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Abstract We propose an extension of the standard model
with Majorana-type fermionic dark matters based on the flat-
land scenario where all scalar coupling constants, including
scalar mass terms, vanish at the Planck scale, i.e. the scalar
potential is flat above the Planck scale. This scenario could
be compatible with the asymptotic safety paradigm for quan-
tum gravity. We search the parameter space so that the model
reproduces the observed values such as the Higgs mass, the
electroweak vacuum and the relic abundance of dark matter.
We also investigate the spin-independent elastic cross sec-
tion for the Majorana fermions and a nucleon. It is shown
that the Majorana fermions as dark matter candidates could
be tested by dark matter direct detection experiments such as
XENON, LUX and PandaX-II. We demonstrate that within
the minimal setup compatible with the flatland scenario at
the Planck scale or asymptotically safe quantum gravity, the
extended model could have a strong predictability.

1 Introduction

With the discovery of the Higgs boson [1,2] the standard
model (SM) was complete. This brings us to the next stage
in elementary particle physics. One of obvious issues is the
lack of a dark matter candidate in the SM. At the present
stage a little fact is known about features of the dark mat-
ter as an elementary particle. In particular, it is not clarified
even that the dark matter is either fermionic or bosonic, so
that a numerous possibility of dark matter candidates can be
considered. Besides, the nature of the Higgs sector is still
unclear although all coupling constants in the SM are deter-
mined. Due to this situation, a scenario, where dynamics of
dark matter is related to that of the Higgs field, has been
suggested.
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Let us here discuss what one expects from the discovered
Higgs boson mass. The observed Higgs boson mass 125 GeV
indicates that the perturbative renormalization group (RG)
flow of the Higgs quartic coupling constant with the top
quark mass M; ~ 171 GeV reaches to zero around the Planck
scale Mp within the standard model (SM) [3,4]. This fact
might indicate a compelling evidence for dynamics of parti-
cles from a high energy theory including quantum gravity if
one assumes that the SM is valid up to My, or effects of new
physics do not drastically change dynamics of SM particles.
This fact motivates us to consider the flatland scenario [5-9]
as one of scenarios for an extension of the SM.

The flatland scenario imposes that all couplings for scalar
fields, involving scalar masses and the Higgs portal cou-
pling, vanish at the Planck scale, namely the scalar potential
becomes flat above Mp;. Such a scenario might be highly con-
troversial from the viewpoint of low energy physics, whereas
this could be a natural condition from the asymptotic safety
scenario of quantum gravity [10-12]. The existence of a non-
trivial ultraviolet (UV) fixed point for gravitational couplings
realizes asymptotically safe gravity as a non-perturbatively
renormalizable quantum gravity. Above the Planck scale,
RG scalings of couplings are non-trivially modified from
the canonical ones due to the anomalous dimension induced
by graviton fluctuations. For a certain fixed point value, the
scalar masses and the scalar couplings are suppressed and
then these couplings become irrelevant parameters [13,14].
This fact enforces scalar interactions so as to be switched off
until the Planck scale.

In this work, we propose a U(1)x extension of the SM
compatible with both the flatland scenario and the existence
of dark matter candidates. We add right- and left-handed
Majorana fermions, a SM-singlet scalar field which cou-
ple to a U(1)x gauge field. The Majorana fermions have
Yukawa coupling with the singlet scalar field. These Majo-
rana fermions are stable and thus can become dark matter
candidates. The ratio between the U(1)x gauge coupling and
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the Yukawa couplings is a key quantity for the generation
of an expectation value of the singlet scalar field (or a finite
scale), based on the Coleman—Weinberg mechanism [15].
As a consequence, the U(1)x symmetry is broken and then
the corresponding gauge boson becomes massive, while the
Majorana fermions acquire finite masses via the Yukawa cou-
plings. In general, it is allowed to write the so-called kinetic
mixing term between the U(1)y gauge field in the SM and
the U(1)x gauge field. Such a kinetic mixing plays a crucial
role of the inducement of a negative Higgs portal coupling
between the Higgs doublet field in the SM and the singlet
scalar field. Thanks to this, the breaking of the U(1)x sym-
metry triggers the electroweak symmetry breaking.

The dark matter relic abundance in this model corresponds
to that of the Majorana fermions. This constraint can fix, for
instance, the value of the ratio between the Yukawa cou-
plings. At this point, there is only one free parameter, e.g.
the U(1)x gauge coupling, in this model. This free parame-
ter could be determined by the direct detection of the weakly
interacting massive particle (WIMP). Hence, this model is
testable in near futures.

This paper is organized as follows: in Sect. 2, we briefly
explain the basic idea of the asymptotic safety scenario for
quantum gravity and its implications for the matter dynam-
ics. We introduce the model compatible with the flatland con-
dition and summarize both theoretical (from asymptotically
safe gravity) and experimental constraints for this model. We
explain the mechanism of the symmetry breaking in the flat-
land scenario in Sect. 3 and show that the electroweak scale
is generated within this model by taking a benchmark point.
In Sect. 4 we investigate the relic density of the Majorana
fermions as dark matter candidates. The spin-independent
cross section between the Majorana fermions and a nucleon
is shown with the current upper bound from the WIMP direct
detection experiment. Section 5 is devoted to summarize this
work. In Appendix 1, we collect the beta functions at the
perturbative one-loop level. The one-loop effective potential
in this model is shown in Appendix 1. We show the explicit
forms of cross sections for annihilations of the Majorana
fermions in Appendix 1.

2 Setup

In this section, we discuss the basic idea of asymptotically
safe quantum gravity and briefly summarize its current sta-
tus. In particular, we will stress that quantum graviton fluc-
tuations drive scalar dynamics such that it behaves as a free
theory above the Planck scale, and then the flatland condi-
tion is given as a consequence from decoupling of quantum
gravity effects around the Planck scale. We propose a flatland
model involving fermionic dark matter candidates.

@ Springer

2.1 Asymptotic safety scenario

As a UV-complete theory beyond the Planck scale, we
assume asymptotically safe quantum field theory involving
quantum gravity. Here, we start with general discussions on
the fixed point structure in a theory space and an energy scal-
ing of a coupling constant in RG flow in order to make our
criterion for an extension of the SM.

For a theory space spanned by a set of effective operators
O; whose (dimensionless) coupling constants are denoted
by gi, one explores fixed points at which all beta functions
Bi({gi}) vanish. One can easily find the Gaussian (or trivial)
fixed point g;,, = 0 which can be discussed by perturbative
RG. In addition to such a fixed point, in several quantum
systems, non-trivial fixed point g;,. # 0 could exist. One of
well known cases is the Wilson-Fisher fixed point [16] in the
three dimensional scalar theory which describes a ferromag-
netic phase transition. In this case, however, non-perturbative
methods, e.g. e-expansion [16,17] and functional RG [18—
22] should be employed to analyze the fixed point structure
due to the strongly correlated system.

Once one finds a fixed point, the energy scaling of coupling
constants g; at vicinity of the fixed point can be clarified.
This is characterized by the critical exponent 6; such that the
dimensionless coupling constant behaves as g; (k) ~ k=%
in the RG flow, where k is the energy scale. More specif-
ically, one can obtain critical exponents by evaluating the
eigenvalues of the stability matrix 7;; = 98;/0g|s=g,- Cou-
pling constants with positive critical exponents are relevant
parameters and grow up toward low energy regimes. The
subspace spanned by relevant operators, which are called the
critical surface, defines a UV complete renormalizable the-
ory. The relevant coupling constants are free parameters, so
that a system with a less number of relevant couplings has a
higher predictability. In contrast, for negative critical expo-
nents, coupling constants are irrelevant parameters which are
driven as functions of relevant couplings. At the Gaussian
fixed point, the energy scaling for an operator can be read
as the canonical dimension of its coupling constant, while at
the non-trivial fixed point, a large anomalous dimension is
induced by quantum dynamics, so that the energy scaling of
coupling constants highly deviates from the canonical one.
In such a case, one has to evaluate the eigenvalues of the
stability matrix in order to obtain the critical exponents.

Let us here turn to the discussion on the basic idea of
asymptotically safe quantum gravity. It is known that quan-
tum gravity based on the Einstein—Hilbert action is pertur-
batively non-renormalizable due to the requirement of an
infinite number of counter terms [23]. Nevertheless, there is
a possibility that quantum gravity could be formulated as a
non-perturbatively renormalizable theory which is known as
asymptotically safe quantum gravity [10-12]. As discussed
above, for the asymptotic safety scenario for quantum grav-
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ity, the existence of a non-trivial fixed point for gravitational
interactions plays a crucial role. A number of studies utiliz-
ing the functional RG method have been performed and have
shown evidences for the existence of such a non-trivial fixed
point; see reviews [24-31]. An important fact is that a finite
number of positive critical exponents (6; > 0) for gravita-
tional couplings is observed [32—44], and then asymptoti-
cally safe quantum gravity could have a predictability to low
energy dynamics.

A great interesting question is impacts of quantum grav-
ity effects on matter dynamics. Within the asymptotically
safe gravity scenario, a large anomalous dimension induced
by graviton fluctuations could change drastically scalings
of matter couplings above the Planck scale. Below a tran-
sition scale k; associated with the Planck scale where quan-
tum gravity effects decouple, dynamics of particles may be
described by the SM with a simple extension of the SM. In
this view point, the extended system describing the particle
dynamics should satisfy the boundary condition given at k;.

2.2 Criteria for constructing model

We discuss constraints from the asymptotically safe quantum
gravity scenario on matter dynamics and consider a possible
extension of the SM.

As a simple extension of the SM, the inclusion of a singlet
scalar field S coupled to the Higgs field can be considered.
We first discuss the conditions for the RG flow of scalar
interactions. The form of the beta function is given by

:3)» = lgk,matter + f)\)h (1)

Here, A denotes a scalar coupling such as the quartic and por-
tal coupling constants, and Bj mater includes contributions
from matter dynamics, while f; represents universal gravity
contribution whose form reads [14,45]

G 20 1
fk‘g[(l—vw”(l—vow] @

where G = Gk? is the dimensionless Newton coupling con-
stant and vy = 1671 G Aock? is the dimensionless cosmolog-
ical constant. Note that the dimensionful Newton coupling
constant G is mass-dimension —2, while the mass-dimension
of the dimensionful cosmological constant A is 2. Looking
for a fixed point at which 8, = 0, one finds the Gaussian
fixed point for the scalar coupling, A, = 0. The investiga-
tions for such a system indicate the facts that all scalar cou-
plings involving the Higgs portal coupling are irrelevant [14]
since the critical exponent for the scalar coupling is given
by 6, >~ —f7 < 0 where we assume that the gravitational
couplings have a non-trivial fixed point. This means that the

RG flow for the quartic coupling and the Higgs portal cou-
pling keeps zero until the Planck scale when their fixed point
is Gaussian, Ags = Asy = Agss = 0. Thus, we have the
boundary conditions at k; = My, for the scalar interactions
such that

ot (Mpt) = ds(Mp1) = ds(Mp1) = 0, 3

where Ay and Ag are the quartic coupling constants of the
Higgs and the additional singlet scalar fields, and A g 5 is their
Higgs portal coupling constant. These conditions means that
the scalar fields behave as free fields above the Planck scale.
Second, we consider the quantum gravity effects on a
squared scalar mass parameter. Its beta function reads

,Bm = _2’7712 + ,Bm,matter + fm"hzv (4)
where m? = m?/k? is the dimensionless squared scalar mass
parameter. The first term on the right-hand side is the canon-
ical scaling term which causes the so-called gauge hierarchy
problem since it gives a large value of the critical exponent
Om = 2 for the Gaussian fixed point at which B, matter = 0
and f;; =~ 0. In such a case, the squared scalar mass is rel-
evant, and then its energy scaling is given as a growing up
solution below the Planck scale. For energy regimes above
the Planck scale, the critical exponent of the squared scalar
mass could change towards a smaller value than canonical
one because of the graviton fluctuations ( f;, # 0) in asymp-
totically safe gravity such that 6,, >~ 2— f,*. Indeed, the form
of f,, is given by the same as Eq. (2) [45]. If a large anoma-
lous dimension f% > 2 is induced, the critical exponent of
the squared scalar mass turns negative and thus the squared
scalar mass is not a free parameter. For the non-trivial fixed
point of the squared scalar mass ﬂzi # 0, the electroweak
scale is explained by the resurgence mechanism in a pertur-
bation [13], while for the Gaussian fixed point nﬁi =0, the
squared scalar mass keeps zero within the RG flow until the
Planck scale. So far, the latter case is typically observed by
the functional RG analysis [14,45,46], so that for the singlet
scalar extension of the SM, the squared scalar mass parame-
ters should satisfy

my (Mp1) = m5(Mp) = 0. ®)

This situation corresponds to the so-called classical scale
invariance at the Planck scale [47—49]. In this case, the elec-
troweak scale has to be generated by the dimensional trans-
mutation by the Coleman—Weinberg mechanism [15,50-53]
or strong dynamics [9,54-62]. See also [63]. We call the gen-
eration of a scale “scalegenesis” in order to emphasize that
a scale invariant theory generates a scale due to its quantum
dynamics.

@ Springer
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The conditions (3) and (5) indicate that the effective scalar
potential is flat above the Planck scale. This is called the
flatland scenario [6,7]. In this scenario, the scalar interac-
tions have to be generated by quantum effects. With this fact,
the following two things should be satisfied: (i) the effective
scalar potential is stable; (ii) the electroweak scalegenesis
takes place due to the Coleman—Weinberg mechanism in the
singlet-scalar sector. However, they cannot be realized by
only the inclusion of a singlet-scalar field to the SM. In order
to obtain the stable scalar potential, the quartic coupling con-
stants have to be positive for large field values. A Yukawa
interaction can play this role since the beta function of the
quartic coupling constant includes the term proportional to
the Yukawa coupling constant to the fourth power, ;. > —y*.
The Higgs quartic coupling constant can be realized due to
the effect of the top-quark Yukawa coupling constant, while
for the singlet-scalar field, an additional fermionic degrees
of freedom coupled to the singlet-scalar field is required in
order for its positive quartic coupling constant to be gen-
erated. Generally, for the requirement (ii), the quartic cou-
pling in the RG has to be turned to a negative value around
energy scales near a vacuum expectation value (S). A new
U(1) gauge interaction with the singlet-scalar field could play
such a role since the quantum correction +g° arises from the
gauge interaction in the beta function of the quartic coupling
constant. Therefore, for the electroweak scalegenesis in the
flatland scenario, the ratio between the Yukawa coupling and
the gauge coupling is crucial. In Sect. 3.1, the explicit condi-
tion for the ratio to realize the the electroweak scalegenesis
is discussed.

Let us here discuss quantum gravity effects on a U(1)
gauge coupling and a Yukawa coupling. For a U(1) gauge
coupling, here denoted by g, the beta function is given by

Bg = Bg,matter — f3&> (6)

where the correction from quantum gravity is found [64] to
be

Ni[ 8 — 4 i| )
fg_167t l—vy (1 —vo/2]|"

We should note here that — f, takes a negative value for a
non-trivial fixed point of the gravitational couplings. In this
case, the matter contribution B¢ maer and the gravity effect
could balance. Consequently, one could consider two possi-
bilities as UV complete scenarios [65,66]: one is that in the
continuum limit the gauge coupling reaches to a Gaussian
fixed point (g, = 0) at which the gauge coupling is relevant.
In this case, the gauge coupling is a free parameter and behave
as an asymptotically free coupling. Other is the case that a
non-trivial fixed point g, # 0, at which the gauge coupling
is irrelevant and asymptotically safe, i.e. the gauge coupling

@ Springer

is predictable in the low energy regime. From these facts,
in order for the gauge coupling to be a UV complete cou-
pling, it cannot take a larger value than the non-trivial fixed
point value. For a one-loop level of the beta functions for the
gauge coupling, B¢ matter 2 Bg,1-loop g3, the gauge coupling
is bounded so that, at the transition scale k; = M,

fg
My) < g = [ —2—. 8
g( pl) 8 ﬁg,l—loop ( )

In the same manner, the Yukawa couplings could have
also an upper bound [41,67,68]. On the other hand, the ratio
between the Yukawa coupling and the gauge coupling is con-
strained from the condition for the realization of scalegenesis
as will be seen in Sect. 3.1. Together with the bound for the
gauge coupling (8), this condition provides both upper and
lower bounds for the Yukawa coupling. Therefore, in this
work we do not consider the bound for a Yukawa coupling
from the asymptotic safety scenario.

2.3 Model in flatland

Following the discussions in the previous subsection, we con-
sider an extension of the SM based on the flatland scenario.
As apossible extension, we propose an extended system with
a SM singlet-scalar field and Majorana fermions coupled to
an extra U(1)x gauge field. This case allows us to write a
kinetic mixing [69] between U(1)y gauge field in the SM and
the additional U(1)x gauge field such that B, X*", where
B,y =0, By, —9,B, and X, = 9, X, — 3, X, are the field
strengths for the U(1)y and U(1)x gauge fields, respectively.
Then, the kinetic terms for these gauge fields are given by

1 1 €
Lgauge = _ZB;/.\)BMU - ZX,U,VXMU - EB,u.lewv 9)

while the interactions between the gauge fields and a matter
field are given through a covariant derivative,

D,=0,—iYgyB, —iYxgxXy, (10)

where the strong (QCD) and weak interactions are omitted.
Here, we canonically normalize the kinetic terms (9) so that

L Lo G, (11)

ﬁgauge 4 mv 4w

where F I/I«U and G;w are the field strengths for a new gauge-
field basis (B/,, X ;L) defined by the transformation,

(i) =% 2 alc D)E)
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_ 1 € B,
~(o =) (%) 2

with e+ = /1 £ €. The second matrix on the right-hand side
in the first line of Eq. (12) is employed in order to canonically
normalize the kinetic terms for the gauge fields, while the first
one corresponds to a rotation with an angle of tan~! (e, /e_).
The latter transformation can be performed since the kinetic
terms (11)isinvariant under a rotation for a field basis. We see
here that for the new field-basis (B/,, X ;L) defined by Eq. (12),
the mixing effect corresponds to a scale transformation for
X, whereas B, is transferred to X, through the mixing
effect.

In the new field-basis (12), the covariant derivative (10)
becomes

Dy =08, —iY(gy B, + gmix X)) — iYxgx X}, (13)
where we define new gauge coupling constants,

€ , 1
8mix = ——F—=4Y> 8x = —7——8X-
e V1 —¢€? X /1=

A field for which U(1)y hypercharge is assigned interacts
with X, even if it has no U(1)x hypercharge. Hereafter we
work in the field-basis (B,,, X},) and neglect primes on these
fields and the coupling constant g’y .

We here give the Lagrangian for our model,

(14)

L= LsMlmy—-0~+ Lxin+ Ly =V, (15)

where Lgm denotes the Lagrangian for the SM without the
Higgs mass term due to the condition (5). Here, Ly, involves
the kinetic part of new fields,

. . 1
Liin = |DuSI> + ZriDxR + XriDx1 — 2 X" X, (16)

where S is a singlet-scalar field. Majorana fermions yg and
xr are introduced in order to avoid the gauge anomaly. These
fields interact with the U(1)x gauge fields via the covariant
derivative given in Eq. (10). The singlet-scalar field S is cou-
pled to only X, with a hypercharge Yy = 2. For the Majo-
rana fermions xr and yp, their hypercharges are assigned as
Yx = —1 for the U(1)y gauge field, but is not for the U(1)y
gauge field, i.e. Y = 0. The assignment of hypercharges Y
and Y for each field is summarized in Table 1. In this setup,
the Majorana fermions are stable particles after the breaking
of the U(1)x symmetry into the Z, symmetry, so that they
could be dark matter candidates [70-83].

The Majorana-type Yukawa interactions between S and
XR Or xp are given by

£X = _YRSFRXR — YLSFLXL + h.c.. (17)

The U(1)x symmetry prohibits the Majorana mass terms and
the Dirac-type Yukawa interactions, while the Dirac type
mass is forbidden by scale symmetry. After the singlet-scalar
field has a finite expectation value (S), these terms turn to the
Majorana mass terms. Thus, Eq. (17) becomes origins of dark
matter masses.

The scalar potential, denoted by V in the Lagrangian (15),
is given by

V =aulH* + aslSI* + ans|H IS, (18)

where H is the Higgs doublet field. With the condition (5),
the scalar mass parameters keep zero within their RG flows
since the beta functions for the scalar mass parameters are
proportional to themselves. Therefore, the scalar mass terms
are not taken into account. In contrast, the quartic and the
Higgs portal interactions are needed in order for the theory
to be renormalizable within our Lagrangian (15). Neverthe-
less, the RG equations for their renormalized coupling con-
stants have to satisfy the condition (3), so that these scalar
coupling constants are not treated as free parameters. Note
that a massless scalar theory is renormalizable [84].

Here, we briefly describe the scalegenesis in our model.
A scale associated with both the electroweak scale and dark
matter mass scale should be generated by radiative correc-
tions, i.e., the Coleman—Weinberg mechanism. Within our
present model (15), the Coleman—Weinberg mechanism in
the singlet-scalar sector first could take place. We denote
the generated vacuum by vg = +/2(S). This generation of a
scale triggers the electroweak symmetry breaking through a
negative Higgs portal coupling, namely

vy = -0} (19)

where (H) = (0, vy/ﬁ)T. In order to obtain a finite vy, a
negative value of A g s has to be induced by quantum effects.
In the next Sect. 3, we will see the occurrence of such a
situation. For A7 s & 0, one obtains the Higgs mass M7, ~
2 H v%{. Since U(1)x symmetry is spontaneously broken, the
X boson obtains a finite mass,

My >~ 2gxvs. (20)
The masses for the Majorana fermions are given by
Mg >~ 2ygvs, My =~ 2ypvs. (21)

The difference between xg and x in this model is charac-
terized by only the Yukawa coupling constants. Therefore,
one can concentrate on the case yg < yp with no loss of
generality.

@ Springer
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Table 1 Charge assignment for

elementary particles Field SUG) SU@). Uy Ulhx
_f(uL cr 175
N A SRR
UR = UR, CR, IR 3 1 2/3 0
dr = dR, sgr, br 3 1 -1/3 0
L="E), (), (M 1 2 -1/2 0
er 1293 T
€R = €R, LR, TR 1 2 -1
ot
H= ( H0> 1 2 1 0
AL (SU(2), gauge field) 1 3 0 0
B, (U(1)y gauge field) 1 1 0 0
gﬁ (gluon) 8 1 0 0
S 1 1 0 2
XL> XR 1 1 0 -1

Finally, we mention the constrains on parameters involved
in the present model. In addition to the three conditions (3) for
the quartic coupling constants and the Higgs portal coupling
constant, we have constraints from the observations [85]

vy = 246 GeV,
M =125.10 +0.14 GeV,
MP* = 16075 GeV. (22)

For the top-quark mass, the MS mass is used. Note that the
pole mass is Mtp()]e = 173.1£0.9 GeV. As mentioned above
and discussed in Sect. 4, the Majorana fermions could be
stable and then become dark matter candidates. The latest
observation [86] reports that the dark matter relic density in
the cosmological evolution is

QoS A% = 0.1193 4 0.0014, (23)

where “DM?” is the abbreviation of dark matter. The relic
density of the Majorana fermions has to satisfy this value.
These constraints reduce from the five free parameters, gx,
Zmixs Y, ¥ and yg, to one parameter.

As discussed in Sect. 2.2, there is an upper bound (8) for
a U(1) gauge coupling. For the prediction of the observed
value of gauge couplings within the SM, the gravitational
contribution f, being of order 1072 is required [87]. It is
shown in Refs. [65,66,88] that gravitational effects actually
yield f, of this order. We use f, = 0.02 [89]. Within our
model setup (15), the upper bound becomes

gx (Mpl) < 1.09, (24)

@ Springer

where we used the beta function for gy given in Eq. (A2) and
set gmix = 0. Using the beta function for gnix with gx = 0
the kinetic mixing is also constrained as

gmix(Mp1) < 0.68. 25)

Finally, we comment on phenomenological constraints for
the kinetic mixing effect. The kinetic mixing coupling con-
stant € in the Lagrangian (9) is constrained for a wide range
of the extra gauge boson mass My [90]. The Z’-boson mass
in our system would become typically of order a few TeV.
For such a mass range, the upper bound on € is given from
Z' searches in the LHC experiments by looking at e*e™ and
utT ™ channels. For My = 1TeV, we have € < 0.1 [91].
The bound for heavier mass regions is relaxed such that, for
instance, € < 0.2 for Mx = 2TeV.

3 Realization of scalegenesis

In this section, we study the mechanism of the scalegenesis in
our model using the RG. First, we discuss a general condition
to realize the scalegenesis in the flatland, which can be read
from coefficients of beta functions at the one-loop level. We
see that our model actually satisfies the condition, and then
we discuss how the physical vacuum and masses are defined.

3.1 Condition for scalegenesis in flatland scenario

We start by looking at a general condition to realize the flat-
land scenario by following the literature [7]. For a system
where a fermion and a scalar boson couple to each other and
to a gauge boson, the RG equations for the gauge coupling
g, the Yukawa coupling constant y and the quartic coupling
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constant A at the one-loop level are given by

%8 o pe= L gt (26)
Fau =P~ 1628 ’

dy y 2 2

L . ] 27
K By 16712[y cg” |+ (27)

g = ! [~y + rg*] + (28)
Hap =P =1em 7 g .
where 1 is a RG scale, a, . .., f are coefficients depending

on the degrees of freedom of fields and dots stand for irrel-
evant terms for the discussion below. As we have discussed
in the Sect. 2.2, the ratio between the Yukawa coupling and
the gauge coupling, r = y/g, is crucial for realization of
scalegenesis in the flatland scenario. Therefore, we rewrite
the beta functions in terms of » = y/g such that

ar brg* , dr _dgt 4
Pan =162 T P T Tepz o T
(29)
where
1/4
a—+c
re = P T =(§) . (30)

Let us here discuss a realization of a stable and finite vac-
uum generated from the Coleman—Weinberg mechanism in
the flatland scenario. The effective scalar potential should be
bounded for a large field value, ¢ ~ My, to realize a stable
vacuum. This requires that 8, < 0for u = M. The genera-
tion of a scale, here denoted by v, in the Coleman—Weinberg
mechanism s realized by a negative quartic coupling constant
at . = v. For this, we need 8, > 0 at © = v. From the beta
function for A in Eq. (29), these behavior can be achieved by
r(v) <rg < r(Mpl). This condition also requires that r as a
function of u has to increase with increasing the scale. Thus,
the generation of a scale in the flatland scenario could be
realized when the condition r. < r(u =v) < ro < r(Mp)
is satisfied. This condition can be expressed in terms of the
coefficients in the beta functions as

Te 2 a4c ld
k= ()= fian a

In our model (15), the Coleman—Weinberg mechanism
works in the singlet-scalar sector, so that we can identify the
coupling constants g, y, and A with gx, yr (or y), and Ag,
respectively. In this case, we have, for each beta function, the
coefficients as

c=6, d=32, f=096, (32)

where we assume that y; = yg. See Appendix 1 for
explicit forms of the beta functions. Inserting these values
into Eq. (31), we obtain K =~ (0.625 and then can see that the
condition (31) is satisfied. Note that the value of r (vg) has to
be between r. >~ 1.04 and ro >~ 1.32. We also note that for
yg = 0onehas b = 6and d = 16, and then K =~ 0.590.

3.2 Scalegenesis in flatland

We investigate the scalegenesis in the singlet-scalar sector
owing to the Coleman—Weinberg mechanism. To this end, let
us start with a discussion of the mechanism for scalegenesis
in our model. As we have seen in Sect. 3.1, the ratios ry, g =
vyr.r/gx determine the scale of scalar field S. This scale is
mediated through the Higgs portal coupling Agg which is
set to zero at the Planck scale. In order for the Higgs portal
coupling to have a finite and negative value in low energy
regimes, one needs a term not proportional to Agyg in its
beta function. Indeed, as one can see from Eq.(AS5) a term
+(gmixg x)2 in the beta function plays such a role, so that
a finite value of gnmix is crucial for the inducement of the
electroweak scale via the Higgs portal coupling. (See Eq. (45)
below.)

We solve the RG equations for the system with the bound-
ary conditions (3) and (5). In Fig. 1, we show an example of
the RG flows for the quartic and the Higgs portal coupling
constants, where the following initial benchmark value is
used:

yL (Mpl) = 1.842,
gx (Mpl) = 0.79%4,

yR(Mpl) = 1.354,
Zmix (Mpl) = 0.134. (33)

The boundary condition for the gauge coupling constants for
the the SM gauge fields is given in Appendix 1. The Yukawa
coupling constants yr. g, the U(1)x gauge coupling constant
gx, and the kinetic mixing effect gnyix are approximately con-
stant within the RG flow since their beta functions are propor-
tional to themselves. One can see that the quartic coupling of
S is generated as a positive value in high energy region and
then turns to a negative values at a certain renormalization
scale. Such a behavior implies an occurrence of radiative
symmetry breaking. The Higgs portal coupling constant is
generated as a negative value.

In order to extract information about the vacuum vg, we
consider the effective potential for S. To this end, we here
parametrize the complex scalar field S such that

_¢+in
=5

S (34)

and then vg = v/2(S) = (¢). Since the Higgs portal coupling
constant is much smaller than the Yukawa coupling constant
and the U(1)y gauge coupling constant, it could be negligible

@ Springer
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Fig. 1 RG flow of scalar coupling constants from the Planck scale to
the electroweak scale with the boundary condition (3) and the bench-
mark value (33)

for the analysis of the vacuum. This treatment allows us to
consider the effective potential only for ¢. Thus, the improved
effective potential [92] for ¢ is given by

As(t)
Verr(@) = = =G 0 ¢", (35)
where Ag is the running coupling constant obeying its RG
equation, the dimensionless RG scale is parametrized as t =
In(¢p/ M) with a renormalization scale M. Here, we choose
M = vg for which t = 0 corresponds to ¢ = vg. The effect

of the field renormalization is

t
G(t) = exp [—/(; dt’ ys(t’)i| , (36)

with the anomalous dimension of S,

dinG 1
dr ~ 32%2

ys(t) = - DR+i-24] 6D

The vacuum vy is obtained from the stationary condition,

d Ve
de

_ d Ve

¢ dr

=0, (38)

P=vs t=0

which gives a condition among coupling constants:

[4(1 — ¥s)As + ﬂxs] =0, (39)
=0
where
frg = 28, (40)
5 dr

One can read the U(1)x breaking scale vg as a scale at which
the condition (39) is satisfied.

@ Springer

After the U(1)x symmetry breaking, the singlet-scalar
obtains a finite positive mass squared,

d? Vegr

M_%(US) = W

~ —dig(vs) V3, (41)

p=vs

where we neglect the running effect of the field renormaliza-
tion (36) in the second equality. Furthermore, the effective
quartic coupling constant is obtained by

d* Vegr 22x (s) “2)
_— ~ ——Ais(vs),
g s(vs

Aefr 54 =
$p=vs 3

for which the singlet-scalar mass squared (41) is

6
Mi(vs) = erff P (43)

Note that the effective cubic coupling constant is given by

& Vegy 40
he, 9=~ 5| = ——hs(vs) s, (44)
do” |4 3
A negative Higgs mass parameter are generated through
a negative Higgs portal coupling such that at the renormal-
ization scale u = vg,

1
m3(vs) = Shs(vs) vi. (45)

This mass parameter evolves until the electroweak scale vy
by following its RG equation:

dm%{
MH = Vmil, (46)

where the anomalous dimension for the Higgs mass param-
eter V2, is given in Eq. (A6).

Let us turn to the Higgs sector with the generated Higgs
mass parameter (45). For a negligibly small Higgs portal
coupling constant, the effective potential for the Higgs field
is given by

_ 1 2, 1 4
Vetr(h) = 2mH(UH)h + 4?»H(UH)h ) (47)

The electroweak vacuum is defined as the stationary point
for the effective potential, dVesr/dh|p=y, = 0, for which
one infers

2
mH(UH)
=,/ ——. 48
o V' Am(vm) )
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At this vacuum, the Higgs boson mass is given by

d? Vegr

M121(UH) = anz

=2 (vp) vy + AMp,  (49)

h=vy

where the last term on the right-hand side denotes the Higgs
self-energy correction whose approximate form at the one-
loop level is given by [4,93]

AM? ~16Cov7;, (50)
with

Co (3M€V + (3/2)MS + B/aM; - 6M,4> .

 64n2v}
(51)

This correction can be obtained by using the one-loop effec-
tive potential given in Appendix 1 and would be about 10%
within the physical Higgs mass.

So far, we have neglected the Higgs portal coupling. This
may be a good approximation for obtaining the physical mass
spectra as long as a Higgs portal coupling is small. Never-
theless, the mixing effect between the Higgs field and the
singlet-scalar field plays a crucial role for the dark matter
annihilation via these scalar fields. The quadratic terms for
the (h, ¢)-basis in the effective potential is diagonalized such
that

M2 M2
e (h0) (M M) ()

Y Ml%/ 0 n
= (k ¢>)( 0 M£,> <¢>/>’ (52)

where we define M%IS = Agsvyvs. The mass eigenstates
are given by

W cos@ —sinb\ [k
(¢’) - <sin6 cos ) <¢) ’ (33)

with the mass eigenvalues,

M3+ M3 %\ [ (M3, — MD)? + 4Mg

2 _
Mh/’(P/ - 2
M% + M2 £ (M2, — M2)V/1 + tan? 20 54
— 5 ,
and the mixing angle,
2M?
tan20 = —— M5 (55)
MH - MS

For MIZ_I > Mg (MIZ_I < Mg), the mixing angle is positive
(negative). The mixing angle between the Higgs and a new
scalar boson is constraint such that |sinf| < 0.3 [94,95].
The Higgs mass in Eq. (54) has to satisfy the observed mass
(22),i.e. My = M9,

In the mass eigenstates (i, ¢), their propagators take
forms

1
Appr (Pz) = ; ;
p?— Mi, + il My
Ay (p?) = — : (56)
p2 - M¢, +ily My

where I'y and I'g are decay widths for the Higgs boson and
the scalar field S. Using the mixing matrix (53), one obtains
the propagators in the flavor basis (4, ¢) so that

Apa AHs
Asa Agss
_ COSZQ'Ah/h/ +sin29A¢/¢/ CO;GSinG(Aqﬁ/d).—zAh/h/) . (57)
cos@s1n9(A¢/¢/—Ah/h/) cos 9A¢/¢/ —sin“ 60 Ay

For the benchmark value of the coupling constants (33),
we obtain the expectation value of S,

vg = 1756.2 [GeV], (58)
for which we observe

M = 11143 [GeV],
My = 1380.8 [GeV],

Mg = 1042.5 [GeV],
My =227.9 [GeV]. (59)

3.3 Decay of new particles

We note decay processes of the Higgs field and the singlet-
scalar field. Due to the mixing between the Higgs field and
the singlet-scalar field, the partial decay width of the singlet-
scalar and the Higgs fields into the SM particles are given
by

Ty (¢ — SMs) = sin® 6 x T'(hsm — SMS) |m,, -,
(60)
Ty (h — SMs) = cos*@ x ['(hsm — SMs), 61)

respectively, where the right-hand side is the partial decay
width of the Higgs evaluated in the SM. For a small Higgs
portal coupling constant, there is no significant deviation of
'y from the SM case and the partial decay width of the
singlet-scalar field is small. Since our model predicts vg >
v, the Majorana fermions are heavier than the Higgs boson,
and then the Higgs field does not decay into them. On the

@ Springer
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0.76 0.78 0.80 0.82 0.84 0.86 0.88
ax (M pl)

Fig. 2 Region plot for the mixing angle, sin€, as a function of
gx (Mpl). The grey shadow region (| sin@| > 0.3) is excluded by the
collider experiments [95]

other hand, if 2My < M), the decay channel i’ — ¢'¢’
opens:

Oomsvr)? [ M3,
Fh/(h/ — ¢/¢/) = W T — M;, (62)

The extra U(1)x boson decays into SM particles via the
kinetic mixing effect with gnix < 10~°. This bound is ade-
quately small for the extra U(1)x boson to decay in the current
our system. Thus, the Majorana fermions annihilate into X,
if M R,.L > M X-

3.4 Allowed parameter space

We scan the parameter space where the phenomenologi-
cal constrains (22) and (23) are satisfied. We here summa-
rize constraints for free parameters in our model. As can
be seen in Eq.(22), the top-quark mass has a large uncer-
tainty. We perform the parameter search with a fixed value
M; ~ 160.4GeV for which the Higgs mass could be gen-
erated so as to My =~ 125GeV within the SM. Although
the extension of the SM could give a small deviation of the
Higgs mass, it is still consistent within the uncertainty of
the top-quark mass. From the asymptotic safety condition
above the Planck scale, the gauge coupling constant should
satisfy the bound gx (Mpi) < 1.09 and gmix(Mp1) < 0.68.
To realize the scalegenesis in the flatland scenario, the ratio
r = yr.r/gx should be in the range 1.04 < r(vs) < 1.32
which gives a constraint for the Yukawa coupling constants
by combing with the bound for the gauge coupling constant
8x-

We first show the mixing angle (sin#) as a function
of gx(Mp1). Figure2 represents the region for sin where
the constraints above are satisfied. The grey shadow region
|sin@] < 0.3 is excluded by collider experiments [95]. One
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can see from Fig. 2 that for gx (Mp1) < 0.84 the value of sin 6
is positive, i.e., the singlet-scalar boson is lighter than the
Higgs boson, and this region is already excluded. Therefore,
hereafter we restrict the value of the U(1)y gauge coupling
to gx (Mp) < 0.84.

In Fig.3 we show yr(MpL) and gmix(MpL) as functions
of gx(Mp1). These couplings have a linear dependence on
the U(1)x gauge coupling. In Fig.3 we plot linear red lines
which are given by, at the Planck scale,

yL = 2.4gx, Emix = 2.5gx —1.8. (63)

We parametrize the the right-handed Yukawa coupling as
YR(Mp1) = Eyr.(Mp), (64)

where & is a constant less than 1. With Egs. (63) and (64),
gx (Mp1) and & can be cast as free parameters in this system.
One of them will be constrained such that the relic abun-
dance of the Majorana fermions satisfy the dark matter relic
abundance.

Figure 4 exhibits allowed region for dimensionful physical
quantities (Mr, Mg, Mx, My and vg). One can see from
Fig. 4 that these quantities tend to be in inverse proportion to

gx (Mp)).

4 Majorana fermions as dark matter candidates

In this section we investigate the properties of the Majorana
fermions as dark matters. We start by setting up the Boltz-
mann equation to evaluate the relic density of the Majorana
fermions within the cosmological evolution, and then the
allowed parameter region, where the the observed relic den-
sity is satisfied, is searched.

4.1 Boltzmann equation and dark matter relic density

There are two dark matter candidates, namely xr and xr . In
order to follow evolutions of their number densities ng 1 as
functions of temperature, we here introduce the Boltzmann
equations. Since the structure of the Boltzmann equations
is symmetric under the exchange L <> R, we here show the
case only for the left-handed side. Instead of the number den-
sities, it is useful to introduce the quantities Y ;, = ng, /s,
where s is the entropy density. The Boltzmann equation for
Yy is given by [96-100]

dyp 1/2 [ HRLMp1

X [(U(XLXL; SMs, ¢, X,,) v) (Yf - ?i)
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Fig. 3 Allowed region plots for coupling constants, yz (Mp) (left) and gmix(Mp1) (right), as functions of gx (Mpl)
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]

(65)

where Mp = 1.22 x 10" GeV is the Planck mass; g =
106.75 is the total number of effective degrees of freedom
in the SM; 1/urr = 1/Mpg 4+ 1/My is the reduced mass;
x = puprr/T is the dimensionless inverse temperature; and

0.76 0.78 0.80 0.82 0.84
!]X(]Wpl)
Y is Y7 in the thermal equilibrium,
— 45x2 M%
Yi(x) = 4TTKZ((ML/MRL)X), (66)
T 8% ML

with K;(x) the modified Bessel function of the second
kind. Here, (o' (xzxz: SMs, ¢, X,,) v) is the thermal aver-
aged cross section for the dark matter annihilation processes.
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Fig. 5 Left: The relic abundances of the Majorana fermions (67)
normalized by the observed value (23) as a function of gx (M)
for a fixed value of & = yr(Mp)/yL(Mp1). The star points are

located at the typical values of gx(Mp) satisfying Qpmh? =

Such annihilations take place with mediators, the singlet-
scalar field ¢ [101-103], the Higgs field &, the U(1)y gauge
field X, [104] and the Majorana fermion as exhibited in
Fig.8 in Appendix 1. As discussed in Sect. 3.3, the singlet-
scalar fields in the final state decay into lighter SM particles
through the interaction with the Higgs field. These mediators
cause also the xzxr — xgrxr scattering of the Majorana
fermions, whose thermal averaged cross section is denoted
by (6 (xLxr; xR Xr) V). These processes are show in Fig.9
in Appendix 1 where we show their explicit forms.

Solving the coupled Boltzmann equation for Y and Y,
one can evaluate the relic density of the dark matter,

Qpmh? = Qrh* + Qh?
50
=—= (YR0oMR + Yi,00ML),
pe/h

(67)

where we have so = 2890cm™> and ,oc/fz2 = 1.05 x
1073 GeV em™3 [85,86], and YR.L oo are the values of Y 1.
at x = oo corresponding to the zero temperature. In our
working assumption Mr < My (or equivalently ygp <
yr), the annihilation of xgs to xrs does not take place,
namely (o (xr xr; xLxr) v) = 0. The left-handed Majorana
fermions annihilate to the right-handed ones in addition to the
SM particles and the singlet-scalar bosons within the temper-
ature evolution so that the main ingredient of the dark matter
relic density is the right-handed Majorana fermions.

The left-hand side panel of Fig.5 exhibits the relic abun-
dance of the Majorana fermions (67) normalized by the
observed one (23) as a function of gx(My1). There exists
a region satisfying Qpmh? = Q"Dli\jlﬁz in between 0.78 <
gx(Mp) = 0.81. The star points denote typical points for
each value of & = yr(Mp1)/yL(Mp1). We show the val-
ues (star points) of & as a function of gx (Mpy) in the right-
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Q‘)Dl}\s,[flz for each value of &. Right: & and gx(Mp) at the star
points. The blue dashed linear line is obtained by fitting to
these points. In the gray region, Qpmh2/ Q"Dti\}hz = 1 is not
satisfied

hand side panel of Fig. 5. One can see the linear dependence
of & on gx(Mp)). The linear fitting yields the relation for
0.78 = gx (Mp) = 0.81,

£~ 12.7gx(Mp) —9.4. (68)

Then, all parameters excepts for gx(Mp) are fixed by the
observed data.

4.2 Prediction on Spin-independent elastic cross section

In the WIMP dark matter search, interactions between a
nucleon and a dark matter play a crucial role for the detec-
tion of a dark matter signal. They could be observed as the
spin-independent (SI) elastic cross section of a dark mat-
ter and a nucleon [99,105]. In our model, the scattering of
the Majorana fermions and quarks could take place as the
t-channel diagram in the processes displayed in Fig. 6 from
which one can obtain the effective scalar-type four-Fermi
interaction Lefr = G (x5 x8)(q9) + Gl (x§ x1)(Gq). More
specifically, the coefficient of the four-Fermi interactions are
calculated as

1 1
GRL = YRL (coing — = (69)
2 M2 M

q
¢

with y, a quark Yukawa coupling constant. Note that since
the quark-DM interaction induced by the X gauge boson
exchange gives the spin-dependent cross section, we do not
evaluate it in this work. The four-Fermi interaction (69)
between a Majorana fermion and a quark is translated into
the effective interactions between a Majorana fermion and a
nucleon by
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XR,L XR,L

l h

q q

Fig. 6 The yxr gr-quark scattering process yielding the spin-
independent elastic cross section of a dark matter. The kinetic mixing is
denoted by the cross. The cross in a circle stands for the mixing between
¢ and h

M
R,L N ~R,L "IN
Gy = Z fq Gq Vq’ (70)

g=all quarks

where M, = y v /~/2 is a quark mass, My =~ 939MeV
is the nucleon mass, and qu = M,(N|qq|N)/My is each
quark matrix element of a nucleon.

For the left-handed Majorana fermion yx , the SI elastic
cross section of a dark matter and a nucleon is computed as

aut T (M 1 1\ 7
odi = MNL|:< NfNyL)cosGsin@ — - — ]
/4 V2vuy M¢ M;

(71)

where uyy = MyMp/(My + My) is the reduced mass for
the N-x system, and fy is calculated as
fn= Y. fN=0230s (72)

g=all quarks

with qu evaluated in [106—108]. One can obtain the case for
the left-handed Majorana fermion by exchanging L <> R.

In Fig.7, we plot the spin-independent elastic cross sec-
tions with the upper bound provided by XENONIT [109].
The constraints from LUX [110] and PandaX-II [111] are
somewhat milder than those of XENONIT; see [109]. One
can see from Fig. 7 that there is a small allowed region slightly
below the upper bound (solid black line).

The model has the strong predictability thanks to the
conditions from the asymptotically safe quantum gravity
scenario. If the spin-independent elastic cross section is
observed, all parameters in the model are determined. The
Majorana fermions as dark matter candidates in the model
could be tested in the near future.

5 Summary
We have proposed an extension of the SM based on the

flatland scenario with dark matter candidates. The flatland
condition corresponds to the fact that all scalar interactions

T T T

1.x10745

__ 5.x107%6
]
g
5,
7
N
2. x 10746
L
1. x 10746 s
— XENONIT o &
1.2 1.4 1.6 1.8 2.0

Dark matter mass [TeV]

Fig. 7 The Sl elastic cross section of Majorana fermions as a function
of their masses. The black solid line is the current upper bound of
XENONIT [109]. The green and yellow bands stand for the 1o and 2o
bands, respectively

including mass terms vanish at the Planck scale, namely the
scalar potential is flat above the Planck scale, especially the
model is scale invariant. Such a condition could be compat-
ible with the asymptotic safety program of quantum gravity.
We introduce Majorana fermions coupled to a U(1)y gauge
field and a singlet-scalar field. The U(1)x gauge field inter-
acts with the U(1)y gauge field in the SM even at the clas-
sical level via the kinetic mixing effect. At this point, there
are four free parameters (gx, gmix> yL and yg). This is a
minimal setup of an extended model compatible with the
flatland conditions which could be naturally concluded from
the asymptotically safe quantum gravity scenario. We have
demonstrated that the minimal extension of the SM contains
eventually only one free parameters and then has a strong
predictability.

Let us here summarize the processes that the four param-
eters are fixed. The condition for the electroweak scale-
genesis due to the Coleman—Weinberg mechanism gives a
constraint for the ratio between the Yukawa coupling and
the Uy (1) gauge coupling. Hence, the electroweak scale
vy = 246 GeV fix one of the Yukawa couplings. The kinetic
mixing effect gmix generates a finite negative value of the
Higgs portal coupling between the Higgs doublet-field in the
SM and the singlet-scalar field, so that the observed Higgs
mass my = 125GeV determines the value of gnix. We
found yr (Mp1) and gmix as functions of gx by the numer-
ical analysis, i.e. Eq. (63). The relic abundance of the Majo-
rana fermions has to be satisfied the current observed value
(23). From this constraint, we determined the ratio between
the Yukawa couplings, denoted by &, as given in Eq.(68).
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Then, there is only one free parameter, e.g. gx (Mp)) in the
model.

We have evaluated the SI elastic cross section of Majorana
fermions and a nucleon. The model predicts the SI elastic
cross sections as functions of the Majorana masses around the
current upper bound of XENONIT. There is a small allowed
region slightly below the upper bound. Therefore, the Majo-
rana fermions in the model as dark matter candidates could
be tested by the direct detection experiments of the WIMP
dark matter such as XENON, LUX and PandaX-II. If the SI
elastic cross section is observed, all parameters in the model
are determined. Hence, it is important to investigate the pos-
sibilities of the observations of the other particles, i.e. the
singlet-scalar boson mass and the U(1)x gauge boson mass.
The future collider experiments such as the High-Luminosity
Large Hadron Collider (HL-LHC) [112] and the International
Linear Collider (ILC) [113] could find these particles.

The investigation of stochastic gravitational waves pro-
duced by phase transitions at finite temperature may be one
of other possible tests for the model. It is actually reported in
[114] that a similar model (classically scale invariant B — L
model) can produce gravitational waves whose spectra could
be tested by future interferometer experiments. In such a case,
one expects that a supercooling universe is realized. In par-
ticular, when the electroweak phase transition temperature
is lowered until the QCD phase transitions, the thermal his-
tory of the universe could be changed drastically [115]. It is
interesting subject to investigate the nature of our model in a
supercooling universe.
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Appendix A: Renormalization group equations
A.1 Beta functions

Here, we list the beta functions for coupling constants at the
one-loop level in the extended model (15). The beta functions
have similar structures to a B — L extension of the SM [116].

For the gauge coupling constants in the SM sector, one
has

41
Uy : (47) B,y = ggi,
2 19 3
SUQ2) : @) Bg, = g 82

SUQ), : (47)*Bgs = —Tg3, (A1)

while the beta functions for the gauge coupling constant for
the new gauge field X, and the kinetic mixing effect are
given by

1) Bey = o8 + D gxe?
8x — 3gX 6 gxgmlx’

41 8
(47) B = 5 Smix (gfnix + 2g%) + ggﬁgmix. (A2)

The Yukawa coupling constants for the top-quark and the
Majorana fermions run by obeying the beta functions

9 9 17 17
(47T)2,3y, = yt(iy,z — 8&29 - Zé’% - ngzv - Eglznix>’
(A3)

(4702, = v& (63% +27 — 6g% ). (A4)

The beta function for the left-handed Majorana Yukawa cou-
pling constant are obtained by replacing R <> L.
For the scalar interactions, one has

9, 3, 3
Am)2 B, = 2402 — 6y + —gh + gh 4 Zg2ed 423,

8 8 4
3 2 2 2 3 4
+ ngix (g2 + g}’) + ggmix

+an (12y,2 —9¢5 — 38y — 3g12nix) :
@) B, =2002 — 16 (yfe + y‘L‘)

+96g% + 8hs ()’12e +1)

— 48hsg% + 203y

47)2Boyys = AH5<12AH + 8is + 4hpys + 62

9 2 3 2 3 2
_ng_EgY_Egmix
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+4(3k+22) - 24g§) +1287,8%-
(AS5)

The anomalous dimensions for the scalar masses m%i and

2 .
m are given by

3 3
(471) VYm2, = mH (12)»;1 + 6y, — 5812/ 2g§mx)
+ Z)VHSmév
(72,2 = m3 (8hs +40% + ) — 2483 )

+ drggm?;. (A6)

A. 2 Boundary condition for gauge coupling constants

We give the boundary condition for the SM gauge coupling
constants. The value of the strong coupling constant gg is
extracted from ag(Mz) = gi(Mz) /4w = 0.1184 [85],
where the Z-boson mass is Mz = 91.1876GeV. One can
obtain the values of SU(2);, and U(1)y gauge coupling con-
stants at My from the fine structure constant and the Wein-
berg angle [85] which are observed as

1 g2(Mz)g3(My)

a(Mz) = —— = 127.916,
A7 g3 (Mz) + 3(Mz)
2
M
sin® Oy (Mz) = 5 8 Z; =0.23116. (A7)
8y(Mz) + g5 (Mz)
From these values, more explicitly, one can extract
gs(Mz) = 1.22029,
g (Mz) =0.65191, gy (Mz) = 0.35746. (A8)

Appendix B: One-loop effective potential

In this section, we give the effective potential at the one-loop
level. The Higgs and the singlet-scalar fields are parametrized

by H = (¢t h +i¢?)/~/2and S = (¢ + in)/+/2, respec-
tively. The effective potential at the one-loop level is
Vete(h, ¢) = Viree (h, ¢) + AVl—loop(ha ¢)a (B1)
where the tree level potential is

AH 4 HS 2.2  AS 4
Viree (B, ¢) = Th + h o+ I(p ’ (B2)

and one has the one-loop effective potential,

1 Gh 3
AVioop(h, ¢) = 642 3Gh M2 )

Gy 3
2 ¢

+ In—2 — =
Gq’[an 2}

H
+ Tr H? ln——g
M2 2

T 3
—127%|In — — =
M2 2

Mg 5
+3Tr(MG[1n o ED

gl

i=L,R

(B3)

where M is a renormalization scale, and the mass functions
are defined by

A
Gn(h, §) = hph® + %«1)2,

AHS
Gyh, §) = rsp® + %hz,

T(h,¢) = %(yth)z, Np.r(h, ¢) = %(yL,be)z,
3amh? + ﬂfﬁ Aush ¢
9= rushd  3hse® + Llfhz
gyh*  —gagyh®  gygmixh?
Mg (h,¢) = — | —gagvh®  g3h? —828mixh?

gy gmixh? —28mixh? g2, h* + 16g% >
(B4)

For the Higgs portal coupling and the kinetic mixing coupling
to be small, one can obtain the one-loop correction from SM
particles to the Higgs mass by computing

dz AV -loop

2
AMi = =g

(BS)

h=vy,

Appendix C: Cross sections for dark matter annihilation

We give explicit forms of thermal averaged cross sections for
dark matter annihilation processes as shown in Fig. 8. To this
end, we briefly summarize formulas to calculate them. In this
section, we omit primes which denote the mass eigenstates
of the scalar fields & and ¢.

C. 1 Basic formula

For two-body scattering process (A+ B — a-+b) in a center-
of-mass system the differential scattering cross section is
given by

1 k|

2
. Cl
64m2s |p| M €D

do (A+ B + b)
_ — =
a0 “
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Here external momenta for the initial and the final states are
expressed as, respectively,

Vs —(ma+mp)2/s — (my —mp)?

lpl = NG ,
_ 2 _ _ 2
| = Vs — (mg +mb;\/\és (mq = mp)® ©2

with s = (pa + pB)2 = (pa + pb)z. Here, we assume the
center-of-mass system (pg = (E, p) and pp = (E, —p))
and my = mp = m;. With the relative velocity v =
4./|p|?/s, the cross section for the two-body scattering pro-
cess (Cl)is

1|k
16725 /s

The thermal averaged cross section is defined by

G(A+B—>a+b)v=/d§2 |/\/l| (C3)

e/t [ (Ea+Ep)/T
V)= ———= [ d'pad v) e \EATEBR/S L (C4
(ov) (27tm,-T)3,/ pad’pp (ov)e (C4
with E4 = Ep = /p*+ ml2 the energy dispersion. The

momentum integrals (C4), however, cannot by evaluated ana-
lytically, so that, by assuming a small relative velocity, one
expand the cross section into a polynomial of v, i.e.,

ov =09 4+oPv> 4 O, (C5)

where odd power terms of v are dropped since they vanish
in the integrals (C4). We obtain the formula for the thermal
averaged cross section,

(ov) =0 + 60(”) + O((T/m )~ 2) (C6)

C. 2 Cross section for dark matter annihilation

Let us evaluate cross sections for each process exhibited in
Fig.8. Assuming that dark matters are non-relativistic, we
expand the cross sections into a polynomial of the relative
velocity v and take into account up to of order v>.

When two x;s (i = L, R) annihilate into scalar fields, one
finds

o (Xixis #) v = 0,1) v + O,

o(ixi hyv =0 v+ 0",

XiXish
2 4
o Qi h8) v = o 1 p0” + O, (&)
with
Yi Ay Qv 2
)((7))(, 0 ’“1’ off, 53 Ass(M;) + H; B A ps(My)

@ Springer

(M 4 My)? j~
Tijk = 1-— 3 1-— 3
' 4M; 4M;

As given in Eq. (57), the propagators in the s channel for the
h-¢ mixing and the singlet-scalar field ¢ are defined by

Ax(M) =

o(Xixis WW)v = U;f;i;wwvz +0@"),

4
+ Lt |BgM)[* riM? (oM — 8MIMZ + 20 )
3

¥i -~ 2
- KﬁsvsAss(M )+ —”AmMi)) (Rp(My))
627
rigM; (SMi - 2M§), (C8)
o _ AHSVS
Xth W= 16 3rgvgAgs(M;) + ) (Cg)
2y2 A A 2
P i HSVS ) HSVH )
Oixizhd = Ton 1) ) —5—Ans(M;) + ASS(Mz)‘
(C10)

where A3 is the effective cubic coupling constant given in
Eq. (44). Here, we define dimensionless functions,

rij =

(M — My)?

(C11)

Aps(M) = cos @ sin 6 _ cos 6 sin 6 (12
AM? — M3 4M? — M7 +iTy M,

Ass(M) = cos? 6 _ sin? 6 C(C13)
4M2 — M3 4M? — M} +iTyM,,

with 6 the mixing angle given in Eq. (55), and Iy the decay
width of H presented in Eq.(62), while the s-channel prop-
agator of the X, gauge field is given by

1

e S Cl14
4AM? — M3, (1D

For annihilation processes mediated by a Majorana fermion,
we define its propagators in the ¢ and u channels,

~ 1 ~ 1

Ajj(M) =

—2M? M} + M7 —4M?

(C15)

Note that since the top-quark is much heavier (or equiva-
lently larger Yukawa coupling constant) than other fermions
in the SM, we neglect those of the annihilation process with
Yukawa couplings of the SM.

The cross sections for the y; pair annihilation into SM

gauge bosons, WT W™ and ZZ, are given by

o(xixi: ZZ)v=0") sz + 0w,

XiXxi:Z
(C16)
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/. Z
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Fig. 8 Possible annihilation processes of dark matters, which is
denoted by (o ( XLXL; SMs, ¢, X M) v). These processes are represented
in the flavor basis. The cross on the right-hand side diagram stands for
the kinetic mixing between U (1)y and U (1)x gauge fields. The cross
in a circle stands for the mixing between ¢ and 4. “SM” indicates con-
tributions from the SM particles except for the Higgs boson, i.e., W

Fig. 9 Annihilation processes XL

of the light-handed Majorana

fermions into the right-handed b
ones. This is denoted by

(o(XLXL: XRXR) V)

XL
where
2 » .
(02] Y 7 M: M:
Xixi:ZZ — 41 Apgs(M;)| riz y M_l% M_l4 ,
(C17)
2
2 2 ) .
(») _ Vi My 3 M M
Oixi:WW = ﬁ EAHS(Mi) riw | 5~ M_‘%, M_év ,
(C18)

while for the annihilations into SM fermions, and Z-Higgs
pairs, one has

o fHv=0l v+ 00,

oxixiihZyv=0l) . + ol P+ 00,

i xish (CI19)

. P

X
XR.L
X XR.L h
h
X

and Z bosons and top-quarks, and f are SM fermions. Contributions
from other quarks are neglected since their Yukawa coupling constant is
relatively smaller than that of top quark, whereas for the decay process
into fermions mediated by X boson, one has to take into account all
quark contributions

XR XL XR

Xr XL XR
with the s-wave cross section for x; x; — hZ,

®) 8382 3 . »
$ _ mix 3 :
UXiXi;hZ - 167TM;‘( rl/’lZMl ’ (CZO)

and the p-wave ones,

2
;tp)zt T _Vlcf _AHS(M) rzf( 2 — M%)
nc’f( fL fR)gming
247
X | Ax (M) rip (M7 +2M7), ©21)
2,2

(02) 8x 8mix 2

0 g = o |Ax(M)|"r;

XiXishZ 30727TM1.2M§| x(M)| rinz
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x [— 16M;‘{18M,3 (M,% - M%)
+9M}) + 18ME M3 — 2% + oM}

+4MZ M| M (M3 — 36M3) + 180}

+4M? (=31My M3 + 18ME M + 4TM )
2
— M3 (M3 - m3)" ]

vigx

~ 4
SL5 SN G VAT
192an.2M§‘ xo(Mi)[ " rixg

+20M3 M3 + 18M3 | + 576ME (M7 + M3)
x [10240/° + 256MF (M3 — 4013

Ty 2 a2\ ]

M (Mh MZ) ‘ (€22 — 128M° (4M§M§ +5ME - 3M;})
Here, f denotes all fermions in the SM, n. r is the degree
of freedom of color, i.e. n. 4, = 3 for quarks and n. ¢ = 1
for leptons, and Y is U(1)y hypercharge for a fermion f,
especially, Y, and Y, stand for hypercharges of the left-
and right-handed fermion sectors, respectively.

A two yx, pair decays into the U(1)y gauge bosons whose
cross section is computed as

4 4 2 q2 2 g4 6 6
+32M (SMXM¢ + MM+ M — 2M¢>
4
+4MF (M5 = M) 2+ My (M - m3) ]

Yigx
6327 M; M3
x [128MF — 96MP (M3, + M3)

‘Ax(Mi) (ZX¢>(M1'))2

TiXe

(s)
XiXis X

o(xixi; XX)v=o X+J)E,P)zi;XXU2+O(U4)7 (C23) +8Mi4 (2M§M£+13M;‘(+3M$)

with the s- and p-wave cross sections, —2M? (7M§L(M(]2> — M%Mg +9M§ + Mg)

2
4 4 2 2
; g~ - (M —M)]. 28
Opryixx = ﬁ [Ax (M| rix (M7 = M%), (C24) XX e (28)
2
2 |12 . . ey
) yi | My Finally, we show the cross section for the annihilation
— Ji Acc(M: v Age(M; . . o 1. .
Txixi: XX = g ' vs ss(Mi) + gmixvr Ars (Mi) of xrsinto xgs, whose process is exhibited in Fig.9. This
Mi2 N M;‘ results in
X ri - — —
R R Ve Vs _
o (XLXL} XRXR)V

2

i 2ooun? [ Mx . __® ) 2 4
* 6721 M3 (Ax (M) ( Vg Ass(Mi) = xixexe T Txixnixrnnt. TOWD, (C29)
+gmixUHAHS(Mi))| with
MA
x rix[—; (2M§ — IMyM? + 12M3 M} — SMf)] i g
Yx ol S (C30)
4 XLXL:XRXR — 47 LR ML
8x -~ 4 X
967 M3 |x (M| rix » YiVE 2 2 2
X XLXLIXRXR A7 [Ass(Mp)|"rLr (ML - MR)

x [128M,.1° +17M L0 — 88M8 M2 o
+ X
967 My (M7 — M3)

6 4 46 M |Ax (M) reg
+124ME MP + 56MEME — 192M3 M! ] (C25)
x { — A8M* ME M2

while for the annihilation into a X ,-¢ pair, one obtains a4 Y 4o
+22M}MAMY +T2M} My M%

o(xixi: Xp)v = U)(cfiazxtﬁ + U;(,P;;;quvz +00Y, (C26) +96M$ My — 144M} My — 8M} My, — 17M§M§}.
(C31)
where
A C.3 Thermal average cross section
(5) 8x 3 a2
s M, (C27)

Utilizing the formula (C6) the thermal averaged cross sec-
tions for dark matter annihilation to SM particles, ¢ and X,
are given by

Txixiixe = T pd MY Tixe

») gx

p

oP) = X |A
XX X0 190 M2 M

x [s76M¢ (M} + M3) — 160} (25M5, + 9M)

x (M) rixe
(o (Xixi: SMs, h, ¢) v)
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2
A v
HSVH

[r,xax(gx, M;) +rinz anz(gx, M;) Aps(M)

1
~ lox
+ =) | Ag(M
+riX¢aX¢(gX,Mi):| 53 () |Ag (M)
x M? (9M4—8M2M§+2M;})

1 3pre
167 xM; 16 AHSVH
+ 3\[(K) (3)»svsAss(M)+ > AHS(M))
[ > rirbr (vio M)
1=W,Zt,h.¢ ,
Ao(M)) | M (5M?* —2M3),

+ Y rigby(is gx. M) + rix bx (i, gx. Mi) (Bo(40) ‘ ( d’)

f AHsvs

bhp(k, M) = 4 ()* = Bus(My)

+ Ting bug (i, Mi) 2
L HHSVH (M)
+ rinzbnz(gx, M) + rixebxe (vi, gx, M) } (C32) 2

M3
2 X
bx(k,p, M) =8 (k) vs Ags(M)

with 1/ugrr = 1/Mpg + 1/My. Here, the five diagrams of

. ~ . . . . . . 3 M2 M4
the right-hand side in Fig. 8 give contributions b; so that Fgmixvn A (M)[2 <4 -2y 4)
MX MX
— 402 (N2 A 2 (g2 2 R 2
ax (k, M) = 4gy (k) |AX(M)| (M _MX> = (k) (AX(M))2 <A/IXA55(M)
3fM vs

My, + Mz)?
anz (e, M) = i;“*mz(l——( s Z)>

M
X 4M2 +gmijHAHs(M))| [W
X
_ 2
(l — (Mh4M1;42) ) M2, (2M§ —oMAM? + 1204 M2 _8M6):|
;" 4
axe(k, M) = 16& (x)? 3M4 o [Ax )|
M;t( 10 10 8 2,2 6 1 s4
(Myx + My)> [128M +17MY° — 88ME M? + 124MG M
X ¢
(1 a 4M? ) +56M% MO — 192M§M8],
My — My)? I
(1 B %) M (€33) DM =g

|Ax (M) [576M (M7 + M3)
The coefficients a; correspond to the diagrams the three left

— 16M* 1 18M7 (M% — M2) +9M;}
lines of Fig. 8. They result in { » (M 2)+ oMy

+ 18ME M3 — 2M% + 9]

) 2

M 2242 2 2 2
b (. M) = 16 ()2 | ¥ A (M) +4M MX{Mh (5M3 —36M3)
vy

4 2 242 4 4 2 22
N +18Mh+29MXMZ+18MZ}77MX(M,,fMZ) ]
x 4 pm2 oA _ 1 4 2
w W bxg(k, p, M) = YT (o) [Ax (M)
2 X
by (k, M) = 8 (k)? MZA M 6 (M2 2) _ 4 4 4
z = Hs(M) x [576M° (M3 + M3) — 16M* (25M7, + 9M]}
2 4302 2 2 s 6
s +4M (—31MXM¢+18MXM¢+47MX)
4 ML M

2
— v (M3 - m3) ]
by p. M) = 8n. g (c)? L 0 [Bxp )]
+ o (p)* |Bxy
M : 6M2 M},
x T:AHS(M)‘ (m? - m3) X

L x [1024M10 +256M° (5M3 — 4113 )
| 16O £ Y3080,

P 1Ax (D (M3 +2m2),

3 — 128M° (4M§M§ +5M§ —3M})
2
it M) = 2.7 (3o Ay M) + "5 Aoy + 320 (8M{ M3 + M3 M + M5, —2M3)
4
by (e, M) =2 ()% [3hsv5 Ass (M) +4m? (M - Mp) %+ M} (MF - m3) ]
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+ ﬁ (k0?) ‘AX(M) (ZX¢(M))2)
x [128M° — 96M° (M3 + M3

+ 84 (2MF M3 + 1315, + 3M3)

—2M? (TM M3 — MR M + M5, + M)

— (M3 - M;)Z], (C34)

The x1 xz — xR xR process is evaluated as

(0 (XLXL; XRXR) V)
4 2
e, M

4 M§'(

rLR 3URL

16 xMp,

+ —g§(

3IMY(M? — M3
x (M} ®)

[8(yRyL)2|Ass<ML) 2 (M7 - m3)
|Ax(Mp)?

x | — 48wtz
+22M} MxMY + T2M7 My My
+96MS My — 144M} M7},

— 8Mi M — 17M;§M;§}]. (C35)
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