN_2

=0
e’}
:Z Z Z f(Oq,OéQ,...,OéN_l,Oé—Oq—...—O(N_l)E

00(2:0 QN71:O

where in the last line we defined a convenient short-hand notation. For example, we may write

n n n—nmi nfnlf...and),z
nN,
n __ 1 )
§ P = § E E " ...¢N¢ ]
{n}=0 n1=0 n=0 nNd),l:O

B.1 The Perturbative Structure of the Effective Potential

In perturbation theory, the effective potential is written as the loop expansion in eq. (82). The
general structure of the renormalised [/-th loop order term in the M S scheme is [37, 141} 42]

1 n Ny l n
VOuAe) =Y > ol [[Lee=d > oL, (196)
n=0 {n}:O a=1 n=0 {n}:O

where the coefficients v{}) = v\ .ny, are functions of the couplings and the fields. The potential

depends logarithmically on the subtraction mass y through the powers of the mass logarithms,
which originate from the regularisation of momentum integrals.

In certain regions of parameter space, in particular for large field values, it is necessary to
reorganise the perturbative expansion in eq. in order to re-sum the large logarithms that
appear in eq. (I96). To achieve this, we make use of the renormalisation group (RG), which we
studied in Chapter3| A typical reorganisation or improvement of the effective potential can be
written as

V(s h¢) = > VO ¢) = filhu A ¢), (197)
=0 =0

where the functions f; may contain all powers of . We will call f; the I-th-to-leading func-
tions [37, [41]]. If such functions can be found in closed form and satisfy

Jiea

fi

than one can truncate the right hand side of eq. (197) to a given order in &. For suitable choices
of fi, the region of parameter space for which the right hand side of eq. (197) is perturbative can
thus be larger than the corresponding region for which the left hand side is perturbative [42].

<1,
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A trivial choice of f; is
Jilhs 2 0) = VO (0, 9)

which will only guarantee perturbativity if no mass logarithms are large. In the case of large
logarithms, we could define the I-th-to-leading logarithms in analogy to the one field case stud-
ied in the previous chapter (cf. eq. (58)). This can be done by changing the summation variables

in egs. and to obtain
V(2 @) = Z g Z Z

— ZZth Z oL = (198)
1=0 n=0 {n}=0
= B fi(hip, A ¢)
=0
where
Fi(Bs N, @) = Zh” Z Ty (199)

n=0 {n}=0

provided the sums converge. We will refer to eq. (199) as the I-th-to-leading logarithms, since
this is how they are usually defined in the literature [42]. If N,, = 1, we recover the one-field
case,

=0 n= {n}=0

which agrees with eq. . Re-summing these logarithms, i.e., finding closed-form expressions
to each f;, is not a practical task, unless all logarithms are equal (V,, = 1), as we saw in sec-
tion (2.1.1). In the case in which very different logarithms are present, one needs to employ
multi-scale techniques in order to to find closed expressions for eq. (I99).

In Chapter 3] we presented an alternative method to re-sum logarithms. It relied on chang-
ing the focus from the leading logarithms, as they are usually defined, and instead considering
the pivot logarithm and logarithms of the ratios -2, as was discussed in section . We anal-
ysed this method with one-loop RG functions and showed that it automatically re-summed the
leading functions of the pivot logarithm (cf. eq. (101)).

In this appendix, we will extend this method to RG functions truncated to any loop order,
which will allow us to re-sum all the [-th-to-leading functions, when they are suitably defined.
First, in section (B.2), we will derive equations for all the [-th-to-leading functions in the pivot
logarithm expansion. Then, in section (B.3), we will prove that it is possible to write the full
effective potential as the tree-level form, i.e., there exists a scale at which all quantum corrections
vanish. We will show that evaluating the effective potential at this scale automatically re-sums
(sub)leading terms in the pivot logarithm expansion and that this scale can be determined in
perturbation theory, without resorting to multi-scale techniques. Finally, we will discuss the
reliability of the approximations obtained by truncating this scale at a given order.
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B.2 (Sub)Leading Contributions in the Pivot Logarithm Expan-
sion

In section (3.2.1), we showed that knowledge of the one-loop §-functions and anomalous di-
mensions was sufficient to re-sum the leading function of the pivot logarithm expansion (cf.
eq. ) We will now follow the work of B. Kastening in [37], in which the pivot logarithm
method was applied to O(V)-symmetric ¢*-theory, and establish a general way of computing
the k-th-to-leading functions in the pivot logarithm expansion.

Instead of using egs. (©7) and to re-sum (sub)leading functions, it is more convenient to
follow [36}[37] and use recursive relations for the f; functions. In order to obtain these relations,

we define )

h
Ly = 3 log % (200)
©
and write f, as function of the pivot logarithm,

Fe(i X, 8) = fu(Laa, X, ¢) = 22" T (N 6) Ly

such that the insertion of eq. into eq. now yields

oo

d/fi
_ k, 4Tk _
0="> hpu au
k=0
o 5fk 3fk 1 I fx
= Z h + Zﬁz -3 Z a¢a ¢ =
k=0 @
N
S O | N~ 40 Ui LRSS0, i
— Y Py e ZZ g Hhti )
k=0 ( DL I=1 i=1 2o s O¢a
We thus obtain the recursive equations
k+1 Ny k+1 Ng
aaLf’“ -3 > 8 )afk HL ZZ ® aaf’“ Bl =0, (201)
Mo D= 25
supplemented by the boundary conditions
Fe(0,, ) = @ . (202)

Let us solve eq. (201) for the first leading function. The Cauchy problem for f; is

o (1)3f0 W, 9fo _
T ;/3 +5 Z Yagg. =0

fol0, 0, ¢) = = VO |

which can be solved with the method of characteristics (cf. Appendix[A). The boundary hyper-
plane is chosen to be L = 0, which is a regular and noncharacteristic hypersurface. We can
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parametrise the boundary by & = (Ao, ). The characteristic equations and boundary condi-
tions are

OLa,
T{<t7§) — 4+

o\; _ A
Qt (tvg) ﬁi ()‘)1

9¢a 1o
at (tvg) - 270,1 ()‘)(ba )

dfo -

_87(7575) =0 5
M(ng) =0 5
Ai(0,€) = Aijo
(Z_Sa(ovf) = ¢a,0 )
f0(0,6) = VO (&)

The solution then reads

Ly = Lp(t, 2o, 00) =1,
Ai = Xi(t, Mo, do)
ba = dalt, Xo, do)
folt: o, d0) = VO (o, do) -

Upon inverting the characteristic curve family, we find

t(Lam, A 8) = L,
Xio(Lat, A, @) = Ni(—t, A, 8)
Pa,0(Lats A, @) = Ga(—t, N, 9)
Fo(Lpa, A M) = VO (Ng, )

which agrees with eq. (I0I). In general, we can use the method of characteristics to solve
eq. for fi, with f, (0 < s < k) as sources. Due to the boundary conditions (202), knowl-
edge of the RG functions up to (k + 1)-th loop order is necessary to compute the k-th-to-leading
function. In particular, one needs only the one-loop order RG functions to compute the leading
function fj, as we saw in Chapter

Evidently, the difficulty in determining the (dominant) pivot logarithm for each region in
parameter space remains. We will now generalise the method of Chapter (3| and verify that it
indeed solves the issue.

B.3 Vanishing Loop Corrections: General Formulas

As was studied in section , the effective potential remains constant along characteristic
curves, via the solution to the Cauchy problem given in eq. (I05). Indeed, we saw that it is not
possible to choose a scale ¢ such that the full effective potential vanishes, for the Cauchy prob-
lem was ill-posed. Nevertheless, we found a hypersurface at which the one-loop corrections
disappear.
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Let us now search for a field-dependent scale at which all loop-corrections vanish, as op-
posed to just the one-loop term. For this, we write the effective potential of the theory as

V(A 0) = VO ) +aq(u A ¢) (203)
where we defined the variable
g=q(m A ¢) = > V(N ¢), (204)
=1

which encodes the quantum corrections. We note that the solution to the equation

a(p(t), A(t), (1)) =0, (205)
which we will denote by
ty =t (/1407 >\07 (bO) ’ (206)

defines a displacement along the characteristic curve to a point of vanishing quantum correc-
tions. For brevity, let us denote

fe = p(t) = poe™

Dax = ¢a(t*) .
Due to solution (105), we obtain

O\, 0) = VO, ¢(t)) + a(i(t), A(ta), d(t)) = V(1o; Ao, do) - (208)

Moreover, the quantum corrections will satisfy

1 d*q "
0= g(p(t.), A(t.), #(t)) = a(p0, Mo, $o) + Z il
o (209)
1 d™V
—Q(,UOJ\Oa(bO)_Za din * 9
n=1 t=0
where we used the fact that eq. 1) implies I tn = 0 and, therefore,
dnv(© d"q
= —— . 21
o T n>0 (210)
Using eq. (209), we find
VO, b)) = VO (N, do) i 1 v "=
05 ¥0 o n din o * (211)

= ‘7(0)()\07¢0) q(:u07)\01¢0) ’

which is merely a rewriting of eq. (208).

On the hypersurface ¢ = 0, the potential can be written as the tree-level form V() (\,, ¢.)
and only the running couplings A, = A(t,) and fields ¢, = ¢(t.) appear. In this way, any loga-
rithmic dependence is implicit. This amounts to a re-summation of all logarithms. A perturba-
tive treatment will be valid if the running couplings are small and, therefore, running towards
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this tree-level hypersurface will minimise the effect of radiative corrections in truncations of the
effective potential at a given loop order.

We can solve for ¢, in perturbation theory using eq. (209). We refer the reader back to the
multi-index notation presented at the beginning of this appendix, which we will employ here.
We write

b=y R (212)

which we insert in

e 1 ng(O)
(I(Moy)\()aﬁbo) = Z - W Z 3

n!

n=1 t=0
to obtain
SRV dosd) = 3 30w [T a0 v
s=1 = L T a=1 =0
x 3 ek T
k1, kin=0 b=1

plAntk | L4no ¢

Z Hd(l )7 (0) ﬁ ko)

n=1 =0 k=0 ! {I}=1a=1 1—p (k}=00
s=1 n=1 [=0 n! {{}=1a=1 =0 {k}=00b=1

Note that we have employed changes of summation variables to write the right-hand side of
the above equation in a similar form to the left-hand side. Indeed, assuming all sums converge,
we are lead to the formula

s s—n I4n n s—n—1l n
S S TLawv @ S IAY = VO 0 60), (521 @13)
n=1 =0 nt {I}=1a=1 =0 {k}=00=1

To lowest order (s = 1), formula (213) gives

[(a0) 7O] 47 = V0 0,20, 00)
t=0 ~
10 _ VO (10, 2o, d0) (214)
" [(du))f/(m}

t=0

which agrees with eq. 1i once one notes that we have {(d(l)) \7(0)} .= 2BM* from eq. .
t=
The next order (s = 2) is obtained with the equation

2 2—n +n n 2—n—Il n
ZZL S [a“vO[ ST T = V@ (0, 0, )
v frar il (=1a=1 1o (k}=0b=1

[AOVO] d0 4 [a@vO] O 2[(“”) V(O)} (£9)" = 7210, 20,0)

t=0 t=0 =0
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which yields

O e (R

0 _
" [du)f/(m}

(215)
t=0

One can continue in this way to determine ¢, = ¢.(uo, Ao, ¢0) to an arbitrary loop order using
formula (213). In particular, we note that ¢, inherits from the effective potential the invariance
under redefinitions of the pivot mass at each order in perturbation theory. This can be explicitly
verified in egs. (214) and 215).

Let us now deﬁne the s-th-to-leading functions. In the same way we derived eq. 213), we
can write

~ - nY7(0)
7 (10 Moy 60) = V1O 00, 6) = V1 (2o, ) +Z 1. il
t=0
00 0o oo l+k+n +n k n _ n
= VO (N, o) +ZZZ S I { dle >} V(O)Htik") _
n=11=0 k=0 : {I}=1{k}=0a=1 b=1
%) [e%e) s l4+n s—1 n n
= VO (g, 00) + S I Z S S0 [du )] V(°>Ht§’%).
pr e L 0 {1}=1{k}=0a=1 =0 b=1

Let us now define

s l+n s—1 n n
sfn) . 1 (k)
e 35080 S8 fav] v fee e
) }=1{k}=0a= b=1
such that we obtain
V(103 Aoy d0) = VO (Ao, ¢o0) + Zhs O =3 "0 fo(B; o, Ao, bo)
s=0 n=1 s=0

where the s-th-to-leading function is defined as

Fo (B3 1o, Mo, d0) = 340V @ (Mo, go) + D AT (217)

n=1

In particular, the leading function reads

fo(hs 10, Mo, o) = VO (Mo, d0) + D> AT =

n=1

=000 + 3 () VO] ()= @9

n=1
= VO (X(t),6 (1)) ,

where we defined the one-loop running parameters

30 2 ()L 30 = oo
5 2 = o3, 50) = s



Note that to compute the leading function, one needs only knowledge of the one-loop RG func-
tions. The objects T°*™ were defined such that they are formally of order #°*", in analogy to
the usual definition of the s-th-to-leading logarithms.

From eq. (214), we see that the leading function in eq. automatically includes the lead-
ing function in eq. and, therefore, the expansion in powers of #” re-sums the leading
powers of a pivot logarithm and also includes terms that are subleading, which are precisely
the logarithms of the ratios Mo As we showed in Chapter 3} the invariance under redefinitions
of M, guarantees that the dominant logarithms are captured in this re-summation. The sub-
leading terms, which are proportlonal to logarithms of the ratios J@f will be re-summed with
higher orders in ¢, (cf. eq.[213) which yield the subleading functions as defined in eq. 217).

Conclusions

We have generalised the method presented in Chapter 3| to all loop orders. This method can
be used to RG-improve the effective potential in a general theory with N, scalar fields and Ny
couplings, without resorting to multi-scale methods. The key step is to evaluate the effective
potential on a hypersurface in parameter space in which all quantum corrections vanish. This
amounts to a re-summation of all logarithms of the theory. Naturally, to fully determine the
field-dependent value of the subtraction mass on this surface, knowledge of all loop-orders is
necessary.

However, this method can be made practical by noting that truncations of the RG functions
at any given loop order can produce reliable approximations of the full effective potential if
the running couplings are sufficiently small. In particular, truncation of the S-functions and
anomaous dimensions to one-loop order yields the results of Chapter 3] The error made by
truncating the RG functions is of subleading-logarithmic order, in the sense of the set S, of re-
lation , due to the invariance of ¢, under redefinitions of the pivot mass, at each order in
perturbation theory. We note that the method here developed ceases to be valid if the hypersur-
face on which quantum corrections vanish is characteristic, for the Cauchy problem is ill-posed
in this case.

Furthermore, the results of this chapter show that the full effective potential is given by the
tree-level form

V(u; A ¢) = V(O)(/\*a ¢*) )

as long as A, < 1, which generalises the conclusions on stability made at the end of Chapter 3|
Thus, to study the stability of the n-loop RG-improved effective potential, it is sufficient to
consider the tree-level form with n-loop running couplings, evaluated at the n-th loop-order
truncation of ¢,.

In the next appendix, we will study applications of the above method and its utility in iden-
tifying global minima of the effective potential and verifying the reliability of the one-loop ap-
proximation. We will also verify its limitations when Landau poles are present.
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Appendix C

An Application of RG-Improvement

To illustrate our method of RG-improvement, we will apply the techniques developed in Chap-
ter 3|and appendix [B|to massless O(V)-symmetric ¢?-theory.

C.1 Massless O(N)-symmetric ¢'-theory

Massless ¢*-theory is an example of a classically conformal theory. This implies there is no
vacuum energy and no mass parameters at tree-level. We will consider Ny = N scalar fields
and Ny = 1 coupling, such that the theory has O(N) symmetry. For convenience, we set i = 1.
In the M S scheme, the renormalised effective potential up to two-loop order is [36, 38]

V(A ¢) =VONG) + VP (X 0) + V(1,7 9),

A
V(O) ()‘7 ¢) = Ep‘l )

1 m? 3 m2 3
V(2. 0) = 51— [m%’ (logug B 2) V= Dmg (h)g e 2” ’

1 2
VA (N, ¢) = LA pPm] (1 og ——410g—+89 )+
b (1og ™ >\22 (m3y + 2m3) 10g? TG
8(4m)i 2 my + 2mg) | log 2
m2, m2 m2
— 4log—+89 (H) ) + 2m?% log 5 (1og§—4>] +
G ma H
+ —)\mHmG [log it log— flog— —log —- +1}}
N2—1X mg 2
- log — — 22
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where we defined

N
PP =Y ¢2,
a=1
A A
m%{:§p2a mé:gpz,
I hln ﬁ
O(z) @f;c (2) og(2sint)dt  forax <4
T) = )
/x(x arccosh ( %
I(-‘r24 Jo (% )log (2cosht)dt forax >4

In terms of the pivot mass M = p, we can rewrite (220) as follows.

2 2
Vi, A, @) = wo(A) +wi () log % + wa(A) log2 % ,

wo(N) = wg” () + () + wi” (V)
wi (V) = wi’ (V) +wP (V)
wa(A) = wgz)(/\) ,
A
wg (V) = Tt
2 2
(1) _ 1 4 mH 3 4 mG 3
o700 = g | (1o 2 = 5) + o (1o -3
2 2
@) (y) = 1 2222 (1062 T 4100 TH 4 80(1) 4+ 5
wy (V) 8(ar )t PmH(Og e og p2 +8Q(1)+5 )+
+;)‘m4 IOgifl 1)‘2P2 (m% +2m2) ( log
8(477)4 H 79 H G
2 2 m2
410g+8§2< > >+2mHlo é{<10g2614>}+
P p
mg
1 m2
+ S AmEme {log Hlog e 10g10g+1]}
127 TR g2 TR 2
N2 -1\ 4 m2G 2
— log —& —1
T ™M (Og 2 )
1
w0) = = [y + (N = Dymd] |
m2 2
(2)/\: 1 222 21 7H_4 #/\4 1 %_1
w;™ (A) 8(dr)* pmH< 0g 2 +4(47r)4 myy | log e +
N -1 2 m2
A2p? 2 4 om2) (2log 7@_4 9m2 log TH
T ) {72 {(mH+ mg) 2 - 2miplog o +

2

12 (4m)* 12 p?
@\ = 1)\222 1)\4 N -1 )\22 9
Wy N = gy P e+ g e T 7 [l + 2mi

N2—1X

(4m)t 24 ¢

90

1 7 N2 -1 2
+ = mime {logrzgl +log%— ]}+m‘é <1OgmG 1
vy

2

2 Mg

E)\qum

(221)
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The S-function and anomalous dimension can be computed with standard techniques and, up
to two-loop order, read [6] 142} [38]

N+38
1) — 22 T 242
p 3(4r)2”
ﬂ(2) — _M 3 ,
3(4m)t (222)
Y=o,
@_ N+2
18(4m)4

Let us now verify the solutions of eq. (99). Taking a first derivative, we obtain

(1)811)80) _ N+8)\2ﬁ
ox  3(dm2” 4l

AWy =8

With the definitions of my and m¢ given in eq. (221) and the formulas given on the previous
page, one may easily verify that the right hand side of the above equation is indeed equal to

2w§1). Then, taking a second derivative, we find

2 dwi NP (N +8)?
W] @ _ggm0wi’ _ X |
[d ] wo o =2 TN T 56 3yt 7

Again, it is straightforward to verify that the right hand side of the above equation is equal to

8w§2), with the formulas previously given.

We can now compute t” and Y using egs. li lh and 1) From the results of
Chapter [3{ and appendix |B, we expect that t" will be a small correction to t\”) and that the

relative differences in the values of the running couplings /\(tio)) and )\(tio) + tffl)) will also
be small, as long as the running coupling A(t) remains a small parameter across a large range
Z(;; are shown for
different values of the number N of scalar fields, the coupling A and the ratio *ﬁ.

of scales and no Landau poles occur. In Figure (C.1} the graphs of the ratio

We note that, as expected, the ratio tS}) / tﬁo) remains small across a large region of parameter
space. This can be understood by using the above values of A as boundary conditions for the
running, in each case, and noting that the running coupling remains a small parameter and no
Landau poles are present. For example, for N = 10 scalar fields and| A\ = 0.1, we obtain a
running coupling free of poles. If we understand )\(tio)) to be the one-loop running coupling
evaluated at the field-dependent scale t,(ko) and, analogously, the quantity )\(t,(ko) + til)) to be the
two-loop running coupling evaluated at the field-dependent scale 2 + ", we can define the
relative difference
A + £y =A@

At '
In the same way, we define the one-loop and two-loop improved potentials and their relative
difference as

O =

(223)

A
Vone—loop improved = V1= (4| )P4 )

*Values of X close to 1 generally lead to Landau poles at large scales. However, even in those cases, a perturbative
treatment is warranted for scales sufficiently short of the Landau pole.
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Figure C.1 — (a) The ratio M / # for N = 1 scalar field for different values of the coupling A
and the ratio ﬁ. (b) The ratio til) / tio) for N = 10 scalar fields for different values of the coupling
X and the ratio ﬁ.

A + A
Viwo-loop improved = V2 1= %P‘l (t5<0) + t>(x<1)) )

Va=Wi
v
In Figure[C.2} we show the relative differences of egs. and (224) across a large range of field

values. As expected, the differences are small. This implies that truncating the RG functions to
one-loop order provides a reliable approximation of the full effective potential.

5V = (224)

[

SA (%) oV (%)
0.0087 0.0058
0.0036F

0.0056
0.0035F
0.0034 0.0054
0.0033}

0.0052
0.0032}
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Figure C.2 — The relative differences between the one-loop and two-loop running coupling and
improved potentials for N = 10 scalar fields. Due to the absence of Landau poles, the differ-
ences remain small.

Let us now analyse a case in which Landau-pole divergences occur near the boundary scale
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p. In Figure a), the graph of the ratio z%—;; is shown for different values of the coupling A and

the ratio £, when N = 1000 scalar fields are present, while we show the graph of the one-loop
running coupling with boundary value A = 1 in Figure [C.3|b).
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Figure C.3 — (a) The ratio M / # for N = 1000 scalar fields for different values of the coupling
A and the ratio £. (b) The one-loop running coupling for N' = 1000 scalar fields and with a
boundary value A = 1. The dashed vertical line marks the location of a Landau pole.

We see from Figure (C.3)(a) that, for N = 1000 scalar fields and large boundary values

of ), the ratio til)/ ) also grows large. In this case, we expect that the one-loop improved
potential will not be a reliable truncation of the full effective potential. This is confirmed by Fig-
ure (C.3)(b), in which we see that a Landau pole is present for field values close to the bound-
ary . We thus conclude that, as expected from the results of Chapter 8| and appendix B} this
method of RG-improving the potential is indeed reliable as long as the coupling parameter re-
mains small. In the presence of a Landau pole, it is not enough to truncate the RG functions to
one-loop order and higher-loop corrections are needed.
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