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In one-component dark matter (DM) scenarios is commonly assumed that a scalar weakly interacting
massive particle must either be part of an SU(2), multiplet with zero hypercharge or have suppressed
vector interactions with the Z-gauge boson to circumvent stringent direct detection (DD) bounds. In this
work, we demonstrate that multicomponent scenarios with a dark scalar doublet exhibiting vectorlike
interactions with the Z boson are also compatible with bounds arising from DD searches. Specifically, we
consider a simple extension of the Standard Model wherein the dark sector comprises a doublet and a
complex singlet ¢, both charged under a Zg symmetry. We find that semi-annihilation processes drastically
reduce the relic abundance of the neutral component of the doublet, H’, sufficiently attenuating the effects
of its large Z-mediated elastic scattering cross-section with nucleons to satisfy the DD constraints.
Although the contribution of H° to the total relic abundance is nearly negligible, with ¢ dominating, both
dark matter components are expected to be detectable in ongoing and future DD experiments. The viability
of the model is tested against several theoretical and experimental constraints, resulting in a parameter

space featuring a nondegenerate mass spectrum at the electroweak scale.
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I. INTRODUCTION

The observed relic abundance of dark matter (DM) [1]
finds a simple and appealing explanation through a new
stable particle characterized by electroweak-scale mass and
interactions [2]. This particle achieves chemical equilib-
rium with the Standard Model (SM) in the early Universe,
following the weakly interacting massive particle (WIMP)
mechanism [3,4]. In this context, the SM Higgs and Z
bosons may act as mediators between the dark and visible
sectors, giving rise to the Higgs-portal [5,6] and Z-portal
[7] models. Among the simplest models accommodating
the Higgs portal are those that introduce a SM singlet,
either a scalar [8§-10] or a fermion [11-13]. Conversely,
the archetype of a purely Z-mediated DM model is the
neutralino [3,14]. Notably, renormalizable DM models
encompassing both Higgs and Z portals, such as the inert
doublet model (IDM) [15,16], can be easily found.

Direct searches [17] have been crucial in probing large
portions of the parameter space of WIMP models. Indeed,
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in models having an open Z-portal they exclude DM
candidates that can elastically scatter on nuclei via a tree-
level Z-boson exchange due to a spin-independent (SI)
cross section lying orders of magnitude above the current
bounds [18-20]. This situation materializes, for instance, in
the IDM where the neutral component of the inert doublet
acts as the DM candidate, leading to a large scattering
cross section with nuclei of the order of 1073° cm? [16].
Nonetheless, it is only when the CP components of the
doublet are nondegenerate (leading to a nondiagonal
coupling to Z boson) that the stringent direct detection
(DD) limits can be circumvented. This enables the explan-
ation of the observed DM abundance for masses near the
Higgs resonance and exceeding 500 GeV [21].

DM in the Universe may not necessarily made up of a
single particle and instead populated by several species
accounting for the total abundance [22-29]. In these
frameworks, new DM processes [30,31] such as conver-
sions and semi-annihilations typically arise, modifying not
only the production of each component but also their
interactions with the visible sector, thus providing a reason
for the lack of DD signatures in single DM component
scenarios. Certainly, recent phenomenological studies on
multicomponent WIMP models (see e.g., Refs. [32-58])
have shown that their compatibility with current exper-
imental data is possible even with DM masses significantly
less than 1 TeV.

In this work, we analyze a two-component DM model
with two scalar candidates; a SM singlet ¢ and the neutral
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component H° of a second weak-isospin doublet H,, both
charged under a Zg symmetry.l Both candidates retain their
complex nature even after electroweak (EW) symmetry
breaking, implying that H° continues having diagonal
gauge interactions with the Z boson. We demonstrate that
the semi-annihilation processes induced by the interaction

term HjH,$* cause a large suppression on the H°
abundance in such a way the expected number of events
associated with H° in DD experiments, such as LUX-
ZEPLIN (LZ) [19], can lie below the current upper bound.
Moreover, this conclusion is obtained guaranteeing that all
constraints imposed on the model are fulfilled in a range of
nondegenerate DM masses around the EW scale. In this
way, the doublet candidate not only emerges as a valid
candidate but also can leave signatures in current and future
DM experiments.

The rest of the paper is organized as follows. In the next
section, we present the model and study the effect of the
interactions allowed by the Zg symmetry on the DM relic
densities, as well as the DD of the DM candidates. Special
emphasis is placed on calculating the expected number of
events in xenon-based experiments. In Sec. III, we describe
the theoretical and experimental constraints that must be
satisfied and determine the viable parameter space through
random scans. This analysis also includes an investigation
of detection prospects. Finally, we present our conclusions
in Sec. IV.

II. THE MODEL

The model we consider enlarges the SM by introducing a
dark scalar sector made up of a second Higgs doublet H,
and a complex gauge singlet ¢. Besides, an exact Zg
symmetry is introduced such that the dark sector fields are
charged under Z4 whereas the SM fields transform trivially.
In order to have two DM candidates, besides imposing that
the new scalar fields do not acquire a nonzero vacuum
expectation value, the neutral component of H, and ¢ must
not mix with each other.” The charge assignment assuring
these conditions becomes’

Zs(¢) = ws, Ze(H,y) = w?, we = €3, (1)

Consequently, the most general Zg-invariant scalar poten-
tial reads,

'For scenarios involving a Zg symmetry responsible for DM
stability, see Refs. [53,59-61].

“Notice that the model presented in Ref. [42] considers the
neutral components of H° to be nondegenerate.

The discrete symmetry can be promoted to a U(1), global
symmetry, leading to the charge assignment X(H,) = 2X(¢)
and X(SM) = 0, such that 2X(¢) — X(H,) = 0. Recall that this
possibility opens the door to considering a dark asymmetry [62]
within a two-component scenario [63,64].

V= —3[H\[* + 4 [H\[* + 3| Ha > + Dol Hao|* + |9
+ Aglp|* + A3 H PIH? + M| HH P + | Ho |

2 (2)

1
+54 (HyH, ¢? + H.c.) + Ag|H, |

where H represents the SM Higgs doublet and 4, is real
without loss of generality, achievable through field rede-
finitions of ¢, H;, or H,. Working in the unitary gauge,

() o

with » = 246 GeV, the scalar spectrum is given by

= {ﬁwz hJ’

m% = 21,12, (4)
2
v
my :/43,4‘?187 (5)
2 2 v?
mHi :ﬂz"’_?/l:‘)y (6)
mlzqo = /1% + 072, (7)

with 4; = (43 + 44)/2. When ¢ is the lightest particle we
impose the kinematic relation myo < 2my to ensure the

stability of H°. Notice that the absence of the term

[4s(H}H,)? + H.c.] entails that the H° field remains com-
plex, i.e., the CP-even and CP-odd components have the
same mass. Fixing the Higgs boson mass m;, at 125 GeV
[65], the model includes nine new free parameters; six
dimensionless (5, 43, 46, 43, 44, 4, ) and three dimensionful
chosen to be the dark scalar masses.

The set of new scalar interactions induces annihilation,
semi-annihilation and conversion processes which affect
DM relic densities in distinctive ways. First, the usual
Higgs portal interactions, (43, 44) for the doublet and A5 for
the singlet, couple the DM particles with the SM ones,
leading to DM self-annihilation processes (see Fig. 1).
Secondly, as is shown in Fig. 1, DM conversion processes
can arise in three different ways; from the quartic terms g
and 45, and from the interplay of the two Higgs portal
interaction terms. Thirdly, the Higgs portal interactions
also play a role in the semi-annihilation processes when
combined with the 1, interaction, although such processes
appear independently of the Higgs portal (see Fig. 2).*
Finally, the self-interacting terms, 1, and 4,, although not
relevant for the DM phenomenology, they play a key role in
ensuring the theoretical consistency of the model.

*See Ref. [66] for a study of semi-annihilations in models
including one or two scalar multiplets in the dark sector.
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FIG. 1. Top: DM self-annihilation processes mediated by the Higgs portal interactions. Final states as WW, ZZ, hZ, and f f can be also
present in the s-channel processes. Bottom: DM conversion processes mediated by the A¢ (left panel), 4; (middle panel), and the Higgs

portal (right panel) interactions.
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FIG. 2. DM semi-annihilation processes mediated by the interplay of Higgs portal and 1, interactions (top panels), by only the 4,
interaction (bottom left panel) and by the interplay between the A; and the gauge portal interactions (bottom middle and right panels).

On the other hand, gauge interactions of the doublet H,
not only cause (co)annihilation processes but also semi-
annihilation processes. The first set involves new processes
such as H'H? — WW but also as those mediated by the
Higgs portal H°H® — hh, among others. The second set
brings with the purely new type of processes involving a
gauge boson in the final state thanks to the presence of the
A7 interaction term, as displayed in the bottom panels
(center and right) of Fig. 2. As will be shown in the next
section, this type of processes is fundamental to evade the
DD constraints.

Table I summarizes all the 2 — 2 processes that may
affect the relic densities of ¢ and H. These processes are
classified according to the fields involved and to the
number of SM particles present in the final state. To this
end, ¢/¢* and H,/H’ are assumed to belong, respectively,
to sectors 1 and 2, whereas the SM particles belong to

TABLE I. The 2 — 2 processes allowed (at tree level) by the
Ze symmetry and that can modify the relic density of ¢ (top) and
HO (bottom). Z and W* denote the EW gauge bosons whereas /
stands for the SM Higgs boson. Conjugate and inverse processes
are not shown.

¢ processes Type
¢+ ¢ — SM+ SM 1100
d+¢—H +h(Z),HE + WT 1120
HO processes Type
H° + H" - SM + SM 2200
H +h—¢+¢ 2011
H" + ¢ = ¢* + h(2) 1210
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sector 0. In this way, processes of the type 1100, 2200, and
1200 correspond to (co)annihilations, whereas 1110, 2220,
1120, 2210, 1210, and 1220 denote semi-annihilation
processes. DM conversion processes are of the type
1122 and 2211.

A. Relic abundance

The Boltzmann equations for the model can then be
written down as

dn 2
¢ ~ ¢
L9 _p110(n2 = 72) — 51120 <n; " )

dt ngo
n;
QP
— o2 n3 —n2, ol 3Hny, (8)
HO
dngpo 2200(,,2 _) 21| 2 ’_1?10
d—:_av (nHO_nHO)_Gv nHO_nqﬁT
t n¢
—101210(n Hpo — nyit )
7 Cv T HO oM
72
— 0, 20\ g — ngpo —* ) —3Hnp, 9)
nHO

where 697 stands for the thermally averaged cross section,

which satisfies 71,71,069°¢ = i i;0¢%", H is the Hubble
constant, n,, denotes the number density of the y field and
i, its the respective equilibrium value. To numerically
solve these equations and obtain the relic densities of ¢ and
H° (denoted here as Q, and Qp, respectively), we used

mictOMEGAs [67,68] (via LanHEP [69]) which automatically
takes into account all the relevant processes for a given
model.

We begin our analysis by considering a set of reference
models to understand how the new conversion and
semi-annihilation processes modify the DM abundances
during freeze-out. In what follows, we fix the Ag and A,
scalar couplings to 0.1 and my:/myo = 1.1. Two mass
hierarchies are considered; my, < myo < my= and mgyo <
my= < my. To observe the effect on Qj and Qo due to
the DM conversion induced by Ag, we take 4; = 0. On
the other hand, fixing 4 = 0 but keeping 4; # 0, we are
able to appreciate the effect of the DM semi-annihilation
processes.

We first analyze the absence of semi-annihilations
(47 = 0) for the two mass hierarchies and different values
of 1 when the DM mass ratio is fixed at 1.2 (see Fig. 3). In
particular, we allow Ag to vary as 0.0, 1.0, 3.0. In the
scenario where ¢ is the lightest DM component (top
panels), the Ag interaction significantly affects the value
of Qpo (up to two orders of magnitude for intermediate
values of myo), while the effect on € is negligible. Q is
then determined by the same Higgs-mediated interactions

of the scalar singlet model, resembling the singlet scalar
DM model. When the doublet component is the lightest one
(bottom panels), 45 deeply affects Q,, with a variation of
approximately three orders of magnitude over the mass
range considered for ¢. The effect on Q0 is, on the
contrary, slightly small. In this case, Qpo is basically
determined by the Higgs and gauge portal interactions as
occurs in the IDM.

Next, we take 4, = 0 and consider the effect of the DM
semi-annihilation processes when A, is varied as 0.1, 1.0,
3.0. From Fig. 4, it can be observed that when ¢ is the
lightest DM component, €20 decreases with 4, in several
orders of magnitude over a mass range which widens with
the value of mass ratio m0/m,. In the top panels, this ratio
is fixed at 1.2, whereas a value of 1.6 is chosen for the
bottom panels. This behavior is a consequence of the
exponential suppression

d
% x 6,2 0nn 0, (10)

present in the Boltzmann equation [Eq. (9)] and associated
with the semi-annihilation processes ¢ + H <> ¢ + h
and ¢ + H” <> ¢ + Z (see Fig. 2), which do not modify
the singlet abundance. This is because in the low-mass
region the semi-annihilation processes that alter the number
density of ¢ are kinetically suppressed, so that €, is
governed mainly by the usual Higgs interactions. When the
¢+ ¢ — H* + h(Z) channels are open, Q0 grows rap-
idly at the expense of a decrease of €2, of up to three orders
of magnitude at the intermediate mass scale. Now, if H°
turns out to be the lightest DM component, the impact of
the 1, interaction on Q0 is small, that is, instead of a large
reduction like that shown in Fig. 4, only a variation of at
most one order of magnitude takes place for the different
values of 1, on the range of m o (see Fig. 5). Nevertheless,
the DM semi-annihilation processes induced by A; do
significantly affect €, although their impact is largely
independent of m/myo.

As will be discussed in the next section, a suppression of
at least six orders of magnitude on Qo is necessary for
evading the exclusion limits on the H° SI cross section. In
accordance with the discussion so far, this is possible only
for a mass regime in which myo > my,. Therefore, hereafter
we focus our analysis on the scenario where ¢ is the lightest
DM component.5 As a comment aside, we stress that the
exponential suppression on 40 in the low-mass region is
effective only for the singlet-doublet two-component DM
in the mass regime my < mypo.

>The scenario m po > 2my, is equivalent to the complex singlet
scalar DM model [8—10], as the presence of H, does not affect the
¢ abundance because the semi-annihilation processes become
inefficient.
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Effect of 1s-mediated DM conversion on €, and Q0 for myo/m, = 1.2 (top panels) and m,,/mye = 1.2 (bottom panels). In

each plot my:/myo = 1.1, 17 = 0 and A3 = A, = 0.1 have been set.

B. DM direct detection

Elastic scattering of the DM particles off nuclei can take
place since both ¢ and H° couple to quarks by the exchange
of a Higgs boson, and also by the exchange of a Z boson for
the case of H?, as displayed in Fig. 6. The SI DM-nucleon
scattering cross section a?,l\, (for a target nucleus with
atomic and mass numbers Z and A) is given by [70]

Uszlvzl HpZ( 5}7+f;‘(/p)+/"xn(¢4—z)(ffn+f;‘(/n) 2
X

b2 A '
(11)

where the fj:,(xv) coefficients correspond to the scalar
(vector) DM couplings to protons (¢ = p) and neutrons
(a = n), whereas u,, denotes the respective DM-nucleon
reduced masses, and y = ¢, H. The Higgs effective
couplings are given by

sy, Mala 12
xa Xhm%lm)(’ ( )

with f,, ~ 0.3 denoting the quark content of nucleons,
Apn = Ag and Ago, = 24;. Since for ¢ the Z-mediated
interaction with nucleons is not allowed, it turns out that
f4a =0 for @ = p, n, whereas for H° we have

—(1-4s2)%, a=p,
[ .

Ha Gr
7%, a=n.

Because the weak-isospin charge of HY, it presents large
scattering rates for typical values of the model parameters.
For instance, with |4, | < 3 and myo 2 100 GeV, it is found
that [16]

Gr 13 _
Y T;ﬁ [(A=Z)—Z(1 —4s3)]> 2 x 1073 pb.
(14)

To understand this, let us recall that the Z couplings are
proportional to T3 cos® @y — (Y/2)sin? 8y, being Oy, the
Weinberg mixing angle, 73 the third weak-isospin
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FIG. 4. Effect of 1;-mediated DM semi-annihilation on Q, and Qo for two different values of m o /my; 1.2 (top panels) and 1.6
(bottom panels). In all panels my+/myo = 1.1, 4¢ = 0 and 13 = 4; = 0.1 have been set.
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FIG. 5. Effect of 4;-mediated DM semi-annihilations on €, and Qo for m,/myo = 1.2. Larger values of m,/myo do not lead to
significant variations of Q, or Qpo. We take my=/myo = 1.1, ¢ = 0, and 1y = 4, = 0.1.
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h

q q

q q

FIG. 6. Feynman diagrams for the elastic scattering of DM particles with nuclei mediated by the Higgs (left panel) and Z bosons

(right panel).

component and Y the SM hypercharge. For H°, T3 = —1/2
and ¥ = 1. The fact that Y # 0 induces unsuppressed vector
interactions with the Z boson which give rise to an elastic SI
cross section between H” and the nucleons that is several
orders of magnitude above the current upper bounds.’

In multicomponent DM scenarios, the quantity to be
compared against the DD limits provided by experimental
collaborations is not merely the cross section itself. Instead,
it is the expression Q, 05 /Qpy, where Qpy represents the
total observed DM abundance. To remain below the current
upper bounds, the relic density of H° must be suppressed
by at least six orders of magnitude. This suppression is
precisely noticed in the mass hierarchy mj < myo, par-
ticularly when semi-annihilation processes are significant
(see the previous section).

In order to determine the DD constraints on this two-
component DM model, we determine the expected total
number of events N qyens in @ experiment such as XENON
[20], PANDAX [18], and LZ [19]. This can be calculated
through the expression [71],

‘Smax m
ds E Gauss(5|n, \/EGPMT)
n=1

min

Nevents = wexp/
dR

< A B AExe(Eg)Poiss(nlu(Ex) 7. (19)

where .y, is the exposure, S denotes the number of
photoelectrons (PE) resulting from the collision between a
WIMP particle and a target nucleus. opyr is the average
single-PE resolution of the photomultipliers arranged
inside the detector to measure the scintillation photons
(signal S1) resulting from the collisions. €(Eg) is the
detection efficiency and v(Ey) is the expected number
of PEs for a given recoil energy Eg. As for dR/dEy, it

®0One way to relax these constraints is to allow a mass splitting
between the CP-even and CP-odd components of at least
~100 keV, since this kinematically disfavors the interaction
through the Z portal, reducing to nonsignificant inelastic colli-
sions. In the current model, however, such a scenario is not
possible due to the Zg symmetry.

represents the differential recoil rate per unit of detector
mass. In the current scenario, this rate comes given by
the sum of the rates associated with each component
particle [72,73],

dR  dRy dRyo (16)
dEx dEr dEgp’
with
dR 1p,0
L= _X—ﬂFZ(ER)H(ERva)- (17)

dER N ZmZﬂﬁT

Here p, = (Q,/Qpm)pe stands for the contribution of the
y-component to the local DM density pg, (20.3 GeV/cm?),
o,r and p,r are, respectively, the scattering cross section
and the reduced mass of the y-nucleus system, while
F?(Ejg) is the recoil-energy dependent nuclear form factor
given by [74,75]

F2(Eg) = [3 M} ? s

4R (18)

where j; is the spherical Bessel function of the first
kind, ¢ = /2myEr and R = \/02 +%7z2a2 — 557, with

c=(1.23A'3-0.6) fm, a=0.52 fm and s=0.9 fm.
On the other hand,

* f Vre
H(ER’ m)() = EB( 1) dSVrelv

Vmin Urel

(19)

feo being the astrophysical DM velocity distribution
measured with respect to the lab frame and v, the
minimum speed needed to produce a recoil with energy Ej,

2mimy

(20)

Umin(ER7 m)() -

Regarding the galactic frame, and assuming the so-called
Standard Halo Model [76,77], these velocities follow a
Maxwell-Boltzmann distribution of the form,
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2 /2
Le M for |V] < ve,
07

fv) (21)

{ for |v| > veges

with galactic escape velocity v, (~540 km/s), velocity
dispersion vy (~220 km/s) [78]" and normalization
_ Zvesc e— (ﬂ :

v SC
N =%} {erf (ULO) NG %) ] . (22)

Thus, if vg is the Earth’s velocity with respect to the
galactic frame (~232 km/s [78]), then fg(Ve)=
f (Vi1 + vi). Finally, due to the scalar nature of the DM
candidates, the particle-physics dependent observable o,
can be written in terms of the SI y-nucleon scattering cross

section ¢3!
Hyr
- ( A L)
M)(N

N as
Putting it all together, we can express the number of
events predicted by the model in DD experiments as the
sum of the events induced by the singlet and those
generated by the doublet, i.e.,

’ SI
GZN'

(23)

2
A <?”,|/13| < dm, |y + 2| < 4n, |

2. Perturbative unitarity

When the energy involved in a scalar-scalar scattering
process is high enough in comparison with the masses of
the involved particles, all the contributions to the tree-level
scattering matrix mediated by propagators are negligible so
that only quartic point interactions are relevant. In this limit
the s-wave scattering amplitudes must satisfy the pertur-
bative unitarity condition, which results in the fact that the
eigenvalues of the scattering matrices must all be less than
87 [80]. The unitarity bounds for the current model can be

|

o A7 0 0
8zS!,, = 7o dg 0 8180 =
172 0 0 1 0| !

0 0 0 i

where

A4

21
A4
0
0

N events — N ?vents + N gluentw (24)
where each contribution is proportional to the product of
the corresponding local relic density p, and the SI scatter-
ing cross section with nucleons 6;11\,, as indicated in
Egs. (17) and (23).

III. NUMERICAL ANALYSIS

In this section we investigate the phenomenological
implications of the constraints on the model and establish
the regions of the parameter space where semi-annihilation
processes render it viable.

A. Theoretical constraints

1. Perturbativity

To guarantee that tree-level corrections are always more
relevant than the one-loop contributions, we demand vertex
factors to be less than 4z in the Feynman rules associated
with the quartic interactions [79]. If several upper bounds
for a same coupling are possible, the most stringent one is
chosen. The corresponding upper bounds are given by

< 8w, |Ag| < 4m.|Ag| < 47, |2y| < 7. (25)

[

obtained from the general analysis reported in Ref. [81].
When the initial scattering states are classified according to
the total hypercharge Y, weak isospin T3 and discrete Zg
charge, the Sé scattering matrices can be expressed as

2% 0 0
gz2=| 0 21, 0 |.  8a2=is—i.
0 0 iyt
(26)
L 0 0
2, 0 O Azxz O3
2 7 8nS8:< 3x3 34>’ 27)
0 23 O 0453 Buxa
0 0 I

"For simplicity, we assume that these parameters are the same for both DM components. A more general analysis with different

dispersion velocities was carried out in Refs. [72,73].
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644 2544 V2
A3><3 - 2/13 + /14 6}«2 \/5/16 5
V28 V2 Ay

3. Vacuum stability

Vacuum stability demands a scalar potential bounded
from below. To establish the corresponding conditions, we
consider as usual high field values so that only quartic
terms are relevant, and build the quartic interaction matrix
in terms of non-negative field variables in the following
way [82]:

H\[> =11, |Ha|? =13,

HIH, = rirype’, ¢ =rye. (29)
Here ry =rcosy and r, =rsiny, with r,ry, >0 and
0<y<n/2, whereas |p|<1 and 6,0,€(0,2z]. The
necessary and sufficient stability conditions are obtained
by demanding this matrix to be copositive [83]. For the Z¢
model discussed here, the conditions are [81]

j’¢,l.2 > 0, l:; +2 11/12 > 0,
/13 +/14 -+ 2\//1112 > O, \/A11A22 +A12 > 0, (30)

with
Ay = A costy + (A3 + Aup?) cos? ysin?y + Ay sinty,  (31)

A22 - ﬂ.q}, (32)

1
A = 3 [Ag cos?y + Azpcosy siny cos(0 — 26,) + A sin® 7).
(33)

These conditions must be fulfilled for all defined values of
P, 7, 0, and 0.

4. Renormalization group equations

We determine the evolution with energy of all dimen-
sionful and dimensionless parameters by solving the two-
loop renormalization group equations (RGEs) obtained
with SARAH [84,85], and checking that the conditions of
perturbative unitarity and vacuum stability, as well as
perturbativity are satisfied for the different values of the
energy scale A. To determine the viable parameter space we
only consider points for which all the theoretical conditions
are guaranteed up to energy scales above the highest mass
present in the dark sector, which is my: in the present
setup.

o0 A 0
0 4 0 A

By = ’ ! (28)
o0 42 0
0 4 0 Ay+2i

B. Experimental constraints

1. EW precision tests

The new scalar fields may modify the vacuum polari-
zation of the gauge bosons. These effects are parameterized
by the so-called EW oblique parameters S, 7', and U [86].
The SM best-fit reads S = 0.06 + 0.09, 7 = 0.10 + 0.07
with a correlation coefficient +0.91 (under the assumption
U = 0) [87]. In the present model the new contributions to
S and T are given by [16]

In(r) o omp A —1-42Inr

S=- ,
6r

= . (34
16m3, 5%, r?—1 (34)
where r = my+/myo, my is the W-boson mass and
s3, = 0.223. An agreement with the EW precision tests

is maintained as long as the splitting between the masses of
the H and H™ is small.

2. Collider constraints

For the diphoton channel, the signal strength R,
measures the ratio of the observed diphoton production
cross section relative to the SM expectation [88],

_olpp—=h—y)  olpp—h—yy)M

" o(pp > h =y )™ a(pp > h - yr)™
_[Br(h = yy)™M
" [Br(h — yp)I™M”

(35)

This observable was measured by ATLAS [89] and
CMS [90] with 139 fb~! obtaining R4S = 1.03 £0.12
and RCMS = 1.12 4 0.09. The impact of the Zg-odd charged

scalars over the decay ratio can be quantified from
Ref. [91] as

1 ASUZAs(THi) 2
R, =|1+—|—FF"|. 36
" ' +ASM { ZM%# (36)
where Agyy = —6.5 is the SM contribution from charged

fermions and gauge bosons, 7+ = mj/(4m7.) and
Ag(7) = —[r — arcsin®(1/7)] /7%

The LHC also sets bounds on the invisible Higgs decays.
If one or both DM particles are lighter than half the Higgs
mass, the i — y*y decay would be allowed, contributing to
the invisible branching ratio of the Higgs boson, B;,,. The
decay width associated with these processes is given by
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L(h— xy) =

2.2 Am211/2
AV [l—ﬂ] , (37)

167m, m;
with A, = A for y = ¢, and A, = 24, for y = H. To be
consistent with current data, we require 53;,, < 0.13 [92,93].
On the other hand, Large Electron—positron Collider sets
limits on the masses of all charged particles which can be
directly produced, as well as on particles resulting from
their decays. These limits can be easily reinterpreted for the
new scalars present in the model. The decays of gauge
bosons into Zg-odd pairs are excluded by their invisible
width measurements [94], leading to the constraints,
My + My > myy, Mo e > % (38)
Direct chargino searches at Large Electron—Positron Collider
I can also be reinterpreted for the search of charged scalars

[95], leading to my= > 70 GeV. For a compressed spectra, a
tighter constraint applies, namely my= > 100 GeV.

3. Dark matter constraints

Since both ¢ and H constitute all the DM present in the
universe, their abundances must satisfy the condition,

Q¢ + QHO - QDM, (39)

with Qpy; denoting the total observed DM abundance as
measured by the Planck Collaboration [1] Qpyh* =
0.1198 £ 0.0012. Given that the theoretical prediction on
the relic density is not expected to be as precise as that
of Planck, in our scans we consider a model compatible
with that value if the DM abundance, as determined by
mictOMEGAs, lies between 0.11 and 0.13, which amounts to
about a 10% uncertainty. In what follows, we denote the
fraction of the total DM density accounted for by each
component as

Q
& =ot,
“ QDM

x=¢.H (40)
so that &, + &po = 1.

Given that currently the strongest DD constraints are
those reported by the LZ Collaboration with an exposure of
60.0 days and a fiducial mass of 5.5 tons of liquid xenon
(A =131, Z =54, and my = 122.0 GeV) [19], we con-
sider the characteristics and specifications of this detector
to determine N qyepis from Eq. (15). For this goal, we take S
between 3 PE and 80 PE [19] and fix opy;r = 0.4 according
to Ref. [96], whereas e(Ey) is read from the black solid line
of Fig. 2 in Ref. [19]. From the S, yield given in the upper
left panel of Fig. 2 in Ref. [97] we can extract v(Ey) since
this corresponds to v(Eg)/Eg.

With the aid of a test statistic (TS), it is possible to obtain
an upper bound for N yen. Closely following Ref. [98],

we take
Ly
with
Neven S N Nows
‘C(Nevents) = ( ‘ + BG) e_(NE\'en[s+NBG) (42)

9
Nobs!

and Lgg = L£(0). Here Ny, and Ngg stand for, respec-
tively, the number of observed and background events. By
requiring TS(m,) > 2.71, 90% CL limits can be obtained.
With Ny = 0 and Ngg = 333 [99], the expected number
of events must fulfill A yyens < 31. This bound will be used
to constrain the free parameters of the model.

Furthermore, to gain insight into the parameter space
regions within the projected sensitivities of planned experi-
ments, we consider LZ with a full exposure we,, =
15.33 ton - yr [100] and apply the maximum gap method
assuming zero observed events [101]. In this hypothetical
scenario, we require 1 —exp(—N yens) = 0.9, which
implies N gyens < 2.3

C. Scan

To explore the viability of the model, we conducted a
random scan over the new particle masses and the free
scalar couplings and determined the parameter space
regions in which all constraints imposed on the model
are satisfied. Specifically, these parameters are allowed to
randomly vary as

40 GeV < m, < 1000 GeV,  my < myp < 2m,,

myp < my= <2 TeV, (43)
1074 <2 2 1074 <2
S A < 37’[, SAp <7,
107 < |23]. |25, |4, |47] < 4. (44)

Some of the observables, as DM abundances, rates of ID
processes and the Higgs invisible decay width, were
numerically determined by means of the micrOMEGAs
whereas others were calculated analytically.

D. Results

The resulting viable parameter space projected onto
different planes is displayed in Fig. 7. The red points
correspond to those where the upper bound on the expected
number of events in the LZ experiment is satisfied, while
the black points denote those that would be excluded with a
full exposure of 15.33 ton - year if no events are observed.
The most significant conclusion drawn from this figure is
that, thanks to the semi-annihilation processes, it is possible
to satisfy stringent DD bounds with DM masses around the
EW scale. As can be seen from the top panels, 4; must be
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FIG. 7. Parameter space of the model. On the left (right), the mass ratio myo/my (my+/mpyo) is shown as a function of the ¢ (H®)
mass. The ratio of the DM relic abundances as a function of m,, also is displayed. Scalar couplings 1; and g (4, ) are shown in terms of

the ¢ (H°) mass.

large enough (47 2 1) to provide the sufficient suppression
on Qo (at least seven orders of magnitude with respect to
Q= QDM)8 and lead to a small contribution to Qpy;. In this

%2 is hardly constrained meaning that the conversion proc-
esses are not relevant on setting the DM relic abundances.

way, for the setup considered in this work, the lightest
component ¢ constitutes the bulk of the DM content of the
Universe.

The center panels show that the viable models involve DM
masses ranging from the Higgs resonance up to approx-
imately 280 GeV for the singlet component (left panel), and
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FIG. 8.

SI cross sections for elastic scattering of ¢ (left panel)

from just over 90 GeV to around 480 GeV for the doublet
component (right panel). The low-mass region (~40 GeV) is
excluded by Higgs and collider physics. It is important to
highlight that the DM masses do not need to be degenerated.
As for the charged and neutral doublet components, the mass
splitting between them is strongly constrained by the EW
precision tests and decreases with myo (right panel).

The Higgs portal couplings with the singlet (4g) and the
doublet (4; ) are displayed in the bottom panels. 4; is not as
constrained as Ag, as it can take values as small as the lower
bound defined in the scan (107*) and as large as ~1. This is
because, although the H%-nuclei scattering cross-section
depends explicitly on 4, it is completely dominated by the
Z portal, rendering irrelevant the effect of the Higgs portal
in such a case. In contrast, Ag is constrained to below 0.01
due to its effect on the expected events in LZ. This upper
limit would be tightened by almost an order of magnitude
under the most conservative scenario of the future LZ setup.
It is worth noting that the expected number of events in
DD experiments has two contributions, one due to ¢ and
another to H°, both proportional to the product of their
respective local relic densities and scattering cross sections
with nuclei. Thus, to fulfill a more stringent future bound
on N gyenss> @ decrease of the magnitude of Ag is necessary,
thus reducing the event fraction associated with ¢.

At first glance, it might seem then that the model
considered is basically a one-component DM model, given
the almost negligible contribution of H® to the total DM
relic density. Nevertheless, the compensation between the
very large Z coupling of H? and its very small relic density
makes the fraction of scattering events associated with H°
to be small enough to satisfy the limits on A qyens and at the
same time large enough for sizable signals to be possible
(see Fig. 8). In fact, N/ g’v‘;ms can be equal or even greater
than the singlet contribution N, Z’Vems. The most conservative
prospects for the future LZ commissioning shows, for
instance, that a significant portion of the models that would
be excluded (black points not overlapping with the red ones

-19 n ' n f . . . . .
50 100 150 200 250 300 350 400 450 500

mgo (GeV)

and H° (right panel) with nuclei scaled by &, and &y, respectively.

in Fig. 8) are characterized by a greater proportion (270%)
of expected events associated with H®. In this way, we see
that either or even both DM particles are susceptible to
detection in future searches.

To understand these results, let us recall that the strong
constraints on Higgs- and Z-portal models like the one
considered arise due to the tension between efficient DM
annihilation in the early universe, which requires large Ag
and A; couplings, and the bounds on DM-nuclei scattering
cross sections, which demand small values of these
couplings. In this model, however, this tension is relaxed
due to the presence of the A; interaction, which induces
semi-annihilation processes during the freeze-out. These
processes contribute to reduce the relic abundances of ¢
and H° without the need for large Higgs couplings or large
DM masses. Such a relaxation allows us then to conclude
that the effects introduced by the Zs symmetry enable a
scenario capable of satisfying, for DM masses at the EW
scale, the stringent experimental restrictions. Contrary to
what is usually assumed in the literature, a scalar DM
model in which the Z-portal interactions are relevant (and
even dominant) can be perfectly viable, thanks to semi-
annihilations which naturally arise in a multicomponent
DM framework.

Regarding DM indirect searches, the most relevant
annihilation signals originate from the semi-annihilation
channels ¢p¢p — H°Z and ¢p¢p — H*WT, with rates as large
as 10725 cm?/s. As there are no dedicated studies address-
ing ID through semi-annihilations in multicomponent DM
scenarios, we just display the corresponding rates scaled
by 535 in Fig. 9. As a result, it remains unclear whether

forthcoming observations will explore the viable parameter
space of this model. This uncertainty underscores the need
for a focused study to reach definitive conclusions.

A final comment is in order with respect to scenarios
featuring larger SU(2), multiplets with nonvanishing
hypercharge. Firstly, let us consider an SU(2), multiplet
H,, of dimension n > 2, as opposed to a doublet. Should ¢

035034-12



REOPENING THE Z PORTAL WITH SEMI-ANNIHILATIONS

PHYS. REV. D 110, 035034 (2024)

107

10723}

10726 L

2>

10777}

V) go— moz (cm’s ™)

—~~ 10728

(S
~
10729

10730 ‘ : ‘ ‘ =
50 100 150 200 250 300

my (GeV)

FIG. 9. Most relevant semi-annihilation processes for ID searches.

¢p — H*WT (right panel).

remain a singlet, an important observation emerges; the

operator O, = H ff)H 1@¢* is no longer invariant under
SU(2),. Therefore, the two-component scalar scenario
having a singlet and a multiplet larger than a doublet does
not present semi-annihilation processes of the type O,,. Next,
we go through the case where the singlet field is promoted to
a SU(2), multiplet ¢,, of dimension m > 1 with the same
hypercharge of the singlet ¢, that is Y(¢,,) = 0, which in
turn demands that m is odd [102,103]. The corresponding
operator associated with semi-annihilations takes the form
Opm = H\H (@2, and is gauge invariant for n even and
Y(H,) = 1. These (m, n) scenarios resemble to some extent
the singlet-doublet two-component model when the neutral
component of ¢,,, ¢?,, becomes the lightest candidate, and
the second candidate being the neutral particle with tree-level
7 interactions associated with H,, HY. However, thermal
relics belonging to higher multiplets possess very large
masses, usually in the range of several TeV [103,104],
indicating that the exponential suppression on Q0 would

not be enough efficient to attenuate the DD rates of HY.

IV. CONCLUSIONS

In this work, we demonstrated that in multicomponent
scenarios featuring a scalar doublet candidate with unsup-
pressed vectorlike neutral-current gauge interactions with
the Z boson, the Z-portal can still be open because of the
effect of the semi-annihilation processes on the relic
abundance on such a candidate. For this goal, we enlarged
the SM scalar sector with a second Higgs doublet H, and a
complex singlet ¢, both with vanishing vacuum expectation

10—25

=

o
4
~

=

o
4
©

10720}

5£<U’U>¢¢—>Hiw¥ (cm

10730 ‘ ‘ ‘ ‘
50 100 150 200 250 300

Scaled cross sections are shown for ¢p¢p — H°Z (left panel) and

value. A Zg symmetry prevents the commonly invoked
mass splitting of the real and imaginary components of the
neutral member of the doublet, H,. As a result, it remains
complex, leading to a two-component scalar DM scenario
with semi-annihilation processes induced by the interaction
term H5H,¢?.

We have shown that these semi-annihilations drastically
reduce the relic abundance of H® by at least seven orders of
magnitude relative to that of ¢, implying that the ¢
component accounts for almost all of the observed DM
in the Universe. However, the smallness of €0 counteracts
the effect of the Z-mediated elastic scattering between H°
particles and nuclei, making signatures from H° elusive
enough to satisfy the most stringent current limits while
remaining detectable in ongoing and future DD facilities.
Remarkably, these results are obtained for a range of
nondegenerate DM masses well below the TeV scale.
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