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ABSTRACT: We have explored properties of an extension of the Inert Doublet Model by the
addition of an extra non-inert scalar doublet. The model offers a possibility of CP violation
in the scalar sector and a candidate for the Dark Matter. Allowed regions in the plane
spanned by the mass of the Dark-Matter particle and the lightest neutral Higgs particle
have been identified, and constraints from direct-detection experiments have been studied.
For favorable parameter regions one may observe long-lived charged particles produced at
the LHC.
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1 Introduction

The Inert Doublet Model (IDM) was introduced to accommodate or explain neutrino
masses [1] and independently, to alleviate the little hierarchy problem while also providing
a dark matter (DM) candidate [2]. The model represents a very minimal extension of the
Standard Model (SM), it just contains an extra weak scalar doublet, which is odd under
an unbroken Z, symmetry, rendering the lightest member stable. The other members of
this doublet are another neutral particle and a pair of charged ones. These particles can
all be produced at colliders via their couplings to electroweak gauge bosons, subject to the
constraint of the Z5 symmetry. The collider phenomenology has been explored in [3, 4]
and the Early Universe phenomenology has been studied in some detail in [5] and [6].

While the IDM has many attractive features, simplicity being an important one, it was
felt that the introduction of CP violation in the scalar sector would make the model more
attractive, therefore an extension to a Two-Higgs-Doublet Model (2HDM) plus an inert
doublet model was proposed [7]. This also allows for an alleviation of the little hierarchy
problem. We shall refer to the resulting model as IDM2.

It has been found that the IDM permits a DM particle with a mass in one of three re-
gions: light (m < mw) [11, 12], medium (m ~ myw ) [2, 5] or heavy (m 2 535 GeV) [5, 6, 8].
Two of these mass regions (m ~ my and m 2 500 GeV) were also found to yield solutions
for the IDM2 [7]. The aim of the present paper is to explore the IDM2 in more detail,
determine the allowed mass regions for the DM particle, its dominant annihilation chan-
nels, and the corresponding mass regions for the lightest Higgs boson H;. Furthermore,
we will confront the model with constraints from direct-detection experiments, and briefly
comment on possible signals in LHC experiments.

The paper is organized as follows. In section 2 we review the model, and in section 3
we discuss the theoretical and experimental constraints. In section 4 we consider various
annihilation channels and in section 5 we present the scan strategy adopted to search for
allowed regions in the parameter space. In section 6 we give an overview of allowed regions
of DM particle masses, whereas in sections 7 and 8 we explore in more detail parameters that
are compatible with all the constraints in the low and high DM mass regions, respectively.
Then, in section 10 we discuss constraints from direct detection experiments, in section 11
we briefly explore relevant LHC phenomenology, and in section 12 we summarize. The
relevant couplings of the model are given in an appendix.

2 IDM2 — model and notation

2.1 Fields and potential

We denote the doublets of the 2HDM as

o — o 2, = o 21)
(1 +m +ix1)/vV2 )’ (va + 1 +ix2)/V2 )’ '
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2 = v? + 03 and tan 8 = va/v;. The inert doublet is decomposed as

ot
77—<(S+iA)/\/§>’ (2.2)

it transforms under an unbroken Z, symmetry as n — —n which ensures that n couples

where v

only bilinearly to other scalars and to the gauge sector. All other fields remain neutral
under this transformation.
The potential reads

V(®1, ®2,n) = Vi2(P1, 2) + V3(n) + Vi2s (@1, P2, 1) (2:3)

where the 2HDM and inert-sector potentials read

Vig(®1, ) = — % {mrﬁ@{@l +mE, P, + [mizcb{cbz + h.c.] }
@00+ 2 () 4 X)) (L)
A (@10,) (@) + % {A;)(qﬂ@z)? + h.c.] , (2.4)
Va(n) =mon'n + % (n'n)?, (2.5)

whereas their mutual couplings, bilinear in the Zs-odd field 7, are given by

Vios (@1, @2,77) = A11ss (] @1) (10) + Aoass (@]@2) (nTn)
+ Auzs (@10) (7T @1) + Aasaz (@) (nf @2)
+ 5 s (@n)? +he] + 4 Pams(@fn? +he] . (26)

Here, A1133, A2233, A1331 and Aa33o are real, whereas \1313 and 2323 can be complex. It has
been assumed that the total Lagrangian is symmetric under Z) which acts as ®; — —®;
and up — —up (all other fields are neutral) and therefore the FCNC are eliminated at
the tree level. In order to allow for CP-violation in the scalar sector we allow for soft Zj
breaking by the mass m%2<I>I<I>2 + h.c. (so that the renormalizability is preserved). Note
that, as a consequence of the unbroken Zs associated with the inert doublet, there is no
mixing in mass terms between ®; 5 and 7 [7].

The model we discuss here bears some similarity to the three-Higgs-doublet Weinberg
model [9, 10]. The Weinberg model was constructed as the minimal model that accom-
modates CP violation in the scalar sector together with natural flavour conservation. In
fact, the symmetries of the Weinberg model are exactly the same as those we impose here:
Zy X Zb, where Zy is responsible for flavour conserving Yukawa couplings of ®; and ®;
while Zj decouples 7 from fermions. One difference between the Weinberg model and the
present one is that we allow for soft Z; violation by the mass term me(I)];(I)Q + h.c. The
second is that, in the Weinberg model, all three doublets develop non-zero vacuum expec-
tation values, while in our case () = 0. That implies that there is no mixing in the mass
matrix between ®; 5 and 7; in particular, 7 decouples from G* and H*, so that there is
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no CP-violation mediated by charged scalars. However, since m2, # 0, CP is violated in
the neutral non-inert scalar sector in the same way as in the 2HDM.

In the absence of the potential (2.6), one would have to require m% > 0 in order to
ensure (n) = 0. However, the non-zero expectation values of the other fields, v1/v/2 and
v2/v/2, lead to an overall coefficient of the term that is bilinear in 7 of the form

2 2
v (%
m? + (A133 + Mz + Re >\1313)51 + (A2233 + A2gs2 + Re )\2323)52- (2.7)

This must be positive, but m% is not necessarily positive.

2.2 Mass eigenstates of the IDM2

The neutral states of ®1, o will in general mix to form three neutral states Hy, Ho, H3.
These are linear combinations of 7y, 792, and 73,

H, m
Hy| =R |m |, (2:8)
Hs 3

where 73 = — sin 81 +cos Bxa is orthogonal to the neutral Goldstone boson GO = cos By +
sin B2 and the rotation matrix R is parametrized in terms of three angles i, ag and ag
according to the convention of [13].

For the quartic couplings describing the interaction between 7 and ®; and ®5, we
adopt for simplicity the “dark democracy”:

Ao = A1133 = Ao2233,
Ab = A1331 = A2332,
Ae = A1313 = Ao3p3 (real), (2.9)

then Vo3 is invariant under ®; «» ®5. The dark-sector masses can be written as:

M2 = mj + $A 0%,
MG =mp + 3 (Ao + X + A)v® = M + 5 + Ao,
M3 =my 4+ 5(Aa+ X = A)v® = M2 + (N — A)v?, (2.10)
where m,, is a mass parameter of the 7 potential (2.5). We shall take the scalar, S, to be
the DM particle, i.e., Mg < M4. The other choice would simply correspond to A, — —A,

without any modification of the phenomenology described in the following.
It is instructive to invert the relations (2.10):

2
o= <M§i - mg) , (2.11a)
Ay = Fl2 <M§ + M3 - 2M§i> , (2.11b)
1
c= (ME - M3). (2.11c)
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Thus, these couplings of the inert doublet to the non-inert Higgs sector can be expressed
in terms of the mass splittings (including also the soft mass parameter m,,).
It is convenient to introduce the abbreviation

Mz —m2
AL = 50+ A4+ Ae) = =2t (2.12)
From eq. (2.7), the condition (n) = 0 can now be written as

mZ+ Apv® = M3 >0, (2.13)

which is automatically satisfied by our choice of input parameters.

3 Theoretical and experimental constraints

We here present a summary of the constraints imposed on the model. Some of the the-
oretical ones (positivity, in particular) are absolute, whereas the experimental ones are

quantitative, and subject to experimental precision.

3.1 Theoretical constraints
e CP violation

We do not impose CP conservation on the neutral Higgs sector. The amount of CP
violation that remains after all constraints are imposed is determined afterwards.
For a detailed discussion of the conditions for CP to be violated in this model, see
appendix B of ref. [7].

e Stability or positivity
The potential should be bounded from below for any values of the fields ®;, 5 and
7. This condition is rather involved for the potential (2.3). The full set of conditions
are given in appendix A of [7]. For the somewhat simpler case of dark democracy
considered here, we must impose

A >0, Ay >0, Ap >0, (3.1)
Az > —/ /\1)\27 /\y > 7\/)\1An, )\y > 7\//\2)\7], (32)
Ay >0V (An)\z N2> 7\/(/\,,/\1 —A2)(ApAs — ,\g)) , (3.3)
where
Az = A3 +min (0, Ay — |As5]), (3.4a)
Ay = A +min (0, A — [Ac]) - (3.4b)

With Mg < min(My, M,+), we have
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In [7] we constrained the potential further, by requiring Via, V3 and Vja3 individually
to satisfy positivity. The condition (3.3) was then replaced by

Aa > max(0, =2y, —Ap £ A¢). (3.6)
In terms of masses, this means for the two cases:

Mg < My < Mys : mp+ M2 — M3 < Mg, (3.7a)
Mg < My < My : my < M3, (3.7b)

In the present study we go beyond the domain of parameters allowed by (3.6) or, in
terms of masses, (3.7). The latter condition allows for checking positivity “once and
for all”, for a given set of inert-sector parameters. The full condition (3.3) depends
also on the parameters of the non-inert sector, and must thus be checked for each
point. The “reward” is that less parameter space will be excluded.

Electroweak symmetry breaking

In order to break the electroweak symmetry spontaneously, the vacuum expectation
values of ®; and P9 should be non-zero. The most general form of the vacuum can
always be written in the form

1 0 1 U
<‘I’1>_\/§<U1>7 <q>2>_\/§<v2+i6> (3.8)

where v1 > 0 and u, vy and ¢ are real numbers. Non-zero u would imply spontaneous
U(1)gm violation, so electric charge non-conservation. However, it has been shown
in [15-17] that if a local charge-conserving minimum exists, then there can be no
charge-breaking minima (there may exist a stationary point with u # 0, which is a
saddle point). Therefore, from here on we assume u = 0. Nevertheless, the potential
of the 2HDM can have more than one charge conserving minimum. In that case it is
important to make sure that the theory is expanded around the global one, so that
the issue of tunneling to the lowest one does not appear. In our approach we start
out by assuming 6 = 0," and choosing a value of tan 3. Then the parameters of the
potential are adjusted so that v; = vcosf and vo = vsin 3 satisfy the stationary-
point equations. Since all scalar mass squares that we consider are positive the
stationary point must be a minimum. However we do not beforehand know if our
starting minimum is the global minimum of the potential since the 2HDM allows for
more than one minimum. In our scans, we look for points (“good”) in the parameter
space that satisfy all theoretical and experimental constraints. For each “good” point
we also check if our starting minimum (v;, v2) is the global minimum. If there exists
a deeper minimum we discard the point. Of all the “good” points that satisfied all
other restrictions, of the order of 10% were thus discarded because a deeper global

!Note that for a given minima it is always possible to make its location real by performing an appropriate

global phase rotation.
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minimum exists. Note that if the Universe was indeed in a state corresponding to a
false vacuum, then the tunneling to the true vacuum would in principle be possible.
If the tunneling time was shorter than the Universe age that could have important
cosmological consequences. This, however lies beyond the scope of the present study.
Therefore we restrict ourselves to the case of global minimum only. Note that the
presence of the third doublet 7 does not influence the above arguments since (n) = 0.

Unitarity and perturbativity

We impose unitarity on the non-inert Higgs-Higgs-scattering sector [18-22]. At large
values of tan 3, the soft mass parameter y is rather constrained, u ~ My ~ M+, as
discussed in refs. [23, 24]. Furthermore, perturbativity is imposed, in the form

\fmt \fmt

—la;l, cot B, Aq, Ap, Ae < 4. (3.9)

\]\\/—

Here, a; and a; are coefficients of the CP-even and odd parts of the Yukawa cou-
plings [25]. For the couplings to ¢ (b) quarks, they are given by a; = Rj2/sin 8 and
a; = —Rj3/tan 8 (a; = Rj1/cos § and a; = —Rj3 tan 3).

The little hierarchy

In order to avoid excessive computational requirements, and in distinction from the
approach of [7], we will not a priori impose an alleviation of the little hierarchy.
However, it turns out that for Mg ~ 75 GeV, the masses of the non-inert Higgs sector
can be lifted to rather high values, as will be discussed in section 7. This provides
for a considerable alleviation of the little hierarchy problem around Mg ~ 75 GeV.

3.2 Experimental constraints

We impose a variety of relevant experimental constraints. These can be grouped as follows:

e Charged-Higgs sector

The charged-Higgs sector is constrained by several observables. The B — X v data
constrain low values of tan 3 and low M+, the details of which depend on QCD
effects [26-38]. Likewise, the By — By mixing constrains low values of tan 3 and low
Mpy+ [39-44], whereas B — D7, and B — 70, X constrain low values of Mpy+ and
high values of tan 3 [45-55].

Neutral-Higgs sector

The LEP2 Higgs boson searches have given limits on the coupling of the lightest
Higgs to the Z and to bb [56]. At low values of tan 3, and low Mpy=, the well-
measured I'(Z — bb) decay rate also constrains charged-Higgs contributions, and
to a much lesser extent, neutral-Higgs couplings [57-59]. There are also bounds
stemming from the electroweak precision data, in terms of the 7" and S param-
eters [60-62]. Among these, the most serious one is the constraint on 7', which
basically is a constraint on the mass splitting of pairs of scalars: A pair of neutral
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scalars or a pair of charged scalars of different masses both give a positive contribu-
tion AT(M?, M. Jz) > 0, whereas a neutral-charged pair gives a negative contribution,
AT(]\I?,]\/IJ.Z) < 0. Such contributions must roughly cancel, in order not to violate
the electroweak precision data.

Furthermore, at large values of tan 3, the model is constrained by the electron electric
dipole moment [63—65], for which we adopt the bound:

|de] <1 %1072 [ecm], (3.10)

at the 1-0 level. This is calculated directly from the neutral-Higgs-sector mixing
matrix [7, 64]. The muon anomalous magnetic moment [58, 59, 65, 66] has how-
ever little impact, since the large tan 3 region tends to be excluded by the unitarity
constraint [58, 59]. For the relevant loop calculations, we use the LoopTools pack-
age [67-69].

e Inert-sector constraints

The amount of dark matter has now been measured to an impressive precision [70]
Qpah? = 0.1131 + 0.0034 (3.11)

We estimate the model prediction of the amount of dark matter from an implemen-
tation of micrOMEGAs [71, 72].

For the heavier, neutral member of the inert sector, we adopt the bound obtained
from a re-analysis of LEP data [4], approximated as M4 > 110 GeV. For the charged
member, we adopt the LEP bound on the chargino mass [73], M,z > 70 GeV.
This is slightly more conservative than the bound on charged Higgs bosons, Mg+ >
79.3 GeV, adopted by ref. [5].

Since some of these constraints are correlated, we do not accumulate their “penalties”
in the form of an overall x> measure, but rather demand that each of them be satisfied to
within 20.

4 Annihilation mechanisms

In order not to over-produce dark matter in the Early Universe, annihilation channels must
be kinematically open. These are of different kinds, depending on the mass scales involved.
“External” reference mass scales are the W and the lightest Higgs mass scales, my and
M. If the DM mass is low compared to my it will annihilate via the lightest (but off-
shell) Higgs particle which then decays to bb or cé. If the mass is comparable to my, it
can pair-annihilate to WTW ™ or ZZ. In the higher mass range, the neutral and charged
members of the inert doublet will be near-degenerate, and several channels will be open.
We here review the different annihilation mechanisms, relevant in different mass ranges.
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4.1 DM couplings

The gauge and scalar couplings involving inert-sector fields are collected in appendix A.
Here we list some of the most relevant ones.
The DM particles can annihilate via the gauge coupling:

ig?
SSWHW ™ : SR (4.12)
;2
g
D — 4.1
SSZ7Z Teos? Oy’ (4.1b)
or to non-inert scalars via the following trilinear or quartic couplings:

SSH]' - QiFssj/\LU, with FSSj = cos ﬂle + sin 6Rj2, (4‘23)
SSH;H;: —2i(A\p — AR33), (4.2Db)
SSH]H)C : 22’)\ch;ng3, (420)

SSHYH™ :  —il,, (4.2d)

where Ay, is defined in eq. (2.12) and the pre-factor in (4.2a) satisfies [Fgg;| < 1, since
R is unitary. In particular, Fgg1 = cos(f — aq)cosag. Also, we note that the splitting
M, é — m% controls the strength of the important trilinear coupling Az, to a neutral Higgs
field. Likewise, the couplings A\, and A. are related to mass splittings, A\, ~ (]\/Igi - m%)
and A ~ (M3 — M%), see eq. (2.11).

4.2 Representative branching ratios

In the medium-mass region, the early-universe abundance is controlled by S'S annihilation,
typically to bb or W W ™. In the high-mass region, in part due to the high degree of mass
degeneracy of the different states, there are also significant losses due to annihilations of
A and n*. The different losses are provided by micrOMEGAs as fractions of 1/(Qpah?)
(see ref. [71]). We refer to this variable as “loss channel”. Some representative values
are given below, where we consider separately the low- and medium-mass region, and the
high-mass region.

4.2.1 Low- and medium-mass region

In the low and medium-mass region, the annihilations mostly proceed via an intermediate
Higgs boson, or via a WTW ™~ pair or a ZZ pair:

e For Mg =40 GeV and M; = 120 GeV, representative loss channels are:

bb 86 — 99%),
58 — ( ) (4.3)
cc (1—9%),
e For Mg =80 GeV and M; = 120 GeV, representative loss channels are:
WHw= 19 — 96%),
55— ( ), (4.4)
bb (2 -91%),

where the ranges relate to the scans over M+, m;, tan3, My and the «;, defined in
section 5.



7.2 Exploring the CP-Violating Inert-Doublet Model 127

4.2.2 High-mass region

The inert scalar masses are generated by m,,, v1 and v such that m,, contributes universally
to all the masses while the splitting between them is controlled by the interaction terms
(Aa, Ap and A.) between the 2HDM and the inert sector. As the DM mass Mg increases,
annihilation channels to pairs of vector bosons opens (with fixed gauge coupling constant
strength). Therefore annihilation through intermediate H; must be suppressed in order not
to introduce a too small value of Qpyr, that implies small A, Ay and A.. In other words,
the inert sector masses must be similar. For some representative mass parameters, loss

channels are given below:

e For Mg = 550 GeV and M7 = 120 GeV, representative loss channels are:

WHWw—= 14 - 17%),
58 — ( 0) (4.52)
(11 — 14%),
vZ (14 — 17%),
T S WEW S (13 - 16%), (4.5b)
7Y (5 6%),
WHw= 8 —9%),
AA — (8 = 9%) (4.5¢)
z7Z (6 —7%),
Snt, At — At (6 — 8%). (4.5d)
e For Mg = 3000 GeV and M; = 120 GeV, representative loss channels are:
WHw-— (4-12%),
HTH- 3—11%),
SS — ( ©) (4.6a)
z7 (1 — 4%),
H;H; (1-3%), eachj,
WHw—= (1-9%),
HTH- 1-9%),
T — (1= 9%). (4.6b)
YA 2-1%),
H;H; (2—171%), eachj,
WHWw-— (3—-10%),
HYH- 3—9%),
AA — ( ), (4.6¢)
VA (1-2%),
H;H; (1-3%), each j,
ZW# (1-9%),
S, A = H;WE  (1-10%), each j, (4.6d)
H;H* (1-10%), each j,

~10 —
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where again the ranges relate to the scans over M+, my, tan 3, Mg+ and the a;, defined

in section 5.

5 Parameters and scan strategy

5.1 Model parameters

The model contains a total of 13 parameters defining the spectrum and the couplings.
Among these, the inert-sector self-coupling, A,, plays no role and is kept fixed. We choose
the remaining ones to be:

1. Mg, M (lowest physical masses of inert and 2HDM sectors, fixed)

2. Mya, M+ (inert sector, physical masses, fixed). In the high Mg regime (Mg >
500 GeV), My and M, should be rather close to Mg, in order to prevent )\, and
Ac from becoming large (and thus lead to too much annihilation of DM in the Early
Universe). In the low Mg regime (Mg < 100 GeV), a wider range of values is possible,
but LEP2 data constrain M4 2 110 GeV [4]. For M.+, we impose the constraint
M+ > 70 GeV, adopted from the LEP searches for charginos [73].

3. My, p (2HDM sector parameters)

4. my, (inert sector, soft mass parameter, fixed). Then A4, Ay, Ac are all fixed. In the
high Mg regime (Mg > 500 GeV), m, should be rather close to Mg, in order to
prevent Az from becoming large (and thus lead to too much annihilation of DM in
the Early Universe). In the low Mg regime (Mg < 100 GeV), a wider range of values
is possible.

5. tan 8, M+ (2HDM sector). We allow for the following variation: 0.5 < tan 8 < 50
and 300 GeV < My+ < 700 GeV. We consider a logarithmic grid in tan 3, and linear
in Mpy+, typically 30 points in each parameter. Representative, allowed regions are
shown in section 9.

6. a1, az, oz (2HDM sector). The allowed range of variation is —7/2 < a1 < 7/2,
and 0 < a3 < 7/2. A random set of 1000 points in this three-dimensional space is
typically adequate. Representative, allowed regions are shown in section 9.

From this input, the value of M3 and all X’s of the 2HDM can be reconstructed [14]. For
the inert sector, we take A, = 0.2 (in the notation of the IDM [2, 5] X, = 2X3). This
parameter has little influence on the model [5]. From the chosen mass input, together with
A, the Ag, Ap and Ac of eq. (2.9) can be determined.

5.2 General scanning strategy

We scan over the parameters in a hierarchical fashion. In the notation of section 5.1, we
hold parameter p;—; fixed while scanning over p;. For each parameter p;, we have two
options:

— 11 -
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(i) if we find an acceptable solution, proceed to the next value at the higher level, p;_1,
or

max

ii) exhaust a predefined range from p™™ to p
k2 k2

The latter condition is adopted if we are interested in determining the allowed range of p;.

Scanning over this large number of parameters we focus on regions where the 2HDM
is known to be consistent [23]. More details are given in sections 7 and 8.

It should be stressed that adopting the strategy described above, some solutions could
be missed. However, as we do find interesting regions of parameter space that are allowed,
we do not insist on exhausting the whole parameter space what would imply a dramatic
increase of the CPU running time.

5.3 Positivity and unitarity

For the IDM, it was found [5] that certain domains in the Mg—m,, plane (denoted My, and
12 in [5]) are forbidden by positivity. For the present model, because we have more param-
eters (in particular, the «; parameters), we have not found any such domain excluded by
positivity. However, if we restrict the scan to the CP-conserving limit ag — 0, ag — 0, then
some parts of parameter space are actually excluded, in particular for M,+ < Mg. But that
region is of course not interesting, since we want the DM candidate to be electrically neutral.
If we impose also unitarity in addition to positivity, the allowed parameter space in
M, =—my, starts to shrink, as indicated in figure 1 for Mg = 550 GeV and M; = 120 GeV.
For the lower range of Mg-values, we do not find any such forbidden region within a
“reasonable” range of parameters. For example, with (Mg, M4) = (75,110) GeV, there
is no forbidden region within 70 GeV < M+ < 150 GeV and 0 GeV < m, < 150 GeV.
Imposing next the experimental constraints discussed in section 3.2, we find rather dramatic
reductions of the allowed parameter space, as will be discussed in sections 7 and 8.

6 Overview

Before going into a detailed discussion of allowed parameter regions, we here give a brief
summary, comparing with the IDM, for which three mass regions were established: light
(Ms < mw) [11, 12], medium (Mg ~ mw) [2, 5] or heavy (Mg 2 535 GeV) [5, 6, 8].
A recent analysis finds a further substructure of those regions [74]. Finally, a very recent
study [75] reports a new viable region for masses in the range my < Mg < 150 GeV.

We found two regions of allowed Mg values, a low-to-medium region, 5 GeV S Mg S
100 GeV and a high region, Mg 2 545 GeV. The allowed Mg-ranges of these two models
are compared in figure 2. The other parameters are chosen such that the allowed regions
are maximized. In the low-to-medium DM-mass region, Early-Universe annihilation via the
lightest neutral Higgs boson, H; plays an important role for obtaining the observed value of
Qpn. In the high DM-mass region, it is instead annihilation to two on-shell gauge bosons
or two Higgs bosons that provide the correct amount of DM. In the forbidden intermediate
range of Mg, Qpn is too low. While the present model has a few more parameters than
the IDM, we do not find solutions at as low values of Mg as were found for the IDM. A
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Figure 1. Regions in the M,: — m, plane that are allowed by positivity and unitarity, for DM
mass Mg = 550 GeV and lightest Higgs mass M; = 120 GeV.
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Figure 2. Top panel: Allowed Mg ranges in the IDM [2, 5, 6, 8, 11, 12, 75]. Bottom: Allowed Mg
ranges in the present model, IDM2. Corresponding M; ranges are given in sections 7 and 8.

main restriction on the model at low Mg is the more tight up-to-date constraint on Qpy
imposed here, the value comes out too high. In addition, our constraint on M4 is different.
Likewise, the new viable region of the IDM [75] is only partly reproduced in our model,
again mainly because of our more tight constraint on Qpy;.
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7 Low-medium DM mass regime

For a range of DM-masses, Mg < O(100 GeV), we have explored the range of lightest
neutral-Higgs-boson masses, M; 2 120 GeV, for which we find consistent solutions. Se-
lected results are shown in figures 3—6. In these figures we display, for a given set of
(Mg, My) values, the allowed region(s) in the M, +—m, plane, obtained by a scan over the
ranges 70 GeV < M,+ <150 GeV and 0 < m,, < 160 GeV.

We note that for a given set of inert-sector masses, (Ms, Ma, M+ ), one may think of
my (denoted g in [2, 4, 5], and not to be confused with the parameter normally denoted
4 in the 2HDM) as basically determining the trilinear coupling SSHi, see egs. (4.2a)
and (2.12). Thus, the vertical axis in these plots is a measure of how strongly the DM
particles annihilate via a virtual Higgs. Indeed, along the right-hand edge of these plots,
we also indicate some values of \.

7.1 Scanning strategy

For this low-to-medium range of Mg, we start out with a fixed value of M4 = 110 GeV
(approximately the lower limit compatible with LEP data [4]), and then scan over M,:
and m,, as indicated in section 5.2. As mentioned above, for M,+, we impose the constraint
M,= > 70 GeV, adopted from the LEP searches for charginos [73]. No particular hierarchy
is assumed, we may have Mg < M4 < M+ or Mg < M+ < Ma. If no solution is found
for M4 = 110 GeV, the scan is repeated for My = 115 GeV. If still no solution is found,
we declare there to be no solution for the chosen set (Mg, M;). (Only in one case was a
solution found for M4 = 115 GeV and nothing for 110 GeV.)

For fixed M4, the scanning over M; and p is organized as follows. For M; < 300 GeV,
we first consider My = 300 GeV and p = 200 GeV. If nothing is found, we increment p
to 350 GeV and 500 GeV. If still nothing is found, we increment My to 400 and 500 GeV,
repeating the values of p. For higher values of Mj, correspondingly higher values of My
and p are adopted, but with less splitting with respect to M;. This choice is inspired by
the knowledge of allowed regions in the 2HDM parameter space [23, 24]. For example, for
M; = 300 GeV, we take My = 350 GeV, 425 GeV, and 500 GeV.

7.2 Results for Mg S 100 GeV

Let us now comment on the main features of the plots showing allowed regions in the M,+—
my, plane. As pointed out above, for fixed masses of the inert sector, (Mg, Ma, Myz+), the
“soft” parameter m,), which represents the bilinear coupling in the inert sector, see eq. (2.5),
will also represent the trilinear couplings between the inert sector and the non-inert one, as
expressed by eqs. (A.7), (2.12) and (2.11). Explicitly, the trilinear coupling SSH; vanishes
in the limit m, — Mg, but can become large when either m, < Mg or m, > Ms.

In the case of a low- to medium-mass DM particle (Mg < 100 GeV), annihilations via

a virtual Higgs boson play an important role for obtaining the correct DM density. We
2
=
This feature is the same as for the IDM [5], and has implications for whether or not the

recall that this coupling is proportional to Az, which in turn is proportional to ]V[gv —m

parameter region m, ~ Mg is allowed. However, in distinction from the IDM, here the
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Figure 3. Allowed regions (dark blue) in the M,z — m,, plane, for DM mass Ms = 6 GeV and
8 GeV, with lightest Higgs mass M; = 90 GeV. The thin solid lines indicate M, = Mg and
m, = Mg (or A, = 0), whereas the dashed line at M,+ = 70 GeV (labelled “LEP bound”) gives
the adopted experimental bound. The right-most dashed line gives M,+ = 110 GeV, the default
value for M 4.

coupling also contains a factor Fj, satisfying 0 < |Fj| < 1 (see appendix A), which depends
on tan 3 and the mixing angles of the neutral Higgs sector. Thus, for a given set of inert-
sector parameters, one can always find non-inert-sector parameters for which this coupling
is turned off (but positivity and unitarity constraints may make such points uninteresting).

If the DM particle is very light, 2Mg < M;, the intermediate Higgs particle will be
off mass shell, and a heavier one (larger value of Mj) will be less efficient in mediating
annihilations, because of the propagator suppression. In order to have sufficient Early-
Universe annihilation, the SSH;-coupling A\;, must therefore be stronger, the higher M;
is. Indeed, for the very lowest values of Mg, we do not find solutions for M; = 120 GeV,
whereas M; = 90 GeV and a large value of m,, give acceptable solutions (see figure 3).
This is further illustrated in figure 4, for Mg = 20 GeV and 40 GeV, where we see that
indeed [M3 — m2| o [Az| must increase with M.

In this region, the cut-off towards higher values of M; is due to the AT and Qpym
constraints. For example, at the edge of the forbidden region, for Mg = 40 GeV and
M; = 220 GeV, more solutions are found if we either disregard the AT constraint, or
allow a higher value of Qpy. For this case of My = 220 GeV, because of the mentioned
propagator suppression, one must have m, 2 110 GeV.

As Mg is further increased, two things happen. First, as Mg approaches the mass
of the W, annihilation (in the Early Universe) via off-shell W’s and Z’s starts to play an
important role, as illustrated quantitatively by eq. (4.4). Secondly, the lightest neutral
Higgs can be produced resonantly via SS annihilation. This is illustrated in figure 5,
where we consider Mg = 60 GeV and (left panel) M; = 120 GeV. Only small values of the
trilinear coupling are allowed, reflected in the plane being populated by allowed solutions
around m, = Mg. (The “holes” are presumably due to the “small” number of points being
scanned over.) For a larger value of M;, H; is no longer produced resonantly, and a certain
minimum value of Ay, (or, equivalently, \mz/ — M é|) is required, as shown in the right panel
of figure 5 for M; = 200 GeV.
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Figure 4. Allowed regions in the M+ —m, plane, for DM mass Mg = 20 GeV and Ms = 40 GeV,
with lightest Higgs mass M; = 120 GeV and 150 GeV.

Allowed regions

Py
M 60 GeV M: 120GeV -
150 7 ; 0.3
s |
> |
S L
£ |
100~ 3
[ o
2
L 5
o
3
50— &
L -
N | i
% 50 100 150
M,: [GeV]

m, [GeV]

Allowed regions

Ms: 60 GeV M,: 200 GeV
151
0.2
100 =-0.1
k-]
e
5
o
2 0
50 by
]
—0.05
L L
0 50 100 150
M,: [GeV]

Figure 5. Allowed regions in the M, + —m,, plane, for DM mass Mg = 60 GeV, with lightest Higgs

mass M7 = 120 GeV and 200 GeV.

As Mg reaches a value around My or Mz, annihilation becomes very easy via the WW

and ZZ channels (the strength is given by the gauge coupling). However, to reproduce the

correct DM abundance some annihilation must also take place via the Higgs (dominantly

H,) intermediate state. It is worth noticing that in order to obtain substantial contribution

from that process, an increase of M7 must be compensated by larger Az, therefore for a

given M, only suitable values of m,, and non-inert-sector parameters (tan 3, R;;) provide
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Figure 6. Allowed regions (dark blue) in the M,: —m,, plane, for DM mass Mg = 75 GeV, with
lightest Higgs mass M; = 120 GeV, 150 GeV, 200 GeV and 400 GeV.

an appropriate Qpy. Some such cases are shown in figure 6. Of course, the annihilation
via a neutral Higgs can be resonant, in which case Ay, has to be small, as illustrated for
2Mg = M; = 150 GeV in the upper right panel in figure 6.

In this region of Mg < Myy, there is also another issue. As recently pointed out [76], the
annihilation could be enhanced by going via WW*, where W* denotes a virtual W. Thus,
three-body decay will set in below the two-body WW threshold. However, we do not find
an effect as large as reported in [76]. In this region, there are two important mechanisms:
the four-point SSWW gauge coupling, and the s-channel annihilation via an intermediate
Higgs, the strength of which is given by Az (and thus tunable via the model parameters).
If the intermediate Higgs is close to its mass shell, the s-channel becomes more relevant.
However in this region of the parameter space special care is required, as the Higgs reso-
nance contribution is very sensitive to the proper treatment of the Higgs width. This effect
may be responsible for the reduced (as compared to [76]) effect caused by three-body final
states that we have found. As an example showing the importance of the three-body final
states, we consider one of the “good” points, (Ms, M4, My=,my) = (75,110,86,0) GeV,
with (My, Ma, p, M=) = (140, 300, 200, 389.7) GeV and tan 8 = 0.689. Allowing a virtual
W, we find a drop of Qpy from values around 0.11 to below 0.07. If we turn off the
s-channel, with Ay, = 0, or m, = Mg, the corresponding values are 0.13 and 0.05 (a larger
effect). In view of the excessive computational requirements, we have not pursued this.
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Figure 7. Allowed regions in the M,+ —m,, plane, for DM mass Mg = 80 GeV, with lightest Higgs
mass M, = 120 GeV, 150 GeV, and 155 GeV.

For Mg approaching M, =, as happens near the lower bound on M,+ (70 GeV), the S
and 7t number densities in the early universe would have been similar. In this parameter
region, the quartic Sy*W Ty gauge coupling becomes relevant, since the W channel is
kinematically open. For parameters in this region, there would be too much co-annihilation
Snt — W+, and Qpy would be too low. Thus, values of M, close to Mg are not allowed.
This is reflected as a forbidden band in figures 6 and 7. For higher values of M+ (with
respect to M) this is not a problem, because of the Boltzmann suppression of the 7*
number density.

For Mg = 75 GeV and M; = 400 GeV, there is a strip of allowed parameters around
M,= ~ 85 GeV, for almost all values of m,, (see figure 6, lower right panel). Along this
strip, co-annihilation of Sn* — W%y, as well as Sn* — W** — ud, du, 5, s¢ play
an important role. On the other hand, with such a heavy Higgs boson, the role of an
intermediate H; is much reduced. Thus, for somewhat higher values of M,=, the co-
annihilation is no longer effective (as discussed above), and the DM density would be too
high. The region of small Af, is thus not allowed beyond a narrow strip M, 2 Mg.

Also, for Mg = 75 GeV, if we relax the constraints, we find solutions at even higher
values of M;. For example, if we disregard the AT constraint, or allow a somewhat larger
value of Qpy, we also find solutions at M; = 700 GeV, but then at a somewhat higher
value of my, or Ar,.

For Mg 2 My, the annihilation SS — WTW ™ sets in, with a rate, which near
threshold is controlled by

(o xv) x —5, (7.1)
M2
with the final-state W* velocity
My \?
8= 1_<MVZ> . (7.2)

As soon as this becomes sizable, the annihilation rate exceeds the value that is compatible
with Qpy. Apart from the region discussed in section 7.3, this annihilation mechanism
thus provides an upper cut-off of the allowed region around Mg = 100 GeV. Eventually, as
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Figure 8. Allowed regions in the M,+ — m, plane, for DM mass Mg = 110 GeV, with two values
of M4 and lightest Higgs mass M; = 200 GeV.

we will see in section 8, for values of Mg 2 550 GeV, the denominator in (7.1) will bring
the annihilation rate down again, to an acceptable level.

Below the cut-off, at Mg < 100 GeV, we again find an extension of the allowed range
in my, as M is increased towards 2Mg, where the annihilation via a neutral Higgs boson
is resonant. This is illustrated in figure 7. For the particular case of Mg = 80 GeV, a wider
range of solutions is found for M7 = 150 GeV than for M; = 120 GeV. However, this has
shrunk again at M7 = 155 GeV, and nothing is found for M; = 160 GeV. In this region of
Mg and M7, the near-resonant annihilation via Hy provides too much depletion of the DM.

7.3 Results for “new viable region”

We confirm the existence of the new viable region identified by Lopez Honorez and Yamura
for the IDM [75]. The existence of this region is due to cancellation between the four-point
SSWHW ~-coupling and the contribution via s-channel H; exchange, proportional to Af.
In our notation, the cancellation condition becomes [75]

M\ 2
M2 - <71>

my = 3Mg — 1M} (7.4)

1 2
= (MG —m2) =\ ~

-5 7 (7.3)

or

However, since we have adopted more tight constraints on Qpy, we find a somewhat
smaller allowed region. Examples are shown in figure 8, where we consider Mg = 110 GeV
and M; = 200 GeV, with M4 = 205 GeV (left panel) and M4 = 215 GeV (right panel).
The dominant loss mechanism here is S5 — W*+W~ (four-point coupling, and n* t-channel
exchange), together with a significant amount of SS — bb (via H; s-channel exchange).
We note a slight tendency for [Az| to increase with M=, indicating that the s-channel
increases in significance as the t-channel decreases.

7.4 Summary of low-medium region

For the low-to-medium mass region of Mg, an overview of allowed ranges of M is given
in figure 9. The model is viable from about Mg ~ 6 GeV up to about 120 GeV. As a
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Figure 9. Allowed (blue) and not allowed (red) regions in the (Mg, M) plane. Discrete values of
M, that are investigated, are represented as horizontal bars (note logarithmic scale in My).

default value, we have taken M7 = 120 GeV, in the range favored by current electroweak
SM fits [62]. The low range of Mg can be extended a bit by lowering M; to 90 GeV. More
interestingly, the value of M; can be increased significantly, without any conflict with the
data. It is typically restricted to M; < 300 GeV, except for a narrow region around
Mg ~ 75 GeV, for which values up to M; ~ 600 GeV are acceptable. Beyond 75 GeV,
it rapidly falls again (except for the region discussed in section 7.3). This region around
Mg
alleviated [2], and, as we shall see in section 10, the direct-detection cross sections are in

75 GeV is a very interesting one, since the little hierarchy can be considerably

this case within experimental reach.
The cut-offs in Mg and M; can be summarized as follows:

e In the low range of Mg (~ 5 GeV), we can extend it a bit (lower Mg, higher M) by
allowing a lower value of Qpy.

In the high range of Mg (~ 100 GeV), the cut-off is mainly due to too much DM
annihilation in the Early Universe, via the gauge coupling.

The upper cut-off of M; is mainly determined by the Qpy and AT constraints.

8 High DM mass regime

We next study the model-parameter space when the DM is heavy. In analogy with the
results for the simpler IDM [5], solutions are found for Mg % 545 GeV. In this mass
range, annihilation via a single Higgs boson is not very efficient, whereas annihilations
to two gauge bosons or two Higgs bosons are relevant. There is a lower cut-off around
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Mg ~ 540 — 550 GeV, below which the two-body annihilation to two gauge bosons, scaling
like 1/M32 (see eq. (7.1)), is too fast to accommodate the observed value of Qpu.

8.1 Scanning strategy

In this high-mass region, the scanning is done differently from that of the low-medium-mass
region. The main difference is that, for a viable model, we need M4, M,= and m, all to
be close to Mg. There are actually three reasons for this:

e A significant splitting would lead to “large” values of A\,, Ay or A., and the Early-
Universe annihilation to one or two Higgs bosons would be too fast, leaving too low
a value for Qpyr.

e A significant splitting would require “large” values of \,, Ay or A., and positivity or
unitarity would be violated.

e A significant splitting would lead to a value for AT in violation of the LEP data.

The former constraints are stronger, such that the AT constraint has a negligible impact.
Unless otherwise specified, in this section we consider M4 = Mg + 1 GeV. However,
as we will discuss in section 11, this splitting could be much smaller.

8.2 Results

Selected results on allowed regions in the M,+-m, plane are displayed in figures 10-12.
As indicated above, in this high-mass region, all inert-sector masses are rather degenerate,
including the soft-mass parameter m, (implying that Az is small). However, the way a
correct DM density is obtained, is a bit different in the lower end of this high-mass region,
where Mg ~ 550 GeV, from that of the higher-mass region, exemplified by Mg = 3000 GeV
in figure 12.

Figure 10 is devoted to Mg = 550 GeV. This is representative of the lower allowed
value (in this high-mass region). Characteristic of this region is the annihilation via four-
point gauge couplings, as illustrated by eq. (4.5). These “loss” mechanisms involve not only
SS annihilation, but also ntn~, AA, Sp* and An* annihilations to gauge bosons. The
cut-off around 540 — 550 GeV is due to the too high annihilation rate (at lower masses) [8],
scaling by eq. (7.1).

As Mg is increased to higher values, the annihilation to gauge bosons will fall off,
but annihilation to neutral and charged Higgs bosons start playing an important role, as
shown by eq. (4.6) for the case of Mg = 3000 GeV and M; = 120 GeV. These annihilations
are also due to four-point couplings, but originating from the potential, rather than being
gauge couplings. Thus, their strengths can be adjusted by tuning the mass splittings in
the inert sector.

In figure 11 we display allowed regions in the M,+—m,, plane, for Mg = 800 GeV. Com-
pared to the case of Mg = 550 GeV, an allowed “ear”-shaped region has now developed.
The interior is characterized by a high degree of degeneracy among the inert-sector mass
parameters, which in turn leads to values of Ay, that are too small for an efficient annihila-
tion of dark matter (or its partners) to final-state Higgs particles in the early universe, the
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Figure 10. Allowed regions (dark blue) in the M,+ — m, plane, for DM mass Ms = 550 GeV,
M4 = 551 GeV with lightest Higgs mass My = 120 GeV and 200 GeV. The thin solid line indicates
m, = Ms (and A\p, = 0), whereas the dashed line gives M, = Ma.

value for Qpy; would become too high. In fact, the dependence of Qpy on these couplings is
quite steep: for the case (Mg, M1) = (800,120) GeV (left panel of figure 11) and the point
(Myx,my) = (Ma, Ms), the value of Qpy; is too high by a factor of two. On the other hand,
outside the “ear”, some \’s will be large, the annihilation is too fast, and Qpy too small.

As a final example, we show in figure 12 the cases of Mg = 3000 GeV and Mg =
5000 GeV. Here, only the lower part of the “ear” is allowed. The upper part is forbidden,
mostly due to the unitarity constraint.

9 CP violation

In order to illustrate the amount of CP violation which is available in the model we will
plot so-called weak-basis-transformation invariants that have non-zero imaginary part. The
benefit of studying invariants relies on the fact that they provide a measure of CP violation
since any CP-violating observable must be a linear combination of the invariants (or their
higher odd powers). The issue of the invariants was extensively discussed in the litera-
ture [77-82] in the context of the 2HDM. According to Gunion and Haber, there are three
independent invariants .J; 23 that are sufficient to describe any CP-violating phenomenon
which has its roots in the scalar potential (if Yukawa couplings are neglected). However, in
the presence of three Higgs doublets the situation is much more involved and a complete
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Figure 11. Similar to figure 10, for Mg = 800 GeV.

study has not been performed up to date; for the existing attempts, see [77, 78, 82]. In
order to discuss the invariants it is useful to write the potential in the following compact
manner [79, 80]

1
V(®1, g, B3) = V010, + EZ{LECJ(@E‘I’I;)(CI’%‘IM)» 9.1)

where ®3 = 7, and Y, ; and Z,;.; specify mass terms and quartic couplings, respectively.
Formulae for Y 7 and Z;.; in terms of the standard potential (2.3) parameters are given
in appendix B in (B.1).

In general, for three doublets one should expect more invariants, however here for
illustration, we discuss only Ji 23 defined in [81] for the two-doublet case. We generalize
them in a very straightforward manner just by extending the range for indices from 1,2 to
1,2,3:

_axpxrr o _()a o
J1 = 0307 24572, Va0,
AR AER AR AR _ _ A A A A
Jo = 03070505 Zpzgh Ze e Lea fdlaCdOnOr,
_ axax (1) (1) PPN
Jy = 00z 245" 4§ ZeagabaPa- (9-2)

Of course, there exist additional invariants, however their determination is not necessary
here. We have calculated the three invariants in the basis adopted in this paper (spec-
ified by the vacuum expectation values) for the general potential (2.3). The results are
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Figure 12. Similar to figure 10, for Mg = 3000 GeV and 5000 GeV, both with M; = 120 GeV.

complicated quadratic and cubic polynomials in quartic coupling constants, shown in ap-
pendix B, egs. (B.3)-(B.5). However, if the dark democracy (2.9) is imposed the results
simplify considerably:

ImJ; = ”1”2 A9 (A — A2)Im As, (9.3)
T

2
Im J, = ”j)“ (1 = As = A0)* = s [?) v +2(A1 = A2)Re Asvivd
= (A2 = A3 = A1)? = [Xs)?) 3] Im A5
) 4,2,2
+ M(Ag + A+ Reds — A)Adm As

21!1172L3 (A3 + Mg+ Reds — Ag)Adm A5, (9.4)

U1@2

Im J3 ()\1 /\2)(/\1 + )\2 + 2)\4 + 2/\[,)1111 )\5. (95)

When finally we adopt the fact that Z} is preserved by the vacuum (so vs = 0) then we
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Figure 13. Contour plots for averaged (over «’s) imaginary parts of the invariants, ImJj o3,
illustrating the strength of CP violation, vs tan3 and My=, for (Mg, Ma, M,+,m,) =
(75,110,90,100) GeV, and (M;, Ms, 1) = (120, 300,200) GeV.

obtain

2,2
ImJy = — 22 (0 = Ao)Im A, (9.6)
v
_ U%U% 2 2\ 4 2 2
mJp = — =% [((A = A3 = A1)? = [As%) v +2(A1 — A2)Re Asvivs
— (A2 = A3 = A1)? = [As]?) v] Im A5, (9.7)
TN
ImJ3 = 1 ()\1 /\2)(/\1 + Ao + 24 + 2X)Im As. (9.8)
v

Note that, since Ayp, are real and the inert potential V3(n) is CP-conserving all the in-
variants are proportional to the same CP-violating parameter Im A5 as in the case of the
2HDM. In addition the dark democracy and (n) = 0 imply that Im J; o are identical to the
corresponding invariants in the 2HDM, whereas Im J3 differs by a term proportional to A,
one of the quartic couplings between the non-inert and the inert sectors.

For Mg = 75 GeV and M,z = 90 GeV (and representative values for the other mass
parameters), we show in figure 13 the imaginary parts of Jj 23 for parameters which are
consistent with both experimental and theoretical constraints described in section 3. Note
that only low values of tan 3 are allowed. Here, averages over sets of a’s are shown. It
turns out that for the parameters adopted in figure 13, the contribution of A, is small, of
the order of ~ 5%. In the heavy DM case, where a high degree of degeneracy between inert
masses is needed, the contribution from ) is negligible.

In figure 14 the corresponding predictions for the electron electric dipole moment are
presented, both as an average over the same data set, and maximum (over «’s) values, in
units of [e 10727 cm], which is also the 1-o bound (see eq. (3.10)). While typical values (left
panel) are within 1 o, the maxima (right panel) approach the cut-off, which is taken at 2 o.

The presence of CP violation is also reflected in the distribution of as and ag, two of
the three angles which determine the rotation matrix of the neutral Higgs sector, R. There
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Figure 14. Contour plots for averaged

1 10 tanp

and maximal (over a’s) electron electric dipole moment

(in units [e 10727 cm]), vs tan 3 and My, for (Mg, Ma, My=,m,) = (75,110,90,100) GeV, and

(My, My, i) = (120,300, 200) GeV.

are three limits of no CP violation, all identifiable in this plane [83]:

H1 odd:
H odd:
Hj odd:

a9 = £7/2, a3 arbitrary,
ag =0,a3 = +7/2,
ag =0,a3 =0. (9.9)

For the case Mg = 75 GeV, My = 120 GeV, we show in figure 15 the populated parts of
this plane. There is a broad distribution of values, with no particular accumulation point.

Thus, for the majority of these model points, CP is violated by a non-negligible amount
(but still within the limits imposed by the EDM constraint).

10 Direct detection

The parameter points which give models compatible with particle-physics and DM con-

straints, also give specific predictions for what signal should be observed in direct-detection

experiments. In this regard, we have chosen to compare with the recent CDMS-IT [84] and
XENON100 [85] results for spin-independent scattering.
In figure 16 we compare the cross sections for our otherwise acceptable model points

with these recent constraints. For each studied value of Mg, we show a “column” of cross

section values corresponding to different values of the other parameters. The cross section

falls steeply with increasing mass Mg. The different colors refer to the value of M, as

specified in the caption. Values above the curves are excluded by the CDMS-II (solid curve)

or the XENON100 (dashed, red) experiments. We can here make a few observations:

e For a given value of Mg, the cross section tends to get lower for higher values of M;

(see the color coding).
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Figure 15. Populated regions in the (a2, a3) plane, for Mg = 75 GeV, M; = 120 GeV.
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Figure 16. Direct-detection cross sections compared with the CDMS-II (solid, [84]) and
XENON100 (dashed, [85]) bounds. Magenta: M; < 120 GeV, green: 150 GeV < M; < 230 GeV,
blue: 300 GeV < M; <400 GeV, red: M; > 500 GeV.

e At low masses, Mg < 10 GeV, the model is compatible with the bounds.
e In the range 10 GeV S Mg < 50 GeV, most model points are excluded.

e Around Mg ~ 60 — 80 GeV, much of the parameter space is again compatible with
the bounds.
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e In the “high” region, the predicted cross sections are very low, implying that it would
be difficult to test (exclude) the model in the near future.

We should also stress that during the scanning, in the interest of covering as much of
the “interesting” parameter space as possible, we did not evaluate the cross section. This
is why some points violate the cross section constraint.

11 LHC prospects
At the LHC, one could imagine all the inert-sector scalars being pair-produced,
pp — SSX, AAX,SAX, Syt X, ApT X nty X, (11.1)

followed by the decay of A or n* to the lightest one, S.

In favorable situations, decays involving n* could lead to observable signals. It was
recently pointed out that in a related model [87], the combination of a small mass splitting
between the charged scalar and the inert one, together with a small mixing angle, can lead
to long-lived charged scalars that give displaced vertices in LHC detectors. In that model,
the small mass splitting comes about from the assumption of unification at a high scale. In
the model considered here, the small splitting is required by the appropriate prediction for
the present DM abundance in the case of a heavy S (the DM candidate). It is therefore of
interest to check whether similar experimental signals are expected here as well. We split
this discussion into two cases, according to the mass hierarchies.

111 Mg < My < My

The decay (via a virtual W)
nt — Stty, (11.2)

has several similarities to the familiar muon decay. The main differences are that (i) a
scalar-scalar-vector vertex replaces a fermion-fermion-vector vertex, and (ii) one of the
invisible final-state particles is massive. For the case of interest, M,+ — Mg < Mz, the
decay rate can be written as

2

Ly = 3%% (M= — Ms)°. (11.3)
We show in figure 17 mass differences, M,+ — Mg, for a random subset of the allowed
solutions found in sections 7 and 8. In addition, we show some more degenerate solutions
(ATM = M+ — Mg = 0.1 GeV) for the high-mass region. In the low-medium-mass range,
the mass splitting is obviously too large to give any interesting lifetime for 7%+, as can also
be seen from figures 3-7. Even for Mg above the lowest allowed values of M+, the co-
annihilation Sn* — W*+ prevents a mass splitting less than a few GeV. However, in the

high-mass region, the mass splitting can be quite small, and longer lifetimes are possible.
The experimental signature in this case would be the observation of an n* track from
the production point up to the decay vertex (nT — S¢F1;) followed by a kink corresponding
to the decay and a track of the charged lepton. Although bosons of the inert doublet must
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Figure 17. Left: Mass differences, A*M = M, + — Ms vs Mg. Right: Corresponding n* lifetime.

be pair produced, such a kink does not depend on the nature of the accompanying boson
being produced; be it nT, A or S, at least one kink is always there. Of course, in each case
some missing energy (through the presence of SS in the final state) will also be helpful.
The displacement of the decay vertex depends on the mass splitting and n* velocity, for
example, for ATM = 0.1 GeV, the lifetime is 4.5 x 10~7 s, and with a velocity of g = 0.1,
the decay length would be L = 13.6 m. This could easily be measured, and thus, e.g. for
B = 0.1 even a splitting as large as A*M = O(1 GeV) could lead to observable effects.

11.2 Mg < Ma < M=
In this case, if the mass splitting between A and S is small, My — Mg < My, so any A
produced would decay relatively slowly through A — SZ* — Sff with the width

Gk

Fa= 3073 cos? Oy

(M — Mg)?, (11.4)
The experimental signature in this case would be a displacement between the production
point and the A decay vertex, where the two tracks of the {71~ start. Again A would
be accompanied by A, S or n*, however at least one displaced vertex would be there,
regardless what is the nature of the other inert boson. In each case missing energy will be
carried away by two S bosons. In this case the displacement of the A decay vertex could
be determined down to 0.2 cm, therefore the observation would be sensitive to values of
My — Mg up to ~ 0.5 GeV.

12 Summary

We have explored in some detail the properties of the “IDM2”, an extension of the Inert
Doublet Model (“IDM”) [1, 2] to the case of an additional non-inert doublet [7], allowing for
CP violation. As compared with our earlier paper [7], we here implement the full positivity
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conditions, and run a full implementation of the model in micrOMEGAs [86]. Allowed regions
in the m,~M,+ and Ms—M; planes have been identified. Since our preliminary study [7]
was restricted by m, < M+, only the lower-right parts of figures 3-7 and figures 10-12
were accessible. We now see that, in most cases, a similar region above that diagonal (i.e.,
my > M+ ) is also allowed. For some ranges of Mg, it was found that the little hierarchy
problem can be significantly reduced.

In order to illustrate the strength of CP violation present in the model we generalize to
the three-scalar-doublet case the three CP-sensitive weak-basis-transformation invariants
Ji,2,3 (defined originally for two scalar doublets). It turns out that Im Jj 2 3 ~ 0.5—3, which
is five orders of magnitude more than the corresponding invariant in the Standard Model.

Constraints on the model from direct-detection experiments have also been studied.
In the region 10 GeV S Mg < 50 GeV, most model points are excluded by direct-detection
experiments.

Finally, if inert scalars are produced in vector-boson fusion at the LHC, we discuss
possible lepton signatures from the decays of the heavier partners of the DM candidate. It
turns out the measurable displacement of their decay vertex could provide an efficient way
to test the model, at least for the heavy DM case.
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A Couplings of the inert sector

Gauge couplings. The quartic couplings of two gauge fields and two inert fields will
have a “trivial” metric tensor factor, g"”, coupling the two gauge fields. In order to keep
a “light” notation, we suppress this factor. Furthermore, we denote the inert fields S, A
and n*. The heavy gauge fields are W* and Z, whereas the photon will be referred to as
~ (not A). In this notation, the quartic couplings involving two neutral inert fields are:

;2
SSWHW =, AAWTW™ %, (A.1a)

ig?

SSZZ, AAZZ: ——
’ 2cos? Oy’

(A.1D)
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whereas those involving two charged inert fields are:

AT

-2
T WAW %7
27 LCOSQ(QH )
e " 2co0s? Oy W

Ty 2ig® sin? Oy,

ig2 tan Oy COS(29w),

(A.2a)

(A.2b)

(A.2¢)
(A.2d)

(where for uniformity of notation we have not substituted e = gsinfy) and finally the

mixed ones are

There are no trilinear gauge couplings involving two identical inert fields.
vanishing trilinear gauge couplings (two inert fields and one gauge field) are:

SAZ :

N Z:

.2 2
—ig” sin® Oy
Sptzw .
K 2 cos Oy
2 o2
Fg° sin® O
AptzwT . T
U 2 cos Oy
. 2
SnEAWT %sinﬁw,

2
ApEawF .+ % sin Oy .

_—9
2 cos By
+ig

(pa —ps)s

SPEWT . —=(ps —py),

2

ApEWF o Lpa —pF),

2

_—Y9
2 cos By

ntnTy:  —igsinfw(pT —p7),

cos(20w)(p* —p7),

(A.3a)
(A.3b)
(A.3c)

(A.3d)

The non-

(Ada)
(A.4b)
(A.4c)

(A.4d)

(A.de)

where all momenta pg, p4 and p* are incoming, and carry the Lorentz index of the vector

field, in an obvious notation.

Scalar couplings. The scalar

introduce the following notation:

and

M2 —m?

=10+ N+A) = %
M2 —m?2
A =3ha+ X —Ac) = %7

Fj = cos BRj1 + sin R,

F; = cos fRjp — sin BR;.

couplings can be expressed in a compact manner if we

(A.5a)

(A.5b)

(A.6a)
(A.6Db)

The latter quantities satisfy |F;| < 1, and |Fj| < 1 since R is unitary. In particular,

Fy = cos(f — a1) cos az.

~ 31—



7.2 Exploring the CP-Violating Inert-Doublet Model

149

Trilinear couplings. The trilinear scalar couplings are:

SSH; :
AAH; -
SAH; :
SnEHT :
At HT
ntnHj:
SSGO -
AAG
SAGY :
SnFGE

AnTG*E

— 2i\puF;,
— 2iAvF,

— WA,
- %Uo\b + >\C)a

1
+ iv()\b —Ae).

(A.7K)

From eqs. (A.5) we note that the splittings ]\/fé - mfz and M3 — m% control the strengths of

important trilinear couplings of two inert neutral fields to a Higgs field. Likewise, M'gi —-m,

2
n

controls the strength of the inert charged fields to a Higgs field. If the dark democracy is

lifted, all these couplings (A.7) would be non-zero.

Quadrilinear couplings. The quadrilinear ones involving two neutral inert fields are

SSH;H;: —2i(A, — AR3),
SSH;Hy: 2i\.Rj3Rys, j#k,
SSHYH™ :  —i)g,
AAH;H; = 2i(Ap + A R2),
AAHHy, . —2i)RjzRys, j#k,
AAHTH™ : —i),
SAH;H;: — 2i\R;3Fj,
SAH;Hy: — i)\ (FjRys + RjaFy), j#k,
SSGOGY: - 2ik,
SSGTGT: —i),
SSH*GT : 0,
SSG°H; : 0,
AAGOG . —2iNg,
AAGTG™ 1 — i,
AAHEGT : 0,
AAG H; 0,
SAGYGY: o,
SAG°H; : —i).F},

— 32—

(A.8a)
(A.8b)
(A.8c)
(A.8d)
(A.8e)
(A.8f)
(A.8g)
(A.8h)
(A.81)
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and those involving two charged inert fields are

EpEHTHT - — 2,
7]*7]’H]‘Hj T — g,
ntnTHjH: 0, j#k,

Tty HYH™ : —i(Ma+ N,

EGTGT : — 20,

Tt HTGT 0,

't~ GG —i),,
7]+7]7G0H]v : 0,
nTTGTGT  —i(Ma + Ny,

ntyTHEGT @ 0,
and those involving one neutral and one charged inert field are
—q - 1
S’I/iH¥H]‘ : 771()\1, + )\{;)Fj + 5()\17 - )\{;)Rjg,
1 -
AFEHTH; I

SnrGFGY .+ %()\b — A,

SytHTGY . 0,

Sn*GFH; . — %(/\b +Ae)Fj,
AptGTGY . — %(Ab + ),
ArHTG . 0,

1
AEGTH; . F 56— A)F.

Ay — Ae)Fj — 5()\17 +Ae)Ry3,

(A.10a)
(A.10b)
(A.10¢)
(A.10d)
(A.10e)
(A.10f)
(A.10g)
(A.10h)

In eqgs. (A.7)—(A.10), the couplings listed as zero, would be non-zero if the dark democ-
racy were lifted. On the other hand, couplings not listed, are absent also when the dark

democracy is lifted.

Couplings involving four fields, all from the inert doublet, are

S§S88S:  —3ik,,

AAAA: —3iN,
SSAA: —i)\,
SSnty~: — iy,
AA™n™ 1 =iy,

T s =2,
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(A.11a)
(A.11Db)
(A.11c)
(A.11d)
(A.11e)
(A.11f)
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B Invariants Im Jy 53

The tensors Z;.; adopted in (9.1) can be expressed through the standard parameters used
in (2.3) as follows:
Zimi = A1, Zoz23 = A2, Z3333 = Mo
Ziin = Zmi =N Zimi = Zoia =M, 21133 = Z3ni1 = Aiss

Zyz3z = Zs3o3 = A2233, 21331 = Z3113 = M331, Zo3s3 = L3323 = A2332,

Z1312 = A5, Zata1 = A3, Z1313 = M1313,
* *
Z3131 = A313 Zy303 = A2323, Z3333 = Aaza3- (B.1)
We also have
01 =wv1/v, D2 =vwo/v, b3=uw3/v. (B.2)

The invariants Im .J; 2 3 expressed in the basis adopted here then read:

2
v
ImJ, =— ’U_i()\l — Ao+ )\1331 — )\2332)(1}%1111 )\5 + ’U%Im )\13]3), (B.3)
"2
Im JQ =— %(v%lm )\5 + ’Uglm /\1313)

x [ (A = A3 = A)2 =25 [?) vt + 2(A1 —X2)Re Asvivd — (A2 — Ag — Aa)?—|A5)%) v3

+ 20703 [(A1133 + M1331 — A2z — A2sza)(Miss + Msar — Az — A + Re Aiz13)
—ReAi313(A3 + Mg — A1) — Re AagasRe 5]
+ 20302 [(A133 + M3a1 — Ao2ss — Aosza)(A2233 + A2zzz — Az — Ag + Re Aagas)
+Re Aaza3(As3 + A — A2) + Re Aiz13Re A5 + Im Ag3131m A5)
+ v [JAiz13)? — (Mass + Aisar)?
+(A2233 + A23z2 — Re Aazas) (A2233 + Aaazz + Re Aazas)
+2(A1133 + A1331 — A2233 — A2332)Ay)

2iv? vivd
— L8 Im Aygi3Im As — -2 (Im Aygis)? |, (B4)
U3 Uy

2
v
ImJs = 171&()\1 — Ao+ Ai331 — )\2332)()\1 + Ao+ 2Xg + Ai331 + )\2332)(031111 As + U%Inl )\1313).
(B.5)
where, in order to retain generality we kept vs/ V2= (n) # 0, and made use of the relation
’U%Im A1313 + v%lm Aaza3 =0, (B.G)

which emerges from the minimization conditions for vz # 0.
In the dark democracy case, these results simplify to those given in egs. (9.3)-(9.5).
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