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Two dark matter candidates: The case of inert doublet and singlet scalars
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We consider a multicomponent dark matter model where the dark sector contains a scalar doublet and a
complex scalar singlet. We impose a discrete Z, symmetry to ensure such that the lightest component of the
doublet, A, and the singlet, S, are both stable. Interactions between the dark sectors impact significantly dark
matter observables, and they allow, in particular, to significantly relax the direct detection constraints on the
model. To determine the parameter space that satisfies relic density and theoretical and collider constraints as
well as direct and indirect detection limits, we perform two separate scans. The first includes the full
parameter space of the model, while the second is dedicated to scenarios with a compressed inert doublet
spectrum. In the first case, we find that the singlet is generally the dominant dark matter component, while in
the compressed case the doublet is more likely to be the dominant dark matter component. In both cases, we
find that the two dark matter particles can have masses that range from around m,,/2 to over the TeV scale.
We emphasize the interplay between cosmological astrophysical and collider constraints and show that a large
fraction of the parameter space that escapes current constraints is within the sensitivity reach of future
detectors such as XENON-nT, Darwin, or the Cherenkov Telescope Array. Important collider signatures are
mostly found in the compressed spectrum case with the possibility of probing the model with searches for
heavy stable charged particles and disappearing tracks. We also show that semiannihilation processes such as

S8 — AZ could give the dominant signature in indirect detection searches.
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I. INTRODUCTION

The hypothesis that a new weakly interacting particle at
the electroweak scale could explain dark matter (DM) has
been subjected to a host of experimental tests both in
astroparticle and particle physics [1-9]. Indeed, one of the
most attractive features of these scenarios, beyond their
theoretical motivation, is the strong correlation between
DM production in the early Universe and DM signatures
in direct detection (DD), indirect detection (ID), and at
colliders. These experimental searches have in recent years
severely restricted the parameter space of typical weakly
interacting massive particles (WIMP) models [10,11].
While the searches for WIMPs continue in order to cover
as much as possible the large theoretical space of DM
models, at the same time many more avenues are being
explored for DM candidates [12]. These include extending
the range of DM masses from the subGeV [13] to the multi-
TeV regions [14] or of interaction strengths from feebly
[15—17] to strongly interacting [18—21]. Another possibility
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is to consider a more complex dark sector that features
more than one stable particle contributing to DM. The
hypothesis of multicomponent DM has been entertained for
a long time, the archetype being models with a WIMP DM
and another very weak or very light particle (axion, axino,
gravitino) [22-25]. Within these models, there are no
significant interactions between the DM candidates, and
most of the studies of the WIMP phenomenology can be
directly applied after rescaling the DM density relevant for
astroparticle searches to take into account the fact that
the WIMP would contribute only to a fraction of the total
DM relic density. Collider signatures of these WIMPs are
typically independent of the second component unless the
spectrum of the dark sector is compressed and the second
component which contributes to DM coannihilation has a
typical long-lived signature. Moreover specific searches for
feeble and/or very light particles are being pursued, notably
the searches for axionlike particles [26,27] of very light
DM in beam-dump experiments or of particles that are so
weakly coupled that they decay outside the detector [28].
In another class of scenarios, the interactions between the
WIMP DM components can be large; thus, they can impact
DM production and the relic density prediction. For
example, one of the DMs could even be decoupled from
the Standard Model (SM) and be thermalized only through
its interactions with the second dark sector, a process
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dubbed assisted freeze-out [29]. More generally, interactions
between two dark sectors would contribute to DM formation
even when both interact with the SM [30,31]. Processes
such as semiannihilation [32-34] where two DM annihilate
into a DM and a SM particle or processes called dark
annihilation or DM conversion where a pair of DM particles
annihilate into another pair of DM particles [35,36] as well
as the decay of one DM into another component can all play
important roles in the early Universe. Examples of simple
extensions of the SM that have these features include models
with two scalars [30,37-42], two fermions [29,43-47], or
two vectors [48,49] as DM candidates and models with a
combination of scalar, fermion, and vector DM [50-58] as
well as other multicomponent models [59-62]. In such
models, the DM components can be stabilized by a discrete
symmetry such as Z, x Z, [63-66] or Zy with N >4
[31,67-71] The modifications to DM formation not only
impact the value of the relic density but also of various
observables such as DM direct detection through DM
scattering in a large underground detector and/or specific
indirect detection signals from DM annihihilation in the
Galaxy, as will be detailed below. Moreover, structure
formation and other cosmological simulations were per-
formed within multicomponent DM scenarios [72-74].
One of the advantage of multicomponent DM models is
that they can explain observed cosmological and astrophysi-
cal anomalies that require DM with different mass scales.
Typically, the self-interacting DM that can fit the observa-
tions on small cosmological scales is very light [75-77],
while DM that can explain the gamma-ray excess in the
Fermi-LAT data is rather at the electroweak scale [78,79].

In this paper, we consider a model which contains both a
doublet and a singlet of scalars in addition to the SM
particles, the inert doublet and singlet model (IDSM). We
impose a discrete Z, symmetry and require different
charges for the doublet and the singlet [30]. This guarantees
the stability of the singlet and of the lightest neutral
component of the doublet if its decay to two singlets is
kinematically forbidden. Moreover, in the specific case of a
very compressed spectrum, there can also be a third DM
candidate when the second neutral component of the
doublet is almost stable. This model, in the limit where
the singlet and doublet decouple, incorporates the cases of
the much-studied inert doublet [80—82] and scalar singlet
[83—88] dark matter models. Having a second dark matter
component contributes to relaxing several of the constraints
on the submodels even when imposing that the total relic
density completely matches the value determined precisely
by PLANCK [89,90]. In the scalar singlet model, the
coupling that is necessary to provide efficient annihilation
of DM in the early Universe is the one that is responsible
for DM interactions with nuclei; the two requirements are
compatible only for a narrow window when the DM mass is
close to half the Higgs mass or for heavy DM above the
TeV scale [84,91-95]. Interactions between the two dark

sectors adding processes such as DM conversion and
semiannihilation [32-34] mean that a reduced coupling
of the singlet can be sufficient to prevent overproduction
of DM in the early Universe, thus loosening the direct
detection constraints as is detailed later.

The inert doublet model is also subject to strong constraints
if the DM mass is below the W mass. Here again, efficient
enough annihilation in the early Universe requires either a
large coupling to the Higgs or coannihilation with the heavier
members of the doublet. The former is constrained by direct
detection and by invisible Higgs decays, while the latter by
collider constraints from Large Electron-Positron Collider
(LEP) on charged Higgs [96]. As soon as the WW channel
opens up, annihilation becomes very efficient, and the relic
density lies below the measured value unless DM is at the
TeV scale [96-99]. The IDM therefore provides typically
only a subcomponent of the total DM. In addition to DD, the
model is also constrained by indirect detection [100-103] as
well as by LHC searches for monojets, multileptons, and or
invisible Higgs [104-111]. The presence of another DM
component will not only provide a complete picture for DM
but also the interactions with another DM component will
alter the phenomenology of the IDM.

Our goal is first to make an up-to-date analysis of the
constraints on the Z4IDSM model including theoretical
constraints such as perturbativity and vacuum stability as
well as experimental constraints at colliders (scalar searches
at LEP, electroweak precision, Higgs properties, and
searches for new particles at LHC), and in astroparticle
searches (direct and indirect detection). At the LHC, the
most powerful searches apply in the case of light DM (below
my,/2) and in the case of a compressed doublet spectrum
when searches for disappearing tracks and heavy stable
charged particles are relevant. Direct detection searches, in
particular, XENONIT, contribute to strongly constrain the
model. Current indirect detection searches with photons have
more moderate impact because the dominant DM compo-
nent is typically rather heavy while they constrain mainly
the region where DM is at the electroweak scale. Indirect
searches with antiprotons allow one to probe the model,
although these searches are dependent both on the DM
profile and the cosmic ray propagation parameters. After
having ascertained the current viability of the model, we then
discuss the potential of future searches to further probe the
model. Among these, we include prospects for direct
detection searches with XENON-nT [112] and DARWIN
[113] as well as indirect detection with Cherenkov Telescope
Array (CTA) [9]. We also comment on the potential of
improved searches for invisible Higgs and for monojets at
colliders, although these are of limited interest after taking
into account all astrophysical constraints.

The paper is organized as follows. The model is
described in Sec. II and dark matter observables in
Sec. III. Section IV reviews various constraints on the
model, and the results of the parameter scan are presented
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in Sec. V both for the generic case and for the compressed
doublet scenario. Section VI contains our conclusions.

II. THE MODEL

The model features the gauge symmetry and the fer-
mionic content of the SM, while the scalar sector contains
in addition to the SM scalar doublet Higgs H an inert
doublet A’ and a complex singlet S. The inert doublet has
hypercharge 1/2, and the singlet has zero hypercharge. We
assume that all particles of the SM, including H, are
invariant under a discrete Z, symmetry, while the extra
doublet and singlet have different charges. This choice
provides the simplest way to have two DM candidates, the
singlet and the lightest component of the doublet. The
transformation properties of the discrete symmetry corre-
spond to a phase rotation, ¢ — exp!”/2Xs) ¢p. There are two
|

2

possibilities for the Z, charge assignment. The first one
corresponds to Xg = 2; X = 1, while for the second one,
Xg¢=1; Xz = 2, and in both cases, Xy = 0. We focus on
the latter choice as it offers more possibilities for DM
formation; namely, it allows for semiannihilations where
two DM particles annihilate into a DM particle and a SM
particle [32-34]. With this choice of charge assignment, the
first dark sector contains the complex singlet,' while the
four particles of the second doublet belong to the second
dark sector. All fields that are not invariant under Z, belong
to one of the dark sectors and are denoted with a tilde. We
assume that the Z, symmetry is not broken; thus, H and S
do not couple to fermions. We assume that only H develops
a vacuum expectation value that spontaneously breaks
SU@2)x U(1), (H)=v/v2 with »=246 GeV and
(H'Y = 0, (S) = 0. The scalar potential reads

v*\ 2 ~ - - - Mo ok = - o
Vo, = (1P =5 ) 4 U1+ Y 1P + ASE + (3 5 + A SPIBP + 4lSPP

2

. . A ~ ~
+ 2| HP[H' + 24(HH')(HH) + 2 [(HTH') + (AT H)?)

As12 zo i L et o A2 g z
+ 750 (SPHUH + SPHH) + =5 (S H + SPHH'), e

where the components of the dark doublet are

_ —iHt
H = g},-;x : (2)
2

with masses My, My, M, in an obvious notation. The
lightest neutral component of the doublet, either H or A,
can be one of the DM components. For definiteness in the
following, we assume that the pseudoscalar A is the DM
component, and similar results are expected for H. The
complex singlet, S, with mass Mg is the other DM
component. In the following, we denote all fields of the
dark sectors with a tilde to distinguish them from standard
model fields; thus, we use the notation S,S’ for the
complex singlet dark matter. The scalar sector of the model
has 13 independent parameters. We use the five masses of
the scalars, M, for the SM Higgs which we fix at 125 GeV,
and My, My, My, Mg, as well as eight couplings,

/12’/137/15’/13‘9/1517152’/1512’/1521' (3)

The remaining parameters of the potential can be simply
related to these through

'Note that a mass term that split the real and imaginary
components of the singlet is not allowed by the Z, symmetry for
this charge assignment.

|
M v? v?
11:—21}22 ﬂ%:M%,i—/%?; M%ZMﬁ—lm?
2 2 2
. MY+ M -2M;. ; M3 - M3 ()
4 — 1)2 s 5 — UZ .

For the doublet, the mass parameters can also be replaced
with the mass difference with DM,

A+:MH+—MA, AOZMH—MA. (5)
Among the couplings in Eq. (3), the quartic self-couplings
As, A for the singlet and A, for the doublet will play little
role in DM observables. In the inert doublet model, it is
customary to choose as the independent parameter the
coupling Ay, = A3 + A4 + As which determines the hH H
coupling, —vlyy,, or Au, = A3 + 44 — A5 which sets the
hA A coupling given by —vl,,. These are simply related
to our independent parameters,

2
Aun = 43 —;(Mii Sk

2
/lAhZ/%—F(M%,t—Mi)- (6)

Other trilinear couplings that will be relevant for the
following analyses are the coupling hH* H~, —vl; as well
as the couplings involved in semiannihilation, the trilinear
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coupling S S A, iv(dg; — Ag2)/2, and the coupling S S A,
v(As21 + As12)/2. Note that in order to have two stable DM
candidates, the decay of the lightest component of the inert
doublet into the singlet must be kinematically forbidden;
thatis, M,y < 2Ms. When this condition is violated, only
S is the DM, and the model effectively reduces to the scalar
singlet model as is discussed in Sec. V. In this model, the
DM phenomenology is similar whether the scalar or the
pseudoscalar component of the doublet is the DM candi-
date; in the following, we choose the pseudoscalar as DM.

We have also included in the model effective vertices for
H*Az* and H*Hz™ interactions. These vertices become
relevant when the mass splitting between the charged and
neutral Higgses is below a few hundred MeVs [114]. In this
case the dominant decay mode is A* — z*A, which has
a much larger decay width then the one computed for
decay into quarks H* — udA. To this end, following
Refs. [96,115], we introduce the nonperturbative W — z
mixing through the Lagrangian,

[:_gfﬂ

=L WHokn, 7
AL )
such that the H+Azn~ vertex is defined as
2
9 S
_JJx L P 8
4\/§M%V (pH pA) P ( )

where f, =130 MeV, and ¢ is the SU(2) coupling
constant. For decays that take place on the mass shell,
the vertex reduces to ¢*f,/4v2(M%, — M3)/M2,. This
effective vertex is taken into account only if A™ lies in the
range 140 MeV < AT <500 MeV. For smaller mass split-
tings, the charged Higgs decays into leptons and a neutral
Higgs. For larger mass splittings, the decay of the charged
Higgs is prompt, and the decay width into quarks gives an
accurate enough result as is shown in [116].

For completeness, we mention that there is an alternative
charge assignment corresponding to Xy = 2 and Xy = 1;
however, in this case, semiannihilation processes are not
allowed. The phenomenology of this model will be dis-
cussed in a separate publication. Finally, we stress that we
treat the model at tree level, and we assume that all
parameters are input at the electroweak scale. We have
estimated the loop corrections to the masses of the scalar
sector and found that small mass splittings will be induced
even for a completely degenerate tree-level spectrum;
typically, the mass split with the DM lies below
~500 MeV (50 MeV) for the charged (neutral) component
[117]. For self-consistency with the relic density calcu-
lation which is performed at tree level, we therefore chose a
complete tree-level treatment, keeping in mind that small
mass splittings are justified as arising from one-loop
corrections. For a complete discussion of the impact of

one-loop corrections on the relic density in the inert doublet
model, see Ref. [118—122]. The one-loop corrections to the
3-body decay width of the charged Higgs into DM and light
leptons were computed for a few typical points and found
to be around the percent level [123], thus justifying a tree-
level treatment.

III. DARK MATTER RELIC DENSITY

The relic density of DM provides one of the most
important constraints on the model after we impose the
condition that the total relic density of the two DM
candidates matches the value measured by PLANCK
[89]. Before discussing in general terms DM production
in the early Universe within the Z, model, we first briefly
review the main characteristics of DM in the IDM and in
the scalar singlet model, which in the limit where the two
sectors decouple form the two components of DM in the
ZAIDSM model.

In the scalar singlet model, all annihilation channels
depend on Ag;, the coupling between the scalar singlet
and the SM Higgs. Thus, the relic density basically fixes
this parameter to Ag; ~ 0.15(M /1000 GeV) except in the
region Mg~ m;/2, where it can be much smaller.
However, the same coupling also enters the direct detection
cross section. Typically, a coupling large enough to provide
sufficient DM annihilation in the early Universe leads to a
direct detection cross section in conflict with XENONIT
results unless the DM is above the TeV scale. A narrow
region around mg ~ m,, /2 that satisfies DD constraints also
remains [84,91-94].

In the IDM, the relic density is driven mostly by gauge
couplings and by the DM coupling to the Higgs, 1y, or 44,
for the scalar or pseudoscalar DM, respectively. Typically,
DM is underabundant when annihilation into W pairs are
kinematically accessible. An important exception is found
when the spectrum is compressed and Mpy; > 500 GeV.
In this case, the annihilation into longitudinal gauge
bosons can be suppressed, thus allowing for a relic density,
97] Qh?* ~ 0.1]. Below the W threshold, the inert Higgs can
account for all of the DM if its coupling to the Higgs is
large; this is however constrained from direct detection. In
this region, underabundant DM is also found if the mass
of the inert Higgs is such that M, ~ m;/2, and the DM
annihilation cross section is enhanced by a resonance or for
a compressed spectrum which benefits from many coanni-
hilation channels. Note that the spin-independent (SI) direct
detection cross section also depends on Ay, (44,,) so that the
largest values of this coupling are excluded even when the
inert doublet is only a subcomponent of DM.

A model with an inert doublet and singlet helps relax
these constraints. In particular, the additional processes
participating in the DM singlet annihilation (DM conver-
sion or semiannihilation) mean that lower values of Ag; are
allowed, thus avoiding strong direct detection constraints
on the singlet DM component. Moreover the same process
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others contribute to {vs?2%).

can also reduce the fraction of the doublet component,
hence helping evade direct detection constraints. In the next
subsection, we illustrate the impact on the relic density of the
interactions between the two dark sectors.

A. Interactions between dark sectors

In the following, we split the particle content in different
sectors according to their Z, charge. The dark sector 1
contains the singlet, and the dark sector 2 contains the
doublet, while all SM particles are in sector 0. The two DM
candidates are the singlet, S, and the lightest neutral
component of the doublet which we take to be A. The
equations for the thermal evolution of the abundances, Y/ ,,
in the two dark sectors read

dy . v
3H— - = (06! ) (1} = }) + (00'') (Y% -7, Y—‘)
2
V2
+ (vo!122) <Y% -Y3 Y_é> ;
2
dy, o1 V2
3HW _ <v02200>(Y% _ Y%) = (v51120) <Y% — Yzy—;)

YZ
+ (v6"210YY, (Y, = V,) + (06?1 (Y% -v? 2> :

©)

Here, it is assumed that all particles within a dark sector are
in chemical equilibrium. Y , are the equilibrium abundan-
ces in each sector, and s is the entropy density, H the
Hubble parameter, and (vo/X) the thermally averaged
cross sections for all processes of the type i,j — k,!
involving particles in sectors 0, 1, and 2. In these equations,
there is an implicit summation over all particles that are

Sample Feynman diagrams for DM annihilation into gauge bosons; the first diagram on the left contributes to (v

¢'100) while

involved in a given subprocess; e.g., (v6*2°) includes all

processes involving the annihilation of pairs of H*, H,A
into pairs of SM particles. As in single DM models,
coannihilation processes involving heavier particles of the
dark sector are strongly suppressed. Note that the thermally
averaged cross section vo'/¥ satisfies the balance equation

1 - - . 1 - - .
<1 —55”) Yl-Yj<l)GUkl> = (1 _55k1> Yle<UUkll]>. (10)

Figure 1 shows sample diagrams contributing to DM
annihilation into SM particles within each sector. The
interactions between the two dark sectors leading to DM
conversion (vo'1??, v6??!!) and the presence of semiannihi-
lation terms (v6'1?%) can strongly affect the relic density of
each DM candidate, while semiannihilation of the type vo!?10
will only impact the second DM. Processes which contribute
to DM conversion, e.g., SS* <> AA, H H, H* H~, are driven
either by quartic interactions which depend on the coupling
Asp or by annihilation through the SM Higgs which is
proportional to 4,,4g;. Samples of Feynman diagrams that
contribute to these processes are shown in Fig. 2.

To illustrate the effect of the interactions between the
two dark sectors on the relic density of DM, we consider
two sample scenarios. For both, we fix M, = 120 GeV,
Mg =250 GeV, and A3 =8 x 1073, We choose three
values for the semiannihilation couplings Ag;, = 0, 0.01,
1, while always imposing Ag;, = —Agp; to maximize the
coupling of the singlet to the pseudoscalar DM, SSA. In
addition for the first scenario, we take My+ = My =
125 GeV and Ag; = 1073, while Ay, is a free parameter.
For the second scenario, we allow a larger mass splitting
between the doublet components by choosing My+ =
My =200 GeV, and we fix Ag, = 107> leaving Ag; as a

S s A S A S s A gt r 8
59 < AR | < < SRS <
\ 7 \ ’ A ~ ’ \ = ’
\ h , Ay \ H / \ S ’

y oot X s e R SRR v
/2DN by \ N 7 7, \
s1 Ah AN ‘,(/\521 +Ag12) ‘I(AS21 —As12)

S”T, ‘\ A Sfl A § Z A \ h

FIG. 2. Sample Feynman diagrams for processes that involve interactions between the two dark sectors; the two diagrams on the left

contribute to (ve!!??), the third to (vs''?%), and the one on the right to (ve

1210>.
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Dependence of Q4 (red) and Q,h> (blue) on Ag, (left) and Ag; (right) for Ag;, = —Agy; = 0, 0.01, 1, M, = 120 GeV,

Mg=250GeV, and A; =8 x 1073, Other parameters are set to (left) My =M, =125GeV, Ag, = 1073 and (right) M+ = My, =
200 GeV, Ag, = 107>, The black lines (dashed-dotted) show Q;h%> when interactions between the dark sectors are neglected.

free parameter. These two scenarios are used to illustrate
the dependence of the relic density on the parameters Ag,
and /1S2 or ﬂ.s].

For the choice of parameters corresponding to the first
scenario, we obtain A, = —3.2 x 1072, Thus, processes
which contribute to DM conversion are driven by the
quartic coupling Ag, since the annihilation through the SM
Higgs which is proportional to 14,4, is suppressed. When
we neglect semiannihilations, that is, Ag;, = 0, the relic
density of the singlet is very large when both Ag;, 4¢, < 1,
see Fig. 3 (left panel). Since S which is heavier freezes-out
when A is still in thermal equilibrium, 11 — 22 processes
act as additional annihilation channels for S‘; thus, we
observe a sharp decrease in ©, when vs''?> becomes
larger than 6%, This occurs for Ag, > 1073. The behav-
ior of Q, is different. First note that because of gauge
interactions with the SM sector, €2, is typically quite small.
Turning on the interactions between the dark sectors leads
to an increase of €, with Ay, due to 11 — 22 processes.
Increasing Ay, further, this channel progressively becomes
less efficient because the abundance Y decreases sharply;
the turning point is around g, = 1073, For larger values of
Asr, €, is mostly set by the interactions of the second dark
sector with the SM. This is the case even when Ag, becomes
O(1) since the kinematic suppression of the channels
22 — 11 prevents these channels to contribute significantly
to ©Q,. The impact of semiannihilation processes on €; and
Q, is similar to that of DM conversion in the sense that
an increase of Agp, leads to a decrease of €, while Q,
increases due to processes such as SS§ — Ah or Sh — STA
as can be seen in Fig. 3 in the limit of small A5, and for
As1o = 0.01. For larger values of Ag;, = 1, semiannihilation
does not impact €2, because the abundance Y is small.

For the second scenario, we illustrate the dependence on
Ag1- Recall that this coupling of the singlet to the SM Higgs

enters both annihilation processes of the singlet into DM
particles as well as into pairs of doublets. However, since S
is heavier than A, the latter has little impact on the singlet
component. Indeed, in the limit where semiannihilation can
be neglected (1g, = 0), we find that v6''% gives the main
contribution to Q; which decreases when Ag; increases.
Moreover, the value of Q4% matches the one obtained
neglecting all interactions between the dark sectors, see
Fig. 3 (right panel) where the red and dashed-dotted lines
are superimposed. Note that when A5, becomes very large,
the annihilation channel SST — hh becomes dominant
as the t-channel diagram grows as A%, hence the steeper
drop in Qh%. For the doublet component, the larger mass
splitting as compared to the previous case leads to a larger
value for 44, = —0.84. Thus, we expect efficient annihi-
lation of the doublet into SM particles. Indeed including
only those processes, we find Q,h*> = 1.1 x 1073. DM
conversion processes proceed through the s-channel SM
Higgs exchange; e.g., SS7 — h — A A, since g, is small.
These processes can significantly increase the abundance
of the doublet; for example, for Ag = 1075, we find
Q,h? = 7.7 when all processes are included. The impact
of DM conversion is not so drastic for larger values of A¢;
because it depends on Y which is suppressed at larger Ag;.
In fact for large Ag;, we expect little dependence of Q,
on Ag;, as seen in Fig. 3 (right panel). As in the previous
example, semiannihilation terms decrease €2; and have the
largest impact at small values of Ag; where Y, is large.
Moreover semiannihilation typically also leads to a
decrease of ,. However, as explained above, semianni-
hilation processes such as S § — Ah or Sh — STA can lead
to an increase in Q, if Y, is sizeable; this occurs for
moderate values of Ag;, = —Agy; = 0.01.

We also consider the case where the two neutral
components of the neutral doublet are nearly degenerate.
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In this case, we solve three components equations, one for the singlet, the second for the doublet components A, A, and the
third for A. The reason for this is that A can have a small decay width, and it might not remain in chemical equilibrium with
A and A, hence the need for a separate equation for the abundance of A. Note that we explicitly take into account the
decay term corresponding to processes such H — Ah. The equations for the abundances read,

dy - Y
3H=+ = (va1) (Y} - 73) + ) {(ﬂd“k% <y§ —Y
ds k=23 Y
30— (066490 (v2 _ 72) 4 (v ( ¥2 -
ds k k k 1 Y2

Y2

* Y,Y,

(vo*h23) <Y Y V5=

2

N = =

k

where k =2, 3, k¥ =5 —k, and

D = Zga ( (I/T)

ack Zﬁekgﬂm}Kz (mﬂ/T)) a—k',SM”?

gum 18 the partial decay width of the decay for

where I')_ o
one DM into another DM and SM particle, and m,, are the
DM masses. K ;(x) are the Bessel functions of the second

kind and order .

B. Indirect detection

The total number of events corresponding to DM pair
annihilation is

1
N = Zﬂ UU”( 251‘1‘), (13)
where

V=2 (15)

are, respectively, the number densities for DM; and the total
DM number density. &; is the relative contribution of DM;
to the total DM density, & = Q;/Q,, and &, + &, = 1 for
two-component models. (vs'/) is the short-hand notation
for the cross section for annihilation of DM;DM; into
at least one SM final state. We can define an effective
annihilation cross section,

(vo) :W. (16)

YZ o Y2
Y2 ) + <1}O'kkkk > (Y% Y2 )

_ .7
>+ (062530V(Y, Y5 — ¥, V3) + <11023”)<Y2Y3 Y22 3)

_2> ( 11k1<>< 2 2Y2>] ( 1123>< 2 Y% )
+ (vo Yi-Y + (vo Yi{-Y,Yi=—=],
k i SR A2

(11)

K Y2

l

% _ 7, ¥y
(vo'1K0) (Y% - YkY—l> + (" 10 (Y1 Y = Y1 Y ) + D (Yk - Yy ?k’) — D (Yk’ - YkY—k>’ (12)

To define the production rate of particles a (here photons
or antiprotons) from DM annihilation, we keep the same
notation as for one-component DM,

1, dNe(E)

YE) == 17
0°(E) =5 (o)™ ==, (17)
where the total yield reads
1 _dN%(E)
a — N N i 2
Q“(E) =) (1 —§5ij>Pi pj <w]>dT’ (18)

i<j

and dN¢, / dE is the energy distribution of particle a
produced in DM,;DM; annihilation, while dN“/dE is the
effective spectrum for particle a.

The contribution of a given channel to the total cross
section, for example, Br(AAWW) for AA > WW, relates
the annihilation cross section for that process to the total
cross section,

(v

Br(AAWW) = oo
vo)p

(19)

IV. CONSTRAINTS

A. Theoretical constraints

(1) Perturbativity

We impose the condition that the vertex factor in the
Feynman rules for quartic interactions must be smaller
than 47. This ensures that the one-loop corrections are
smaller than the tree-level contributions [124]. This
imposes an upper bound on the quartic couplings; if a
coupling enters several vertices, we choose the strong-
est bound. This leads to the condition,
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(ii)

(iif)

(iv)

2
/12<?”, sl <4 |hs + 4| < 4z,
|l4j:),5|<8ﬂ', |j.3 +ﬂ.4:|:j.5|<477:,
|)¢5| < 271', M’Sl| < 477.', |/152| < 477.',

Perturbative unitarity

For all scalar-scalar scattering processes at high
energy, the partial wave unitarity condition should
be satisfied for all scattering amplitudes. We impose
the condition that the eigenvalues of the scattering
matrices derived in [69] should all be smaller
than 87.
Stability conditions of the potential

To ensure that the quartic potential is bounded
from below, we write the matrix of quartic inter-
actions in a basis of non-negative field variables
(in the 72, s* basis defined in [69]) and demand this
matrix to be copositive [125]. Thus, we obtain the
following general stability conditions:

Ay >0, Ay >0, -4 >0, (21)
A3+ 2/ > 0, (22)
A3+ A4 = |As| + 2/ 414, > 0, (23)
VALA + Ay >0, (24)
where

Ay = Ay cos*y + Ay sinty

+ (A3 + (A4 + A5 cos (2@))p?) cos? y sin’ y

(25)
Aoy = Ag + X cos (4Dg), (26)
1 2 )
A12 = 5 [/‘LSICOS Y + lszsln V4
+ psiny cosy(Ag cos(® — 2Dy)
+ Ag12 cos (@ + 2Dyg))]. (27)

The last condition has to hold for all values of the
arbitrary parameters p, y, ®, ®@¢ within the respective
range 0 < [p| < 1,0<y <5, 0<P <27, and 0 <
Oy <27 [69]. It is sufficient to compute the mini-
mum of \/A;1 Ay, + Ay, and check that it is positive.
Two stable dark matter candidates

To ensure two stable particles, it is necessary to
prevent the decay channel A — §S. Since this

035018-8
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process is allowed for our choice of Z, charges,
we impose the condition M, < 2M.
Electroweak precision tests (EWPT)

The electroweak precision parameters S,T are
sensitive to physics beyond the SM, and in this
model, the one-loop contribution arises solely from
the new scalar doublet and thus are similar to
the IDM,

S = 2am Gy B ala) = A, )
OB (a3f5() ~ 0] 28)
where
fa(x) = =5+ 121og(x),
fr(x) =3 —4log(x), (29)

and X1 :MH/MH+’ Xy =
Szﬁlog(xl),

MA/MH+' Whenxl = X3,

T = s (M3 M) + (M3 M)
— fe(M3, M3)], (30)
where
x—y y
fe(x,y) =0 xX=y. (31)

Assuming a SM Higgs boson mass m;, =125 GeV,
the values of the S and T parameters in the limit
U = 0, have been determined to be

S =0.06 £+ 0.09, T =0.1+£0.07, (32)
with a correlation coefficient +0.91 [126]. The
EWPT data prefer a modest value for the mass
splitting between the charged and neutral components
of the doublet, roughly A™ < 500 GeV as can be
seen in Fig. 4. When scanning over the parameter
space, we have computed S and T for each point and
have required that they fall within the ellipse corre-
sponding to the 95% CL limit.

B. Collider constraints: LEP

In the low mass range, LEP experiments constrain the

®

parameter space of the model; these limits are similar to the
ones obtained in the IDM,

Widths of W and Z bosons
The precise measurements of the W and Z
widths impose that the decay of the gauge bosons,
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FIG. 4. Values of the mass difference A" and of the couplings of the two DM to the Higgs, A4, As;, that satisfy all theoretical
constraints together with LEP and electroweak precision constraints.

(ii)

(iif)

Wt - HH*,AH" and Z — A H, H" H™ should be
kinematically forbidden; thus,

Mo+ My >My,  My+ My > My,
MH+MA>MZ’ ZMH+>M2. (33)

Dijets and dileptons

The process ete™ — H A could lead to a visible
dijet or dilepton signal from A — A f f; a reinter-
pretation of searches for neutralino pair production
in Ref. [127] rules out the region defined by the
intersection of the conditions below:

My <80 GeV, M, <100 GeV,
if My — My > 8 GeV. (34)

Charged Higgs

The process et e~ — HTH~ at LEP2 sets a limit
Mpy+ > 70 GeV as a result of the reinterpretation
of limits on charginos [128]. The lower limit on the
charged Higgs is more stringent in the case of a
compressed spectra. If the charged Higgs is long
lived with a lifetime 7 > 107° sec, searches for
heavy stable charged particles further restricts the
charged Higgs to be Mpy+ > 100 GeV [129].
Moreover it also constrains lighter charged Higgses
if their lifetimes are such that 95% of them have
decayed before 3 m. For My+ =70 GeV, this
corresponds to 7 > 3.1 x 107 sec.

Applying theoretical constraints (stability and unitarity)
as well as electroweak precision test limits and LEP
constraints for the general scan leads to an upper limit
on the mass difference within the scalar doublet, Fig. 4
(left), while the couplings of the two DM to the Higgs cover
the whole range used in the scan, Fig. 4 (right).

C. Collider constraints: LHC

Precise measurements of the properties of the Higgs
at the LHC further constrain the scalar sector, only two
channels can be affected in the Z4IDSM.

(i) Invisible decay of the Higgs

For light DM, the SM Higgs can decay into two
DM scalar particles. The direct 95% CL limit on
the invisible width was set by CMS at 19% [130]
using the vector boson fusion process. A more
stringent limit was obtained by ATLAS by combin-
ing searches for an invisible Higgs produced in
vector fusion or in association with top quarks at
13 TeV with various searches at 7 and 8 TeV [131].
We use the latter limit,

Br(h — invisible) < 11%. (35)

(i) The diphoton decay rate
The charged Higgs contributes to the one-loop
induced process h — yy decay. The corresponding
partial decay width is computed within micrOMEGAs
[132], and this is compared with the experimental
upper bound using HiggsSignals [133].
Finally, new physics searches at the LHC allow one to probe
the model; those are monojet searches, disappearing track
searches, searches for heavy stable charged particles (HSCP)
and dileptons plus missing transverse energy (MET).
(i) ATLAS monojet search
The processes that lead to a monojet signature
include pp — AAj, as in the IDM model and
pp — SS8Tj. A recast of the monojet search was
performed in [134,96] in the IDM. The exclusion in
the A4, — Mpy plane for different luminosities
shows a sensitivity around 4,;, = 0.03 for Mpy <
60 GeV which degrades to O(1) as soon as the
SM invisible Higgs threshold is crossed. We have
used the exclusion for 20-100 fb~! as well as the
projection for 3 ab~!. They have little impact on the
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(i)

(iif)

parameter space of the Z4IDSM model. We have
also estimated the contribution of the singlet scalar
which for Mg = M, and Ag; = 14, is twice that for
the pseudoscalar doublet. As we see in the follow-
ing, the higher mass and the different range of
couplings allowed entail that the singlet does not
contribute to present or future monojet searches at
the LHC. An analysis of the monoZ and monoH
processes in [96] also finds that only the region
where My < 60 GeV could be probed even with the
high luminosity (3 ab~!). Thus, we ignore these two
processes in the following.
Jj + MET from vector boson fusion

The processes that lead to this signature include
pp — AAjj, as in the IDM model, and pp —
SS7jj. In the inert doublet model, a recast of a search
for an invisible Higgs produced through vector boson
fusion (VBF) from the CMS Collaboration in Run 2
[130] was performed in Ref. [135]. The VBF proc-
esses was found to be more constraining than the
above mentioned monojet search from a recast of the
ATLAS Collaboration result [136] based on CHECK-
MATE [137,138]. The VBF process rules out only the
region Ay, > 1(3) for My ~ 65(70) GeV and only
Agn > 10 for My = 85-100 GeV. We expect similar
limits to be obtained on A4, in the case where the
pseudoscalar is the DM. In the following, we see that
such large values of 14, are not allowed by other
constraints in the ZAIDSM model; thus, this process
does not restrict further the parameter space of the
model. We also checked that additional contributions
involving the singlet scalar were always much sup-
pressed relative to the doublet contribution, hence
would not give additional constraints.
Long-lived particles

When the mass splitting between the charged
Higgs and DM is small (at most few hundred MeVs),
the charged Higgs is long lived. There are two collider
searches aimed at long-lived particles that can be
relevant in this model: the search for heavy charged
particles (HSCP) and the disappearing track search
which corresponds to the charged Higgs decaying
into soft particles and DM with ¢z ~ m. To compute
reliably the lifetime of the charged Higgs, we modify
the model to include the effective vertices A Az~
and A+ Hzr~ as described in Sec. 11, including pions
in the decay mode decreases significantly the lifetime
of the charged Higgs. This effective vertex is taken
into account only if the mass splitting lies in the range
140 MeV < AT <500 MeV. For larger mass split-
tings, a complete calculation would also include the
decay into two pions, and we have however found
that even without this mode the lifetime of the
charged Higgs was short enough to be outside the
range of applicability of the disappearing track, see

107 4

10° -

cT (H+)[m]

10—1 4

103

FIG. 5.

@iv)

103 4

10) 4

100 200 300
At [MeV]

ct as a function of the mass splitting A™ = My, — M.

Fig. 5. For our analysis, a precise knowledge of the
charged Higgs lifetime is not required. We imple-
mented the limits that were obtained in [115] for
disappearing tracks. We also checked a posteriori that
these limits were consistent with the ones included
in the latest version of SModels2.0.0 [139—-141]. For
very small mass splitting, we use the limits from
HSCP searches based on [142,143] that were imple-
mented via SModels2.0.0 [139,144].
Dilepton searches

Searches for opposite-sign dileptons and EFs
at the LHC can constrain the IDM model. In this
model, three processes contribute to dileptons, pp —
AH,HYH-,ZHH, where dileptons come from the
decay of the Z or from the decay A+ — AW*. The
signature is similar to the one of neutralino/chargino
in supersymmetry. A study of Run 1 [105] based on a
recast of the SUSY search [145] showed that only the
region where the lightest element of the doublet is
lighter than 60 GeV was constrained, the limit
depending on the mass of other members of the
doublet. In the ZAIDSM model, we expect similar
results. Note that because these searches are targeted
at supersymmetry the cuts applied may not be optimal
for the IDM model; a study showed [146] that in the
IDM the EF* peaked at much lower energy such that
a softer cut on E™** has the potential to increase the
sensitivity in the IDM model, thus to the Z4IDSM
model. Moreover, analyses of the IDM at the high
luminosity LHC have shown that multilepton chan-
nels could probe the model when the doublet DM is
below the electroweak scale [147].

D. Dark matter constraints

1. Relic density

In this study, we require that both DM components
explain DM, thus we require that the total relic density falls
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within the observed range determined very precisely by
the PLANCK Collaboration to be Qh% = 0.1184 4+ 0.0012
[89]. We also take into account a 10% theoretical uncer-
tainty; this rough estimate is motivated by previous studies
performed in the inert doublet model, a model which shares
many of the characteristics of the Z4IDSM, which showed
that the full one-loop corrections to the relic density were
typically of that order [118,121]. We take the 26 range;
that is, we consider the following range for the total
QDMh2 = thZ + Q2h2;

0.094 < Qpyh? < 0.142. (36)

The relic density and other DM observables are computed
using micrOMEGAs5.3 [148,149].

2. Direct detection

Scalar DM interacts with nuclei only through spin-
independent (SI) interactions. For DM masses near the
electroweak scale, as considered here, the best limits on the
SI cross section for DM scattering on nucleons have been
obtained by XENONIT [1]. In the Z4IDSM, we compute
the recoil energy distribution including the two DM signals
scaled by their fractional contribution to the total DM
density and use the recasted limits at 90% CL implemented
in mictOMEGAs [150]. For this, we use the default values for
the astrophysical parameters, namely, a local DM density
pom = 0.3 GeV/cm® and a Maxwellian velocity distribu-
tion with the following parameters: the rotation velocity of
the Galaxy, vg,, = 220 km/s, the escape velocity of the
Galaxy, ve,. = 544 km/s, the velocity of the Earth in the
Galactic plane, vggq, = 232 km/s.

3. Indirect detection

Fermi-LAT observations of photons from dwarf sphe-
roidal galaxies provide one of the most robust constraints
on DM especially at masses below the electroweak scale
when DM annihilates into fermion pairs (bb or z7). In our
model, as is discussed later, the DM annihilation cross
sections are, in general, largest for the gauge bosons
final states. Thus, we compute (vs) for AA into WW
and ZZ final states and require that (v6),, = (ve*VV) =
(v WY + (v6A4%7) lies below the 95% CL given by
FermiLAT in [2]. This limit ranges from (vo)yy > 3 X
10726 —2.5 x 107> c¢m?/s for DM masses ranging from
100-1000 GeV. Note that the photon spectrum from ZZ
final states is slightly below that of WW, so we ignore this
difference. This approach is conservative as other channels
can contribute as well as which is discussed in Sec. VA 2.

Searches for antiprotons performed by AMS-02 [151]
provide the most severe constraints on WIMP DM.
However, these constraints strongly depend on the cosmic
ray (CR) propagation parameters as well as on the DM
profile. The uncertainty on the CR propagation parameters

have been greatly reduced by AMS-02 measurements of the
boron to carbon ratio (B/C) [152,153]. Here again, we
adopt a conservative approach and include only the gauge
bosons final states. For this, we use the limits derived in
[154] for WW final states, and apply it to both the WW
and ZZ final states, the antiproton spectrum from WW and
ZZ being close to each other. In [154], the size of the
diffusion halo is set to the minimum value L = 4.1 kpc,
and the remaining propagation propagators and the exclu-
sion cross section in the WW channel for each DM mass are
obtained from a global fit to B/C and to the antiproton
spectrum. The fit is done for three DM profiles, and we
use the most conservative limit obtained assuming a
generalized Navarro-Frenk-White (NFW) profile with
p = 0.3 GeV/cm? and also display the limit for a standard
NFW profile with p = 0.38 GeV/cm?®. The former gives
an upper limit in the range 3 x 1072°-2 x 1072 c¢m?/s,
while the latter improves the limit in the range
9.4 x 107%7-6 x 10726 cm? /s for DM masses below 1 TeV.
Limits on DM annihilation will also be obtained by CTA
which measures the photon spectrum albeit at higher
energies [9]. We perform a dedicated analysis to determine
the parameter space of the model that is within reach of
CTA. For this, we use the combined photon spectra from all
annihilation channels as described in Sec. III B.

V. RESULTS

To determine the parameter space of the model com-
patible with all current theoretical and experimental con-
straints, we have performed random scans over the masses
and couplings in Eq. (3), first using a wide range for all
parameters (the general scan) and then in the second case
restricting to the region where the doublet is nearly
degenerate in mass. Although this case requires to impose
the conditions that some parameters are very small, the
different DM and collider phenomenologies warrant a
separate investigation. In both cases, the relic density
and direct detection from XENONIT form stringent and
robust constraints on the model, while current indirect
detection constraints are marginal when taking a
conservative approach. The LHC can probe the model
mainly when the spectrum of the doublet is compressed.
We also illustrate the potential of future DM searches to
probe the model parameter space.

A. General scan

The free parameters of this model are varied randomly
using a logarithmic scan for the couplings and a linear scan
for the masses and/or mass splittings. We have already
shown that the theoretical constraints, including EWPT,
require that the mass differences among the components of
the doublet cannot be too large, Fig. 4. Thus, we used as
free variables the mass of the doublet DM, M4, as well as
the mass differences, A and A*. The range of the free
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TABLE I. Range of the free parameters of the Z4IDSM model
used in the scan.

M,  40-1000 GeV  [Ag| 1075 =4z A 107 =27/3
A0 0-500 GeV  |Ap] 1070 -4z |A3] 1070 —4x
AT 0500 GeV  |Agpp| 1070 -4z Ay 100 -z
MS 40-1500 GeV |j.521| 10_5 —4r M“ZS‘ 107 — 71'/3

parameters are given in Table I. Note that 4, Ag, A have no
impact on the DM phenomenology. When presenting the
results of the numerical scan, we first determine the impact
of the relic density and direct detection on the parameter
space of the model, in particular, on the mass range of the
two dark matter and on their couplings. These results are to
be contrasted with what is expected in the two submodels:
the inert doublet and the complex singlet scalar mentioned
in Sec. III. After having shown the impact of the current
indirect detection searches, we estimate the potential of
future indirect searches. We show that generally the
annihilation into vector bosons is the dominant one, just
as in the doublet model, although in some cases unusual
DM annihilation modes are possible. We propose two
benchmarks to illustrate these. Finally, we display the
complementarity of future DD and ID searches in probing
the model. Note that the role of the LHC is marginal and is
mostly confined to the region where the spectrum is
compressed that is analyzed separately in Sec. V B.
Although we do not include the region where M, > 2M
in our discussion since it leads to only a single DM, S, we
have checked that as expected the single DM has the same
properties as the one found in the complex singlet model,
with the only allowed region for My =~ m; /2 or above the
TeV scale.

1. Relic density and direct detection

The relic density constraint from PLANCK and the
direct detection limits from XENONIT provide the most
important and robust constraints on the model. Several

=
1071 1 : : .
o QR e RN o
. 2 ) - ¥ o = oY N 494 gl

107248 fam BT e A

10—4 4

Excluded by DD
Not Excluded

107 T T T T T T T
200 400 600 800 1000 1200 1400

Ms[GeV]

parameters and couplings can play roles in determining the
relic density of each DM component as was discussed in
Sec. III A. However, DM scattering on nuclei proceeds
through Higgs exchange and is thus basically determined by
the couplings to the Higgs, A5, for S and 1,,, for A. We find
that generally the singlet forms the dominant DM compo-
nent. Moreover it satisfies DD constraints for the full mass
range above Mg > 58.3 GeV in stark contrast with the
singlet DM model. The doublet can be dominant only in a
narrow region around m,, /2 and for masses M, > 500 GeV,
see Fig. 6. These two regions correspond to the ones where
in the IDM the DM relic density is compatible with the
PLANCK measurement. The doublet component usually
contributes to at least a few per-mil of the total relic density.
It can however be suppressed in a few cases, and notably, we
found a region for M, < 250 GeV where Q,h> ~ 1075,
These correspond to configurations specific to the Z4IDSM
model where important DM conversion or semiannihilation
reduces both Q;h? and Q,h*> when M, > M. Values of
Qh? < 107* are also found in fine-tuned cases where the
doublet or the singlet lies near the Higgs resonance and
requires a very weak coupling to the Higgs that allows it to
escape DD constraints.

To implement the DD constraint from XENON-1T,
we recall that we have combined the signal from both
DM. We first remark that even if A is subdominant, it is still
effectively probed by XENONIT, see Fig. 7 where we
show the predictions for the spin independent cross section
for each DM candidate over the allowed parameter space.
Each contribution is rescaled by the appropriate fraction of
the DM candidate, &;. On the same figure, we also make a
naive projection of the reach of XENON-nT and DARWIN
where for simplicity we consider each DM signal sepa-
rately. The vast majority of points are within the reach of
XENON-nT for the doublet DM; however, in some cases,
the signal is suppressed by two or three orders of magni-
tude. Points in red that lie below the line showing the
XENON-nT projection in Fig. 7 left (right) are within reach
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FIG. 6. Q,h? (left) and Q,h (right) as a function of the corresponding DM mass, for all points satisfying theoretical, collider, and the
total relic density constraints (gray) as well as DD constraint from XENON-1T (yellow).
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FIG.7. Spin-independent DM proton scattering cross section times the fraction of DM component, as a function of the corresponding
DM masses, 6g,& — Mg (left) and 04, — M, (right). The black (red) line shows the projected reach of XENON-nT (DARWIN).
Points in yellow (red) are within the reach of XENON-nT (DARWIN), and blue points are beyond the reach of DARWIN.
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FIG. 8. Allowed points in the A,,—1g; plane (left) and Ay.,;—As> plane (right). Points in black are excluded by XENON-1T.

of XENON-nT for the doublet (singlet) component.
Clearly, the singlet component often easily escapes DD
even if it forms the dominant DM. This is due to the
presence of the conversion/semiannihilation channels
which allow one to reduce the value of Ag; as compared
to the case where only interactions with the SM set the relic
density of the singlet. Indeed, Ag, can be as small as 107>,
the lower limit in our scan, see Fig. 8 (left panel). We find
that some amount of semiannihilation or DM conversion is
necessary to satisfy both relic density and direct detection
since the region where both Ay.,; and |4, | are small is ruled
out by DD constraint, see Fig. 8 (right panel). Indeed if
semiannihilation and DM conversion are negligible, the
large value of Ag; required by the relic density constraint is
excluded by DD, unless My is above the TeV scale. Note
that the product of couplings 44, X Ag; can also lead to DM
conversion through processes of the type SS" — AA;
however, we found that these couplings are constrained
by DD to be A4, X Ag; < 5 x 1072, Thus, in general, DM
conversion is dominated by Ag,. Similarly, the coupling 44,
responsible for DM formation for the doublet component

covers a wider range than in the IDM, and the largest values
are excluded by DD as seen in Fig. 8 (left).? After applying
all current constraints, we also note that the bulk of the
points are in the region where 0.1 < 45, < 1 with extension
all the way to the upper limit. Similarly, 0.1 < Agmi < 1,
and these conditions are required to suppress the abundance
of the singlet without having a too large Ag;. In Fig. 8 (left),
we clearly see that large values of Ag are disfavored,
although Ag; can reach 1 when it is associated with a rather
heavy DM, thus evading DD constraints.

2. Indirect detection: Photons and antiprotons

The contributions of the final states for which the cross
section can reach at least 107>’ cm?/s are shown in the
Appendix A. These include pair annihilation of A into

*Note that since we performed a random scan with a linear
dependence on the mass differences between the singlet and the
doublet components, we have a sparse sampling of a very
compressed spectrum; hence, we have a sparse sampling of
the small values of 1,,. This case is covered in Sec. V B.
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FIG. 9. Points excluded by FermiLAT (blue) and AMSO02
assuming NFW and p = 0.3 (purple) or p = 0.38 (red) in the
(vo)yy—M, plane. The reach of CTA is also shown (yellow).
Points in black are beyond the reach of these detectors.

W(Z) pairs as well as semiannihilation channels such as
SS — H-W+ or H" W~ or processes involving interactions
between the two dark sectors such as S — HTH~. We
found that the cross sections that are in the realm of
FermiLLAT are to a large extent only possible in the gauge
bosons channel; thus, to impose these constraints, we
include only the VV channels where we sum over the W
and Z final states. We find that FermiLAT excludes the
region with the largest cross sections for large M, as
displayed in Fig. 9.

To impose the constraint from AMS02, we follow the
analysis in [154] which gives the excluded cross section
from the WW channel assuming different profiles. We
assume the NFW profile and a cored generalized NFW
profile [154], the latter leading to the most conservative limit.
The scenarios that are currently exclude by AMS02 under
these assumptions are also displayed in Fig. 9. Clearly, the
uncertainty on the limits coming from the assumption on the
profile is large. This further justifies our approximation of
similar spectra from ZZ and WW channels and of neglecting
the semiannihilation channels. Note that values of M, up to
1 TeV (the upper limit in our scan) can be probed by AMS02
for the largest cross sections.

Next, we determine whether the increased sensitivity
of future detectors might allow one to probe scenarios
where (vo) is dominated by semi annihilation and or DM
conversion processes. First, we illustrate the impact of non-
SM channels on the photon spectrum using the two
benchmarks in Table II, see Fig. 10. These are chosen as

examples of scenarios where the dominant contributions to
(vo) come from non-SM final states. For the first bench-
mark, the semiannihilation couplings are of O(1); hence,
semiannihilation forms the dominant channels, with STA —
Z8 (44%), §§ - W-H" (20%), 58 - WTH~ (12%),
S8 — ZA (18%), and S'A — hS (6%). The total cross
section {vo) =7 x 10726 cm?/s, and for all energies
except for E, > 200 GeV, the full spectrum is dominated
by STA — ZS. Moreover, we find that the photon spectrum
for channels with the A*WT final state is very soft. For this
benchmark, the spectrum is such that A*WTF cannot be
produced on shell; moreover, the mass splitting between the
charged and neutral Higgs do not allow for the charged
Higgs to decay into a real W. The decay rather proceeds via
the 3-body final state; thus, the photon spectrum is soft. For
the second benchmark, the spectrum is slightly heavier, and
the mass difference AT is only a few GeVs. As just argued,
the photon spectrum associated with the dominant channel
SS— W-H*' (46%) is very soft. With only a 18%
contribution from AA — ZZ to the total annihilation, it
is the channel that dominates the photon spectrum. The
channels STA — hS (20%) and S'A — ZS (6%) give
subdominant contributions. Note that both of these bench-
marks are within the reach of CTA.

We include all channels in the analysis that determines
the reach of CTA. For this, we follow the analysis in
[155]. For an arbitrary spectrum, a table containing the
contribution to the total likelihood from each energy bin is
provided. We compute the total spectrum with micrOMEGAs
for each point in our scan and compare with the total
annihilation cross section that can be probed for a given
DM mass. Doing so, we find that CTA will significantly
extend the reach of FermiLAT and AMS in probing the
model. This is illustrated in Fig. 9 which shows the
exclusion in the (vo)y, — M, plane. Note that all points
that are currently excluded by AMS-02 for the two
hypothesis we considered for the DM density are also
within the reach of CTA. Note that all the points that are
within reach of CTA have a total (vs) > 3 x 10726 cm?/s,
and those with the low values for (vo)y, in Fig. 9 are in
fact dominated by one of the semiannihilation channels.
Moreover, in some cases, some large values of (vo) remain
beyond reach. This occurs either because invisible channels
give a large contribution or because dominant channels
lead to soft photons as illustrated for the A+ W~ final state
in the benchmarks above. Note also that CTA is not
sensitive to thermal cross sections for DM masses below

TABLE II. Benchmark points.

My My My My As1 Aso A3 Asi2 Asai
A 244.3 411.9 449.8 418.5 3.68 x 1074 0.470 9.07 x 1073 1.86 0.98
B 328.1 544.4 758.4 551.1 —1.29 x 1072 —-1.02x 1073 -3.18 x 1072 -0.0103 -1.16
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FIG. 10. Photon spectrum for the two benchmarks A and B of Table II.

about 200 GeV when it annihilates into W pairs [155];
hence, many points below 200 GeV cannot be probed.

3. Colliders and direct and indirect detection

Before doing a comparison of the reach in future
direct and indirect searches, we briefly discuss collider
constraints. For this, we consider only the points that are
not excluded by other constraints (theoretical, relic density,
and Xenon-1T). To evaluate the current and future probes
of the model through monojet, we use the analysis of [134]
performed in the IDM. We computed separately the cross
section for monojet production corresponding to pp —
AAjaswellas pp — S j. The former is driven mainly by
Aap, while the latter depends on Ag,. Since o(pp —
AAj)=1/206(pp = S8 j) for Ay, = Ag; and M, = M,
we simply translated the limit on 44, in a limit on Ag;. These
limits together with our parameters points are displayed in
Fig. 11 in the planes A4, — M4 and Ag; — M4, respectively.
We find that the values of A,, and/or Ag; that survive
theoretical and DM constraints are always below the
expected reach of the LHC. In particular, note that the
singlet contribution to the monojet is always far below

10! +
10°
107 y
_ ey
é 107 -
1072 4 :
menojet-20fb~?
10-% : . monojet-100fb~?
monojet-3ab~?
10~ T T

40 &0 g0 100 120 140 160 180 200
Ma[GeV]

FIG. 11.
and |Ag| — M planes.

the experimental limit especially since we find few points
in the low mass region. The approximation of computing
separately the doublet and singlet contributions is therefore
valid. Thus, we conclude that the monojet search cannot
probe the Z4IDSM once other theoretical or dark matter
constraints are taken into account.

Finally, we perform a comparison of the direct and
indirect detection reaches that we have discussed separately
in Secs. VA2 and VA 1. Figure 12 shows the reach for
XENON-nT, CTA, and DARWIN in the (vo)y,—M, plane
for points that pass all constraints including those from
FermiLLAT and AMSO02. The same points are plotted in the
o4pér—M, plane in Fig. 12 (right). A large fraction of
the points are within reach of both CTA and XENON-nT
and/or DARWIN. This large overlap between the DD and ID
probes opens the possibility of cross checking a DM signal;
nevertheless, the parameter space will not be fully covered.
XENON-nT will probe basically all scenarios where
Aan 2 0.1 or Ag; > 0.071, while DARWIN will improve
these by roughly a factor 2. CTA will extend the reach to
cases where the SI signal for both DM is weak, notably for
the doublet near the TeV scale. CTA however does not cover
completely the region with lighter masses of the doublet

101 4 -
10° 4
107! 4 B
= e o
< 10724 eue o
- . * I..
1073 4 = . . .’
monojet-20fb™ ‘ . PR
- » []
10-¢{ - monojet-100fb~* * L e S,
. . . LI
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10-> ; ; . P S
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Monojet limit at LHC for £ = 20, 100, 3000 fb~! [134] and allowed points for the Z4IDSM model (blue) in the |A,,| — M,
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FIG. 12. Future reach of direct detection with XENON-nT (cyan) and DARWIN (green) and indirect detection with photons (CTA)
in the (vo)y, — M, (left) and 64,8, — M, (right) planes. Points in black are beyond the reach of these detectors. In the right panel,
the projected exclusions for XENON-nT (black dashed line) and DARWIN (red dashed line) in the case of one component DM are

also shown.

(below 300 GeV), both because the signal is suppressed by
the small value of &, and because the sensitivity is not as
good. In fact, there are cases that cannot be probed, even if
both My and M, are below 300 GeV. This is typically
because the couplings 14, and Ag; are small. For these points
either semiannihilation or DM conversion plays an important
role. We found scenarios that are out of reach of future
detectors for any of the full the DM masses considered; in
general, they feature a subdominant doublet DM with Q, /4>
between .001 and .02.

To conclude this section, we found that the interactions
between the dark sectors play important roles in allowing a
singlet DM of any mass. We also found that current DD
and ID results mainly constrained the subdominant doublet
component and that current LHC monojet limits had no
impact. In the next section, we show with a dedicated
analysis of the compressed doublet that other LHC signa-
tures can effectively probe the parameter space of the model.

B. The nearly degenerate doublet

In order to investigate more closely the case where the
doublet is nearly degenerate, we performed an independent
scan. A compressed spectrum opens up the possibility of
three DM candidates; indeed, for very small mass splittings
between the two neutral component of the doublet, both can
be stable and contribute to the relic density. To investigate
this possibility more precisely, we assume that the two
neutral components of the doublets are nearly degenerate,
and we treat the mass splitting of the charged component as
a free parameter in the range

AT =1-500 MeV. (37)

Note that we set A? =201 keV corresponding to the
minimum value that prevents inelastic scattering on nucle-
ons, a process which is strongly constrained since it

depends on the gauge coupling A A Z [82]. In this case,
H will be nearly stable and can be treated as a third DM
component when computing the relic density.

The remaining masses are varied randomly in the ranges
40 GeV < Mg < 1.5TeV and 70 GeV < M, <1 TeV,
while we use the range defined in Table I for the couplings.
Note that with this choice of mass splitting among the
neutral components of the doublet, the coupling A5~
1077 = 107%. Thus the coupling of the scalar and the
pseudoscalar to the Higgs are nearly equal A4 = Ay,
This entails that the contributions of A and A to the relic
density are nearly equal.

1. Collider constraints

As mentioned in Sec. IV C, the new charged scalar can be
long lived and lead to a signature in disappearing track
or HSCP. Current LHC limits exclude long-lived A+ with
masses below 550 GeV, see Fig. 13. The mass limit weakens
for a shorter lifetime; for example, when ¢z &~ 10 m the mass
limit drops to 500 GeV and when cz ~ 0.5 m only charged
Higgs lighter than 200 GeV are excluded. The disappearing
track search targets lower lifetimes ¢z < 0.3 m and can
reach only up to Mg+ = 250 GeV. Note that the disappear-
ing track search at LHC does not cover the region
My+ < 100 GeV. The typical mass split that is constrained
by HSCP is below 150 MeV, while the disappearing track
can apply for larger A* up to 280 MeV, see Fig. 13 (right).

Note that, as we discuss in the next section, constraints
from DM observables lead to a more stringent limit on the
coupling 44, as compared to the general case described in
Sec. VA 3. Thus, we do not expect significant constraints
from monojet searches, see also [134].

2. DM observables: Relic density and direct detection

After imposing collider constraints, we explore DM
observables. To solve for the DM relic density, we use
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FIG. 13. LHC exclusion from disappearing tracks and HSCP in the ¢t — M+ plane (left) and AT — M+ plane (right) after applying
relic density and direct detection constraints from XENONIT; allowed points are in yellow.

Eq. 13 that include a third DM component, . Because we
have fixed A° to be very small, H has not decayed at the
time of DM formation. We compute its relic density and
find that it is approximately the same as that of A. In the
following results, we understand Q, = Qg + Q, to be the
total contribution of the doublet to the relic density. Note
however that this third component will decay into A and
will not be present in the Universe today. To check this,
we have solved the abundance equations, Eq. 13, until
T = 10713 GeV and found Y to be negligible.

As known from the IDM, the relic density of the
compressed doublet can be in agreement with PLANCK
for masses above roughly 500-600 GeV. This is the main
feature that we recover in the Z4IDSM compressed model,
Fig. 14 (right). For lighter masses, the doublet is a
subdominant DM component, and €, increases with my,
up to about 500-600 GeV. This means that it is much easier
to have a dominant doublet DM than in the general scan.
For heavier masses of the doublet, we would expect
the doublet to be overabundant. However, the effect of
DM conversion and/or semiannihilation can help reduce
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its relic density; thus, we find allowed scenarios for M,
covering the full range of masses probed. At the same time,
Q is likely to be subdominant especially for masses above
500 GeV.

The current constraints and future reach of DD experi-
ments are displayed in Fig. 15. We see, in particular, that a
much larger fraction of points can be probed by XENON-
nT through the singlet component as compared with the
general scan. Those are the points in yellow that lie below
the XENON-nT projected limit on 64,&, in Fig. 15 (right).
This is tied to the main difference with the general scan
which is found in the range of allowed values for the
couplings Ag; and Ay, see Fig. 16. In particular, with a
compressed spectrum, it is possible to have Ag; > 1, while
escaping DD constraints. This occurs when § forms a
subdominant DM component, that is, Q,h? < 0.1, and its
DD signal which is proportional to the DM fraction &; can
be suppressed despite a large value of Ag;. This is only
possible for Mg > 500 GeV since it requires the doublet to
be the dominant DM component, see Fig. 16 (left). When
the doublet contributes significantly to the total DM

Excluded by DD
Not Excluded

FIG. 14. Q,h? (left) and ,4 (right) as a function of the corresponding DM mass, for all points satistying theoretical, collider, and the
total relic density constraints (gray) as well as DD constraint (yellow).
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component, it cannot evade so easily DD constraints.
Thus, the upper limit on the coupling 14, < 0.2 that is
set by the XENON-I1T constraint is more stringent than for
the general scan. Note that DD constraints are particularly
strong when M, is in the range 400-600 GeV, and the
doublet is the dominant DM component, as seen by the
high density of points in Fig. 16 (right) in that region. As
opposed to the general scan, it is not possible to have both S
and A very heavy, Fig. 17 (left). In this region, despite the
contributions of semiannihilation and DM conversion,
large values for Ag; and 4,, are required to ensure that
both Q; are small enough. Such couplings are constrained
by XENONIT.

With the compressed spectrum, we also find that some
amount of semiannnihilation or DM conversion is neces-
sary to evade DD constraints. Indeed DD imposes a lower
bound on A, 450 & 0.1 as can be seen in Fig. 17 (right).
Moreover, we find that a much larger fraction of the
allowed points are associated with Ag, > 1 as compared

101 = -
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10° 4
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E ]
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1024 v
104 ' ' \ .%i" iy .
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All points satisfying theoretical, collider, and the total relic density constraints (gray) as well as DD constraint (yellow) in the

to the general case. The reason for this was discussed in
Sec. III; the assisted freeze-out mechanism in the presence
of a large cross section ¢'!?? will reduce the abundance of
both DM components but more significantly that of the
heavier component, which is generally the singlet.
Therefore, for large Ag,, the abundance of the singlet will
be very small; thus, the doublet has to account for all of the
DM. This is hard to realize when the spectrum is not
compressed since typically Q,h? < 0.1 even without the
additional contribution from the DM conversion term.
When the singlet is the lighter component, we also find
allowed points with 15, > 1, and those also feature a large
semiannihilation coupling A.,; > 1. In this case, processes
such as SS — AZ, Ah contribute significantly to bring
Q,h* below the PLANCK limit, while DM conversion
processes suppress €,h°.

In summary, with a compressed doublet spectrum, either
S or A can be the dominant DM component, and both can
be within reach of future DD detectors. However a large
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fraction of the model parameters remains beyond the reach
of XENON-nT and even DARWIN. In part, this is related
to the fact that, as mentioned above, the coupling of the
doublet DM to the Higgs is suppressed, with much lower
values of 1,, favored.

3. Indirect detection

The contribution of different channels to (ve) in different
channels are shown in Appendix B. The largest annihilation
cross sections are again found for AA — WW/ZZ; thus,
to be conservative, we include only these channels to
derive the FermiLAT and AMSO02 constraints. However,
for detectors with increased sensitivity, such as CTA,
it becomes more important to exploit all channels
as is illustrated in the general scan. Recall that in the
WW channel CTA is expected to probe (vo)=x2(1)x
10726 cm?/s for Mpy = 0.2(1) TeV. The constraints are
displayed in terms of (vo)yy in Fig. 18 (left). FermiLAT
only constrains a few scenarios corresponding to the largest

10724 4 CTA
«  AMS02(0.38)
«  AMS02(0.3)
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FIG. 18.

annihilation cross section into WW, while AMSO02 provides
stronger constraints for M, up to 700 GeV depending on
the assumption on the DM profile and the local density.
CTA will also probe the scenarios with large cross sections
in WW and will extend the reach to the highest mass used
in the scan (1 TeV). Moreover because of the important
contribution from semiannihilation channels, CTA will also
probe many scenarios where the WW/ZZ channels are
suppressed. In Fig. 18 (right), one can see that the total (vo)
is always above 3 x 10726 cm®/s except when M, ~
M, /2, yet several scenarios remain out of reach of CTA,
in particular, when M, < 200 GeV. This is explained by
the limited sensitivity of the experiment in that region and
by the fact that the contribution from the WW/ZZ channels
which give generally the main signature can be quite
suppressed. In addition, for a large number of points,
DM conversion processes SS* <> A A dominate DM anni-
hilation, leaving no signature for indirect detection. This
can occur for any value of M.

10—23
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Left: constraints on (ve)y, from FermiLAT (blue) and AMS02 assuming an NFW profile with ppy = 0.3 (purple) or a

generalized NFW profile with ppy; = 0.38 (red). The reach of CTA is also displayed (yellow). Black points are beyond the reach of these
three indirect detection searches. Right: total (ve) corresponding to the points that are within (green) or beyond (blue) the reach of CTA.
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FIG. 19. Reach of XENON-nT (blue), DARWIN (green), and CTA (yellow) for (ve),,, (left) and 65 p§2 (right) vs M 4. Only points that
are allowed by current constraints are included, and for DARWIN, only points that are beyond the reach of XENON-nT are considered.

Black points are beyond the reach of all detectors.

4. Complementarity colliders, direct,
and indirect detection

To highlight the complementarity between the indirect
and direct detection searches, we compare the future
reaches of CTA, XENON-nT, and DARWIN in Fig. 19
expressed in terms of the quantities relevant for ID, (vs) .y,
or DD, 6,4,5. Most of the parameter space will be
probed by future detectors. Clearly, the low mass region
(M4 < 200 GeV) will be better probed by DD detectors,
since in this region CTA has a reduced sensitivity. From
Fig. 19, it might seem that there is a large overlap for the
points that are within reach of CTA and those that are
within reach of XENON-nT or DARWIN; however, the two
types of searches probe different scenarios. DD can probe

TABLE III. Benchmarks for the compressed doublet.

scenarios with large values of Ag; or 4, as seen in Fig. 16;
on the other hand, CTA can probe points where AA — WW
is large or points with large values for A, and/or Ay, by
taking advantage of semiannihilation channels. The former
requires that the doublet component, &, is not too sup-
pressed, while the latter can depend on both &; and &,
according to the dominant process.

A few benchmarks that illustrate this complementarity
between ID and DD are shown in Table III for DM
masses of a few hundred GeVs. All points have
(v6) > 4 x 10726 ¢cm?/s; however, only BP1 and BP3
are within reach of CTA, due to the large contribution
from AA - WW with & ~ 0.5 in both cases. BPI is an
example of a point with a large Ag, and large contribution

BPI BP2 BP3 BP4
M, 313.594 327.952 360.31 202.74
My 313.727 328.265 360.81 203.01
My 313.1 317.98 848.9 287.8
A 0.185 1.7 x 1072 7.5 %1073 7.8 x 1072
A3 1.03 x 1073 4.05 x 1072 2.5 x 1072 2.0x107*
A1 2.98 x 1073 1.77 x 107* 1.32 x 1072 2.15%x 1073
A 3.94 4.01 6.17 x 107! 1.75 x 1073
Asi2 1.5 x 1072 3.11x1073 1.75 x 107* 1.46 x 107!
Aso1 4.08 x 1072 2.38 x 107! 7.3x 1073 3.5%x 1073
Qh? 0.0641 0.112 0.0491 0.105
Q,h? 0.0427 0.0146 0.0592 0.0114
ag; (pb) 8.0 x 10713 274 x 1071 22 x 10712 3.9 %1013
af# (pb) 6.8 x 10713 9.36 x 107! 1.2 x 10711 3.9 x 10712
DARWIN X v/ v/ X
E(ve)yy (cm?/s) 2.95 x 10720 2.37 x 1077 4.27 x 1072 1.67 x 1072
(ve) (cm?/s) 20x107% 9.39 x 10726 8.25 x 10726 1.17 x 107%
CTA v X v X
ct(m) 42 9.9 x 1073 2.3 x 1073 7.8 x 1073
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FIG. 20. Left: points that can (yellow) or cannot (red) be probed by CTA; in purple, are scenarios that are within reach of HL-LHC and
black points that are beyond the reach of CTA,DARWIN, and HL-LHC. Right: points that are beyond the reach of CTA and DARWIN in
the M¢—M , plane; in purple, are scenarios that are within the reach of HL-LHC.

from AA — SS* that has nevertheless a large enough
contribution from A A — W*W~. This point escapes future
DD searches due to the small values of 13 ~ 14, and Ag;.
BP2, on the other hand, with similar masses and values of
Ao, escapes CTA’s reach due to the suppressed contribution
of the doublet to dark matter. Moreover, since A; & 14,
1072, the doublet component can be probed by DARWIN.
BP3 features a similar value of 14, and also has Ag; large
enough such that both the singlet and doublet components
are within DARWIN’s reach. Finally, BP4 is an example of
a point that falls beyond the sensitivity of future detectors.
Here, 15 and Ag; are small, thus leading to weak DD signals,
while semiannihilation processes driven by Ag;, ensure that
the relic density constraint is satisfied. This point escapes
CTA due to the somewhat suppressed (vo)yy and the fact
that the mass of the doublet 200 GeV falls in the region
where the sensitivity of CTA is not maximal.

The scenarios that remain out of reach of the future
detectors considered are concentrated in two regions: M, <
300 GeV and M,/2 <My < M,, see Fig. 20 (right).
For these scenarios, the singlet is the dominant DM
component, as was the case for BP4. Because of the direct
detection constraint, these scenarios have small values
for both Ag; and A4, which are restricted to be below
0.01 — 0.03, with the stricter bound for lighter M 4. Thus,
an important contribution from semiannihilation and DM
conversion is needed to satisfy the relic density constraint.
Indeed, we find that a significant fraction of the points that
are out of reach correspond to s, > 1, and they fall in
the region where Mgy < M, and are invisible because of
the large contribution from AA — SS7. In the region
M, ~200 GeV, (ve) can exceed 1072° cm?®/s; however,
the small value of Q, leads to a weaker signal that is not
always compensated by a large contribution from semi-
annihilation channels. For example, for BP4, $S— VD,
where D stands for any component of the doublet that has a
cross section (ve) = 7.6 x 10727 cm?/s.

Concerning the potential of the high luminosity LHC
(HL-LHC) to probe the nearly degenerate scenario, we
mention that an analysis of the pp — A H j leading to a
monojet signature showed that the HL-LHC with a lumi-
nosity of 3 ab~! could constrain doublet DM masses up to
200 GeV independently of the value of A4, [134]. Such a
region could also be probed at a future 100 TeV collider
[I11]. This coverage is complementary to the one from
astrophysical searches. In particular, it will allow one to
cover the low mass region in Fig. 19 that will be mainly
probed by a detector like DARWIN. Moreover, the
HL-LHC would cover most of the unprobed region where
the singlet is the heavier DM, see Fig. 20. Finally, note that
searches for disappearing tracks at upcoming runs at LHC
could allow one to probe some of the points that escape
astrophysical and collider searches. For example, BP4 has
ct = 0.78 cm and is just beyond the reach of current
searches. Note however that ¢t depends critically on the
mass splitting which we chose here to be below 500 MeV.

VI. DISCUSSION

Combining the dark matter sectors of the IDM and
singlet model and allowing interactions between the dark
sectors opens up significantly the possibility for DM
compatible with stringent relic density and direct detection
constraints. Because of the presence of seminnihilation
and/or DM conversion processes, the relic density con-
straint can be satisfied with reduced couplings of each DM
component to the Higgs, thus escaping the direct detection
constraints. We have investigated the parameter space of
the model that satisfies all current constraints and found
that generally the singlet is the dominant DM component.
We also found that the mass range up to the TeV scale can
be satisfied for both DM components, while strong collider
constraints preclude DM much below the electroweak
scale. In fact, after taking into account direct detection
and relic density constraints, the invisible width of the
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Higgs is sufficiently suppressed that it does not constrain the
model further. We highlighted the complementarity of direct
and indirect searches and stressed the importance of semi-
annihilation processes such as STA > ZS‘, hS that can
contribute significantly to the photon spectrum in indirect
detection. After taking into account cosmological and
astrophysical constraints and requiring that both DM com-
ponents explain totally the relic density, we found that the
conventional DM signatures at colliders, such as monojet,
did not help in further probing the model. While future
astrophysics searches will provide powerful probes of the
model, some scenarios can still escape future searches by
CTA and DARWIN. Typically, those scenarios have a
doublet below 400 GeV and feature a subdominant doublet
component that has a suppressed coupling to the Higgs.

Since a compressed doublet can lead to a quite different
phenomenology, we have investigated separately the case
of a very degenerate doublet spectrum, while allowing the
singlet to be any mass. In this case, the doublet can be the
dominant dark matter component. In fact, for the very
compressed spectrum that we considered, the two neutral
components of the doublet contribute equally to the DM
abundance at freeze-out temperature. For this, we solved
the generalized Boltzmann equation for three DMs,
although we present the results summing over the con-
tributions of the two doublet component. Because of the
near mass degeneracy, the charged scalar can lead to
signatures in both disappearing tracks and searches for
heavy stably charged particles at the LHC. These signatures
are however very much dependent on the exact amount of
compression within the components of the inert doublet. In
this case, we also illustrated the complementarity of current
and future direct and indirect detection searches and
provided benchmarks to that effect. We showed that while
most of the parameter space could be probed in the future,
some scenarios escape detection. As in the general case,
they correspond to cases where the couplings of DM to the
Higgs is suppressed, and there is a significant amount of
semiannihilation or DM conversion. Because semiannihi-
lation often leads to a much softer photon spectrum in
indirect detection, improving the sensitivity at low energies
would be required to probe all scenarios. In particular, we
found that when DM conversion was important, a pair of
doublets could annihilate into a pair of singlets if kine-
matically accessible rendering both DM invisible.

In this paper, we considered only the case where the
singlet and the doublet are WIMPs; in general, in this
model, the couplings of the singlet can be so weak that it is
feebly interacting and is produced via freeze-in in the early
Universe. A detailed analysis of this case is left for a
separate analysis.

ACKNOWLEDGMENTS

We thank C. Eckner for helpful discussions on CTA and the
use of his code for reading the spectrum tables. We thank

Shankha Banerjee for checking the one-loop contribution to
the charged Higgs partial decay width. We also acknowledge
useful discussions with Alexander Belyaev, Fawzi Boudjema,
Francesca Calore, Bjorn Herrmann, and Sabine Kraml. This
work was funded by RFBR and CNRS, Project No. 20-52-
15005. The work of A. Pukhov was also supported in part by
Grant No. AAP-USMB and by the Interdisciplinary Scientific
and Educational School of Moscow University Fundamental
and Applied Space Research.

APPENDIX A: GENERAL SCAN

Here, we summarize the contributions to DM annihila-
tion from the different final states as found in the general
scan. We compute (v6®°) for which we use a shorthand
notation (vc),; to represent the contribution of a given
initial state of DM particles in the channel y§ to the total
annihilation cross section. This quantity implicitly takes
into account the fraction of the DM abundance for each DM
candidate. In the corresponding figures, we display only
final states for which the cross section can reach at least
10727 ¢cm? /s since this is already below the sensitivity of
Fermi-LAT and even of the future CTA.

Despite the fact that A is the subdominant DM compo-
nent, the indirect detection signal from pair annihilation
into W(Z) pairs can be dominant, and it can reach
107 cm’ /s, see Fig. 21. Moreover, (v6) /7 can exceed
10726 cm? /s in almost the full range of M 4 considered. The
region where the cross section is suppressed corresponds to
the one below roughly 100 GeV. Note also that in many
cases the ZZ channel is much larger than the WW channel.
This peculiar behavior is related to the fact that when the
doublet is compressed there is a cancellation between the
quartic diagram and the t-channel diagram shown in Fig. 1,
leading to a much smaller cross section. Since the mass
splitting A* can be much smaller than A°, as seen in
Fig. 22, the cross section in the WW channel can be much
suppressed relative to the one in the ZZ channel. The main
subdominant contribution is from the hh channel, the
largest value being (vo),, =4 x 10727 cm?/s, while, in
general, the quark channels (7 or bb) are suppressed by
many orders of magnitude. For example, the latter reaches
at most 4 x 10728 cm?/s.

The annihilation cross section for the dominant DM
component, S, into pairs of SM particles is much smaller
than for the doublet; it can reach only 7 x 107?7 ¢cm?/s. The
channels with larger cross sections are WW, ZZ, and to a
lesser extent hh, while 7 and bb are negligible, lying below
10728 c¢m?/s. Interactions between the two DM compo-
nents often provide the dominant semiannihilation channels
for the singlet. For semiannihilation processes such as
SS — H W+t or HtW~, the cross section is typically
concentrated near 1072 ¢cm? /s for any value of M and can
in a few cases reach 7 x 1072 cm?/s. Other channels
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where a pair of singlets DM annihilates into a doublet
component and a standard model, such as SS— ;\h,AZ
can exceed 10726 cm?/s especially for Mg < 500 GeV.
Note that SS — Hh, HZ lead to similar cross sections
after having taken into account the heavier mass of H.
Semiannihilation processes such as STA — hS,ZS lie
generally below 10726 ¢cm?/s except for a few points.

The DM conversion processes can also be important;
notably, §§ — H*H~ for which (5,)y:y- is generally
around 1072° ¢cm?/s for any masses, while SS — H H is
slightly suppressed. Finally, other DM conversion proc-
esses suchas AA — § § or the reverse process can be large,
reaching above 1072° cm?/s; however, these modes are
invisible and do not contribute to the signal.
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APPENDIX B: NEARLY DEGENERATE
DOUBLET

The largest annihilation cross sections for the doublet are
into WW/ZZ pairs; they can reach (107> ¢cm?/s) when
M, ~ 400 GeV as shown in Fig. 23. In this case, the
doublet forms the dominant DM component. Typically, the
WW channel is slightly larger than the ZZ channel since all
doublet components are nearly degenerate. As in the
noncompressed case, other SM final states are subdomi-
nant. The only other important annihilation channel for the
doublets are into pairs of singlets, and although this cross
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Cross sections for the main DM annihilation and semiannihilation channels indicated in each panel.

section can exceed 1072 cm?/s, it does not contribute
to the signal.

The pair annihilation channels SS§ — SM,SM reach
at most 7 x 10727 cm?/s in the WW channel. As in the
general case, other final states that can exceed 10726 ¢cm?/s
include most of the semiannihilation SST — H*WT, Ah,
AZ, Hh, HZ or DM conversion processes SSt - HYH.
Moreover, semiannihilation channels such as S'A = hS,
ZS can be dominant, and both can reach approximately
1072 cm?/s for M, > 600 GeV.
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