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Gravitational waves from a scotogenic two-loop neutrino mass model
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We propose a framework to account for neutrino masses at the two-loop level. This mechanism
introduces new scalars and Majorana fermions to the Standard Model. It assumes the existence of a global
U(1) x Z, symmetry which after partial breaking provides the stability of the dark matter candidates of the
theory. The rich structure of the potential allows for the possibility of first-order phase transitions (FOPTs)
in the early Universe which can lead to the generation of primordial gravitational waves. Taking into
account relevant constraints from lepton flavor violation, neutrino physics, as well as the trilinear Higgs
couplings at next-to-leading order accuracy, we have found a wide range of possible FOPTs which are
strong enough to be probed at the proposed gravitational-wave interferometer experiments such as LISA.
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I. INTRODUCTION

The Standard Model (SM) is a highly successful theory
that describes the electromagnetic, strong, and weak inter-
actions whose predictions have been experimentally verified
at the LHC with the highest degree of accuracy. However it
has several unaddressed issues such as, for example the
current pattern of SM fermion masses and mixing angles, the
number of SM fermion families, the measured amount of
dark matter relic density, and baryon asymmmetry observed
in the Universe, among others. Experiments with solar,
atmospheric, and reactor neutrinos have brought evidence
of neutrino oscillations caused by nonzero masses. Several
extensions of the SM have been constructed in order to
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explain the tiny masses of the active neutrinos; see, e.g.,
Ref. [1] for a review and a nonextensive list [2-5] of some
comprehensive studies of one- and two-loop radiative
neutrino mass models. The most economical way to generate
the tiny masses of the active neutrinos considering the SM
gauge symmetry, is by adding two right-handed Majorana
neutrinos that mix with the light active neutrinos thus
triggering a type-I seesaw mechanism [6—12], where either
the right-handed Majorana neutrinos have to be extremely
heavy with masses of the order of the grand unification scale
or they can be around the TeV scale thus implying very tiny
Dirac Yukawa couplings, in order to successfully reproduce
the neutrino data. In both scenarios, the mixing between the
active and sterile neutrinos is very tiny thus leading to
strongly suppressed charged lepton flavor (CLFV) violating
signatures, several orders of magnitude below the exper-
imental sensitivity, thus making this scenario untestable via
CLFV decays. This makes models with tree-level type-I
seesaw realizations difficult to test via charged-lepton flavor-
violating decays. Alternatively, radiative seesaw models are
examples of interesting and testable extensions of the SM
explaining tiny neutrino masses. In most radiative seesaw
models, the tiny neutrino masses arise at a one-loop level,
thus implying that in order to successfully reproduce the
experimental neutrino data, one has to rely either on very
small neutrino Yukawa couplings (of the order of the electron
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Yukawa coupling) or on an unnaturally small mass splitting
between the CP-even and C P-odd components of the neutral
scalar mediators. Two-loop neutrino mass models have been
proposed in the literature [13-21] to provide a more natural
explanation for the tiny active neutrino masses than those
ones based on one-loop level radiative seesaw mechanisms.
In this work we propose a minimally extended Inert Doublet
Model theory where the scalar sector is enlarged by the
inclusion of two electrically neutral gauge singlet scalars, and
the fermion sector is augmented by adding four right-handed
Majorana neutrinos. The gauge symmetry of the SM model is
extended by including a spontaneously broken U(1) global
lepton number symmetry as well as a preserved Z, discrete
symmetry. The scalar sector of our model is similar to the one
of Ref. [22]; however the fermion sector is more economical
since in our model there are four right-handed Majorana
neutrinos whereas the model of [22] includes nine right-
handed Majorana neutrinos in the fermionic spectrum.
Additionally the model of Ref. [22] has a U(1),_, gauge
symmetry which is not present in our model, thus leading
to a different phenomenology. On the other hand, unlike the
model of Ref. [21], our model does not rely on doubly
charged scalar fields to implement the two-loop level
realization of active neutrino masses.

II. THEORETICAL STRUCTURE OF THE MODEL

A. Particle content and charge assignments

In this work, we augment the SM gauge groups with an
extended global Abelian symmetry U(1) x Z,, where the
U(1) associated with the global lepton number is sponta-
neously broken while the Z, is preserved. Besides the
standard particle content of the SM, additional fields are
present in the spectrum, including an inert SU(2) doublet
scalar field, 7, and two scalar singlets, ¢ and ¢. In our setup, ¢
acquires a nonzero vacuum expectation value (VEV) while ¢
does not, such that the potential Dark Matter (DM) candi-
dates can arise from the neutral components of # or from ¢.
Additional Majorana fermions are also included into this
scheme, namely, two Ny fields and two Wy. While the
electroweak (EW) gauge group does not distinguish Ny and
Wr, the extended symmetry group treats both differently.

The charge assignments of the fields are shown in Table I
for the scalar fields and in Table II for matter fields. As
shown in Table I, the SU(2) scalar doublet 7 and the scalar

TABLE 1. Charge assignments under the SM gauge group
(SU(3)c x SU(2);, x U(1)y) and the supplemental global sym-
metry U(1)y x Z, for the new scalar fields (o, 7 and ¢) and the
Higgs doublet (D).

SU(3)c SU(2), U(1)y U(1)x 2,
) 1 2 1/2 0 1
o 1 1 0 -1 1
n 1 2 1/2 0 -1
® 1 1 0 -1 -1

TABLE II. Charge assignments under the SM gauge group
(SU(3)c x SU(2);, x U(1)y) and the supplemental global sym-
metry U(1)y x Z, for the new matter fields (Np, W) and the
SM-like lepton doublet (#; ) and singlet (¢;g). Here, i =1, 2, 3
and k=1, 2.

SUB)e  SU@)L  U(l)y  Ul)x 2
i 1 2 -1/2 1 1
£ix 1 1 -1 1 1
Nir 1 1 0 1 -1
¥, 1 1 0 0 1

singlet ¢ have nontrivial Z, charges. Since these two scalars
do not acquire VEVs and the charge assignments do not let
neutrinos couple to the SM Higgs, light active neutrinos do
not acquire masses at tree level. The specific U(1) x 2,
charge assignments of the N, g Majorana neutrinos and ¢
scalar field enable the radiative generation of neutrino mass
and the corresponding mixing only at a two-loop level that
can be noticed from a typical topology in Fig. 1. Namely, this
is possible through the virtual exchange of the neutral
components of the inert SU(2) scalar doublet # fields as
well as of the real and imaginary parts of the inert singlet
scalar ¢, with the loop closing through the ¢ VEV and the
VEV of the active Higgs doublet ®. For simplicity of the
analysis, we assume that the charged lepton sector is purely
diagonal, such that the only contribution to the Pontecorvo-
Maki-Nakagawa-Sakata (PMNS) mixing matrix comes
exclusively from the loop topology shown in Fig. 1.

B. Yukawa sector and scalar potential

Based on the charge assignments of Tables I and II,
the most general and renormalizable Yukawa Lagrangian
reads as
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FIG. 1. Two-loop Feynman diagram which is responsible for
the generation of the neutrino masses and mixing. Here, v are the
neutrinos, ng; are the real and imaginary parts of the neutral
component of the # doublet, ¢y ; are the real and imaginary parts
of the ¢ singlet, v and v, are the VEVs of the @ doublet and the o
singlet fields, respectively.
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l 2 2 = N S\pC I c
—ﬁgz) = (90);;€iLPCjr + Nkl it/iNkR + (V) N wr @ Pig + (M), ¥ r ¥ x +Hec., (2.1)

where we have defined 7} = ic,7", and the superscript ¢ in the ¥ field indicates charge conjugation. We adopt the Einstein
summation convention where repeated indices indicate sum over them, with i, j = 1, 2,3 and m, n, k = 1, 2. Here, y, is a
3 x 3 matrix, yq and m,, are 2 X 2 matrices, and yy is a 2 x 3 matrix. The neutrino mass matrix can then be induced by the
combination of the yy and yq Yukawa matrices.

The complete gauge invariant scalar potential in this model is given as

V = g (@) + 43 (n"n) + g (97 0) — 43 (670) + 24 (@T ) (@) + A (') (n')
X . N A .
+ 230" 0)(@"9) + Aa(0°0) (07 0) + 25(DT®) (1) + As (@) (7 @) + 1 [(@Tn)* + Hc]
+25(@T®)(070) + Ao (®T@) (9" ) + hio(1'n) (07 0) + 411 (n"n) (9" @) + A2 (9" 0) (07 0)
A

+ % [*(6")? + Hc] + 214 [(@"n)(9o*) + Hee] + Ai5[(@7n) (09") + Hee/]

+ [-13,0° + 1167 + K20°6" + k3(PT@)0 + k4 (1'n)0 + k5(¢" )0 + Hee ],
where we take all parameters of the potential to be real, i.e., CP symmetry is conserved in the considered scenario. Notice
that the quartic couplings 4; and 4,5 are crucial for generating neutrino masses throughout the two-loop level mechanism.
The nonzero scalar VEVs are denoted as (®) = v ~ 246 GeV and (6) = v,. Also, the terms in the last line of the potential
that breaks the U(1)y symmetry softly are incorporated in order to make the CP-odd scalar associated with ¢ massive. To
simplify our analysis, we take the couplings «; to be extremely small from here onward. Once the scalars ® and ¢ acquire
VEVs and the EW symmetry is broken, the model will have nine physical scalars—two charged scalars (3*), four neutral

CP-even scalars (4, @g, h; and h,), and three neutral CP-odd scalars (17;, ¢; and o). It is to be noted that the scalars
associated with # and ¢ mix only among themselves and so do the scalar fields coming from ® and o.

C. Scalar mass spectrum

After employing the minimization conditions along v and v, the scalar mass matrices can be written as

0 0 0 0
) 0 0 0 0
Mp=10 0 u2+ it 0 ’
0 0 0 iy s
2074 vv,lg 0 0
, oAy 2020 0 0
Mep_oven = 0 0 ﬂ% + v,z,/110+1;2/15;rv226+/171;2 %Wa(ﬂm +As) ,
0 0 Y ov,(Aig + Ais) 3+ 7”912%32'1”“;2%
0 0 0 0
M. — 0 ) ’ (2.2)
CPodd 00 w2+ m“’ﬂ%; gty 100, (hs —A) | .
0 0 Lowg(his = Ayg) b+ hurgutth

where the zero eigenvalues of the charged and CP-odd matrices are absorbed by the longitudinal components of the W* and
7Y gauge bosons. To avoid constraints coming from the Higgs sector, we work closely to the alignment limit, such that
vv,Ag < 1. The above matrices can be analytically diagonalized, which results in the mass eigenvalues

'Let us note that similar scalar potentials can be found in scenarios that explain Dirac neutrino masses at the one-loop level [23]. A
detailed investigation of such scenarios, following the lines of the present work, will be dedicated in a subsequent paper.
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Charged scalars: { mii = pi + 5 (As0* + Ayov2).

my = M ? + s — /(0 = 4403)? + AP,

m

CP-even scalars:

2 _ 2
mf’l - 4ﬂsb’

m2

CP-odd scalars:

Here, the lightest scalar m, is taken to be the SM
Higgs boson of mass ~125 GeV. To simplify the above
expressions, we have defined A% = A5+ Ag + A7 £ Ao,
A =425+ A1 + A3 in the CP-even sector and 14 =
/15 + /16 - 17 + /19, Ai = )V]O :l:llz F 113 in the CP-odd
sector. To make the numerical analysis simpler, we work
in the limit of small mixings between the two heavy
CP-even and between the two CP-odd states (effectively
we take 44 and 4,5 to be small). Under this assumption, the
above expressions can be inverted to express 7 out of the 13
quartic couplings in terms of the physical scalar masses.
Thus, the physical masses can be taken as the input
parameters in the numerical analysis. The relations that
are used in this work are

2 4 2 2 4 2.2.2 2
h my = \/(mhl = 2my, my, + my, — 4A5vivg) + mp,
1 = 9’

2
4vy
2 4 2 2 4 2,2,2 2
my + \/(mhl = 2mj, mj,_ +mj — 4igvivg) + my,
14 == 7 )
4o
2 2 2
N —2uy + 2m’7i — A1oV5
5 ~Y
v? ’
2 2 _n, 2
~ mnl + m’]R 2m7]i
6 ~Y
v? ’
2 2
e m'71 +m'7R
TR 5

Uy

m%lz = 0% + 2402 + /(07 — 4402)? + 220*02,
me = 312087 + p5) + Mo? = {20 — ) + 2202
+ 2%2[2(/4% —ﬂé)(llo — 12 — A13)
+ 02 {2 (A10 = A2 = A13) + 2(Ais + A15)?H] + AP0, 2+ A 2],
Mg, = 3 [20uy + ug) + 240 = {(2(uy — ) + AH0?)?
+ 20, [2(py = p5) (210 = A1z = A13)
+ 02 (210 = A2 = A13) + 2(Aug + As)?H] + AZ20, 2+ Al 2]

2 = 1203+ ) + 207 = {208 — 3) + M0?)?
20,2 (A (U2 = p3) + v2{2(Ag — Ays)? + AAAAY)
AT 4 M),

m, = 2083 + ) + A = {20 — 1) + A40?)

+ A2, 42+ A,

(2.3)
+ 20,7 2N (i = ) + 07 {2(A0s = 415)* + 22ALY)
—2/1?17 + m,%l + m%k - ’11{2)_112
/19 ~ 5 s
V1
me . —m?
N ) (¢)
Az & "21}(% L, (2.4)

Expressions for 4; and 1, are exact, whereas all others are
valid in the approximation A4, 4;5 = 0.

D. Implications for collider physics
and dark matter phenomenology

Finally, to close this section we wish to provide a
brief discussion of the key phenomenological implica-
tions of the multiscalar sector in the considered model. It
is expected that the presence of electrically charged
scalars in the inert doublet will provide an extra con-
tribution to the Higgs diphoton decay rate h — yy,
which will yield a deviation of the Higgs diphoton signal
strength from the SM expectation. However, that devia-
tion is expected to occur in the experimentally allowed
range in a large region of the model parameter space.
Besides, given that the singlet scalar field acquires a
VEV at the TeV scale, its mixing with the CP-even part
of the active doublet is suppressed implying that the
couplings of the 125 GeV SM like Higgs boson will be
very close to the SM expectation realizing the so-called
Higgs alignment limit. Thus, such a scenario appears to
be consistent with the SM in such a limit, at least, at the
leading order (LO) level.
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FIG. 2. Dominant Feynman diagrams contributing to the DM annihilation for the scenario considered.

It is generally expected that the triple Higgs coupling can
be affected compared to its SM value in typical multiscalar
extensions of the SM. In our model, the trilinear Higgs
coupling, 4, deviates from the SM prediction through a
mixing with the ¢ field. In particular, at LO a simple
analytical expression can be derived:

A0 = 6cos’ay,vd; + 6sin’a,v,44 + 3 cos aysin’ay, vy

+ 3cos’ay, sin a, v, g, (2.5)
where ¢, is the CP-even mixing angle between /; (Higgs)
and h,. It is not hard to notice that in the limit of o), — 0,
the tree-level SM Higgs coupling 30 = 604, is success-
fully reproduced as we effectively work very close to the
alignment limit. Hence, the potential corrections to A, are
very suppressed, and we expect no significant deviations
from the SM expectation. On the other hand, previous
works [24-26] have suggested that one-loop corrections to
the 4, can actually be quite sizable in some beyond-SM
(BSM) extensions, resulting, in some cases, in an increase
of order O(50%) for certain combinations of coupling/
mass parameters. In our case, next-to-leading order (NLO)
contributions will be dominant and represent the bulk
of the new physics contribution to 4,,,,. So, for a correct
understanding of the impact on 4, one must take these
contributions into account. In this regard, we have com-
puted all relevant one-loop contributions to the triple Higgs
coupling using the formalism of Ref. [27]. Note that the
formulas derived here are valid in the limit of zero external
momentum, and therefore, only the contributions coming
from the heavier states are relevant. In particular, we have
considered all possible contributions coming from all
physical scalars of the model (™, hy, hy, ng, @r. 61, 1;
and ¢;), as well as the loop diagram involving the virtual
exchange of the top quark. The loops containing the gauge
bosons and the lighter scalar bosons were neglected, as they
are expected to be subdominant. The full one-loop formulas
are listed in Appendix. In what follows, in our numerical
analysis we will take into account the existing constraints
on Ay, available from the LHC [28,29]. Future collider
measurements [30,31] can further probe possible deviations
of Ay, from the SM value.

Another interesting implication of our model is for
understanding the structure of DM. The Majoron o;, which
is the pseudo-Nambu-Goldstone boson associated with the

spontaneous breaking of the global lepton number sym-
metry, can be identified as the Weakly Interating Massive
Particle DM candidate. Its relic density can be generated by
the standard freeze-out mechanism. Assuming for simplic-
ity that the cosmological DM is dominated by such a scalar
DM candidate, it would annihilate mainly into WW, ZZ, f1,
bb and h h, channels in the early Universe via a Higgs
portal scalar interaction. These interactions will contribute
to the DM relic density, which can be accommodated for
appropriate values of the scalar DM mass, which in most
cases are at the TeV scale. Such a scalar DM candidate
would also scatter off a nuclear target in a detector via
Higgs boson exchange in the ¢ channel, giving rise to a
constraint on the Higgs portal scalar interaction coupling.
In the low mass region, the invisible Higgs decay con-
straints should be taken into account and would imply a
lower bound for the scalar DM candidate mass of about
60 GeV. Besides that, in a small window around half of the
SM Higgs boson mass, the DM relic density constraints
will be successfully accounted for. In Fig. 3, we have
plotted the parameter space that gives the correct relic
density in the m, — Ag plane, where Ag is the Higgs portal
coupling. In calculating the relic density, we have assumed
for simplicity that the dominant annihilation channels of the
DM are the ones into WW, ZZ, hh,, ti, bb, and the
components of the doublet #. The corresponding Feynman

10¢
1¢ -
© XENON1T
~< .
0.100 ¢ o
DARWIN
0.010 ¢ '
0.001 - U PR U R A W31
200 500 1000 2000
m, [GeV]
FIG. 3. Parameter space that gives the correct relic density in

the m,, — Ag plane. The pink band is disfavored by perturbativity.
The gray region is excluded by XENONIT [36] while the blue
line corresponds to the sensitivity of DARWIN [37].

095022-5



CESAR BONILLA et al.

PHYS. REV. D 109, 095022 (2024)

diagrams are given in Fig. 2. The cross sections for the
relevant annihilation channels are given as [32]

12md,  4m?
Jy s(4 bty
vao(0101 = WW) = 327 (s —m? ) +m%:l“2 B sW’
gl
(2.6)
12ms  4m?
1 Y 2
Urelo-(alal - ZZ) /18 ( : 2S )2 _4&’
6471'(s—mh ) +mj, T, s
2.7)
4m2\3
 wgm ot
vrela(alo-[ - qQ) = i : (28)

16z (s—mj )* +m; T

23 3mj, 2250% 1\’
1+ hlz - 8 2
64rs s —mj, s—thl

Urelo-(alal - h h )

4m?
xq[1——"1, (2.9)
s
2 4m?
V10 (0107 = i) = A 1 _Tn,, (2.10)

where /s is the center-of-mass energy, N. = 3 stands for
the color factor, m; = 125.7 GeV, and T, is the total
decay width of the SM Higgs boson which is equal to
4.1 MeV. From the above scattering cross sections, the
current DM relic abundance in the Universe can be
obtained as (cf. Ref. [33,34])

0.1 pb A
- (ov) ==

Qn? =
(o) ne

, (2.11)
q

where (ov) is the thermally averaged annihilation cross
section, A is the total annihilation rate per unit volume at
temperature 7, and n., is the equilibrium value of the
particle density, which are given as [33]

T o sy/s —4mZ,
A= Y. G

- 327 2

2
4y p=W,Z,1,b,H\ 11;

NG
X v6(010; = pp)K; (T ds,
T m
2 oy
Neg =33 gpMms KZ( )’
2z p WZthH] ] ' r

with K and K, being the modified Bessel functions of the
second kind of order 1 and 2, respectively. We have taken

(2.12)

T = mmgl/ 20 following Ref. [33]. The DM relic density
thus determined should match the required value [35],

Qpavh? = 0.1200 £ 0.0012. (2.13)

In generating Fig. 3, we have varied Ag from 0 to 4z
and the masses of ng, 17, and 7 in the range 0.2-5 TeV.
In this figure, the pink band is disfavored by perturba-
tivity bounds. The gray region is excluded by the
constraints from XENONIT [36] whereas the blue line
corresponds to the sensitivity of DARWIN [37]. From
this figure, one can see that most of the allowed
parameter space corresponds to a dark matter mass in
the TeV range though there are a few allowed points in
the sub-TeV region as well.

III. NEUTRINO MASS AND LEPTON
FLAVOR VIOLATION

Once @ and ¢ develop VEVs, a nontrivial contribution to
the neutrino mass matrix is generated at the two-loop level,
whose diagram is illustrated in Fig. 1. The active light
neutrino mass matrix in this case is given as

(yN)m(yQ)nk(yQ)kr(yN) mqlk

ol

[G(mw ’mRR? m12e1)

(MD)"_

(3.1)

G(m\pk, migsmip)l,

where n, k, r = 1, 2. Here, the loop integral I can be written
as [22]

2y* log(%) + 222 log(%) + 22x? log(%)
(¥ =) (x* = 22)

ﬂm + am?
TW. @b (4 p=R:or:J).
a(l—a)

Note that the lightest active neutrino is massless which
implies that there is only one Majorana phase in the
PMNS matrix. A convenient way to incorporate the
bounds from the neutrino oscillation data is to express
the Yukawa coupling matrix using the Casas-Ibarra para-
metrization. For the model considered in this paper, one can

express yy as
v = Upuns M RTA,

where Upyns 18 the 3 x 3 PMNS neutrino mixing matrix,

G(x2,y%,7%) =

’

2

Map = (32)

(3.3)

M = diag(m,, m,,m;) is the diagonal neutrino mass
matrix, R is a 2 x 3 matrix that is given as

095022-6



GRAVITATIONAL WAVES FROM A SCOTOGENIC TWO-LOOP ...

PHYS. REV. D 109, 095022 (2024)

0 cosz -—sinz
R = )
0 sinz cosz
cosz —sinz O
R = ]
singz cosz O

The matrix A is given by

) for normal hierarchy of light neutrino masses (m; =0) and

) for inverted hierarchy of light neutrino masses (m3 = 0).

A = y5Ays,

A10

where A = ( 0 A,

) with
m\{,k / / —a

Under this parametrization, the experimentally observed
neutrino mass differences and the PMNS mixing matrix can
be given as input in the numerical scan, with the Yukawa
coupling being found as output. Since we do not have
control over the magnitude of the Yukawa couplings, we
only allow solutions which respect perturbativity, i.e.,
4r.
we only consider the normal ordering scenario for the
neutrino masses (that is, m; = 0).

The presence of the Majorana fermions can induce
Lepton Flavor Universality (LFV) decays, such as y — ey,
which are strongly constrained by experiment. In our
model, such decays are mediated at the one-loop level
via virtual exchanges of the neutral fermions and the
charged scalars. The branching fraction for the two-
body decay process ¢; — ¢y, where i = e, u, 7 is given

as [38-41]
x%ﬁ? 3,
5 F 2.\R
20y, 2,

x BR(l; = [; 1/1/]),

l—a

3(47) ey g

4G>

(3.4)

with s —1 2 Here, a., = 1/137 is the fine-structure

constant, x =33 l(yN),(cf(VlTL)l » With V being the left-
handed charged lepton mixing matrix, G = 1.166364 x
1075 GeV~2 is the Fermi constant, which in our case is the
identity matrix, m - are the masses of the charged scalar
components of the SU(2) inert doublet ¢, and my
(s =1, 2) correspond to the masses of the right-handed
Majorana neutrinos Nz, which due to the charge assign-
ment, are generated at the one-loop level. The loop function
F is written as

1 —6x+3x24+2x3 —6x%Inx
6(1 —x)

F(x) = (3.5)

) [G(m%,k, Miggs MEy) = G(mék, mig, mjp))-

[
The masses of the right-handed neutrinos Ny are given as

2 2 2 2 2
_yQ ml// mlﬂR m‘l’R m‘/’l ml/’l
My="—¢7 57— s —5 | —————In| — ]|,

T m(/)R ml,, my, mw mu, my,

(3.6)

where we have taken yo and m, to be diagonal and
degenerate for simplicity.

The most stringent bounds for LFV come from muon
decay measurements, namely, 4 — ey. Current experimen-
tal results put an upper bound on the branching ratio,
which reads as BR(u — ey) <4.2x 10713 [42]. The
model can also give rise to 4 — e conversion in the atomic
nucleus. But the existing bounds are not as restrictive as
the ones from BR(p — ey). However, among various
planned experiments, the 4 — e conversion in the Al nuclei
has the best projected sensitivity of ~107!7 [43]. The
branching ratio for this process can approximately be
expressed as [41]

1
CR(uAl — eAl) » ﬁBR(ﬂ - ey). (3.7)

In this regard, Fig. 4 shows the predictions for
BR(u — ey) (green points) and CR(uAl — eAl) (red
points) as functions of Tr[y,T\,yN]. Only the values that
are within the existing bounds are shown, whose limit is
indicated by a dashed horizontal line in the plot. The cyan
points correspond to the region within the projected
sensitivity for uAl — eAl conversion.

For all the points shown in Fig. 4, neutrino oscillation
data are respected, with the relevant experimental param-
eters (namely, neutrino mass differences and the PMNS
mixing angles) being given as input and allowed to vary
within their respective 3¢ uncertainties [44-46]. The
Majorana phase is also varied in the range [0, z], and yq
is taken to be diagonal where the entries are allowed to vary
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= MEG limit
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BR(p — e7),
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FIG. 4. The predictions for BR(yz — ey) (green points) and
CR(uAl — eAl) (red points) as functions of Tr[y}yy]. All the
points shown are within the existing experimental bounds marked
by the horizontal dashed line. The cyan points correspond to the
region within the projected sensitivity for Al — eAl conversion.

in the range [0, 1]. Here, z is defined as x; + y;i with x; and
v being varied in the range [—2, +2], and the fermions ¥,
are taken to be degenerate, with their masses varied in the
range [0.5, 5] TeV. For the scalar potential parameters, we
employ the inverted equations in (2.4) to allow for the
physical masses to be given as input. In this regard, we have
considered the following parameter ranges:

1) m,,,m, —1[0.5,32] TeV, m, —[m, .m, +5GeV],
my,, —[m,,,m,, +5GeV], m,: —[m, —5GeV,m, |

(2) vy =246 GeV, my, = [0.5,5] TeV,
[5,30] TeV,

(3) 4589.10.11.12 — [0, 1]. The remaining A’s are treated
as outputs in the inversion procedure. Notice that we
have inverted the expressions for 15 and Ay, which
can be solved such that 4; and ;, are instead given
as output parameters, where we have taken them to
both be greater than 0. Also, in the parameter space
that has been considered, we have ensured that all
the quartic couplings, 4; > 0, even though this is
only a sufficient condition but not necessary.

Vg =™

IV. PHASE TRANSITIONS AND PRIMORDIAL
GRAVITATIONAL WAVES

One of the more interesting phenomenological conse-
quences of extended scalar sectors compared to the SM
framework is the possibility for the existence of FOPTs.
Indeed, such a phenomenon is not present in the SM (both
the EW and QCD phase transitions are of second order),
making it pure BSM driven physics. Such transitions can
lead to the generation of PGWSs. With the detection of GWs
at LIGO [47], a new era of multimessenger astronomy has
arisen, where such events may give us unique perspectives
into new physics beyond the SM. It has been recently
proposed that the cosmological phase transitions between
different vacua at finite temperatures (such as those

associated with symmetry breaking in BSM models) may
give rise to gravitational imprints that should be observable in
future ground- and space-based experiments [48,49]. The
Primordial Gravitational Wave (PGW) signals can also
provide hints into the nature of the neutrino masses in the
context of distinct seesaw mechanisms [50].

As was mentioned above, PGWs can arise from FOPTSs,
which produce a stochastic Gravitational Wave (GW)
background in the early Universe which is formed out of
equilibrium due to fast-expanding vacuum bubbles [51].
These bubbles eventually collide and merge to give rise to
the GW echoes [52]. The characteristics of the phase
transition such as its strength and inverse duration are
determined by the structure of the effective potential at
finite temperatures and are highly sensitive, in particular, to
the properties of the potential barrier between the phases
and to the critical temperature of the transition (see, e.g.,
Refs. [48,53-57] and references therein). The phenomenon
of strong FOPTs is quite generic for multiscalar extensions
of the SM (in particular, for those that undergo several
symmetry breaking steps) such as the one we address in this
article. Therefore, PGWs emerging from cosmological
FOPTs are often considered as a potentially useful source
of phenomenological information about multiscalar exten-
sions of the SM which may be complementary to con-
straints coming from collider searches.

In order to fully classify and study the PGW spectra
emergent in our model, there are a total of five main
ingredients. The first one is inherently dependent on the
considered model structure—the finite temperature effective
potential [S8—60]. Generically, it can be written as [61,62]

Veff == V<0> + VEJI\ZV + VT#O + VC’IV (41)

where the first term, V(©) is the tree-level scalar potential
givenin Eq. (2.2). The second term is the Coleman-Weinberg
one-loop correction,

v = Z(_])Fna me(és) [m (mi(;ﬁb)> 3 Ca:|v (42)

642 u

where F is 0 for bosons and 1 for fermions, m,(¢,) is the
¢ ,-field dependent mass of the particle a, n,, is the number of
degrees of freedom for each particle a, and y is a renorm-
alization scale. The particle degrees of freedom can be
computed as (—1)>*QN(2s + 1), where s is the spin of
the particle, Q = 1(2) for neutral (charged) particles, and N
is the number of colors. In this work, we consider the MS
renormalization scheme such that we have C, = 3/2 for
scalars, fermions, and longitudinally polarized gauge
bosons, and C, = 1/2 for transverse gauge bosons.

Additionally, the renormalization scale is fixed as y =

I, mqlb/ " where i runs over all BSM scalars in the model.
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Since we allow for varying the masses of the scalar fields, u
will be different for each sampled point.

The third term encodes thermal corrections to the
potential,

4 m2
Vs = ZT—ﬂzZ(_l)F”aJa { “T(Z)“)] J (4.3)

where T is the temperature and J, (for bosons) and J; (for
fermions) are the standard thermal integrals found, e.g., in
Ref. [61]. At the leading (m/T)? order in thermal expan-
sions of J,, Eq. (4.3) can be approximated as

AV~ L (Tr{w(qsa)} £ Y wm)

5]
2z i=W.Zy

£ Y i), (4.4)

i=f;

where in the last sum, all the fermions of the model are
included. Here, M is the field-dependent Hessian matrix in
the classical field approximation where all fields are fixed
to their classical (background) components, that is

(0] 0 0 0 4.5
() e () e s

and the degrees of freedom, n;, for different states are as
follows [61]: for quarks n, = 12, for charged leptons
n, = 4, for neutral leptons n, = 2, for the gauge bosons
ny =6, ny; =3, n, =2, and for the longitudinal compo-
nent of the photon n,, = 1. Additional higher-order cor-
rections must also be included in the form of Daisy (ring)
diagrams [58,63-65]. These can be parametrized as thermal
corrections to the quadratic mass terms of the bare potential
and read as

SFAV(T, ¢,)

WA(T) = 42+ cy(T2) 5

W+

(4.6)

For the considered model, we have

T2 3
cy(T?) = i 3g* + 3 (9% +97) + 12(y; + y7) + 4yz

+ 124 + 445 +2(Ag + Ag + Ao)

2

T
co(T%) = By (4(A10 + 4g) + 2412 + 8Ay), (4.7)
where g (gy) are the SU(2) (U(1)) gauge couplings and y;
are the Yukawa couplings for each of the SM-like third-
generation fermions. The gauge boson masses also gain
thermal corrections, and, since there are no new gauge

bosons in the model, the formula is identical to what is
found in the previous literature [see, e.g., Ref. [61] ].

The last relevant part of the effective potential in
Eq. (4.1) is the counterterm potential Vp. The counter-
terms are defined such that the minima of the tree-level
potential remains fixed at zero temperature (i.e., the tree-
level masses remain the same at one-loop level), which is
guaranteed by imposing that the first and second derivatives
of the counterterm potential match the first and second
derivatives of the Coleman-Weinberg one-loop potential
(for a pedagogical discussion, see for instance Ref. [55] and
references therein). In our case, this results in the following
conditions:

s 3 Wew 1PVEy | v, PVew
H0 = 209 o, 2 0h? | 20¢ Ohyoh,’
s _ 3 Vow e PVey 10Vey
Hsb = 4, oh, ' 4v,0hy0h, 4 ol
1 PV, avi
5&1 = 2—3 Vo 5 s
v on? ~ oh
s L[, PVew Ve
23\ 7 on2 omy )’
1 v,
Slg = , 4.8
8 veu, 0hyoh, (48)

while for other parameters, we set 64; = du; = 0.
The remaining four ingredients determine the First Order
Phase Transition (FOPT) dynamics, which include [52]
(1) The inverse timescale of the phase transition, . This
parameter essentially determines the bubble nucle-
ation rate. Normalizing it conventionally to the
Hubble expansion rate, H, one writes

ﬁ _ Tni <S(Veff)>
H aT T

where S(V) is the Euclidean action which depends
on the structure of the effective potential in Eq. (4.1).

(2) Nucleation temperature, 7',,. It represents the temper-
ature of the Universe directly after the phase
transition, and can be computed by requiring that
the probability for a single bubble nucleation per
horizon volume is equal to 1 [66].

(3) Phase transition strength a, which is related to the
released latent heat during the phase transition. It is
found in terms of the difference between the effec-
tive potential values before and after the transition
via the following relation [67,68]:

30 T (0Ves; OVesr r
= V.=V [ i S o ,
a e { eff,i eff,f ( oT oT

(4.10)

, (4.9)

n

T=T
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being also normalized to the radiation energy
density of the Universe at the nucleation temper-
ature. Here, g, is the effective number of relativ-
istic degrees of freedom in the cosmic plasma.
The effective potential is evaluated at initial
(metastable) phase, V. ;, and at the final (stable)
phase, Vg f.

(4) Bubble wall velocity, v,. This quantity represents
the speed of the new phase at the interface of the
nucleating bubble. In the current we will simply
assume the case of supersonic detonations with
v, = 0.95. An improved analysis using the recently
developed methods for the determination of the
speed of sound [69] and wall velocity [70] is left
for future work.

From this set of FOPT characteristics, the power spec-
trum associated with the production of PGWs can arise
from three distinct sources,

hngw - I’lZQBC + hZQSW + thTURB‘ (41 1)
Here, h?*Qg is the power for the GW spectrum produced
via collision of vacuum bubbles and is a particularly
important effect when such bubbles “run away”, that is,
the friction created by the thermal plasma at the boundaries
is not enough to stop the acceleration of the wall [52]. A
study has shown that this effect is subleading compared to
the rest, and can usually be neglected [71]. The second
term, h’Qqy is the power of GWs emerging from sound
waves triggered in the plasma once the bubble wall sweeps
through the plasma at relativistic speeds. In this case, a vast
portion of the released energy is converted to the waves’
propagation in the plasma that surrounds the walls as sound
waves [52]. The last term is due to magnetohydrodynamic
turbulence effects that arise due to nonlinear effects on the
sound waves in the plasma that are largely uncertain but
expected to be less relevant for the considered FOPTs than
the sound waves. For analytical expressions that connect
each term of Eq. (4.11) with the various parameters of the
FOPTs introduced above, see [52,72,73] and references
therein.

A. Numerical results

We have implemented the thermal effective potential of
the considered scotogenic two-loop neutrino mass model
into the COSMOTRANSITIONS package [74] which enables
us to compute numerically the bounce action and hence
the probability for bubble nucleation at any given temper-
ature. The key parameters that control the dynamics of the
phase transitions, /H and «a, depend on the derivative of
the Euclidean effective action; hence, they can exhibit
numerical instabilities if the action is not well behaved. To
minimize the corresponding numerical uncertainties, we
perform an interpolation of the action on a point-by-point
basis. The technique for the smoothing of the Euclidean

action is described in detail in some of the author’s previous
work [55]. Furthermore, for the scan, we have extended
the ranges of various parameters to be more inclusive.
Namely, we now perform a logarithmic scan over the
quartic couplings in the ranges of [107%, 4z] and the masses
of the BSM scalars to be above 200 GeV. Constraints
from neutrino physics and LFVs are also imposed in the
data points.

First, we show in Fig. 5 the spectral GW peak signal,

hzgge\i}(, as a function of the peak frequency, [ in Hz;
both axes are shown in logarithmic scale. Focusing first
on the panels (a), (b), and (c) where we display in the
color axis the relevant GW observables for the dynamics
of the signal, namely, the phase transition strength (a), the
inverse timescale of the phase transition (b), and the
nucleation temperature (c). Let us note that there are
several planned GW interferometers that could explore
the PGW signals predicted by the model. They include
the Laser Interferometer Space Antenna (LISA) [73,75,76],
the Big Bang Observer (BBO) [77] and the Deci-hertz
Interferometer Gravitational wave Observatory (DECIGO)
[78], indicating that the gravitational channel may offer a
complementary approach to standard collider channels in
probing our model.

As expected, a strong correlation between the GW
observables and the signal strength is found. Indeed,
higher values of a imply a stronger FOPT which in turn
implies lower values for both the nucleation temperature 7',
and f/H. In particular, points which can be observed at
LISA fall within the ranges a =[0.13,0.88], /H =
[81.13,362.82], and T, =[99.77,520.70] GeV. For the
points that fall within the LISA sensitivity domain, we
have also computed the SNR, as showcased in Fig. 6, where
we note that for the strongest transitions that we found, the
corresponding SNR is greater than 200, indicating that
most of these points can indeed be probed by the LISA
experiment [67,73,79].

Now, we focus our attention on the bottom panels of
Fig. 5, where we display various model parameters in
the color axis, namely, the VEV of the singlet field ¢ (d), the
mass of the second heaviest CP-even scalar &, (e) and the
branching ratio u — ey (f). Here, we note that there is no
strong correlation between the physical parameters of the
model and the GW observables. Nevertheless, we find that
the higher values of the singlet VEV and of the mass of ,,
while allowing for the existence of FOPTs, give rise to
the PGWs in higher frequency domains which fall outside
the sensitivity of the future GW experiments. Indeed,
for the parameter space regions which are accessible at
LISA, the ¢ VEV is typically below 5 TeV whereas the £,
mass is below 3 TeV. As for the last panel (f), we do not find
any correlation with the y — ey process. Indeed, we find
that various distinct possibilities for its branching ratio can
be accommodated across different values of the frequency
and the signal strength.
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FIG.5. Peak amplitude of the GW signal, h>Qgy as a function of the peak frequency, JSpeaks in Hz. In color, we have the logarithm of
the phase transition strength a (a), the logarithm of the inverse timescale of the phase transitions normalized to the Hubble parameter (b),
the nucleation temperature in GeV (c), the VEV of the singlet o field in TeV (d), the mass of the second heaviest CP-even scalar (e), and
logarithm of the branching ratio of u4 — ey (f). For all panels, the x-axis is displayed in logarithmic scale. All points shown here are also

consistent with neutrino physics constraints as well as with constraints from the triple Higgs coupling measurements [28,29].

In general, finding certain complementarity between the
physical parameters of the model and PGW observables is
relevant for exploring the model’s parameter space. In the
context of PGW studies, it has been noted in Refs. [80—83]
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FIG. 6. Signal-to-noise ratio (SNR) plot for a LISA mission
profile of 3 years. In the x axis we show the strength of the phase
transition (a), and in the y axis the inverse time duration in

Hubble units. In the color axis, we indicate the magnitude of the

phase transition hznge\?\,k . The colored isolines (corresponding to

the values 1, 5, 20, 50, 100, and 200) are representative of the
expected values for the SNR. As a general rule of thumb, points
with an SNR greater than 5 can be potentially observed. The gray
area corresponds to the region where the sound-wave component
is dominant. All points shown in the plot correspond to the points
potentially detectable by the LISA experiment (that is, above the
red LISA curves of Fig. 5).

that potentially large corrections to the trilinear Higgs
coupling compared to the SM expectation can significantly
affect the type and the strength of the cosmological phase
transitions. Indeed, strong FOPTs are typically driven by
large trilinear scalar couplings as they strongly influence
the potential barrier between different vacua.

We show in Fig. 7 the scatter plots for the BSM-to-SM
ratio of the trilinear Higgs coupling computed for our BSM
scenario versus its SM value, i.e., k = ABM /1M " a5 a
function of the sine of the CP-even mixing angle, with
the logarithm of the GW signal strength in color. Here,
ABSM — JLO 4 ANLO s the full NLO result for the trilinear
Higgs coupling in our model, and A3) corresponds to the
SM prediction.

Most of the generated points satisfy sina;, < 0.07.
Indeed, for such low values of the scalar mixing angle,
Eq. (2.5) asymptotically tends toward the SM prediction.
However, NLO contributions result in a sizeable contribu-
tion to A, We can also observe from panel (b) that the
points with larger GW signal strength tend to accumulate
as one approaches the alignment limit. However, this
does not represent a solid trend as we find signal strengths
well below the sensitivity ranges of LISA, BBO, and
DECIGO also for low values of the CP-even mixing angle,
as can be readily noted in panel (a). Besides, one observes
that there is a part of the parameter space that can already
be excluded by the current data (gray bands), and it can
be further reduced by future measurements both at the
high-luminosity and high-energy phases of the LHC.
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FIG.7. The BSM-to-SM ratio of trilinear Higgs couplings x = AB3M /1M a5 a function of the sine of the CP-even mixing angle @;,. On
the color axis we show the logarithm of the GW intensity. On panel (a), the results from the full collected dataset are showcased, whereas
on (b) a cut on thgzZlﬁ was imposed, such that only points which are visible at future GW experiments (LISA, BBO, and DECIGO) are
displayed. We note that all constraints from neutrino physics and LFV are applied here. Regions marked by gray bands are excluded at
95% confidence level (CL) based on the latest results from the LHC, the blue band region corresponds to the expected sensitivity at the
high-luminosity phase of the LHC [30] while the red band region corresponds to the expected sensitivity at the high-energy phase of the

LHC [31].

However, the message to retain is that even within those  distinct ranges of quartic couplings which lead to a strong
regions there still exist parameter space points that feature ~ PGW signal having both O(1) couplings, such as, e.g., 4, and
FOPTs potentially detectable at future GW facilities. Ao and much smaller couplings such as Ag. Besides,

In Fig. 8 we show a selection of plots showing the impact ~ we note that Ag is correlated with the size of the mixing
of different quartic couplings and physical masses in the  for the CP-even states, and its smallness is related to
energy density amplitude of the GW spectra (color axis).  the fact that we work very close to the alignment limit.
For panels (a), (b), and (c), we find various islands with ~ Additionally, taking into account the results shown in Fig. 3,
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FIG. 8. Scatter plots of various physical parameters of the considered model (namely, quartic couplings, physical scalar masses, and
VEVs) with the logarithm of the GW intensity shown in the color axis. In particular, we show 4, as a function of 45 (a), 1, as a function of
Ag (b), 44 as a function of 4, (c), the mass of 73 as a function of the ¢ mass (d), the 7, mass as a function of the singlet & VEV (e), and
the mass of the charged scalar #* as a function of the branching ratio of 4 — ey decay. The masses are given in units of GeV. Here, a cut

on hZQEzZE was imposed, such that only points which are visible at future GW experiments (either at LISA, BBO, or DECIGO) are
displayed. In panel (f), the x axis is shown in logarithmic scale.
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the constraints on Ag imposed by DM direct detection (both
DARWIN and XENONI1T) do not impact the presence of
phase transitions and the corresponding GW spectra, since
much lower values of Ag allow for the generation of phase
transitions. Much tighter limits on the Higgs portal coupling
would be needed if one would need to confront both DM and
GW physics. In panels (d), (e), and (f) we notice that a wide
range of physical scalar masses can be successfully accom-
modated with the observable GW signals. Let us stress that
we did not find neither correlations nor further restrictions on
the quartic couplings 47 and 43 involved in the neutrino mass
generation. These parameters can take either small or large
values without modifying the conclusions of this section. It
can also be noted that no apparent correlation between the
u — ey decay rate and the mass of the charged scalar field is
present, exhibiting a distinct flat distribution where most of
the charged scalar masses tend to be below 1 TeV.

V. CONCLUSIONS

In this work, we have presented a new scotogenic two-
loop neutrino mass model where the SM gauge group is
extended with an additional global U(1) x Z, symmetry.
The scalar sector of this framework contains the standard
Higgs doublet, inert scalar doublet, and singlet scalar fields,
as well as an active scalar singlet. Additionally, the model
features the sector of right-handed Majorana neutrinos
which in combination with the new exotic scalars leads
to the generation of neutrino mass and mixing at the two-
loop level. The presence of Majorana neutrinos, together
with a physical charged scalar field, also generates highly
suppressed contributions to the tightly constrained LFV
observables.

The presence of such a rich scalar sector in this model
opens the door for new possibilities for future new physics
searches at collider, DM, and GW experiments. In particu-
lar, our model features the generation of cosmological
FOPTs in the early Universe that can lead to the formation
of potentially observable stochastic PGWs. Focusing pri-
marily on the phenomenologically favorable Higgs align-
ment limit, where the mixing between the CP-even states is
small, we have performed a parameter scan of the model
taking into account relevant constraints from LFV proc-
esses (such as p — ey decay) and those from neutrino
physics. We have explored the model’s parameter space in
detail and identified the domains that can successfully
accommodate the existing constraints and give rise to
strong FOPTs that lead to observable PGWs at LISA. In
addition, we have taken into account the constraints on the
trilinear Higgs coupling at the NLO, and found a number of
points with strong PGW signals that can be probed in both
the collider and GW measurements in the future. We have
found that the current constraints from the Higgs portal
coupling do not impose severe constraints to the presence
of observable GWs coming from phase transitions.
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APPENDIX: ONE-LOOP EXPRESSION FOR THE
PHYSICAL TRILINEAR HIGGS COUPLING

In the limit where the external momentum goes to zero,
only the fields with mass near or above the Higgs field
provide with leading corrections to the Higgs triple
coupling, which in our model includes the top quark and
all BSM scalar fields at the NLO. The neutral heavy
Majorana fields do not contribute to the amplitude, since
they do not couple directly to the Higgs boson before and
after the EW symmetry breaking. Following Ref. [27], the
one-loop corrections involving the top quark read as

1

0) ,(0
T = 5572 [236(F (my, my) = DA A

— 24F (my my my) (A1), (A1)

095022-13



CESAR BONILLA et al. PHYS. REV. D 109, 095022 (2024)

where m, =~ 172.76 GeV is the top mass. The NLO contribution coming from the scalar fields reads as

8
P2 Flmme m) ()

e

0
A= o [4f(m ooy, ) (2

3
0 0 0
+ 6‘F(mh2’ mhz’ }/’/lfll)(ﬂ;ll)hlhz)2 z /151 )kk + 2‘7:(mi11e’ mﬂR’ m’?R)(ll( ) )3

1 hingng
=2
: 0) ,(0) (0) (0)
-3 ];(f(mk, ) = D i o + O(F (myeomye) = DA L A0
H 6(F gy, = DA A o [ ST A P F (mg my k) + (R = 1)
k=ng.pr
[6/1<127ka El hl’]R(pR]:(mnR’ R) T (R - I)]:| ’ (A2)

where for simplicity of presentation we have k = 1...8 = n*, hy, hy, ng, @r. 67,15, @;. The superscript ““(0)” indicates tree-
level accuracy. The loop function F is defined as [27]

N maA log(

F(mg,...my,) = Z )

, A3
—1 y#x(max_mgy) (83)

where p is the renormalization scale. Here, we have used the same definition for the scale as in the calculation of the
Coleman-Weinberg potential, i.e., the renormalization scale is defined as y = [ [, m) ¢ ', where i runs over all BSM scalars
in the model. The various 4 couplings in the previous expressions are written as

T, = 4 cos(a)y?v. (A4)

A0 = 4cos?(a)y? AS

1thh cos” (a)yi, (AS)

,151‘327% = —sin(ay)Aiov, + cos(ay)Aso, (A6)

/12%1,11 = 6c0s*(ay,)vA; + 6sin’ (@) v,44 + 3 cos(ay, )sin® (ay, ) vlg + 3cos?(ay,) sin(ay,)v,Ag, (A7)

/151?)}12 p, = 641 vsin® (@) cos(ay,) + Agvcos® (ay,) — 22gvsin®(ay, ) cos(ay)
— 6440, sin(q;, )cos?(a) — Agv,sin’ (@) + 24g sin(ay, )cos? (ay,), (A8)
ﬂi?LRnR = cos*(ay)[vcos(ay)(As + A7) = Aot sin(ay )] + sin®(ay ) [Agv cos(ay) — v, sin(ay) (412 + 413)]
1
1 sin(2ag ) (A1s + 4is)[v, cos(ay) — vsin(a)], (A9)
’IE,?LR(,,R = sin®(ay ) [v cos(ay) (As + A7) = 1o, sin(ay)] 4 cos®(ay ) [Agv cos(ay) — v, sin(ay,) (A + A13)]
1
+7 sin(2ay) (A4 + 415)[v, cos(ay,) — vsin(a)], (A10)
AE?WWR 1 [2 sin(2ay ){v cos(ay)(As + 47 = Ag) + v, sin(ay,) (=410 + 412 + 413) }

+ cos(2ay ) (A1s + Ais){v, cos(ay) — vsin(ay )}, (Al1)

L, . .
Ky, = 5 [25in(2Bp) {vcos(a,) (s = A7 = do) = v, sin(ay) (Ao = A1z + 4i3))

— c08(28) (A4 — his){v, cos(a;) — vsin(ay)}, (A12)
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A = cos?(By) v cos(ay) (2s — A7) = Aot sin(a,)] + sin® () [ov cos(ay) + v, sin(ay) (Ars = A12)]

1. .
*t1 sin(2fy) (A4 — Ais)[v, cos(ay,) — vsin(ay)], (A13)
51?27,7,, = vy cos(ay)(As = A7) — Aiov, sin(ay), (Al4)
| . . .
ﬂgz?)wzw, Y sin(ay,) sin(2f3) (A1s = A1s) + sin®(By ) [v cos(ay) (s — A7) = Aigv, sin(ay,)]
. 1 .
+ cos? () [Aov cos(ay) + v, sin(ay) (A3 = A1p)] + 7 Ve cos(ay) sin(By) cos(fy)(Ais — Aia).  (ALS)
,1,(1?),11,12 = 6A,vsin(ay)cos?(ay,) + Agvsin®(ay,) — 243 sin(a, )cos* (@)
+ 644v,5in% () cos(ay,) + Agv,cos’(ay,) — 2A3v,8in?(ay,) cos(ay,), (A16)
lﬁl?)}llnini = llosinz(ah) + ﬂsCOSz(ah), (A17)
/152),”,”/” = 6,cos*(ay,) + 6A4sin* () + 64gsin’(a, )cos?(ay,), (A18)
ﬂgz?)}lthhz = 64;sin? (@, )cos?(ay,) + 6448in* (@ )cos?(ay,) + Agsin'(ay,) + Agcos*(a) — 44gsin® (o, )cos?(ay,),  (A19)
3.

K, = 5 5102y [cos(2ay) (31 + 24 = ds) + 41 = 2, (A20)

/(1?)11,;7,?,7,? = sin® (@) [A1gcos® (ay) + sin® (ay) (412 + Ai3)] + sin(ay ) cos(ay) sin(ay) cos(ay ) (s + Ais)
+ cos?(ay,) [cos* (ay ) (As + A7) + Agsin®(ay )], (A21)

E?LI(MJR = sin(a) [Ajosin*(ay) + cos®(ay ) (412 + Ai3)] — sin(ay,) cos(ay) sin(ay ) cos(ay ) (dis + Ais)
+ cos?(ay,)[sin(ay) (As + A7) + Agcos? (ay)], (A22)

’12?);116,5, = sin® (@) [A1gc0s® (By) 4 sin® (B ) (A2 = A13)] + sin(ay) cos(ay,) sin(By) cos(By) (Ais — A1)
+ cos*(a) [cos® (By) (s = A7) + dgsin® (Bu)]. (A23)
o, = Hiosin® (@) + cos?(@,) (s = 7). (A24)

Ky = SI0%(@) BaoSin® (By) + €08 (Biy) (ha = )] + sin(a,) cos(ay) sin(Biy) cos(By) (Ars = hus)
+ cos?(ay)[sin* (B ) (As — A7) + Aocos*(By )], (A25)

. . 1.
s = Sin(atn) cos(an ) [sin® (@) (210 = A1p = 413) + €05y (s + 47 = 40)] = 5in(2a) cos(2ay) (s + is). (A26)
1, . .
’151?)}116,@ =2 (sin(2ay,) cos(2Bp ) (h1a — Ais) — sin(2By ) [cos(2ay,) (1o — A1z + 413 — 45 + A7 + Ao) — Ao + A1z — A3

— 25 + 47 + X)), (A27)
such that the trilinear Higgs coupling at one-loop accuracy is determined as /1%,? = /15321 n T A + ﬂfh »- Here, ay is the

mixing angle between the heavy 7z and ¢y fields and Sy is the mixing angle between the CP-odd fields #; and ¢);.
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