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In this work, we study a dark matter scenario where a dark Z boson possessing mass mixing
with the Standard Model (SM) Z boson couples to the dark matter (DM) candidate and serves as the
portal to the SM. The UVorigin of the mass mixing in the form of an extra dark Higgs doublet and a scalar
dark singlet provides new exotic scalars which can constitute the final state of DM annihilation during
freeze-out. We find that existing constraints on the observed Higgs coupling strength, exotic Higgs
searches, and dark matter observables complement each other, while future searches for exotic
Higgs decays and resonant heavy scalars at HL-LHC will be sensitive to part of the allowed parameter
space.
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I. INTRODUCTION

The nature of dark matter (DM) is one of the big open
questions of contemporary fundamental physics. Based
on a large number of cosmological and astrophysical
observations, it has been established that ∼80% of the
nonrelativistic matter content of the Universe cannot be
composed of Standard Model (SM) particles. While
numerous experimental efforts have searched for direct
signatures of DM, none have pinned down the nature of this
hypothetical particle. One of the most attractive scenarios is
known as the weakly interactive massive particle (WIMP),
which consists of MeV-TeV scale particles thermally
coupled to the SM in the early Universe. The relic density
of this type of DM is determined by the annihilation rate of
DM into SM particles around the time of thermal decou-
pling of the DM candidate [1]. This process, the so-called
freeze-out, ties the observed abundance of DM to the
strength of the interactions between the DM and the SM
fields. In turn, these DM-SM interactions can potentially
lead to observable signatures in DM searches such as elastic

or inelastic scattering of DM on nuclei or electrons,
self-annihilation of DM in galactic halos into photons,
positrons, protons or neutrinos, or production of DM in
collider experiments [2,3]. For minimal models of WIMP
DM, the combination of these constraints has severely
limited the allowed parameter space of the model, relegat-
ing them to special cases where experiments are inherently
not sensitive, or where there exists an enhancement of DM
annihilation cross section in the early Universe while
suppressing present-day observables [4]. A well-studied
class of these cases is the Z0-mediated DMmodels, where a
hypothetical neutral massive gauge boson mediates the
DM-SM interactions. The Z0 mediator may arise from
simple Uð1Þ gauge symmetries like B [5–7], L [8,9],
B − L [10–16], and Li − Lj [17–19], among others or
from gauge unification inspired models like left-right
unification or E6, for example. For electroweak (EW)-scale
DM, these models are typically confined to the resonant
region, where the mediator mass mZ0 is tuned to resonantly
enhance the DMDM → SMSM annihilation cross section
in the early Universe, keeping direct, indirect and collider
signatures below current limits [15,20]. In this work, we
explore a scenario where a particular Z0, the dark Z (ZD) of
a dark gauge symmetry Uð1ÞD, mediates the interactions of
a fermionic DM candidate with the SM, obtaining suc-
cessful freeze-out while evading experimental constraints.
This is done through the mass mixing of the dark Z with the
SM Z boson, which is generated by the introduction of a
second Higgs doublet, also charged under the new Uð1ÞD
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symmetry. The introduction of both a second massive
neutral gauge boson to the SM and a second Higgs doublet
opens up new ZD-mediated DM annihilation channels into
the SM and exotic bosons. These channels do not need
large Z − ZD mixing, which decouples DM from SM
fermions, thereby avoiding a large fraction of experimental
constraints on DM-SM interactions. While similar scenar-
ios have been analyzed previously [21–24], here we focus
on the case where an additional scalar singlet is introduced.
The participation of the singlet in the spontaneous dark
gauge symmetry breaking opens up the mass region above
100 GeV for the new scalars and the gauge boson, which is
forbidden in the scenario with only scalar doublets [22–24].
Furthermore, the singlet adds an extra degree of freedom to
the dynamics of Z − ZD mixing which allows for smaller
mixing angles, evading current direct collider limits on the
new gauge boson parameters and reduces the DM direct
detection scattering cross section. We explore the parameter
space where DM freeze-out is dominated by annihilations
into bosons with the DM candidate mass in the 10 GeV
to 5 TeV range. This scenario is previously unexplored
and accommodates both DM and scalar masses in the
regions where DM and LHC searches are most sensitive,
respectively. The dark gauge symmetry enforces a type-I
two Higgs doublet model-like structure of the Yukawa
couplings, leading to SM fermions coupling to exotic
Higgses with a dependence on scalar mixing angles. We
study possible signatures of the new scalars at the high-
luminosity Large Hadron Collider (HL-LHC) arising from
these mixings in the resonant production of heavy scalars
and in exotic decay modes of the 125 GeV Higgs boson.
Ultimately, we find that the model can explain the observed
relic density of dark matter and evade current constraints,
while being subject to future collider probes of new

scalars and gauge bosons and in DM direct detection
experiments.

II. MODEL

The dark Z model [25,26] with dark matter in consid-
eration is given by the fields in Table I. The presence of the
SUð2ÞL doublet H2 with a nonzero dark charge induces
mass mixing among the SM ZSM boson and the dark ZD
boson [27].

A. Scalar sector

The most general, renormalizable, CP-conserving scalar
potential allowed by gauge symmetries is given by

−V ¼ μ21
2
ðH†

1H1Þ þ
μ22
2
ðH†

2H2Þ þ
μ23
2
ðϕ�ϕÞ þ κðH†

2H1ϕþH†
1H2ϕ

�Þ
þ λ1ðH†

1H1Þ2 þ λ2ðH†
2H2Þ2 þ λ3ðϕ�ϕÞ2 þ λ4ðH†

1H1ÞðH†
2H2Þ

þ λ5ðH†
2H2Þðϕ�ϕÞ þ λ6ðH†

1H1Þðϕ�ϕÞ þ λ7ðH†
1H2ÞðH†

2H1Þ: ð1Þ

We parametrize the scalar fields around their vacuum expectation values (VEVs) as follows:

H1 ¼
 

Hþ
1

1ffiffi
2

p ðv1 þ h1 þ ia1Þ

!
; H2 ¼

 
Hþ

2

1ffiffi
2

p ðv2 þ h2 þ ia2Þ

!
; ϕ ¼ 1ffiffiffi

2
p ðvϕ þ hϕ þ iaϕÞ: ð2Þ

The gauge sector restricts the scalar VEVs to satisfy

v21 þ v22 ¼ v2SM ¼ ð246 GeVÞ2; ð3Þ

so that the tree-level W boson mass retains its SM value.
We have defined the H1 field as the only doublet coupling

to SM fermions. Following this definition, we introduce the
β angle,1

TABLE I. Field content of the model: Q and L are SM SUð2ÞL
doublet quarks and leptons, respectively; uR, dR, and eR are SM
right-handed up-type quarks, down-type quarks, and charged
leptons, respectively; and χ is the fermionic DM candidate. The
scalar field H1 is a SM-like doublet with no dark charge, while
the second doublet H2 and the singlet ϕ have nonzero dark
charge.

SUð3ÞC SUð2ÞL Uð1ÞY Uð1ÞD
Q 3 2 1=6 0
uR 3 1 2=3 0
dR 3 1 −1=3 0
L 1 2 −1=2 0
eR 1 1 −1 0
χ 1 1 0 Qχ

H1 1 2 1=2 0
H2 1 2 1=2 1
ϕ 1 1 0 1

1This definition corresponds to the standard tan β definition. In
the usual definition of the type-I two Higgs doublet model H2

couples to fermions; here H1 couples to fermions, changing the
labels of the Higgs doublets and resulting in this definition.
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tan β ¼ v1
v2

: ð4Þ

Assuming that the three VEVs are all nonzero, the scalar
spectrum after dark and EW symmetry breaking is as
follows. The charged scalar sector contains two fields, one
of which corresponds to a Goldstone modeGþ absorbed by

the Wþ gauge boson, while the orthogonal mode is a
massive, physical field Hþ. The neutral pseudoscalar
spectrum contains three modes, two of which are massless
Goldstone bosons, GZ and GZD

, for the physical Z and ZD

gauge bosons, and a physical state A. These massive fields
and their masses are given by

Hþ ¼ − cos βHþ
1 þ sin βHþ

2 ; m2
Hþ ¼ 1

2
sv2ϕ −

1

2
λ7v2SM;

A ¼ 1

vA

�
vϕ cos βa1 − vϕ sin βa2 þ

1

2
vSM sinð2βÞaϕ

�
; m2

A ¼ s

�
v2ϕ
2
þ v2SMsin

2ð2βÞ
8

�
; ð5Þ

where we have defined vA ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
v2ϕ þ v2SM sin2ð2βÞ=4

q
and s ¼ ffiffiffi

8
p

κ=ðvϕ sinð2βÞÞ. The neutral CP-even sector consists of

three massive modes, which are defined through the diagonalization of the CP-even mass matrix ME,

Hi ¼ ðOT
EÞijhj; OT

EM
2
EOE ¼ diagðm2

SÞ; ð6Þ

where hj ¼ ðh1; h2; hϕÞ and

M2
E ¼

0
BBB@

2λ1v21 − κffiffi
2

p cot βvϕ v1v2ðλ4 þ λ7Þ þ κffiffi
2

p vϕ v1vϕλ6 þ κffiffi
2

p v2

� � � 2λ2v22 − κffiffi
2

p tan βvϕ v2vϕλ5 þ κffiffi
2

p v1

� � � � � � 2λ3v2ϕ −
κffiffi
2

p
vϕ
v1v2

1
CCCA: ð7Þ

We parametrize the real orthogonal matrix OE as a product
of three Euler angle rotations,

OE ¼ O23ðθ23ÞO13ðθ13ÞO12ðθ12Þ; ð8Þ

which are defined by the scalar mixing angles θij.
Throughout this work, we define H1 as the SM-like Higgs
boson, mH1

¼ 125 GeV, while mH2
and mH3

are not fixed
and can be lighter or heavier than mH1

.

B. Yukawa couplings

The Yukawa couplings of SM fermions under this setup
are given by a type-I two Higgs doublet model (THDM)
scenario

LY ¼ YuQ̄H̃1uR þ YdQ̄H1dR þ YeL̄H1eR þ H:c:; ð9Þ

imposed by the Uð1ÞD gauge symmetry instead of a
discrete Z2.

C. Neutral gauge boson mixing

The nonzero VEV of H2, which transforms nontrivially
under the weak and dark gauge groups, induces mass
mixing in the neutral gauge sector. Although a bare kinetic

mixing term ϵFμνF0
μν with arbitrary value is allowed before

symmetry breaking, and Hþ generates a one-loop contri-
bution to the effective kinetic mixing after symmetry
breaking, throughout this work we set it to zero. As we
will show, the value of the mass mixing between the neutral
gauge bosons depends entirely on the dynamics of gauge
symmetry breaking, improving the correlation between the
parameters in the gauge and scalar sectors, compared to
the kinetic mixing scenario. After performing the SM
Weinberg rotation ðW3; BÞ⟶θW ðA; ZSMÞ and identifying
the massless photon, which remains unaffected in this
setup, the SM ZSM and dark Uð1ÞD gauge field BD possess
a mass mixing term. This necessitates a further rotation,
parametrized by an angle θX, to arrive at the Z and ZD mass
eigenstates,

Lmix¼
1

4

�
ZSM BD

� g2Zv
2
SM −2v22gDgZ

−2v22gDgZ 4g2Dðv22þv2ϕÞ

!�
ZSM

BD

�
;

ð10Þ

where gZ and gD are the gauge coupling strengths for ZSM
in the SM and the dark Uð1ÞD, respectively. The mass
eigenstates Z and ZD are identified through the rotation
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�
Z

ZD

�
¼
�

cos θX sin θX
− sin θX cos θX

��
ZSM

BD

�
; tan 2θX ¼ gZgDv22

1
4
g2Zv

2
SM − g2Dðv22 þ v2ϕÞ

: ð11Þ

The resulting fermion couplings with the neutral gauge bosons are given by

LV0ff ¼ −e
X
f

QfAμf̄γμf − Zμ

�
cX

gZ
2
JμNC þ sXgDJ

μ
DC

�
− ZDμ

�
−sX

gZ
2
JμNC þ cXgDJ

μ
DC

�
; ð12Þ

where sXðcXÞ≡ sin θXðcos θXÞ, and the neutral and dark currents are

JμNC ¼
X
f

t3LðfÞf̄γμð1 − γ5Þf − 2s2WeQff̄γμf; JμDC ¼ −QχgDχ̄χ: ð13Þ

With this definition, the Z boson has exactly the same
fermion couplings of the SM ZSM boson at tree level in the
limit θX → 0 (which would come from v2 → 0). The
ZD-SM fermion couplings are proportional to the Z
couplings, inheriting their chiral nature. This makes low-
energy parity violation constraints a sensitive probe of ZD
in the 0.03–10 GeV mass range [25,28]. Lighter gauge
bosons coupling to fermions have leading constraints
coming from beam dump searches [29,30], limiting
sin θX ≲ 3 × 10−8. For electroweak scale and heavier ZD,
collider searches at the LHC limit the mixing to sin θX ≲
10−3 for mZD

¼ 70 GeV, with future colliders possibly
extending the mass range with this sensitivity up to
mZD

¼ 500 GeV [31].

D. Dark matter

The DM candidate consists of the vectorlike Dirac
fermion field χ, which only couples to the Uð1ÞD gauge
boson. Its Lagrangian can be written as

Lχ ¼ χ̄γμð∂μ þ igDQχBDμÞχ þmDMχ̄χ: ð14Þ

In order to maintain the Dirac nature of the DM candidate
after spontaneous symmetry breakdown of the gauge
symmetries, we choose Qχ ¼ 1=3, which forbids the
Majorana mass terms χCLχLϕ and χCRχRϕ at all orders in
perturbation theory. After the spontaneous breaking of the
electroweak and dark gauge symmetries, the mass mixing
of the Uð1ÞD gauge boson induces a coupling between χ
and the SM-like Z gauge boson. The SM fermions acquire a
coupling to the ZD gauge boson as well. This mixing allows
communications between χ and the fermion and scalar
contents of the model. The relevant couplings for DM
annihilation in the early Universe are χ̄χZðZDÞ, ZðZDÞf̄f,
ZðZDÞSV, and ZðZDÞSS, where f are SM fermions, S are
scalars, and V are gauge bosons. For reference, we have
collected the analytical expressions of these couplings in
the Appendix. For the freeze-out of χ, we can identify four
possible tree-level 2 → 2 annihilation channels:

(i) For mZD
< mχ, gD ∼ 1, and θX ≪ 1, DM annihila-

tions are dominated by the t-channel diagram into
ZDZD pairs. This is commonly known as the
secluded WIMP [32] limit.

(ii) For mZDðZÞ ∼ 2mχ with θX < 10−1, the s-channel
diagram is resonantly enhanced at the ZD or Z mass,
with fermion pair final states.

(iii) When 2mχ > mV þmHi
, the scalar and gauge mix-

ings allow Higgsstrahlung processes to dominate
annihilation. If the scalar mixing and gauge mixing
are negligible, only the ZDH3 final state is allowed.
If the scalar mixing is large enough, ZDH1ð2Þ final
states can dominate the annihilation cross section,
mediated by the ZD. If the gauge mixing is large
enough, the Z and ZD can mediate annihilations
into ZH1ð2Þ.

(iv) When 2mχ > mA þmHi
or mχ > mHþ, the scalar

and gauge mixings allow annihilation into two
scalars. This is a Z=ZD mediated process, which
can be constrained by collider searches for exotic
scalar pair production, with each scalar decaying
into a pair of SM fermions, or by searches for the
production of a resonant pseudoscalar (A) decaying
to the ZH1 final state.

The first two scenarios have been studied previously [33],
and we will thus focus on the last two scenarios. In these
scenarios, the annihilation cross sections will depend
strongly on the couplings of the scalars to the gauge
bosons, making them susceptible to collider constraints
on the scalars.

III. PHENOMENOLOGICAL CONSTRAINTS

In this section, we list the phenomenological constraints
to be considered for the study of the model in the parameter
space defined in the next section.

A. Scalar potential

We impose perturbativity and potential positivity [34]
constraints on the scalar couplings,
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jλij < 4π; λ1 > 0; λ2 > 0; λ3 > 0;

λ̄12 ¼ λ4 þ θð−λ7Þλ7 þ 2
ffiffiffiffiffiffiffiffiffi
λ1λ2

p
> 0;

λ̄16 ¼ λ6 þ 2
ffiffiffiffiffiffiffiffiffi
λ1λ6

p
> 0;

λ̄25 ¼ λ2 þ 2
ffiffiffiffiffiffiffiffiffi
λ2λ5

p
> 0;ffiffiffiffiffiffiffiffiffiffiffiffiffi

λ1λ2λ3
p

þ λ3ðλ4 þ θð−λ7Þλ7Þ þ λ6
� ffiffiffiffiffi

λ1
p

þ
ffiffiffiffiffi
λ2

p �
þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
λ̄12λ̄16λ̄25

q
> 0; ð15Þ

where the Heaviside step function θðxÞ ¼ 1 for x ≥ 0 and θðxÞ ¼ 0 otherwise.
Additionally, we impose tree-level perturbative unitarity constraints on the scalar couplings [35],				 12

�
λ1 þ λ2 �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðλ1 − λ2Þ2 þ 4λ27

q �				 < 8π;				 xi4
				 < 8π; i ¼ 1; 4; ð16Þ

where xi are the three roots of the polynomial

a0 þ a1xþ a2x2 þ a3x3 ð17Þ
with

a0 ¼ 64ð6λ25λ1 þ 6λ26λ2 − 9λ1λ2λ3 − 8λ4λ5λ6 þ 4λ24λ3 − 4λ5λ6λ7 þ λ27λ3Þ;
a1 ¼ 16ð−2λ26 − 2λ25 þ 3λ1λ3 þ 3λ2λ3 þ 9λ1λ2 − 4λ24 − 4λ4λ7 − λ27Þ;
a2 ¼ −4λ3 − 12λ1 − 12λ2;

a3 ¼ 1: ð18Þ

B. 125-GeV scalar and exotic Higgs physics

The scalar states in the theory couple to the SM gauge
bosons and fermions. One of the neutral scalar bosons must
possess all of the properties of the 125-GeV scalar boson
observed by CMS [36] and ATLAS [37]. These include the
measured Higgs coupling strengths to fermions (κf), to W
and Z bosons (κV), to gluons (κg), and to the photon (κγ), as
well as the limits to the exotic decay modes of the Higgs
boson. We have collected the analytical expressions of the
H1 tree-level couplings in the Appendix. Since no other
fundamental scalar has been observed in collider experi-
ments, the rest of the neutral scalars and the charged scalars
must evade the limits on their production cross sections and
decay branching ratios set by LEP, ATLAS, and CMS. An
additional important indirect constraint on the scalar
spectrum comes from the charged Higgs contribution to
flavor-violating decays, in particular to B → Xsγ, from
which the type-I THDM disfavors tan β < 1.5–2, depend-
ing on the value of mHþ [38].

C. ZD quark lepton interactions

The Z − ZD mixing induces small ZDff interactions,
where f is a SM quark or lepton. This makes the

mZD
− sin θX parameter space susceptible to limits from

new gauge boson searches in atomic parity violation, beam
dump, eþe−, and hadron colliders. To implement these
constraints, we use the DarkCast code [39,40] to recast existing
constraints on dark photon searches to the dark Zmodel. The
leading constraints in the ZD mass regime of interest in this
work, ∼10 GeV, are the searches for on-shell production of
the ZD with visible decay products at LHCb [41].

D. Oblique parameters

The gauge and scalar sectors of the model induce an
effect on the value of the oblique parameters S and T that
measure deviations from the SM vacuum polarization
functions of electroweak gauge bosons. In this model,
the leading correction from the dark Z gauge boson mass
mixing with the SM Z gauge boson arises at the tree level,
while the scalar sector induces one-loop corrections. We
consider only the pure gauge [42–44] and pure scalar [45]
contributions, neglecting any potential one-loop gauge-
scalar contribution, as they are suppressed by both the loop
factor and the small gauge mixing angle. The most
stringent experimental limits on these parameters are set
by global fits of electroweak precision data [46],
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S ¼ −0.05� 0.07; T ¼ 0.00� 0.06; ρST ¼ 93%; ð19Þ

where ρST is the correlation between these observables. We have taken U ¼ 0 as it is suppressed in comparison to S and T.
We consider a benchmark point acceptable if the predicted values of S and T are not excluded at the 90% CL, given by

χ2ST ¼
�
Sth þ 0.05

T th

�T
� 0.07 0

0 0.06

��
1 0.93

0.93 1

��
0.07 0

0 0.06

��−1� Sth þ 0.05

T th

�
< 4.6: ð20Þ

E. SM boson decays

The introduction of new light bosons to the SM opens up
new decay channels for heavy SM particles. In this model,
the novel decay channels which can have large contribu-
tions to the Z and H1 decay widths are

Z → ZDA; ZDH2; ZDH3; H2A;H3A;

H1 → AA; ZDZD; ZZD; ZA; ZDA;H2H2; H3H3; H2H3:

ð21Þ

The width of the Z boson has been precisely measured at
LEP [47],

ΓðZÞ ¼ 2.4955� 0.0023 GeV: ð22Þ

In order not to saturate the precise limits on the Z boson
properties at 3σ, we impose a limit on the total beyond SM
(BSM) decay width ΓBSMðZÞ,

ΓthðZÞ¼ΓSMðZÞþΓBSMðZÞ<2.4955þ3×ð0.0023ÞGeV:
ð23Þ

On the other hand, the width of the SM-like Higgs boson
observed at the LHC has only been obtained indirectly,
which yields an experimental value consistent with the SM
expectation but with a large uncertainty [46],

ΓðH1Þ ¼ 3.7þ1.9
−1.4 MeV: ð24Þ

We impose similarly

ΓthðH1Þ ¼ ΓSMðH1Þ þ ΓBSMðH1Þ < 3.7þ 3 × ð1.9Þ MeV:

ð25Þ

The daughter particles of BSM H1 decays commonly
decay promptly to bb or ττ pairs, which can further
constrain the allowed parameter space with results from
H1 → 4b; 2bþ 2τ searches. We impose these limits using
the HiggsBounds code.

F. Dark matter

The interactions of DM χ with ZD provide an avenue for
interactions between the dark sector and SM sector.
Considering χ as a thermally produced particle, we calcu-
late the freeze-out relic density of χ through the processes
depicted in Fig. 1. These processes should drive the freeze-
out of the DM candidate to its observed relic density [48],

ΩDMh2 ¼ 0.1198� 0.0012: ð26Þ

The Z − ZD mixing induces tree-level elastic scattering
between DM and a nucleon, which is probed in direct
detection experiments. In this setup, we potentially obtain
both spin-independent and spin-dependent cross sections
with both proton and neutron. These cross sections have
been constrained by numerous experiments. We take these
limits from currently leading collaborations, PICO-60 [49],
XENONnT [50], and LZ [51].

IV. NUMERICAL ANALYSIS

In the model under consideration, the presence of the
complex scalar singlet charged under the dark Uð1ÞD
symmetry allows for the massive physical pseudoscalar
field to be similar, in fermion and SM gauge couplings, to
the type-I THDM pseudoscalar. This can be accomplished
in the vϕ > vSM regime, where most of the ZD Goldstone is
constituted by aϕ. In this regime, we observe large
ZD − A −Hi couplings, with Hi being a CP-even scalar.

FIG. 1. Dark matter annihilation channels. The left channel is
the leading diagram for annihilation into two scalars. The
possible combinations of SA, SB are fHþH−; AHig. The diagram
on the right side is the leading contribution to annihilation into a
scalar and a vector boson. The possible combinations of SA, VB
are fHþW−; HiZ;HiZDg.
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This opens up the possibility of obtaining a successful
freeze-out from ZD-mediated scalar channels without
the need for a large neutral gauge mixing angle. In
turn, this can explain the absence of a direct detection
signal of DM, as a small θX angle suppresses this
cross section. We have performed a scan of the model
parameters:

fmA;mHþ ; mH2
; mH3

; θij; vϕ; gD; tan β; mχg; ð27Þ

from which we obtain analytically and numerically the
scalar potential couplings using Eqs. (5)–(7), (10), and
(11). Concentrating on the DM annihilation into bosons, we
impose the conditions

mA þmS < 2mχ < 2mZD
or 2mHþ < 2mχ < 2mZD

or

mV þmS < 2mχ < 2mZD
; ð28Þ

where S ¼ Hi;Hþ and V ¼ Z; ZD;Wþ, considering only
electrically neutral combinations of particles. The resulting
benchmark points are subject to the analytical perturbativity,
perturbative unitarity, scalar potential positivity, and electro-
weak oblique parameter constraints. We have implemented
the model in SARAH [52], micrOMEGAs [53], HiggsTools [54],
and DarkCast [39,40] in order to set bounds on DM observ-
ables, scalar couplings, cross sections, and dark Z searches.

V. RESULTS

First, we perform a scan over the considered parameter
space. As we are interested in studying the previously
unexplored scenario where DM freeze-out proceeds
through annihilations into scalar bosons which can be
searched for at the LHC, we focus on the region of the
parameter space with new scalars in the 10 GeV to 1 TeV
region. We set the following limits on the free parameters:

mA ∈ ð10; 1000Þ GeV; mHþ ∈ ð100; 1000Þ GeV; mH2
−mHþ ∈ ð−10; 10Þ GeV;

mH3
∈ ð100; 1000Þ GeV; tan β∈ ð0.1; 100Þ; vϕ ∈ ð10; 1000Þ GeV;

θij ∈ ð−π=2; π=2Þ; ð29Þ

where we have imposed an approximate twisted custodial
symmetry mHþ ∼mH2

in order to avoid saturating the
constraints from the electroweak oblique parameters
[55]. Notice that, in this model, the custodial symmetry
is “approximate” even in the limit of mass equalities as H2

has a nonzero singlet component. This is also true of the
other custodial symmetry mA ∼mHþ in this case because A
possesses a singlet component. With this consideration,
oblique parameter constraints will not be automatically
satisfied as there will be contributions from scalar mixing
and Z − ZD mixing. We have chosen the twisted custodial
symmetry in order to allow the pseudoscalar A to be light.
We are interested in the possibility of a light pseudoscalar A
so that the decay channels H1 → H3H3; AA are kinemat-
ically open. This leads to the SM-like Higgs decay channel
into scalars in the 2b2τ detection channel (which is
dominated by scalar mixing from the scalar couplings)
and the same for the pseudoscalars (which is dominated by
pseudoscalar mixing and, hence, depends only on the
values of the VEVs). From the obtained benchmark points,
we select those that reproduce correctly the Z mass, lead to
perturbative scalar couplings, and a positive scalar poten-
tial. Furthermore, we require that the properties of the
observed Higgs H1 remain close to their experimental
limits. Using HiggsSignals, we select the points which are
allowed at 95% CL. We plot the parameter space allowed
by these constraints as the gray region in Fig. 2, alongside
the flavor constraints from charged Higgs loops as the red

FIG. 2. Allowed parameter space in the plane of tan β and
cosðθ12 − βÞ. The gray region corresponds to points satisfying
the Z boson mass, perturbative scalar couplings, scalar potential
positivity, and SM Higgs-like coupling constraints. Orange
points additionally satisfy tree-level perturbative unitarity con-
straints of the scalar couplings. The red horizontal band
represents the limits from charged Higgs-induced flavor-
violating processes. The region below the band is excluded
for any charged Higgs mass, while points inside the band can
be allowed if the charged Higgs is heavy enough to avoid the
constraint. Points above the band are allowed for the masses
obtained in our scan.
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horizontal band. The perturbative unitarity constraints
significantly reduce this space, as shown by the remaining
orange points in the same figure, showing that the region
with v2 > v1 is disfavored. Next, we impose the electro-
weak oblique parameter constraints and collider limits on
ZD production at the LHC. We show the remaining
parameter space in the mZD

− θX plane in Fig. 3, with
the LHC constraints from ZD searches overlaying in green.
We notice a striking difference between this model and the
minimal dark Z model (see Fig. 1 of [23]) in the relaxed
freedom in these two parameters obtained by the intro-
duction of the singlet. In the minimal model with only
doublets, there is an almost one-to-one correspondence
between mZD

and θX, as the Z − ZD mixing and masses
depend on a single parameter, tan β. Additionally, in the
model considered here, a ZD heavier than the electroweak
scale is achievable, although with diminishing mixing. In
the right-hand side of Fig. 3, we show the remaining points

projected on the S − T oblique parameter 2-D plane. We
show in red the experimental constraint on these parameters
which exclude points at the 90% CL.We see that, even with
the imposition of twisted custodial symmetry, the contri-
butions to these parameters from gauge and scalar boson
mixings can drive them significantly away from zero.
In Fig. 4 we show the scalar spectrum after

the imposition of the previous constraints. We note
that we can achieve charged Higgs masses in the
mHþ ∈ ð100; 700Þ GeV range, pseudoscalar masses in the
mA ∈ ð10; 700Þ GeV range. For masses above 300 GeV, we
see that mA and mHþ tend to be well correlated. This is
expected, as masses larger than the EW scale for either one
requires a larger κ parameter of the scalar potential, which
in turn raises the other mass [see Eq. (5)]. For the H3 mass,
we observe that masses in the whole scanned range
mH3

∈ ð10; 1000Þ GeV are achievable with little correlation
to the charged Higgs mass. Now, we impose the limits from

FIG. 3. Left: parameter space in the mZD
− sin θX plane of the scan defined in Eq. (29) in blue, together with the limits from dark

photon searches at LHCb [41] recast to the dark Z model [39,40] in green. Right: oblique parameter constraints on the generated
benchmark points. The red oval corresponds to the 90% CL contour of the global fit [46] when taking U ¼ 0.

FIG. 4. Scalar spectrum of generated points. These points satisfy perturbativity, perturbative unitarity, scalar positivity, H1 SM-like
properties, oblique parameters, and Z and H1 decay width constraints. Left: scalar spectrum in the mHþ −mA plane. Right: scalar
spectrum in the mHþ −mH3

plane. For all points, mH2
≈mHþ .
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searches for exotic Higgses at colliders and from the precise
Z decay width determination using HiggsBounds and CalcHEP,
respectively. With the remaining points in the parameter
space, we perform a scan with micrOMEGAs, imposing the
kinematic constraints forbidding secluded annihilation of
the DM candidate into the dark Z and allowing at least one
of the diboson final states of SS or SV with S ¼ Hi; A;Hþ
and V ¼ Z; ZD;Wþ. We show the points with viable DM
relic density Ωχh2 ¼ 0.1198� 5% in Fig. 5. On the left-
hand side, we show the ZD mass plotted against the DM
mass, showing remarkably that points away from the
resonance 2mχ ∼mZD

are viable, in stark contrast to the
minimal dark Z model. This is again due to the tight
relationship between the ZD mass and the gauge mixing
angle in the minimal model, which makes the heavier ZD
acquire larger mixing. This in turn drives the t-channel
ZD-mediated direct detection cross section larger than the
experimental limits, unless the s-channel annihilation cross
section is enhanced by the ZD resonance. On the right-hand
side, we plot the spin-independent elastic scattering cross
section against the DM mass, along with current [51] and
future limits [56], as well as the neutrino floor for xenon
[57]. We see that, although direct detection constraints are
important for a sub-100-GeV DM candidate, there are still
viable points in this region and that, as expected, the larger
the DM mass is the lower the direct detection cross section
becomes. This behavior is understandable by the forbid-
ding of the secluded regime mχ < mZD

together with the
mZD

− θX dependence of the model (see Fig. 3). Briefly, the
kinematic conditions require mZD

to grow as mχ grows.
Above ∼100 GeV, θX tends to decrease as mZD

grows,
which suppresses the direct detection cross section. It is
worth noting that points below the projected XLZD
sensitivity are already below the xenon neutrino floor,

inside the so-called neutrino fog. Their detectability will
depend on technology improvements and the reduction
of the neutrino background uncertainties, among other
factors [57]. Finally, we turn to the prospect of detecting
signals of the new scalars introduced in this model. The
exotic scalars are crucial for DM phenomenology, and we
have taken care not to decouple them completely from the
SM. Detecting an exotic scalar in a collider search would
constitute an important complementary probe of the model
and in some cases the leading possibility, as direct detection
probes of DM are disfavored for heavy dark matter. We
consider two possible scenarios for exotic scalar detection.
The first consists of light exotics S that are produced from
the SM-like Higgs decay. The two possible candidates, as
discussed before, are S ¼ H3 and S ¼ A. One of the most
promising detection channels of the process at the LHC for
H1 → SS is the 2b2τ final state due to its relatively small
background, compared to 4b. For points that satisfy all
previous constraints and 2mS < mH1

, we use CalcHEP to
calculate the branching ratios BRðH1 → SSÞ and BRðS →
b̄bðτ̄τÞÞ and compare them to the sensitivity projections of
HL-LHC to this process [58]. In Fig. 6, we show the points
in the mS − BRðH1 → SS → b̄bτ̄τÞ plane, along with the
sensitivity projection for the full run of the HL-LHC
(3000 fb−1). We see that a significant amount of the points
lie within the sensitive region, while some have suppressed
branching ratios and are unobservable. The presence of an
extra scalar singlet in the THDMs can significantly enhance
the branching ratios of heavy scalars into H1 pairs or into a
Z and a H1 [59]. For this reason, the second scenario we
consider for exotic scalar detection at the HL-LHC is with
heavy resonant scalars decaying in these channels. We
consider a gluon-fusion production of a scalar H2, which
then decays into a pair of H1 ’s in the 2b2γ channel.

FIG. 5. Dark matter constraints on mDM and mZD
. Left: benchmark points satisfying theoretical, electroweak, Higgs signal strengths,

exotic scalar, and relic density constraints in themDM −mZD
plane. Blue, green, and red diagonal lines correspond to mZD

=mDM ¼ 5, 2,
and 1, respectively. Right: same set of benchmark points in themDM − σSI plane. The magenta region is excluded by the latest results of
the LZ collaboration [51]. The blue dashed line corresponds to projected XLZD limits for 200 ton-years [56] of exposure, representative
of a conservative projection for next-generation experiments. In solid green, we show the neutrino floor for xenon [57], the material used
in both LZ and XLZD. In both panels, we show the final state of the largest annihilation cross section at freeze-out according to the shape
of the point as indicated in the insets. Here Hi ¼ H1; H2, or H3.
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We approach the projection using the narrow width
approximation, using HiggsTools to estimate the gluon-fusion
production cross section of H2 at the HL-LHC, and using
CalcHEP to calculate the branching ratio BRðH2 → H1H1Þ.
In Fig. 7, we plot the resulting estimation of σðgg → H2 →
H1H1Þ as a function of the H2 mass together with the
sensitivity projection of HL-LHC for this process [60]. We
see that most points lie below the 2σ sensitivity curve, but a
few points withmH2

between 300 and 340 GeV might yield
observable signals. Even though the result is not shown, we
also calculated this process for H3 but found no relevant
points. This is because the small allowed mixing between
the Higgs doublet that couples to fermions and the scalar
singlet yields a small top coupling of H3 which suppresses
the gluon-fusion production cross section of this scalar
below detectable levels, even if the H3 → H1H1 branching

ratio is significant. We proceed to a second possibility for
heavy scalars, a pseudoscalar produced in gluon-fusion
production decaying into the ZH1 channel and with
detection in the 2b2γ channel as well. We show the
obtained points in Fig. 7, along with the HL-LHC sensi-
tivity projection [60]. We find among our viable points a
single instance above the sensitivity projection at 2σ with
mA ¼ 331 GeV. Finally, we comment on the potential of
direct observation of the charged Higgs Hþ. In this model,
as in the conventional type-I THDM, there exists the
possibility of observing a light Hþ from top decay
t → bHþ, or a heavy Hþ produced in association with
H1. A novel production scenario for the heavy Hþ is the
ZD-associated production [24]. The presence of the ZD can
also affect the decay branching ratios of the charged Higgs,
potentially dominating them, i.e., BRðHþ → ZDWþÞ ∼ 1
[24,61]. To our best knowledge, no dedicated study of LHC
experimental sensitivity to the charged Higgs decaying in
this mode has been performed.

VI. CONCLUSIONS

In this work, we have studied a scenario for WIMP DM
with a dark ZD boson mixed with the SM Z boson. By
building the mass mixing of the neutral gauge bosons with
an extra Higgs scalar doublet and a scalar singlet under the
SM gauge group, we have found a viable parameter space
with a rich scalar sector which can successfully drive the
DM freeze-out process. In this parameter space, we have
studied the collider constraints on these new scalars,
together with the constraints on the interactions of the
DM candidate. We have found that current constraints limit
the model, but a viable region of the parameter space still
exists. Within this region, we have found that there is a
potential for the discovery of the new scalars, particularly
for light scalars in searches for Higgs decay to two scalars
in the 2b2τ channel at the HL-LHC. We have also found a
weaker potential for the observation of heavy scalars at the

FIG. 6. Projections for the observation of the exotic decay
H1 → 2b2τ at the HL-LHC, mediated by the intermediate
processes H1 → SS → 2b2τ, with S ¼ H3; A. Red circles indi-
cate the H1 → H3H3 benchmark points, while green diamonds
indicate H1 → AA. We show as a gray line the sensitivity of
HL-LHC at full luminosity [58].

FIG. 7. Projections for the observation of resonant exotic single heavy Higgs production in the gg → H2 → H1H1 → 2b2γ and
gg → A → ZH1 → 2b2γ channels. The projections for the sensitivity of the HL-LHC at full luminosity [60] are shown in orange.
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HL-LHC in the gg → H2 → H1H1 and gg → A → ZH1

resonant processes in the 2b2γ channel.
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APPENDIX: COUPLINGS

In this appendix, we collect the couplings relevant for
our calculations in this work. We introduce the notation
cα ¼ cos α, sα ¼ sin α for the angles β, X ↔ θX,W ↔ θW .

1. Yukawa couplings

Here, neutral scalar couplings are normalized to the
corresponding SM Higgs coupling strength, while charged
Higgs couplings are given in absolute coupling strength:

Hif̄f:

ðOEÞi1
sβ

: ðA1Þ

Af̄f:

csc βvϕffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
v21 þ v22 þ v2ϕ tan

2 β
q : ðA2Þ

HþūRdL: ffiffiffi
2

p
Vudmu cot β
vSM

: ðA3Þ

HþūLdR:

−
ffiffiffi
2

p
Vudmd cot β
vSM

: ðA4Þ

Hþν̄LeR: ffiffiffi
2

p
Vudme cot β
vSM

: ðA5Þ

2. Scalar-gauge couplings

HiZZ:

1

4
½2gcWcXð2ðOEÞ2icβgDvSMsX þ gYsWcXððOEÞ1isβvSM þ ðOEÞ2icβvSMÞÞ þ 4g2Ds

2
XððOEÞ2icβvSM þ ðOEÞ3ivϕÞ

þ 4ðOEÞ2icβgDvSMgYsWsXcX þ g2c2Wc
2
XððOEÞ1isβvSM þ ðOEÞ2icβvSMÞ þ g2Ys

2
Wc

2
XððOEÞ1isβvSM þ ðOEÞ2icβvSMÞ�:

ðA6Þ

HiWþW−:

1

2
g2ððOEÞ1isβvSM þ ðOEÞ2icβvSMÞ: ðA7Þ

HiZDZD:

1

4
ð4g2Dc2XððOEÞ2icβvSM þ ðOEÞ3ivϕÞ − 4ðOEÞ2icβgDvSMsXcXðgcW þ gYsWÞ
þ s2XðgcW þ gYsWÞ2ððOEÞ1isβvSM þ ðOEÞ2icβvSMÞÞ: ðA8Þ

HiZZD:

1

2
ðsXcXðg2Ys2WððOEÞ1isβvSM þ ðOEÞ2icβvSMÞ − 4g2DððOEÞ2icβvSM þ ðOEÞ3ivϕÞÞ þ gcWð2ðOEÞ2icβgDvSMs2X
− 2ðOEÞ2icβgDvSMc2X þ 2gYsWÞsXcXððOEÞ1isβvSM þ ðOEÞ2icβvSMÞ þ 2ðOEÞ2icβgDvSMgYsWs2X
− 2ðOEÞ2icβgDvSMgYsWc2X þ g2cWsXcXððOEÞ1isβvSM þ ðOEÞ2icβvSMÞÞ. ðA9Þ
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Hi∂μAZμ:

−sXgDððOEÞ3is2βvSM þ 2ðOEÞ2isβvϕÞ þ cXvϕððOEÞ1icβ − ðOEÞ2isβÞðgcW þ gYsWÞffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
s22βv

2
SM þ 4v2ϕ

q : ðA10Þ

Hi∂μAZ
μ
D:

cXgDððOEÞ3is2βvSM þ 2ðOEÞ2isβvϕÞ þ sXvϕððOEÞ1icβ − ðOEÞ2isβÞðgcW þ gYsWÞffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
s22βv

2
SM þ 4v2ϕ

q : ðA11Þ

HþW−Z:

−
1

2
gcβsβgDvSMsX: ðA12Þ

HþW−ZD:

1

2
gcβsβgDvSMcX: ðA13Þ

Hþ
∂μH−Zμ:

1

2
ðgcWcX − 2gDc2βsX − gYcXsWÞ: ðA14Þ

Hþ
∂μH−Zμ

D:

1

2
ðgcWsX þ 2gDc2βcX − gYsXsWÞ: ðA15Þ

3. Scalar couplings

The scalar couplings which are relevant for our discus-
sions, particularly for collider searches H1 → H3H3; AA
and H2 → H1H1, are
H1H3H3:

1=2
�
ðOEÞ11

� ffiffiffi
2

p
κðOEÞ23ðOEÞ33 þ ðλ4 þ λ7ÞðOEÞ223v1 þ λ6ðOEÞ233v1

�
þ 6λ2ðOEÞ21ðOEÞ223v2 þ λ5ðOEÞ33

�
2ðOEÞ23ðOEÞ31 þ ðOEÞ21ðOEÞ33

�
v2

þ 6λ3ðOEÞ31ðOEÞ233vϕ þ λ5ðOEÞ23
�ðOEÞ23ðOEÞ31 þ 2ðOEÞ21ðOEÞ33

�
vϕ

þ ðOEÞ213ð6λ1ðOEÞ11v1 þ ðλ4 þ λ7ÞðOEÞ21v2 þ λ6ðOEÞ31vϕÞ
þ ðOEÞ13

� ffiffiffi
2

p
κðOEÞ23ðOEÞ31 þ

ffiffiffi
2

p
κðOEÞ21ðOEÞ33

þ 2ðλ4 þ λ7ÞðOEÞ23ððOEÞ21v1 þ ðOEÞ11v2Þ þ 2λ6ðOEÞ33ððOEÞ31v1 þ ðOEÞ11vϕÞ
��

: ðA16Þ

H2H1H1:

1=2ððOEÞ11
� ffiffiffi

2
p

κðOEÞ22ðOEÞ31 þ 2ðλ4 þ λ7ÞðOEÞ21ðOEÞ22v1
þ ðOEÞ32

� ffiffiffi
2

p
κðOEÞ21 þ 2λ6ðOEÞ31v1Þ

�þ 6λ2ðOEÞ221ðOEÞ22v2
þ λ5ðOEÞ31ððOEÞ22ðOEÞ31 þ 2ðOEÞ21ðOEÞ32Þv2 þ 6λ3ðOEÞ231ðOEÞ32vϕ
þ λ5ðOEÞ21ð2ðOEÞ22ðOEÞ31 þ ðOEÞ21ðOEÞ32Þvϕ þ ðOEÞ211ððλ4 þ λ7ÞðOEÞ22
× v2 þ λ6ðOEÞ32vϕÞ þ ðOEÞ12

� ffiffiffi
2

p
κðOEÞ21ðOEÞ31 þ 6λ1ðOEÞ211v1

þ ðλ4 þ λ7ÞðOEÞ221v1 þ 2ðλ4 þ λ7ÞðOEÞ11ðOEÞ21v2 þ λ6ðOEÞ31ððOEÞ31v1
þ 2ðOEÞ11vϕÞ

��
: ðA17Þ
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H1AA:

ð4v2ϕððλ4 þ λ7ÞðOEÞ11v1 þ 2λ2ðOEÞ21v2 þ λ5ðOEÞ31vϕÞs2β
þ 8λ1ðOEÞ11v1v2ϕc2β þ 4λ6ðOEÞ31v3ϕc2β þ λ6ðOEÞ11v1v2SMs22β
þ 2λ3ðOEÞ31vϕv2SMs22β þ 2

ffiffiffi
2

p
κvϕsβð−2ðOEÞ31vϕcβ þ ðOEÞ11vSMs2βÞ

þ ðOEÞ21
�
4ðλ4 þ λ7Þv2v2ϕc2β þ 2

ffiffiffi
2

p
κvϕvSMcβs2β þ λ5v2v2SMs

2
2βÞ
�
=ð8v2ϕ þ 2v2SMs

2
2βÞ: ðA18Þ
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