PUBLISHED FOR SISSA BY @ SPRINGER
RECEIVED: August 24, 2021

REVISED: November 25, 2021

ACCEPTED: December 26, 2021

PUBLISHED: January 21, 2022

Dark matter in three-Higgs-doublet models with S5
symmetry

W. Khater,” A. Kunéinas,’ 0.M. Ogreid,® P. Osland? and M.N. Rebelo’

@ Department of Physics, Birzeit University,
P.O. Bozx 14, Birzeit, West Bank, Palestine
bCentro de Fisica Tedrica de Particulas, CFTP,
Departamento de Fisica, Instituto Superior Técnico, Universidade de Lisboa,
Avenida Rovisco Pais nr. 1, 1049-001 Lisboa, Portugal
¢ Western Norway University of Applied Sciences,
Postboks 7030, N-5020 Bergen, Norway
4 Department of Physics and Technology, University of Bergen,
Postboks 7803, N-5020 Bergen, Norway

E-mail: Wkhater@birzeit.edu, Anton.Kuncinas@tecnico.ulisboa.pt,
omo@hvl.no, Per.O0slandQuib.no, rebelo@tecnico.ulisboa.pt

ABSTRACT: Models with two or more scalar doublets with discrete or global symmetries
can have vacua with vanishing vacuum expectation values in the bases where symmetries
are imposed. If a suitable symmetry stabilises such vacua, these models may lead to
interesting dark matter candidates, provided that the symmetry prevents couplings among
the dark matter candidates and the fermions. We analyse three-Higgs-doublet models
with an underlying S3 symmetry. These models have many distinct vacua with one or
two vanishing vacuum expectation values which can be stabilised by a remnant of the Sj3
symmetry which survived spontaneous symmetry breaking. We discuss all possible vacua
in the context of S3-symmetric three-Higgs-doublet models, allowing also for softly broken
Ss, and explore one of the vacuum configurations in detail. In the case we explore, only
one of the three Higgs doublets is inert. The other two are active, and therefore the active
sector, in many aspects, behaves like a two-Higgs-doublet model. The way the fermions
couple to the scalar sector is constrained by the S35 symmetry and is such that the flavour
structure of the model is solely governed by the Voky matrix which, in our framework, is
not constrained by the S3 symmetry. This is a key requirement for models with minimal
flavour violation. In our model there is no CP violation in the scalar sector. We study this
model in detail giving the masses and couplings and identifying the range of parameters
that are compatible with theoretical and experimental constraints, both from accelerator
physics and from astrophysics.
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1 Introduction

Cosmological observations, based on the standard cosmological model, Acpyr, where CDM
stands for cold dark matter, indicate that around a quarter of the total mass-energy density
of the Universe is made up of Dark Matter (DM) [1].

In this paper a DM model based on the Ss-symmetric three-Higgs doublet model
(3HDM) potential is studied in detail. In our framework the stability of the DM sector
results from a Zo symmetry which survives the spontaneous symmetry breakdown of the
initial S3 symmetry. One of the doublets provides the DM sector, while the other two are
active. Therefore the active sector behaves in many ways like a two-Higgs doublet model
(2HDM) [2, 3].

The paper is organised as follows. In section 2 a brief overview of the simplest imple-
mentations of scalar DM is presented, together with a list of references. First, we mention
the Inert Doublet Model (IDM) [4, 5], a 2HDM which constitutes one of the first attempts at
accounting for DM through the Higgs portal. Next we comment on implementations within
3HDMs. In section 3 we introduce the S3-symmetric potential, and discuss the different
vacua [6] starting from a real scalar potential. It has been shown that the Ss3-symmetric
potential allows for spontaneous CP violation [6, 7]. In this section we give the motivation
to study a particular vacuum, denoted R-II-1a, on which the rest of our paper is based.
With this choice of vacuum there is no CP violation in the scalar sector. Next, in section 4,
we give the spectrum of masses of both the inert and the active sector of this model, speci-
fying the rotations leading to the physical scalars, together with the scalar gauge couplings
and the Yukawa couplings. The scalar-scalar couplings are listed in appendix A.

The theoretical and experimental constraints are imposed on the model in section 5.
This is done step-by-step by imposing in succession a series of cuts and by performing the
corresponding numerical analysis. We start with Cut 1: perturbativity, stability, unitar-
ity checks, LEP constraints together with the value of the recently measured Higgs boson
mass [8, 9] by plotting the allowed regions for masses and several of the parameters of the
model. Next, we apply Cut 2: SM-like (Standard Model) gauge and Yukawa sector, elec-
troweak precision observables and B physics; which further restrict the model as illustrated
in that section. Finally, Cut 3 takes into account the limits imposed on the SM-like Higgs
boson, h, by the decays h — {invisible, vy}, the DM relic density, and direct searches.



The micrOMEGASs code [10-12] is used at this stage to evaluate the cold dark matter relic
density along with the decay widths and other astrophysical observables. The full impact
of Cut 3 is discussed in section 6, where we also present a set of benchmarks for this model.
Two different scenarios emerge right from the beginning of the numerical analysis presented
in section 5, based on the ordering of the masses of the two neutral inert scalars, n and
X, which have opposite CP parities. The origin of the masses of these two fields is also
different in terms of parameters of the potential. Cut 3 removes the possibility of having
the n scalar lighter than x. As a result, in this model only x can play the réle of DM. We
also conclude that there are no good DM candidates for high mass values as is explained
in our discussion. In section 7 we present our conclusions. There are several appendices
where features of the model and details of our analysis are given.

2 Scalar dark matter

One of the simplest extensions of the SM which could accommodate DM is obtained by
adding a scalar singlet. With an explicit Zo symmetry, to prevent specific decay channels,
this extension could yield a viable DM candidate [13—-18]. Direct detection constraints were
studied [19-22] based on the LHC data. The parameter space of these models was further
constrained after the Higgs boson discovery [23-29]. While being the subject of specific
exclusion criteria, in general, two DM regions were identified: a low-mass region 55-63 GeV
and a high-mass region above around 100-500 GeV, depending on the implementation. In
alternative, the scalar singlet DM can be stabilised by a different symmetry, such as Zs,
which was considered in refs. [30, 31].

A DM candidate can also be introduced through non-trivial SU(2), scalar n-tuples. In
ref. [32] a class of so-called minimal dark matter (MDM) multiplets was proposed. The key
aspect of these models is to extend the SM by additional scalar multiplets with minimal
quantum numbers (spin, isospin, hypercharge) to accommodate the DM candidate. The
MDM models were further on studied in refs. [33-40].

2.1 The Inert Doublet Model

One of the most popular models, capable of accommodating DM, is the IDM [4, 5]. The
IDM accommodates DM in the form of a neutral scalar: the lightest neutral member of an
inert SU(2) Higgs doublet added to the SM. In addition to providing an economical accom-
modation of DM, the IDM also offers a mechanism for generating neutrino masses [41-43].
The IDM was studied extensively some ten years ago [36, 44-58]. Assuming the Higgs mass
to be around 120 GeV, two DM mass regions were identified: a low and intermediate-mass
region, from about 5GeV to around 100 GeV (allowing for a heavy Higgs up to 500 GeV,
this DM mass region would extend up to 160 GeV), and a high-mass region, beyond about
535 GeV. Above some 80 GeV, the annihilation in the early Universe to two gauge bosons
(WHW ™ or ZZ) becomes very fast and the relic DM density would be too low. In ad-
dition, annihilation into two SM-like Higgs bosons is possible and is controlled by the
effective A\;, coupling (parameterising the Higgs-DM-DM coupling), for small Ay, values the



overall effect is negligible. Eventually, for sufficiently heavy DM particles, above approxi-
mately 500-535 GeV, the annihilation rate drops and as a result the DM density is again
compatible with the data.

When the mass splitting between the DM candidate and the other scalars in the inert
sector is sufficiently small, coannihilation effects get stronger. As a result, if the Higgs-DM-
DM coupling, Ar, has a suitable value, a relic density in agreement with observation can be
achieved. For a fixed mass splitting with an increasing DM mass the absolute value of the
Az coupling should increase to satisfy the experimental relic density value. On the other
hand, for a fixed A;, value, if the mass splittings are increased, the relic density decreases.
The relic density depends also on the sign of Az. Interplay of these parameters may result
in an acceptable relic density for the DM candidate of several TeV.

With the Higgs boson discovery [8, 9], it was pointed out that the decay width of the
Higgs boson to two photons and invisible particles could further constrain the IDM [59-
62]. It was found [63, 64] that with both astroparticle and collider constraints taken into
account the DM mass region below 45-50 GeV is ruled out, and thus a minimal mass
threshold is set. Later, the whole low- and intermediate-mass region was shown to be
consistent with observations for the DM candidate with masses 55-74 GeV [65]. Although
the high-mass region, above 500 GeV, requires severe fine-tuning it is still compatible with
data. The region with the DM masses 74-500 GeV is still possible: the exclusion of a
given mass region in the parameter space depends on whether one requires the IDM to
provide a single component DM candidate to generate all relic density or just partially
contribute to the DM relic density. More recently, ref. [66] confirmed earlier mass-range
observations of the IDM and provided a set of benchmarks for ete™ studies, for IDM
detection at potential eTe™ colliders (ILC, CLIC) see refs. [67-69]. The aforementioned
DM mass ranges are sketched in figure 1, together with those of some SHDMs and that of
the model (R-II-1a) explored here.

The main reasons some mass regions are excluded, are qualitatively as follows:

o Below mpy = O(50) GeV, it would annihilate too fast in the early Universe via off-
shell Higgs bosons decaying to fermions. For mpy 2 5 GeV the leading contribution
is from decay into b-quarks. Also, much of this range is excluded by LUX [75], by
PandaX-II [76], and by XENONIT [77] data.

e In the case of small mass splitting, resonant coannihilation into gauge bosons oc-
curs for 40-45 GeV. Another resonant coannihilation, mass splitting independent, at
mpm ~ 60 GeV is due to annihilation into the Higgs boson, dependent on Ap.

o In the region between O(80) GeV and O(my) it annihilates too fast via a pair of
gauge or Higgs bosons. The latter channel, however, depends on Ar.

o In the region from O(my,) to O(500) GeV it annihilates too fast via two on- or off-shell
gauge bosons. Depending on the \j, value, annihilation into a pair of Higgs bosons can
become significant. Also, in this region, annihilation into ¢-quarks becomes available.
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Figure 1. Sketch of allowed DM mass ranges up to 1 TeV in various models. Blue: IDM according to
refs. [65, 66], the pale region indicates a non-saturated relic density. Red: IDM2 [70]. Ochre: 3HDM
without [71-73] and with CP violation [74]. Green: the R-II-1a y model presented in this paper.

o Above O(500) GeV an important mechanism is due to the coupling to longitudinal
vector bosons [36]. With an increasing DM mass the relic density would grow. At
some tens of TeV, interactions would become non-perturbative as a large value of Ap,
would be required to match the DM relic density value. Coannihilations between all
scalars from the inert doublet become important in the limit of degeneracy.

The exact mass values where these phenomena set in, depend on details of the model and
the adopted experimental constraints.

2.2 3HDMs

In models with three scalar doublets one has more flexibility in accommodating dark matter:
1. By having two non-inert doublets along with one inert doublet [70, 78-80].
2. By having one non-inert doublet along with two inert doublets.

This latter approach has been pursued by various groups [71-74, 81-85]. The models
studied in refs. [81, 83] assume an S3-symmetric 3HDM potential, and take the S5 singlet to
represent the SM-like active doublet. There are then two inert doublets with zero vacuum
expectation value (vev), corresponding to R-I-1 in our terminology in table 1 below. This
model has three mass degeneracies: in the charged sector as well as in the CP-odd and
CP-even neutral sectors of the S3 doublet, as discussed in detail in ref. [86]. In all these
models, like in the original IDM, the lightest neutral scalar in the inert sector is prevented
from decaying to SM particles by a Zy symmetry. In refs. [81, 83] the Zy symmetry is softly
broken, in order to lift the degeneracy, leading to consistent models with mass, at least, in
the range 40-150 GeV [83].



In refs. [71-73], a Ze-symmetric potential is constructed, and again the vacuum with
two vanishing vevs is studied, yielding a model with two inert doublets. The authors point
out that having more inert fields allows for more coannihilation channels, and opens up the
parameter space compared to the IDM. Consistent models are found with mass in the range
53 to 77 GeV. Also, it was found that the high-mass region, which for the IDM requires a
mass above some 500-525 GeV, can give consistent models with mass down to 360 GeV [72].

In ref. [74], the Za-symmetric 3HDM is studied, with two inert doublets and a new in-
gredient being explicit CP violation via complex coefficients in the Zo-symmetric potential.
This allows for more parameters, but only a modest extension of the mass ranges allowed
by the CP-conserving 3HDM discussed above is found.

Finally, one can stabilise DM by a Z3 symmetry, rather than the Zy symmetry [84, 85].
In this case, two-component DM is considered.

3 The Ss3-symmetric models

Our philosophy here is to first identify vacua with at least one vanishing vev as possible
frameworks for a DM model. We shall work in the irreducible representation, where we have
two SU(2) doublets, h1 and hs in a doublet of S3, and one S5 singlet denoted hg. The Higgs
doublets with a vanishing vev are labelled as “inert”, since their lightest member (assumed
neutral) could be DM. They are listed in table 1 below. Some of these are stabilised
by a surviving symmetry of the potential, whereas others would require an imposed Zs
symmetry. The general S3-symmetric scalar potential is invariant under Zo : hy — —h;.
We do not consider other mechanisms which would stabilise the DM candidate.

Some of these vacua are associated with massless states, hence we shall allow for soft
breaking of the S5 symmetry in the potential [86], noting that soft breaking is not possible
in the Yukawa sector. When introducing soft breaking terms, the constraints will change.
However, we will retain the nomenclature of the unbroken case from which they originate,
thus when adding soft-breaking terms to R-I-1, we denote it r-I-1.

3.1 The scalar potential

In terms of the Sy singlet (1 : hg) and doublet (2 : (hy hy)") fields, the Ss-symmetric
potential can be written as [87-89]:

Vo = ughlhs + pi(hihy + hiho), (3.1a)
Vi = A (hlhy + hbho)? + Aa(hlhy — hihy)? + As[(hhy — BIRho)? + (Rl hy + hihy)?)
+ Aa[(hh) (hlho + hbhn) + (hho) (Wl by = hhho) + e ] + As(hlhs) (W7 + hihs)
+ Xs[(hlh) (B{hs) + (hlha)(h5hs)] + Agl(hha) (hhh1) + (hhha) (hsha) + h.c]
+ Xs(hihs)?. (3.1b)
Note that there are two coefficients in the potential that could be complex, thus CP can

be broken explicitly. For simplicity, we have chosen all coefficients to be real. In spite of
this choice there remains the possibility of breaking CP spontaneously.



In the irreducible representation, the S3 doublet and singlet fields will be decomposed
as

h; = i . i=1,2, hg= S . (32
((wi+77i+iXi)/\/§) ((w5+ng+i><5)/\/§>

where the w; and wg parameters can be complex.
The symmetry of the potential can be softly broken by the following terms [86]:

Vi = 13 (Wi — o) + 5o (o + ) (3.3)

+ %ugl (Plh1 +hec.) + %V&Q (hlha +hec.) .

In accordance with the previous simplification of couplings we assume that the soft terms
are real. Soft symmetry-breaking terms are required whenever we work with solutions with
A4 = 0 since in this case most vacua lead to massless scalar states, Goldstone bosons of an
O(2) symmetry resulting from this choice. In our analysis we shall not make use of these
terms.

We recall that in order for a doublet to accommodate a DM candidate it must have
a vanishing vev, since otherwise it would decay via its gauge couplings, e.g., the SW W~
and SZZ couplings.

3.2 The Yukawa interaction

Whenever the singlet vev, wg, is different from zero we can construct a trivial Yukawa
sector, Ly ~ 17 ® 1. In this case, the fermion mass matrices are:

1
My = —=diag (v}, vy, y5) we, 3.4a
=7 g (yt, vs, y§) w (3.4a)

1
V2

where y’s are the Yukawa couplings of appropriate fermions.

Md dla’g (ytlia yga ygl) wes, (34b)

Another possibility is when fermions transform non-trivially under Ss, with a Yukawa
Lagrangian written schematically as Ly ~ (2@ 1)7 ® (2 @ 1), one doublet and one singlet
of Sg,

T T T
2:(Q1Q2)" , (mupu2r) , (dirdar)” and 1:Qs, usg, dsgr.

Such structure yields the mass matrix for each quark sector (d and u) of the form

. yiws +yzws  yiwi  yiwy
Mu= "5 ygwi - yiwg - yiwy yiws | (3.52)
Yyswy ysws yyw§
, Ylws +ydwy  yhwr  ydun
Ma = V2 yswr  yfws —yjws yiws |- (3.5b)
yg‘,l w1 yng ygwg



If, for simplicity we assume all 3’s to be real, then a complex Cabibbo-Kobayashi-Maskawa
(CKM) matrix would have to be generated from complex vacua. As we point out in the
sequel, in some cases realistic quark masses and mixing can only be generated if the quarks
are taken to be S5 singlets and only couple to hg, which requires complex Yukawa couplings
as in the SM. On the other hand, even in some of the cases when the vevs are complex,
the CKM matrix is not always complex.
The hermitian quantity,
Hy = Mf/\/i}, (3.6)

is going to be useful in our discussion. The fermion mass matrices M are diagonalised in
terms of the left-handed and the right-handed fermion rotation matrices, which, in general,
are not equal. However, the quantity M f/\/l} is diagonalised in terms of the left-handed
rotation matrix only, and M}M t accordingly in terms of the right-handed rotation matrix.
The eigenvalues of H; will be the squared fermion masses.

It is instructive to count the number of parameters available in these models, and
compare with the number of physical quantities to be fitted. The full Yukawa sector,
eq. (3.5), has 10 parameters (5 y¢ and 5 y*). If wg = 0, this number is reduced to 6
(yim 9 — y:(,,u’d) = 0). If either w; = 0 or wy = 0, we still have 10 parameters, but if both
are zero, w; = we = 0, the number is reduced to 4. The available parameters will be “used”
to fit 6 quark masses plus 4 parameters of the CKM matrix. Apart from that, the most
general vacuum configuration is given by 3 absolute values and 2 complex phases.

As we are interested in a DM candidate, one of the requirements is to have a field
with a vanishing vacuum expectation value. Let us briefly consider what happens with
the Yukawa sector in this case. When the DM candidate resides in the scalar S5 singlet,
wg = 0, we need the fermions to couple to the S3 doublet, schematically represented by
Ly ~2; ®2p,. In some cases, the DM candidate can reside in the scalar S3 doublet. To
keep the notation simple, we still write the Yukawa sector as Ly ~ (2@ 1) ® (2@ 1), as
the general form of the fermion mass matrices persists. However, in order to stabilise the
DM candidate one needs to introduce an additional Zs symmetry in the Yukawa sector to
decouple a specific inert doublet from the fermionic sector.

3.3 Vacua with at least one vanishing vev

In table 1, we list the vacua of the S3-symmetric potential that could accommodate DM [6].
The vacua will be represented in the form

(w1, wa, wg) . (3.7)

Whenever (h%) # 0 we indicate that the fermions may transform trivially under S. This
is the simplest choice. In all other cases we need them to transform non-trivially in order
to acquire masses. Whenever \y = 0, the scalar potential acquires an additional O(2)
symmetry between h; and hs, which could be spontaneously broken. This breaking leads
to one massless neutral scalar, see ref. [86] for a classification of massless states. Another
interesting feature is that the scalar potential with the Ay = 0 constraint will have two
additional Zy symmetries beyond h; — —h1, involving he and hg. The symmetry h; — —h;



Vacuum vevs Ay symmetry # massless fermions under S3
states
R-I-1 (0,0,wsg) Vv Ss, h1 = —h; none trivial
R-I-2a (w,0,0) vV So none non-trivial
R-1-2b,2¢ (w, /3w, 0) Vv Sa none non-trivial
R-II-1a (0, we,wg) vV So, h1 — —hy none trivial
R-1I-2 (0,w,0) 0 | So, hy = —hy,hg — —hg 1 non-trivial
R-II-3 (w1, ws,0) 0 hs — —hg 1 non-trivial
R-11I-s (w1,0,wg) 0 ho — —ho 1 trivial
C-l-a (01, £i104,0) V4 cyclic Zs none non-trivial
C-I1I-a (0,19€%2 1Dg) Vv So, h1 — —hy none trivial
C-11I-b (Liwq,0,%5) 0 ha — —hs 1 trivial
C-Ill-c | (€%, 12e%°2,0) | 0 hs — —hg 2 non-trivial
C-1V-a (1€, 0,10g) 0 ho — —ho 2 trivial

Table 1. S5 vacua that might accommodate DM due to a vanishing vev [6]. The “hat”, 1;, denotes
an absolute value. See the text for further explanations.

is a symmetry of the potential in the irreducible representation. If h; does not acquire

a vev it remains as an unbroken symmetry. Column 2 lists the vevs in the irreducible

representation. Sy and S3 symmetry in the fourth column refer to remnant symmetries

explicit in the defining representation, as does “cyclic Z3”. For A4 # 0 real vacua can at most
break S35 — S [90]. Whenever Ay = 0 the S3 symmetry can be fully broken by real vacua.

Below, we indicate some pros and cons of different vacua of S3-3HDM, following the

nomenclature of ref. [6].

« R-I-1: (0, 0, wg).

This case might result in a viable DM candidate. A related case was studied in
refs. [81, 83]. In order to stabilise hg they forced Ay = 0 and found that this model
may result in a viable DM candidate.

Scalar sector: the DM candidate resides in h; and thus is automatically stabilised.
There are three pairs of mass-degenerate states: a charged pair and two neutral pairs.
In principle, one could lift this degeneracy by softly breaking the S3 symmetry of the
scalar potential. The only possible soft breaking term is p2. If this term is present,
there are no mass degeneracies. In addition, it is possible to stabilise the hs doublet
by forcing Ay = 0. There is no spontaneous symmetry breaking associated with the
inert doublets and therefore no Goldstone states would arise due to spontaneously
broken O(2).

Yukawa sector: Ly ~ 1y ® 1 can give realistic fermion masses. Due to freedom of
parameters, this can give a realistic CKM matrix and no flavour-changing neutral
currents (FCNC).



 R-I-2a: (w, 0, 0).
The Yukawa sector is unrealistic.

Scalar sector: the Zgy symmetry is preserved for (ha, hs) — —(hg, hg), or equivalently
this translates into hy — —hy, and thus we have two stabilised inert doublets.

Yukawa sector: Ly ~ 2¢ ® 2, results in det(H ) = 0. This indicates that one of the
fermion mass eigenvalues vanishes, i.e., there will be a massless fermion.

« R-I-2b,2c: (w, +/3w, 0).
The S3 symmetry of the scalar potential needs to be softly broken. The Yukawa
sector is unrealistic.

Scalar sector: there is mixing present in the mass-squared matrix as A4 # 0 and thus
DM is not stabilised. If we artificially put Ay = 0, one of the neutral states would
become massless. The DM is left stabilised only if the soft breaking term p3 together
with v, are introduced.

Yukawa sector: Ly ~ 2§ ® 2, results in det(H ;) = 0.

e R-II-1a: (0, wa, wg).
This case results in a viable DM candidate provided that the Yukawa sector is trivial.

Scalar sector: the DM candidate resides in h; and thus is automatically stabilised.

Yukawa sector: Ly ~ (2@ 1) ® (2® 1), can give realistic fermion masses. The
CKM matrix splits into a block-diagonal form and thus is unrealistic. However, there
is another possibility to construct the Yukawa Lagrangian of the form Ly ~ 17 ® 1.

o R-1I-2: (0, w, 0).
The S3 symmetry of the scalar potential needs to be softly broken. The Yukawa
sector is unrealistic.

Scalar sector: due to Ay = 0, Zo is preserved for both h; and hg. The \y = 0
constraint results in an additional Goldstone state. The only soft breaking term
which does not survive minimisation is v%,. Also, v, cannot be the only soft breaking
term as then the massless state would survive. Then, the u3 and 12, couplings are
free parameter as those do not depend on the minimisation conditions. The coupling
V3, would require A4 # 0 and therefore DM is only stabilised in hj.

Yukawa sector: Ly ~ 2y ® 2j, can give realistic masses. However, the CKM matrix
is split into a block-diagonal form.

o R-II-3: (w1, w2, 0).
The S3 symmetry of the scalar potential needs to be softly broken. The Yukawa
sector is unrealistic.

Scalar sector: due to Ay = 0, Zs is preserved for hg. An additional Goldstone boson
is present. The possible softly broken couplings are p3 and v?%,. If u3 is the only
term present, for consistency vZ, = 0, this would require to impose either w; = 0 or



we = 0. When V%Q is considered, it results in wy = wsy. It is also possible to have
both terms present simultaneously.

Yukawa sector: Ly ~ 2y ® 2j, can give realistic fermion mass eigenvalues. However,
the CKM matrix is unrealistic and there are no free parameters to control FCNC.
The Yukawa sector results in six degrees of freedom: three from the u-type couplings
and three from the d-type couplings. In case of the model with both couplings,
r-11-3-p3-v3,, there is an additional degree of freedom in terms of the ratio between
the vevs wy and ws.

R-III-s: (w1, 0, wg).
This case might result in a viable DM candidate provided that the S3 symmetry of
the scalar potential is softly broken.

Scalar sector: due to Ay = 0, Zs is preserved for hs. An additional Goldstone
boson is present. Possible soft symmetry breaking terms are pu3 and v3;. Both of
these couplings are unconstrained by the potential. In ref. [6] this vacuum with w;
complex was denoted as C-IV-a and it was pointed out that the constraints made it
real, therefore there is no need for A7 to be zero.

Yukawa sector: Ly ~ (2@ 1)y ® (2@ 1) can give realistic fermionic masses and the
CKM matrix. However, there are FCNC present in this case. In total, there are ten
Yukawa couplings and a ratio between vacuum values. Due to such high number of
free parameters it might be possible to control the overall effect of FCNC. There is
also a possibility to construct the Yukawa Lagrangian of the form Ly ~ 1; ® 1.

C-I-a: (’lf]l, :|:1:’lf)1, 0).
Both the scalar and Yukawa sectors are unrealistic.
Scalar sector: in order to stabilise DM in hg, we are forced to impose A4 = 0. In

general, this model results in two neutral mass-degenerate pairs. No soft symmetry
breaking terms survive and thus there are no c-I-a models.

Yukawa sector: Ly ~ 2y ® 25 can give realistic fermion masses. However, the CKM
matrix is split into a block-diagonal form.

C-III-a: (0, Woe'"2, 1g).
This case might result in a viable DM candidate provided that the Yukawa sector is
trivial.

Scalar sector: the DM candidate resides in h; and thus is automatically stabilised.

Yukawa sector: Ly ~ (2@ 1) ® (2@ 1)), can give realistic fermion masses. How-
ever, the CKM matrix is split into a block-diagonal form. Another possibility is to
construct the Yukawa Lagrangian of the form Ly ~ 17 ® 1.

C-III-b: (Fiwq, 0, Wg).
This case might result in a viable DM candidate provided that the S3 symmetry of
the potential is softly broken.
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Scalar sector: due to A4 = 0, DM is stabilised in hy. An additional Goldstone boson
is present. The only possible soft symmetry breaking term is 3.

Yukawa sector: Ly ~ (2@ 1)5 ® (2@ 1), results in realistic fermion masses and CKM
matrix. This model has eleven free parameters. FCNC are present. Another possi-
bility is to construct the Yukawa Lagrangian of the form Ly ~ 1y ® 1.

o C-III-c: (1€, Wae'2, 0).
The S3 symmetry of the scalar potential needs to be softly broken. The Yukawa

sector is most likely unrealistic.

Scalar sector: due to Ay = 0, DM is stabilised in hg. There are two massless
states present in this model. Possible soft symmetry breaking terms are p2 and v,.
Based on the soft breaking terms, vevs are altered: c-III-c-u3 results in (Fiy, 9, 0),
and c-IlT-c-v?, in (we/2,we/2,0), whereas the presence of both terms results in

(1691, 19e'2, 0). For more details see [86].

Yukawa sector: Ly ~ 25 ® 2j can give realistic fermion mass eigenvalues. When the
p2 or v2, terms are considered, there are seven free parameters. Preliminary check
of the model with just vZ, resulted in unrealistic CKM and a non-negligible FCNC
contribution [91]. Most likely, exactly the same situation arises when 2 is added.
However, the c-III-c-u3-v%, model has one additional free parameter due to unfixed
vevs. Nevertheless, even if the CKM values can be fitted, there are still FCNCs that
have to be controlled.

o C-IV-a: (w1€'1, 0, Wg).
This case might result in a viable DM candidate provided that the S3 symmetry of
the potential is softly broken.

Scalar sector: due to A4 = 0, DM is stabilised in hy. There are two massless states
present in this model. Possible soft symmetry breaking terms are p3 and v3;. In case
of the c-IV-a-p3 model, the overall phase gets fixed (i1, 0, Wg).

Yukawa sector: Ly ~ (2@ 1)r ® (2@ 1), can give realistic fermion masses and CKM
matrix. In total, there are twelve (eleven when only 2 is present) free parameters.
The FCNCs are present. Another possibility is to construct the Yukawa Lagrangian
of the form Ly ~ 17 ® 1p,.

All in all, there are several models with a potential DM candidate. In our classification,
which is summarised below, whenever unwanted Goldstone bosons are present, we refer to
the need to include soft symmetry-breaking terms. Most of the models are ruled out due to
unrealistic Yukawa sector. Full analysis of the Yukawa sector is out of scope of this paper.
It should be noted that the non-trivial Yukawa sector might result in non-negligible FCNC
and thus some of the models would be ruled out. Whenever the quarks transform trivially
under Ss they can only couple to one Higgs doublet, the S5 singlet, and thus FCNC are
not present. We have the following possible models, indicating where the DM candidate
could reside and the Yukawa sector:
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o R-I-1/r-I-1-p3: DM ~ hy or DM ~ (hq, hs), Ly ~ 15 ® 1p;

e R-II-1a: DM ~ hy, Ly ~ 15 ® 1p;

o r-III-s-(u3,13): DM~ hy, Ly ~ (26 1) ;@ (2® 1), or Ly ~ 15 @ 1p;
o C-IlI-a: DM ~ hy, Ly ~ 17 ® 1p;

o ¢III-b-pd: DM~ ho, Ly ~ (2@ 1)@ (2@ 1), or Ly ~ 15 @ 1p;

o c-Ill-c-(u3,vdy): DM ~ hg, Ly ~ 2§ ® 2p;

o cIV-a-(p3,13): DM ~ho, Ly ~ (28 1)@ (2@ 1), or Ly ~ 15 ® 1p;

Despite the variety of models presented above, there are only three models with an Ss3-
symmetric scalar potential which is not softly broken and with a realistic Yukawa sector,
that could result in a viable DM candidate. These models are R-I-1 (0,0,wg), which
was covered in refs. [81, 83] assuming a specific limit, R-II-1a (0,ws,wg), and C-III-a
(0,109¢%°2  1bg). Further on, we focus on the R-II-1a model and show that it could result in
a viable DM candidate. The C-III-a model, which has spontaneous CP violation, will be
presented elsewhere.

4 The R-II-1a model

4.1 Generalities

The R-II-1a vacuum is defined by [6]

{0, w2, ws}, (4.1)
and the minimisation conditions are:
pd = % 42}3 %)\awg — Asw?, (4.2a)
P = — (A + A3) w3 + g)\4w2w5 - %)\aw?g, (4.2b)
with
Aa = A5 + Ag + 2A7. (4.3)

The Zo symmetry is preserved for:
hl — _hla {h2) hS} — :l:{h27 hS} (44)

Hence, the inert doublet is associated with hi, as (h;) = 0.

A trivial Yukawa sector is assumed, Ly ~ 1¢ ® 1, and thus the S3 singlet is solely
responsible for masses of fermions, making wg a reference point. Therefore, we define the
Higgs-basis rotation angle as: w

2

tan f = s’ (4.5)
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After a suitable rephasing of the scalar doublets we chose wg > 0. With wy possibly
negative, the Higgs basis rotation angle will be in the range 5 € [-5, T]. Therefore, the

vevs can be parameterised as:
S _ 2 2 _ 2
wy =vsinfB, wg=wvcosf, w;+wg=0v" (4.6)

The Higgs basis rotation is given by:

. v 0 0 1 0 0
Rﬂ:; 0 wy wg|=1]0 cos(5—7) sin(5-0) |,
0 —wg wo 0 —sin(Z —p) cos (% —p
(3 —B) cos (5 —B) wn)
1 0 0
= |0 sing cosp|,
0 —cosf sinf
so that
0 0
Reglwa | = |v]|- (4.8)
ws
4.2 R-II-1a masses
4.2.1 Charged mass-squared matrix
The charged mass-squared matrix in the {hf, h;, h;} basis is given by:
(MQCh)ll 0 0
2
My = 0 (M2Ch)22 (MQCh)Q?) ’ (4.9)
0 (M%h)23 (M20h>33
where
2 2 ) 1 2
(MCh)ll = —2X3w; + S Awaws — 5 (A6 + 2A7)ws, (4.10a)
1
(/\/IQCh)22 = jws [Mawz = (A6 + 2A7)ws], (4.10b)
1
(/\/120}1)23 =52 [Aqwz — (A + 2A7)ws], (4.10c)
1 w?
(M), = 57 Ptz = O + 207w (4.10d)

The charged mass-squared matrix is diagonalisable by the rotation (4.7). Therefore,

the mass eigenstates can be expressed as:

ht =hy, (4.11a)
Gt =sin Bh + cos BhE, (4.11Db)
H' = —cosﬁh;+sinﬁh§, (4.11c¢)
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with masses:

5 1
m?ﬁ = —2)\311]% + 5/\4w2w5 — 5()\6 + 2/\7)’11)%, (4.12&)
2
v
mi. = Sws [Mwa — (A6 + 2A7) wg] . (4.12b)

Positivity of the squared masses requires the following constraints to be satisfied:

Ag > (A6 + 2A7) cot 3, (4.13a)
4 1
Ay > g)\3 tan 8 + 3 (A6 + 2A7) cot 5. (4.13b)

4.2.2 Inert-sector neutral mass-squared matrix

The mass terms of the neutral components of the h; doublet are already diagonal. The
masses of the two neutral states are given by:

m% = g)\w)gwg, (4.14a)
mi = —2(X\g + A3)w3 + g/\4w2w5 — 2w (4.14b)
Positivity of the masses squared requires the following constraints to be satisfied:
Ag > % (A2 + Az) tan B + %)\7 cot 3, (4.15a)
Agsin g > 0. (4.15D)

4.2.3 Non-inert-sector neutral mass-squared matrix

The neutral mass-squared matrix is block-diagonal in the basis {n2, ns, x2, xs}. Therefore
the mass-squared matrix can be split into two blocks:

MIQ\Teutral = diag <M72772S7 M3<72S) ) (416)
where “2S” refers to the mixing of hy and hg. The mass-squared matrix of the CP-odd
sector is:

2 2
2 _ (MX_25)11 (MX_25)12
M 95 = ; (4.17)
(M), (M)
X=25)19 X=25 )99
where
1
(Mi—QS)H = 5105 (Mwa — 4\wg) , (4.18a)
1
(Mi—QS) 12 = —§’LU2 ()\411)2 — 4)\711)5) s (4.18b)
2 w3
(M3-as),, = 2 (w2 = Dhrws). (4.18¢)
It can be diagonalised by performing the Rz rotation (4.7). The two CP-odd states are:
G° = sin B x2 + cos B xs, (4.19a)
A= —cosfx2+sinfxg, (4.19Db)
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with
2

(Y
m124 = % (/\4w2 — 4)\711]5) .

Positivity of the squared masses requires
Ay > 47 cot .

The CP-even mass-squared matrix is:

M2y = (M%—25>11 (M??—?S)m
(M%—25>12 <M727—25)22

i

where
(M§_25)11 — %wg [4 (A1 + A3) wa — 3\ qwg]
(M%_QS) b= —%wg [BAgwa — 2X\wg],
(M?I,QS)22 = 211US (Aawd + 4r5wd) .

The mass-squared matrix is diagonalisable by
cosa sina
Ra == )
—sina cos o

2wowg (—3A w2 + 2Xwg)

with

tan(2a) =
The CP-even states are:

h = cosang + sin ang,

H = —sinany + cos ang,

with masses:

1

mi = 1T {4 (A1 4 A3) wiwd 4+ Mwsws (w% - 3w§> + dgwh — wSA} ,
Ws
1

mi = el [4 (A1 4 A3) wiwd 4+ Mwsws (w% — 3w§> + dgw + wsA} ,
Ws

where

A% =16 (A1 + A3)? wiw? — 8 (A1 + A3) wiwg [)\4 (wg + 3w2w?g) + 4)\8w?§}

+ 16X 2w3wg — 48X\ A qwiwd + M3 (wg + L2uwiw? + 9wgw4s)

+ 8Xaswow (w3 + 3wd) + 1673w,

We identify the lighter state, h, as the SM-like Higgs boson.
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4(A1 + Ag)wiwg — Ay (Wi + Bwow?) — dAswd

(4.20)

(4.21)

(4.22)

(4.23a)
(4.23b)

(4.23¢)

(4.24)

(4.25)

(4.26a)
(4.26D)

(4.27a)

(4.27b)

(4.28)



It should be noted that we identified the mass eigenstates of the CP-even sector without
performing a rotation to the Higgs basis. Had we done that according to

KITB hy
WEB [ =R [ he |, (4.29)
KB hs

the CP-even sector would have been diagonalised by the additional rotation

cosa/ sina/
Ra = , (4.30)
—sina’ cosa/
with
o/:a+ﬁ—g. (4.31)
4.2.4 Mass eigenstates
In terms of the mass eigenstates, the SU(2) doublets can be written as:
ht
hi=1 , ; (4.32a)
7 (n+1ix)

sin 3Gt —cosBH™T

ha = : (4.32b)
L (sinBv +cosah —sina H + i (sin G — cos B A))

V2
h cos BGT +sinBH™T (4.320
= , .32¢
5 %(cosﬁv+sinah+cosaH+i(cosﬁGO—i—sinBA))
whereas in the Higgs basis the SU(2) doublets can be written as:
ht
BB — X . : (4.33a)
75 (+ix)
Gt
BB — ) . ' , (4.33b)
7 (v + sin(a + B) h + cos(a + B) H + iGY)
HTt
hyt =1, . - (4.33c)
7 (—cos(aw+ B) h +sin(a+ ) H +iA)
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The expressions for the squared masses can be inverted to yield the scalar potential
couplings:

2 2

v? [9 (m3. + cos® amj + sin> am3;) — mn} —9m?  w

A = 4.34
1 181}211)% ) ( a‘)
2 2\ .2 2 2 2
my, —m3 ) v? 4 (my —mi ) wg
Ay = ( ht X> 5 a , (4.34D)
202w
) (4m2 — 9m2, ) v? + 9m?;, w} a1
3 — 18U2w% ) ( * C)
WL (4.34d)
7 Qwowg’ '
2m?2 wom? — 2sin(2a)wg(m?2, — m?
o= ot T2 o (20) 25( L) (4.34e)
v Jwowyg
2 2 2
my — 2mi my,
e = 4.34f
6 v2 + w3’ ( )
1 (m2  9m?2
M=—|—2_=—"A 4.34
7 18 (w% U2 ) 3 ( g)
9w? (sin® a m? + cos® am?;) — wim?
Ag = —2 ( h ) = Wiy (4.34h)
18wy
The model is invariant under a simultaneous transformation of
8 — =0, a— T —a,
Ay — — g, (4.35)

{Hiv Hv A} — _{Hi7 Hv A}7

which could have been adopted, but is not, in order to reduce ranges of parameters.

4.3 The R-II-1a couplings

Below, we quote the gauge and Yukawa couplings of the R-II-1a model. The scalar-sector
couplings are collected in appendix A.
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4.3.1 Gauge couplings
After substituting the doublets in terms of the mass eigenstates (4.32) into the kinetic

Lagrangian, the resulting terms are:
mﬁ@?ﬂymWWjWW}@Ma+@h+mda+@HL (4.36a)

g
L =|——
VVH {2 cos Oy

4 <~ <~
Lypp = N — [n@ux — cos(a + B)hd, A + sin(a + 5)[—[8#14} (4.36b)
2 cos Oy

9[ v+ in—ai ~ o -
—5 iW, |ih™ 0" x + h™0"n — cos(a + B)H~0"h

Axd xd
+sin(a+ B)H O*H + iH_a“A} + h.c.}

+ [ieA“ 1 g cos(w)
2 cosOwy

<~ ud
(h*@uh + H*&Mfl) ,
2

8 g Ly
8cos? Oy M 4 H

B

+sin(a+ B)HH™ +iAH | + h.c.}

Lyvang = (772 +xX2+ R+ H? + AQ) (4.36¢)

2 & 20
gsme“Wj] [nh™ +ixh™ — cos(a+ B)hH ™

€g
L AFW T —
2 “ 2 cos Oy

cos (260w )
cos Oy

x (ifh+ + H’H*) ,

gj cos? (20w )

2
2 g -
+ |e"A A" +eg A ZF + Z,Z" + EW’” W“*]

4  cos? Oy

where we have left out couplings involving Goldstone fields.

From the interaction terms ZZh and ZZH it follows that the states h and H are
CP-even and therefore the state A is CP-odd. Provided that the h scalar is associated
with the SM-like Higgs boson, from the interactions hZZ and hW*WT it follows that the
SM-like limit is reached for

sin(ae+ ) = 1. (4.37)

4.3.2 Yukawa couplings

As noted earlier, there are two possibilities to construct the Yukawa Lagrangian:

Ly ~ (2@1)]”@(2@1)}1» and
Ly ~ 1y @ 1p.

Although the first option can give realistic fermion masses, the CKM matrix splits into a

block-diagonal form. We consider the trivial representation for fermions:

—Ly = @ZQLy%hSdJQR + @iOLy}LjiLgu]QR + (leptonic sector) + h.c., (4.38)

'In our study neutrino masses are of no particular interest.
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(u,d)
ij €
is the charge conjugated of hg, i.e., hg =i02hE. The fermion mass matrices are to be

where the Yukawa couplings y are assumed to be real, as mentioned earlier, and hg
transformed as the superscripts “0” on the fermion fields indicate a weak-basis field.

When considering the trivial Yukawa sector, the CKM matrix, Voxym = VJ V4, can be
easily fixed to match the experimental value. Moreover, there is no naturally, at tree-level,
occurring source responsible for FCNC. The scalar-fermion couplings can be extracted
from eq. (4.38) by transforming into the fermion mass-eigenstates basis and multiplying
the appropriate coefficients, next to the fields, by —i:

.My sin o .My COS

hif) = — Hff)=—-i—L 4.39
g(nif) =—imt g(HIf)=—iml o5 (4.392)
g (Auu) = —75% tan j3, g (Acid) = 75@ tan f, (4.39D)
v v
and for the leptonic sector, the Dirac mass terms would lead to similar relations. The
SM-like limit for the scalar h, gg%c = —imy /v, is restored at
sin av
=1. 4.40
cos 3 ( )

Finally, the charged scalar-fermion couplings are:

_ V2
g (H+uidj> = 27 tan 3 [Prm,, — Prmy] (VCKM)Z‘]‘ , (4.41a)
- V2
g (H diuj) = i— tan 8 [Prmy, — Prmy] (VCTKM> o (4.41Db)
v J
2
g (HW) _ Y 8P, (4.41c)
v
, 2
g(H W) = —i\fvml tan BPy.. (4.41d)

The structure of the Yukawa couplings is the same as that of the 2HDM, Type I,
except that our definition of tan 5 is the inverse, since the singlet vev is here taken as the
reference (denominator):

1

(tan Dprnse = (7 (1.42)

)ZHDM, Type I

Note also that « is defined differently.

5 Model analysis

For simplicity, we introduce a generic notation for different scalars,
v ={n*, B},
vi = {n, x}-

Precise measurements of the W+ and Z widths at LEP [92] forbid decays of the gauge
bosons into a pair of scalars. In our case, the lower limits on the scalar masses are set by the

~19 —



following constraints: m > %mz, and my,, +mp+ > my+, and my, +m, > myz. Usually,
a conservative lower bound for the charged masses m ot = 80 GeV is adopted [93, 94]. We
assume a slightly more generous lower bound of m ot 2 70 GeV.

The model is analysed using the following input:

o Mass of the SM-like Higgs is fixed at mj; = 125.25 GeV [95];

» The Higgs basis rotation angle 3 € [~3, §] and the h-H diagonalisation angle
a € [0, 7;

e The charged scalar masses M+ € [0.07, 1] TeV,

o The inert sector masses m,, € [0, 1] TeV. Either  or x could be a DM candidate,
whichever is lighter;

o The active sector masses {my, ma} € [my, 1 TeV];

For the numerical parameter scan, both theoretical and experimental constraints are
evaluated. Based on the constraints, several cuts are defined and applied:

e Cut 1: perturbativity, stability, unitarity checks, LEP constraints;

e Cut 2: SM-like gauge and Yukawa sector, electroweak precision observables and B
physics;

o Cut 3: h — {invisible, vy} decays, DM relic density, direct searches;

with each of the subsequent constraint being superimposed over the previous ones.

5.1 Imposing theory constraints

Imposing the theory constraints discussed in appendix B, we can exclude parts of the
parameter space, as illustrated in figure 2. Low values of ws, and hence of § (see eq. (4.6)),
are disfavoured by the R-II-1a model. This can be seen by inspecting the Ay, A2, and
A3 couplings (4.34), these couplings are proportional to 1/w3. A particularly instructive
combination, expanded for small 3, is

A+ A3 & 3m2 + m%) , (5.1)

1
6v2 52 (
with A; minimised for o = /2. With a decreasing denominator ~ 32, we want to control
the overall value of |);|, and therefore the value of the numerator must also decrease. The
perturbativity constraint restricts large values of the \; couplings, see appendix B.3, and
sets a limit 0 < A1 + A3 < 27/3 (A.4a). For m% < 3m3, we arrive at the bound

3m3 .9
Tro? < sin” 3, (5.2)

which means that | tan §| > 0.26. For m, = my, the bound is | tan | > 0.30.
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Figure 2. Scatter plots of masses that satisfy theory constraints, Cut 1, for both orderings of m,,
and m,. Top: masses of the neutral states of the active doublets, H and A. Middle: masses of
the charged states, h* and H*. Bottom: masses of the neutral states of the inert doublet, 7 and

X- The light-blue region accommodates the 167 unitarity constraint, whereas the darker region
satisfies the 87 constraint.

In our model fermions couple only to the hg doublet. This can be used to put a limit
on the tan $ value. From the definition of the Yukawa couplings, Y; = fgé, and the
perturbativity requirement, |Y;| < 4, it follows that the most stringent bound comes
from the heaviest state, which is my = m;. For these values we find that |tan 3| < 12.6.
While there would be Landau poles in the vicinity of this non-perturbative region, we note

that other constraints prevent parameters from getting close.

Finally, we shall assume that the unitarity constraint is satisfied for the value of 167
rather than 87, see appendix B.2. It turns out that points surviving all of the checks satisfy
unitarity constraint at the value of 8.
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Figure 3. Constraints on o and  from the gauge and Yukawa couplings. We take 8 € [-F, 7]

and « € [0, 7], see also eq. (4.35). The white region is excluded. The black diagonal line identifies
the SM-like limit, which is o + 8 = 7/2. The coloured regions are compliant with Cut 1, whereas
the yellow regions are also compliant with Cut 2 constraints. Values of £ for which ws or wg vanish
are identified.

5.2 The SM-like limit

The Standard Model like limit refers to the limit in which the CP even boson, which is
in the only doublet that acquires vev when going to the Higgs basis, is already a physical
boson, i.e., a mass eigenstate and therefore, does not mix with the other neutral scalars.
This doublet is the one that contains the would-be Goldstone bosons G* and G°. This limit
is special and is referred to as the SM-like limit because this CP even neutral boson behaves
in many aspects as the SM boson. This limit is reached for sin(a+ ) =1 (o« = = +7/2)
as stated before. In this case we see from eq. (4.36a) that only h has couplings of the type
VV H and their strengths coincide with those of the SM. Furthermore, from the fact that
h is in the only doublet that acquires vev we see that in this limit h couples to the fermions
with the same strength as the SM Higgs boson. In fact, this can be seen from eq. (4.39),
since in this limit sin o = cos 5.
We shall adopt the following 3-o bounds from the PDG [95]:

kY = Jsin(a + B)° € {1.19 £ 30}, which comes from hgyWHTW ™, (5.3a)
9 sin v |? =
Kp = P € {1.04 £ 30}, which comes from hgybb. (5.3b)

Note that we must impose the same sign for these two couplings of eq. (5.3), in order not
to spoil the interference required for hgp — 7.

5.3 Electroweak precision observables

The electroweak oblique parameters are specified by the S, T, and U functions. Suffi-
cient mass splittings of the extended electroweak sector can account for a non-negligible
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Figure 4. Regions in the tan f-mpy+ plane that survive the B — X (s)7y constraint. Left: loga-
rithmic representation out to larger tan § and mg+. Right: linear representation of the small-tan 3
region. The yellow region accommodates a 3-0 tolerance with respect to the experimental rate,
whereas in the green regions, the models are within a 2-0 bound. The vertical line at tan 8 = 0.26
is the lower bound on |tan 8| compatible with |A4| < 47 for R-II-1a.

contribution. The S and T parameters get the most sizeable contributions. Results are
compared against the experimental constraints provided by the PDG [95], assuming that
U = 0. The model-dependent rotation matrices, needed to evaluate the set of S and T,
are presented in appendix C.2.

5.4 B physics constraints

The importance of a charged scalar exchange for the B — X (s)y rate has been known since
the late 1980’s [96-98]. The rate is determined from an expansion of the relevant Wilson
coefficients in powers of a/(4), starting with (1) the matching of these coefficients to the
full theory at some high scale (pg ~ my or my), then (2) evolving them down to the low
scale pp ~ my (in this process the operators mix), and (3) determine the matrix elements
at the low scale [99-112].

We here follow the approach of Misiak and Steinhauser [113]. While the considered
S3-based models have two charged Higgs bosons, only one couples to fermions. This implies
that we may adopt the approach used for the 2HDM with relative Yukawa couplings of the
active charged scalar, eq. (4.41) (in the notation of ref. [113]),

A, = Ag = tan . (5.4)

We show in figure 4 the regions in the tan S-m g+ parameter plane that are not excluded
by this constraint. The situation is quite different from that of the more familiar 2HDM
with Type IT Yukawa couplings. According to eq. (5.4) the relevant couplings are the same
as those of the 2HDM Type I model, with the exception that we are here interested in small
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values of tan 3. While the B — X (s)y constraint excludes large values of tan 3, low values
are for R-1I-1a also cut off due to the perturbativity constraint, we have |tan 3| = 0.26, as
discussed in section 5.1.

Since A,Ag > 0, there is a region of negative interference between the SM-type con-
tributions and the loop with the charged Higgs: as we increase the value of tan § for fixed
mp+, the branching ratio will first diminish, and then at some point come back up, as
illustrated in the lower right-hand corner of the left panel of figure 4. This interference
region is ruled out by Cut 3. For any fixed value of tan 3, on the other hand, for sufficiently
high mass mg+, the rate approaches the SM value.

We adopt the experimental value, Br (B — X(s)’y) x10* = 3.3240.15 [95] and impose
an (n = 3)-0 tolerance, together with an additional 10 per cent computational uncertainty,

Br (B — X(s)7) x 10 = 3.32 4 /(332 x 0.1)2 + (0.15 )2 (5.5)
The acceptable region, corresponding to the 3-0 bound, is [2.76; 3.88].

5.5 LHC Higgs constraints

We require that the Higgs-like particle, h, full width is within I'y, = 3.23:2 MeV, which is
an experimental bound adopted from [95]. In the SM the total width of the Higgs boson
is around 4 MeV. The upper value, i.e., I'y, = 6 MeV is used in preliminary checks within
the spectrum generator.

5.5.1 Decays h — v+ and h — gg

The di-photon partial decay width is modified by the charged-scalar loop in comparison to
the SM case. The one-loop width is known [2, 114, 115]:
2,

L'(h—yy) = 556 3@2

ZQfN CF o F iy (15) + Cwew—nFi (=)
2 (5.6)

+ Zc%f@;hfo (Tgaﬁ:) ,
+
#i

where « is the fine-structure constant, @y is the electric charge of the fermion, N. = 3 (1)
for quarks (leptons), and the C’s are the couplings normalised to those of the SM,

;o Mmyg o P L f (5.7)
Elnt v Cffhffh +ngCW+W*th WH™h — C +<p h(Pz (/71 h.

The spin-dependent functions .7-"15/2, F1, and Fy can be found in appendix C. Contributions
from the fermionic loop and gauge loop versus the charged scalar loop are presented in
figure 5.

In the SM case, the dominant Higgs production mechanism is through gluon fusion.
However, due to experimental limitations we do not explicitly consider constraints on this
channel. The rate for the two-gluon decay at the leading order is [116-119]

2
sy , (5.8)

T(h = 99) = 158 3.5

Z Cffh}—l/2(7—f)
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Figure 5. Scatter plots of additional contributions to the di-photon decay amplitudes, normalised
to the SM value, expressed in per cent. Complex numbers arise from the spin-dependent function
]-'15/2 of equation (C.1b) for fermions lighter than the Higgs-like particle h. The Ag value represents
the normalised contribution from the charged scalar loop, As/|Asm|, while the AAw ¥ value stands
for an additional contribution to the SM-like part due to the W and fermion loops, AAwir =
(| Aw+r| — |Asm|) /|Asm|. Yellow dots represent parameters surviving Cut 2, while the red ones
represent those surviving also LHC Higgs-particle constraints: full width, the invisible branching
ratio, and the di-photon constraint.

where ag is the strong coupling constant. The decay width of this process can be enhanced
or diminished with respect to the SM case. Such behaviour is caused by an additional factor
for the amplitude, g?}g‘la = g}sg%l sin v/ cos 3.

The normalised two-gluon branching ratio to the SM case is depicted in figure 6. The
gluon branching ratio for DM mass below mj,/2 can become low due to the opening of
the invisible channel, h — ¢;p;. However, such cases are partially excluded by other LHC
Higgs-particle constraints of Cut 3. Even with more experimental data collected, the two-
gluon constraint will not play a very significant role in terms of constraining the R-II-1a
model. Most of the two-gluon points are within the range pq4 € [0.9, 1.1].

In light of the above discussion, we do not aim to account for the correct h two-gluon

production factor and approximate the di-photon channel strength to be

_ D(h—=yy) TP (h)
BT (s ) T

(5.9)

with 1, = 1.11 £ 0.10 [95]. We evaluate this constraint allowing for an additional 10 per
cent computational uncertainty, and impose an (n = 3)-o tolerance,

gy = LI1 £ /(111 x 0.1)2 + (0.1n)?, (5.10)

which corresponds to the 3-¢ range of [0.79; 1.43].
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Figure 6. Two-gluon versus di-photon Higgs-like particle branching ratios, normalised to the SM
value, Ry; = Br(h — ii)/Br®™(h — ii), for different R-II-1a mass orderings. The black lines repre-
sent the SM case. A proper evaluation of the di-photon channel (5.9) would require an additional
factor from the two-gluon channel arising from the h production, i.e., each point would have to be
scaled by multiplying both of the values presented in the plot, y,, = R4¢R,,. Points above the
Ry = 1 line would shift right, while those below would shift left.

5.5.2 Invisible decays, h — inv.

The SM-like Higgs boson can decay to the lighter scalars h — ;p; provided 2m,,, < my.
If the decays are kinematically allowed, these processes can enhance the total width of the
SM-like Higgs state sizeably. The observed upper limit of the invisible Higgs branching
ratio reported by LHC at 95% CL is

Br (hgm — inv.) < 26%, by ATLAS [120],
Br (hgm — inv.) < 19%, by CMS [121].

(5.11a)
(5.11b)

The decay width of h into a pair of scalars ¢; is given by

2 \/[m% - (m% + m%)? {m% - (m% - m<pj)2], (5.12)

with a symmetry factor (2—d;;), where d;; is the Kronecker delta. The appropriate trilinear

327rm%

I'(h = pip;) = ’gh#%‘ﬂpj

couplings are given by equations (A.2a) and (A.2c). In appendix A the overall factor of

“—4” is left out.? Due to CP conservation there is no coupling g (hnY), therefore the

Higgs-like particle can decay only into pairs of inert neutral scalars,
1 2 [ 3 2
2 |ghsoi<m'| my — 4m%.
32mmy,

L' (h = pipi) = (5.13)

2We use the notation g, = —ig(...).
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These are the only two possible channels (h — nn and h — xx) which can contribute to
the invisible decay. Channels with other scalars are kinematically inaccessible due to the
assumed limits, i.e., mass ordering and LEP constraints.

The experimental bounds can be applied directly if there is only a single channel open.
However, there is a possibility that both inert neutral states, n and x, can be kinemati-
cally accessible. In a simplistic approximation a particle escapes a detector of 30 meters,
assuming no time dilation factor, if its lifetime exceeds a value of 7 > 1077 seconds. The
value can be expressed in terms of the total decay width, I'*** < 6.6 x 10718 GeV. Based on
the total width of the next-to-lightest state, ¢;, two situations are possible:

o If the particle is not long-lived, I'**(¢;) > 6.6 x 10718 GeV, it will decay within the
detector through h — pjp; — pip; Z*Z*, with the Z* subsequently also decaying. In
this case only the h — ;p; channel will contribute to Br (h — inv.).

o When I''*(p;) < 6.6 x 10718 GeV, the invisible branching ratio will be given by

L'(h—mm) +T(h— xx)
T (h) ‘

Br(h —inv.) = (5.14)

In the R-II-1a model we found that the decay rate of the next-to-lightest inert neutral
particle is way above I' = O(10718) GeV. In our calculations we shall adopt the PDG [95]
constraint, which is Br®® (h — inv.) < 0.19.

5.6 The h scalar self interactions

Let us next consider the trilinear and quadrilinear self interactions, given by egs. (A.la)
and (A.4b). The SM Higgs self-interactions are [122]

3m? 1
g(h?S)M) = %7 g(héM) = ;g(th). (5.15)

In the R-II-1a model, these couplings can be expanded in terms of m,%, m%[ and m%,

5 3mi | 2 cos? (a + B) cos (a — j3) 2m?2 cos®(a + )
9(h") = Th lsm (a+8)+ sin (203) ] 3v sinn(2,3) cos?(f)’ (5.16a)
2
g(ht) = ?’Z;’Ql lsin (a4 )4 205" (o ;:nﬁ(;;s (o — ﬁ)] (5.16b)
3m?; cos?(a + ) sin?(2a)  2m2 cos®(a + B) [3 cos(a) cot(B) + sin(a)]
* v?sin?(23) 3v2sin(23) cos?(3)

After imposing « + = 7/2 we arrive at the SM-like Higgs couplings.

In the future, the trilinear Higgs self interactions may become a crucial test for new
physics. For this purpose, we show in figure 7 the h trilinear coupling, relative to the SM
value.
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Figure 7. Trilinear self interactions of the Higgs-like particle normalised to the SM value, after
applying Cut 3, represented by the coloured bar. The coupling is presented as a function of the
mass of the heavier CP-even state mpy and the Higgs basis rotation angle § (left) or the mass of
the neutral inert scalar m,, (right).

5.7 Astrophysical observables

We consider a standard cosmological model with a freeze-out scenario. The cold dark
matter relic density along with the decay widths discussed above and other astrophysi-
cal observables are evaluated using micrOMEGAs 5.2.7. The 't Hooft-Feynman gauge is
adopted, and switches are set to default values VZdecay = VWdecay = 1, identifying that
3-body final states will be computed for annihilation processes only. The fast = —1 switch
identifies that very accurate calculation is used. The steering CalcHEP [123] model files are
produced with the help of SARAH [124, 125].

We shall adopt the cold dark matter relic density value of 0.1200 4+ 0.0012 taken from
PDG [95]. The relic density parameter will be evaluated using a 3-o tolerance and assuming
an additional 10 per cent computational uncertainty,

Qh? = 0.1200 + \/(0.1200 x 0.1)% 4 (0.0012 )2, (5.17)

corrponding to the [0.1075; 0.1325] region.

Let us recall results of figure 1. In the IDM, two regions compatible with the cold
dark matter relic density were identified. These correspond to the high-mass region and
the intermediate-mass region. The high-mass region is in agreement with the relic density
due to two factors:

e Near-mass-degeneracy among the scalars of the inert sector. Small mass splittings

correspond to tiny couplings, and different inert-scalar contributions to the annihila-
tion will be suppressed and result in an acceptable relic density;
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Figure 8. Feynman diagrams contributing to XX (particles of the inert sector) annihilation
channels at high DM masses.

e Freedom to choose the Higgs boson portal coupling A;. This parameter controls the
trilinear X Xh and quartic X X hh coupling, and must be sufficiently small. Here, X
refers to scalars of the inert sector, both charged and neutral.

In this region, the main DM annihilation is into W+W ~. However, the relic density can be
maintained at an acceptable level by suppressing annihilation via an intermediate h boson
and into a pair of h bosons, illustrated in figure 8. The desired relic abundance can be
achieved by adjusting the mass splittings.

Whereas the IDM and the 3HDMs considered in figure 1 have an adjustable portal
coupling (often referred to as A\p for the IDM), the present model is constrained by the
underlying S3 symmetry. Here, there is not a single portal coupling, but two: a trilinear
X Xh and a quartic X Xhh, plus additional ones involving other scalars. Furthermore,
these are not “free”, but correlated with other features of the model. In particular, they
are constrained by the scalar masses and two angular parameters, o and (5.

Let us consider a simplified picture with heavy active scalar bosons. At high DM
masses the main DM annihilation channel is into WTW~. This channel is controlled
by the gauge coupling. In addition, channels leading to h scalars will be accessible, as
illustrated in figure 8. These amplitudes are controlled by the portal couplings which
should be constrained, since otherwise the DM relic density becomes too low.

To first order in § (in the neighbourhood of the SM-like limit), where o = 7/2 — 5+ 0,
the behaviour of the portal couplings is quite simple. In the limit of § — 0 we arrive at

g(XUXh) = g(XXhh) = U% |7+ 2m% | (5.18)
This relation shows that the portal couplings will grow with increasing DM mass.

Values of the trilinear and quartic couplings are shown in figure 9. As shown in this
figure, the correlation with DM mass (5.18) is qualitatively borne out by the parameter
points surviving Cut 2.

In the aforementioned simplification we argued that there are no good DM candidates
for high mass values. In the full R-II-1a model other annihilation channels involving active
scalars are also accessible. For example, there is a contribution from the H scalar to the
X X — hh process through the s-channel. Furthermore, there are other accessible active-
inert scalar channels. This explains why the DM relic density is saturated at Qh? = O(107%)
at high DM values, see figure 10.

Going down in the DM mass, the situation changes as follows. At around m,, =~
200 GeV there is a kink and the maximal relic density increases from Qh% = O(107%) up
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Figure 9. Absolute value of the trilinear portal coupling |g(X Xh)/v| (top) and the quartic portal
coupling |g(X X hh)| (bottom) versus the lightest inert particle mass.
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Figure 10. Dark matter relic density for the R-II-1a model. The region compatible with the
observed DM relic density does not allow for masses above around 120 GeV. In the high-mass
region, my, 2 500 GeV, the DM relic density is shown to be too low.

to Qh? = O(1072). In this range, the main annihilation (or loss) mechanisms are via the
channels ¢;; — hh and p;; — WTWT. In this same mass region many parameter
points also yield Qh% < O(10~%). This happens when the dominant annihilation channels
are ;p; — AZ and @;p; — HTWT, through either h or H in the s-channel, or via @j or
h* (based on quantum numbers) in the ¢-channel.

Then, in the mass region my, € [my/2, 120 GeV], the relic density ranges from above
unity down to below QA% = O (107°). The main annihilation channels are into a pair of
(virtual) W* bosons or b-quarks, with the latter becoming increasingly important as the
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Figure 11. Allowed mass regions of the DM candidate involving different Cut 3 constraints. Blue:
relic density satisfied together with direct detection. Purple: LHC Higgs constraints along with
direct detection constraints. Red: relic density and LHC Higgs constraints. Grey: all of the Cut 3
constraints are satisfied. Note that additional input parameters are not shown.

DM mass decreases. However, there are also cases when the dominant annihilation channel
is p;p; — gg, which can contribute more than 50%.

Finally, in the DM mass region corresponding to values below my/2, the primary
annihilation or loss mechanism is @;p; — bb trough a virtual h. This channel depends

critically on the portal, i.e., the trilinear coupling g(p;pih).

6 Cut 3 discussion

It is convenient to discuss the low-mass DM situation in terms of the following four critical

constraints:

a (Qh2): DM relic density, eq. (5.17);

S

(
(LHC): h invisible branching ratio and I'j, < 6 MeV;
(

¢ (LHC): h di-photon rate, eq. (5.10);

o d (DD): DM direct detection.

6.1 The n case

For the case when the 7 scalar is the lightest (“n case”), from figure 10 it looks as if there
could be solutions for the range of m,, € [2, 120] GeV. However, in the low-mass range of
this interval, the h invisible branching ratio, together with the relic DM density constraint
becomes incompatible with the experimental data. In light of this fact, in the remainder of
the discussion presented in this paragraph we shall focus on 7 masses up to 120 GeV since
we already know that criterion (a ) excludes higher masses. Both constraints, i.e., (a) and
(b), alongside with Cut 1 and Cut 2, are satisfied within the region m,, € [40, 120] GeV.
The final checks are then the di-photon (¢ ) and the direct detection constraints (d ). These
two constraints are very severe and eliminate a large region of the parameter space. When
imposed separately, the strongest constraint comes from the direct detection criteria, which
are satisfied in the mass region m, € [43, 120] GeV and at values below m,, < 10 GeV.
We list different Cut 3 paired constraints in figure 11 after imposing cuts 1 and 2.
We work with 8 input parameters, 6 masses and 2 angles. After imposing Cut 3, there
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will be different domains allowed by each of the three checks, Qh?, DD, or LHC, imposed
separately. The intersection of all these domains would correspond to Cut 3 being satisfied.
Figure 11 shows the allowed mass regions of the DM candidate after imposing two of the
different checks at a time. Overlapping lines do not guarantee that there are regions
of parameters satisfying all of the constraints simultaneously since there are seven more
parameters to consider. There is no region for either (Q2h24+DD) or (LHC+DD) satisfied
for m,, =~ my /2. In fact, for the n case we found no parameter point satisfying all of the
Cut 3 constraints simultaneously.

6.2 The x case

For the case when the y scalar is the lightest (“x case”), the Qh? distribution is slightly
shifted towards lower relic density values, as shown in figure 10. As a result, the region
compatible with the relic density is m,, € [2, 105] GeV. For the n case with masses below
40 GeV, when the (b) constraint is imposed, all Qh? are above 0.22. This does not apply
to the y case since in this case Qh? can go as low as ~ 0.07. Nevertheless, the sub-40 GeV
region is not compatible with Cut 3. However, the region m, € [52.5, 89] GeV survives
cuts 1 to 3 when applied simultaneously. The lower DM mass range is compatible with
other models presented in figure 1, while slightly heavier DM candidates are also allowed
within the R-II-1a framework. When applied simultaneously, conditions (a) and (d) are
satisfied for a broader range of m, € [45.5, 92] GeV. Bounds from pairs of different Cut 3
checks are shown in figure 11.

It is instructive to see which points within the parameter range survive all the cuts.
The mass scatter plots of Cut 3 superimposed on the Cut 2 points are given in figure 12.
There are no solutions with active neutral states being degenerate. Moreover, these masses
reach at most m3®* ~ 340 GeV and mpi** ~ 450 GeV. The CP-odd state, A, can be as
light as the observed SM-like Higgs boson, m 4 ~ my. On the other hand, such low masses
for the H boson are disfavoured by Cut 3. The charged bosons that survive Cut 3 are
also light, with mija* ~ 460 GeV and mj£* ~ 310 GeV. It is interesting to note that the
charged active scalar can be as light as mﬁhf ~ 177 GeV. Future experimental data on the
decays of the charged bosons will be useful to test the model. For the B physics constraints
we applied only the indirect experimental bounds on the B — X (s)7y rate, however other
channels might lead to stronger constraints on the mass of the H* scalar. Finally, as noted
earlier we have for the DM candidate m, € [52.5, 89] GeV and the other inert neutral
state, 77, can be as heavy as m;"** ~ 310 GeV. It is also interesting to note that either n
or h* can be the next-lightest member of the inert doublet.

In addition to the mass parameters, angles are also used as input. The allowed ranges
in the o - 8 plane are shown in figure 13. The solutions satisfying all cuts are asymmetrically
distributed along the black diagonal line, which represents the SM-like limit. In the right
panel of figure 13 we also show the gauge (kyy ) and Yukawa (k¢¢) couplings, relative to the
SM values, see egs. (5.3). Figure 13 shows that the experimental data are more stringent
for kyy than for xkyy. The lack of symmetry in the distribution of the grey points with
respect to the diagonal, corrresponding to the SM-like limit, in the left panel translates
into a significant population of «s-values below unity in the right panel.
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Figure 12. Scatter plots of masses that satisfy different cuts, for both orderings of n and y.
Identical notation as in figure 2. The light-blue region satisfies Cut 1 and accommodates the
167 unitarity constraint. The yellow region accommodates a 3-0 tolerance with respect to Cut 2,
whereas in the green regions, the model is within the 2-0 bound of these values. The grey points
are compatible with all cuts and are only present in the right-hand panels.
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Figure 13. Left: constraints on « and § from the gauge and Yukawa couplings. Identical colour
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Figure 14. The spin-independent DM-nucleon cross section compatible with XENONI1T [77] data
at 90% C.L. The points represent Cut 3 satisfied for the Yy DM case. The red line corresponds to
an approximate neutrino floor, which can be defined in various ways.

We present direct detection constraints in figure 14. We note that in practically the
whole mass range there are parameter points at lower cross sections. Thus, a future im-
provement on this direct detection constraint is not obviously going to reduce the range of
masses allowed by the model.

Finally, in table 2 we show some benchmarks.
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Parameter BP1| BP2 | BP3 | BP4 | BP5 | BP6 | BP7 | BP8 | BP9
DM (x) mass [GeV] | 52.6 | 56.1 | 59.6 | 63.02 | 65.7 | 70.3 | 75.0 | 82.2 | 88.6
7 mass [GeV] 62.7 | 203.8 | 270.4 | 169.4 | 150.5 | 157.7 | 202.8 | 127.8 | 210.7
ht mass [GeV] 115.4 | 167.4 | 273.6 | 188.6 | 214.1 | 170.5 | 232.0 | 151.8 | 243.0
H* mass [GeV] | 192.6 | 369.5 | 367.4 | 246.6 | 265.5 | 405.8 | 319.8 | 410.6 | 311.9
H mass [GeV] 263.9 | 349.3 | 352.9 | 276.3 | 298.2 | 402.0 | 368.5 | 405.2 | 317.6
A mass [GeV] 179.2 | 208.0 | 190.7 | 173.9 | 205.2 | 255.3 | 251.3 | 330.0 | 247.0
B/ 0.162 | -0.204 | -0.201 | -0.165 | 0.163 | 0.220 | 0.203 | -0.218 | 0.183
o/ 0.252 | 0.763 | 0.765 | 0.752 | 0.254 | 0.225 | 0.239 | 0.769 | 0.238
os1 [10~1 pb] 0.029 | 1.456 | 4.928 | 0.176 | 5.326 | 1.341 | 2.711 | 8.553 | 4.491
n — xqq (%] 63.27 54.38 | 54.35 53.95
7 — xbb [%] 0.48 14.80 | 14.85 13.90
n— xvo (%] 24.62 20.48 | 20.46 20.72
n — X [%] 11.61 10.33 | 10.33 11.42
n— xZ %] 99.98 | 53.09 | 100 100 100
n — xA [%] 46.91
Rt — xW+ [%] 100 100 | 99.98 | 99.89 | 99.99 | 99.99 99.99
ht = nqq (%] 20.18 0.30
ht — i (%) 9.88 0.16
ht = xqq [%)] 46.94 66.82
ht — xvl [%] 22.99 32.71
HY = tb %] 9.07 | 43.69 | 58.23 | 95.09 | 95.78 | 30.95 | 96.25 | 31.54 | 93.59
Ht — AW [%] 20.56 | 35.74 | 0.29 | 0.06 | 8.66 | 0.05 | 0.05 | 0.05
Ht — hW [%] 1.94 | 2.67 | 446 | 400 | 1.23 | 2.86 | 1.15 | 6.20
Ht — htn [%) 85.9 43.74 61.68
HY — hty [%) 5.00 | 33.74 | 3.26 15.36 | 0.68 | 5.53
H — xx |%] 0.15 | 0.03 | 0.07 | 0.87 | 15.03 11.34 | 7.63 | 63.75
H — nn (%] 89.9 24.89 25.31
H — hh %] 3.07 | 264 | 940 | 34.59 | 33.53 | 1.33 | 13.43 | 0.88 | 14.72
H — AZ %] 0.09 | 13.55 | 70.93 | 13.91 | 2.87 | 7.61 | 22.78 0.07
H—-WW~= (%] | 406 | 3.13 | 10.40 | 34.98 | 33.35 | 1.89 | 16.32 | 1.26 | 14.70
H — ZZ %) 1.75 | 1.43 | 4.77 | 1529 | 14.82 | 0.88 | 7.53 | 0.59 | 6.62
H — hth™ [%] 0.80 | 78.59 52.94 56.33
H — qq [%] 0.62 | 4.40 | 0.32 | 0.34 | 10.43 | 2852 | 8.00 | 0.12
A — nx (%] 99.97 99.32 99.01
A — bb (%) 0.02 | 79.78 | 84.15 | 84.63 | 75.28 | 0.07 | 8.84 | 0.02 | 4.76
A — qq [%] 3.56 | 3.75 | 3.77 | 3.36 0.39 0.21
A= 1t [%) 9.85 | 10.19 | 10.00 | 9.24 1.13 0.61
A — hZ %) 6.81 | 1.87 | 1.55 | 12.08 | 0.60 | 89.63 | 0.96 | 94.42

Table 2. Benchmark points and dominant decay modes. The “¢” notation refers to a sum over the
light quarks, d, u, s and ¢, “I” refers to all leptons, and “v” to all neutrinos.
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7 Concluding remarks

It is possible to incorporate a DM candidate within the Ss3-symmetric scalar model. The
DM candidate requires one of the Higgs doublets to be inert. As S3 symmetry is assumed
and a DM candidate is sought, this requirement imposes constraints on the structure of
the Yukawa Lagrangian. As a matter of fact, we found no possible combinations of the
exact Ss3-symmetric scalar potential and a non-trivial Yukawa Lagrangian, which could
accommodate a DM candidate. Hence we require fermions to transform trivially under Sjs.
When soft-symmetry breaking terms are present, it is possible to construct the Yukawa
Lagrangian with a non-trivial S3 structure. Due to such behaviour an ad-hoc Ss is not
appealing in the context of being simultaneously applied to the scalar sector and generating
a non-trivial Yukawa sector, while trying to explain DM.

In this work we focused on a specific Ss-symmetric scalar model R-II-1a. As was
shown in the paper, this model is compatible with several constraints, both theoretical and
experimental. In the IDM and the literature on 3HDMs there is a viable DM high-mass
region present. This is not true in our case. The main difference is that the inert-active
scalar couplings in the R-II-1a are constrained by the underlying S3 symmetry and hence
the portal couplings are harder to adjust.

We analysed the R-II-1a model numerically. Within the model there are two possible
DM candidates present, n and x. After performing the analysis we found no solutions
satisfying all of the constraints with n being the lightest. However, for the x case there
is a range compatible with all constraints, m, € [52.5, 89] GeV. Constraints in this mass
range are compatible with data at the 3-o level. As compared with the IDM, the R-1I-1a
model allows solutions in the intermediate-mass range up to somewhat higher values, but

can not satisfy all constraints in the high-mass region.

The model differs from the IDM in having two non-inert doublets. The corresponding
scalars must be rather light, as shown in figure 12. If these were to be produced at the
LHC, they could decay to a pair of scalars from the inert doublet, as well as to final states
familiar from the 2HDM. Furthermore, one could imagine direct production of two scalars
of the inert doublet, for example via WW or W Z fusion, at rates controlled by the gauge
couplings. For all of these cases, the charged h* and neutral 1 would decay via gauge boson
emission to the DM, h* — W¥x and n — ZY, leading to mono-vector events [126, 127].

The present model looks very promising. There are some similarities between this
model and the 2HDM. The present framework preserves CP both at the Lagrangian level
and by the vacuum. The presence of both g (ph*HT) and g (xh* HT) couplings suggests
there might be mixing at the one-loop level, but the two diagrams associated with the
different charge assignments cancel. Since there is no CP violation in the scalar sector, the
Yukawa couplings must be complex and CP is only violated via the CKM matrix. The
fermions only couple to one of the active scalars, the one that is a singlet under S3 since
the fermions also transform trivially under Ss. In the S3-symmetric 3HDM there are also
regions of parameter space leading to vacua that violate CP spontaneously, as discussed in
refs. [6, 86], showing that the Ss-symmetric 3HDM has a very rich structure.
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A Scalar-scalar couplings

For simplicity, the scalar-scalar couplings are presented with the symmetry factor, but
without the overall coefficient “—i”. We denote the “correct” couplings as g.. = —ig (...).
We shall abbreviate cg = cos, and sy = sinf, and ty = tan @ for any argument 6.
The trilinear scalar-scalar couplings involving the same species are:
g (hhh) = 3v [ci (2 (A1 4+ A3) 85 — Aacg) + (MaCs — 3A\asg) c2sa
+ XaCaS2ss + 2/\85265} , (A.1a)
g (HHH) = —30 [sg (2 (M + As) 85 — Aacs) + (BAass — M) Cas’

+ AaC2SaSs — 2Asc2cs] . A.1b
aPadf aB

The trilinear couplings involving the neutral fields are:

g (nmmh) = v [sa (3A488 + AaCs) + Ca (2 (A1 + A3) sg + 3Aacp)] (A.2a)
g (mH) = vlca (3Msp + Aas) = sa (2 (A1 + A3) s 4 3Aacp)] (A.2b)
g (xxh) = v[sa (M85 + Xpcg) + ca (2 (A1 — 2A2 — A3) s + Aacp)], (A.2¢)
g (xxH) = vca (Aasg + Apcg) — sa (2 (A1 — 22 — A3) s + Aacg)], (A.2d)
g (nxA) = —v[Aacog + (A2 + A3 — A7) sa5], (A.2e)
g (hhH) = —v|c3 (3\485 — MaCs) + 250 (2 (3A1 + 3X3 — M) 85 — 3\acs) (A.2f)

+ )\asisg — 2cas§ (3488 + (3As — Aa) cp) |,
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g(hHH) =v { — 82 (3\18p — AaCs) + casZ (2(3A\1 + 3X3 — \a) 85 — 3\acp)
+ )\acng + QCiSa (3A488 + (3As — Aa) cp) ],

g(AAR) =wv { ()\4 <2c55% - c%) + )\bs% +2(\ + A3 —2)7) 0%55) Ca
+ (—;)\4825 —2(2A7 — Ag) S% + )\bc%) sac:g],

g(AAH) =v { — ()\4 (205s% — c%) + )\bs% +2(A\ + A3 —2)7) C%Sg) Sa

1
+ (—)\4825 -2 (2)\7 — )\8) S% + )\bC%) CQCB].
2
The trilinear couplings involving the charged fields are:

1
g (nh*HT) = —7Y [4Xsco5 + (4X3 — X6 — 2A7) s2g]

1.
g (XhiHjF) = F (42 + X6 — 2A7) 828,

g (hHiH:F) = U[ ()\4 (C% — QCQS%) — )\58% — (2)\1 4+ 2X3 — Ag — 2)\7) C%SB) Cq

+ (/\4C%Sg - /\5C% + )\785825 + ()\6 — 2>\8) CBS%) Sa:|,
g (HHiHjF) = v[ ()\4 (C% — 20@%) — /\55% — (2A1 4+ 273 — g — 2\7) (32655) Sa

_ ()\4C5Sg — )\50% + (X6 + 2)\7 — 2)g) S%) ca05],

g (hhERF) = vca (2(A\1 — A3) 85 + Aacg) + 54 (Aass + Ascs)]
g (Hh:th?) =v[=8q (2(A1 — A3) sg + )\46,6) + Cq (>‘4SB + )\5C5)] .

The quartic couplings involving the same species are:

g (mmmn) = g (xxxx) = 6 (A1 + A3),

(
I 1
g (Rhhh) =6 [ (A1 4 A3) et — 20435, + Agst + 4>\as§a} ,

r 1
g(HHHH) =6 | (A + A3) st + 2 4cass + Asch + 4)\asga} ,

I 1
g (AAAA) =6 | (A1 + A3) ch + 2Machsg + Assh + 4)\as§5] :
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(A.2h)

(A.2i)

(A.3a)

(A.3b)

(A.3c)

(A4a)

(A.4Db)
(A.4c)

(A.4d)



The quartic couplings involving only the neutral fields are:

A+ )\3) s

)\1 — 2)\2 — )\3) C% - >\4S25 + )\bS%,
AL+ )\3) C% — 34825 + AaS%,
A1+ A3) €2 4 3\as20 + Aas?,

g (nmxx
g (mAA

g (xxAA
g (mmhh

g (nmhH

l\D[\')l\Dl\')

(
(
(
(

1
—— (2/\1 + 2X3 — )\a) S9a + 3A4Coq,

)=
)
)
)
)=
g (nmHH) (Al + A3) 82 — 3M\4s20 + Aac2
g (xxhh) =2 (A1 — 22 — A3) ¢ + \ysaq + )\bs
)
)=
)=
)=
)=
)=

1
= /\4C2a - = (2)\1 4)\2 — 2)\3 — )\b) S2ars

a

g (xxh
g(xxHH) =2(X\ — 2>\2 — A3) 82 — MaSaa + Aoch,
g (nxhA
g (nxHA
g (hhhH

—Cq [ ()\2 + )\3) cg — )\485] — ()‘4CB — 2)\783) Sas
[ (/\2 + )\3> cg — )\485] — (/\4Cﬁ — 2)\785) Ca,

1
g(hhHH

—3Cq [MC3a + (A1 + A3 — Ag + (A1 + A3 — Ay + Ag) €20) Sal
1 [3)\1 4 3A3 + 64840 + Ag + 32 — 3 ()\1 + A3 — Ao + )\8) C4a] ,

3
g(hHHH) = —§Sa [2A4830 + (A1 + A3 + Ag —3Xsg) ca — (A1 + A3 — Ay + Ag) c30), (A.Dn)

9 (AARh) = —s30c5 (\acp + 4hrsp) + 52 (Nuch + 2)s53)
+c2 (2 (A1 + A3) ¢ + Aasop + )\1,825) ,
g(AARH) = _%SQQ A1+ A3+ Aasag — Ag + (A1 + A3 — Ay + Ag) o]
— C2aCg (Aacg + 4A783) ,
g (AAHH) = 53005 (Acs + 4rsg) + & (Aoch + 2Xss? )

+ SZ (2 ()\1 + )\3) C% + )\4825 + )\bs%) ,

The quartic couplings involving both neutral and charged fields are:

g (mh*hT) = g (xxh*hT) = 2 (A1 + A3),
g (UnHiH:F) = (XXH:FH:‘:) =2 ()\1 )\3) C% - )\482g + )\58%,
1
g (T}hhiH:F) = 2)\3C3 — )\48/3) )\4Sa05 + 5 (>\6 + 2)\7) SaSa,
1
g (thiH:F) 2)\305 — )\485) — )\4CQC5 + 5 (X6 + 2A7) CaSB,

g (XhhiHjF) = Fi |:2)\2CaCﬁ + - ()\6 —2X7) Sa85} ,

g (XHhiH:F) [ 2/\28a05 + = ()\6 - 2)\7) Ca85:|

g (hhhERT) =2(\; — A3) 2 + )\482a + X582,
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g (hHRERF) = -2 2)\1 —2X3 — A5) 820 + ACoa, (A.6h)
g (HHWERF) = — A3) 82 — Masoa + M52, (A.61)
g (AARERT) = — A3) € — Aas2g + AsS3, (A.6j)
g (MAREHT) = +i [ 2XoC + ; ()\6 —2X\7) s%] : (A.6k)
g (YAR=HT) = 2X3¢3 — Aysog + = ()\6 +2)\7) s3, (A.61)
g (hhH=HF) = c% [2(\ + )\3) ¢ + Nasap + Ass3| — Aasaach (A.6m)

+ )\5820% b (/\6 + 2)7) s20825 + 2A88§S%,
1
g (hHHiHjF) = —5 [)\1 + A3 + )\4825 — A + ()\1 + A3 — A5 + )\8) 025] S2q (A.6n)

— C2aC3 [)\405 + (X + 2)\7) Sﬁ]
g(HHH*HT) =2 [ (M + )\3) CB + Aasog + )\535} + )\452ac5 (A.60)

+ Asc? cﬁ + = ()\6 + 2)\7) s20523 + 2)g¢2 sﬁ,

g (AAH*HT) =2 [()\1 + A3) ¢ + 2\qclsg + Z)\asw + )\885:| : (A.6p)

The quartic couplings involving only the charged fields are:

g (WERERTAT) =4 (A + N3), (A.7a)
g(H*H*HTHT) =4 [ A1+ Ag) ¢ + 2Macksg + )\as25 + Agsﬁ] (A.7b)
g (WEREHFHT) = 4 { (o +Xa) ¢} — S hasas + A7s§] , (A.7¢)
g (RERTHTHT) =2 (A1 — A2) ¢ — 2X\as25 + (A5 + Ag) 53 (A.7d)

B Theory constraints

We impose certain data-independent theory constraints on the models.

B.1 Stability

Necessary, but not sufficient, conditions for the stability of an S3-symmetric 3HDM were
provided in ref. [89]. In ref. [6], based on the approach of refs. [78, 128], necessary and
sufficient conditions for models with Ay = 0 were discussed. It was later pointed out in
ref. [129] that parameterisation used in ref. [78], and hence in ref. [6], is not correct,® and

3Namely, the complex product between two different unit spinors relied on six degrees of freedom.
However, one of those can be expressed in terms of the other quantities, see section III-C of ref. [129]. The
following positivity condition for models with Ay = 0 (B.28) [6]

As + min (0, X6 — 2[A7]) > —24/(A1 + min (0, =Xz, A3)) As, (B.1)

yields an over-constrained A parameter space.
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one would arrive at a value of the potential which would be lower than what actually is
possible to achieve within the space available.

In our case, due to the freedom of the Ay coupling, which breaks the O(2) symmetry,
the stability conditions are rather involved. We parameterise the SU(2) doublets as

hi = |hillha, i ={1,2, 5}, (B.2)
where the norms of the spinors ||h;|| are parameterised in terms of the spherical coordinates
||hi|| = 7 cosysinb, ||ha|| = rsinysin6, ||hs|| = rcos8, (B.3)

and h; are unit spinors

N 0 A sin A . sin «
hi={ ], = . hs=e R (B.4)
1 cos ay e'P2 cos a3 €53

where r > 0, v € [0,7/2], 6 € [0,7/2], and «; € [0,7/2], B; € [0,27], § € [0,27]. The
positivity condition is satisfied, with only the quartic part being relevant, for

Vi=)Y XA >0, V{v,0,04 50}, (B.5)

where
Ay =sin 6, (B.6a)
Ay = — sin2(2fy) sin 0 cos? ag sin? o, (B.6Db)

1
Az = (cos4 ~ + sin® v) sin® 6 — 3 sin?(27) sin® 0 {sin2 g — cos? g cos(Q/Bg)} , (B.6¢)
Ay = sin(26) sin? f sin y ( cos(27) sin ag sin a3 cos § (B.6d)
— COS (r3 COS (i3 [sin2 v cos(fB2 — B3 — )

~ cos?y (208 (B2 — fa — ) + cos (B + Fa + 9)} ) ),

1

As = 1 sin?(26), (B.6e)
1

Ag = 1 sin?(26) (0082 7y cos? ag + sin? y [COS2 a cos® ag (B.6f)

+ sinag {sin(2a2) cos az cos (Ba — f3) + sin” ag sin ozg} } ),
1
A; = 5 sin?(26) ( cos? y cos? ag cos (233 + 26) (B.6g)
+ sin? [ cos® ag cos® ag cos (262 — 233 — 26)

+ sin oz {sin2 Qg sin aig cos(29) + sin(2a) cos ag cos (B2 — B3 — 25)} } > ,

Ag = cost 6. (B.6h)
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o Conditions
Conditions Vi>0
from ref. [89]
T T A (4a)
0= a9 = g
=0 Ag (4b)
=2 0=7Z, A+ A
UEIRa LA (4¢) and (4d)
az =0, 32 ={0,5} AL — A2
7=0, 6 =0,
A in (0, g — 2|\
tanf = ﬁ, 5+ min (0, A7) (4e) and (4f)
Oubaa)s 200 F Aa) ks
a3 = {07 %}7 63 = {Oag
O=%7v=1% AL+ A3 £ 20+ A5 (4g)
042:043:%,5:{7@27} +X6 + 2A7 + Ag

Table 3. Reproduction of the necessary stability conditions of ref. [89] in terms of the parameter-
isation given by (B.2).

First, we check if the necessary stability constraints are satisfied, see table 3. Next, with the
help of the Mathematica function NMinimize, using different algorithms, a further numerical
minimisation of the potential is performed.

B.2 Unitarity

The tree-level unitarity conditions for the S3-symemtric 3HDM were presented in ref. [89].
The unitarity limit is evaluated enforcing the absolute values of the eigenvalues A; of the
scattering matrix to be within a specific limit. In our scan we assume that one is given by
the value |A;| < 167 [130]. Some authors prefer a more severe bound |A;| < 87 [131, 132].
We compare the impact of both in figures 2.

B.3 Perturbativity

The perturbativity check is split into two parts: couplings are assumed to be within the
limit |\;| < 47, the overall strength of the quartic scalar-scalar interactions is limited by

9pips50n01| < 4.

For the R-II-1a model, the list of the quartic scalar interactions gy, ;4. can be found
in appendix A. From the interactions nnnn and xxxx (A.4a), it follows that 0 < A\j 4+ A3 <
27 /3. Evaluation of other couplings is more involved.
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C Supplementary equations

C.1 Di-photon decays

The one-loop spin-dependent functions are

Fi1=24+374+37(12—1)f(7), (C.1a)
L[l =S
1/2 = { orf(r), =P (C.1b)
Fo=7[l—7f(7)], (C.1c)
where A2
T, — mi;, (02)
h
and 1
o f L -
) arcsin (\E), > 1, o
e () ] o
4 1—+1—171

C.2 V and U matrices

From refs. [133, 134] we determine the V and U matrices* for R-II-1a in the Higgs ba-
sis (4.33)

GO
A
sin(a + ) h + cos(a + 8) H + iG° L
—cos(a+ B)h+sin(a+p)H +iA| =V gl (C.4a)
n+ix
n
X
with
i 0 sin(a+pB) cos(a+p5)00
V=10i—cos(a+p) sinfa+p5) 00|, (C.4Db)
00 0 0 11
and
Gt Gt
HY|=U|H" |, with U =7Z3. (C.4c)
Bt Bt

Open Access. This article is distributed under the terms of the Creative Commons
Attribution License (CC-BY 4.0), which permits any use, distribution and reproduction in
any medium, provided the original author(s) and source are credited.

4Note that “U” here should not be confused with the electroweak precision observable “U”.
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