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ABSTRACT: In view of the current status of measured Higgs boson properties, we con-
sider a question whether only the Higgs self-interactions can deviate significantly from the
Standard-Model (SM) predictions. This may be possible if the Higgs effective potential is
irregular at the origin. As an example we investigate an extended Higgs sector with singlet
scalar(s) and classical scale invariance. We develop a perturbative formulation necessary to
analyze this model in detail. The behavior of a phenomenologically valid potential in the
perturbative regime is studied around the electroweak scale. We reproduce known results:
the Higgs self-interactions are substantially stronger than the SM predictions, while the
Higgs interactions with other SM particles are barely changed. We further predict that
the interactions of singlet scalar(s), which is a few to several times heavier than the Higgs
boson, tend to be fairly strong. If probed, these features will provide vivid clues to the
structure of the vacuum. We also examine Veltman’s condition for the Higgs boson mass.
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1 Introduction

It appears that completion of the standard model (SM) of particle physics, as it stands,
has been achieved with the discovery of the Higgs boson at the LHC experiments [1, 2]. In
particular, the two parameters of the Higgs potential,

2
Veni(H) = —p HUH + Ay (HTH) , (1.1)

namely, the vacuum expectation value (VEV) of the Higgs field vy = pun/v/An = 246 GeV
and the Higgs boson mass my, = v2un ~ 126 GeV, are now determined. Here, H denotes
the Higgs doublet field H = (H*, H°)T. This means that all the parameters of the
SM have been determined. After the discovery, investigations of properties of the Higgs
boson are being performed rapidly, such as measurements of its spin, C'P, and couplings
with various SM particles. Up to now, there are no evident contradictions with the SM
predictions. Accuracies of the measurements are improving, and identification with the
SM Higgs boson is becoming more likely. These features, however, do not readily lead to
the conclusion that the SM is confirmed altogether. As an important piece, confirmation



of the self-interactions of the Higgs boson is still missing, which is indispensable to unveil
the structure of the Higgs potential.

There are some phenomenological and theoretical problems in the Higgs sector of the
SM as of today. For instance, there is a huge hierarchy between the electroweak and Planck
scales, which generates the “Naturalness problem”. Furthermore, even if we permit fine
tuning of parameters, we face a problem that the vacuum of the Higgs potential is unstable
or metastable at a high-energy scale.! These problems give us motivations to consider
extensions of the SM Higgs sector.

In view of the present status, it is an interesting question whether it is possible, with
such an extension, that only the Higgs self-interactions are significantly different from the
SM predictions, while other properties of the Higgs boson are barely affected. Naively,
one may expect that deviations of the Higgs self-couplings from the SM wvalues can be
expressed as effects of higher-dimensional operators, which are suppressed by a cut-off
scale A as (vg/A)™. It is based on a general model-independent argument in the case
that the Higgs effective potential can be expanded as a polynomial in the Higgs field H.
Since the cut-off scale may be of order a few TeV scale or higher, one may expect that the
deviation is already constrained to be quite small.

One direction to evade such an argument is to consider models with non-decoupling
effects to Higgs self-interactions. There are many examples [3, 4]. Here, we would like
to consider a different possibility. In various physics of spontaneous symmetry breakdown
(including condensed matter physics), there appear effective potentials which cannot be
expanded in polynomials in the field variables, namely effective potentials which are irreg-
ular at the origin. For example, the theory of superconductivity at T" = 0 gives such an
effective potential, and in certain strongly interacting systems such singular potentials are
also expected to appear (although they are difficult to compute reliably). As an example
which is perturbatively computable within relativistic quantum field theory, we consider
an extended Higgs sector with classical scale invariance. In this case, typically the Higgs
effective potential takes a form ~ \¢* [ln (q§2 / vHQ) -1/ 2], which is irregular at the origin
via the Coleman-Weinberg (CW) mechanism [5], where ¢ = v/2Re H. If this potential is
expanded about the VEV in terms of the physical Higgs field h = ¢ — vy, the expansion
generates powers of h higher than the quartic power, and they arise in powers of h/vyg
without being suppressed by a cut-off scale. At the same time, it is expected that the
triple and quartic couplings of h can have order-unity deviations from the SM values.

In recent years, CW-type potentials have been studied extensively as models of an
extended Higgs sector, with different motivations. For instance, classical scale invariance
as a solution to the hierarchy problem has become a hot subject. These are models which
become scaleless at a new physics scale M (e.g. Planck scale), ug?(M) = 0. In these
models, typically the scale invariance is broken radiatively by the CW mechanism, which
(in steps) leads to a generation of the electroweak scale as the Higgs VEV [6-13], or
generates scales involving nonzero VEVs of other scalar fields [14-28]. Even without explicit

The scale of the vacuum instability is very sensitive to the top quark mass and depends on our precise
knowledge of the top quark mass in the future.



realizations, classical scale invariance is often mentioned as a possibility or guideline for an
underlying mechanism.

The purpose of this paper is to explore physics in the vicinity of our vacuum, char-
acterized by the effective potential of an extended Higgs sector. As a minimal extension
of the SM Higgs sector, we consider a scale-invariant Higgs potential with a real singlet
scalar field which belongs to the N representation of a global O(N) symmetry. Though
there have been several works in which the same or similar extensions are considered, we
re-analyze the model by examining the validity range of perturbative calculations of the
effective potential in detail. We can obtain a phenomenologically valid potential within the
validity range of a perturbative analysis. We clarify its behavior around the electroweak
scale. We also examine Veltman’s condition [29] for the Higgs mass, which is a crite-
rion for judging a “Naturality” of the scalar potential by examining the coefficient of the
quadratic divergence.

Some of previous works on similar models are subject to possible instability of their
predictions when higher-order perturbative corrections are included. Such instability was
already pointed out by the original CW paper, and we re-examine this condition. Other
works, which are legitimate with respect to the perturbative validity, use the framework
of Gildener-Weinberg (GW) [30] to analyze the effective potential. In this framework,
one concentrates on a one-dimensional subspace of the configuration space of the effective
potential, namely that corresponding to the physical Higgs direction, and examines the
potential shape on that subspace. On the other hand, we analyze the effective potential
in a way closer to the original CW approach, which enables to clarify a global structure of
the potential shape in the configuration space.

Ref. [9] analyzed a gauged and non-gauged version of a scale-invariant model, and the
latter is close to the one we examine. Phenomenologically we reproduce similar aspects,
hence we state the differences of our analysis in comparison. As mentioned above, ref. [9]
uses the GW framework to analyze the properties of the effective potential. Instead we
present a formulation which enables analysis of global properties of the effective potential.
As a result, for instance, we are able to analyze the structure of the potential in every
direction around the vacuum in the configuration space and predict the interactions among
the physical scalar particles.

This paper is organized as follows. In section 2 we explain our model. In section 3,
we develop a theoretical framework needed for a perturbative analysis of the model. We
give results of our numerical analysis in section 4. Conclusions and discussion are given

in section 5.

2 DModel and effective Higgs potential

2.1 Lagrangian

The scale-invariant limit of the SM has long been excluded experimentally. Hence, to im-
pose classical scale invariance, we need to extend the Higgs sector. As a minimal extension,
we consider a scale-invariant extension of the SM with an additional real singlet scalar field
with a Higgs-portal coupling. We consider the case where the singlet scalar field is in the



fundamental representation of a global O(N) group: S = (Sy,---,Sx)T. The Lagrangian
is given by

As =

& = [Lsu] Z(§ . 5)2, (2.1)

1, = Lo
-0+ 5(5u5)2 — Aus(H'H)(S - S) -

where the real singlet field S interacts with itself and the Higgs doublet field H via the
self-interaction and portal interaction with the coupling constants Ag and Apg, respectively.

2.2 Effective potential up to one-loop level

The one-loop effective potential in the Landau gauge, renormalized in the MS-scheme, is

given by
Veff((ﬁ, (P) = Wree((ba (P) + Vl-loop(¢7 90) y (2'2)
Vireo (¢, ) = %H& + %&pz + %&2 , (2.3)
) -1\41'2 )
Vl—loop(d)v 30) = Z ﬁM#(QZ)’ 90) In M — G (24)

Here, the expectation values of the scalar fields in the presence of source J are given by

<H>J=\}§<g), (S);=(,0,---,00T 5 ¢, peR. (2.5)

The index i denotes the internal particle in the loop, and their parameters are given by?

1 5
W bosons: ny =6, My? = Zg2¢2’ ew =g

1 5
Z boson: ny =3, M22:1(92+g’2)¢27 CZZE;

massive scalar bosons: nqy =1, Mi2 =Fy, cy ==

3
NG bosons of the Higgs field: nng =3, Mna? = A\gd® + duse?, ong = 3

NG bosons of the singlet field: nng = N — 1, Mya? = Ausé® + As@?, eng = % ;
up-type quarks (F = u, ¢, t): np = —4Ng, Mp? = % (y%ﬁ)Q &, cp= g;
down-type quarks (f =d, s, b): ny = —4N¢, M;* = % (y}?)zqﬁQ, cf = g;
charged leptons (f =e, p, 7): ny = —4, Mf2 = % (yg))2¢27 cf = g, (2.6)

2Strictly speaking, the terminology “Nambu-Goldstone (NG) bosons” for the internal particles is inade-
quate except at the vacuum configuration and depends on how the symmetries are broken by the vacuum.
More precisely, “NG bosons” represent the scalar modes which are orthogonal to the radial directions of H
and S.



and Fy are defined by

3An + Ams AHs + 3As
=

Ay — ) Ans — 3\ 2

Fi(qba QO)

Hereafter, we neglect all the Yukawa couplings except the top Yukawa coupling, 3y =
yég) ~ O(1), since other Yukawa couplings are fairly small. It is customary to denote the
summation over i together with particle’s statistical factor as supertrace “STr,” which we

also use below.

2.3 Renormalization group analysis

We can extend the applicability range of the effective potential by a renormalization-
group (RG) improvement. According to the general formulation [31, 32], the (L + 1)-loop
beta functions and anomalous dimensions can be used to improve the L-loop effective
potential. Here, we obtain the leading-logarithmic (LL) potential by improving the tree-
level potential by the one-loop beta functions and anomalous dimensions. It is argued
in [31, 32] that, within the range where In(M;?/u?) are not too large, combining the one-
loop effective potential with the one-loop beta functions and anomalous dimensions gives
a better approximation. Hence, we obtain an improved-next-to-leading-order (improved-
NLO) potential by combining them. Comparing NLO, LL and improved-NLO potentials,
we can examine validity (stability) of the predictions in the vicinity of the vacuum.

The beta functions and anomalous dimensions are defined by

dX _ pdA

=y =0 2.8
Bx =p m 4= A (2.8)
respectively, where X is a coupling constant and A is a field, both renormalized at scale pu.

The one-loop beta functions and anomalous dimensions of the model are given by

. 1 g 4 § 2 12 § 14 4
P = e [89 +19°9 g9 —bu
9 3
—4 <492 + 19’2 - 3:%2) A+ 2405” + 2N>\HSQ} ) (2.9)
1 9 2 3 12 2
Brus = 7oz ms | =2 597+ 597 =3y ) +122m +8 s + 2(N +2)As |, (2.10)
1
Brs = (4m)2 (8Ams® + 2(N +8)As?) | (2.11)
1 9 3 )0
7 ) <492+ 17 ‘3“2) ’ 212
o =0 (2.13)

The beta functions which do not include Agg or Ag are suppressed.



We obtain the improved potentials by taking the renormalization scale as t =

ln(\/ ¢2 + 802/’01{).

VR 6. ) = 25060 + 250 020 + 250, (214)

Vim0 gy = 8 gy 4 AW 22y 4 25D iy

eff 4 9 4
. 2
+ 3 i 60, 6(0) | M <j§§2’)@<t>> —al. (21)
where
w(t) = vget, (2.16)
o(t) = (1), (2.17)
pt) =& ), (2.18)

) —esp | [ t e (2.19)

3 Perturbatively valid parameter region
In a previous work [16] a parameter region has been searched assuming
)\H ~ )\HS <1. (3.1)

In that case, however, the Coleman-Weinberg mechanism does not work properly, since
the one-loop corrections cannot compete against the tree-level terms in such a parameter
region if the order counting in perturbation theory is legitimate. (This is in analogy to the
case of pure scalar ¢* field theory considered in the original CW paper [5].) As a result,
the renormalization scale considered in [16] is about 10°vy, where the large logarithmic
corrections invalidate a perturbative analysis. In this section, we reconsider the parameter
region, in which the results are perturbatively valid and the CW mechanism works properly.

As mentioned in the Introduction, there is a framework of analysis to find a vacuum
of a one-loop effective potential and to compute particle contents of scalar bosons sys-
tematically, which was introduced by Gildener and Weinberg [30]. In that framework we
obtain the following general results. A perturbatively valid vacuum appears on the ray of
a flat direction of the tree-level potential; a light scalar boson “scalon” (corresponding to
the Higgs boson in our context) appears in addition to heavy scalar bosons; interactions
among the scalon and the other scalar bosons are derived. Although it is a useful frame-
work, we consider that our framework presented below is advantageous to analyze more
global features of the potential, including the vicinity of the vacuum.

3.1 Order counting in perturbative expansion

We investigate an order counting among the coupling constants, with which the CW mech-
anism is expected to work in the perturbative regime. To realize the CW mechanism, the



tree-level and one-loop contributions to the effective potential should be comparable and
compete with each other. Parametrically this requires a relation

NAns?  Newy?

Pul ~ =~ a2

<1 (3.2)

to be satisfied. (This is in analogy to the case of massless scalar QED considered in the
original CW paper [5], in which A ~ ﬁ < 1is required as a consistent parameter region.)
Note that we take y into account in eq. (3.2) since the top quark gives the dominant one-
loop contribution among the SM particles which couple to the Higgs particle. According
to eq. (3.2), we consider that Ay and Aps? (as well as 3*) are naively counted as the same
order quantities in perturbative expansions.® It follows that the relation between Ay and

Ags should read
[Ar| < [Ans| - (3.3)

Thus, eq. (3.2) and eq. (3.3) indicate that Ag® and Ags? need to be counted as different
orders, although they both belong to the one-loop contributions. Furthermore, Agg needs
to be large, at least of order \/N¢/Ny, ~ 1.7 N—Y2 in order to beat the top quark
negative contribution, for stabilizing the vacuum.

We derive a systematic approximation of the effective potential eq. (2.4), taking into
account the above order counting. First, the contributions from the NG bosons of the
Higgs field on the right-hand-side of eq. (2.4) can be written as follows:

3 2 219 /\H¢2 + )\HS(P2 3
12 AR+ Ause”) [111 <M2 -3
3 2 AHSSOQ 3

Secondly, F'y (¢, ¢) in the fourth and fifth terms in eq. (2.4) can be written as follows:

AHS Ams + 3As
Fi(e, p) = 70"+ == ——¢"

A s — 3\ 2
i\/[— g2 4 28 8902] + 4Ams” 922

2 2
= Fiapp(¢7 90) 3 (35)

where we have defined Fiapp(¢, @) as the approximate form of Fi (¢, ¢). Then we substi-
tute egs. (3.4) and (3.5) to the expression of the effective potential eq. (2.4).

We also have to apply eq. (3.2) or eq. (3.3) to the tree-level potential in eq. (2.3). In
particular, eq. (3.2) can be interpreted as follows. Although the term proportional to Ag
is tree-level, after taking into account the above order counting of the coupling constants,
this term should be regarded as next-to-leading order (NLO), in contrast to the term

3We do not consider a fine cancellation between the Aus® and yt4 contributions.



Figure 1. The LO effective potential V1, as a function of ¢ and ¢. The red line shows the ¢ axis,
which composes the minima of the potential.

proportional to Apg, which is at the LO. For this reason, the LO contributions to the
effective potential in the above order counting is given by

As
4

A
Vio = " ¢%¢ + Tt (3.6)
We show V1,0 in figure 1. At LO, the potential is flat along the ¢ axis, which composes the
minima of this potential.* Thus, at LO, the vacuum is not determined uniquely. At every
vacuum the Higgs boson is massless, while the singlet scalers are massive.

The NLO contributions are given by

_ AH 4 F+app2<¢= ©) Fliapp(, ¢) 3
VLo = 4 ot 6472 n w? 2
3 2\ 2 )\HSQO2 3
+ 6472 ()\HSSO ) [ln( 2 5
N -1 As¢? + Agp? 3
L= ()‘HS(ZS2 + ASS02)2 |:hl <W> _ §:|

642
dwtols (49)-

epols(52) -3

Mz*(¢) [m <@> - g] : (3.7)

4NG

+ 6472

We explain the reason for omitting F_,,p in the next subsection.

As seen above, at every vacuum of V1,0, ¢ = 0 and the ¢-direction becomes a massive
mode. Hence, from consistency of the perturbative expansion, we expect that ¢ = 0 holds
also at the vacuum of V1,0 + VarLo. According to the general argument on the potential

41f g is small and of the same order as Am, Ag¢® should be counted as NLO. In this case, both ¢ and
o axes become the flat minima of V1,0. Other features, especially the results presented in the next section,
are hardly affected, if the global minimum of V7,0 + Vnro is on the ¢ axis.



with a flat direction at LO, with an appropriate choice of the couplings (Am, Amgs, As),
V1L.o + WnLo exhibits a minimum on the ¢-axis by the CW mechanism, and the Higgs boson
becomes massive at NLO. Hence, the Higgs boson is generally expected to be much lighter
than the singlet scalars. Thus, the SM gauge group is broken by the vacuum as required
SU(2)r, x U(1)y — U(1)gm, while the O(N) global symmetry is unbroken. [There appears
no NG mode with respect to the O(NN) group.]

3.2 Comment on the Hessian matrix

A special prescription is needed for computing the CW potential, in the case that the
minimum of the effective potential is not determined uniquely at the LO of the perturbative
expansion, such as in eq. (3.6).

Generally the arguments of logarithms in a one-loop effective potential include the
eigenvalues m;2 of the Hessian matrix of the tree-level scalar potential. The Hessian matrix
is a matrix whose elements are given by %7 where z; denotes a scalar field. Therefore,
the eigenvalues m;? at the potential minimum coincide with the mass-squared eigenvalues
of the scalar fields at tree level. In the case that the tree-level potential has a unique
minimum, all the eigenvalues of the Hessian matrix at the minimum are positive, m;% > 0,
and m;*Inm;? in the one-loop effective potential are well-defined.®

Since in our case V1,0 is flat along the ¢-axis, m¢2 (the eigenvalue in the direction
of ¢) can be negative at configuration points (¢, ¢) infinitesimally away from the ¢-axis.
Instead, if we determine the potential minimum of V1,0 + V1,0 and compute the Hessian
matrix of V1,0 + VLo in the vicinity of the minimum, all the eigenvalues are positive. Thus,
a naive perturbative treatment is inappropriate in computing quantum fluctuations in the
vicinity of a vacuum in the case that there is a negative eigenvalue.

Here we adopt a prescription® that (only) the eigenvalue m¢2 cannot be determined by
VLo, and that this eigenvalue should be determined by V1,0 + VLo, whose effect through
m¢4 In m¢2 should be included in Vani,o.” Since we do not compute Vanr,o, in practice we
simply neglect its contribution. The other eigenvalue mw2 determined by V1,0 is positive.
In eq. (2.6), the two eigenvalues are given by Fi(¢, ¢). The eigenvalues of the modes
orthogonal to these radial modes in the scalar sector are composed by those of the three
degenerate modes of H and those of the N — 1 degenerate modes of S , all of which are
non-negative; see eqs. (2.6) and (3.4).%8 We consider that these should be included in the
computation of Vxr,0. Based on these considerations, we omit the contribution of F_,,,
(the eigenvalue in the direction ¢) in eq. (3.7).

5For massless modes, such as NG bosons of the Higgs field, we define the values of m;* Inm;? in the
limit m;® — 0, i.e., zero. See eq. (3.4).

5This corresponds to the following prescription for computing Veg by the background field method.
We determine the propagator of the relevant quantum field not by the LO vertices alone but also by
including one-loop self-energy corrections. Note that both LO vertices and one-loop self-energy corrections
are dependent on the background fields (¢, ¢) and determined from V10 and Varo, respectively.

"This is consistent in the vicinity of the ¢-axis since mey? is an NLO quantity.

8 At the vacuum, the three modes orthogonal to the radial mode of H are identified with the NG modes,
whose eigenvalues vanish to all orders, while all the N modes of S become degenerate, since the O(N)
symmetry is unbroken.



An analysis for a consistent treatment of the NG modes has been performed re-
cently [33], which is similar in spirit to the above argument. We will further develop
the above method for including higher-order corrections consistently in our future work.

3.3 Relation between A\g and Agg at p = vy

To study the effective potential in the vicinity of the vacuum, a natural choice of the
renormalization scale would be p = vy, where vy = 246 GeV is the VEV of the Higgs
field. Here, we set 4 = vy and ¢ = 0 and examine a relation among the scalar couplings
(Am, Ams, Ag). (Other couplings are fixed to the SM values.) As a result we obtain a
relation between Ay and Ags.

Setting ¢ = 0, the effective potential takes a form

Var(, ¢ = 0) = C16* + Cag* In (jf) , (3.8)

where C7 and Cy are constants dependent on Ay, Ags and independent of A\g. This shows
that both mass and VEV of the Higgs boson are independent of Ag. [This is not the case
if we use RG-improved potentials, since terms including both Ag and In(+/¢? + ¢?/vy) are
resummed. ]

The potential minimum is determined by

0
8—¢Veg(¢, p = O)LZUH =0, (3.9)

from which we obtain vy as a function of A, Aug and . Then we set p = vy:

va = f(Au, Aus; @)

(3.10)
p=vh
Since vy is the only dimensionful parameter, the right-hand-side is proportional to vy and
we can divide both sides by vyg. This gives a relation between A\g and Apg, which are
renormalized at g = vg. The relation is shown in figure 2, obtained by solving eq. (3.10)
numerically.” Note that Agg should be of order /N /Ny, =~ 1.TN 172 op larger (see
section 3.1), while it should be smaller than order 47 to ensure perturbativity.

4 Results of analysis

4.1 Phenomenologically valid parameters

Using the effective potential V1,0 + VLo obtained in the previous section, we search for
a phenomenologically valid parameter region for the couplings (Ag, Ags, As). We require
that the observed mass and VEV of the Higgs boson are reproduced.

9Tf we neglect the gauge couplings (and all the Yukawa couplings except y:), we obtain a simple relation:

1
i = f@[yf (3+3In2 —61Iny) + N Aus>(In Aus — 1)]. (3.11)

This gives a good approximation of the numerical result.

~10 -
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Figure 2. The relation between Ag and Apgg obtained at the vacuum (¢ = 0) with a choice of the
renormalization scale p = vy, for various N. [Eq. (3.10)].

N 1 2 3 4 5 12
A(vg) | —0.11 | —0.055 | —0.025 | —0.0045 | 0.012 | 0.075
Aus(vm) | 4.8 3.4 2.8 2.4 2.1 | 14

Table 1. Values of Ay and Agg at g = vy fixed by my = 126 GeV and vy = 246 GeV, in the case
Vet = VLo + VxLo-

The analysis in section 3.3 shows that, as long as we choose a renormalization scale
1 =~ vy such that a perturbative analysis is valid close to the vacuum, the couplings Ay and
Ams are related, as demonstrated in figure 2. The ratio of the Higgs boson mass and the
VEV, my, /vy, varies along each line shown in the figure. Thus, if we fix my, = 126 GeV and
vy = 246 GeV, the values of Ay and Aygg are fixed. The values of Ay and Agg for various
N are shown in table 1. These values are consistent with our order estimate eq. (3.2). If
we use RG-improved potentials, A;; and Apg are no longer fixed, since they depend on the
value of \g.

Let us present results of our analysis for the case N = 1. Table 2 shows our pre-
dictions, together with representative input parameters. We compare the three different
approximations of the effective potential: (I) VLo + Vnro, (II) Ve%L), and (IIT) Ve(f}mp'NLO).
Here, V;%L) and %%mp_NLO) are defined similarly to egs. (2.14) and (2.15) from V1,0 and
VLo + Vipo with the scale choice t = In(y/¢? + ¢2/vy), respectively. As mentioned, in
the case (I), Ag and Ags are fixed by my and vy, while Ag can be taken as a free input
parameter. Reflecting this feature, even in the cases (II) and (III), the values of Ay and
Ams are tightly constrained, while Ag can be taken fairly freely. For this reason, we take Ag
as the input parameter for all three cases. In the table we take Ag = 0.10 as an example.
In all cases there exist Aj; and Ay which reproduce the mass and VEV of the Higgs boson.
Furthermore, in accord with the argument in section 3.1, the mass of the singlet scalar is
predicted to be several times larger than the Higgs boson mass in each case. We find that

- 11 -



N=1
O [ an | am
w v = 246 [GeV]
ye(vmr) 0.919
g(vm) 0.644
g (vy) 0.359
Mi(vr) —0.11 | —0.059 | —0.082
)\HS('UH) 4.8 4.5 4.3
s (vr) 0.10 | 0.0 | 0.10
un[GeV] 246
mp[GeV] 126
(p) [GeV] 0 0 0
ms[GeV] 556 | 527 | 524
Sin Opix 0 0 0
Landau pole [TeV] | 3.5 4.1 4.7

Table 2. Predictions of our model, together with some representative input parameters, for N =1

in three different approximations of the effective potentials: (I) VLo + VLo, (II) V;%L), and (IIT)

‘Q(fifmp_NLO). In each case, a parameter set for (Ag, Aus, As) is chosen such that the mass and VEV

of the Higgs boson are reproduced.

the predicted masses of the singlet scalar are consistent with each other within about 5%
accuracy. The differences may be taken as a reference for the stability of our predictions.
An undesirable feature is that the locations of the Landau pole are close and in the several
TeV region. This originates from the large value of Apg at the electroweak scale p ~ vy
(see section 3.1).

Dependences of the predictions on Ag is as follows. If we raise the value of Ag, the
locations of the Landau pole are even lowered, since the couplings Ag, Aus, Ag increase with
the renormalization scale as they influence each other. The mass of the singlet scalars are
barely dependent on \g, since only the fourth derivative in the ¢ direction of the effective
potential is affected at LO. The values of Ay and Apg do not change very much with Ag.
For instance, if we take Ag = 0.5 and 1.0, the Landau pole appears at 3.2TeV and 2.8TeV
respectively, while the mass of the singlet scalar changes little.

To see the shape of the effective potential, we show in figure 3 (a) the contour plot
of the potential in case (I) of table 2. Since the potential is symmetric under ¢ — —¢
or ¢ — —p, we show only the upper-right part of the configuration space. As expected
there is a global minimum along the ¢-axis. There is also a shallower local minimum along
the ¢-axis, which is generated by the CW mechanism of a competition between Agp?* and
Aus?e? In(Apse?/p?) terms.'® In cases (II) and (III) of table 2, we obtain qualitatively

similar contour plots.

10This local minimum on the p-axis is about ten times shallower than the global minimum. It becomes
even shallower if the value of Ag is larger. We will not be concerned about the minimum on the @-axis in
our analysis as long as it is not a global minimum.
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Figure 3. (a) Contour plot of the unimproved effective potential V1,0 + VLo - (b) Comparison
of the effective potentials on the ¢-axis (¢ = 0), in the approximations (I) V.o + Varo, (II) Ve(f];L),
and (I1I) Ve(flfmp_NLo). The effective potential for the SM is also shown.

In figure 3 (b) we show the effective potentials on the ¢-axis (i.e., for ¢ = 0) for
all three cases, together with the effective potential of the SM. We see that differences
between the three approximations are small. In particular, the difference between the LL
approximation (II) and the improved-NLO approximation (III) is hardly visible. These
features show good stability of our predictions in the vicinity of the vacuum, and that they
are within the validity range of perturbation theory.

There is a significant difference between our effective potential and that of the SM.
In comparison to the SM, the minimum of our potential is shallow, although the values
of vg and my, are common. The clear difference of the potential shapes indicates that the
higher derivatives of the potentials at the minimum are appreciably different. Namely, we
anticipate that the Higgs self-interactions of our model are appreciably different from those
of the SM.

Next we examine the cases N > 1. In general, we expect that the location of the
Landau pole is raised as compared to the N = 1 case. This is because the required value
of Apg to overwhelm the top-loop contribution decreases with N as 1/ VN, see section 3.1.
One may confirm this tendency in table 1. We show the cases N =4 and N = 12 in table 3
with the input Ag = 0.10 at © = vg. As expected the positions of the Landau pole are
raised up to order a few tens TeV for these N. The corresponding shapes of the effective
potentials are displayed in figures 4.

In figure 5 are shown the plots of the phenomenologically favored region for the portal
coupling Apgs and the Higgs quartic coupling Ag. We show the results for the case (I),
which are independent of Ag. The other parameters are fixed to the SM values. These
figures show how the parameters of the model under consideration are constrained in the
current status. As we discussed, currently Ag is barely constrained.

~13 -



N=4 N =12
@ (1) (11I) @ i1 | (I
A (ve) —0.0045 | —0.061 | —0.0005 | 0.075 | —0.063 | 0.082
Ans(vn) 2.4 2.3 2.4 1.4 1.4 1.4
As(vh) 0.10 0.10 0.10 0.10 | 0.10 | 0.10
(p) [GeV] 0 0 0 0 0 0
ms[GeV] 378 378 375 285 293 286
Sin Omix 0 0 0 0 0 0
Landau pole [TeV] 16 19 17 28 37 26

Table 3. Predictions of our model for N =4 and N = 12 in three different approximations of the
effective potentials: (I) Voo + Vavro, (I) Ve(f{?L), and (IIT) Ve(flfmp'NLO). In each case, a parameter
set for (Amg, Ams, Ag) is chosen such that the mass and VEV of the Higgs boson are reproduced.

Ver(9)[107Ge V]
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Figure 4. Same as figures 3 but for (a)(b) N = 4, and (c)(d) N = 12, corresponding to the
parameters of table 3.
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Figure 5. Plots for phenomenologically favoured region of the portal coupling Ayg and the Higgs
quartic coupling Ag for (a) N =1, (b) 4 and (c) 12, corresponding to the experimental data [34].
Ag is set as 0.1, although the results are fairly insensitive to Ag.

~ 15 —



N=1 N=4 N =12

o [ay [am | o [a [am | @ [ ay [ @
A/ A 17 |18 [ 18 | L7 | 17 | L7 | LT | 16 | LT
A /AN | 3.7 | 43 | 45 | 37 [ 32 | 34 | 37 | 28 | 3.1
Anss 114 [ 10.2 | 10.2 | 5.02 | 5.02 | 4.96 | 2.80 | 2.95 | 2.83
Ahhss 14 | 13 | 13 | 56 | 57| 57 | 30 | 32 | 3.1
Assss —les | - | =19 — | = o9| -

Table 4. Coupling constants among the scalar particles, corresponding to the parameters of tables 2
and 3. The coupling constants are defined in eq. (4.2).

4.2 Interactions among physical scalar particles
4.2.1 Our results

Let us expand the effective potential about the vacuum after rewriting ¢> — HTH, ¢ —

S.S and
1 0
H=— ,
\/§<UH+h>

S = (vs + s1, 52, -+

= (s1, 82, -+, sn) = 5. (4.1)

Then the effective potential takes a form

Vet = const. + §m}21h2 + §mz 35+ % onh’ }lf'hh B

A A
vnhE 5+ %h%&ﬂ S5 (582 4. (4.2)

+ >\hss

where only up to dimension-four interactions are shown explicitly.

We show the values of the coupling constants among the scalar particles in table 4.
They correspond to the parameters of tables 2 and 3. In the case N = 1, the triple self-
coupling of the Higgs boson Appp turns out to be larger than the SM value by a factor
1.7-1.8, while the quartic self-coupling Appnn is larger by a factor 3.7-4.5. The range of
each value shows the level of accuracy of our prediction. (In general higher derivatives of
the potential have larger uncertainties.) These values are barely dependent on the input
value for Ag, since the effective potential in case (I) is independent of Ag on the ¢-axis, and
the dependence is weak in the cases (II) and (III).

For N =1, the coupling constants involving the singlet scalars are large and of order
ten. They become even larger if the input value for Ag is taken to be larger. One may
wonder if perturbation theory is valid with such large coupling constants. We remind the
reader that the coupling constants in the original Lagrangian are not so large, and that
our predictions have been tested to be within the perturbative regime in the vicinity of the
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scale of the vacuum. These large couplings are considered to be a typical feature of the
present model and need to be tested by future experiments.

For larger N, the Higgs triple self-coupling is barely dependent on N, while the quartic
coupling decreases slightly with N. The N dependences of the couplings involving the
singlet scalars are more evident. Generally we obtain smaller couplings for larger N.
This originates from high sensitivities of these couplings on Agg, which reduces with N as
~1/ V/N, and can be regarded as a characteristic feature of our potential.

In the cases (I) and (III) the values of Ay are not shown in the table, for the following
reason. If we compute the fourth derivative of Vo with respect to S and set h = |3] =0,
the contribution of the NG modes of H diverges. This does not happen in the case (II)
since Vnro is not involved. The divergence originates from an infra-red region, k ~ 0 in
[d*k/(k*)?, and is an artifact of setting all the external momenta to zero. In physical
amplitudes, momenta flowing into the quartic vertex are almost always non-zero, which
regularize the IR divergence in the loop integral. Since the other couplings have similar
values for the cases (I), (IT), (III), we expect that the values of A for the case (II) would
give reasonable estimates of the quartic vertex appropriate for physical amplitudes.

4.2.2 Comparison with results using Gildener-Weinberg’s framework

Let us compare our results with those using the conventional GW framework.

We show in table 5(a)—(c) comparisons of the couplings among the physical Higgs boson
and singlet scalar(s), including their self-couplings, as defined in eq. (4.2). The effective
potential in the GW framework coincides with our effective potential after setting ¢ = 0.
Hence, the Higgs self-couplings are the same in both analyses. [We list the values for case
(I) of our analysis as the corresponding values in the GW framework.]

In conventional analyses using the GW framework, the couplings involving the singlet
scalars are derived using the tree-level interactions (by substituting the VEV of the Higgs
boson appropriately). Therefore, loop-induced effects are not included. In our case, since
the portal coupling Apg is large, its loop-induced effects can be large. These effects are
most enhanced for N = 1, where Apg is the largest; see table 5(a). In particular there is a
large enhancement of the singlet quartic self-coupling Agss, if Ag is small and the effect of
Ans-induced loop contribution is much larger. (We list the case Ag = 0.1 in the table.) Note
that, although Ag is practically a free parameter, a smaller value is preferred with regard
to the Landau pole. For completeness, we show the Ag dependences of our predictions in
table 6. We see that only Agss depends considerably on Ag, and the dependence is roughly
consistent with that of 6\g 4 const., as anticipated.

In view of the large portal coupling, certainly it is sensible to include the loop-induced
effects in computing the interactions involving the singlet scalars. In this case, we need to
set up a formulation with proper account of order counting, as described in the previous
section. It inevitably requires departure from the analysis in a one-dimensional subspace,
i.e., the GW formulation.

The differences between our results and those of the GW framework tend to decrease
for larger N, since the portal coupling becomes smaller. This tendency can be confirmed
in tables 5(b)(c).
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N =1 case Ahhh | Ahhhh Ahss Ahhss Assss
SM prediction 0.78 | 0.78 none none none
GW’s framework 1.3 2.9 | 22gs =9.6 | 2Ags = 9.6 | 6Ag = 0.6

(I) 1.3 2.9 11.4 13.8 -
our analysis | (II) | 1.4 3.4 10.2 13.0 6.5
(I1) | 14 3.6 10.2 13.5 -

(a)

N =4 case Ahhh | Ahhhh Ahss Ahhss Assss
SM prediction 0.78 | 0.78 none none none
GW'’s framework 1.3 2.9 | 2 gs =4.8 | 2Ags = 4.8 | 6Ag = 0.6

(I) 1.3 2.9 5.0 5.6 -
our analysis | (II) | 1.3 2.5 5.0 5.7 1.9
(I11) | 14 2.7 5.0 5.7 -

(b)

N =12 case )\hhh )\hhhh )\hss Ahhss Assss
SM prediction 0.78 | 0.78 none none none
GW’s framework 1.3 2.9 2 s = 2.8 | 2 s = 2.8 | 6Ag = 0.6

(I) 1.3 2.9 2.8 3.0 -
our analysis | (II) | 1.3 2.2 3.0 3.2 0.92
(1) | 1.3 2.4 2.8 3.1 -
(c)

Table 5. Comparisons between the results derived by our analysis and those derived by GW’s
method for N =1, 4 and 12 cases in (a), (b) and (c), respectively.

As 01 ] 03] 05| 1.0 | 20
Anss (I) [ 11.4 | 11.5 | 11.5 | 11.7 | 11.9
Anss (IT) | 10.2 | 10.2 | 10.3 | 10.3 | 10.4
Anss (ITT) | 10.2 | 10.3 | 10.3 | 10.4 | 10.4
Assss (IT) | 6.53 | 7.91 | 9.32 | 12.8 | 19.7

Table 6. \g dependences of the couplings involving the singlet scalar bosons.
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4.3 Veltman’s condition for the Higgs mass

Veltman’s condition is a condition for the quadratic divergence to vanish in the radiative
correction to the Higgs potential. Generally the one-loop effective potential for the Higgs
boson in a cut-off regularization scheme is given by

STr [A‘l <ln A% — ;) + 2M? () A% + M () <ln MZ@ - ;)] +c.t.,
(4.3)

1

Vl—loop(qb) = 6472

where A is a UV regulator, and M?(¢)(< A2) is the mass-squared matrix . The first term
is a cosmological constant term, which we subtract by the counter term (with tremendous
fine-tuning, but we will not be concerned about it here). The second term is a quadrat-
ically divergent term. It can either be subtracted (fine-tuning), which makes the theory
unnatural, or vanish if

82

;W {STr M2 (<H> + 5(5)} . =0 foreachi,j (4.4)

dp—0
holds at a scale g, which makes the theory natural. Here, 55 denotes a fluctuation field
vector around the VEV (@) .

In the SM, the coefficient of the quadratically divergent term is given by

9¢(vn) , 3¢ (vn)

1 6
STr M? (v + )],y o = R 6y (vir) + 6Am(vir)

370 |

~—4.1. (4.5)

Thus, Veltman’s condition is violated at order unity and fine-tuning is necessary if the
cut-off scale is much higher than the electroweak scale.

Here, we examine whether the fine-tuning is tamed comparatively in the scale-invariant
model. The coefficient of A? is expressed by the matrix

1 0? o () =
2 0(06)9(06;) ST 2 ((6)+05)|
_ QQZiUH) + 3g/24(vH) _ 6y§(vH) + 6)\H(UH) + N)\HS(’UH) 0
0 (4)\HS(’UH) + (N + Q)AS(UH))INXN
(4.6)

It is diagonal, since there is no mixing between the Higgs boson and the singlet scalar
boson. Let us moderately examine only the coefficient of the Higgs boson for various
N. The hh component of the above matrix takes values 0.76, 5.6, 12.8 for N = 1, 4,
12, respectively. Instead, we can examine the constraint by Veltman’s condition on the
parameters of the model, see figures 6(a)—(c), which also combine the phenomenologically
valid regions plotted in figures 5. As can be seen, the fine-tuning is tamed particularly for

N =1, which may be a good feature of the model.'!

HgGince the cut-off scale, given by the Landau pole, is at several TeV scale in the N = 1 case, there will
not be a serious fine-tuning problem below this scale.
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Figure 6. Favoured regions of Veltman’s condition for the Higgs mass for N = 1 [(a)], N = 4
[(b)] and N =12 [(c)]. We combine the plot in each case with the respective plot of figures 5. The
regions in the darkest, darker and light colors correspond to the magnitudes of the coefficient of
the quadratic divergence [given by the hh component of eq. (4.6)] smaller than 0.1, 0.5 and 1.0,

respectively.

— 920 —



On the other hand, the quadratic divergence for the singlet component is significant.
Although \g is a free parameter, it is expected to be positive semi-definite at the electroweak
scale in order to stabilize the vacuum at LO.'? One way to remedy this problem is to couple
right-handed Majorana neutrinos to the singlet scalars, as advocated in [11]. Here, we do
not pursue such possibilities and leave it as an open question.

5 Conclusions and discussion

Up to now experimental data show that properties of the Higgs boson are consistent with
the SM predictions. It is an intriguing question, with respect to the structure of the vacuum,
whether only the Higgs self-interactions not measured so far can deviate significantly from
the SM predictions. A possible scenario is that the Higgs effective potential is irregular
at the origin. In this analysis we studied an extension of the Higgs sector with classical
scale invariance as an example of such potentials. As a minimal model, we considered
the SM Higgs sector in the scale-invariant limit, coupled via a portal interaction to an
N-plet of real scalars under a global O(N) symmetry (singlet under the SM gauge group).
We analyzed the electroweak symmetry breaking by the CW mechanism using RG and
examined interactions among the scalar particles which probe the structure of the potential
around the vacuum.

We computed the effective potential in the configuration space of the Higgs and singlet
scalar fields (¢, ¢). The input parameters are the Higgs self-coupling Ay, portal coupling
Ags, and self-coupling of the singlet scalars Ag at tree level. In order to obtain pertur-
batively valid predictions, we find that parametrically |Ag| < |Angg| needs to be satisfied.
Furthermore, Agg needs to be large, of order \/N¢ /N y; =~ 1.7TN -1/ 2 in order to overwhelm
the contribution of the top quark loop. We developed a special perturbative formulation
for our model in order to analyze the (¢, ) space, since a naive treatment fails. The
consistent parameter region of the couplings (Amg, Ags, Ag) is found which gives a global
minimum of the effective potential at (¢, ¢) = (vh, 0) with the Higgs VEV vy = 246 GeV
and the Higgs boson mass my = 126 GeV. The potential is stable against RG improve-
ments, showing validity of the perturbative predictions. Ap and Apg are almost fixed, while
As(> 0) can be taken fairly freely. The SM gauge group is broken as in the SM, while the
O(N) symmetry is unbroken. (Hence, there is no NG boson.) The Higgs boson and singlet
scalars do not mix at the vacuum. The mass of the N degenerate singlet scalars arises
at LO of the perturbative expansion, whereas the mass of the Higgs boson is generated
at NLO. Hence, generally the singlet scalars are much heavier than the Higgs boson. For
N =1 and Ag = 0.1 the mass is about 500 GeV, and it becomes lighter for larger N and
heavier for larger \s.

Since the coupling Apg should be large in order to beat the top loop contribution, the
Landau pole appears at a few to a few tens TeV (the position of the Landau pole is higher
for larger N and smaller for larger \g). Hence, the cut-off scale of this model is considered
to be around this scale. For instance, this feature conflicts with a scenario which imposes

12Gince one-loop effects induced by the portal coupling are large, there may be a consistent region where
As is negative and still the vacuum is stabilized.
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a classically scale-invariant boundary condition at the Planck scale as a possible solution
to the naturalness problem. Even without such a motivation, it can be a serious drawback
of this model that the Landau pole is located so close to the electroweak scale. These
features are consistent with the results of the analysis given in [9], while we presented more
detailed analyses.

We computed the triple and quartic (self-)couplings of the Higgs and singlet scalar
particles at the vacuum. Computation of the interactions involving the singlet scalars is
a unique aspect of the use of our formulation, since the portal coupling is large and loop-
induced effects tend to be large. We obtain the Higgs triple and quartic self-couplings
which are larger than the SM values by factors 1.6-1.8 and 2.8-4.5, respectively. The
triple coupling is hardly dependent on N, while the quartic coupling decreases slightly
with N. Both of them are barely dependent on Ag. According to the studies [35, 36], we
naively expect that the triple coupling can be detected at 20 level at a future ILC, with an
integrated luminosity of 1.1 ab™! at a centre-of-mass energy /s = 500 GeV and 140 fb~!
at /s = 1 TeV. The couplings involving the singlet scalars are fairly large, of order ten,
in the case of small N, reflecting the irregularity of the potential at the origin and a large
value of Ags. If probed, these large couplings provide fairly vivid clues to the structure of
the effective potential in the vicinity of the vacuum.

It is difficult to detect signals of this model at the current LHC experiments. Since
there is no mixing between the Higgs and singlet scalar particles, the couplings of the Higgs
boson with other particles are unchanged from the SM values at tree level. The singlet
scalar particles interact with the SM particles only through the Higgs boson. Furthermore,
the singlet scalars are heavy and can be produced only in pairs due to the O(NN) symmetry
(or Zy symmetry for N = 1). These features make it difficult to detect the singlet scalars
directly at the LHC experiments. The production cross sections of the singlet scalars at
the LHC are expected to be very small and it would be difficult to detect them, although
a further detailed analysis is needed. On the other hand, it would be difficult to probe the
extended Higgs sector from loop effects in various precision measurements. These appear
as higher-order effects to the Higgs effects, and since the Higgs effects themselves are small,
we expect that detection of an anomaly is non-trivial.

From the cosmological point of view, there is a possibility that the singlet scalar bo-
son(s) is a part of dark matter. The singlet boson is stable due to O(N) or Z; symmetry.
Since the couplings between singlet(s) and Higgs Angs and Appgs are very large, the anni-
hilation cross section is also large, which decreases its relic abundance. In N > 1 cases,
the total relic abundance is the sum over each individual singlet s;. Then typically the
scalar couplings decrease and the total relic abundance increases with N. Our naive esti-
mation shows that singlet(s) can be a dark matter, whose abundance is less than around
1% of the total dark matter relic abundance [37]. We are currently preparing a further
detailed study.

We also examined Veltman’s condition (vanishing of the quadratic divergence) for the
Higgs mass. We find that for N = 1 the fine-tuning is relaxed compared to the SM, by the
effect of the large portal coupling which cancels against the top-quark loop effects. Since
the current level of the fine-tuning in the SM indicates that the natural scale of the cut-off
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is quite close to the electroweak scale, this may be a good tendency of the model. The
relaxation of fine-tuning is not significant for N > 1.

A possible scenario to avoid the Landau pole near the electroweak scale is to promote
the global O(N) symmetry to a gauge symmetry (the group can also be replaced by another
non-abelian group). An appropriate gauge-symmetric extension pushes up the location of
the Landau pole, driven by the asymptotically-free nature, and in an extreme case, up to
the Planck scale in the context of a radiative electroweak symmetry breaking scenario [9].

Since the Higgs self-interactions by higher powers of the Higgs field are not suppressed
and scalar interactions are large, one may suspect that our model belongs to one of the
strongly-interacting Higgs sector, which can be analyzed, e.g. using a non-linear sigma
model. We note that it is not a strongly-interacting model, at least around the electroweak
scale. We reemphasize that our predictions are well within the perturbative regime, and the
usual loop expansion with only renormalizable interactions gives stable predictions with
only a few input parameters. To realize a phenomenologically valid scenario, a slightly
unusual order-counting is employed, as discussed in section 3.

Acknowledgments

The works of K.E. and Y.S. were supported in part by Tohoku University Institute for
International Advanced Research and Education and by Grant-in-Aid for scientific research
No. 23540281 from MEXT, Japan, respectively.

Open Access. This article is distributed under the terms of the Creative Commons
Attribution License (CC-BY 4.0), which permits any use, distribution and reproduction in
any medium, provided the original author(s) and source are credited.

References

[1] ATLAS collaboration, Observation of a new particle in the search for the Standard Model
Higgs boson with the ATLAS detector at the LHC, Phys. Lett. B 716 (2012) 1
[arXiv:1207.7214] [INSPIRE].

[2] CMS collaboration, Observation of a new boson at a mass of 125 GeV with the CMS
experiment at the LHC, Phys. Lett. B 716 (2012) 30 [arXiv:1207.7235] [INSPIRE].

[3] S. Kanemura, S. Kiyoura, Y. Okada, E. Senaha and C.P. Yuan, New physics effect on the
Higgs selfcoupling, Phys. Lett. B 558 (2003) 157 [hep-ph/0211308] [INSPIRE].

[4] S. Kanemura, Y. Okada, E. Senaha and C.-P. Yuan, Higgs coupling constants as a probe of
new physics, Phys. Rev. D 70 (2004) 115002 [hep-ph/0408364] [INSPIRE].

[5] S.R. Coleman and E.J. Weinberg, Radiative Corrections as the Origin of Spontaneous
Symmetry Breaking, Phys. Rev. D 7 (1973) 1888 [INSPIRE].

[6] R. Foot, A. Kobakhidze and R.R. Volkas, Flectroweak Higgs as a pseudo-Goldstone boson of
broken scale invariance, Phys. Lett. B 655 (2007) 156 [arXiv:0704.1165] [INSPIRE].

[7] J.R. Espinosa and M. Quirds, Nowvel Effects in Electroweak Breaking from a Hidden Sector,
Phys. Rev. D 76 (2007) 076004 [hep-ph/0701145] [INSPIRE].

~ 93 -


http://creativecommons.org/licenses/by/4.0/
http://dx.doi.org/10.1016/j.physletb.2012.08.020
http://arxiv.org/abs/1207.7214
http://inspirehep.net/search?p=find+EPRINT+arXiv:1207.7214
http://dx.doi.org/10.1016/j.physletb.2012.08.021
http://arxiv.org/abs/1207.7235
http://inspirehep.net/search?p=find+EPRINT+arXiv:1207.7235
http://dx.doi.org/10.1016/S0370-2693(03)00268-5
http://arxiv.org/abs/hep-ph/0211308
http://inspirehep.net/search?p=find+EPRINT+hep-ph/0211308
http://dx.doi.org/10.1103/PhysRevD.70.115002
http://arxiv.org/abs/hep-ph/0408364
http://inspirehep.net/search?p=find+EPRINT+hep-ph/0408364
http://dx.doi.org/10.1103/PhysRevD.7.1888
http://inspirehep.net/search?p=find+J+Phys.Rev.,D7,1888
http://dx.doi.org/10.1016/j.physletb.2007.06.084
http://arxiv.org/abs/0704.1165
http://inspirehep.net/search?p=find+EPRINT+arXiv:0704.1165
http://dx.doi.org/10.1103/PhysRevD.76.076004
http://arxiv.org/abs/hep-ph/0701145
http://inspirehep.net/search?p=find+EPRINT+hep-ph/0701145

8]

[13]

[14]

[15]

L. Alexander-Nunneley and A. Pilaftsis, The Minimal Scale Invariant Extension of the
Standard Model, JHEP 09 (2010) 021 [arXiv:1006.5916] [INSPIRE].

D. Chway, T.H. Jung, H.D. Kim and R. Dermisek, Radiative Electroweak Symmetry Breaking
Model Perturbative All the Way to the Planck Scale, Phys. Rev. Lett. 113 (2014) 051801
[arXiv:1308.0891] [INSPIRE].

I. Masina and M. Quirés, On the Veltman Condition, the Hierarchy Problem and High-Scale
Supersymmetry, Phys. Rev. D 88 (2013) 093003 [arXiv:1308.1242] [INSPIRE].

O. Antipin, M. Mojaza and F. Sannino, Conformal Extensions of the Standard Model with
Veltman Conditions, Phys. Rev. D 89 (2014) 085015 [arXiv:1310.0957] [INSPIRE].

J. Guo and Z. Kang, Higgs Naturalness and Dark Matter Stability by Scale Invariance,
arXiv:1401.5609 [INSPIRE].

C. Tamarit, Higgs vacua with potential barriers, Phys. Rev. D 90 (2014) 055024
[arXiv:1404.7673] [INSPIRE].

R. Hempfling, The next-to-minimal Coleman-Weinberg model, Phys. Lett. B 379 (1996) 153
[hep-ph/9604278] [INSPIRE].

W.-F. Chang, J.N. Ng and J.M.S. Wu, Shadow Higgs from a scale-invariant hidden U(1)(s)
model, Phys. Rev. D 75 (2007) 115016 [hep-ph/0701254] [INSPIRE].

K.A. Meissner and H. Nicolai, Conformal Symmetry and the Standard Model, Phys. Lett. B
648 (2007) 312 [hep-th/0612165] [INSPIRE].

R. Foot, A. Kobakhidze, K.L. McDonald and R.R. Volkas, A solution to the hierarchy
problem from an almost decoupled hidden sector within a classically scale invariant theory,
Phys. Rev. D 77 (2008) 035006 [arXiv:0709.2750] [INSPIRE].

S. Iso, N. Okada and Y. Orikasa, Classically conformal B-L extended Standard Model, Phys.
Lett. B 676 (2009) 81 [arXiv:0902.4050] [iNSPIRE].

S. Iso and Y. Orikasa, TeV Scale B-L model with a flat Higgs potential at the Planck scale:
In view of the hierarchy problem, PTEP 2013 (2013) 023B08 [arXiv:1210.2848] INSPIRE].

C. Englert, J. Jaeckel, V.V. Khoze and M. Spannowsky, Emergence of the Electroweak Scale
through the Higgs Portal, JHEP 04 (2013) 060 [arXiv:1301.4224] InSPIRE].

T. Hambye and A. Strumia, Dynamical generation of the weak and Dark Matter scale, Phys.
Rev. D 88 (2013) 055022 [arXiv:1306.2329] [INSPIRE].

C.D. Carone and R. Ramos, Classical scale-invariance, the electroweak scale and vector dark
matter, Phys. Rev. D 88 (2013) 055020 [arXiv:1307.8428] INSPIRE].

E. Gabrielli et al., Towards Completing the Standard Model: Vacuum Stability, EWSB and
Dark Matter, Phys. Rev. D 89 (2014) 015017 [arXiv:1309.6632] INSPIRE].

S. Abel and A. Mariotti, Novel Higgs Potentials from Gauge Mediation of Ezxact Scale
Breaking, Phys. Rev. D 89 (2014) 125018 [arXiv:1312.5335] INSPIRE].

S. Benic and B. Radovcic, Electroweak breaking and Dark Matter from the common scale,
Phys. Lett. B 732 (2014) 91 [arXiv:1401.8183] [INSPIRE].

V.V. Khoze, C. McCabe and G. Ro, Higgs vacuum stability from the dark matter portal,
JHEP 08 (2014) 026 [arXiv:1403.4953] [INSPIRE].

—94 —


http://dx.doi.org/10.1007/JHEP09(2010)021
http://arxiv.org/abs/1006.5916
http://inspirehep.net/search?p=find+EPRINT+arXiv:1006.5916
http://dx.doi.org/10.1103/PhysRevLett.113.051801
http://arxiv.org/abs/1308.0891
http://inspirehep.net/search?p=find+EPRINT+arXiv:1308.0891
http://dx.doi.org/10.1103/PhysRevD.88.093003
http://arxiv.org/abs/1308.1242
http://inspirehep.net/search?p=find+EPRINT+arXiv:1308.1242
http://dx.doi.org/10.1103/PhysRevD.89.085015
http://arxiv.org/abs/1310.0957
http://inspirehep.net/search?p=find+EPRINT+arXiv:1310.0957
http://arxiv.org/abs/1401.5609
http://inspirehep.net/search?p=find+EPRINT+arXiv:1401.5609
http://dx.doi.org/10.1103/PhysRevD.90.055024
http://arxiv.org/abs/1404.7673
http://inspirehep.net/search?p=find+EPRINT+arXiv:1404.7673
http://dx.doi.org/10.1016/0370-2693(96)00446-7
http://arxiv.org/abs/hep-ph/9604278
http://inspirehep.net/search?p=find+EPRINT+hep-ph/9604278
http://dx.doi.org/10.1103/PhysRevD.75.115016
http://arxiv.org/abs/hep-ph/0701254
http://inspirehep.net/search?p=find+EPRINT+hep-ph/0701254
http://dx.doi.org/10.1016/j.physletb.2007.03.023
http://dx.doi.org/10.1016/j.physletb.2007.03.023
http://arxiv.org/abs/hep-th/0612165
http://inspirehep.net/search?p=find+EPRINT+hep-th/0612165
http://dx.doi.org/10.1103/PhysRevD.77.035006
http://arxiv.org/abs/0709.2750
http://inspirehep.net/search?p=find+EPRINT+arXiv:0709.2750
http://dx.doi.org/10.1016/j.physletb.2009.04.046
http://dx.doi.org/10.1016/j.physletb.2009.04.046
http://arxiv.org/abs/0902.4050
http://inspirehep.net/search?p=find+EPRINT+arXiv:0902.4050
http://dx.doi.org/10.1093/ptep/pts099
http://arxiv.org/abs/1210.2848
http://inspirehep.net/search?p=find+EPRINT+arXiv:1210.2848
http://dx.doi.org/10.1007/JHEP04(2013)060
http://arxiv.org/abs/1301.4224
http://inspirehep.net/search?p=find+EPRINT+arXiv:1301.4224
http://dx.doi.org/10.1103/PhysRevD.88.055022
http://dx.doi.org/10.1103/PhysRevD.88.055022
http://arxiv.org/abs/1306.2329
http://inspirehep.net/search?p=find+EPRINT+arXiv:1306.2329
http://dx.doi.org/10.1103/PhysRevD.88.055020
http://arxiv.org/abs/1307.8428
http://inspirehep.net/search?p=find+EPRINT+arXiv:1307.8428
http://dx.doi.org/10.1103/PhysRevD.89.015017
http://arxiv.org/abs/1309.6632
http://inspirehep.net/search?p=find+EPRINT+arXiv:1309.6632
http://dx.doi.org/10.1103/PhysRevD.89.125018
http://arxiv.org/abs/1312.5335
http://inspirehep.net/search?p=find+EPRINT+arXiv:1312.5335
http://dx.doi.org/10.1016/j.physletb.2014.03.018
http://arxiv.org/abs/1401.8183
http://inspirehep.net/search?p=find+EPRINT+arXiv:1401.8183
http://dx.doi.org/10.1007/JHEP08(2014)026
http://arxiv.org/abs/1403.4953
http://inspirehep.net/search?p=find+EPRINT+arXiv:1403.4953

[27]

[28]

[29]

[30]

[31]

32]

[33]

[34]

[35]

[36]
[37]

W. Altmannshofer, W.A. Bardeen, M. Bauer, M. Carena and J.D. Lykken, Light Dark
Maiter, Naturalness and the Radiative Origin of the Electroweak Scale, JHEP 01 (2015) 032
[arXiv:1408.3429] INSPIRE].

S. Benic and B. Radovcic, Majorana dark matter in a classically scale invariant model, JHEP
01 (2015) 143 [arXiv:1409.5776] [INSPIRE].

M.J.G. Veltman, The Infrared-Ultraviolet Connection, Acta Phys. Polon. B 12 (1981) 437
[INSPIRE].

E. Gildener and S. Weinberg, Symmetry Breaking and Scalar Bosons, Phys. Rev. D 13
(1976) 3333 [INSPIRE].

M. Bando, T. Kugo, N. Maekawa and H. Nakano, Improving the effective potential, Phys.
Lett. B 301 (1993) 83 [hep-ph/9210228] [iNSPIRE].

M. Bando, T. Kugo, N. Maekawa and H. Nakano, Improving the effective potential:
Multimass scale case, Prog. Theor. Phys. 90 (1993) 405 [hep-ph/9210229] [INSPIRE].

S.P. Martin, Taming the Goldstone contributions to the effective potential, Phys. Rev. D 90
(2014) 016013 [arXiv:1406.2355] [INSPIRE].

PARTICLE DATA GROUP collaboration, K. Olive et al., Review of Particle Physics, Chin.
Phys. C 38 (2014) 090001.

H. Baer et al., The International Linear Collider Technical Design Report — Volume 2:
Physics, arXiv:1306.6352 [INSPIRE}.

D.M. Asner et al., ILC Higgs White Paper, arXiv:1310.0763 [INSPIRE].

J.M. Cline, K. Kainulainen, P. Scott and C. Weniger, Update on scalar singlet dark matter,
Phys. Rev. D 88 (2013) 055025 [arXiv:1306.4710] [INSPIRE].

— 95—


http://dx.doi.org/10.1007/JHEP01(2015)032
http://arxiv.org/abs/1408.3429
http://inspirehep.net/search?p=find+EPRINT+arXiv:1408.3429
http://dx.doi.org/10.1007/JHEP01(2015)143
http://dx.doi.org/10.1007/JHEP01(2015)143
http://arxiv.org/abs/1409.5776
http://inspirehep.net/search?p=find+EPRINT+arXiv:1409.5776
http://inspirehep.net/search?p=find+J+ActaPhys.Polon.,B12,437
http://dx.doi.org/10.1103/PhysRevD.13.3333
http://dx.doi.org/10.1103/PhysRevD.13.3333
http://inspirehep.net/search?p=find+J+Phys.Rev.,D13,3333
http://dx.doi.org/10.1016/0370-2693(93)90725-W
http://dx.doi.org/10.1016/0370-2693(93)90725-W
http://arxiv.org/abs/hep-ph/9210228
http://inspirehep.net/search?p=find+EPRINT+hep-ph/9210228
http://dx.doi.org/10.1143/PTP.90.405
http://arxiv.org/abs/hep-ph/9210229
http://inspirehep.net/search?p=find+EPRINT+hep-ph/9210229
http://dx.doi.org/10.1103/PhysRevD.90.016013
http://dx.doi.org/10.1103/PhysRevD.90.016013
http://arxiv.org/abs/1406.2355
http://inspirehep.net/search?p=find+EPRINT+arXiv:1406.2355
http://dx.doi.org/10.1088/1674-1137/38/9/090001
http://dx.doi.org/10.1088/1674-1137/38/9/090001
http://arxiv.org/abs/1306.6352
http://inspirehep.net/search?p=find+EPRINT+arXiv:1306.6352
http://arxiv.org/abs/1310.0763
http://inspirehep.net/search?p=find+EPRINT+arXiv:1310.0763
http://dx.doi.org/10.1103/PhysRevD.88.055025
http://arxiv.org/abs/1306.4710
http://inspirehep.net/search?p=find+EPRINT+arXiv:1306.4710

	Introduction
	Model and effective Higgs potential
	Lagrangian
	Effective potential up to one-loop level
	Renormalization group analysis

	Perturbatively valid parameter region
	Order counting in perturbative expansion
	Comment on the Hessian matrix
	Relation between lambda(H) and lambda(HS) at mu=v(H)

	Results of analysis
	Phenomenologically valid parameters
	Interactions among physical scalar particles
	Our results
	Comparison with results using Gildener-Weinberg's framework

	Veltman's condition for the Higgs mass

	Conclusions and discussion

