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1 Introduction

After the discovery of the Higgs boson [1, 2] a large number of extensions of the Standard
Model (SM) were explored at the Large Hadron Collider (LHC) by searching both for new
particles and for deviations in the Higgs couplings to the remaining SM particles. However,
not only are there no direct hints of new physics so far but all Higgs rates are in very good
agreement with the SM predictions. Still, there is clear evidence of new physics, and in
particular the existence of Dark Matter (DM) which will be the subject of the particular
extension of the SM to be discussed in this work.

The existence of DM manifests itself in gravitational effects to baryon acoustic os-
cillations in the cosmic microwave background radiation [3], which has shown that the
relic abundance of DM in the Universe is about 26% [4-6]. Although there is no indi-
cation about the nature of DM, it is clear that a particle with a mass around the scale
of electroweak symmetry breaking and an interaction cross section with the SM particles
of the order of the weak force processes can account for the observed relic abundance as



well as for structure formation. These candidates are called Weakly Interacting Massive
Particles (WIMPs).

When considering extensions of the SM with a DM candidate one needs to take into
account all the presently available constraints. In order to have an SM-like Higgs boson of
125 GeV and a scalar DM candidate, the simplest extension of the SM is just the addition
of a singlet field either real or complex [7-9]. The additional singlet is neutral with respect
to the SM gauge groups and DM is stabilised by a symmetry. The next simplest extension
that ensures p = 1 at tree level is the popular Inert Doublet Model (IDM) [10-13], a 2-
Higgs Doublet Model where only one of the doublets acquires a vacuum expectation value
(VEV). The dark doublet (and the dark Higgs) is protected by a Zs symmetry. The new
dark sector contains two charged and two neutral fields, the lightest of which is the dark
matter candidate.

The Next-to-2-Higgs-Doublet Model (N2HDM) [14-17], is an extension of the scalar
sector of the SM by one doublet and one real singlet. In the particular version of doublet
plus singlet extension that we will be studying, two Zo symmetries are enforced. Depending
on the pattern of symmetry breaking one ends up with a model with no dark matter
candidates, or a model with one or two dark matter particles. When unbroken, one of the
Z5 symmetries stabilises the additional doublet, while the other stabilises the additional
singlet. Therefore, the model has four distinct phases: one with no DM, one with a singlet-
like DM particle, one with a doublet-like DM candidate and finally one with two DM
candidates. We call the phase with singlet-like DM phase [15] the Dark Singlet Phase
(DSP), the doublet-like phase is called Dark Doublet Phase (DDP) and the SM-like phase
with the two unbroken Zs symmetries is designated Full Dark Matter Phase (FDP).

Because the two symmetries are exact, both spontaneous and explicit CP-violation
cannot occur in any of the phases. In the DSP, the visible sector resembles theZs symmetric
2HDM and the absence of the soft breaking m?, term precludes the possibility of CP-
violation in the scalar sector, since no complex phase can be produced in the doublets when
spontaneous symmetry breaking occurs; in the DDP, even with a complex singlet VEV CP-
violation would not be possible because the singlet has zero isospin and zero hypercharge
and therefore only couples to the scalar doublets in the Higgs potential - that singlet phase
could in fact be removed via a field redefinition from the whole lagrangian and thus has
no physical implications. Since in this work we will not deal with CP violation, explicit or
spontaneous, let it be clear that by “phase” we will always mean a given vacuum of the
model, with different broken symmetries, rather than any complex phase of the parameters
or of VEVs of the fields.

In this work, we compare the three N2HDM dark phases and wherever relevant we
also include the Broken Phase (BP), where the vacuum breaks both Z symmetries and
there is no dark matter candidate. The DSP and DDP have additional scalar particles
that mix with the CP-even scalar from the SM doublet giving rise to new final states.
We will discuss how to phenomenologically distinguish these two phases. The comparison
between the three phases (and between each of them and the SM) can only be performed
in the 125GeV Higgs (hi25) decays and couplings to the remaining SM particles. This
is accomplished by studying the decay hjo5 — vy where an extra loop of charged Higgs
scalars — either from the dark or from the visible phases — contributes.



There are many reasons to study models with dark matter candidates beyond minimal
models. The first and very interesting point that motivated this study is that we have
for the exact same model, different phases with very different phenomenology. The model
may have no dark matter candidates, a singlet-like dark matter candidate, a doublet-like
one and finally a phase that is not at all present in minimal models with two dark matter
candidates. In all models there are additional scalars that can be either in the visible
sector or in the dark sector. There are at least 2 neutral Higgs bosons (except for the
FDP) in the visible sector and it allows for the study of the effects of singlet-like degrees
of freedom. Moreover, due to its enlarged Higgs sector Higgs pair production with two
different Higgs bosons in the final state is possible together with Higgs-to-Higgs cascade
decays. As discussed in our previous work [18] the broken phase of the N2HDM has a
quite different phenomenology from other models with more than two neutral scalars, like
singlet extensions (CxSM), CP-violating doublet extensions (like the complex 2HDM) and
also the NMSSM. Finally the additional scalars in the visible sector can play an important
role by providing additional annihilation channels for DM. In that way DM mass regions
that are excluded in minimal models are not excluded here. We will show — taking into
account all available experimental data — that the allowed dark matter mass region in
the different phases is not at all the same. The dark matter mass range in turn impacts
visible sector observables, such as (semi-)invisible decays of the visible scalars. Many of
the resulting signatures can only be studied in non-minimal DM models. The study of
non-minimal models of DM with distinct phenomenology in the visible and the dark sector
is thus important in order to leave no stone unturned in LHC searches for new physics.

The structure of the paper is as follows. We start by defining and describing the model
and its phases in section 2. In section 3 we study the coexistence of minima of different
phases, and analyse the vacuum structure of the model. In the following section 4 we
present the experimental and theoretical constraints imposed on the model. In section 5
we discuss how the different phases can be probed at the Large Hadron Collider and add a
brief discussion on future colliders. Finally we conclude in section 6. The relations between
the physical quantities at each phase and the input parameters of the model are shown in
the appendices.

2 The N2HDM

The N2HDM [14-17] is an extension of the SM, where a complex SU(2), doublet ®3 with
hypercharge Y = +1 and a real SU(2)y, singlet &g with Y = 0 are added to the SM field
content. In this work we will consider the most general renormalisable scalar potential

invariant under two Zy symmetries: the first is
7V BBy, Dy —By, g — By, (2.1)

while the second is

73 B o By, Dy Dy, g —Dg. (2.2)



Both symmetries are exact and — if not spontaneously broken — will give rise to DM
candidates after electroweak symmetry breaking (EWSB). The potential reads

A 2 A 2
Vealar = M2 ®1d1 + m2,050, + ?1 (@{@1) 4 52 (@;%)
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where all 11 free parameters of the Lagrangian,
m%l 3 m%Q ) m% ) )\178 ) (24)

are real, or can be made to be so via a trivial rephasing of one of the doublets. Note that for
the discrete symmetries to be exact we introduce no soft breaking terms in the potential.
In particular, the term m%2((I)J{CI)2 + h.c.) that would softly break the ZM symmetry is
absent. This term is often used in many versions of the 2HDM and N2HDM to allow for a
decoupling limit, with the introduction of the new mass scale m?,. After EWSB, the fields
can be parametrised in terms of the charged complex fields ¢ (i € {1,2}), the neutral
CP-even fields py (I € {1,2,s}) and the neutral CP-odd fields 7; as follows

1 of , ¢35
. oy = .
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V2
Requiring the VEVs

o = , Ps=wvs+ps. (2.5)

V2

which break the SU(2)r x U(1)y down to U(1)gys, and possibly also the symmetries, to
be solutions of the stationarity equations leads to the following three conditions,

(®;) = (g ) and (Pg) = vy, (2.6)

dVv 1
<dv > =0 = —m%l = 5 (U%)\l + U% ()\3 + M+ )\5) + Ug)w) R (2.7&)
1
vy _ o2 L 2 2
2
d 1
< dvv> 0 = —m? = & (oA + 035 02h). (2.7¢)

If we consider only minima that are CP-conserving and non-charge breaking, we can dis-
tinguish four cases:

e The Broken Phase (BP) — In this phase both doublets and the singlet acquire VEVs
and consequently both Z; symmetries are spontaneously broken by EWSB. There
are no dark matter candidates, and the scalar particle spectrum consists of three CP-
even, one CP-odd and two charged scalars. This phase, with an extra soft breaking
term for Zgl), has been thoroughly studied in [17].



e The Dark Doublet Phase (DDP) — This is the case where only one of the doublets
(either ®; or ®9) and the singlet acquire VEVs. This phase is the N2HDM equivalent
to the Inert Doublet Model of the 2HDM [10-13]. The Zgl) symmetry is exactly
preserved while Zg) is spontaneously broken. There are four dark sector particles —
two neutral and a pair of charged scalars — and one extra CP-even scalar that mixes

with the CP-even component from the doublet which acquires a VEV.

e The Dark Singlet Phase (DSP) — In this phase both doublets but not the singlet
acquire VEVs. Hence, 252) remains unbroken and the dark matter candidate has
its origin in the singlet field. This phase is essentially a 2HDM plus a dark real
singlet [7-9]. The model has two CP-even, one CP-odd and a pair of charged scalars
in the visible sector plus a singlet-like DM particle.

e The Fully Dark Phase (FDP) — Finally, we will consider a phase where only one
doublet acquires a VEV. This means that both Zs symmetries remain unbroken and
only one doublet couples to SM fields. Therefore, this model contains just one SM-
like Higgs boson with additional couplings to dark particles. No new non-dark scalar
is present and two distinct darkness quantum numbers are separately conserved.

We want the Lagrangian of the theory for all four phases to be exactly the same before
EWSB. The kinetic terms are the same because they are only determined by the SU(2)
and U(1)y quantum numbers. As for the Yukawa Lagrangian, the singlet field does not
couple to the fermions and we have to choose a Yukawa sector of type I, where only one
doublet couples to the fermions in order to be able to compare all four phases based on
the same Lagrangian. The Yukawa Lagrangian takes the form,

Lyuiawa = —QEYy®;Up — QEYp® ;D — LYYL& ER + hec., (2.8)

where @ is the doublet that couples to fermions, Y are three-dimensional Yukawa coupling
matrices in flavour space, the left-handed fermions are grouped into the doublets

UL (up,cr,tr)” N, (Vers Vuro VeL) "
— - , Ly = = ' ' ' , 2.9
QL <DL> ((db sp,br)" g Er (er, pr, )" (29)

and the right-handed fermion into the singlets

Ur = (ur,cr,tr)", Dr=(dr,sr,br)", Er=(er,ir,7r)" - (2.10)

and @ ¢ stands for eij@} , with €;; given by

01
€ij = (_1 O) . (211)

We will now describe the four phases in detail.



2.1 The broken phase (BP)

In the broken phase, both the doublets and the singlet acquire VEVs that break both Zgl)
and Z(22). Since the model was discussed in great detail in [17], we will just very briefly
review the features of the model needed for this study.

The charged and pseudoscalar mass matrices are diagonalised via the rotation matrix

R = ( 0 Sﬁ) , (2.12)
—58 Cp
v2

with tg = - Here and from now on we use the abbreviations sinxz = s,, cosz = ¢,
and tanx = ;. This yields the massless charged and neutral would-be Goldstone bosons
G?* and GY, the charged Higgs mass eigenstates H* and the pseudoscalar mass eigenstate
A. There are three CP-even gauge eigenstates (p1, p2, ps), two from the doublets and one
from the singlet. The corresponding mass eigenstates Hy, Ho and Hj, are obtained via the

orthogonal mixing matrix R parametrised as

Cay Caz Say Can Sas
R =] —(ca;SasSas + Sa1Cas) CaiCas — SarSasSas  CasSas (2.13)

“CarSasxCas + Sy Sas _(Cal Sas + Salsazcas) CasCas

in terms of the mixing angles o to ag, chosen to be in the range

e v
T < <. 92.14
5 S 0123 <5 (2.14)

The matrix R is defined is such a way that

H, P1
Hy | =R | po (2.15)
Hs Ps
diagonalises the scalar mass matrix MSQCalar?
RMSQCEﬂarRT = diag(m%ﬁ,m%&, mﬁ{s) ) (2.16)
We take, by convention,
mH, S mm, S mmys . (2.17)

In the broken phase, the 11 parameters of the N2HDM, eq. (2.4), are expressed through
the input parameters

ar, @, a3, tg, vV, Vs, MH .y, Ma, Mg (2.18)
The Higgs couplings H; (i=1,2, 3) to the massive gauge bosons V=W, Z are written as

’L'g/“/ C(HZVV) ggsMyy (219)



c(H;VV)
H,y CazCB—an
Hy —cg_a,5as5a;5 + CazSg—ay
Hs  —cCa3¢—ai5as — SazSp—an

Table 1. The effective couplings ¢(H;V'V) of the neutral CP-even N2HDM Higgs bosons H; to the
massive gauge bosons V =W, Z.

Type I
c(H;ff) u d !
H, (Cas Sal)/sﬂ (Cazsal)/sﬁ (Ca23011)/35
H2 (Calca3 —Sai;Sas 3a3)/sﬁ (Coélca3 —SaySap Sag)/sﬁ (Ca1 Caz ~SaiSas Sa3)/85
Hj —(Cay Sas +Ca330418a2)/85 —(CaSay +Ca38a13a2>/55 —(Cay Sag +CagSa Saz)/sﬁ

Table 2. The effective Yukawa couplings ¢(H; f f) of the N2HDM Higgs bosons H;, as defined in
eq. (2.20) for Type L

where ggswmyy is the SM Higgs coupling to the massive gauge bosons, and the coupling
modifiers ¢(H;V'V') are presented in table 1. As previously discussed the four phases of the
N2HDM can only be compared for the Yukawa Type I. The Yukawa Lagrangian reads

3
Ly == “Le(Hif f) by H (2.20)
=1

where the effective coupling factors ¢(H; f f) are shown in table 2. The remaining couplings
are discussed in [17].

2.2 The dark doublet phase (DDP)

In the DDP only one of the two doublets and the singlet acquire VEVs and the Zgl)
symmetry forces all the fields in the other doublet to conserve the darkness parity. The
lightest of these dark scalars is a DM candidate.

Assuming that & is the SM-like doublet, the vacuum configuration in the DDP is

given by
@) = <0> (e = (8) (B =, (221)

where v & 246 GeV is the electroweak VEV and v # 0 is the singlet VEV. The difference
between the non-dark sector and the SM is that the singlet ps; will mix with the CP-even
p1- The mass eigenstates H; (i = 1,2,3) are obtained from (p1, p2, ps) via the rotation
matrix

cosa 0 sinaw
R=|—-sina0cosa |. (2.22)
0 1 0



By convention, we order the visible H; by ascending mass
mm, < MH, (2.23)

and choose the third mass eigenstate Hp = H3 = pg. There is no mixing between the
remaining components of the two doublets and therefore

G =, Ap =1, (2.24)
GE=¢f, H5=¢7. (2.25)

The Goldstone bosons are in the SM-like doublet and the dark charged and dark CP-odd
particles are in the inert doublet.!
In the DDP, the 11 parameters of the N2HDM, eq. (2.4), are expressed through

2
U, Us, Mpy, MHy, MHp, MAp, mH:’Fa a, Mag, )\27 A8~ (226)

The explicit parameter transformations are given in appendix A.

The couplings of the scalars to the remaining SM particles can be grouped into a visible
sector consisting of the two neutral CP-even fields Hy and Ho and the dark sector with
the four scalars Hp, Ap and H;f. The coupling modifiers in the visible sector are given by

)\(p)

o =Ra (2.27)
SM

>

where H; (i = 1,2) and p stands for a pair of SM particles, provided that there is a
corresponding coupling in the SM. X stands for the Feynman rule of the corresponding
vertex and the division by Agys is taken to cancel identical tensor structures. Because this
visible sector is just the extension of the SM by a real singlet the following sum rules hold:

2

2
S AHff) =) AHVV)=1. (2.28)

i=1 =1

Finally no FCNC occur at tree-level because only the first doublet couples to fermions.
Due to the unbroken Zgl) symmetry the dark scalars H;, Hp and Ap do not couple to
either pairs of fermion or pairs of gauge bosons. However — because of the doublet nature
of @5 — there are couplings involving two dark scalars and one vector boson in addition to
the triple-Higgs couplings H;HpHp, H;ApAp and HZ-H;fHE that link the dark and the
visible sectors. The trilinear Higgs gauge couplings are dependent on the momenta of the
scalars and there is no SM equivalent with which they could be normalised. Adopting the
convention in which the momentum pg,, of Hp is incoming, and the momenta p4,, and

Note that just like in the IDM there is no way to tell which of Hp and Ap is the CP-even and which is
the CP-odd state. In fact, since both Hp and Ap do not couple to fermions, it is just the Hp Ap Z coupling
that tells us they have opposite CP. Regardless, we will call Hp CP-even and Ap CP-odd throughout this
paper for simplicity.



Pk of the scalars Ap or Hl% are outgoing, we get the following Feynman rules
[02 1 o2

N(Hp,Ap,Z) = _gﬁ%—g (

B(Hp, HE, W) = 9 8 2.30

N (Hp, Hs, WF) = %2 (s + i) (2:30)

pap, +pup) (2.29)

These, and the Feynman rules for the vertices ADHI%WJF, HﬁHEZ and H;Hgfy are the
same as in the 2HDM and can be found in ref. [19]. The triple Higgs couplings are given
in appendix A.

2.3 The dark singlet phase (DSP)

In the DSP only the doublets acquire VEVs which means that the Zgz) symmetry is left
unbroken. In turn, only the CP-even fields p; and py mix and pg is the DM candidate.
Now, the vacuum configuration is

1 0 1 0
(®1) = 7 <v1> ; (®g) = 7z <02> : (®g) =0, (2.31)

where v1 = vcos 8 and vo = vsin 8 and v is the electroweak VEV. To rotate from the gauge

eigenstates (p1, p2, ps) to the mass eigenstates we define a rotation matrix compatible with
the usual 2HDM definition,

—sina cosa 0

R=1] cosa sina 0|, (2.32)
0 0 1
where we use the mass ordering
m, < mm, . (2.33)

Hj3 = pg is the dark scalar Hp. The CP-odd and charged eigenstates are obtained exactly
like in the 2HDM case, that is,

G’ =nicosfB +masinf, A= —msinf +ngcosf, (2.34)
Gt =¢fcosB+ofsing, HT = —¢isin+ orcosf. (2.35)

In the DSP, the 11 parameters of the N2HDM, eq. (2.4), are expressed in terms of the
input parameters as

v, tanfB, myg,, mu,, Mu,, Ma, My+,a, X¢, A7, Ag,

and the explicit transformation of the parameters can be found in appendix B.
Regarding the Higgs couplings, the singlet field ps does not couple to SM particles

nor does it mix with the remaining CP-even scalar fields p; and p2. Hence the H; and Hs

couplings to the SM particles are just the 2HDM Type I ones and can be found in table 3.



c(Hiff) c(HiVV)
Hy cosa/sinf —sin(a—f)
Hy sina/sinf cos (a — f3)

Table 3. Yukawa and gauge boson coupling modifiers for the CP-even Higgs bosons H; (i = 1,2)
in the DSP.

The only additional couplings are the triple-Higgs couplings H;HpHp (i = 1,2), which
allow for the decay of the light and heavy CP-even Higgs boson into DM if kinematically
possible. These interactions have the form

oL

g(HiHDHD) = m = Awvcos fR;1 + Agvsin fR;s , (2.36)

where R;; is the ij element of the mixing matrix in eq. (2.32).

2.4 The fully dark phase (FDP)

In the FDP only one doublet acquires a VEV. This means that both Zgl) and Z(22) remain
unbroken and we have two DM candidates corresponding to the two different dark parities.
Because all other neutral fields belong to one of the dark phases, the SM-like Higgs is just
the one from the doublet with a VEV. There is no mixing in the scalar sector, such that
R = 1343 in the basis

Hgswm p1
Hg =R P2 (2.37)
Hj ps

where we denote by HY (H?) the CP-even, dark scalar from the doublet (singlet). Hence,
Hgy has exactly the same couplings to SM particles as in the SM. The only difference
relative to the SM are the couplings between the Higgs and the dark matter candidates
stemming from the Higgs potential. There is, however, a difference in the SM Higgs
radiative decays and in particular Hgyt — vy where the contribution from the dark charged
Higgs loops can significantly change I'(H — 7). In the FDP, the 11 parameters of the
N2HDM, eq. (2.4), are expressed through

2 2
Uy MHgy s Mpp, Mys, MAp, Mgk, My, Mg, Ao, g, Ag. (2.38)

3 Neutral vacua stability

The existence of several possible vacua, wherein different discrete symmetries of the model
are broken by the vevs, raises the possibility of coexisting minima. Namely, is it guaranteed
that once we find a given minimum — corresponding to one of the phases defined in
section 2 — that this minimum is the global one? Or may deeper neutral minima exist,
raising the possibility of tunnelling between minima? In order to answer this question one
must compute the values of the potential at different coexisting vacua and compare them.
In the context of charge breaking vacua in the N2HDM the authors of the present work

~10 -



Phase vevs
BP vB ol B
DDP vP, ol
DSP vy, vS
FDP ol

Table 4. Naming convention for the vevs at stationary points of different phases. Only non-zero
vevs are shown.

analysed this possibility in ref. [20] (see also [21, 22]). We now undertake a similar study
for coexisting neutral vacua following earlier numerical studies in refs. [17, 23].

To begin with, some generic considerations:

e In all that follows, we will always assume that two stationary points, corresponding
to different phases of the model, coexist. This means that, for some set of parameters
of the potential, we are assuming that the minimization conditions of the potential
admit two solutions, with different values for the vevs.

e Since we will be comparing the values of the potential at different phases of the model,
we must distinguish between the vevs v, v and vs defined previously. Therefore,
each vev will, for the purposes of this section alone, be tagged with a superscript
to specify which neutral phase is being discussed. The vevs of the Broken Phase
(BP), for instance, will be tagged with a “B” — v, vJ and v — whereas those
of the Dark Doublet Phase (DDP) will carry a “D” — v and v?”. The complete
correspondence can be found in table 4. Likewise, scalar masses at different phases

will carry the same subscript

In order to compare the values of the potential at different vacua we will deploy a
bilinear formalism similar to the one employed for the 2HDM [24-37]. In this approach,
bilinears are several gauge-invariant quantities, quadratic in the fields, and the potential,
expressed in terms of these variables, becomes a quadratic polynomial. The minimisation
of the potential is greatly simplified, and geometrical properties of these bilinears permit a
detailed analysis of symmetries of the potential and its vacuum structure. This formalism
has been adapted to study the vacuum structure of other models, such as the three-Higgs
doublet model [38-40], the doublet-singlet model [41], the N2HDM [20] and the Higgs-
triplet model [42]. We now give a brief overview of the technique: let us define vectors A
and X and a matrix B as

U% m%l Al )\3 O )\7

1 02 m2 A3 A 0 A
X == 2 A=| 2 B=| 3" 8 3.1
2 V1V2 ’ 0 ’ 0 0 2()\4 + )\5) 0 ( )

v? m% A7 Ag 0 A6

- 11 -



The value of the potential of eq. (2.3) at any of the phases (corresponding to a stationary
point (SP)) we consider in this work can be then be expressed as

1
Vop = AT Xgp + 5XngXSP, (3.2)

with the vector X evaluated at the stationary point, and it can easily be shown that, due
to the minimisation conditions, one has

1 1
Vop = 3 AT Xgp = — 3 Xl.BXgsp. (3.3)
The bilinear formalism also requires that we define the following vector
ov
lp==—==A+ BXgp. A4
VSP aXT + SP (3 )

In order to illustrate the technique we will now show how to apply the formalism to one
of the cases we are interested in, detailing the several steps needed to reach a formula
comparing the depth of the potential at two different phases. We will then simply present
the results obtained for all the other cases without demonstration.

Suppose the N2HDM potential of eq. (2.3) has two stationary points, corresponding
to the phases BP and DDP, defined in section 2. Then, the vectors X and V'’ have the
following expressions for each phase: for the Broken Phase,

(vf)? (v3)?
1 (UB)2 A+ A5 (UB)2
Xpp == 2 Vep=A+ BXpp= —— ! 3.5
BP 9 UlBUQB s BP + BP 9 —21}131}23 ’ ( )
(v3)?
and for the Dark Doublet Phase,
(v)? 0
1 0 , 2 o |1
Xppp = 3 0 . Vopp=A+ BXppp = —(my:) E (3.6)
(vP)? 0
where the charged scalar mass at the DDP extremum is given by
1 1
(mie)? = miy + 5)\3 () + 5)\8 (vP)?. (3.7)
We then compute the following product between vectors:
T 171 _ T T _ T
XppVppp = XppA + XppBXppp =2Vep + XppBXppp
A1+ As
= S (B2 (D)2 (33)
where in the second line we used the result from eq. (3.3). Likewise, we obtain
XbppVep = Xbpp A + XbppBXpp = 2Vbpp + XhppBXpp
1
=5 (1)) (mF)P . (3.9)

2
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Since the matrix B is symmetric we will have X}_I;PBXDDP = XgDPBXBp, and therefore,
subtracting the two equations above one from another we obtain, after some intermediate
steps that we skip for brevity,

1
Vep — Vppp = 1 (vP)? (m%qD)D, (3.10)

where (m%D)D is the squared scalar mass corresponding of the real, neutral component of
the doublet @4 in the DDP phase (see appendix A). What eq. (3.10) shows us is that, if the
Dark Doublet Phase is a minimum, then all of the squared scalar masses therein computed
will perforce be positive and then one will necessarily have

Vep — Vppp > 0 if DDP is a minimum. (3.11)

Therefore, if DDP is a minimum, any stationary point corresponding to the Broken Phase
will necessarily lie above that minimum.

Following similar steps we can obtain the relations between the BP potential value and
the remaining phases, namely

1

Vep — Vpsp = 1 (vF)? (m%{D)S, (3.12)
1 1

Vep — Vrpp = 7 (v3)? (ng)F +7 (vP)? (qug)Fy (3.13)

where the m? are physical scalar masses at the given phases. From these equations one
draws analogous conclusions to the case with coexisting BP and DDP phases.

The above does not answer the question of whether a local BP minimum could coexist
with a deeper DDP, DSP or FDP minimum, however. We will now show that any BP
stationary point will necessarily be a saddle point: in the BP phase, the real neutral
components of both doublets, p; and ps, mix with the singlet component field pg, leading

to a 3 x 3 scalar mass matrix for the CP-even scalars, M2

ey (see section 2). It is possible

to show that there is an alternative way of writing eq. (3.10), to wit

1 1 (vP)?
Vep — Vppp = - (v8)2(m% )P = — 2 det (M2,.,) » > (3.14

where we added the subscript “B” to the determinant to emphasise that these scalar masses
are evaluated at the BP extremum. It can be shown that, if the DDP phase is a minimum,
then one must have A\Ag — A% > 0 (to do this one must look at the DDP scalar mass
matrix, see appendix A). Therefore, if the DDP is a minimum then Vgp — Vppp > 0 and
det (Mgcalar) 5 < 0 — which means that at least one BP squared scalar mass is negative.
Since (M 2

Scalar) p 1s amatrix with positive diagonal entries some of its minors are guaranteed

to be positive — and therefore we conclude that at least one of its eigenvalues is positive.
Therefore, if the DDP is a minimum, the broken phase BP is a saddle point. Reversely, if
the BP is a minimum, then one will have Vgp — Vppp < 0 and the DDP extremum cannot
be a minimum, and indeed it can be shown to be a saddle point. Analogous expressions
can be found for the comparison between the BP and the other neutral phases. Thus one
may conclude the following:
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e If any of the phases DDP, DSP and FDP is a minimum, then any stationary point
of the BP lies necessarily above that minimum, and is a saddle point.

e If there is a minimum of the scalar potential in the BP, then any stationary points of
the DDP, DSP and FDP are necessarily saddle points and lie above the BP minimum.

We can easily find the relationship between the depths of the potential at DDP and
DSP phases — analogous calculations lead us to

Vose — Vobr = ¢ (6§ (m,)P — 5 (07) (m3,)%, (315)
where we see that now, even if either the DSP or the DDP, or both, are minima, there is
no assurance whatsoever that it is the deepest minimum. In fact, the above expression,
from previous 2HDM and N2HDM experience, implies that DSP and DDP minima can
coexist and either can be the deepest minimum, depending on the choice of parameters of
the potential.

Finally, one can analyse the FDP phase. We already saw (eq. (3.13) above) that
an FDP minimum implies that any BP extrema lies above it. When we compare FDP

stationary points with DDP and DSP ones, we obtain the following expressions,

1
Vopp — Vrpp = 1 (vP)? (qug)F,
1
Vbsp — Vrpp = 1 (v5)? (sz)F, (3.16)

which again show that, if the FDP is a minimum, any extrema corresponding to the phases
DDP and DSP necessarily will lie above it — and as happened for the BP phase, it can
be shown that in that case the DDP and DSP phases would not be minima, but rather
saddle points. Likewise, the existence of DDP/DSP minima would imply that any FDP
extremum would lie above it, and it would be a saddle point. From eq. (3.13) and these
results we can therefore safely conclude that a minimum in the FDP is deeper than any
other extrema for different neutral phases.
To summarise, then:

e If a BP minimum exists it is the global minimum of the theory. All other stationary
points corresponding to different phases lie above it and are saddle points.

e Likewise for the existence of a FDP minimum — if it exists it is global and all other
stationary points corresponding to different phases lie above it and are saddle points.

e However, minima of the DDP and DSP can coexist in the potential, and neither is
guaranteed to be deeper than the other. If there is a minimum DDP or DSP, any BP
or FDP extrema are saddle points above it.

This last point recalls the coexistence of minima which break the same symmetries in the
2HDM [33]. Although in the DDP and DSP phases different symmetries are broken, the
symmetry of these models after spontaneous symmetry breaking is very similar in both
models, as a Zo symmetry is left unbroken by the vacuum in both models.
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We therefore were able to find general statements about the N2HDM vacuum structure
in an analytical manner. Stability of BP and FDP phases is assured, but numerical checks
need to be performed on DDP and DSP ones in order to verify whether a minimum of these
phases is the global one. A final note about having set m%, = 0. As already discussed
in [20], if m2, # 0 the result that compares the BP with the DSP no longer holds. Let us
now proceed to the numerical analysis of the several phases.

4 Parameter scans and constraints

All phases of the N2HDM have been implemented in the ScannerS code [43, 44] to perform
parameter scans and in the N2HDECAY code [17, 45] to calculate all Higgs branching ratios
and decay widths including state-of-the-art higher-order QCD corrections and off-shell
decays. Electroweak corrections, which — in contrast to the QCD corrections — cannot
be taken over from the SM, have been consistently neglected.? Since we only consider type
I Yukawa sectors — where the effective couplings of each visible Higgs boson to all fermions
are equal — the scalar production cross sections are easily obtained for all phases from the
corresponding SM ones — calculated using SusHi v1.6.1 [47, 48] (see also [49]).

The parameter points generated using ScannerS in each model are in agreement with
the most relevant theoretical and experimental constraints. Theoretical constraints include
that the potential is bounded from below and that perturbative unitarity holds [17]. We
further require stability of the EW vaccuum, and also allow for metastability using the
numerical procedure described in refs. [20, 50], provided the tunnelling time to a deeper
minimum is larger than the age of the Universe. The SM-like Higgs boson mass is taken
to be [51]

Mh,yps = 125.09 GeV (4.1)

and to preclude interference with other Higgs signals we force any non-dark neutral scalar
to be outside the my,,, +5GeV mass window. Any of the visible CP-even Higgs bosons
can be the discovered one.

Compatibility with electroweak precision data is imposed by a 95% C.L. exclusion
limit from the electroweak precision observables S, T" and U [52] using the formulae in
refs. [53, 54] and the fit result of ref. [55]. In the BP and DSP we also consider constraints
from charged-Higgs mediated contributions to b-physics observables [55].

Constraints from Higgs searches are taken into account using the combined 95%
C.L. exclusion bound constructed by HiggsBounds-5.7.1 [56-58] including LEP, Tevatron
and LHC results. The measurements of the hi95 properties at the LHC are included through
the use of HiggsSignals-2.4.0 [59], where a Ax? < 6.18 cut relative to the SM is used.

In the dark phases, additional constraints from DM observables are considered.
The relic density and direct detection cross sections are calculated using MicrOMEGAs-
5.0.9 [60-66]. This calculation correctly accounts for the two-component DM in the FDP.

*While there exists a the code ewN2HDECAY [46] that calculates the electroweak corrections to the on-
shell and not loop-induced decays of the neutral N2HDM Higgs bosons in the broken phase it has not been
adapted yet to the dark phases discussed in this paper.
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Figure 1. Coupling modifiers relative to the SM for the couplings of hio5 to fermions, c(hiosff),
and to gauge bosons, c(h125V'V), for the Broken Phase (left) and for the Dark Singlet Phase (right).
The white triangle indicates the SM value.

The model-predicted relic density is required not to oversaturate the observed relic abun-
dance [67] by more than 20. Additionally, the direct detection bound by the Xenonlt
experiment [68] is imposed.

Let us now understand what are the present bounds on the Higgs couplings modifiers.
In figure 1 we present the squared coupling modifiers to fermions and to gauge bosons of
the 125 GeV Higgs boson hjgs. We show the Broken Phase (left) and the Dark Singlet
Phase (right). Due to unitarity, the effective coupling to gauge bosons cannot exceed 1.
We also show the differences in the allowed parameter space when considering the different
CP-even scalars as the hios. In both phases, we see that lower values of ¢?(hia5VV) are
allowed if h125 is not the lightest of the H;. This is the result of more freedom in g~ for
light spectra — in particular for light charged Higgs masses. We will explain the origin of
this behaviour below, when we discuss iy, as a distinguishing factor between the phases.
We do not show the corresponding plots for the other two phases since they are trivial. In
the DDP the two effective couplings are always equal and constrained to the experimentally
allowed range

0.87 < 02(h125ff) = 62(h125VV) < 1, (4.2)

while in the FDP, both couplings take exactly their SM values.
In figure 2 we show the branching ratio of his5 to DM particles vs. the quantity

O'(pp — hi95 — ZZ) O'(pp — hi95 — W+W_)

_ _ , 4.3
Hvv osm(pp = hios = ZZ)  osm(pp — hias = WHW-) (43)

for the three dark phases. The maximum allowed value of the branching ratio of the
Higgs decaying to DM particles is below 10% in all phases. The present experimental
bound on BR(hj25 — invisible) is about 26% [69]. This means that indirect constraints
on BR(hj25 — invisible) from the Higgs rate measurements are significantly stronger than
those from direct searches for invisible decays of hjas.
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Figure 2. Branching ratio of his5 to DM particles vs. pyy for the three DM phases.

Let us now move to the DM constraints. The analysis of the DM phases are the main
goal of this study. Therefore, we need to make sure that the DM candidates are compatible
with the corresponding experimental constraints. The Planck space telescope [67] maps the
anisotropies in the cosmic microwave background radiation. We force our points to have
a relic density of cold dark matter within or below the 2 x 1o band of the experimental
fit value

(Qch?)exp = 0.1200 £ 0.0012. (4.4)

Hence, points with an over-abundance of DM are excluded. These models are also con-
strained by DM direct detection. The most recent results are the ones from the XENON1T
experiment [70] a dual phase (liquid-gas) Xenon time projection chamber. Because no
signal has been observed so far, constraints in the plane DM-nucleon cross section vs.
DM mass are obtained. Since the XENON1T bound is obtained assuming a relic density
equal to eq. (4.4) and we allow for smaller values of the relic densities, the impact of the
DM abundance on direct detection measurements is taken into account by considering a
normalised scattering cross section 6py;— N, given by

A~ Qchz

ODM-N = ODM-N ()’ (4.5)
where opyn and Q.h? are the values calculated for a given parameter set.

In figure 3 we present the Nucleon-DM cross section, dpy.N, as a function of the DM
mass with all the constraints previously discussed. The colour code represents the fraction
of the DM relic density where the upper limit is the central value measured by Planck plus
2 x lo. Regarding direct detection it is clear that plenty of parameter points will survive
all the way down to the neutrino floor [71] — which for the mass range in question is of
the order of 10712 pb. As for saturating the relic density — allowing therefore that DM
is fully explained within the model — we now refer to figure 4 for clarity. In the figure
we see that except for the DDP, the other phases have points for which Q.h? = (QchQ)exp
for all values above 125/2 GeV. The DDP has a DM mass region between about 100 and
500 GeV where did not find any parameter points that saturate the relic density and extra
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Figure 3. Nucleon-DM cross section, dpy.N, as a function of the DM mass with all the constraints
previously discussed. The colour code represents the fraction of the DM relic density, where the
upper limit is the central value measured by Planck plus 2 x 1o. On the left upper plot we show
the DDP and take the lightest dark sector particle to be the dark matter candidate; on the upper
right we show the DSP with the corresponding dark matter candidate. The lower plots show the
FDP: here the DM particle is either HY or Ap on the left and H? on the right; note that since the
two symmetries are conserved separately there are always two dark matter candidates in the FDP.

DM candidates are needed. This is in line with previous results (see refs. [72-75]) where
it was reported that for the Inert doublet Model, the dark matter relic density cannot be
saturated for DM masses between about 75 and 500 GeV.

5 The different phases at the LHC and future colliders

The different phases of the N2HDM lead to different phenomenology at the LHC and at
future colliders. There are obvious differences that would immediately exclude some of
them. The discovery of a charged Higgs boson would immediately exclude the DDP and
the FDP. The discovery of three extra neutral scalars in the visible sector would exclude all
phases except the broken phase. However, the best chances we have to probe the different
phases are the 125 GeV Higgs rates measurements and perhaps the search for an extra
neutral scalar.

5.1 hjgs coupling measurements

Let us start with the 125 GeV Higgs coupling measurements. All phases have an alignment
limit, that is, there is a set of values for which the his5 couplings to fermions and gauge
bosons are exactly the SM ones. Hence, in order to be able to distinguish between the
phases we need a decay with a new contribution from a coupling which does not exist the
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Figure 4. Fraction of the DM relic density as a function of the DM mass for the three DM phases.
For the FDP, we show the mass of the dark matter candidate that gives the largest contribution to
the relic density.
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Figure 5. j1,, as a function of the charged Higgs mass for the four N2HDM phases.

SM and originates from the Higgs potential. Such is the case of the his5 — 77 decay, which
has a contribution from the hi9s H™ H ™~ vertex. In figure 5 we present fi,, as a function of
the charged Higgs mass for the four N2HDM phases. In the BP and DSP phases, which
are the ones with charged scalars in the visible sector, the value of u.,, is always below
0.98 and for charged Higgs masses above 150 GeV the value is about 0.9 or below. The
reason for the low values of pi,, is due to setting m?, = 0 (this is the soft breaking term
that is usually included in the broken phase of the 2HDM and in that of the N2HDM).
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In this limit, the contribution from the hiss HTH ™~ vertex, close to the alignment limit, is
always negative, reducing the diphoton branching ratio of hio5 relative to its SM value. In
the DDP and FDP the same vertex is proportional to the free parameter m3,, allowing for
both negative and positive contributions. Therefore, the freedom in the coupling is lost
due to m?, = 0 in the visible phases, while in the dark phases the free mass parameter
leads to a weaker constraint.

The presently measured value of k, = /T (hxgw — 77)/T (hsm — 77) is 0.9740.07 (at
1o) [76] while the HL-LHC 68% probability sensitivity to the same coupling modifier ranges
from 40.023 to £0.016 [77]. This means that if by the end of the LHC high luminosity run
the central value of the branching ratio of the Higgs boson to two photons is very close to
the SM value and taking into account the predicted errors it is likely that the BP and the
DSP will be excluded. The only possible exception is the light charged Higgs region which

on the other hand will also be much more constrained by the end of the high luminosity
phase by direct searches for charged Higgs bosons.

5.2 Search for new scalars

As previously discussed, there are some particularities that are specific to each model.
The FDP can only be distinguished from the SM through the amount of missing energy
in collider dark matter searches because it contains no new particles in the visible sector.
Charged Higgs bosons in the visible sector are only possible in the BP and in the DSP.
In order to distinguish these two phases one would need to look again into the amount of
missing energy in searches for dark matter events at colliders. A feature that all of the
phases except the FDP have in common is the existence of at least one additional, visible
neutral scalar.

In figure 6 we show the production cross section for the non-SM like neutral Higgs
with subsequent decay to 777~ (left) and v (right). In the phases where we have more
than one visible scalar, we take all possibilities into account, that is, all CP-even scalars are
considered. The decay to 777~ is chosen because it represents the general behaviour of the
decays to fermions and the bb final state is much harder to resolve due to the background.
The most relevant features of fermion final states are as follows. Below my,,. /2 the BP
accommodates the largest possible rates because decays of the Higgs to dark matter are not
possible in this phase. Still, in the DDP values of the cross section as large as 1 pb are still
possible. On the other hand the DDP has less freedom in the visible sector and therefore
cross sections for masses above about 230 GeV are already below 0.1fb. Above my/2 the
BP and DSP are almost indistinguishable because their visible sectors are very similar to
a 2HDM, a feature that is reinforced by the tight constraints on the hio5 couplings and
existing constraints from Higgs searches.

On the right plot of figure 6 we can see the decays to 7. In this case the DDP allows
for substantially larger cross sections than the other phases that can even go up to 1 pb
for masses below 100 GeV. Note that although the DDP has less freedom in the visible
sector it has more freedom in the dark sector and this is reflected in the couplings of the
dark charged Higgs boson to the visible scalars. This can not only lead to the previously
discussed large effects in p,~ for hi25 but can also significantly enhance the pp — ¢ — vy
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Figure 6. Production cross section for any of the non-SM like Higgs with subsequent decay to
777 (left) and v (right) as a function of the scalar mass, for the BP, DSP and DDP. ¢ stands
for any of the CP-even scalars in each phase, other than the 125 GeV one.
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Figure 7. tan (8 as a function of the mass of any of the neutral non-SM like Higgs bosons with the
present constraints (left) and taking the value of c¢(h125V V') to be 1 within 10~3 (right), for the BP

and DSP. Again, ¢ stands for any of the CP-even scalars in each phase, other than the 125 GeV
one.

cross sections shown here. If such a signal is seen with rates above 1072 pb all phases
except for the DDP would be excluded.

Let us finally comment on the behaviour of the model very close to the alignment
limit. As shown in ref. [78], the 2HDM with an exact Zgl) symmetry, and in the alignment
limit where sin(8 — o) = 1 (or more generally c(h125V'V) = 1), always has a value of
tan 3 < 6. In that reference they conclude that the limit arises from a combination of
theoretical constraints together with taking the alignment limit. The left panel of figure 7
shows, for the BP and the DSP, tan § as a function of the mass of any of the CP-even,
neutral scalars other than his5, with all present experimental and theoretical constraints
taken into account (note that there is no tan 8 in the DDP). The right panel is the same
plot as the one on the left with the extra constraint of forcing c(hj25V'V) to be within
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103 of the value 1. Hence, although we have more freedom in our model because we
have an extra singlet field, figure 7 shows that the allowed value of tan 8 is reduced as
we approach the alignment limit. This has important consequences to corner the model
using all experimental data. As an example, the experimental searches for charged Higgs
bosons include the vertex thH* which, in Yukawa sectors of Type I, is always proportional
to 1/ tan 3. Therefore, it will be very hard to access even the light charged Higgs for very
large values of tan 5. However, with the restriction from the right plot of figure 7, moving
close to alignment reduces the allowed value of tan 5. Hence, if tan 8 is not too large it
is more likely that the charged Higgs production cross section will be within experimental
reach. The more constraints we can find from other sources the closer we will be to exclude
a given phase.

6 Conclusions

In this work we have studied the four phases of the N2HDM — three of which have dark
matter candidates. For the phases to be comparable, we have considered Yukawa sectors
of type I and set m%z = 0. The absence of this term makes the scalar potential correspond
to an Inert Doublet Model extended by a real singlet field. The different phases have the
same scalar potential and degrees of freedom but the fields in the dark sector vary from
the FDP where all the extra degrees of freedom are in dark sector to the BP which has
no dark matter candidate. The analysis of the vacuum structure of the four phases has
shown an interesting behaviour of the possible neutral minima. We have shown that if a
minimum in the BP or FDP exists, it is the global minimum of the theory. In that case
all other stationary points of different phases lie above it and are saddle points. However,
the same is not true for minima in the DDP and DSP - they can coexist in the potential,
and neither is guaranteed to be deeper than the other.

Our main goal was to understand if the different phases could be probed and distin-
guished by combining the available experimental data and the one from future searches at
colliders with that from dark matter experiments. We have generated samples of points
for each phase which take into account the most up-to-date experimental data and also
all relevant theoretical constraints. From the dark matter point of view, and in particu-
lar the direct detection bounds, all phases have valid points all the way to the neutrino
floor. Hence, future direct detection experiments will not play a major role in constraining
the parameter space of the model. As for dark matter relic density, all except the Dark
Doublet Phase, have candidates for dark matter that saturate the relic density for a large
range of dark masses. The DDP behaves very much like the Inert Doublet Model where, as
previously discussed, the relic density cannot be saturated for dark matter masses between
about 100 GeV and 500 GeV. We have then looked for the effect of the Higgs coupling
measurements and for the search for new particles at the LHC. Our main conclusions on
what can we learn from the LHC are as follows:

e Finding a charged Higgs would single out the BP and DSP, while the discovery of
any new neutral scalar would exclude the FDP.
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e Visible and dark sector charged Higgs bosons have very different impacts on the
decays of the neutral scalars into vy. Visible H* always suppress v~ compared to
the SM, while dark Hlj)E have more freedom in their couplings and could enhance or
suppress the rate. As a result, a measurement of y,, at the end of the HL-LHC or
future collider could very well exclude the BP and the DSP.

e In case a new scalar is found there are regions of parameter space where the 3 phases,
BP, DDP and DSP could be distinguished in the decay to 777~. Due to the dark
charged Higgs, the DDP can predict very large rates for a new scalar decaying into
vy and may be probed there.

e If nothing is discovered and the 125 GeV Higgs couplings are very close to the SM
values, the FDP will always remain a possibility.

A Dark doublet phase

In this section, we present for the DDP the relation between the Lagrangian parameters
and the physical parameters. First, the physical masses can be written as

m%h = v? cos® a A\ 4 v2sin® a A\g + 20, sina cos a Ay, (A.1a)

mfgz = v?sin? a \; 4 v2 cos® a A\g — 20v, sina cos a A7, (A.1b)
1

My, = 5(277132 + 03 (A3 + Aa+ As) + 03 hs) (A.1c)
1

mh, = 5(2m§2 + 02 (A3 + Aa — Xs) + 03 hs) (A.1d)
1

m? . = —(2m3y + 023 + v2)g), (A.le)
Hp 2

which leads to the following relations between the parameters

- % (Z m%{iR?1> , (A.22)
! < ( m22> — 02 Ag) , (A.2Db)

m D—I—mHD 2mHi) (A.2¢)

~ 2
1
= = (m?
1
2 (m Hp ™ mAD) ) (A.2d)
iz (ZmHR > : (A.2¢)
1
/\7 = v (Z m%{ZRllle,) y (A2f)

where R;; is the 4,j element of the mixing matrix in eq. (2.22). The parameters m%Q,

Ao and Ag cannot be expressed through physical parameters and thus remain independent
parameters in the physical parameter set of the DDP.
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A.1 Triple-Higgs couplings

The triple-Higgs couplings g(X;X;X}) in the DDP are defined as,

PL
Q(Xz’Xij) = m7 (A~3)

with X;/;/, € {H]_,HQ,HD,AD,H%}. All couplings with an odd number of dark Higgs
bosons vanish due to the conserved dark parity. The non-zero triple-Higgs couplings are
the following, where the indices ¢, j can only be {1,2} and denote the visible CP-even Higgs
bosons H; or Hs, respectively:

g(H;H;H;) = 3\ vRY 4+ 3 X6 vsRy
+ 3\ (VRaARE + vsRisR7)
g(H;H;Hj) = 3 A\ vRiR3) + 3 A6 0sRisR 33
+ A7 [0 (RaRis + 2Ri3Rj1R;3) (A.5)
+us (RisR3 + 2RaR; 1R 3)]

2 Vs
g(H;HpHp) = - (m3, —m3y) Ri1 + As o (VRiz — vsRit), (A.6)
_ 2 Vg
g(H:HfHp) = - (mf,% - m§2> Rit + s (Rig = viRar) (A7)

2
g(H;ApAp) =

Vs
5 (mQAD — m%z) Ri1 + A o (vVRi3 — vsRi1) - (A.8)
B Dark singlet phase

In this section, we present for the DSP the formulae for the masses and the relation between
the gauge basis and the physical basis. The expressions for the masses are

2
m%l = M2 (v1 cos a + vy sin a)? (B.1a)
V1V2
+ Alv% cos® o + >\2v§ sin? o — 2 3450102 cOs asin v,
m2
mi, = —=(v1 sina — vg cos @) (B.1b)
V1V2
+ /\wf cos® o + >\2v§ sin? o + 23450102 cos asin o,
1
M, = 5 (2mi + oA+ vihs), (B.1c)
2
m
m?% = —vi\s + —2% (B.1d)
S8CB
2 L m%z
My = _§U (A + X5) + . (B.1e)

SpCB
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The relations between the two sets of parameters are

1
m% = —= (v2\7 + v2)g — 2mpy , B.2a
S 2 1 2 D
1

A2 = 11215% [(ZmHR ) m3, 6] , (B.2¢)

)\3 = 1)20585 [(Z mH 117—\’,12) m12 % m?{i s (B.Qd)
Ay = ! (m% —2m3s) + L mj (B-2e)
1}2 AT H* UQCBSB 125
A5 = L m? + Lt m3 (B.2f)
02 A 7)26585 12>

where R;; is the 7,j element of the mixing matrix in eq. (2.32). The parameters Ag, A7
and Ag cannot be expressed through physical parameters and thus remain independent
parameters in the physical parameter set of the DSP.

B.1 Triple-Higgs couplings

We now present the triple-Higgs couplings g(X;X;X}) in the DSP. The definition of the
coupling g(X; X; X}) is given in eq. (A.3) with X; ;. € {H1, H2, Hp, A, H?*}. All couplings
with an odd number of Hp vanish due to the conserved dark parity. The non-zero triple-
Higgs couplings — with ¢, j again reserved for the visible sector Higgs bosons — are

g(HlHZHZ) = 3v [05 (R%)\l + RilR?Q)\345> + sp (R?2)\2 + RigR?1A345)] , (B3)
g(HiHjHj) = |:05 (37-\’,1'17?,?1)\1 + <3Ri2Rj1Rj2 + Rz’l)/\345)

+ vsg (3732'273?2/\2 + (3Ri1Rj1Rj2 + Riz2)Asa5) } ; .
g(H;AA) = U[CB (cgsaRiz (A2 — 2X5) + GRi1A34—5) (B.5)
sg (caspRiz (A1 — 2X5) + S%Rﬂ)\34—5)} ; |
g(H;HTH™) [05 (sﬂRzl)\l + cﬁRﬂ)\g — 53Rz (A + As5)) (B6
+ 55 (CGRizA2 + s3Ri2As — casaRit (A + As)) } : o
g(HiHpHp) = v [csRis A + s5Ri2)s) - (B.7)
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