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Abstract

We consider an extension of the Standard Model by an additional Higgs doublet and a
Majorana neutrino, which we call the Grimus-Neufeld Model (GNM). For certain parameter
choices the GNM can be compared to the Inert Doublet Model (IDM), which has a scalar
dark matter candidate. This motivates that the scalars of the GNM could possibly contribute
to dark matter. To check this, we present the tree level two-body decays of the heavy scalars
of the GNM and compute the lifetime of the pseudoscalar in the IDM limit.

Keywords: cosmology; two Higgs doublets; dark matter; neutrinos

1. Introduction

The Standard Model (SM) of particle physics has passed numerous experimental
tests [1,2] and is the most successful model so far. However, it fails to explain neutrino oscil-
lations [3] and dark matter (DM) [4]. Dark matter candidates have to be electromagnetically
neutral and their lifetimes have to be longer than the age of the universe. Many models try
to explain dark matter by introducing additional particles that fit these conditions. Inert
Doublet Models (IDMs) extend the scalar sector, e.g., refs. [5-7]. Other models extend the
fermion sector, for example, by adding a sterile neutrino, e.g., refs. [8-12].

The Grimus—Neufeld model (GNM) [13-15] extends the SM by adding a second Higgs
doublet and one Majorana neutrino singlet that mixes with active neutrinos. At tree level
the model has two massless neutrinos and two massive ones coming from the well-known
seesaw mechanism [16-18]. At the one-loop level, one of the massless neutrinos gets a mass
via radiative corrections involving the second Higgs doublet. One of the main motivations
for the GNM is to explain neutrino masses and mixing with as few parameters as possible,
as well as its status as a model where the seesaw mechanism and radiative masses play
comparable roles.

The additional neutral particles of the model, i.e., the heaviest neutrino and the neutral
Higgs bosons, are massive and interact weakly, making them weakly interacting massive
particles (WIMPs). To be proper dark matter candidates their lifetimes have to be longer
than the age of the universe.

In this paper we estimate lower bounds on the lifetimes of the additional neutral Higgs
bosons Hy and A by calculating all possible two-body tree level decays. As a lower limit
for the mass of the additional Higgs bosons we take 60 GeV, corresponding to the limits
on invisible decays coming from the SM Higgs diphoton decays, e.g., refs. [7,19-24]. The
upper bound for the mass of the scalar boson mpy, is motivated by electroweak precision
constraints; for example, the oblique parameter T depends on the mass differences of
the additional scalars, e.g., see refs. [25,26], but is limited by experiments [27]. The mass
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difference of the neutral scalars Hy and A is also related to the parameters of the Higgs
potential so that the mass difference is limited by perturbative unitarity. Therefore, to stay
roughly within such limitations, we choose 800 GeV as the upper bound for the mass of
mp,, which is also supported by parameter scans, e.g., refs. [22].

This paper is organised as follows: in Section 2 we introduce the Grimus—Neufeld
model, in Section 3 we present the tree level Higgs decays, in Section 4 we discuss our
results, and we give our conclusions in Section 5.

2. The Grimus-Neufeld Lagrangian

In this section we write down the Lagrangian of the Grimus—Neufeld model that will
be used for our calculations. As an extension of the Standard Model, the GNM uses all
fields in the standard representations of the gauge groups of the SM. We use latin letters
from the beginning of the alphabet for the gauge group indices of the adjoint representation
and for sums over Higgs doublets, latin letters from the middle of the alphabet for the
gauge group indices of the fundamental representation and for the generation index, and
greek letters for space-time indices, similar to [28]. Since we restrict ourselves to one-loop
accuracy, we can ignore gluons in this paper.

For consistency, we repeat some of the definitions to make our conventions better
visible. The gauge covariant derivative follows the convention of FeynRules [29], i.e.,
picking the phases 77 and %’ from [28] as —1,

Dy, = 0y, — igWiT" —ig'B,Y (1)

with generators T for the gauge group SU(2); and generator Y for the gauge group U(1)y
giving the non-Abelian field strength tensor

Wi, = 0, Wi — 9, W + ge W )

and the Abelian field strength tensor
By, = 9,B, —9yBy, . 3)

These are used for the Lagrangian of the gauge sector

1 1
»Cgauge = _1WZVWMW - ZB]AVBW/ ’ 4)

where the sum over the gauge index a is implied.

_ [ Y
Ly = < Eﬂ() ®)

with capital letters we get the Lagrangian of the fermion-gauge sector

Writing the fermionic doublets

Lr g = 2 LyilDLy + CreilPlgy (6)

k=generation
using the Feynman-slash notation

D:=9"D, . (7)

For the Higgs sector we keep close to the conventions of [30,31], but go immediately
to the Higgs basis [32]:
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Hy = ¢* H; = & (8)
1= %(ZJ—Fhl—‘rl(Po) ! 2= %(1’124—1}13) ’
Then the Higgs Lagrangian consists of the kinetic terms and the Higgs potential
2
Ly =Y (DuH,)"(D'H,) — V(Hy, Hy) , ©9)
a=1

where we follow [15] for the parametrisation of the potential. Using the Higgs
doublet bilinears
Py :=H{H, , (10)

gives us the potential of a general Two Higgs Doublet Model (general 2HDM)
V(Hy, Hz) = p1 Py + poPro + paPro + p3 P
+ )Llplzl + }\zpzzz + A3P11 P + Ay Pio Py
+ AsP2, + AEP3 + Pyy(AsPra + AL Par) + Po(A7Ppo + ASPyy) . (11)

As a minimal extension, the GNM adds only a single fermionic gauge singlet N to the
fermion content of the SM. Being a gauge singlet allows N to have a Majorana mass term,
giving the Majorana Lagrangian

LN = %th‘aN - %MKIPRN +he. (12)
where we use the notation of [33] for the Lorentz Covariant Conjugation (LCC)

N = 7 CN* , (13)

and parametrise the Majorana degrees of freedom by the right-handed components PrN.
With these fields we can now give the Yukawa Lagrangian used in [15]

[NP,(Lg.€H,) + (€Hy.L) PRN] + h.c. , (14)

N —

Ly = Y (D)l P (L HY) + (V)
ajk ak

where we indicate the SU(2) index contraction with (a.b) and understand

+ 0
- (5 0)0)- ()

The total bare Lagrangian sums to

Lonm = ﬁgauge +Lg g+ Lu+ LN+ Ly . (16)

2.1. The Physical Particles

The bare Lagrangian in Equation (16) is the simplest schematic of the GNM. Using
Equations (4), (6), (9), (12) and (14), one can write down the Feynman rules for particle
interactions in the flavour basis. However, in this basis, the propagators of the particles
are non-diagonal and thus it is not simple to calculate with them. Therefore, we go to
the mass basis, in which the particles correspond to the observable ones. In the following
sections we present the rotation to the mass basis for the gauge bosons, the Higgs bosons,
and the leptons.
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2.1.1. Gauge Sector

We take the definitions of ref. [34], which corresponds to taking 777 = 7y = 1in
ref. [28]:
Ay = sin GWW;% +cosOwBy ,

17
Zy = cos GWWS —sinbwBy, . 17)

The relations of the coupling constants in Equation (1) to the electric coupling constant

e = ¢’ cosfy = gsinfdy (18)

use the same Weinberg angle 6y. For completeness we rotate the fields W'? into their
electromagnetic charge eigenstates as usual:

WF =

; \}E(w;iiwg) . (19)

2.1.2. Higgs Sector

Inserting the Higgs doublets, Equation (8), with their vevs into the potential in
Equation (11) allows us to define the Higgs mass matrix as the bilinear terms in the scalar
fields. In the Higgs basis the field 1 is already in its mass eigenstate. For the neutral fields
we diagonalise their mass matrix to get the mass eigenstates.

Diagonalising this mass matrix with the orthogonal matrix R [30,32,35], one can relate
the neutral Higgs fields

ho hy
Hy|=R"|m |, (20)
A hs

to the mass eigenstates: g corresponds to the SM Higgs field. Assuming a CP-conserving
(CPC) potential in Equation (11), Hy is the second scalar, and A the pseudoscalar Higgs
field. The general matrix R [30,32,35] is

C12€13  —S12  —C12513

T

R* = |spci3 ¢z —spsiz| (21)
513 0 13

where c,;, and s, are cosine and sine of the mixing angles between the Higgses, with the
angle 03 missing, as explained in [35]. Having the mixing matrix R, it is instructive to
write the second Higgs doublet in Equation (8) in terms of the mass eigenstates

hy hy
L(hy +ihs) | = \ L s (Ruys +iRp,s)S |7 (22)
ﬁ( 2 +ih3) ﬁZs( hys + iRp,s)
where S = hg, Hp, A. This form of the second doublet implies a natural parametrisation by
Ry = Rps+iRys  with  RIRg =1-Rj, (23)
which we use extensively in later sections.

2.1.3. Leptons

We choose a basis on which the charged lepton mass matrix is diagonal. Then the
Yukawa coupling between charged leptons and the first Higgs doublet is

(Yfl))]‘k - Ojk- (24)
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)

The Yukawa couplings YL(2 between charged leptons and the second Higgs doublet are

completely general.
Using the Dirac mass % _'I(\,l ) with

- T
W= (e 00 (0)-) (25)

M, = Sy V2 (26)
SO M
Using the Takagi factorisation [36], we diagonalise it with a unitary matrix U
UM, U = diag(my, my, m3, my). 27)

The active neutrino mass m3 is generated by the seesaw mechanism, and m4 = |M| 4 m3
is typically associated with the sterile neutrino mass. (For this paper we take normal hierar-
chy of neutrinos, i.e., my < my < m3.) The masses m; and m; are equal to 0 at tree level.

The matrix U can be decomposed as [13,15,37]

ur
u= , 28
(1) 2
where U, is built from the columns ¥ of the 3 x 3 PMNS matrix [38,39]
V= (vl % ?73) (29)
as
up= (% ¥ % is95) and Ug=(0 0 is c) . (30)
The sine s and cosine ¢ of the seesaw angle 6 can be expressed as
s> =sin% 6 = s and ¢? = cos? 0 = &. (31)
ms3 + my mz + my

We transform the neutrino fields into mass eigenstates n using the following mixing

matrix U:
vj = (Ur),Prng , (32)
where the flavour index j goes over the charged lepton flavours, and
PRN = (UR);PRnk . (33)

The sum over the mass eigenstate index k = 1,2, 3,4 is implied.
For the Yukawa couplings we follow ref. [40]:

= 2 o
0 _ _i@ Vs = —iyVs and YD =dVp+d' Vs, (34)

whered > 0 € Rand d’ € C. The first Yukawa coupling generates the seesaw mass term
at tree level. The second Yukawa coupling is responsible for the mass of 1, at one-loop
level [13].

In this paper we take the “measured” masses

mg(ﬂe =y/Am3; and mg(ﬂe =\/|Am%,| + AmZ,, (35)

with the values found in ref. [27]
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Am2, = (7.53+0.18) - 1075 eV2 and ’Am%z‘ = (2455 £0.028) - 103 eV2.  (36)

These masses correspond to an on-shell renormalisation prescription that we also employ
for the other parameters of the model, explicitly for the Higgs masses m;,, mp,, and m 4.
For the PMNS matrix V

A A s A a —ib
¢12813 12013 13"
_ A A oA A i A A aoaa b aa
V = | —812823 — C12523813¢"°  C12623 — 812823513¢ $23C13 |, (37)
A A oA A S A A A A 05 A A
812823 — C12€23813€"°  —C12823 — 812623513€"° (2313

where §;; = sin8;; and ¢;; = , /1 — §2, we take the values from Ref. [27]:
] ] ] i
01, = 35.74", 63 =519, 013 =889, and 6 =197 . (38)

3. The Higgs Decay Rates

In this section we present all two-particle Higgs decays. The Feynman diagrams
are pictured in Figure 1. Using the GNM Lagrangian in Equation (16), we express the
amplitudes. Summing over spins or polarisations of the final state particles and using the
phase space element in Appendix A, we write down the decay rates. Where applicable, we
compare the results with the literature.

|4 s hy
<
S---- §---+ SL\L
1% g W
(a) (b) (c)

s fi n
S----{ S< s<
vV fk Ny

(d) (e) )
Figure 1. The amplitude of a neutral Higgs boson S = hy, Hy, A going into: (a) gauge bosons
V,V' = v, Z,W; (b) neutral Higgses S’,S"” = hy, Hy, A; (c) a charged Higgs boson and a W boson;
(d) another neutral Higgs boson and a neutral gauge boson; (e) two charged fermions f; and fi
(f) two Majorana neutrinos 1; and 7.
3.1. Higgs Decay into Gauge Bosons

Here we present the Higgs boson decays into gauge bosons. We construct the ampli-
tude using Equations (1), (9), (17) and (19), and Figure 1. This amplitude is

IMg_yyr = Ezg%,V,thlsg’“e H(p1)e™" (p2), (39)

where S = hy, Hy, A corresponds to the Higgs mass eigenstates, V, V' =y, W, Z, and

0, if VorV' =«
Vv =14 & fV=v=WwW. (40)
8 : — _
m, lfV—V/—Z
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The momenta of the outgoing particles are p; withi =1, 2.

To get the decay rate, we square this amplitude and sum over polarisations of the final
state particles. Using the result for the phase space element in Table A1 in Appendix A we
write down the decay rate

2 3R2
8y 3Ry, s

Ts vy = ——5Asy fv, (41)
647tmy,

Ny = /1= dxgy (1 — dxgy +12:2y ), (42)

where

. m?,
with xg, = e and

5 = 3, ifv=2z )
YT, ifvew
is the statistical factor.
For CPC, i.e, 513 = 0, and using v = ZmTW, the decay rates match the ones found in

refs. [30,31]. For the decay hp — WW of ref. [30], we have to identify their sin? (a — B) with
our R%ls. Taking our R%ls and identifying it with cos? (8 — a) we get the decay rates that
are equivalent to the ones in ref. [31]. In the case of CP conservation, the pseudoscalar
A does not decay into two gauge bosons at tree level. But the possible decay of Hy into
off-shell gauge bosons, with their subsequent decay into fermions, rules Hy out as a possible
dark matter candidate.

3.2. Higgs Decay into Lighter Higgses
The amplitudes for this decay are
iMs_grgn = —ivEggign, (44)
where
Egsisn = %Rhls[@s’s” — Ry 5 Ryp, 1) (A30? — Zmi; + 1) + Sy
+ Re[A7R RE Ry, | + cyclic permutations of {5, 5',5"} . (45)

For this coupling we used the expressions for A1, A4, A5 and A4 from Appendix B. Using
the result in Appendix A, Equation (A13), we write the decay rate

2m=2

V- ECeran 55/5// 2

Csasis = g3 (1_ 2 V02— — w2, ) — a2, (46)
S

where S # §’S” and the brackets with the Kronecker delta account for the statistical factor.

In CPC all As are real, and A7 = 0, and the mixing between the pseudoscalar A and the
real scalars hy and Hy vanishes, giving Rpya = Righy = Ry = 0. Then E 457 vanishes
and the pseudoscalar does not decay into the other Higgs bosons. For the scalar Hy, since it
cannot decay into A4, it leaves us with the coupling Z j,,,, which is

R
~CPC hi1H 2 2 2 2 2 2 2
EHohohy = vlz [(1 3Ry, j,, ) (As0” — th;) + (1 = Ry, )2mjpy — Riy M ]

+Re[A7R;" (2R} R, + Ry Ry )] - (47)

The GNM and IDM have similar coupling structures, but Higgs doublets do not
mix in the IDM. To take the IDM limit for the GNM, in addition to the previous pa-
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rameter choices for CPC, we also take s;p = 1. Then the elements of matrix R in
Equation (21) become

Rhlho haho Rh3h0 0 1 0
R = RthO haHo Rh3H0 —+1-1 0 0], (48)

RhlA haA Rh3A 0 01

with
RS = Ry, £iRy,5 — —dsp, £ idsa. (49)
The coupling in the IDM limit is
Zm%O — Zmi+

Eipin, = A3+ TZ = A3+ Ay + 2Re[As] =: Agys (50)

where the transformation laws in Appendix B give the second equality. In refs. [7,30] the
factor of 2 in front of A5 in Equation (50) does not appear due to differing conventions in
the potential in Equation (11).

In this limit the decay rate is

2 2 2
DM limit _ 7 (Aas5) _ dmyy (51)
Ho=hoho ™ 32 7rm mlzqo ’

which is equivalent to the one found in Ref. [7] (p. 188), except in the reference, the decay is
with particles swapped, i.e., hg — HoHp.

3.3. Higgs Decay into a Charged Higgs and W Boson

If the neutral Higgs bosons are more massive than the charged Higgs boson, they can
decay into it and a charged gauge boson. Using Equation (9) we read the amplitude for
such a decay

iMs -y = i%R;(pi‘ +q")e (ph). (52)

Using the result of Equation (A13) in Appendix A for the general phase space element, we
write down the decay rate as

82 + 2 2 2 \? 2 2 32
I"S_vahz+ = WRS Rg ((ms —my — mh;) — 4mwmh2+> . (53)

In the CP conserving case the Hy decay becomes equivalent to the one found in [31].

3.4. Higgs Decay into a Neutral Higgs and Z Boson

If one of the neutral Higgs bosons is more massive than the other neutral Higgses, it
can decay into a neutral Higgs and a Z boson. Using Equation (9) we read the amplitude
for this process:

iMs g7 = Im[RERG] (P} +g" )€, (54)

2 cos Ow
As we did in the previous section, we use the general phase space element, Equation (A13),
to write down the decay rate:

2

3/2
_ 8 +p—1)2 2 o2 2\2 o o
592 = gt oo (Im[R¢ Ry ]) <<m5 m, —m) 4mzms,> ,  (55)

where S # S'. This decay rate is equivalent to those found in refs. [30,31].
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3.5. Higgs Decay into Charged Fermions

Here we present Higgs decays into charged fermions. For these decays we take the
fermions in the final state phase space to be massless, since their masses are much smaller
than the mass of the decaying Higgs. (Our calculations do not include top quarks, as they
are too heavy.)

For the decay of Figure 1e, the sum of the Yukawa couplings, Equation (14),

(Ap)jx = Rhls(Ylgl))]‘k + R§(Y£2))jk , (56)
gives the amplitude
. i _
iMsoi0 = \ﬁ“}' [(Ap)jkPL + (A})]’kPR} (3 (57)

The decay rate is then
ms
Tsoit = 35 - (|(AF)jk|2 + \(Ap)kj|2>
4m? 4y/2m;
_ s 2 j j -y
= 3 (5ijh15 o2 IRy s — —Re[Rg (Vi) ]
2 2
+RERS (10 +1077)48) ) 58)

The first term comes from the first Higgs doublet, while the others come because of the
second Higgs doublet.

Taking only the term coming from the first Higgs doublet, setting S = hg and Ry, ;,, = 1,
and using Equation (24), we get that the decay rate simplifies to the SM Higgs decay rate

2
" (59)
hg—)/J/] - 87TU2 4

which can be found in the literature, e.g., ref. [31].

For non-diagonal lepton Yukawa couplings Yl(rzz) 1, the decays, Equation (58), also
include charged lepton flavour-violating (cLFV) currents. Current or upcoming experi-
ments [41-43] work to limit the size of the non-diagonal lepton Yukawa couplings. But
since these cLFV decays have a different final state than the neutrino decays discussed in
the following section, they can only increase the decay rate and hence will not contribute to

the lower limit that comes from the non-vanishing neutrino Yukawa couplings.

3.6. Higgs Decay into Two Neutrinos

For the kinematics we take the active neutrinos to be massless in the phase space of
the final state. The sum of the Yukawa couplings Equation (14)

1 k 2 *
(AN)jk = Riys(UT - YY) - U+ REWUT- Y - Up)i (60)
has to be symmetrised and gives the general amplitude for these decays:
;'
V2

With the splitting of U into Uy, and Uy, the amplitude Ay also splits into a direct product

iMs s, = — —=1; [(AN)jkPL + (AN)KiPL + (AN) kPR + (-A;r\])ijR} v . (61)
of the two vectors (U - Y,) and Ug. We can easily see
T
uf-vi= (v v v is95) V=81 op o ison ), (62)

which gives the simplifying relations
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ul Y\ =utl - (—iyvs) = —iy(0 0 ¢ is )T, (63)
and
ul Y@ =ul - (v, +d' ) =(0 d cd isd )" . (64)
With the abbreviations
B =yRy,s+id'R{ and Bg =yRys—id*Rg (65)
we can write Ay in matrix form as
(An)jp= (0 dR{ —icBE sBE )T (o 0 is c)k
= [dR{ 6o + BS (s6j4 — icdjz)] (is6is + cOja) (66)
The symmetrisation in (jk) then gives the index structure
2(AN) (k) = dRE (isAF + cAR) + BS (se(AF + &%) —i(c> —)AY) (67)
where
]k = 0j¢0km + OjmOke - (68)

From this amplitude we see that the Higgs bosons will decay into these five final states:
npng, nony, n3ng, nang, and ngny. These decay rates are:

111,

Fssnpny = 2ms 872 mg2|2(Ay) 23)|2 2d2R+R7 (69)
(m.%; —mj)? 2 (mé_mi)z 2 24—
s snon, = sz(AN)(m)\ = WC d°RgRg (70)
mg ms.
(mz _ m2)2 (m _ m2)2
L5 snan, = W2|2(AN)(34)|2 = &.Tné(cz —?)?|BS)?, (72)
2 4.2
O e [ (13 = 2m3)212(An) gag) 2 = 23 2 AN )Ty +2(AR) ]
4N4 64:7'[77’1% (44) (44)
2 42
= Mszcz {(m% —2m3)|BS > — ZmERe[BJrZ]} , (73)
87rm? 5 5
with
BS|* = B{Bg = y*R} s — 2yRy,sIm[d'RE] + |d'PRERg (74)
and

Re[B{ %] = Re[y’ R}, s + 2iyRy, sd'RY —d*(RE)?] = |BS > —2(Re[d'R])* . (75)

4. Scalar Dark Matter Candidates in the GNM

The IDM is treated in the literature [6,22,44,45] as one of the simplest extensions of
the SM that can provide a DM candidate. The stability of this candidate hinges on an
unbroken symmetry, usually a Z,, but sometimes also a U(1)peccei Quinn [46], that prevents
the decay. Ref. [6] connects the IDM to neutrino physics and presents the dependence of
the neutrino masses on the A5 parameter of the Higgs potential—Equation (11). Ref. [47]

https://doi.org/10.3390 /universe12070206


https://doi.org/10.3390/universe12070206

Universe 2026, 12, 206

11 0f 18

explains the smallness of A5 as technical naturalness, as the vanishing of A5 enhances the
symmetry of the model. Ref. [14] extends this concept to define the tiny seesaw regime
of the GNM, where not only As, but also the Z;-violating neutrino Yukawa couplings are
taken to be technically natural, i.e., very small, since their absence enhances the symmetry
of the model. As the IDM relies on the protective Z, symmetry it does not contain these
Yukawa couplings, that are needed for the neutrino mass generation. When comparing the
GNM to the IDM we ask whether the pseudoscalar A of the GNM behaves like the DM
candidate of the IDM in the limit where both models appear most similar. This requires us
to take the CPC limit, described in Section 3.2, to take A¢ — 0, to restrict the Higgs mixing
matrix R, as described in Equation (48), and to take the charged fermion Yukawa couplings
to the second Higgs doublet as vanishing.

Setting Ay — 0, which is required by the Z, symmetry of the IDM, and using
Equation (48) simplifies

RERg — 1—dspy = Ospy +0sa , and B — (y —id)dsy, —d'dsa , (76)

giving the decay rate to the light neutrinos as

[IDM limit _ mas® (4> +2¢|d'|?)
A—=2v 167T :

(77)

The requirement of the GNM to give one neutrino a seesaw mass and another a
radiative mass breaks the protective symmetries of the IDM: assigning N to be odd under
Z» forbids Y(l), which is needed for the seesaw. For the radiative mass we need the self-
energy function defined in [14] in terms of the Passarino—Veltman functions [48] and the
conventions of [49]

4

which is proportional to the radiative mass and hence required to be non-zero. It is directly
proportional to m% — m%{O o A5 which breaks the Peccei-Quinn symmetry that the Higgs
potential has in the case of A5 — 0. As a result we have Yukawa couplings in the GNM that
break Z, and depend on A5 # 0. An exact parametrisation of these couplings, depending
on the free parameters of the model, useful in the context of lepton flavour violation, can
be found in [14]. Using only d and |d’| is enough for our case. Obviously |d’| > 0, and

pole pole
my  m
=23, (79)
m3| A
which can be seen by taking the determinant of Equation (2.19) of [14], where m3 denotes
the seesaw mass, that comes from the coupling relation in Equation (34). From Equation (31)

we see that s> ~ "3 which gives the simplified lower limit for the decay rate:

my
20 pole pole
IDM limit  MAS“d~ _ mamy my "
rA‘)ZV Z - —. ( ) . (80)
167 167Tmy| Al s

So an upper bound on |A] in the considered parameter range of my, 11,4, and mpy, gives us
an upper bound on the lifetime of our IDM-like dark matter candidate.

The functional dependence is more clear if we write the By functions in A explicitly in
terms of the squared mass ratios x = mi / mi andy = mﬁ / m%{O ; therefore,

_ my ¢(Inx  Iny
_32712(1—9( 1—y)' ®1)

Upon inserting this form into Equation (80) we get
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pole pole -1
limit  27tmamy  ms | Inx Iny
my 1-x 1-y

so that there is a an overall prefactor of m, ? and logarithmic dependence on the squared
mass ratios.

We present the dependence of our decay rate bound on m 4, taking a more conservative
value for mp, = 300 GeV and the lower limit of the tiny seesaw scale with n, = 50 eV in
Figure 2. As a sanity check we plot the decay rate up to rather high values of m 4 to show
the eventual increase of the decay rate with increasing mass of the pseudoscalar A, thus
escaping the counterintuitive region right above m 4 = mp, where we observe an opposite
effect. The upper limit of the tiny seesaw scale with m4 = 10 GeV is presented in the lower
pane of the same figure through the ratio

o
. 1-(151812\]) " (50 eV)? 83)
B rimit v, (10 GeV)2’

where (10 GeV)?/(50 eV)? = 4 x 10 cancels the explicit quadratic dependence on
in Equation (82). The ratio r then isolates and compares the logarithmic dependence for
different values of m4. The lower pane of Figure 2 shows that the decay rates in the lower
and upper limits of the tiny seesaw regime, except for the overall scale, slightly differ for
lower values of m 4, where the squared mass ratio x is important. At the lower end of
my = 60 GeV, the squared mass ratio for my = 50 eV is x = 0, and for my = 10 GeV we
have x = 0.028, which eventually translates into » ~ 0.97. For high values of 1,4, the ratio
x becomes negligible for all considered values of m4 and brings the ratio r — 1, provided
the ratio y is also negligible for the considered values of my.

0.01
>
<]
3 0.001 g
z ~———
Er
f
0.0001 —

1.0
~ L

0.97 =—

100 500 1000 5000
ma [GeV]

Figure 2. The lower limit on the decay rate of the pseudoscalar A in the IDM limit. The curve in
the upper pane shows the limit for a reference value mp, = 300 GeV and the lower limit of the tiny
seesaw of my = 50 eV. The lower pane displays the ratio r between the decay rates at my = 50 eV
and my = 10 GeV scaled by 4 x 10'°. The lifetimes for m 4 = 60 GeV corresponding to the two cases
are 3.2 x 10720 s for my = 50 eV and 0.0012 s for m, = 10 GeV.
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Taking the extreme value m4 = 10 TeV, which is far outside the tiny seesaw regime, but
seems to be the upper limit of perturbativity of the model, as suggested by private studies
with FlexibleSUSY [50,51], and taking m 4 = 60 GeV and mp, = 800 GeV, we get an upper
limit of the lifetime of our IDM-like dark matter candidate of 13 seconds, which excludes it as
a real dark matter candidate. In the region where this model stays perturbative we expect
this limit to also hold beyond tree level. In the case of an inverted hierarchy of neutrino
masses, our obtained limit for the decay rate becomes 5.6 times larger due to the increase in
the neutrino pole masses. In addition, in Tables 1 and 2 we provide the upper limits of the
lifetime of the pseudoscalar A for selected values of mpy,, m 4, and my.

Table 1. The upper limit of the lifetime of the pseudoscalar A, when the scalar Hy mass is
mpy, = 300 GeV. Rows correspond to different choices of 4 and columns to different choices of m1 4.
The fourth row with m4 = 10 TeV is no longer in the tiny seesaw regime.

ma = 60 GeV ma = 250 GeV ma = 500 GeV
ms = 50 eV 322.10720g 8751022 ¢ 123-10721 g
my = 1keV 129-10"V g 350-107s 490-107 ¢
my = 10 GeV 125-103s 347-107%s 488-10"°s
my = 10 TeV 2.38s 0.16 s 042s

Table 2. The upper limit of the lifetime for the pseudoscalar A, when the scalar Hy mass is
mpy, = 800 GeV. Rows correspond to different choices of 724 and columns to different choices of 724.
The fourth row with m4 = 10 TeV is no longer in the tiny seesaw regime.

ma = 60 GeV ma = 250 GeV my = 500 GeV
my = 50 eV 518-10"2g 559.1021g 1.13-10" 21 g
my = 1keV 2071071 223.107 8¢ 451-107 ¢
my = 10 GeV 2.03-1073%s 222.107%s 450-10°s
my = 10 TeV 12.87 s 2.68s 0.84s

5. Conclusions

In this paper we have calculated the contributions of tree level processes with two parti-
cles in the final state to the decay rates of the Grimus—Neufeld model scalar bosons. The de-
cays into gauge bosons and other bosons match the ones found in the literature, for example,
refs. [30,31]. The general form of the decay amplitude into Higgses, Equations (44) and (45),
seems to be new, but all special cases that we could find in the literature also match—as an
example, see [7]. In principle this general decay amplitude can allow the determination
of the free parameters A3 and A7 of the Higgs potential, if the corresponding decays can
be measured.

The decay rate formula into charged leptons, Equation (58), shows that lepton flavour-
violating decays are directly proportional to the entries in the second Higgs doublet’s
Yukawa coupling and that no cancellation of different entries can occur.

The decay amplitude to neutrinos is more complicated due to their Majorana nature.
The simple structure in Equation (67) shows that the lightest massless neutrino state does
not couple to the Higgs bosons and stresses the importance of second Higgs doublet
couplings to the active neutrinos. These couplings give a lower bound on the decay rates
of the GNM scalars, see Equations (69), (71) and (80). From Equation (80) one sees the
proportionality of this lower bound to the masses of the light neutrinos and the breaking
of the U(1)peccei Quinn, as discussed below Equation (78). This result is valid for any scale,
because the symmetry breaking is required for the neutrino masses. Thus the limit obtained
in this paper is independent and complimentary to collider and astrophysical bounds.
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The IDM and the scoto-seesaw model [12] have very similar coupling structures to our
GNM, especially with respect to lepton flavour-violating observables—see [14]. Both the
IDM and the scoto-seesaw model have a scalar DM candidate. These candidates are stable
due to a protective symmetry, which is softly broken in the GNM. The lower bound for the
decay rate excludes the GNM scalar dark matter candidate. In this aspect the slight symme-
try breaking required in the GNM is enough to have a large phenomenological impact.
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Appendix A. Calculating Phase Space Elements

We derive the general result in the reference frame of the decaying particle. The
general two-particle phase space element is

1 1
Al ps = ——

3, 13 40
e AR, P12 = ) (A1)

where pj and p; are the momenta of the outgoing particles and g is the momentum of the
decaying particle. The §-function enforces energy—momentum conservation

g =PI+ (A2)
with § = 0 in the decaying particle’s rest frame. The energies are defined as

Ei=\/|pi|?+m? with i=12. (A3)

We use the three-momentum conservation to integrate out the momentum p;—i.e.,
p1 = —pPo. This gives us

1 1
Il ps = ——=

3 _F_
27 1EE," p2d(mg — Ey — Ea), (A4)

where m, is the mass of the decaying particle. Going to spherical coordinates we get

11 a2y,
4 E1E2 4

dITyps = \ﬁ2\2d|ﬁ2|6(mq —E1 — Ep) (A3)
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The outgoing particles have the same magnitude of the momentum, but an

[Pl =Pl =p - (A6)
Using the energy conservation relation

opposite direction:

mg=E+E, (A7)
we get that the squared magnitude of the momenta is
2
) (m% — m% — m%) — 4m%m%
P = 42 / (A8)
which is symmetric under the interchange my +— ms.
Changing the variable to
x=E+E, (A9)
with the differential of x
dx = d(E; + Ep) = ——F——dp+ —F—_ap= Fith pdp (A10)
\/ P2+ mi \/ P2+ m3 E1Ea
we express dp EE
dp = chpz dx . (A11)
Thus, the phase space element becomes
1 d*Q
ATy 1ps — Ezdxé(mq —x) 4; . (A12)

In case of no angular dependence of the process we can integrate over the angles, reducing
the last fraction to 1. Integrating over x gives the final result

2
2 2 2.2
1 p \/<m§ —m3 — mz) — 4mims
TTLies = 47t my - 87rm§ ) (A13)

Some edge cases for this phase space element are given in Table Al.

Table Al. Table representing the value of the phase space element in a massless system, on with one
massive particle and one with two particles with the same mass.

mp=mp; =0 my=0,m #0 mpy =mp; =m
2 2
1 1 Mgy 1 _ 4m?
Iy ps 87 T g g7/ 2

One also has to remember to also implement the relations between momenta coming
from the phase space in the squared amplitude.

Appendix B. Expressing As in Terms of Higgs Masses

The parameters of the potential in Equation (11) can also be expressed using the
diagonalised mass matrix of the Higgses and the rotation matrix R—Equation (21). This is
done using the relation [30]

M? = RM?RT, (A14)

where M? = diag{mio, m%{y mi} is the diagonalised mass matrix and
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2)\1 Re[)\6] —Im[/\d
. e
M2 =0*| Re[ds] —# + 3(As+2Re[As]) _ ~ImDyg (A15)
m 4
—Tm([Ag] ~Im|[As] —# + (A4 — 2Re[As])

is the general mass matrix of the 2HDM, which is derived from the potential in
Equation (11). Using the previous relation, Equation (A14), we can express the As in
terms of the diagonalised mass matrix and rotation elements. They are

= L (o) 1o

- S(ere) (ore) 2] o

Refis) = oL [(RaeRT) (o) ] s

imiAs] = — 5 (RMPRT)_ (A19)

Re[Ag] = %(RMzRT) o (A20)

e fm[Ag] — —%(RMZRT> o (A21)

Additionally, from tadpole diagrams one can express the parameters y; and 1, in
terms of other As [30]:

2
= _Alzv ) (A22)
and )
A0
pi2 = —"5— . (A23)
The parameter y; is fixed from the mass matrix as
A3v?
o= i (A24)

That leaves us with A5, A3, and A7 as free parameters.
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