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1. Introduction

The gauge hierarchy problem [1, 2] has been a long standing problem in the standard model
(SM). The discovery of the Higgs boson with a mass of 125 GeV [3, 4], together with the lack of
signals of new physics, implies that the SM could be valid up to a high scale. In particular, the
renormalization group (RG) analysis indicates that there is no obstacle to prevent the validity of the
SM up to the Planck scale. This situation makes the gauge hierarchy problem more mysterious.

One of aspects of the gauge hierarchy problem relies on the interpretation of the quadratic
divergence. Quantum corrections to the Higgs mass parameter contain both the logarithmic and
quadratic divergences when employing a naive momentum cutoff or the Pauli-Villars regulariza-
tion. The former divergence is proportional to the bare mass parameter, while the latter one is
independent from it. The appearance of the quadratic divergence, however, strongly depends on
a regularization scheme. Indeed, the dimensional regularization does not yield a corresponding
object to the quadratic divergence. In the sense that physics should not depend on a choice of the
regularization scheme, the quadratic divergence may be spurious.

The remaining gauge hierarchy problem after removing the quadratic divergence arises from
the fact that the rapid energy scaling of the Higgs mass parameter: The dimensionless mass pa-
rameter behaves as m?, (k) ~ k=2, where k is an energy scale. This implies that the ratio between
the Higgs mass parameter and the Planck scale has to be mz (M) /Ma ~ 107> in order to realize
m2(vy,)/ v,% ~ 1 at the electroweak scale. Why is the Higgs mass at the Planck scale so much smaller
than the Planck scale? This question originates from the canonical dimension 2 of the scalar mass
parameter. Although quantum effects induce an anomalous dimension 7,, which deviates the en-
ergy scaling from the canonical one such that 2 — 7, it is negligibly small in the SM. A possible
solution to this problem is the imposition of classical scale symmetry which prohibits dimension-
ful parameters in the bare action [5, 6]. Then, there is no corresponding scale to the electroweak
one, so that we need a scale-generation mechanism, i.e. scalegenesis. One of possible ways is
the Coleman-Weinberg mechanism [7] in which scale symmetry is broken by the scale anomaly.
The other scenario for scalegenesis relies on the strong dynamics like quantum chromodynamics.
In both cases, a degree of freedom of a dimensionless coupling changes to that of a dimensionful
parameter. This is the so-called dimensional transmutation.

The scale invariant SM, however, cannot realize electroweak scalegenesis, so that a scale in-
variant extension of the SM is required. The simplest extension is an introduction of a scalar field
coupled to the Higgs field via the Higgs-portal coupling. If the dynamics in the new (hidden) sector
generates a TeV scale, the electroweak symmetry breaking is triggered through the Higgs-portal
coupling. It has been suggested a lot of possible scale invariant extensions as a hidden sector,
together with other issues in the SM such as dark matter, neutrino masses and Baryogenesis.

However, classical scale invariance is nothing but a strong assumption. The clarification of the
origin of classical scale invariance requires discussing the high energy physics including quantum
gravity beyond the Planck scale. In this paper, we focus on the asymptotic safety scenario of quan-
tum gravity. Asymptotically safe quantum gravity is formulated as a non-perturbative quantum
field theory. An advantage of this scenario is that one can evaluate quantum gravity effects within
the quantum field theory realm. With helps of the Wilsonian RG, we can calculate a large anoma-
lous dimensions for a scalar mass parameter, 7, induced by graviton fluctuations. If ¥, becomes
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larger than the canonical dimension 2, the energy scaling behavior of the scalar mass parameter is
drastically changed. In such a scenario, we could have hints towards the gauge hierarchy problem.

This paper is organized as follows: In Section 2, we discuss renormalization using a simple
scalar field theory. In particular, we explain the meaning of the quadratic divergence in viewpoint
from the Wilson RG. Then, we discuss the gauge hierarchy problem and the idea of classical scale
invariance in Section 3. Section 4 is devoted to introducing a mechanism for scalegenesis and
to showing an example of an extension of the SM. In Section 5, we discuss impacts of graviton
fluctuations in asymptotically safe quantum gravity on the scalar mass parameter, especially the
anomalous dimension ¥, induced by graviton fluctuations, and potential scenarios as a solution to
the gauge hierarchy problem.

2. Scalar mass and quadratic divergence in scalar theory

In this section we discuss renormalization for a simple real singlet-scalar field theory. We start
by reviewing the mass-independent renormalization (MIR) in the standard perturbation theory. It is
shown in Section 2.1 that the scalar mass parameter is separated into the logarithmic and quadratic
divergent parts. One can deal “multicatively”" with the logarithmic divergence in renormalization,
while the quadratic one is “additively" renormalized. In Section 2.2 we discuss the Wilson RG
procedure for the same scalar theory. In particular, we highlight that the quadratic divergence
in terms of the Wilsonian RG specifies an “absolute" position of the phase boundary between
the broken and symmetric phases in the theory space for a chosen renormalization scheme. The
independence of physical quantities from the choice of the renormalization scheme requires that
they are defined as a deviation (relative distance) from the phase boundary. This can be actually
seen by analyzing the RG flow around a fixed point. Then, the quadratic divergence becomes
invisible by rotating the coordinate of the theory space around the fixed point.

2.1 Mass-independent renormalization

We demonstrate the MIR scheme using a real singlet-scalar theory whose Lagrangian reads

( o) — mo¢o !/wé, 2.1)

where the subscript “0" denotes a bare quantity. A key treatment of the MIR is that we split the

bare mass into two parts, i.e. m(z) = nAz(Q) + 6m(2), and define renormalized quantities such that

0 =2, m? =27, '3, S’ = Zy5m2, A=7"%. 2.2)

We should note here that the renormalized mass m? is proportional to ﬁ% but not to 5m(2). For this
setup the Lagrangian with counter terms in terms of the renormalized quantities (2.2) is given by

1 2 Lo 1,4
= 5(‘9#‘1)) _Em () —4*!7“15 + Lot (2.3)
where the counter-term Lagrangian reads
0Z, 52,,, 0Z
Lo = 50 (u9) = =m0 — S 8m 97 — TR A", 24)



Gauge hierarchy problem and scalegenesis Masatoshi Yamada

with 0Zy = Zy — 1, 6Z,, = ZyZy — 1 and 8Z; = ZAZ£ — 1. To determine each counter term we
employ the following four renormalization conditions:

' (p? =0,m? A;u?) =0 (2.5)
iﬁz)( 2=0,m* A1) =—1 (2.6)
amz p Y 9 ’IJ“ m2:,u,2 - 9 .
21O M%) =1 2.7)
8p2 ) (A P=0,m2 =y )

TY{pi} =0,m* A p?)|poeye = =1, (2.8)

where 1t is the renormalization scale; I'?) and I'® stand for the two- and four-point functions of the
scalar field, respectively; p is an external momentum; and {p;} denotes a set of external momenta,
e.g. {pi} = (p1,p2, p3, pa) for the four-point function.!

Let us now calculate the two-point function. At the one-loop level, one can obtain

q

@ 2’ _
(P ) O(Ah) D + 0Zyp? + 82, — Om?
iA [ d'q 1 M) 2 s (1) 2 )
__ ZW0 52 570,02 (1 2.
> | Gryf e + 6Zy ' p~—8Zn m” — (6m”) (2.9)

Here the one-loop integration is calculated as

i [ dq 1
2 ) 2n)* ¢? —m?

A A2
3 (2In2)A* + mmz <1 +1n n12> (Pauli-Villars reg.)
+ ﬂmz (1 + 8) (dimensional reg.)

where A is a UV cutoff in the Pauli-Villars regularization,” and we defined 1/& =2/(4 —d) — y& +
In(4m) with yg the Euler gamma constant and d spacetime dimension. From the conditions (2.6)
and (2.7), we can determine the field and mass renormalization factors,

2

(1 _ m_ A A 1
6Z¢ =0, 0Zy, —32”2(1+{ln#2 or 8}) , (2.12)

'We note that one of momenta is redundant due to the momentum conservation.
2To regularize the UV divergence, we employ the following replacement for the scalar propagator:

1 1 1 1 1
— — — — . 2.11
q* —m? (q2—1n2 qz—Az) (qz—(A2+m2) q2—2A2) @.11)
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while the first condition (2.5) gives

————(2In2)A?® (Pauli-Villars reg.)
(m2)V = 327 . (2.13)

0 (dimensional reg.)

We see that §m? subtracts the quadratic divergence A? in the Pauli-Villars regularization. Thus,
the MIR scheme allows us to separate the bare mass into the logarithmically divergent part and
the quadratically divergent part. In the dimensional regularization the quadratic divergence is au-
tomatically subtracted without the introduction of 8m?. Note here that Zy and Z,, do not depend

on the renormalized mass parameter m”. Indeed, Z; is also independent from m?

. This is why
this renormalization scheme is called the “mass-independent" renormalization. Note also that it is
guaranteed in a fermionic theory that the bare fermion mass term dmy is zero in any regularization
scheme thanks to chiral symmetry, so that the bare mass is always proportional to the renormalized
mass. In a gauge theory, the gauge symmetry realizes the same situation.

Once one obtains the renormalization factors, one can evaluate the anomalous dimensions

which characterize the energy scaling of coupling constants,

811121

dlnZ,
B(A)=—Au T Yn(A) = —u :

u

1 JdlnZ
To(A) = i 8u¢' (2.14)

From the second definition in Eq. (2.14) and the definition of the renormalized scalar mass, one
obtains

uaaumz = (=24 ) i, 2.15)

2

where m? = m?/u? is the dimensionless scalar mass, and the anomalous dimension at the one-loop

level reads

1

Y

Since Zy = 1 at the one-loop level, one has 5 = 0. The RG equation for the quartic coupling
constant at the one-loop level is well known as

0 312

“8,LL7L: 16712

2.17)

1672
The solution to this equation behaves A — 0 for u — 0, while there is a Landau pole at yt = ppe o)

where A (o) is a boundary value at i = L.

2.2 Wilsonian renormalization group

Let us briefly introduce the Wilsonian RG in quantum field theory. The task in quantum field
theory is to solve the path integral which represents the summation of all quantum fluctuations.
We now consider to divide quantum fluctuations into high momentum modes and low momentum
modes by introducing an infrared (IR) cutoff scale k such that ¢ (p) = ¢~ (p) + ¢~ (p) where ¢~ (p)



Gauge hierarchy problem and scalegenesis Masatoshi Yamada

and ¢~ (p) are fields with higher momentum modes |p| > k, and lower momentum modes |p| > k,
respectively. Thus, we perform the path integral only for the field ¢~ (p) and define an effective
action which is a functions of ¢~ (p). This operation is the so-called coarse-graining. Varying the
IR cutoff scale to k = 0, we can obtain the full effective action including all quantum fluctuations.
Such a process can be formulated as a functional differential equation. One of formulations is given
for the one-particle irreducible (1PI) effective action I'; [8] so that

1 2 -1
ATk =5Tr [(r,ﬁ ' R) -a,Rk} , 2.18)
where Ri(p) is a cutoff profile function (or simply a regulator) realizing the coarse-graining, F,(CZ)
is the full two-point function, namely F,(CZ) = 557221";(, and “Tr" denotes the functional trace acting on
all internal spaces in which the field is defined, e.g. momentum and flavor, etc.

The 1PI effective effective action is in general spanned by an infinite number of effective
operators ;(x):

I = / d4x)i g 0i(x), (2.19)

where g; is a dimensionful coupling constant. Using the flow equation (2.18) and defining a dimen-

(4-Dy)

sionless coupling constant g; = k™ gi» where D; is the mass dimension of &}, one obtains the

RG equation for g;,
agi = Pi({g}). (2.20)

where {g} denotes a set of coupling constants. The right-hand side of Eq. (2.20) is the beta function.

One of important things in the RG is the existence of a fixed point g;. at which all beta functions
vanish, i.e. B;({g.}) =0 for all i. Once a fixed point is found, one can analyze the RG flows around
the fixed point. To this end, we expand the beta functions in Eq. (2.20) around a fixed point g;, and
take into account only the linear term,

0/(8i— &) ~—Tj(& — &), (2.21)
where we have defined the stability matrix,

_9B;
g;

T = (2.22)

8=8x
The equation (2.21) can be solved easily: Diagonalizing the stability matrix (2.22) and denoting its
eigenvalues by 6;, one finds

K\
8i— 8ix = Zvijcj <A> . (2.23)
J

Here, V;; is a matrix diagonalizing the stability matrix (2.22) and C; is a constant at a reference
scale A. When the matrix V is approximated to be diagonal, V;; ~ v;;;, one has

k\
8&i—8ix = viCi <A> . (2.24)
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One can see from Eq. (2.24) that 6; characterizes the energy scaling of coupling constant g; and
is called as the “critical exponent". In particular, for a found fixed point, the sign of the critical
exponents is important. There are the following cases:

6, >0 relevant,
6,=0 marginal (2.25)

6, <0 irrelevant .

Towards IR regimes, the RG flow of a relevant coupling (6; > 0) goes away from the fixed point,
while that of an irrelevant one (6; < 0) shrinks to the fixed point. This fact leads to the notion of
the renomalizability of a theory. Since irrelevant couplings, starting at an arbitrary value in a UV
scale, converge to the fixed point value in the low energy region, they are predictable, i.e. g; = gjx.
If a theory has a finite number of relevant couplings, the theory is renormalizable.

A typical structure of the beta functions becomes the following form:

9,8 =—(4—-D;)gi+ fi({g}). (2.26)

where D; is the mass-dimension of a corresponding operator to g;. The first term on the right-hand
side is the canonical scaling term reflecting the mass-dimensionality of the coupling g;, and the
second one involves quantum effects. Let us here assume that the system described by Eq. (2.26)
has a fixed point g;.. In this case, the stability matrix is given by

9fi
g ’

Jlg=g.

T;j = (4—D;)6;j+ 2.27)

from which the critical exponent is obtained as 6; = eig;(T).

In particular, for the Gaussian fixed point g;. = 0 or a small one g;, < 1, the quantum effects
(second term on the right-hand side in Eq. (2.27)) are negligible, so that the critical exponent is
identical with the canonical scaling, i.e. 6; =4 — D;. This is consistent with the standard defini-
tion of the renormalizability in the perturbation theory. One can see the critical exponents at the
Gaussian fixed point from a naive dimensional counting of coupling constants, whereas at a non-
vanishing fixed point, in general, the second term on the right-hand side in Eq. (2.27) is finite, so
that the critical exponents deviate from the canonical scalings of coupling constants, i.e. the second
term is the anomalous dimension induced by quantum effects.

We now analyze a scalar theory using the flow equation (2.18). Quantum effects generate
an infinite number of effective operators which respect with symmetries the bare action has. We
assume that the scalar theory has the Z, symmetry which admits only even powers of ¢ in the
effective action. For the present purpose we take only the following three terms into account and
truncate higher operators:

Z,! 1 1
Tilo] ~ / d'x [gm)z +om*9t+ A0 (2.28)
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where we consider the Euclidean spacetime. Using the flow equation (2.18) one obtains

_ _ A
o? = —2(1 — y )i* — m5‘1*(1412) : (2.29)
- = 322
Uh =412 + ——l5(m?), (2.30)

where a bar denotes a dimensionless quantity, the first terms on the right-hand side of Egs. (2.29)
and (2.30) are canonical scaling terms which reflect the canonical dimensions of the scalar mass
term and the quartic coupling, and the second terms are loop effects. See e.g. Ref. [9] for the
derivation of these RG equations. Here, ¥y = d;1nZ, /2 is the anomalous dimension from the field
renormalization factor and we define the threshold functions in four dimensional spacetime,

v _ ORx) 1 o
4~ X t k by i
() =k / 2x 1 Re(x) 1w Ga(9) = (=1)" == (). 2.31)

For the Litim-type cutoff function [10],
Ri(p?) = (ak® — p*)6(ak® - p?), (2.32)

we can perform the momentum integral in the threshold function (2.31) and then obtain

a7n+2

4
G07) = Ty

(2.33)
where a is a (dimensionless) positive and finite constant and describes a class of regularization
schemes. Note here that #5(0) is independent from the parameter a.

Let us solve the RG equations (2.29) and (2.30). For simplicity, we assume that a'm? <« 1,
i.e. we can expand the threshold functions as

A(?) ~ 6(0) - 26(0), B2) ~ 65(0). (2.34)

We neglect the anomalous dimension of the field renormalization factor, ¥, = O (or equivalently
Zy ' =1).3 Indeed, for scalar theories in the symmetric phase, the field renormalization factor does
not deviate from one. Then, the RG equation for the scalar mass is simplified to be
B T

-2 _2
e v R T

(2.35)

where we have used ¢{(0) = a and ¢3(0) = 1 in the Litim-type cutoff (2.32). Compare this to
Eq.(2.15). The last term on the right-hand side of Eq.(2.35) can be identified to 7;,, while the
second term is missing in Eq.(2.15). This term is actually the contribution from the quadratic
divergence: By solving Eq. (2.35) without the last term of Eq. (2.35), one finds, for the dimensionful
scalar mass,

al A

2
k—0)=—
m-(k — 0) i

(2.36)

3This approximation is called as the local potential approximation.



Gauge hierarchy problem and scalegenesis Masatoshi Yamada

The Wilsonian RG does not respect to scale symmetry due to the introduction of the cutoff scale
k, so that in general, the quadratic divergence appears in the beta function of the scalar mass. The
quadratic divergent part explicitly depends on the parameter a.

What is the meaning of the quadratic divergence in the Wilsonian RG? To answer to this
question, let us analyze the RG flow around a fixed point in the scalar system. In a scalar theory
in four dimensional spacetime, one could find, for a positive quartic coupling constant,* only the

Gaussian (trivial) fixed point, n‘zf = A, = --- = 0 at which the linearized RG equation (2.21) reads
a n a m
2\ (o o w2\ (2 - ([
at‘:aa _ | = _ . (2.37)
A T’ljlxz % 72=0 A 0 0 A
A+=0
Note that the term —55-; comes from the quadratically divergent part (the second term on the
right-hand side) in Eq. (2.35). Diagonalizing the stability matrix by the rotation matrix,
I —ae
V= , (2.38)
0 1
we find one of the linearized RG equations,
o (74 5h) =2 (4 52 2.39
"\ " ) (259)
and its solution,
) a =N (-2 a =
m®+@?MM4?@ﬁ@ﬁ%» (2.40)

where M2 = m*(k = A) = m3/A? and 2g = A (k = A) = A. Note that k = A corresponds to ¢ = 0.
We see that for the choice at the UV scale,

alo
%:—Mﬂﬁ, (2.41)
the RG flow (2.40) gives the relation
—2N a 30N . =23

Since the RG flow of the quartic coupling constant goes to zero in the IR limit K — 0, one can
see m*(k — 0) — 0 from this equation (2.42) . Hence, the choice (2.41) is a condition to obtain
the massless theory at the IR limit and the relation (2.42) describes the RG trajectory towards the
massless theory. It is clear from Eq. (2.40) that for a choice m3 > i2(2g), the scalar mass takes
a positive value in the IR limit, namely the theory is in the symmetric phase in the IR regime. In
the opposite inequality case (m% < n‘zg(%)), the broken phase is observed in the IR regime. To
summarize, the relation (2.42) represents the phase boundary (critical line) between the symmetric
and broken phases for the Z, symmetry [5, 12]. In particular, the theory on the phase boundary is
massless, i.e. critical. In Fig. 1, we plot the RG flows in the m2-A plane. The red line in Fig. 1 is
the phase boundary around the Gaussian fixed point described by Eq. (2.42).

4If we extend the quartic coupling constant to negative values, there exists a non-trivial fixed point [11].
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m? m2

Figure 1: RG flows in the m?-A plane. Arrows indicate flows from UV to IR. The red point is the Gaussian
fixed point (2 = 0, A, = 0). The red and black solid lines denote the phase boundaries around and apart
from the Gaussian fixed point, respectively.

However, the slope of this phase boundary strongly depends on the regularization scheme.
Indeed, the choice of the regularization scheme corresponds to the choice of the coordinate in
the theory space [13]. A choice of the coordinate is connected to other choices by rotations of
the coordinate. Therefore, one can rotate arbitrary coordinates such that the quadratic divergence
is subtracted. The matrix corresponding to such a rotation is actually given by Eq.(2.38) in the
present analysis. In this sense, the dimensional regularization is a scheme so that the rotation
matrix becomes the identity matrix.

The quantities after the rotation correspond to the relative distance between the RG flow and
the phase boundary (or the deviation from the phase boundary) are universal, i.e. independent from
the regularization scheme. From Eq. (2.40) one can define

aky » oy a -
A _4 3.
6Am2 " 6472

This is the scalar mass in the new basis for the theory space. The RG equations for the scalar mass

~2 2+

mo—mo ﬁl2+

(2.43)

and the quartic coupling constant in the new basis are given repectively by
oi* = —2it?, A =0. (2.44)

The RG flows in the new basis is represented in Fig. 2. The one-loop effects in these equations are
missing. To take into account them, we have to evaluate non-linear terms in Eq. (2.37). For a large
value of the quartic coupling constant the phase boundary is bended as one can see from the black
solid line in Fig. 1.

3. Gauge hierarchy problem in the SM and classical scale invariance

So far, we have discussed renormalization in a simple scalar theory for both the standard
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Figure 2: RG flows in the m2-A plane, where m? is defined in Eq. (2.43).

perturbative renormalization and the Wilsonian RG. In particular, we have argued the meaning of
the quadratic divergence. In the SM with the momentum regularization, one finds, at the one-loop
level,’

Sm?

9 3
(—61 +6y; — 85— g%) A%, 3.1

~ l6m2 4527 4

where A is the quartic coupling constant of the Higgs doublet-field; y, is the top-quark Yukawa
coupling constant; and g, and g are the SU(2); and U(1)y gauge coupling constants, respectively.
If the SM is valid up to the Planck scale, the quadratic divergence has to be precisely canceled with
the bare mass 5m(2) which does not depend on the renormalized scalar mass m?. This is the so-called
gauge hierarchy problem or fine-tuning problem [1, 2]. This problem has motivated us to consider
supersymmetric extensions of the SM, in which the quadratic divergences from a particle and its
superpartner cancel each other out; see e.g. Ref.[15]. An other idea for a solution to the gauge
hierarchy problem is the Veltman condition [16] which states that the coefficient of the quadratic
divergence (the combination of coupling constants in Eq. (3.1)) should vanish at a UV scale at
which the bare theory is defined.

Is the quadratic divergence, however, physically meaningful? As discussed in the previous
section, the quadratic divergence is always subtracted by the counter term 8m?. In view point of the
Wilsonian RG, the quadratic divergence specifies the position of the phase boundary and strongly
depends on the choice of the coordinate (regularization scheme) in the theory space. Rotating the
coordinate around the Gaussian fixed point, the quadratic divergence is invisible in the new basis of
the coordinate. If high energy theories such as string theory determine the coordinate of the theory
space, one has to seriously discuss the gauge hierarchy problem why the quadratic divergence is
precisely canceled out with the bare Higgs mass. Nevertheless, as far as one discusses the dynamics

5The two-loop contribution has been computed, e.g. in Ref. [14].

10
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of particles within low energy effective theories, one does not have to specify the scheme-dependent
coordinate of the theory space, so that the quadratic divergence may be spurious.

Once we accept the idea that the quadratic divergence is irrelevant for the low energy dynam-
ics, we can consider only the logarithmic divergence which contributes to the running of the scalar
mass. Is the gauge hierarchy problem resolved if the quadratic divergence is subtracted? Its answer
is No. To see the remaining problem, let us study the RG equation given in Eq. (2.15) or Eq. (2.35)
after the quadratic divergence is subtracted. Assuming that the running effects of the anomalous
dimension %, is negligible, the running (dimensionless) scalar mass parameter is given by

) = (K)

A ) (3.2)

where 73 is the boundary mass at the UV scale, i.e. m3 = m*(u = A) = m3/A>. In the SM, the
anomalous dimension at one-loop level is computed as

Y = TIEZ (21 + 657 — gg% - ;g%> : (33)
This value at the electroweak scale is ¥, ~ 0.027, so that it is negligible in comparison with the
canonical scaling 2 in the RG equation for the scalar mass (2.15). We here evaluate the value of g
when a bare theory of the SM is given at the Planck scale A = M, ~ 10'° GeV using Eq. (3.2) with
¥n = 0. The observed Higgs boson mass my = 125 GeV and the electroweak scale v, = 246 GeV
tell us that the dimensionless renormalized mass at the electroweak scale is given as (i = v;) =
miy /v = 0.1. From this one finds /i* (i = M) = mg /M3 =~ 107 at the Planck scale. Hence,
the scalar mass in the bare action is quite smaller than the Planck scale at which the bare action is
defined. This is the remaining gauge hierarchy problem.

This gauge hierarchy problem originates from the fact that the scalar mass term is a relevant
parameter with the large critical exponent 6,, ~ 2. Therefore, one of simple possible solutions to
this problem is to have a large anomalous dimension 7;, such that 6,, =2 — 7, < 0; see e.g. [17,
18, 20, 19]. To realize such a situation, we need strong dynamics. However, new particles strongly
coupled to the Higgs field around the TeV scale are highly constrained by the collider experiments
such as the LHC.

An other possibility is classical scale invariance [5, 6]. Classical scale symmetry forbids the
renormalized dimensionful mass m? at the UV scale A. Hence it enforces, for the bare theory,

g =0. (3.4)

In this case, the renormalized scalar mass keeps vanishing under varying the RG scale as can be
seen in Eq. (3.2). This fact means that the breaking of scale symmetry due to the scale anomaly
is not soft, but is hard. On the other hand, how does classical scale symmetry act on 6m% which
is also a dimensionful parameter? Scale symmetry is broken by the quadratic divergence coming
from regularizations such as the Pauli-Villars regularization and the momentum regularization.
Such an explicit breaking should be modified in accordance with the Ward-Takahashi identity for
scale symmetry, i.e. the Callan-Symanzik equation [21, 22]. Hence, one can interpret Sm% as an
additive counter term in order to remove the spurious breaking of scale symmetry. Needless to
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say, the dimensional regularization respects to scale symmetry and then yields 5m(2) = 0.Then the
massless scalar theory is renormalizable [23].

In the viewpoint from the Wilsonian renormalization group, the massless theory is realized
at the phase boundary (critical line). The quite small Higgs mass 7710/ Mp; ~ 10736 means that the
bare Higgs is located very near the phase boundary. In this sense, the gauge hierarchy problem can
be paraphrased as the criticality problem: Why is the Higgs so close to critical? Classical scale
symmetry forces the Higgs to be put exactly on the phase boundary: Classical scale symmetry
makes the Higgs critical.

The theory with classical scale invariance has no corresponding scale to the electroweak one,
so that one needs to a mechanism in order to generate a scale, i.e. scalagenesis is required. A
simple mechanism for scalegenesis is the Coleman-Weinberg mechanism. This is, however, not
compatible with the observed masses of SM particles in order to generate the electroweak scale.
Therefore, we need an extension of the SM for the use of the Coleman-Weinberg mechanism. We
discuss details in Section 4.

Within low energy theories, however, we cannot explain why the SM or its extended models
becomes scale invariant at a certain UV scale or the Planck scale. This is nothing but a strong
assumption. It is interesting whether or not the scale invariant effective theory at the Planck scale
is naturally defined from UV theories including quantum gravity. We will discuss this issue within
the asymptotic safety scenario for quantum gravity in Section 5. In particular, we will see that a
large anomalous dimension could be induced by graviton fluctuations above the Planck scale and
thus it could provide natural solutions to the gauge hierarchy problem. In particular, classical scale
invariance at the Planck scale emerges as a boundary condition from asymptotically safe quantum
gravity.

4. Scalegenesis

If we impose classical scale symmetry on the SM, there is no corresponding scale to the
electroweak one. Therefore, we need a mechanism to generate a scale. There are two ways for
scalegenesis: the one is the Coleman-Weinberg mechanism [7] in the perturbation theory; and the
other relies on the strong dynamics like quantum chromodynamics. The next section is devoted
to discussing the basis mechanism of scalegenesis. We might think that the most minimal way to
generate the electroweak scale is the Coleman-Weinberg mechanism within the SM. Unfortunately,
this does not work since the observed SM particle masses do not satisfy the condition for scalegen-
esis. We see this fact in Section 4.3. Hence, we need an extension of the SM. In Section 4.5, as an
example of scalegenesis, we introduce an extended model of the SM where a strongly interacting
scalar-gauge theory in a hidden section is given.

4.1 Condition for scalegenesis

We review the Coleman-Weinberg mechanism bases on the original paper [7] to understand
the crucial point for the generation of a scale. We consider a U(1) scalar-gauge theory whose action
is given by

1 A 1
S = /d4x [Z(Du¢)2—m¢4—4Fqu“" , 4.1)
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where ¢ is a complex scalar field, F,,y is the field strength of Ay, D, = dy, — ieA,, is the covariant
derivative. The effective potential for the scalar field at the one-loop level is computed as

A 512 4 2 25 Ae
Veff(¢) = E¢4 + (18 +3e4> % <ln(\2, - 6) = fj_(|¢) ¢47 “4.2)

where vy = (¢). The vacuum condition is obtained by the first derivative of the effective potential
with respect to @, namely

dVerr(¢) ‘
do P=vo

(p =0 <~ [4)Leff(¢)+ﬁl] ’¢:v¢ :Oa (43)

where 8, = ¢ %&(W in the beta function of the quartic coupling. From this we find, for a small A,

33¢*
(/1 - 8;) vy =0. (4.4)

We see from this that the requirement of a non-vanishing vacuum vy # 0 gives a relation between
coupling constants: A = 33e*/872. Thus, one of two dimensionless couplings (A and e) changes to
the dimensionful quantity, i.e. vy. Coleman and Weinberg called this mechanism the dimensional
transmutation. Recently, the author and his collaborator have suggested calling it scalegenesis [26].

The crucial point for the generation of a scale in the Coleman-Weinberg mechanism is that the
effective quartic coupling constant becomes negative for small field values. In this simple model,
the gauge coupling plays a central role for this: In terms of the renormalization group equation, one
has the loop effect of the gauge field on the beta function of the scalar quartic coupling such that
Bs O +e*. That is, the effect of the gauge coupling makes the RG flow of the quartic coupling neg-
ative towards the IR (small field value) region. An other possible model of the Coleman-Weinberg
mechanism is the system with the three scalar fields, e.g. the Higgs field plus two additional singlet-
scalar fields [24]. The coupling constants A;; between two different scalar fields such as the Higgs
portal coupling contribute to the beta functions of quartic couplings 4; so that ;. D +7L£~ where
indices denote species of scalar fields.

We here note that in the perturbative scalegenesis, the scalar mass parameter, which corre-
sponds to the curvature at the origin of the effective potential, vanishes. This reflects the fact that
the scale anomaly does not induce the soft breaking of scale symmetry as mentioned in the previous
section. On the other hand, in scalegenesis due to non-perturbative dynamics, scale symmetry is
spontaneously broken and the scalar field obtains a dynamical (constituent) mass M?. In particular,
we observe a divergence of the quartic coupling at a certain scale which is an origin of a scale. We
see this fact in Section 4.5.

4.2 Effective couplings

An interesting question is how we can experimentally distinguish scalegensis by the Coleman-
Weinberg mechanism from the SM type due to a negative scalar mass parameter. Indeed, between
them, there are large differences of the Higgs effective couplings which are defined as

2 3 4
@ 14V a@ - L4V PICINELY B
27 di? |, Gvy di |, 6dn|,_,

h=v, h=v),

4.5)
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Let us see explicitly these couplings for both the SM and the Coleman-Weinberg cases. In the SM
case in which the Higgs potential with v, = \/m? /4 is given by

m? A
Vem(h) = —7h2 + Zh“, (4.6)

the Higgs effective couplings (4.5) become ls(z) = ks(fv)l = ls(ﬁ,)[ = A which leads to

2’(3) 1(4)
)LSM A'SM

We next suppose that an extension of the SM realizes electroweak scalegenesis by the Coleman-
Weinberg mechanism in the Higgs sector and gives the following effective potential,

h
Vew(h) = A"fz()h“. (4.8)
For this potential, we obtain the vacuum from Eq. (4.3) and find
1 ),”
A= 5 ( et ff) : 4.9)
@ _ 5,0 M Ay
4 11 2 52{/// l////
A= 3 Adw+ M+ 5+ 2 @.11)

where a prime denotes the derivative h%. Then, neglecting the higher order terms in Eqgs. (4.10)
and (4.11), we find the ratios [25]

A8 s AL 1
w3, o (4.12)
A’CW A’CW

We see that the Higgs effective couplings (4.12) in the Coleman-Weinberg potential drastically
deviate from the prediction from the SM (4.7). The collider experiments such as the international
linear collider in future will measure the Higgs effective coupling precisely and clarify the origin
of electroweak scalegenesis.

4.3 Coleman-Weinberg mechanism in the SM

We briefly investigate at the Coleman-Weinberg potential in the SM and see that the elec-
troweak scalegenesis actually does not take place. We have the one-loop effective potential in the
SM,

A NoM (h M2 (h At ese(h
Veff(h):fhﬂza‘, “647‘;‘2( ) < zé )—Ca) = H‘f()h“, (4.13)

where oo = (W, Z,t,h); Ny =6, N7 =3, N, = —12 and N, = 1; and C;,;, = 3/2 and Cy z = 5/6;
and the masses at the tree level are given by

2 52 2
_ 82781, M2=2Lp2, M} =32uh*. (4.14)

gZ

4
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Here, Ay cfi(h) is the effective quartic coupling as a functions of #. We have neglected contributions
from other SM particles in the effective potential (4.13). The vacuum condition (4.3) in the present
case yields

—36M;' + 6My, + 3M3 + 3M;,
1672M? '

Vi = (4.15)

For the observed masses, My = 80GeV, M; =91 GeV, M; = 171 GeV and M;, = 125 GeV, the
relation (4.15) yields a negative value of vi. Therefore, even a finite value of the vacuum cannot
be generated. This is because the Higgs quartic coupling does not become negative for small field
values. If the top-quark mass was smaller or the Higgs and gauge boson masses were larger, a finite
scale would be generated by the Coleman-Weinberg mechanism.

4.4 Scale from new physics

As we have seen in Section 4.3, the Coleman-Weinberg mechanism in the SM does not occur
Therefore, we need an extension of the Higgs sector. The simplest extension may be an introduc-
tion of a scalar field S coupled to the Higgs field through the Higgs-portal coupling. We give its
Lagrangian as

L = Lsmlmy—0— Aus(H H)(STS) + Ls|mg—0 (4.16)

where Zs| -0 is the Lagrangian for the scalar field S and we call it a hidden sector. We do not
here specify the explicit form of Zs|;,;—0. Assuming that the Coleman-Weinberg mechanism or
the strong dynamics in the hidden sector works and then we obtain a non-trivial vacuum (S) # 0
or (S'S) # 0 which is proportional to a scale Ay (smaller than the Planck scale), the Higgs-portal
coupling plays a role of the Higgs mass term

m2; ~ AgsAy . (4.17)

In order for the Higgs field to obtain a non-trivial vacuum, the Higgs-portal coupling has to be
negative. Moreover, Ay has to be of order of about TeV scale if the Higgs-portal coupling is
0(1073)-0(10°).

It seems, however, that the Higgs mass parameter in Eq. (4.17) receives a contribution from
the quadratic divergence. Is it then irrelevant for the Higgs mass term by recalling the discussion
in Section 3? Its answer is No. Indeed, the quadratic divergence in Eq. (4.17) is physical. In order
to clarify this, we discuss the Wilsonian RG for a simple system with two scalar fields,

1 1 1 1
o] = [ 0| JOud)? + Jurtel + 2ol + 0?03 @.18)
where i = 1,2, i # j, A2 = A»1 and we assume that m; < my. Using the flow equation (2.18), we
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obtain the RG equations,

_ 2 _ Aij o,
_ Zi‘f—zi Zi _ Zi' _
~ =2 = Zo 5 0(0) + 15 G (0)] + 15 G (0), (4.19)
_ 302, 302
Ui = =1 302} = 1 5 (5 (75) (4.20)
_ _.2. i - _
o Aij = T L [66(mi )3 (5) + €6 (5 ) € ()| + 167;2 [Ail3(m7) + A5 (m5)] 4.21)

In the beta functions of the scalar masses (4.19), we expand the threshold functions into polyno-
mials of nﬁlz and take into account of order of n‘112 by assuming n‘alz < 1. Here we analyze the RG
flows around the Gaussian fixed point. To see a weak mixing effect between the two scalar fields,
we take into account a linear order of A; ; in Eq. (4.19). The linearized RG equations around the
Gaussian fixed point (7%, 4;:) = (0,0) and A;; < 1 are given by

%)

i
_n —2 171:?2 32an2 0 _ﬁ _2
my i my
A
2 o 2 0 —mm mm || w
dl |~ 0o o 0 0 0 VI (4.22)
_M 0 0 0 0 0 _7”
112 A12

0 0 0 0 0

where we have used the Litim-type cutoff (2.32) to have ¢1(0) = a and ¢3(0) = 1. The stability
matrix can be diagonalized by the rotation matrix,

1 -1 —-a_ ah_d@_ﬂ)

6412 6472 3212 6412 3272
1 1 a Ap _ _a __a (1 A )
6472 3272 6472 6412 3272
V~1lo0 o 1 0 0 ) (4.23)
0 O 0 1 0
0 O 0 0 1

and has the eigenvalues, i.e. the critical exponents (6,,,, O, , 0y, ,0,,64,,) ~ (=2,—2,0,0,0). Then
the RG equations for the scalar masses reads

112 ~2

omi = —2m3 + Ten2™: (4.24)

oym3 = —2m3, (4.25)
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where we have defined

=2 =2 2 1 2 2
rﬁ%:%+m2+ i (1+ dat >+ e (1+ Ao )+al‘2 (1+ /1122)7 (4.26)

2 12872 32712 12872 3272 ) ' 64n? 327
=2 =0 2 P Pl
~2 my n; all 7(,12 akg 7L,12
=t 42 (- 1— . 427
M=o TS T e < 327r2> T ' T (427)

In Egs. (4.24) and (4.25), the quadratic divergent terms depending on the cutoff scheme are sub-
tracted. Let us now solve the RG equations. The solution to Eq. (4.25) is easily found to be

~2 (kNP
mz(k):mz,o /\72 ) (4.28)

where A; is a scale at which the mass of ¢ is given, e.g. the expectation value of ¢, and my g is
a boundary value of my at k = A;. The avoidance of the scale hierarchy in the ¢, sector requires
my 0 ~ 1. Substituting this solution into Eq. (4.24) and ignoring the running of A12, we find

_ L (KN A o (KT [k

We see from this equation that even if 171% o = 0 the scalar field ¢; obtains a finite dimensionful mass

N Ao A _
m3(Ay) = 16;22;”570(/\2)111(/\;) ~ A1nA3, (4.30)

where A < Ay, we have defined 77 (A1) = m?(A1)A? and m3(A2) = m3(A2)A3 ~ A} and have
assumed that In(A;/A;) is of order one. This is just Eq.(4.17). We conclude that the quadratic
divergence in Eq. (4.17) or Eq. (4.30) is not be subtracted by rotating the theory space and then is a
physical object independent from the cutoff scheme.

4.5 A model for scalegenesis

We show one of examples for scalegenesis owing to the strong dynamics of the gauge inter-
action [26, 27]. We introduce a scale invariant hidden sector in which a scalar field is coupled to
the SU(N,) gauge field. The scalar field is also coupled to the Higgs field via the Higgs-portal
coupling. The total Lagrangian reads

&L = Lsm|my=0 + Lhidden - (4.31)
Here the Lagrangian for the hidden sector is given by
1 ~ ~ ~ EA
Lhidaen =~ wF? + ([D*S;]TDyS;) — As(S i) (S8 ;) — Ag(SS,)(S18:) + Aus(S{Si)H'H ,
(4.32)

where F = F“1? is the field strength of SU(N,.) gauge field A%; t* is the generator of SU(N,) gauge
transformation; S; and H are the new scalar field and the Higgs doublet field, respectively; indices
on the scalar field S stand for the flavor indices; and Dy, = dy, — igAj1* is the covariant derivative.

17



Gauge hierarchy problem and scalegenesis Masatoshi Yamada

This hidden Lagrangian (4.32) is invariant under scaler symmetry, the SU(N, ) gauge symmetry and
the U(Ny) flavor symmetry. Note that Aus takes a positive value and the Higgs quartic interaction
is included in -Zsm|my, =o0-

We assume that the SU(N,) gauge symmetry is not broken by the dynamics in the hidden
sector, but scale symmetry is spontaneosely broken. Due to the strong dynamics of the gauge field
in the low energy region the SU(N, ) invariant scalar bilinear condensate takes place such that

Ne
(Sis)) = <Z SfTS?> o< §jj . (4.33)

a=1

Thus, the Higgs portal coupling takes a form of the (negative) Higgs mass parameter:

my = —Aus(S;S;). (4.34)

As a consequence, the Higgs field has a non-trivial vacuum v, = {/m% /Ay.

We would like to see that the scalegenesis introduced above actually takes place. It is, however,
quite difficult to analyze the vacuum structure in the original Lagrangian (4.31). Instead, we here
attempt to formulate an effective model which describes the dynamical scale symmetry breaking,
a la, the Nambu—Jona-Lasinio model as a chiral effective model of quantum chromodynamics.
However, scale symmetry is broken by not only the bilinear condensation (4.33), but also the scale
anomaly. Nevertheless, the latter breaking effect is hard, namely the breaking of scale symmetry
is due to higher dimensional operators as discussed in the previous section. Therefore, we could
ignore anomalous breaking effects in low energy regions. Under this assumption, we employ the
following effective Lagrangian to describe the spontaneous scale symmetry breaking [26]:°

Lor = ([0S 0uS:) — As(S[Si)(SS;) — Ag(S[S;)(SE8:) + Aus (S} Si)H'H — Ay (HTH)? . (4.35)

where we include the Higgs quartic coupling. It is supposed in the effective Lagrangian (4.35) that
quantum fluctuations of the gauge field A, were integrated out and then the scalar fields and the
coupling constants are defined as effective ones.

Using the auxiliary field method in the path integral formalism or the normal ordering method
in the operator formalism, we can obtain the mean-field approximated effective Lagrangian so that

!/

. A .
Lra = ([0"Si]79uSi) — M*(S[S;) — Ay (H'H)? + Np(NyAs + A5) f2 + 7S(¢“)2 —2A50°(S]1;S;),

(4.36)

where f = (S7S;)/N; and ¢¢ = 2(Sjtij ;) are auxiliary fields with 7 the generator of the flavor
SU(Ny) transformation, and the “constituent" scalar mass is given by

M? =2(NAs+A4) f — AusH H. 4.37)

Assuming that the bilinear condensate (4.33) is invariant under the U(Ny) flavor transforma-
tion, we can choose a vacuum state (f) # 0 and (¢“) = 0. Then, we can set to ¢ = 0 in Eq. (4.36)

5The confinement effect in terms of the Polyakov loop is discussed in Ref. [28].
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in order to derive the effective potential. The scalar field S; takes the bilinear form in the Lagrangian
(4.36), so that we can integrate out it and obtain the effective potential,

NeNy M*In

Vatea (S, f H) = M*(S]3:) + Au (H'H)? — Ny (NpAs + A§) f> + 3072 A2’
H

(4.38)
where S; is the background field of the scalar field S;, we have employed the dimensional regu-
larization and the MS scheme to subtract a UV divergence; and Ay is a renormalization point at

which the quantum effect vanishes for M = Ay.
To find the vacuum of the system, we evaluate the gap equations, i.e. the stationary conditions,

d d d
VMFA = 5= VMrA = =7 VMrA (1=1,2), (4.39)

OZTSg of OH,

from which we find a minimum’

2y

(S=0, (fHi=fo= A%“P(

G (f), (440

N.G 2

2 2y

327[le 1) ‘<H>|2 _ V}ZZ . Nf)LHS

where G = 4NgAgAs — N fkés + 424 A¢. At this vacuum the constituent scalar mass and the Higgs
mass are given by

G 2

%) =3 = S5 5), = 1)

16257 (N s +A5) | NeNpAss

G ) )22Nflys(f>, 4.41)

where we assumed a small Ay in the Higgs mass. We see that the dimensionful quantity Ay is
generated at the quantum level and becomes an origin of the electroweak scale and the Higgs mass.

Let us here the relation between the generation of the scale Ay and the behavior of the quartic
coupling Ag in the hidden sector. For simplicity, we consider the Ny = 1 case and set Azs = 0. We
have the effective potential for y := 2Agf,

1 N, X
v iAs) = —— X"+ s x*In - 4.42
MFA (X5 As) 47LSX t 352X HA%{ (4.42)
From
*VMFA , , = 9?Vmra
(Ag) = iAs(t)) 4.43
axz (8% S) axz (% S( )) ( )
the RG flow of the quartic coupling Ag reads
As
As(t) = ———=—, 4.44
s(7) N lst (4.44)
872

where ¢ is a dimensionless scaling parameter and we defined Ag(r = 0) = Ag > 0. Obviously,
there is a Landau pole at t = ¢, = 82 /NJLS. Since the present analysis does not rely on the

"In general, one can consider three possibilities as a vacuum solution: (i) (S¢) # 0 and (f) = 0; (ii) (§¢) = 0 and
(f) =05 (iii) (S¢) = 0 and (f) # 0. The last condition (iii) yields absolute minimum of the effective potential.
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perturbative expansion of Ag, the system is still defined for 7 > 7. for which the effective quartic
coupling becomes negative. The minimum of the effective potential (4.42) is located at

8n? 1
mi=ALe ——=. 4.45
X H €XP <Nc)~S 2) ( )

The corresponding dimensionless scaling parameter to this minimum is

Am 82 1) A% 1 A%
t=th=hh|=S|=——-=|+Ih—=t.—=+Ih—, 4.46
" <u2> <Nc/1s 2 w2l (449

where 1 is a dimensionful scale at which Ag is given. In particular, for the choice® y = Age~'/*,

we have r, =f.. We see that the non-trivial vacuum (4.45) is related to the Landau pole of the
effective quartic coupling Ag(%).

We note here that for ¥ — oo the quadratic coupling goes to zero from the negative side of
As(t), i.e. it is asymptotically free. In such a case, however, the potential of the scalar field S is
unbounded, so that S is unstable. This situation could be improved by taking account the dynamics
of the gauge field. We will discuss this issue elsewhere.

We finally comment on several phenomenological implications from this model. The compos-
ite scalars ¢ are stable due to the flavor symmetry, so that they can be dark matter candidates. The
prediction for the spin-independent elastic cross section of ¢¢ off the nucleon could be tested by
the direct detection experiments [26, 29]. In this model, the scale and electroweak phase transitions
take place at finite temperature. In particular, the scale phase transition becomes the strong first-
order, i.e. (f)!/?/T.> 1 where T, is the critical temperature [30]. The strong first-order scale phase
transition produces gravitational waves which could be observed by the future space gravitational
wave antennas [31].

5. Asymptotically safe quantum gravity and the gauge hierarchy problem

We now consider the high energy physics above the Planck scale, especially asymptotically
safe quantum gravity which is formulated as a nonperturbatively renormalizable quantum field
theory [32, 33, 34]. It is well-known that quantum gravity based on the Einstein-Hilbert action is
not perturbatively renormalizable. In other words, the Newton constant, which has canonical mass-
dimension —2, is irrelevant at the Gaussian fixed point. On the other hand, it is essential for the
asymptotic safety scenario that gravitational couplings has a non-trivial UV fixed point at which
the Newton constant is relevant. A numerous work using the Wilsonian RG has shown evidences
of the existence of such a fixed point. See recent reviews [35, 36, 37, 38, 39].

We employ the Einstein-Hilbert truncation for the effective action,

1
= / d*x\/g [ACC - M}R} + gn + Ty, (5.1)

8This choice of y is equivalent to the redefinition of Ag(r = 0) = Ag with the choice u = Ay such that 3 % —
S

% in Eq.(4.45). This is nothing but the dimensional transmutation or scalegensis: the degree of freedom of the
c/AS

dimensionless coupling Ag changes to that of the dimensionful parameter.
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Figure 3: Schematic figure for the RG flow of the dimensionless Newton constant.

where Acc is the cosmological constant; G is the dimensionful Newton constant; /g is the deter-
minant of metric; R is the Ricci scalar; and I'gy and I'ys are the ghost and gauge fixing actions for
diffeomorphism, respectively. The RG equation for the Newton constant is given by

ath = (2+ ng)gm (5.2)

where gy = Gk? is the dimensionless Newton constant. Here, N is the anomalous dimension
induced by graviton fluctuations and has been computed. See e.g. Refs. [40, 41, 42, 43, 44]. The
important fact is that 1, takes a negative value smaller than —2 at the UV fixed point. Therefore,
the Newton constant becomes a relevant parameter at the UV fixed point, whereas we observe
the irrelevant Newton constant with the critical exponent 6,, = —2 (1, = 0) at the Gaussian fixed
point, gy, = 0. In Fig. 3, we plot a schematic figure of the RG running of the dimensionless Newton
constant with neglecting the cosmological constant.

One of advantages of asymptotically safe gravity is a strong predictability to the low energy
dynamics of particles. Indeed, the Higgs mass of a mass of 125 GeV with a few GeV uncertainty
was predicted before the discovery of the Higgs boson at the LHC [45]. Besides, physical quantities
such as quark masses could be predicted within the asymptotic safety program; see [46, 47, 48,
49, 50]. It is crucial for these predictions how the anomalous dimensions induced by graviton
fluctuations contribute to the beta functions of matter couplings.

Let us here investigate quantum gravity effects on the scalar potential. To this end, we replace
the cosmological constant to the effective potential of a O(N)-scalar field ¢, i.e. Acc — U(9),
and add the kinetic term of the scalar field. The RG equation for the effective potential taking into
account only the quantum gravity effects reads [43]

-~ 1 5 n 1
2472 [1—v 1—v/4

3| (5.3)
where we define dimensionless quantities, ¢ = ¢ /k, U(9) = U(¢)/k* and v = 16mgyU, and the

prime denotes the derivative with respect to ¢. The first two terms on the right-hand side of Eq. (5.3)
are the canonical scaling of the effective potential, while the third term is the graviton loop effect.
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Expanding the effective potential into a polynomial of ¢, we obtain the RG equation for the scalar
mass term,

Oi® = By, = (=2+95)i*, (5.4)

with the anomalous dimension induced by graviton fluctuations,

_en| 20 1
i = 67 [(1—vo)2+ (1—v0/4)2] ’ )

where vo = 167gyU (0) with U(0) = Acc/k* the dimensionless cosmological constant. From the
RG equation (5.4) we find the critical exponent of the scalar mass term above the Planck scale,

g, ~ _ Pn —op_ 8N [ 20 1 ] : (5.6)

—53 o _ 2 2
om i/:)zg(zl 67 (1 VO*) (I—V()*/4)

For a finite value of gy., the anomalous dimension becomes finite, so that the energy scaling of the
scalar mass parameter is different from the canonical one.

We here suppose that ¥, > 2. In this case, the sign of the critical exponent of the scalar mass
becomes negative, namely the scalar mass parameter is irrelevant.This situation could provide pos-
sible solutions to the gauge hierarchy problem: One of them is the resurgence mechanism [51] in
which the scalar mass parameter behaves as the blue solid lien in Fig. 4. The scalar mass parameter
shrinks towards zero in the regions above the Planck scale and then increases such that m3, /v ~ 0.2
at the electroweak scale due to the decoupling of quantum gravity effects below the Planck scale.
Hence, the Higgs mass parameter is tuned so as to be m% /Mgl ~ 10® around the Planck scale. This
is called as the self-tuned criticality [18]. The scalar mass parameter increases towards UV scales
and then diverges. In order for the scalar mass (or equivalently the electroweak scale) to be UV safe
and predictable (irrelevant), one has to have a quite small fixed point /72 ~ 1073¢. So far, we have
not found such a fixed point within simple truncated systems. Instead, we find the Gaussian fixed
point 2 = 0 for which the RG flow of the scalar mass keeps zero. That is, the asymptotically safe
condition in the continuum limit k£ — oo implies that the low energy effective theory at the Planck
scale could be (classically) scale invariant.

We now give several comments in order. The magnitude of the anomalous dimension ¥,
depends on the value of the fixed point of gravitational couplings, so that we need more precise
analyze in order to establish the scenarios discussed above. In the scenarios with a negative critical
exponent of the scalar mass parameter, the quadratic divergence is irrelevant: The UV theory is
characterized by the UV fixed point and the low energy effective theory is given as a deviation
from the fixed point. That is, the quadratic divergence is subtracted. However, the gauge hierarchy
problem arises if there is a large intermediate scale between the Planck scale and the electroweak
scale, e.g. the grand unification scale, Agut. The large intermediate scale quadratically contributes
to the Higgs mass parameter as discussed in Section 4.4.

6. Summary

We have revisited the gauge hierarchy problem in elementary particle physics. The quadratic
divergence appearing in the scalar mass parameter may be spurious when we discuss the low energy
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Figure 4: Schematic figure for the RG flow of the scalar mass term with and without 5, > 2.

dynamics of particles. The other aspect of the gauge hierarchy problem arises from the fact that the

dimensionless scalar mass parameter /7’

is arelevant parameter with the critical exponent 2, namely
behaves as 7> ~ k~2. This fact with m%(v;)/ vi =~ (.1 implies that the Higgs mass at the Planck
scale is quite smaller than the Planck scale: m% (Mp1) /My ~ 1073, A possible solution within
the low energy physics is the imposition of classical scale invariance on the bare action. Then,
we extend the SM such that a scale Ay, which induces the electroweak scale, is generated. In
this paper, we have discussed such an extension of the SM based on the strongly interacting scalar-
gauge theory in a hidden sector. A newly added scalar field S is coupled to the Higgs field H via the
Higgs-portal coupling Ays(H"H)(S'S) which changes to the Higgs mass parameter proportional to
the quadratic scale, i.e. m2, ~ AysA>. This quadratic divergence is physical, namely independent
from the choice of the regularization scheme.

Although classical scale invariance provides a direction of an extension of the SM, it is a
strong assumption. To establish the scenario for electroweak scalegenesis, we have to discuss
the high energy physics including quantum gravity beyond the Planck scale. In this paper, we
have introduced asymptotically safe quantum gravity which is realized as a non-perturbative field
theory. The anomalous dimensions induced by graviton fluctuations could drastically change the
energy scaling of coupling constants above the Planck scale. In particular, the graviton anomalous
dimension ¥, tends to make the critical exponent of the scalar mass parameter smaller than its
canonical dimension. If 5 is larger than 2, the scalar mass parameter becomes irrelevant. In
such a case, potential solutions to the gauge hierarchy problem are given: One of them is the
resurgence mechanism in which the small Higgs mass parameter 7z2; / My ~ 10736 is self-organized
by quantum gravity effects. The other is classical scale invariance. That is, scale invariance at
the Planck scale could be naturally realized as a consequence of the irrelevance of the scalar mass
parameter above the Planck scale. The gauge hierarchy problem may provide hints for a connection
between low and high energy physics.
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