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Abstract Higgs-portal effective field theories are widely
used as benchmarks in order to interpret collider and astropar-
ticle searches for dark matter (DM) particles. To assess the
validity of these effective models, it is important to confront
them to concrete realizations that are complete in the ultravi-
olet regime. In this paper, we compare effective Higgs-portal
models with scalar, fermionic and vector DM with a series of
increasingly complex realistic models, taking into account all
existing constraints from collider and astroparticle physics.
These complete realizations include the inert doublet with
scalar DM, the singlet-doublet model for fermionic DM and
models based on spontaneously broken dark SU(2) and SU(3)
gauge symmetries for vector boson DM. We also discuss the
simpler scenarios in which a new scalar singlet field that
mixes with the standard Higgs field is introduced with min-
imal couplings to isosinglet spin-0, % and 1 DM states. We
show that in large regions of the parameter space of these
models, the effective Higgs-portal approach provides a con-
sistent limit and thus, can be safely adopted, in particular
for the interpretation of searches for invisible Higgs boson
decays at the LHC. The phenomenological implications of
assuming or not that the DM states generate the correct cos-
mological relic density are also discussed.
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1 Introduction

Despite the overwhelming astrophysical and cosmological
evidence, the nature of the dark matter (DM) in the uni-
verse remains an open question, among the most prominent in
modern physics. The solution of this longstanding puzzle, by
means of the existence of a new weakly interacting massive
particle (WIMP) [1-3] that is stable at cosmological scales,
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is of paramount importance for particle physics. WIMPs are
actively searched for in astrophysical experiments: in direct
detection where the existence of the DM particles would be
revealed by the low energy recoil of nuclei from their elastic
scattering and in indirect detection when looking at signals
of the annihilation of DM particles in regions of space with
a high DM density. Searches at high-energy particle collid-
ers are also gathering increasing interest and, at the CERN
LHC, a prominent role is played by the searches of “invis-
ible” decays of the Standard Model (SM) Higgs boson into
DM particles.

Effective portal models have been introduced in order to
perform simplified phenomenological studies, to easily inter-
pret the outcome of the experimental searches and to illus-
trate the complementarity between different search strate-
gies. In these effective models, the DM candidate is assumed
to belong to a so-called dark or hidden sector, interacting with
the SM states that form the visible sector through suitable
mediator fields dubbed portals. The most economical among
them are the Higgs-portal models consisting in the extension
of the SM with a single new particle, the DM state, which
interacts in pairs only with the Higgs sector of the theory
which is assumed to be minimal and hence involves only the
unique Higgs boson observed at the LHC [4,5]; see Ref. [6]
for a recent review. The new particle can have different spin
assignments. It can be a scalar, a vector or a fermionic state
(higher spins have been also considered, see e.g. Refs. [7,8]).
All DM related observables can then be determined by just
two basic parameters, namely, the mass of the DM particle
and its coupling with the Higgs boson. This makes the com-
parison between the various searches and the experimental
constraints of different nature, collider, direct and indirect
detection straightforward.

The ATLAS and CMS collaborations at the LHC already
provided strong upper bounds on the branching fraction of the
Higgs boson to invisible decays [9-12]. In the context of the
Higgs-portal effective approach, they gave powerful exam-
ples of the complementarity among DM searches comparing,
for instance in Refs. [9—12], the upper bound on the DM scat-
tering cross section on nucleons, as measured in direct detec-
tion experiments such as XENONI1T [13], with a correspond-
ing constraint obtained by requiring that the coupling of the
Higgs boson to DM particles does not generate an “invisible”
Higgs branching fraction that exceeds the observed experi-
mental limit. A major outcome of this comparison is that
searches of invisible Higgs decays can be regarded as a fun-
damental probe of relatively light DM states, light enough to
be produced in the decay of the Higgs boson, as the sensitivity
of direct DM searches is still limited in this mass range.

These simple, elegant and rather model-independent mod-
els are in practice effective field theories (EFT). Their theo-
retical consistency at the mass and energy scales probed by
the various experimental searches therefore needs to be ascer-
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tained. It is also important to confront these simple models
with more complicated but complete scenarios and frame-
works in the ultraviolet (UV) regime. Finally, it is also useful
to see whether these DM models are compatible with the gen-
eration of the correct cosmological relic density as precisely
measured by Planck experiment [14].

Realizations of these UV complete models require the
introduction of additional fields which, when corresponding
to light degrees of freedom, can spoil these EFT interpreta-
tions. This is particularly the case of spin-1, and to a lesser
extent spin—%, DM simple effective models which are non-
renormalizable and could lead to severe problems such as
unitarity violation at the energy scales that are supposed to
be experimentally explored. A brief discussion of these issues
has been recently made in Ref. [15], focusing exclusively on
the case of a vector DM candidate interacting with the SM
Higgs sector. The EFT approach has been confronted with its
simplest UV-completion, namely the one in which the DM
state is identified with the stable gauge boson of a dark U(1)
gauge symmetry group, spontaneously broken by an extra
complex scalar field which develops a vacuum expectation
value [16-21]. A new scalar field, that bears mixing with the
SM Higgs field, is introduced and the two Higgs mass eigen-
states then represent the portal between the DM and the SM
particles. We have shown that despite of perturbative unitar-
ity constrains on the mass hierarchy between the two Higgs
eigenstates, the EFT limit can be approximately recovered in
some areas of the parameter space of the U(1) model. Hence,
one can still use the complementarity between constraints
obtained from invisible Higgs decays at colliders and direct
DM detection. Nevertheless, the previous statement is valid
only if the U(1) dark gauge boson is not required to generate
the observed cosmological relic density.

A more extensive and detailed study of these aspects, con-
sidering all spin hypotheses, is presented herein. In the same
spirit as in Ref. [15], the predictions in the three realiza-
tions of the Higgs-portal effective field theories are compared
with those of renormalizable ultraviolet complete models of
increasing complexity. First, in the vector DM case, we go
beyond the simplest U(1) UV-realization and discuss the pos-
sibility of a DM state that belongs to a hidden sector with
larger gauge symmetries, namely SU(2) and SU(3). While
the phenomenology of the former group differs only slightly
from the one of the U(1) case, the dark SU(3) model can
lead to two different and interesting possibilities for the DM
particle, with a rather rich phenomenology. We show that not
only the EFT limit can be consistently recovered in such UV-
complete scenarios but also, and in contrast to the U(1) case,
the DM cosmological relic density can be generated under
some conditions.

The analysis is extended to the spin-% case where the SM
Higgs coupling to DM particles is non-renormalizable in the
EFT approach. We discuss two possible UV-complete real-
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izations: a first one is when the Higgs sector is extended by
a singlet Higgs field with a vacuum expectation value that
generates the mass of the isosinglet DM state, leading to a
renormalizable Higgs-DM interaction; a second realization
is the so-called singlet-doublet model in which the Higgs
sector is kept minimal as in the SM, but the DM sector is
enlarged, with the DM particle appearing along with addi-
tional charged and neutral leptons with which it mixes.

Finally, we also consider for completeness concrete UV-
complete realizations in the spin-0 DM case, although the
simple EFT approach can be described using renormalizable
interactions. We perform updated analyses first in the model
in which the Higgs sector is extended by the introduction of
a singlet Higgs field and, second, in the so-called inert Higgs
doublet model that does not develop a vacuum expectation
value and in which the DM scalar comes with another neutral
and two charged scalar companions.

The phenomenology of all these scenarios is investigated,
including the constraints that come from the most recent
results in searches of DM signatures and the projected sen-
sitivities of forthcoming experiments. On the collider front,
the various direct and indirect searches of invisible decays of
the Higgs boson at the LHC are considered and the impact of
the refined searches to be conducted at the high-luminosity
upgrade of the LHC [22] as well as at future high-energy
proton colliders with energies up to 100 TeV [23-25] and
high-luminosity eTe™ colliders [23,26,27] will be summa-
rized. On the astroparticle side, the leading constraints from
the XENONIT direct detection experiment [13], including
the dedicated search for light DM states [28] are accounted
for and projected sensitivities of the future XENONnNT [29]
and DARWIN [30] experiments (similar results are also
expected from the DarkSide [31], LUX-ZEPLIN (LZ) [32]
and PANDA-X [33] experiments) are also included. When-
ever relevant, bounds from indirect searches for gamma-ray
signals of DM annihilation as well as from the imprint of
the latter on the cosmic microwave background (CMB) are
also imposed. The correct DM cosmological relic density, as
measured by the Planck satellite [14], is also required to be
achieved through the conventional thermal WIMP paradigm
[1-3].

The rest of the paper is structured as follows. In the next
section, a brief review of the main phenomenological aspects
of the EFT Higgs-portal is presented, followed by a general
and critical discussion of the interpretation of the invisible
Higgs searches in terms of the DM-nuclei elastic cross sec-
tion. In Sect. 3, a first simple renormalizable realization of
the Higgs portal is discussed, in which the DM isosinglets
are not directly coupled to the SM Higgs but through its
mixing with an additional real Higgs singlet. In the spin-one
DM case, as already shown in Ref. [15], this setup offers a
viable renormalizable solution that is valid up to very high
scales, provided that the new scalar degree of freedom is

sufficiently massive. The discussion is then extended to the
spin-0 and spin—% possibilities. In Sect. 4, we further extend
the UV-complete models and investigate the cases in which
the DM states belong to more complicated dark sectors with
additional particle content. More specifically, we consider the
inert doublet model for scalar DM, the singlet-doublet model
for fermionic DM and extended SU(2) and SU(3) dark gauge
symmetry scenarios in the case of vector DM. Finally, a short
conclusion is given in Sect. 5.

2 The effective Higgs-portal

The effective field theory approach in the Higgs-portal sce-
nario for dark matter has been formulated and extensively
used for spin-0, spin-% as well as for spin-1 DM particles.
Assuming CP-conserving interactions, the three different
DM spins hypotheses are described by the following effec-
tive Lagrangians that involve, besides the SM Higgs doublet
field ¢, the scalar s, the fermion x and the vector V DM
fields [34—45]:

1 1 1
AL = —Emfsz — Z)LSS4 — Z)\Hss¢+¢szv

1 1
ALy = Em%/VMVM + Z)LV(V/LVM)Z

1 n
+Z)»va¢ PV, VHE,
1 _ 1)\.[-[ 4 -
AY, =—5mxxx—1%¢'¢xx. (1

In the expressions above, the self-interaction term s* in the
scalar and the (V, V)2 term in the vector cases are not essen-
tial in the EFT context and can be ignored. In the fermionic
case, the DM can be either of Dirac or Majorana types but
in the EFT approach the phenomenology is hardly affected
by the different nature (in contrast to some specific UV-
completions [6]). The presence of operators involving only
an even number of DM fields, which is required to ensure that
the DM states are stable, is ensured by assuming a discrete
Zy symmetry.

After spontaneous electroweak symmetry breaking, the
original Higgs field ¢ can be decomposed in the unitary gauge
as ¢T = (0, v+H)/ﬁ, with v >~ 246 GeV being its vacuum
expectation value (vev). By substituting the latter expression
in the Lagrangians of Eq. (1), interaction vertices with size
Agxxv between the physical Higgs boson H and a pair of
DM states X, are generated, together with additional con-
tributions to the masses of the DM candidates which then
read:

1
M? = m% =+ Z}\.Hssvz,

1
M =m3 + Z)»vavz,

@ Springer
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1A
M x = My + Z%Uz.
The Higgs-portal models as formulated above are extremely
simple and predictive, featuring only the DM masses My and
couplings with the H state Ay xx as free parameters. They
have therefore been extensively studied and became widely
used benchmarks for the experimental collaborations [9—
12,46,47]. We briefly summarize below, the main phe-
nomenological aspects of such models; for a more detailed
discussion we refer, for example, to the recent review given
in Ref. [6].

A major requirement for a viable DM candidate is to gen-
erate the correct cosmological relic density as determined
with high precision by the Planck experiment [14]:

@

Q2pmh? = 0.1188 £ 0.0010, (3)

with i the reduced Hubble constant. Assuming the WIMP
paradigm, this requirement will translate into a requirement
on the thermally averaged DM annihilation cross section into
SM states, (0 (XX — SM)v,) o 1/2pmh? where v, is the
DM relative velocity, and hence on the model parameters M x
and Ay xx. As the DM relic density is measured with high
precision, the viable parameter space will be represented by
very narrow bands. We note that in the numerical analyses
that we perform in this study, we take into account the full set
of relevant annihilation channels and their diagrams, includ-
ing possible higher order effects; we use for this purpose the
numerical program micrtOMEGAs [48,49].

The DM states that couple only to the Higgs boson fea-
ture spin independent (SI) interactions with detectors such
as XENONIT which currently provides the strongest direct
detection experimental constraints. These are expressed as
upper limits on the elastic scattering cross section over nucle-
ons, typically protons, as a function of the DM mass. These
constraints can be simply expressed in the Higgs-portal effec-
tive scenarios as

2 4 2
st Muss my 'y
OsN = 4 27
167 My, (Mg +my)
2 4 2
st Mavy my 'y
OvN = 7 2"
16 My (My +mpy)
2 4 g2 £2
st Magx MMy fy

TN = dm M, (Mo +my) @
where my is the nucleon mass and fy ~ 0.3 parameter-
izes the Higgs-nucleon interactions. Scalar and vector DM
interacting through the Higgs-portal can also provide indirect
detection signals. The corresponding constraints are, how-
ever, always subdominant in the context of the EFT approach
so that we will postpone this aspect to a later discussion.
Finally, the SM-like Higgs boson can decay into two
DM particles if the latter are light enough, namely when
Myx < %M #. The corresponding partial decay widths for,
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respectively, scalar, fermion and vector DM states, can again
be simply written as [50]

22 vzﬂs
r H — Hss ,
inv(H — s5) 647 My,
)LZ U2M3 By M2 M4
Co(H—> VV)=-#2VvVv" "HFYV 1_47V+127V ,
i€ ) 512 M3, M3, M3,

Ay VEMuB)

H
Inv(H — xx) = X

327 A2 ’ )

where fx = /1 — 4M)2(/M%I is the DM velocity. The invis-

ible Higgs decay branching ratios are then given by

BR(H — inv) = I (H — XX) /T
with ' = My + TM, (6)

where I';™M = 4.07 MeV is the total width of the 125 GeV
Higgs boson as determined in the SM. To precisely evaluate
BR(H — inv), we have adapted the program HDECAY
[51-54], which calculates all Higgs partial decay widths and
branching ratios including higher order effects, to incorporate
these invisible channels.

Combination of direct and indirect measurements at the
LHC, allowed ATLAS and CMS collaborations to set a 95%
CL upper bound on the invisible Higgs branching fraction

BR(H — inv) < 11% @ LHC Run2. 7

This limit can be ultimately improved to BR(H — inv) <
2.5% at HL-LHC [22]. Prospective studies at future acceler-
ators, including the ILC, CLIC, CEPC, FCC-ee and FCC-hh
have shown that sensitivities to invisible branching fractions
below the percent level can be reached [23,55-57].

The invisible Higgs partial width I"(H — X X), and the
spin-independent X -proton elastic cross section a}s(é are both
proportional to the squared coupling )‘%1 xx- Consequently,
the only unknown parameter in the ratiory = O'}S(; JT(H —
X X) is the DM mass Myx. We can thus relate the invisible
branching fraction of the Higgs to the DM scattering cross
section through a very simple expression of the form

oy =rxI'(H — XX) = ryBR(H — inv)I'}y" (®)

where BR(H — inv) = I'(H — XX)/I}{" with I}
given in Eq. (6). This highlights the complementarity in the
EFT approach that we already mentioned, between the DM
constraints obtained at colliders such as the LHC and direct
detection experiments such as XENON.

The outcome of our updated numerical analysis is sum-
marized in Fig. 1 in which we show the various con-
straints for the three DM spin cases in two different planes:
[Mx,Agxx] and [Mx, BR(H — XX)]. In the contours
labeled Planck, the DM generates the correct relic density.
The blue regions are excluded by DM direct searches: those
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Fig. 1 Constraints in the planes
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with masses My = 5GeV by XENONIT, supplemented
in the scalar and vector DM cases by the constraints of the
DarkSide-50 experiment [58,59] that is effective in the mass
range 1 GeV < My < 5GeV. Included are the sensitivity
prospects of the forthcoming LZ/XENONNT (represented by
a unique line given the similarities in their expected sensi-
tivities) and DARWIN experiments as well as the regions

excluded by the current LHC limit on invisible Higgs decays,

My[GeV]

BR(H — inv) < 0.11%, and the expected sensitivities at
future colliders.

From the figure, one sees that for DM masses in the
range 5 GeV < My < %MH = 62.5 GeV, LHC limits
from invisible Higgs decays are in general weaker that those
obtained from direct detection. For even smaller DM masses,
Mx <5 GeV, the sensitivity of direct detection experiments
is limited by the energy threshold of the detectors and the

@ Springer
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Fig. 2 Comparison of the LHC constraints from invisible Higgs decays
at the LHC and limits and sensitivities from direct DM detection exper-
iments. The dot-dashed blue/magenta/purple curves are for the con-
straints from XENONIT and the prospects from XENONnT and DAR-
WIN respectively. The colored regions above the dashed lines are
excluded regions obtained converting the bound BR(H — inv) <
11% into an upper bound on the DM scattering cross section. The
green/red/black colours refer to scalar/fermionic/vector DM. Finally
the solid lines represent the conversion, according the same color code,
of the requirement of the correct relic density into, again, a constraint
on the DM scattering cross-section

LHC plays a crucial role in constraining this possibility for
sufficiently large DM-Higgs couplings.

The complementarity between collider and astroparticle
physics constraints is further illustrated in Fig. 2 which sum-
marizes the constraints in the plane [Mpy, agi,[p] for the
three DM spin hypotheses. For each of them, we have indeed
determined, as function of the DM mass, the value of the cou-
pling leading to BR(H — inv) = 0.11. The values obtained
in this way have been used as input for the computation of
the DM spin-independent cross section, thus obtaining the
green/red/black dashed lines in Fig. 2. The colored regions
above these lines hence represent values of the DM scat-
tering cross section incompatible with LHC constraints from
searches of invisible Higgs decays. This result has been com-
pared with analogous current and projected constraints from
dedicated DM experiments, represented by the dot-dashed
blue/magenta/purple curves. More precisely, the latter repre-
sent the current exclusion from XENONI1T (blue dot-dashed
line) and expected sensitivities from XENONnT (dot-dashed
magenta) and DARWIN (dot-dashed purple). Figure 2 finally
shows, as solid curves, the spin-independent cross section
obtained by fixing the DM-Higgs coupling so that the correct
DM relic density is achieved (the curves for scalar and vec-
tor DM overlap). Comparing the different lines, it is evident
that while direct detection experiments are more sensitive
in the high DM mass range, LHC constraints are of utmost
importance for the lower mass range.

@ Springer

3 UV-completion through Higgs mixing
3.1 The singlet Higgs extension of the SM

Although rather simple and elegant, the minimal Higgs portal
models suffer from a serious drawback from the theoretical
perspective. With the sole exception of the scalar DM case,
the coupling between the SM singlet DM and the Higgs bilin-
ear term || is not renormalizable. While this is immediately
evident in the case of the fermionic DM, the corresponding
operator being of dimension-5 and explicitly dependent on
the cut-off scale A, the case of a vector DM state is more sub-
tle. Although its coupling to the Higgs boson is of dimension
four in energy, it can lead to violation of perturbative unitarity
in the Higgs mediated VV — V'V self annihilation process,
setting strong conditions on the model parameters [17]. In
particular, an arbitrarily light DM vector particle with arbi-
trarily high coupling to the Higgs boson is impossible. Such
abound, consequently, impacts directly the region which can
be probed by searches of invisible Higgs decays.

Hence, both the fermionic and vector Higgs-portal sce-
narios need the presence of additional degrees of freedom, to
be viable at arbitrary energy scales. These extra degrees of
freedom might have a significant impact on the astroparticle
and collider phenomenology of the DM states [18,60], which
cannot be described by the EFT approach anymore.

In this section, we analyze one of the most economical pos-
sibilities of completing the effective Higgs-portal, namely
through the introduction of an additional scalar field with
mass mixing with the SM Higgs boson. Assuming the addi-
tional scalar field to be an SU(2)p, x U(1)y singlet, one can
generate a renormalizable coupling with the isosinglet DM
candidate of any spin. We briefly review below the essential
features of such a scenario, following mostly the conventions
of Ref. [61].

The simplest scalar potential accounting for mass mixing
between the SM Higgs field ¢ and an additional scalar degree
of freedom S is given by

AHS

As
4

22
S
¢+4

1 1
s+ Eﬂil(bz—i- EM§S2~
)

A
V(. S) = TH"’4+

After spontaneous electroweak symmetry breaking, the
fields ¢ and S acquire vevs, labeled v and w respectively,
which read

5 2hpsni —4hsul )

w 20msuiy — A pi
dhphs — A3g

Ahphs — A3

(-4
1

(10)
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In this setup, the following mass matrix for the scalar states
is generated

2Apv2 Apsvw
2 H HS
A= <AH5vw 2hsw? )’ (D

and, under the assumption that the couplings of the scalar
potential are real, one obtains from the requirement that

w?, v? > 0, the following constraints

)\2
Al > KHj’ Ag >0, (12)

on the quartic couplings. The matrix .#? can be diago-
nalized through an orthogonal transformation O7.Z%0 =

diag (MI?{1 , M%{2> where

i )
0:( cos6 Sme) with tan 20 = — 1522

—sin6 cos@ Asw? — Agv?’

(13)

and the masses of the two Higgs eigenstates are then given
by

ksa)z — Agv?

, 14
cos 26 (14)

M%ﬂ,Hz = Agv? 4 Asw? F
where we identify H; with the 125 GeV SM-like Higgs boson
observed at the LHC. For our phenomenological analysis,
we will adopt the set (Mpy,, sinf, Ays) as free parameters.
The other two quartic couplings Ay, Ag can be written, as

functions of the latter, as

2 2 2
M 9 M MH1 s
552 L+ sin? —2U2 , (15)

2 2 2
As = 2k2HS 2 . 2 ( 2MH2 2
sin“ 260 MHZ—MH1 MHZ—MH1

The magnitude of these quartic couplings is constrained
by perturbative unitarity in the H; H; — H; H; annihilation
processes which require [62]

Ay =

— sin29> . (16)

A < O 4m)3). (17)

This type of constraint will be particularly relevant in the
case of vector DM particles. The couplings of the H; and H>
states with SM particles can be expressed in terms of the set
of free parameters that we have adopted, as

Hicos® + Hpsin6
v

ﬁcalar,SM =

X (2M€VWM+W—”+M§ZMZ”—mfff), (18)

while the trilinear scalar couplings relevant for DM phe-
nomenology are

K111 .3 K112

ZLicalar trilinear = —TUHl > Hl Hyvsin6
2 g H2vcoso — R a3, (19)
2 2
with the various « factors given by
2
K111 = (cos 6 + sin’ 9 )
s@
2M?% + M? x V2
K]IZZ# cos? 0+ k) ,
v
2M2, + M? ,\
K221 = # sin” 0 + sV’
v
1%{ Mg sv?
= sin* 6 + cos? 0— . 20
222 v2sin 6 (1 + MH —M2 ) 20)

The extended Higgs sector summarized above will act as a
double-portal for the DM particles. The interactions between
the two sectors are summarized in the next subsection.

3.2 DM couplings with the Higgs sector

In this section, the couplings of the DM particles with differ-
ent spins to the double-portal Higgs sector introduced above
are discussed, starting with the simplest and renormalizable
case of a scalar DM that is also included for the sake of
completeness.

3.2.1 Scalar dark matter

The scalar DM effective the model is not affected by the
previously mentioned theoretical problems, at least at the
scales relevant for studies at current and future high-energy
colliders. We will nevertheless consider the case in which the
theory is extended with an additional scalar Higgs degree of
freedom. Assuming that both the scalar DM s particle and the
additional Higgs mediator S are odd under a suitable discrete
symmetry, one can write the following simple interaction
Lagrangian

% = 21925 + 155282, (21)

where, for simplicity, the quartic self interaction terms for the
scalar fields are omitted. As can be seen, a direct coupling
between the DM and the Higgs doublet ¢ cannot be a priori
forbidden. We nevertheless set it to zero, i.e. A f = 0, in order
to reduce the number of free parameters. After the breaking
of the electroweak symmetry, the coupling of the DM particle
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with the physical states H; and H, will be simply

%, = )Sw(—sinOHy + cos 0 Hy)s?
+ Af cos? 9H12s2 — 2sin 6 cos 9AfH1 Hys?
+ 15 cos? O H3 52, (22)

where the expression of the vev w has been given in the
previous subsection. Notice that the previous Lagrangians
describe a real scalar DM state. One could nevertheless write
analogous Lagrangians for a complex scalar state just by
replacing s> — |s|? and considering a global U(1) symmetry,
rather than a discrete Z», to stabilize the DM particle. Con-
trary to the cases of fermionic and vector DM presented in the
following, we will not assume a dynamical generation mech-
anism for the DM mass, which will be then a free parameter
independent from its coupling (see e.g. [63] in the contrary
case). We also remark that one can accommodate a variant of
this scenario in which the DM is a pseudo-Goldstone boson of
the aforementioned global U(1) symmetry [64—66]. Despite
of its interesting phenomenology, especially for what con-
cerns DM direct detection [67-70], we will not consider this
scenario here.

3.2.2 Fermionic dark matter

The isosinglet fermionic DM case can, in principle, be
coupled with an isosinglet scalar with arbitrary coupling
strength. We will nevertheless assume that the DM mass is
originating from the vacuum expectation value w of the new
Higgs field (see also [71,72] for similar ideas). We will then
consider a Dirac fermion DM state described by the follow-
ing Lagrangian,

gx :_YXXXSa (23)
where the coupling is related to the DM mass by
Yx =My /. (24)

By using the two relations

2

S Mlzi. sin? 0 + M1212 cos2 6

2As
2 2 2
2)“HS v MH2
sin®20 My, — My, \ M3, — M3,

’

— sin? 9) ., (25)

one can restrict the set of new free parameters of the model
to (M, My,,sinf, Ags).

Notice that, in the case of fermionic dark matter, it would
potentially interesting to consider as well the possibility of
a CP violating scalar sector. As well known this would lead,

@ Springer

from a phenomenological perspective, to very interesting sce-
narios, see e.g. [6,73-79]. For simplicity, we will not consider
here this kind of scenarios.

3.2.3 Vector dark matter

In order to properly address the bounds from perturbative
unitarity in VV — V'V scattering through Higgs boson
exchange, we introduce an explicit mechanism for the gener-
ation of the DM mass based on the spontaneous breaking of
a dark gauge symmetry.In this subsection, we consider the
simplest case, namely the dark U(1) scenario in which the
DM content is minimal; the discussion of more complicated
scenarios will be postponed to the next section. The dark U(1)
model has been already studied in e.g. Refs. [15,17,18,80],
its main features are summarized below. The newly intro-
duced fields are described by a Lagrangian of the type

1 .
ﬁﬂdden = _ZVMVVMV + (D'uSy (D,uS) —V(S,9), (26

where V,, = 9, V, — 9,V is the field strength of the DM
and D, = 9, +igV, with g being the new gauge coupling.
The potential V (S, ¢) has the same form as the one given in
Eq. (9). Upon spontaneous breaking of the U(1) gauge sym-
metry, the DM particle acquires a mass term My = gw/2.
Its interactions are described by the following Lagrangian

=2 =2
D‘ZDM = ngp VM VH+ %,02 VH VH

g g*

= SMypVu V! + Vv, 27)

where p is the physical degree of freedom of § =
\% (w + p). The complete interaction Lagrangian that is rel-
evant for DM phenomenology can be then written as

gM
= gTV(—Hl sinf + Hp cos ) VMV“

52
+ % (H12 sin 0 —2H; Hy sin@cos@—‘f—sz cos? 9) "M%

Hicos6 + H»sin 0 _
+ 2225 (o Wi wn

+M2Z, 7" — mff‘f)

- Kl%le3 - /<1lelesz sin 6
_ KZ%HIHZZU cos§ — 222 H23v, (28)

where the expressions of the effective couplings «;; ; are given
in Eq. (20). The portal coupling Ay s can be traded with the
dark gauge coupling g using the following relation

Ans = g sin20 —2 ! 29
HS = gsin 4oMy (29
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and, hence, the set of free parameters will be composed of
(My, g,sin6, Mp,).

3.3 Dark matter phenomenology

When comparing dedicated astrophysical DM searches and
searches of invisible Higgs decays at colliders, re-expressed
as limits on the DM elastic scattering cross section on nucle-
ons, some important aspects should not be overlooked.

(i) When more realistic models than the effective one are
considered, DM observables might be affected by the
presence of additional degrees of freedom so that the
results obtained in terms of the effective Higgs-portal
might not be straightforwardly applied to these more real-
istic and sophisticated scenarios.

(ii)) The sensitivity of direct detection experiments dimin-
ishes as the DM mass drops below values of the order
of 10 GeV, because of the energy threshold of the detec-
tors, in particular those based on Xenon. On the contrary,
searches for invisible Higgs decays can probe arbitrary
low DM particle masses.

(iii) The limits from direct detection experiments crucially
depend on astrophysical inputs like the local DM density
and, in particular, are determined under the assumption
that the particle scattering with nuclei represents the total
DM component of the universe with a relic density com-
patible with the experimental determination. In contrast,
searches at colliders probe simply the coupling of the
DM candidate that is possibly produced in Higgs boson
decays, without any assumption on the DM local den-
sity and, consequently, on its abundance. Considering,
on the contrary, a specific mechanism for DM produc-
tion in the early universe, might strongly limit or even
completely rule out the DM mass range which can be
explored through searches of invisible Higgs decays.

In this section, we will review the phenomenology of the
DM particles in the UV-complete scenarios introduced pre-
viously, taking into account the first two aspects above. A
discussion that includes the third point will be relegated to
the next section.

In the case of scalar, fermionic, and vector particles, the
DM scattering cross sections on the proton are respectively
given by

2 SV2 ¢in2 2 2,2
ST _ w5, (Ag)”sin” 6 cos” Omy,w
P 16w v2M?
<g\(j‘lsaM1‘117]‘4[‘12’v5) f1%5

2

202 gin2 2
551 _ Wyp Yy sin” 6 cos” Om,

i 02

F (My. My, My, vy) £,

,u%,p §2 sin2 0 cos? Om?2

SI P
VT 4y v2
F (My, My,, Mu,, vy) fg, (30)

where m , is the proton mass, f, ~ 0.3 the nucleon form
factor while wx, = Mxm,/(Mx + mp) is the DM-proton
reduced mass. The impact of the additional degree of free-
dom, i.e. H; in the extended Higgs case discussed here, is
encoded in the function .# whose general expression is given
by [60]

1 1 1
F=—a |3 _
2.2 2 2.2 2
4M3v3 [ ,- <MHi 4MXvX+MHi>

2 . AM202
= —1 17110 1+ XX ,
> =D g( m

2 2 2
(M3, - m3,) 5 #;

3D

with vy being the DM velocity in the laboratory frame. In
the limit My, > 2Myvy, the function .# simplifies to the
known expression

2
1 1
My My,

As mentioned in the previous section the DM scattering cross
section can be directly related to the invisible Higgs branch-
ing fraction. For the three DM spins, we can hence write

2 2
w,, My, (m
aSSpI ) =200s29x2p7] —;
mix M Bsh, v
2 2
w m
FBR(Hy — i) I f2, oSh|  =8cos? 0L (=2
17p xXpP mix MHlﬁ;Hl U2
Z BR(H, — in) I} f7.
M2
SI 2 2 \4
o9 Imix = 32cos? Out YV
P pM%]ﬂVHIUVHl
m2 2
FBR(H, — inv)r,;"l‘v—zﬂ Iol?, (33)

/1 —4My/M7  and  nxa,

_ (1 —AME /MY, + 12M /M;;I). By comparing the lat-
ter expressions with the corresponding ones obtained for the
EFT Higgs portals:

where  Bxm, =

2 2
Wi, My (m )
op| =2—"2——( 2 |BR(H| — i) 5 f;,
EFT Mg,y \ 'V

2 2

SI’ MXP mp BR(H : tot £2

=8—| — | —> inv) "
P |gFT MH,B;H(M) ( Iy
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M2
ST 2 v
oy, |EFT = 321y,
P P M3 Bvenve
1 m3
BR(H; — in) I —— 2| f,[? (34)
My v

one can see that the prediction of the EFT approach and the
one of the renormalizable Higgs-portal model coincide in
the limit cos26.% — 1. This means that, for a sufficiently
heavy H; state which will then decouple from phenomenol-
ogy, the EFT limit is recovered. This possibility is, neverthe-
less, potentially troublesome in the case of vector DM since,
as already noted, an excessive hierarchy between the DM
mass and the mass of the H; state is forbidden by perturba-
tive unitarity.

Following a strategy analogous to the one discussed in
Ref. [15], and remaining agnostic for the time being on the
production mechanism of the DM in the early universe, a
parameter scan of the three DM models discussed above is
carried out considering the following ranges for the three
input parameters of the Higgs sector

Mp, € [Mp,3TeV], sing e [107%,03],

s € [10—2, 10], (35)
and, for the following additional parameters,

M, €[0.1,1000] GeV, 13 e [10—4, 1],
M, € [0.1,1000] GeV,
My €[0.1,1000] GeV, § € [10—2, 10], (36)

in the scalar, fermionic and vector DM cases, respectively.
Only the model points satisfying theoretical constraints such
as the perturbativity of the coupling of the DM to the Higgs
boson as well as perturbative unitarity in the H; H; — H;H;
processes as discussed previously, have been kept in our mul-
tidimensional parameter scan.

Additional heavy neutral Higgs bosons can lead to visi-
ble signals at the LHC and have been constrained in various
ATLAS and CMS dedicated searches. In the scenarios dis-
cussed here, and in view of the Lagrangian Eq. (18), the
partial decay widths of the new H, state into SM fermions
and gauge bosons are simply those of the SM-like Higgs
boson but with a mass My, damped by the mixing fac-
tor sin% @ so that in the absence of additional channels, the
branching ratios are the same as in the case of a heavy SM-
like Higgs state [81,82]. If the H, mass is large enough,
Mpy, > 200 GeV, the decays Hy — WW, ZZ will largely
dominate. There are, however, additional decay modes to
be expected: in addition to the invisible Higgs decay chan-
nel H — XX, there is also the cascade Higgs decay
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H, — Hj H; which can be extremely important. In our anal-
ysis, the following constraints from the searches of a heavy
CP-even Higgs boson at the LHC are accounted for!

H, — WW [83],

- Hy—~ ZZ,H, — HH — yyWW [84],
- Hy - H{Hy — yybb [85],

- H, - HH — bbbb [86],

and the model points incompatible with these constraints are
discarded.

The results of our scan are summarized in the two pan-
els of Fig. 3 which show the expected scattering cross sec-
tions of the DM particle over protons, corresponding to
the model points for which the invisible branching ratio of
the SM-like Higgs particle is constrained to be BR(H —
inv) = 11% (left panel) and BR(H — inv) = 2.5%
(right panel). We remind again the reader that these two
values represent, respectively, the present experimental sen-
sitivity at the LHC and the one expected for the high-
luminosity upgrade of LHC. The figure also shows, as
green/red/blue contours, the expected cross sections for the
effective scalar/fermionic/vector Higgs-portals. As already
pointed out in Ref. [15] (see also Refs. [60,87]), the sec-
ond scalar H, causes a destructive interference in the DM
scattering cross section, making it smaller with respect to
the prediction of the effective Higgs-portal for the same DM
mass. This interference becomes negligible as My, increases
and the effective limit is recovered for My, 2 1 TeV.

Figure 3 shows also current limits and future prospects
from dedicated direct DM searches. More precisely, the gray
region above the dashed gray line represents the exclusion
from searches by XENONIT presented in Refs. [13,28]. Fur-
thermore, the expected sensitivities from the XENONnT [29]
and DARWIN [30] experiments are shown as magenta and
purple contours, respectively. The yellow regions corre-
spond, finally, to the so called neutrino-floor, i.e. the irre-
ducible background due to the coherent scattering of solar
and atmospheric neutrinos over nucleons. While direct detec-
tion experiments will eventually be the most sensitive probe
for Mpm 2 10 GeV, for lighter DM state, collider searches
for invisible Higgs decays allow to probe regions of the
parameters space well inside the neutrino floor.

As will be discussed in the next section, achieving the cor-
rect relic density for the DM state will require, in the simplest
models, the presence of a light H> boson. We have therefore
extended the range of the scan to the [0.1 GeV, M g, ] region.
Similarly to the case My, > Mp,, constraints on the extra

! Besides the searches mentioned in the main text, the search of the Ha
state produced through the vector boson fusion process and decaying
into invisible particles, see e.g. Ref. [10], could be also relevant. We
have nevertheless not included it in the present analysis.
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Fig. 3 Predictions for the DM scattering cross section in the scalar
(green line), fermionic (red line), and vector (blue line) effective Higgs-
portal scenarios, as functions of the DM mass, requiring a value of the
invisible branching fraction of the SM-like Higgs boson to be 11% (left
plot) and 2.5% (right plot). The green, red and blue points represent
the value of US}VIP obtained by varying the parameters of the corre-

Higgs boson should be taken into account. For a light H,
boson, the following limits are accounted for:

(1) searches of low mass Higgs bosons at LEP [88] and par-
ticularly DELPHI [89];
(ii) constraints from the decays of B and K mesons [90-94];
(iii) constraints from beam dump experiments [95].

The results of the scan over the extended Mpy, range
are shown for the scalar, fermionic and vector DM cases
individually, in the three panels of Fig. 4. Here, only the
limit on the invisible Higgs decay rate from the LHC of
BR(H; — inv) = 11% are considered. As the mass of
the H, state decreases, the corresponding contributions will
dominate the DM scattering cross section, which will then
deviate from the predictions of the effective Higgs portal
models. Furthermore, the H; — H> H» channel, if kinemat-
ically accessible, can affect the invisible width of the heavy
Higgs state.”

When comparing direct detection limits with those from
invisible Higgs decays, it is important to note that, in princi-
ple, the latter probe arbitrarily low values of the DM particle
masses while the sensitivity of direct detection experiments
is limited by the energy threshold cutoffs. We nevertheless
limit the range of considered DM masses to 0.1 GeV based on

2 Note that if this H; — HaH» possibility occurs, the LHC limit on the
invisible SM-like Higgs branching ratio (in particular the one derived
indirectly from the signal strengths in the various H final state searches
performed by the ATLAS and CMS collaborations) might be weakened
and values larger than the adopted limit of BR(H; — inv) = 11%
might be possible.

Br(H —inv)=2.5 %

Scalar DM«
N

104

1074

Fermion DM

— 107
€
°,
_= 10
"no
)

10-51 Vector DM

10753

107

0.1 05 1 5 10 50 100

Mpul[GeV]

sponding renormalizable complete models with mixing of the SM-like
Higgs field with an additional Higgs singlet, with the latter assumed to
be heavier than 125 GeV. The gray areas show the regions excluded by
XENONIT, while the additional lines illustrate the sensitivities asso-
ciated to XENONnT and DARWIN; the region corresponding to the
so-called neutrino floor is shown in yellow

more general cosmological considerations. Indeed, through-
out most of this paper, the DM candidates are assumed to
be thermal relics, i.e. that the DM particle was in thermal
equilibrium in the early universe prior to a decoupling tem-
perature Tgec. In this case, the very stringent CMB bound
on the extra relativistic degrees of freedom [14] excludes,
at the 95% confidence level, a decoupling temperature for
beyond the SM particles, below the temperature of the QCD
phase transition, of the order of 100 MeV. According to the
details of the freeze-out, we can convert this bound into a
lower bound on the DM mass. Considering non-relativistic
freeze-out, namely Tgec < My, we obtain a generic lower
bound Tyec > Mx 2 0.1 GeV, which has then been adopted
in our scans.?

3.4 DM phenomenology including the relic density
constraint

In this section, the phenomenology of the DM particles
including the requirement that they generate the correct relic
density within the conventional freeze-out paradigm is dis-
cussed. The DM states therefore initially had sufficient inter-

3 In this framework, an additional and potentially more stringent bound
can be applied to the DM particle mass as CMB anisotropies can be
affected by energy injection from residual late time annihilation pro-
cesses of the DM [96-98]. Planck has set a very strong bound on the
DM annihilation cross section as a function of the DM mass [14],
which excludes the value favored by the WIMP paradigm, namely
3 x 10720 ¢m? 57!, for masses below 10 GeV. Contrary to the one
from A Negr, this bound is more model dependent since the DM fea-
tures sizable late time annihilations only if its cross section is s-wave
dominated.
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Fig. 4 Same as in Fig. 3
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actions with the primordial thermal bath to be in thermal equi-
librium. At a later stage, identified with the so-called freeze-
out temperature T, = Mpm/20 — Mpwm/30, it went out
of chemical equilibrium. The DM final relic density 2py#?,
which can be probed through CMB measurements, is entirely
determined by the thermally averaged DM annihilation cross
section (o v) through the expression [99]

Tf.o,

Jo

where Tj is the present time temperature. In our study, in
order to address the constraints from the correct DM relic
density in a precise manner, we have implemented all the
models discussed in the numerical package micrOMEGASs-5
[49].

Q2pmh? ~ 8.76 x 10~ GeV_z[

3.4.1 Scalar dark matter
We start by addressing the phenomenological constraints in

the case of a scalar DM. We have numerically computed the
DM relic density for the model points that pass the require-
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ments of the scan discussed in the previous subsection and
kept only the parameter assignments that lead to a density
Qpmh? within 30 of the experimentally determined value
and that lead to a DM scattering cross section over nucle-
ons below the present limits set by the XENONIT experi-
ment. Furthermore, since scalar DM particles have an s-wave
dominated annihilation cross section, we have included indi-
rect detection constraints, mostly determined by the FERMI
experiment in the range of interest for DM masses, from
searches of DM annihilation in dwarf-spheroidal galax-
ies [100,101] taking into account, whenever kinematically
accessible, the ss — HyH, — ff f'f’ processes [102],
as well as CMB constraints on residual DM annihilations
[14,97,98]. The latter constraints can serve as a useful com-
plement in the low mass region, namely M; < 10 GeV.

The model points passing all these constraints are dis-
played in Fig. 5 in the [My, Mpy,] plane. Among them, the
green points feature an invisible Higgs branching fraction of
2.5% < BR(H; — inv) < 11% while the red points are for
the situation in which this invisible branching fraction is sup-
pressed or even null, as is the case when the corresponding
decay channels are kinematically forbidden. As can be seen,
there are model points that can be probed by LHC searches of
invisible Higgs decays only if one of these conditions is met:
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Fig. 5 Model points, in the (M, Mp,) plane, for the mixing model
with scalar DM, passing all the theoretical and experimental constraints.
The model points featuring 2.5% < BR(H| — inv) < 11% have been
highlighted in green

Mg ~ Mpy,, Mg ~ %MH2 and M, ~ %MHI.We also remark
that on the y-axis of the figure, one has My, > 5GeV since
below this mass value, the bounds on the mixing angle in the
Higgs sector 6, as illustrated in the previous subsection, are
too strong to allow for a viable relic density according to the
WIMP paradigm.

In order to better understand this feature, we display in
Fig. 6 the outcome of a more focused analysis of some
benchmark models. The various panels in the figure show
the combination of the different constraints in the [M,, Af ]
plane when considering increasing values of the Higgs
mass Mpy,. The different experimental exclusions are rep-
resented as colored regions. The blue region corresponds
to the one excluded by the DM direct detection results of
XENONIT, the gray region is excluded by the requirement
that BR(H; — inv) < 0.11, while the orange and yel-
low regions correspond to the constraints from DM indirect
detection as given by the FERMI experiment and again, the
PLANCK experiment, referring this time to the bound on
effects on residual DM annihilations on CMB. The figure
finally exhibits as black dashed contours, the contour for the
value BR(H; — inv) = 0.025, i.e. the expected constraint
on the invisible Higgs decays from HL-LHC.

The upper left panel of Fig. 6 shows the case of a very
light H, state and a rather small value of the H—S mix-
ing angle. In this configuration, the correct relic density
can be achieved only in correspondence of the very nar-
row %M H, Higgs pole and when the ss — H»H, annihi-
lation process is kinematically allowed. As has been shown
in Ref. [20], this configuration ensures a low impact from
direct detection constraints. Indirect detection constraints,

however, probe efficiently the low mass regime. This panel
does not show contours corresponding to the invisible decay
of the SM-like Higgs boson. This is due to the fact that
the invisible branching fraction is entirely dominated by the
H, — H>H; process whose rate is controlled by model
parameters which are not varied in the plot. The parame-
ter assignment of this particular benchmark corresponds to
BR(H; — inv) =~ BR(H| — HyH>) = 0.07.

The second benchmark still corresponds to a light H; state
but above the kinematical threshold of the Hy — H>H,
cascade decay process. Again, besides the s-channel Higgs
poles, a viable relic density requires M > My, and indirect
detection provides the most stringent constraints, ruling out
DM masses up to 100 GeV.

Finally, the last two benchmarks feature high values of the
H; mass and high values of the mixing angle, close to the
experimental limits from the measurement of Higgs signal
strengths at the LHC. Here, direct detection turns out to be
the strongest constraint, ruling out the possibility of DM par-
ticles with masses below a few hundreds GeV, with the only
exception being when it is close to the %M H, pole.

We finally recast the direct detection versus the Higgs
invisible decays analysis, once all the phenomenological con-
straints are accounted for, including in particular the require-
ment of a correct DM relic density. Figure 7 shows then in the
[My, 0)5(;] plane, the model points that fulfilled all the phe-
nomenological constraints and, in addition, lead to an invis-
ible Higgs branching ratio in the range 2.5% < BR(H; —
ss) < 11%, i.e. which can be probed at the HL-LHC. The
figure shows also two iso-contours, in solid and dashed black,
corresponding to the expected cross sections, as function
of the DM mass, for the effective scalar Higgs portal with
coupling of the DM to the Higgs set such that the invisible
branching fractionis equal to 11 and 2.5%, respectively. If the
distribution, in the [Mj, a}S(;] plane, of the model points fell
between the two contours and had a similar shape, one could
state that the model under consideration has the effective
Higgs-portal as a viable limit and can, hence, be probed by the
correlation plots shown by the experimental collaborations.
In the opposite case instead, a full recast of the experimental
limits would be needed. As shown by Fig. 7, the distribu-
tion of the points of the scalar mixing model, which comply
with DM phenomenology, is substantially different from the
contours corresponding to the effective Higgs-portal. This is
due to the fact that, in the majority of cases, to have the cor-
rect relic density for a light DM, one needs comparatively
a light H,, with a mass possibly smaller than %M H - Asa
consequence, the invisible Higgs width is dominated by the
Hy — H, Hj decay process. For comparison, the figure also
shows the prospects at the next generation XENONnT and
DARWIN experiments and the yellow region corresponding
to the neutrino floor. As can be easily seen, a sensitive portion
of model points fall inside the neutrino floor below the sensi-
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Fig. 6 Summary of constraints
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tivity of the DARWIN experiment. Search of invisible Higgs
decays are then a very efficient complement for dedicated
DM searches.

3.4.2 Fermionic dark matter

We have repeated the same analysis discussed before in the
case of a (Dirac) fermionic DM. The result of applying the
requirement of a viable phenomenology for the spin-% DM
particle, including its compatibility with the measured relic
density (within 30), to the survey of model parameters per-
formed above is summarized in Fig. 8 in the [M,, My, ]
plane. The green points in the figure, which feature invis-
ible branching fractions of the SM-like Higgs state between
2.5 and 11%, cover a wider region of the parameter space
at low DM masses, compared to the case of a scalar DM
state. This is due to the p-wave suppression in the annihila-
tion cross section for fermionic DM. Consequently, the CMB
and indirect detection constraints have a negligible impact.
This is the case as the value of the annihilation cross sec-
tion at CMB decoupling and at present times is suppressed
with respect to its value at thermal freeze-out. Nevertheless,
the same general conclusion previously stated is still valid:
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a viable DM requires a light H, state which, consequently,
significantly impacts the collider phenomenology.

To ease the interpretation of the outcome of Fig. 8, we
have summarized in Fig. 9 the various constraints in the
plane [M,, Ays] for some benchmark assignments of the
My, and sin 6 parameters. In each panel, we display in red
the region of parameter space corresponding to the correct
DM relic density. The other phenomenological constraints
are the exclusion limits from XENONIT shown in blue and
the ones from searches for invisible Higgs decays at the LHC
shown in gray. In the magenta regions, the assignations of the
(Mx, ,ps) pair would lead to non perturbative values of the
DM Yukawa couplings.

The benchmarks that are illustrated in Fig. 9 represent the
following scenarios. The first one is the case of a very light
H,; state, close to the experimental bounds on extra Higgs
bosons. Given the presence of a light Higgs mediator, the
DM scattering cross section over nucleons is very high, so
that most of the [M,, Ay ] parameter space is ruled out by
current constraints. There is, nevertheless a narrow window
at low DM masses, in which all constraints are evaded and
direct detection as well as the invisible Higgs branching ratio
are compatible with the sensitivity of future experiments.
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Fig. 7 Model points, from the general parameter scan illustrated in the
main text, complying with all DM constraints, namely correct relic den-
sity, DM-nucleon cross-section below XENONIT limit and DM anni-
hilation cross-section compatible with ID and CMB limits, ad leading to
an invisible Higgs branching ratio of 2.5% < BR(H; — XX) < 11%.
The magenta and purple regions correspond to the sensitivity of the
XENONNT and DARWIN experiments while the yellow region rep-
resents the neutrino floor. Finally the solid and dashed black curves
correspond to the SI DM scattering cross-section, as computed in the
EFT scalar Higgs-portal, requiring that the value of the DM/SM Higgs
coupling leads to values of the invisible Higgs branching fraction of
11% (solid black line) and 2.5% (dashed black line)
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Fig. 8 Parameter survey for the fermionic DM modelinthe [M, , M, |
plane when the compatibility with all experimental constraints, includ-
ing correct DM relic density are applied. The green points feature an
invisible Higgs branching fraction in the range 2.5% < BR(H; —
xx) < 11%

We notice, however, that the contour for the invisible Higgs
branching fraction is independent of the DM mass and is still
present for M, > +Mp,. This is due to the fact that invisible

Higgs decays are dominated by the H; — H)H» cascade
process.

The second benchmark still features the My, < Mpy,
mass region but this time, above the H; — Hj H> threshold.
As can be seen, we do not have the correct DM relic density
for light DM states, where constraints from invisible decays
of the Higgs boson should have an impact. This is due to
the fact that DM annihilations are not effective there unless
M, ~ %MH2 ~ 450GeV or M, > Mp,. This particular
benchmark is completely ruled out with the exception of a
very tiny region around the %M H, pole.

The third benchmark corresponds to a high value of the
Higgs mixing angle, sin § = 0.3, which is the maximal value
currently allowed, for the considered mass range of the H»
state, by constraints on Higgs signal strengths. The latter has
a mass above that of the SM-like Higgs boson but is still
light enough to be within the reach of near future collider
searches. As can be clearly seen, in the third panel of Fig. 9 we
have no viable relic density in the region where the invisible
Hp — x x process is kinematically accessible. A viable DM
particle is also ruled out at higher mass values by constraints
from direct detection, again with the exception of the %M Hy
and %M H, poles.

The fourth and last panel of Fig. 9 illustrates the bench-
mark in which the assignment of the (sin6, Mp,) pair of
parameters is taken to be (0.1, 1 TeV). In this case, the effect
of the extended Higgs sector on the DM scattering cross
section, as compared to the effective Higgs-portal, becomes
marginal and the H, boson decouples. The impact on DM
constraints is analogous to the previous benchmark.

Finally, we illustrate in Fig. 10 the predicted DM-nucleon
elastic scattering cross section as a function of the DM mass,
but considering only the model points with an invisible Higgs
branching fraction in the range 2.5 < BR(H; — inv) <
11%.

As usual, the distribution of points in the plane can be
compared with the isocontours corresponding to the effec-
tive fermionic Higgs-portal. Since present constraints from
XENONIT have been automatically included in the scan,
the figure shows simply the projected sensitivities from
XENONNT and DARWIN, as well as the region correspond-
ing to the neutrino floor. As can be seen, the distribution
of the model points significantly deviates from the case of
the effective Higgs-portal. The reason for this outcome is
twofold. First of all, as already pointed out, with the excep-
tion of the Hj pole, a viable DM phenomenology requires
a light Hj state which dominates the DM scattering cross
section, exceeding for the same value of the couplings, the
prediction of the effective Higgs-portal scenario. The sec-
ond reason is that the light Higgs states actually dominate,
through the H; — H» H; process, the invisible decay width
of the SM-like Higgs boson.
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Fig. 9 Summary of constraints
for the renormalizable fermionic
Higgs-portal scenario in the
[My, Ans] plane, for three
assignments of the (sinf, My,)
pair, namely (0.01, 60 GeV),
(0.3,300GeV) and

(0.1, 1000 GeV). The red
contours correspond to the
correct relic density, the blue
region is excluded by
constraints from DM direct
detection (XENONIT), the gray
region corresponds to the
bounds from the Higgs invisible
branching fraction and in the
magenta region, the Yukawa 1
coupling of the DM state

becomes non-perturbative
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In summary, one can conclude from the previous discus-
sion that once the requirement of the correct relic density
for the DM particle is enforced through the standard freeze-
out paradigm, the effective Higgs-portal cannot represent a
viable limit of the more UV-complete model illustrated in
this work.

3.4.3 Vector Dark U(1) model

We finally come to the case of the vector DM hypothesis
and, as this case has been discussed already in the recent
analysis of Ref. [15], we simply give in this subsection some
complementary material and information.

Applying the DM constraints to the survey over the
[My, Mpy,, g, sin 6] parameter set introduced earlier yields
the result shown in Fig. 11 in the [My, Mp,] plane. Again,
the red points correspond to model parameters that pass all
present phenomenological constraints and lead to the correct
DM cosmological relic density. We also display in green the
area of parameters where the invisible branching ratio of the
SM-like Higgs boson is within the reach of near future exper-
iments. Again, a viable vector DM candidate in the kinemat-
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Fig. 10 The same as Fig. 7 but for fermionic DM

ical reach of invisible decays requires a comparatively light
H,. Also, vectorial DM features an s-wave dominated cross
section and, therefore, most of the unexcluded points lie in
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Fig. 11 Parameter survey for the dark U(1) model in the [My, My, |
plane. The red points correspond to those leading to a correct relic
density. The green points feature, in addition, an invisible SM-like Higgs
branching fraction between 2.5 and 11%

correspondence with the My ~ %M H, resonance pole and
near the threshold of the VV — Hj; H, annihilation process
(Fig. 12).

After the general survey of the parameter space of the
model performed above, we have conducted again a more
detailed analysis focusing on four benchmarks scenarios
identified by specific assignments of the My, and sin6
parameters. While the outcome is very similar to the one
obtained in the previous models, it is nevertheless interest-
ing to note the strong impact of the perturbative unitarity
bound as the mass of the H, state increases. In particular,
for My, = 1TeV, the constraint from the unitarity bound
becomes comparable to that of the invisible decay rate of the
SM-like Higgs boson.

Finally, a more detailed characterization of the region of
parameter space in which invisible decays of the H; boson
are kinematically allowed is made. The allowed region in the
My, af},] plane is shown in Fig. 13 where the same color
code as in Fig. 10 has been adopted. We see again that the
required presence of a light H, boson strongly influences
the DM scattering cross section and the invisible decays of
the H; state. While not dominant, as it was the case for a
fermionic DM, the H; — H, H» process still substantially
contributes, with a rate around 50%, to the invisible decays
of the SM-like Higgs boson.

Hence, it appears again that the conventional interpre-
tation of the LHC results does not properly describe sce-
narios in which the experimentally measured relic density
of the WIMP DM is achieved. However, and again, if a
different production mechanism for the DM particle were

to be assumed, a completely different conclusion would be
reached.

4 Extended dark matter sectors

In this section, we will further extend our analysis and con-
sider models in which the spin 0, % and 1 DM states, and
possibly the mediator of their interactions, are not the only
particles added to the SM spectrum and address scenarios in
which the DM sectors are enlarged.

4.1 The scalar inert doublet model

The so-called inert Higgs doublet model [103-107] is prob-
ably the simplest and best example of a concrete and UV-
complete scenario in which a scalar DM is present that is not
a singlet under the electroweak gauge group, while the Higgs
sector is SM-like. In this framework, the scalar sector of the
SM is extended with an additional SU(2) doublet ¢,, leading
to the following scalar potential:

V = 12lol? + 1?19’ 1F + alglt + rale*
A
+2316121¢' 12 + ralpte' ) + 35 [(¢T¢/)2 " h.c.] .
(38)

Contrary to the SM doublet ¢, the new field does not partic-
ipate to the breaking of the electroweak symmetry, as it does
not develop a vev. Furthermore, an ad hoc Z; symmetry is
introduced, forbidding a coupling of the ¢/ field with pairs
of SM fields. After spontaneous symmetry breaking, it can
be decomposed into the following physical states:

o7 = <H+, S5 (H + iAO)), (39)

namely a charged Higgs state H* two neutral states H? and
A", CP-even and CP-odd respectively. Their mass can be
expressed in terms of the parameters of the scalar potential
as:

1
M?{O =u?+ z)»va,

1
M?ii =u?+ 5)»302,
1
M/Q\O =u?+ EARU2, (40)

whereas the mass of the SM like Higgs can be written as
M%i =u’+ 3)»%1)2, with v being the SM vev. In Eq. 40 we
have introduced the parameters A g:

1
AL/R = E(M + Agq £ As). 41)

which also correspond to the coupling of the SM-H state to
HOHY and A°A° pairs. Similarly to the usual 2HDM, it is
possible to identify, as free input parameters of the model,
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Fig. 12 Summary of
constraints for benchmark
points of the dark U(1) model.
The red contours correspond to
the correct relic density, the blue
region is excluded by constraints
from DM direct detection by
XENONIT, the orange/yellow

sin6=0.01,M,=10 GeV

sin6=0.05,M,;,=60 GeV

regions correspond to exclusions . .
from FERMI/CMB and the gray
region corresponds to the
bounds from the Higgs invisible 0.1F
branching fraction. Finally, the
green region is excluded by the
constraints on the scalar
self-couplings from perturbative
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Fig. 13 The same as Fig. 10 for the dark U(1) model

the four physical masses My, M 40, Mgo, Mp+. As a con-
sequence of the discrete Z, symmetry, the lightest among the
electrically neutral scalar bosons H® and A? will be the DM

@ Springer

candidate and, in our study, we consider only the possibility
that it is the CP-even scalar H. Similarly to the case of the
Higgs-portal for scalar DM discussed previously, H? inter-
acts with the ordinary states through the SM-like Higgs field
H with a coupling given by Ay..

Being part of an SU(2) multiplet, the DM state can interact,
with gauge strength, with the W and Z bosons as well. The
prediction for the invisible branching fraction of the SM-like
Higgs boson might nevertheless differ from the case of the
effective Higgs-portal scenario since the pseudoscalar state
AY, if light enough, can also contribute to the SM Higgs
invisible width through the process H — A?A°.

Following the usual strategy, we have performed a scan
over the following parameters of the inert model in the ranges:

Mo, M4 € [0.1, 100] GeV,
My« € [80,300] GeV, |Ai| < 4, (42)

and retained only the model points passing the following
perturbativity and unitarity constraints on the scalar potential:
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Fig. 14 Model points (red) of the inert doublet model satisfying all
the experimental constraints with the exception of the DM relic density,
and with a Higgs invisible branching fraction comprised between 2.5
and 11%. The solid and dashed lines illustrate the expected contours
obtained with the above two values of the branching ratio in the effective
Higgs-portal model for a scalar DM. The small area with the green points
complies in addition with the correct relic density. The magenta/purple
and yellow regions represent the sensitivity regions of the XENONnT
and DARWIN experiments and the neutrino floor

A2 >0, Az, A3+ A4 —|As| > =2/ A1A0. 43)

We then applied the various experimental constraints, first
from electroweak precision tests which impact the mass split-
ting between the new scalar states and some collider bounds
on these new bosons [108], namely M o0 + M 40 > Mz from
the invisible width of the Z boson as well as the LEP2 con-
straints My+ > 70—90GeV on the charged and M0 >
100GeV, Mo > 80GeV, provided that My — Myo >
8 GeV [105], on the neutral states. Furthermore, we require
a DM elastic scattering cross section on nucleons below the
current XENONIT limit and, finally, a Higgs boson with an
invisible branching fraction, BR(H — inv) = BR(H —
HYHY) 4+ BR(H — AYA%) < 11%. We also indicate the
regions in which this invisible branching ratio could be mea-
sured at HL-LHC and, thus, lies in the range between 2.5 and
11%. We will also, subsequently, impose the requirement that
the DM state reproduces the measured cosmological relic
density.

These model points are displayed in red in Fig. 14 in the
[Myo, o 210 p] plane. The additional model points which fea-
ture the correct DM relic density according to the WIMP
paradigm are indicated in green. All the model points are
lying within the isocontours corresponding to the predic-
tions of the effective Higgs-portal which, therefore, repre-
sents an excellent limit. The picture once more substantially
changes if the correct DM relic density is required, leaving
only a very narrow strip marked in green in the figure, of

unexcluded model parameter points which correspond to the
Mpyo ~ %M p pole. Outside this region, the value of the
DM coupling required to comply with the other experimen-
tal constraints is suppressed, leading to an overabundance of
DM. Once again, the latter constraint could be avoided if a
modified cosmological history of the universe is assumed.

4.2 Singlet-doublet fermion model

An alternative to extending the Higgs sector with a singlet
field, to avoid the issue of a non renormalizable SM singlet
fermion DM, is to keep the Higgs sector of the theory mini-
mal and consider a fermionic dark sector made by different
SU(2)L multiplets such that the difference of their isospins is
Al = % [109], so that a Yukawa-like interaction for the DM
state can be written. In this work we will just consider the
minimal scenario, dubbed singlet-doublet model [110-112].
Indeed, in more complicated models, like the doublet-triplet
[113-115] or the triplet-quadruplet [116], gauge interactions
have a prominent impact on DM phenomenology. In partic-
ular, the correct relic density, assuming as usual the thermal
paradigm, can be achieved only for DM masses in the multi-
TeV range, hence far from kinematical reach of invisible
Higgs decays.

In the singlet-doublet model, the SM spectrum is extended
by introducing a Weyl fermion S, singlet with respect to the
SM gauge group, and a pair Dy, g of Weyl fermions trans-
forming, instead, as doublets under SU(2) and with hyper-
charges :I:%. For these fields, one can assume the following
decomposition

DL:<2%), DR:(_I\];R>’ S. (44)

Given their quantum numbers, the new states will be cou-
pled to the SM Higgs doublet according to the following
Lagrangian

1 ~
L = —§M5S2 —MpDrDgr—y1DrpS —y2DrpS +h.c.,
45)

where ¢~> = iop¢™ and, for completeness, we have also written
explicitly the mass terms of the new fields. These new fields
can thus also be coupled with the SM leptons through the
Higgs doublet. In order to avoid this possibility, which would
be dangerous for the stability of the DM particle, the presence
of a discrete Z, symmetry is assumed. After electroweak
symmetry breaking, the masses of the neutral components of
the new states are obtained by diagonalizing, with a unitary
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transformation U, the following mass matrix

Ms  yiv/v/2 yw/V2
yiv/v2 0 Mp . (46)
)’21)/\/E Mp 0

M =

leading to three Majorana fermions
xi = SUi1 + DLUiz + DRU;3. (47)

the lightest of which is the DM candidate. The new fermionic
spectrum is completed by an electrically charged Dirac state
Y+ with a mass My =~ Mp. The relevant interaction
Lagrangian finally reads [3]

2L =gHyy;HXixj+he
+ xiv" (ggx,.xj - géx,.xjys) XiZu
+y Tyt (gvaEiNi — 8lyepiy, V5> W, xi
—ey Y'Y T A,
8 (1 - 2sin?0w) Yy Y Z,, (48)

" 2cos2 Oy

with g being the SU(2) gauge coupling constant while 6y is
the Weinberg angle.*

As it can be easily seen, the DM is coupled also with
the gauge bosons as a consequence of its mixing with the
SU(2) doublet. When writing the general expression of the
coupling of DM pairs with the neutral bosons of the SM, one
then obtains [3,112]

@y1y2Mp + (v} + y2) My, v

Bn = TN SO+ 02) + 2Mg My, — M2,
Mzo(si-y3) (M2, - M3)
8 = - s
P00 T (M2~ MB)2 02 (vt ya My, Mp+ (v +y2) (M2, +M3))
49)
and taking the limit Mp > y; 2v 3> Mg, one obtains
2_ .2
< _ _2}’1)’21) gz ~ MZU (yl _y2) (50)
X1X1 MD ’ X1X1 ZM%

In other words, once the states x», x3 and i become
much heavier than the DM particle, their impact on the
phenomenology diminishes, the singlet-doublet model will
resemble the effective Higgs-portal for a fermionic DM, and
the new physics scale A can be identified with the mass term
Mp of the new fermion doublet. It is worth noting that the

4 This scenario can be seen as a limit of the minimal supersymmetric
SM where the extra Higgs bosons, in addition to the SM-like one &
which acts as a portal, are heavy; see e.g. Refs. [117,118].
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coupling of the DM with the Z boson exactly vanishes for
Iyl = [y2l.

It should also be mentioned that another model, analogous
to the singlet-doublet one, can be realized also with vector-
like fermions [6,119]. However, in this case, DM-related
observables are mostly determined by the DM interactions
with the Z boson. Consequently, the latter scenario does not
represent a viable limit of the EFT Higgs-portal scenario dis-
cussed here. This possibility will therefore be ignored in our
analysis.

To study the singlet-doublet fermionic model, we have
performed a scan of the (Mg, Mp, y, 6) parameter set over
the following ranges

Ms € [0.1,3000] GeV, Mp e [100, 3000] GeV,
ye [10*3, 10] ,tan 6 € [—20, 20], (51)

and, again, retained only the model points with an invisible
Higgs branching fraction of BR(H — inv) < 11%. We also
excluded points in which the Z boson decays into invisible
DM particles, by enforcing the constraint I'(Z — inv) <
2.3MeV from precision LEP measurements at the Z boson
resonance [120].

The result of the scan on the model parameters is sum-
marized in Fig. 15. The left panel shows in red the model
points in the [M,,, ofllp] plane with an Higgs invisible
branching fraction smaller than the LHC limit, namely
BR(H — inv) = 0.11, but above the expected sensitivity
of the HL-LHC upgrade, i.e 2.5%. The plot also shows, as
black solid and dashed contours, the corresponding expected
spin-dependent cross section for the effective Higgs-portal
fermionic model.

The results are totally analogous to what already obtained
in the inert doublet scalar model, with the model points
entirely lying within the isocontours corresponding to the
SM-like Higgs boson have been also compared with the ones
coming from dedicated DM searches. The gray region in the
left panel of Fig. 15 represents, indeed, the area excluded by
DM searches by the XENON1T experiment [13,28]. Further-
more, the expected sensitivity from next future Xenon-based
experiments, XENONnT and DARWIN, as well as the so-
called neutrino floor (yellow region) are also depicted.

As can be easily seen, for M,, 2 10GeV, DM direct
detection is the most efficient probe. In contrast, for lower
DM masses, searches of invisible Higgs decays can probe
DM masses lying deeply inside the neutrino floor area. As the
DM particle is also coupled to the Z-boson, a spin dependent
cross section is also present. We have thus shown, in the
right panel of Fig. 15, the predicted spin dependent cross
section as a function of the DM mass and compared it with
the exclusion bound, this time shown as a blue region, also
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Fig. 15 Model points in the planes [M,,,
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Fig. 16 Model points (red), in the [My,, ¢y, 5, ] plane with an invis-
ible Higgs rate BR(H — inv) < 11% and complying with constraints
from DM phenomenology. The model points in green are those which
have, in addition, BR(H — inv) > 2.5%

given by XENONI1T [121], and the projected sensitivity from
XENONNT.

Figure 16 considers in more detail the impact from DM
phenomenology. There, we display the model points with an
invisible Higgs branching ratio that pass the constraints from
LHC Higgs searches, BR(H — inv) < 11% and which,
in addition, feature the correct WIMP relic density, as well
as DM scattering cross sections, both spin dependent and
spin independent, compatible with the current experimental
limits.

SD Model

5
My, [GeV]

10 50 100

(red points). The gray/blue regions are excluded by the direct detection
bound from XENONIT on DM spin dependent and independent cross
sections, the magenta and purple lines are the projected sensitivities
from the XENONnT and DARWIN experiments, respectively, while
the yellow region in the left panel corresponds to the neutrino floor

Finally, the points with invisible branching fraction above
BR(H — inv) = 2.5% have been highlighted in green. As
can be easily seen, a viable relic density is obtained, within
the kinematically favored region for invisible Higgs decays,
only for 40 < M,, < 60GeV, where the DM annihilation
cross section can be enhanced around the Z and H poles.

4.3 Vector DM from higher dark gauge groups
4.3.1 The dark SU(2) option

UV-complete realizations of the Higgs-portal scenario with
a vector DM can be more elaborated than the minimal dark
U(1) model introduced and discussed in the previous section.
Indeed, the DM state can belong to a more involved hidden
sector that is subject to larger gauge symmetries. A next-to-
minimal option would consist of a dark SU(2) sector, see
e.g. Refs. [80,122,123]. In such case, the vector DM sector
is represented by three mass degenerate states V>3 whose
masses originate from the vev of a dark Higgs doublet field.
Similarly to the dark U(1) model of the previous section, one
can define a mixing angle 6 such that the relevant physical
Lagrangian will be given by

gMy

L= (—sin0H, +cosOHy) »  VAVie

a=1,3
+ Z€apcdy VEVIrVEY
=2

. g? [(v,;’v‘“*)2 . (v;jv;‘ v”ﬂvb”)] : (52)
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Fig. 17 The same as Fig. 12
but for the dark SU(2) model

Dark SU(2), sin6=0.01,M,,=10 GeV

Dark SU(2), sin6=0.05,M,,,=60 GeV
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where g is the new gauge coupling constant and My the mass
of the vector states.

The three SU(2) vectors are exactly mass degenerate and
have the same couplings to the Hy and H fields.” They there-
fore behave essentially like a single DM particle. The phe-
nomenology, hence, strongly resembles that of the dark U(1)
model, with a redefinition of the gauge coupling g. For this
reason, we will not analyze the model in detail and simply
summarize in Fig. 17 the outcome of the various constraints
in the same benchmarks used for the dark U(1) model. For
simplicity, we have omitted the subdominant indirect bounds
for these benchmarks. As can be seen, the two sets of figures
are very similar and, hence, this dark SU(2) option can be
ignored in the rest of our discussion.

4.3.2 The dark SU(3) extension: fields and interactions

A significantly different phenomenology is obtained when
considering a dark SU(3) symmetry. As was already shown

3 Such mass degeneracy can be removed by considering a more com-
plicated dark Higgs sector; see e.g. Ref. [124] for a recent example.
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in Ref. [80], the minimal option to break the SU(3) symmetry
is through two Higgs fields ¢; and ¢, that belong to the fun-
damental representation of the dark gauge symmetry group.
In the unitary gauge, the two fields decompose as follows

1 0 1 0
o1 =— 0 , = — vy +hy
V2 vy +hy

(53)
V2 v3 +h3+i(v4+h4))
The Lagrangian of the dark SU(3) model, including the Higgs
part, can then be written as
> A4 0o

Higgs = _7|¢| —mylol”,
oo = 11|80 — 222l 63 + (16179]¢2 +hc)

1

Lhidden = _ETr{V’“’ vy

+Du1* + |Dudo

— Vhiddens Vhidden = m3) 16117 + m3,|¢2|* — m3,
A %)
(6162 +he) 410l + Tl

+ 23l 1o l* + )»4|¢I¢2|2,
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+ [%5 (¢T¢z)2+x6|¢1|2 (6762) 21622 (¢>f¢2)+h.c.] ,
(54)

where we use the usual notation V,, = 9.V, — 9,V +
ig [V, Vo], Dugi = (8 +igVy) ¢i-

The model introduced above features several free param-
eters and new states. As was shown in Refs. [20,80,125], the
model can be reduced, with a rather modest loss of generality,
to a vector DM Higgs-portal model. First of all, the following
parameters of the scalar potential, m%z, AH12, Ag, A7, are set
to zero. A second relevant assumption is the CP-conserving
limit for the scalar potential, namely v4 = 0. Considering
the hierarchy v3 < vy for the remaining vevs, the mass
Lagrangian of the Higgs sector can be written as

1 1
L= —Equ///ép,even@ — 7 Ca - 1s5) (V2 + 02, (55)

where ¢ = h4 is a CP-odd state while @ = (H, hy, h», h3)T
are, instead, CP-even states. The mass matrix of the latter is
given by

’///CZPfeven
)»Hvz AH11VV] Agoovvn 0
AH11VV] )»11)12 A3v1v3 0
| Ag2nvvy Azviv3 sz% 0
0 0 0 1(Ou+irs) @ +vd)

(56)

Following again Refs. [20,80, 125], the choice Ay 1] = Az K
1 is adopted. Given our assumption on the hierarchy of the
vevs, the Higgs eigenstates are given by

H; ~cos60H —sinbhy, H» >~ sin0H + cosbhy,
H3 >~ h3, Hy > hy, (57

with masses

1 )\21)2 —AHUZ
My = 3 (v} +?) 7 A2

2 cos 20
1
M, = 5 Gt 25) (0] +03),
M7, = kvt (58)

with Hj being the 125 GeV SM-like Higgs boson. In sum-
mary, the Higgs sector of the theory is composed by two
CP-even states H; and Hj, which are mixtures of the SM-
like and dark-sector components. The amount of mixing is
described by the angle 6

2
tan 2 ~ M2 (59)
AUy — AH v2

The Higgs mass spectrum is completed by two mostly dark
sector-like CP-even states /3 4° and by a purely dark CP-odd
boson .

Under our assumption on the hierarchy of the dark Higgs
vevs, the eight dark SU(3) vectors form three mass degenerate
pairs which we associate to V L2 y45 y6.7 with masses
given by
1.,

My, =M = —g*y,

1
2 _ 2 _ X272 —
My, = My, = 22%03, Vs =1

1.
M‘Z/6 = M‘2/7 = Zgz(vlz + v%). (60)

The two remaining states are mixtures of the V3 and V' fields
defined as
v = v3cosa + V8 sin «, v8 = _v3ina + V8 cosa, (61)

with masses

e (1 B tanoz) S i 1
3/ = P} 8/ — - -
v 4 v 4 <1 —tana/ﬁ)

(62)

The mixing angle o can be written, for 2v% > v% (for the more
general expression, we refer to the work of Refs. [80,125]),
as

1 3v?
o= 3 arctan (&> . (63)

2, .2
2vi +v3

The breaking of the dark SU(3) gauge symmetry leaves a
global Z, x U(1) symmetry unbroken. The latter has, in turn,
a discrete Z; x Z/Z subgroup. The fields of the dark sector
have different charges under this discrete symmetry which
are summarized in Table 1. Given the charges displayed in
this table, there is one degenerate pair V-2 (V#9) that is
cosmologically stable if v2 < vy (v2 > vp). The lightest
between the states V3 and Y is stable as well. Their mass
ratio will be given by

MZ

v A—=Xs 5, 5
=2— f(vz/vl)
M‘z/s, g?
3 1
with £(r) = = s (64)

2r+1—JT+rr—1)

Forr = v% / v% not much smaller than unity, one has f(r) =
3+0((1—r)?), whileforr <« 1onehas f(r) ~ 1/r+0(1).

6 Since we are assuming a small but not vanishing v3, i3 and A4 also
mix with the SM Higgs doublet and, hence, would have a small SM-
like component; for this reason we have referred to them as mostly dark
states.
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Tab}e 2 Natgral parameter Case I Case I1 Case III Case IV
choices for different
multi-component dark matter 1 y2 4 ys 12 3 4 ys 13
scenarios Dark matter V.V V.V Vi,V Vid) Vv vi))
Parameter vp/v; < 1 va /v > 1 vy /v <1 va /v > 1
Choice A— s K1 A=A K1 Ay — A5 = O(1) A —As=0()

Table 1 7Z, x Z’2 assignments of the various fields of the SU(3) dark
model

Gauge eigenstates Mass eigenstates Zo x T

h, by, hy, h3, V] Hy, Hy, H3, Hy, V] +,+)
I y4 1 y4

Vi Vi Vi Vi (=)
2 y5 2 5

Vi Vi Vi Vi (= +)

ha V3. VE. V3 v, VR Ve VE G

According to the parameters of the scalar potential, we
have then four possible scenarios of two component DM,
summarized in Table 2.

Without loss of generality we can focus on the case
v] > v2. The DM will be then composed by the two mass
degenerate states V1, V2 which, for simplicity, we will refer
to as a unique DM component V, and the lightest among v
and ¥. From now we will, to simplify the notation, remove
the " on the definition of the V3" state. By further assuming
that the states H3, Hy are much heavier than the other dark
sector states, the DM phenomenology is described by the
following Lagrangian:

oM
Z = g2V (—sinO H| + cos 6 Hy)

a=1,2
gZ
+ gcosa Z eabcaquVbe“V” — 2 cos?a
2
a,b,c
x 3 (vgv“ﬂvjv“ . (v;v“ﬂ)2>

a=1,2

— lm2 wz + - (—sin6 Hy + cosO H»)
2 2My

1
-2 ()wallle + 20y y12H1 Hy +K¢¢22H22>] v’

k111 k112 .
— —le3 — —H12H2v sin 6
2 2
K221 K222

2 3
— TH]HZUCOSQ — THZU

n Hicosf + Hysin6
v

X (2M%VWJW“—+M§ZMZ“—mfff), (65)
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where the trilinear couplings « are the same as in Eq. (20)
while the new ones are given by

g . 3 2 2
Ayyll = Mo sin 6 (cos 6 (MH2 — MHI)
+2Mvv sin 6 (sinzéM;{l + cos? QM%IZ)> ,
A = g sin® cos6 (sin@ cos® (M2, — M?
Wblz - 2MVU H2 Hl

My sin 6 (sinZQMIZJl + cos? 9M%12>> )

§ :

Ayy22 = My cos 0 (sm3 0 (MI%I2 - M%ﬂ)
8

2Myv

+ cos 6 (sin2 GM%,1 + cos? GM%IZ)> . (66)

Notice that the picture depicted above holds under the
assumption of CP-conservation, i.e. for v4 = 0. If this is not
the case, Zy % Z/2 would not be a symmetry of the Higgs
sector. One could then consider the scenario of a very small
amount of CP violation, i.e. v4 < v3 < v1,2. In such a sce-
nario, both V3 and ¥ would decay into SM states via off-shell
exchange of the heavy Higgs bosons H3 4. Their decays rates
will be, however, suppressed by the small CP-violation and
by the heaviness of the masses of H3 4. Consequently we will
regard V3 and ¥ as metastable states, that is unstable from
the cosmological perspective, hence not being DM compo-
nents any longer, but stable with respect to collider scales.
In the following we will consider both the single component
and the double component DM scenarios.

4.3.3 Dark SU(3) model with V/V? DM

We first consider the scenario in which two spin-1 states,
V and V3 are the lightest in the dark sector. The case of a
spin-1/spin-0 component will be, instead, considered in the
next subsection. Both scenarios will encode two possibilities,
depending on whether CP is exact or slightly violated in the
dark Higgs sector: a single DM component and a lighter
(meta-stable) state or a two-component DM.

The case of only vector DM components is potentially
the closest to the dark U(1) scenario and, consequently, to
the EFT vector Higgs-portal. Even for a modest hierarchy
between the two vev’s v; and vy, one has sina < 1. As can
be easily seen from Eq. (65), this implies that the mass of the



Eur. Phys. J. C (2021) 81:653

Page 250f33 653

Fig. 18 The same as Fig. 11 but
for the dark SU(3) model with a 1000

single component DM V -2 (left
panel) and multicomponent

1,2,3 :
Vv DM (right panel) 100

PLANCK+XENON1T+FERMI+LHC
.2‘ G

0.1
1 5 10

V3 state becomes very close (with a relative mass difference
smaller than 10%) to the one of the V2 and its coupling
with the H, H; states approximately coincides with the ones
of V12, This implies the relation BR(H; — inv)|sy@E) =~
3BR(H; — inv)|yq), where BR(H; — inv)|y() is the
invisible fraction computed in the dark U(1) model for the
same assignment of the My, 6, Mpy,, § parameters.

Following the conventional scheme, our study starts with a
general survey of the model parameters My = My, g, Mp,
and sin@. Their range of variation is the same as the one
considered for the dark U(1) model. The other parameters of
the model have been setto sin = 0.08 and My, = 300 GeV.
The results are shown in Fig. 18 in the [My, My, ] plane. The
left and right panels represent, respectively, the case of single
component V12 and multi-component V!-23 DM.

The comparison of the two panels of Fig. 18 shows strong
differences among the two scenarios. In the case of single
component DM, we see that the viable model points cover
a broad region of the [My, Mpy,] plane. In particular, the
appropriate relic density is achieved with invisible decays
of the H; state that are within the expected future experi-
mental sensitivity, 2.5% < BR(H; — inv) < 11% with,
at the same time, My, larger than My, . This is a conse-
quence of the presence of the additional VV — V3V?3 chan-
nel, which is always kinematically accessible and which is
efficient enough to guarantee an annihilation cross section
compatible with the thermally favored value, while evading
the experimental constraints, especially the ones from direct
detection. The same does not occur, in turn, in the scenario
with a two component DM. Indeed, the distribution of the
viable model points strongly resembles the case of the dark
U(1) model. This is due to the fact that most of the cosmolog-
ical relic density is retained by the lightest V3 component [80]
which can annihilate only into SM final states or, if kinemat-
ically allowed, in a light H, pair.

As usual, to facilitate the understanding of the outcome
of the general parameter survey, we performed a dedicated
study in three benchmark scenarios with different Mp,

50 100
My[GeV]

1 P
5001000 1 5 10 50 100

My[GeV]

5001000

and sin 6 parameter values, considering both the cases of
single- and multi-component DM. The results for the two
possibilities are shown, respectively, in the left and right
columns of Fig. 19. We have investigated only the case in
which My, > Mp,, where the most significant differences
with the previously considered model arise. The results dis-
played in the figure are for three different values of the
(MH,, sin @) pairs which are explicitly reported on top of
each panel.

As already made clear by the general survey, the relic den-
sity contours lie, for all the three benchmarks, in the single
component scenario well below the exclusion bound from
XENONIT. This occurs because the DM relic density is
determined mostly by the VV — V3V3 process. The latter
process being very efficient, the DM abundance matches the
experimental measurement for relatively low values of the
coupling g, which would correspond to small DM scatter-
ing cross-section over nucleons, below present experimental
sensitivity. The bounds from the invisible Higgs width are,
instead, very strong and can cover the small g regions corre-
sponding to the correct relic density.

Furthermore, for My, 2 500 GeV, the perturbative uni-
tarity bound rules out very light values of the DM mass,
below around 5 GeV. The outcome of the two component
DM scenario is very different and, since My ~ My3 and
sinae < 1, the adoption of the (My.g) plane to show the
results is still reliable. Similarly to what occurred in the dark
U(1) model, theoretical and experimental constraints rule out
the model with the usual exception of the %M H,, regions.
As already mentioned, this is due to the fact that most of the
relic density is retained by the lightest dark sector state, V3
which behaves in analogous way as the DM candidate in the
dark U(1) model.

Having determined the viable regions of parameter space,
the last step is to assess whether the latter can be probed by
the LHC correlation plot done for the effective Higgs portal.
We have thus shown in Fig. 20, in the usual [My, af},] plane,
the model points of our scan that have a viable DM relic den-
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Fig. 19 Summary of
constraints for three benchmark
scenarios for the dark SU(3)
realization with single (left) and
multi (right) component DM.
The color code is the same as

Dark SU(3),sin6=0.05,M4,=300 GeV

Dark SU(3),sin6=0.05,M,;,=300 GeV

Fig. 12
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sity, evade the direct and indirect detection constraints and
feature an invisible Higgs branching ratio between 2.5% and
11%. For most points, the effective vector Higgs-portal limit
is valid. While experimental constraints can be compatible
with the mass hierarchy My, > Mpy,, perturbative unitar-
ity constraints forbid a complete decoupling of the H; state

@ Springer

My[GeV]

which can subsequently affect the DM scattering cross sec-
tion. Furthermore, the invisible Higgs branching fraction is
three times higher, for the same assignments of the parame-
ters g and sin 6, than for the case of the dark U(1) model. This
does not occur for the DM scattering cross section which,
instead, coincides for the two models. Having considered in
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PLANCK+XENON1T+LHC+FERMI
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Fig. 20 Model points of the dark SU(3) model, in the [My, (73;] plane,
complying with DM constraints and featuring 2.5% < BR(H; —
inv) < 11%. The solid (dashed) isocontours represent the predicted
cross sections of the effective vector Higgs-portal corresponding to
BR(H; — inv) = 11% (2.5%). The magenta/purple regions represent
future sensitivities from XENONnT/DARWIN and the yellow regions
the neutrino floor

our parameter scan the case My, < My, as well, Fig. 20
also shows a distribution of points with cross sections well
above the effective Higgs-portal limit.

4.3.4 Dark SU(3) model with V/& DM

A more peculiar realization of the dark SU(3) scenario is the
case with a mass hierarchy My < My3, My. As before, we
discuss, separately the cases in which CP-symmetry is pre-
served or violated in the scalar sector. In the latter case, fol-
lowing the usual criteria, we have performed a general param-
eter survey by varying the mass My in the 0.1—100 GeV
range and the other parameters as in the previous subsec-
tion. The results are illustrated in Fig. 21 and show again
that a viable relic density can be easily achieved even for
My, > Mpy,. One might, potentially, recover the EFT vec-
tor Higgs portal as a limit, with the exception of DM masses
below 5 GeV where unitarity does not allow to decouple the
H, state at a high mass scale.

In contrast to the case My > M\, 3 discussed in the pre-
vious subsection, few points with invisible branching fraction
of H; within the next future sensitivity of LHC appear. As
can be also seen by the two benchmarks displayed in Fig. 22,
the presence of the additional final state into ¥ ¥ pairs makes
DM annihilations very efficient, so that the correct relic den-
sity is achieved for rather small values of g, suppressing in
turn the invisible branching fraction of H;.

This result is also made explicit in the LHC correlation
plot, Fig. 23, which shows a worse agreement, with respect
to previous subsection, with the EFT vector Higgs portal.

1000
100
S
[ g
S 10
k)
S
1
0.1
1 5 10 50 100
My[GeV]

Fig. 21 The same as Fig. 11 but for the dark SU(3) model in the regime
My < My s and ¥ not stable with respect the age of the Universe

Let us now move to the case in which the ¥ field is cos-
mologically stable. Besides the fact that the two DM compo-
nents have different spins, this model has a peculiar property
related to the (pseudo)scalar DM component. Indeed, substi-
tuting the analytical expression of the couplings of ¥ with
the Hj » states,

8H 2y = Mav2 (—sinO H| + cos 0 Hy)
+An22 (cos O Hy + sin6 Hy)

sin6 cos 6 (—H,; M,2,1 sin@ + HZM%{2 cos6)
(67)

_ 8
2My

into the conventional expression of the scattering cross sec-
tion of ¥ into protons,

2
ol o ‘(gHIq/q//M%{] cos 0 + grpww /M, sin 9)) . (68)

it is immediate to notice an automatic exact cancellation,
independent on the values of the (Mpy,, sinf) pair [125],
among the contributions associated to, respectively, the #-
channel H; and H, exchange processes. In other words,
the scattering cross section of the ¥ component of the DM
identically vanishes. What actually vanishes is the leading
order contribution. The dark SU(3) gauge symmetry allows,
indeed, for the existence of the V/f 0" h4 operator [126], which
can be removed through a redefinition of the vector field
V0. Such redefinition induces additional interactions for ¥,
responsible a cross-section of the form:

2 2 172

SI _ Hyp MlI/MV
T 4 MR
TT V6

sin® 0 cos> 6
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Fig. 22 Combination SU(3),sin6=0.1,My,=300 GeV, M, =30 GeV SU(3),sin6=0.05,M},=500 GeV, M,,=30 GeV

constraints, with the customary 10
color code, for two benchmark

examples of the dark SU(3)

model in the regime

My < Mys, My with ¥ being

not stable on cosmological 1r
scales. The results are shown in
the (My, g) plane while the
other parameters have been kept
fixed to the values reported on
top of the panels 01F

0.01

20 40 60
My[GeV]

PLANCK+XENON1T+LHC+FERMI
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1 5 10 50 100
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Fig. 23 LHC correlation plot for the model points of the dark SU (3)
model with V DM plus metastable ¥ complying with all constraints
and featuring, as well, 2.5% < BR(H; — inv) < 11%. The
solid (dashed) contours represent the predicted cross sections of the
effective vector Higgs-portal corresponding to BR(H; — inv) =
11% (2.5%). The magenta/purple regions represent future sensitivities
from XENONnT/DARWIN and the yellow ones the neutrino floor

2
1 1 (Zfp + (A = Z) f]?
x| — - — P 5 , (69)
My Mj, A

which becomes negligible when the limit M ‘2, /M ‘2/6 ~
v% / v% <« 1 is approached. This is a very peculiar feature
of the UV-complete model which cannot be reproduced by
an effective Higgs-portal scenario.’

We repeated our parameter scan assuming, this time, cos-
mological stability for the ¥ state, and show our results in the
[My, Mpy,] plane in Fig. 24. The distribution of the viable
model points strongly resembles the one of the scenario with

7 Cancellation mechanisms have been explored under a more general
perspective e.g. in Refs. [126,127].
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Fig. 24 Results of the parameter survey for the dark SU(3) model in
the scenario of two component V /¥ DM

a scalar DM interacting with a mixed Higgs/scalar singlet
mediator, already discussed in this work. Masses of ¥ in the
kinematically allowed region for invisible Higgs decays are
achieved either around the %M H, pole for My, < My . To
understand this outcome we have conducted more detailed
studies for some specific benchmarks.

Figure 25 illustrates three benchmarks in the [ My, g] bidi-
mensional plane and each benchmark is described, this time,
by two figures. The ones on the left-hand side illustrate the
usual combination of constraints, i.e. the red isocontours of
the correct relic density (this time the sum of the contribu-
tions from the ¥ and V components) have been compared
with exclusions from direct detection (in blue), searches of
invisible Higgs decays (in gray) and perturbative unitarity (in
green). We have then added for each benchmark a second set
of plots showing in the same [My, g] plane, the regions cor-
responding to different range of values of fy = Qv /2,
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Fig. 25 Left column: combined
constraints in the [My, g] plane
for three benchmarks of the dark
SU(3) model with V /¥ double
component DM; the other model
parameters have been fixed as
indicated on the top of the
panels. Right column: relative
contributions, measured through
the parameter fy = 2y /201,
of the two DM components to
the relic density, for the same
benchmarks. The colored
regions represent the of values
for fy, fv > 0.9,

0.5 < fy <0.9,

0.1 < fy <0.5, fy <0.1
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i.e. the relative fraction of the DM relic density retained by ~ other words, the ¥ component accounts for most of the DM
the vector DM component. For reference, this second type  of the Universe. This can be easily understood by noticing
of plots also contain the isocontours corresponding to the  that the annihilation cross section of the V component is

correct DM relic density.

enhanced by the processes with V3V3 and ¥ ¥ final states.

As can be seen from the figure, fy is very suppressed, with ~ On the contrary, the ¥ DM component can annihilate only
values even below 0.1, over most of the parameter space. In
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into SM fermions and gauge bosons or into H| Hy, H; H, and
H> H», hence with a more suppressed cross section.

A first consequence of this result is that current direct
detection constraints have a marginal or even null impact
and are even absent, as for the first benchmark shown in
Fig. 25. Indeed, the ¥ DM component has an automatically
suppressed scattering cross section over nucleons. For what
concerns the vector component, while its spin independent
interactions are in principle substantial, its scattering rate
over nucleons is suppressed due to the small fy value, again
corresponding to almost no limits from current direct detec-
tion experiments. On the other hand, in the limit of heavy H>,
and for My < %M H,» the ¥ DM component can annihilate
only into SM fermions. Similarly to what would occur for the
effective scalar Higgs-portal, the correct relic density would
require high values of g, sin 6, which are already excluded
by perturbative unitarity and/or invisible Higgs decays.

‘We do not show, for this last scenario, the LHC correlation
plot as we know already that the effective Higgs-portal is
not a reliable limit given the aforementioned cancellation
mechanism in the DM cross section over nuclei, which is
peculiar to the dark SU(3) model.

5 Conclusions

The effective field theory approach to the Higgs-portal sce-
nario for weakly interacting massive particles is a powerful
tool which allows to study in a simple and model-independent
manner the phenomenology of the dark matter particles at
both collider and astroparticle physics experiments. In par-
ticular, it allows to straightforwardly exploit the complemen-
tarity between two different search strategies: the search for
invisible decays of the standard Higgs boson at high-energy
colliders such as the LHC and the direct detection of the
DM particles in astroparticle physics experiments such as
XENON.

The objective of the work presented herein is to assess the
validity of the effective approach in interpreting the exclu-
sion limits from DM searches at collider experiments. We
have compared the simple effective Higgs-portal models with
spin-0, spin-% and spin-1 DM states, which in general are
subject to theoretical problems such as non-renormalizability
and unitarity violation, with a series of more realistic and
ultraviolet complete models and analyzed the conditions
under which the interpretation holds and can be used.

We have first considered the case in which the DM inter-
actions with the Higgs sector of the theory occur as a result of
the presence of an additional scalar singlet field that mixes
with the SM-like Higgs field. This new field dynamically
generates the masses of the fermionic and vector DM par-
ticles, thus solving the renormalizability issue of the effec-
tive Higgs-portal models in these two specific cases. This

@ Springer

scenario introduces a new degree of freedom in addition
to the DM particle, which could significantly alter the phe-
nomenology and possibly spoil the validity of the effective
theory interpretation. We have shown, however, that in the
conventional Higgs-portal models for spin- % , 1 and for com-
pleteness also spin-0 DM particles, this happens only when
the additional scalar boson is light. Assuming a sufficiently
heavy additional scalar, with a mass in the TeV range, fully
resolves this inconsistency and is consistent with the spirit
of an effective limit.

We have also shown that if one insists to enforce the WIMP
paradigm, the DM state cannot reproduce the measured cos-
mological relic density in most parts of the parameter space,
except for narrow areas such as the Higgs boson “pole” and
the light DM regions, which are within the kinematical reach
for invisible decays of the SM-like Higgs boson, unless the
extra scalar degree of freedom is relatively light. In this case,
the simplest effective field theory approach does not apply.

‘We have then analyzed the possibility of more complicated
dark sectors for the three different spin assignments of the
DM particle. For the spin-0 and spin-% DM possibilities, we
have considered, respectively, the inert Higgs doublet model
and the fermionic singlet-doublet model, in which the DM
particle has an SU(2) component and comes with new neutral
and charged partners. In the light DM regime, these models
are analogous to the scalar and fermionic Higgs-portal sce-
nario and inherit the difficulty of achieving the correct relic
density outside the Higgs pole region.

In the case of vector DM, we have considered more com-
plex DM dark sectors by increasing the rank of the dark
gauge group. While the SU(2) case does not change the pic-
ture drastically, the case of the SU(3) group revealed itself
to be quite interesting. In particular, it features a vector DM
candidate accompanied by a lighter metastable state. This
allows to obtain the correct DM relic density without relying
on the presence of additional scalar degrees of freedom. In
addition, the impact on the interpretation of invisible Higgs
searches at the LHC is very modest since the DM and the
additional vector states are sufficiently close in mass to be
treated as a single particle in collider searches.

The effective Higgs-portal approaches provide robust and
consistent limits for a very wide range of more complete
and realistic concrete models. These effective models, there-
fore, provide excellent benchmarks in all three DM parti-
cles hypotheses of spin-0, % and spin-1, for interpretation
in terms of DM-nucleon spin independent cross sections.
While the measured cosmological DM relic density can be
obtained only in narrow regions of parameter space, this
strong assumption can be relinquished in favor of alternatives
to the conventional thermal paradigm, such as non-thermal
production mechanisms and/or modified cosmologies.
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