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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 UV origin 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
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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 Z'-mediated DM models, where a
hypothetical neutral massive gauge boson mediates the
DM-SM interactions. The Z' mediator may arise from
simple U(1) gauge symmetries like B [5-7], L [8,9],
B —L [10-16], and L;—L; [17-19], among others or
from gauge unification inspired models like left-right
unification or Eg, for example. For electroweak (EW)-scale
DM, these models are typically confined to the resonant
region, where the mediator mass m 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 Z’, the dark Z (Zp) of
a dark gauge symmetry U(1),, 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 U(1),,

Published by the American Physical Society


https://orcid.org/0000-0002-3220-2550
https://orcid.org/0000-0003-1716-0169
https://orcid.org/0000-0003-1651-6434
https://ror.org/059dkdx38
https://ror.org/05bqach95
https://ror.org/02mh1d616
https://ror.org/00c32gy34
https://crossmark.crossref.org/dialog/?doi=10.1103/m31z-fwwr&domain=pdf&date_stamp=2025-10-23
https://doi.org/10.1103/m31z-fwwr
https://doi.org/10.1103/m31z-fwwr
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/

CHEN, CHIANG, and DE LA VEGA

PHYS. REV. D 112, 075044 (2025)

symmetry. The introduction of both a second massive
neutral gauge boson to the SM and a second Higgs doublet
opens up new Zp-mediated DM annihilation channels into
the SM and exotic bosons. These channels do not need
large Z — Zp 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 — Z, 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

|

TABLE 1. Field content of the model: Q and L are SM SU(2),
doublet quarks and leptons, respectively; ug, dg, and ex are SM
right-handed up-type quarks, down-type quarks, and charged
leptons, respectively; and y is the fermionic DM candidate. The
scalar field H, is a SM-like doublet with no dark charge, while
the second doublet H, and the singlet ¢ have nonzero dark
charge.

SUB3)c SUQ2), Ul)y U(l)p
0 3 2 1/6 0
ug 3 1 2/3 0
dg 3 1 -1/3 0
L 1 2 -1/2 0
ex 1 1 -1 0
X 1 1 0 o,
H, 1 2 1/2 0
H, 1 2 1/2 1
b 1 1 0 1

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
SU(2), doublet H, with a nonzero dark charge induces
mass mixing among the SM Zgy; boson and the dark Z
boson [27].

A. Scalar sector

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

P P p
p u W, A
—v ="L(H{H)) +72(H;H2) +73(¢ ¢) + k(HyH ¢ + H{H,¢p*)

2

+ M(H{H))? + 2y (HJH)? + 25(¢7° )2 + Au(H{H ) (H3H,)
+ As(H3H,) (¢* ) + A6 (H H, ) (¢ p) + A (H Hy) (HLH, ). (1)

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

H, = . s H, =
! \/L§(1}1+hl+lal) 2 %

The gauge sector restricts the scalar VEVs to satisfy
v} + 3 = vy = (246 GeV)?, (3)

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

(v2 4 hy + ia,)

Hy 1 .
), ¢:ﬁ(”¢+h¢+’a¢)' (2)

|
to SM fermions. Following this definition, we introduce the
S angle,’

'This definition corresponds to the standard tan /8 definition. In
the usual definition of the type-I two Higgs doublet model H,
couples to fermions; here H; couples to fermions, changing the
labels of the Higgs doublets and resulting in this definition.
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tan f = :—; (4)

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 mode G* absorbed by

|

1

H™ = —cos H + sinfH; , m2,. = 5

1 1
A = — <U¢ COSﬁdl - U¢ Sinﬂa2 + EUSM Sln(Zﬂ)a¢> s mi = g ( 2 + 8

VA

where we have defined v, =

the W+ gauge boson, while the orthogonal mode is a
massive, physical field H'. The neutral pseudoscalar
spectrum contains three modes, two of which are massless
Goldstone bosons, G and G, , for the physical Z and Z,
gauge bosons, and a physical state A. These massive fields
and their masses are given by

2 2
SUy — EMUSM,

% b)) 5

\/ vé + vy sin®(2f)/4 and s = /8«/ (v, sin(23)). The neutral CP-even sector consists of

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

H; = (Osz)ijhjv

where h; = (hy, hy, hy) and

20,07 — Jscotpry  viva(da +47) + S5y

M3 =

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

OE = 023(923>013(613)012(912)’ (8)

which are defined by the scalar mixing angles 6;;.
Throughout this work, we define H; as the SM-like Higgs
boson, my, = 125 GeV, while my, and my, are not fixed
and can be lighter or heavier than my .

B. Yukawa couplings

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

L:Y:YMQﬁll/lR+YdQH1dR+YeZH1€R+H.C., (9)

imposed by the U(1), gauge symmetry instead of a
discrete Z,.

C. Neutral gauge boson mixing

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

212’1]% - %tanﬁv,ﬁ

OEM3Op = diag(m3), (6)

V1 Vyle —l—\%vz

UaVgds + 501 | (7)
2/131}35 - \/_2L7¢ V10,

|

mixing term e* F),, with arbitrary value is allowed before
symmetry breaking, and H* 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 (W3, B)%, (A, Zgy) and identifying
the massless photon, which remains unaffected in this
setup, the SM Zgy; and dark U(1),, gauge field B, possess
a mass mixing term. This necessitates a further rotation,
parametrized by an angle @y, to arrive at the Z and Z;, mass
eigenstates,

1 95 V3M —-2039pg;7 Zsm
‘Cmix:Z(ZSM BD) 2 2 (.2 2 ’
—2v39pgz 4gp(v;+ %) Bp
(10)

where g, and gp, are the gauge coupling strengths for Zgy;
in the SM and the dark U(1),, respectively. The mass
eigenstates Z and Z, are identified through the rotation
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< z ) ( cos Oy sin6X><ZSM
Zp B —sinfy cosfy Bp

2

9z9p V3
tan 20y = . (11)
1953 — 91 (V3 + v3)

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

7 g
Lugr = =30 I =2, (ex Z e+ snantie ) = Zou (-
f

where sy (cy) = sinx(cosfy), and the neutral and dark currents are

Tne = Zf%(f)ﬁ’”(l —rs)f - 2s%V£fo7”f7
7

With this definition, the Z boson has exactly the same
fermion couplings of the SM Zgy; boson at tree level in the
limit 8y — 0 (which would come from v, — 0). The
Zp-SM fermion couplings are proportional to the Z
couplings, inheriting their chiral nature. This makes low-
energy parity violation constraints a sensitive probe of Zp
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
sinfy <3 x 1078, For electroweak scale and heavier Z,
collider searches at the LHC limit the mixing to sin 0y <
107 for my, =70 GeV, with future colliders possibly
extending the mass range with this sensitivity up to
mz, = 500 GeV [31].

D. Dark matter

The DM candidate consists of the vectorlike Dirac
fermion field y, which only couples to the U(1), gauge
boson. Its Lagrangian can be written as

L, = 7" (0, +igpQ,Bp,)x + mpmix. (14)

In order to maintain the Dirac nature of the DM candidate
after spontaneous symmetry breakdown of the gauge
symmetries, we choose Q, = 1/3, which forbids the
Majorana mass terms y$y; ¢ and ySyrep at all orders in
perturbation theory. After the spontaneous breaking of the
electroweak and dark gauge symmetries, the mass mixing
of the U(1),, gauge boson induces a coupling between y
and the SM-like Z gauge boson. The SM fermions acquire a
coupling to the Z;, gauge boson as well. This mixing allows
communications between y and the fermion and scalar
contents of the model. The relevant couplings for DM
annihilation in the early Universe are 7yZ(Zp), Z(Zp)ff,
Z(Zp)SV, and Z(Zp)SS, 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 y, we can identify four
possible tree-level 2 — 2 annihilation channels:

g .
?ZJ’,‘\,C + cngJ’DC> , (12)
he = =0, 9pix- (13)

|

(i) For mz, < nm,, gp~ 1, and 0y <« 1, DM annihila-
tions are dominated by the t-channel diagram into
ZpZp pairs. This is commonly known as the
secluded WIMP [32] limit.

(i) For myz, 7 ~2m, with 0x < 107!, the s-channel
diagram is resonantly enhanced at the Zj, or Z mass,
with fermion pair final states.

(iii) When 2m, > my + my,, the scalar and gauge mix-
ings allow Higgsstrahlung processes to dominate
annihilation. If the scalar mixing and gauge mixing
are negligible, only the Z,H; final state is allowed.
If the scalar mixing is large enough, ZpH () final
states can dominate the annihilation cross section,
mediated by the Z,. If the gauge mixing is large
enough, the Z and Z, can mediate annihilations
into ZH 1(2)-

(iv) When 2m, > my + my, or m, > my+, the scalar
and gauge mixings allow annihilation into two
scalars. This is a Z/Z; 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 ZH, 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,

075044-4
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il < 4z,

A >0, Ay >0, A3 >0,

/_112 = /14 + 6(—/17)/17 +2 /11/12 > O,

VAo + A3(Ag +0(=27)27) + ’16(\//1714' \/Z) +/ AiAishas > 0,

/_116 = /16 + 2\/}“1/16 > O,
225 = /12 + 2 1215 > O,

(15)

where the Heaviside step function #(x) = 1 for x > 0 and 6(x) = 0 otherwise.

Additionally, we impose tree-level perturbative unitarity constraints on the scalar couplings

1
'5(/11 £/ (4 —12)2+4z%)

Xi

1 <8z, i=1,4,

where x; are the three roots of the polynomial

ap + a;x + a2x2 + a3x3

with

[35],

< 8,

(16)

(17)

ao = 64(6A24; + 6124y — 941 Aol — 8Agdshg + 41203 — AdsAghy + A213).
ay = 16(=242 = 222 + 34123 + 3dady + Oy Jy — 423 — 4Aydy — A2),

a, = —413 - 12/11 - 12},2,

Cl3:1.

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 (x), to W
and Z bosons (ky), to gluons (k,), and to the photon (x,), as
well as the limits to the exotic decay modes of the Higgs
boson. We have collected the analytical expressions of the
H, 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 — Xy, from
which the type-I THDM disfavors tan # < 1.5-2, depend-
ing on the value of my+ [38].

C. Zp quark lepton interactions

The Z — Zp mixing induces small Z,ff interactions,
where f is a SM quark or lepton. This makes the

(18)

myz, — sin@y parameter space susceptible to limits from
new gauge boson searches in atomic parity violation, beam
dump, e"e”, 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 Z model. The
leading constraints in the Z; mass regime of interest in this
work, ~10 GeV, are the searches for on-shell production of
the Z, with visible decay products at LHCD [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 =-0.05+0.07,

T = 0.00 £ 0.06,

pst =93%, (19)

where pgr is the correlation between these observables. We have taken U = 0 as it is suppressed in comparison to S and 7.
We consider a benchmark point acceptable if the predicted values of S and T are not excluded at the 90% CL, given by

) Sn +0.05\7T/70.07 0 1
Xst =
T 0 0.06 0.93

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 H,; decay widths are

Z ad ZDA’ ZDHZv ZDH3, H2A, H3A,
H, —» AA,ZpZp. ZZp, ZA, ZpA, HoH,, HyHy, HoH.
(21)

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

['(Z) = 2.4955 + 0.0023 GeV. (22)
In order not to saturate the precise limits on the Z boson

properties at 3o, we impose a limit on the total beyond SM
(BSM) decay width FBSM(Z)’

T(Z) =Tsm(Z) + Tsm(Z) < 2.4955 43 x (0.0023) GeV.
(23)

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],

['(H,) = 3.7 MeV. (24)

We impose similarly

Flh(Hl) = FSM(HI) +FBSM(H1) < 3.7 + 3 x (19) MeV.
(25)

The daughter particles of BSM H; decays commonly
decay promptly to bb or zz pairs, which can further
constrain the allowed parameter space with results from
H, — 4b,2b + 27 searches. We impose these limits using
the HiggsBounds code.

093\ /0.07 0 \1-'/Sy+0.05
< 46. (20)
1 0 006 Th

F. Dark matter

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

Qpph? = 0.1198 4 0.0012. (26)
The Z —Z; 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 U(1),
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 vy, > vgy regime, where most of the Z;, Goldstone is
constituted by a,. In this regime, we observe large
Zp — A — H; couplings, with H; being a CP-even scalar.

/
X 7 8,
X Z X Sp
\
FIG. 1. Dark matter annihilation channels. The left channel is

the leading diagram for annihilation into two scalars. The
possible combinations of Sy, Sp are {HYH~, AH,}. The diagram
on the right side is the leading contribution to annihilation into a
scalar and a vector boson. The possible combinations of S4, Vi
are {HJ“W’,H,Z, HiZD}'

075044-6
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This opens up the possibility of obtaining a successful
freeze-out from Zp-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 8y angle suppresses this
cross section. We have performed a scan of the model
parameters:

{ma.my+.my,.my.,,0;;,v4,gp.tan p,m,},  (27)
from which we obtain analytically and numerically the
scalar potential couplings using Egs. (5)—(7), (10), and
(11). Concentrating on the DM annihilation into bosons, we
impose the conditions

my +mg <2m, <2my  or 2my+ <2m, <2my or

(28)
|

my +mg < 2m, <2my_,

my € (10, 1000) GeV,
my, € (100,1000) GeV,
0, €(-n/2,7/2),

where we have imposed an approximate twisted custodial
symmetry mpy+ ~mpy, 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 H,
has a nonzero singlet component. This is also true of the
other custodial symmetry m, ~ mpy+ 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 — Zp 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 H; — H3H;, AA are kinemat-
ically open. This leads to the SM-like Higgs decay channel
into scalars in the 2527 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 H; 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

my- € (100, 1000) GeV,
tan g € (0.1, 100),

where S = H;,H" and V = Z,Z;,, W", 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], miccOMEGAs [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:

mH2 — Mg+ (S (—10, 10) GCV,
v, € (10,1000) GeV,
(29)

100

tang

1
-0.3 -0.2 -01 0.0 04
cos(612-P)

0.2 03

FIG. 2. Allowed parameter space in the plane of tanf and
cos(0,, — ). 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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0.15

0.001f

sinfy

10°¢}

0.10

0.05

= 0.00

-0.05

-0.10

100 1000

mgz, [GeV]

FIG. 3.

_0'150.20 -0.15 -0.10 -0.05 0.00 0.05 0.10

S

104

Left: parameter space in the m,, — sin 0y 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 = 0.

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 v, > v, is disfavored. Next, we impose the electro-
weak oblique parameter constraints and collider limits on
Zp production at the LHC. We show the remaining
parameter space in the m; — 6y plane in Fig. 3, with
the LHC constraints from Z, 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 my, and Oy, as the Z — Zp mixing and masses
depend on a single parameter, tan . Additionally, in the
model considered here, a Zp, heavier than the electroweak
scale is achievable, although with diminishing mixing. In
the right-hand side of Fig. 3, we show the remaining points

1000
500¢ o gReEET T
s g A
] o B o
9 1003 o
< i
§ 50 ;
ao DBED o m,
10 Rl . R U
100 200 300 400 500 600700
my- [GeV]

projected on the S — 7' 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
mpy+ € (100,700) GeV range, pseudoscalar masses in the
my € (10,700) GeV range. For masses above 300 GeV, we
see that m, and my+ tend to be well correlated. This is
expected, as masses larger than the EW scale for either one
requires a larger x parameter of the scalar potential, which
in turn raises the other mass [see Eq. (5)]. For the H; mass,
we observe that masses in the whole scanned range
my, € (10,1000) GeV are achievable with little correlation
to the charged Higgs mass. Now, we impose the limits from

1000
500

100

my, [GeV]

300 400 500 600700

200
my- [GeV]

FIG. 4. Scalar spectrum of generated points. These points satisfy perturbativity, perturbative unitarity, scalar positivity, H; SM-like
properties, oblique parameters, and Z and H; decay width constraints. Left: scalar spectrum in the my+ — m, plane. Right: scalar

spectrum in the my+ — my, plane. For all points, mpy, ~ my-+.

075044-8



DARK Z-MEDIATED DARK MATTER WITH VERIFIABLE ...

PHYS. REV. D 112, 075044 (2025)

5000

[ X
.‘.‘;*
il bR
e 2%, o
L '®
1000 } gt T "i’..'.’&
s “ g;‘.},.. MY
8 “*% SACS %
:; r {: ~. L] H3ZD
g N . - gy
Lot " H*H
100} o, «HA ]
S0 . s HZ
> v H'wW-
50 100 500 1000
mpy [GeV]
FIG. 5.

v H'W-
50

500 1000

mpy [GeV]

100

Dark matter constraints on mpy; and my, . Left: benchmark points satisfying theoretical, electroweak, Higgs signal strengths,

exotic scalar, and relic density constraints in the mpy — m, plane. Blue, green, and red diagonal lines correspond to m, /mpy = 5, 2,
and 1, respectively. Right: same set of benchmark points in the mpy; — og; 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 H; = H,, H,, or H;

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 = H;, A, H"
and V = Z,Z,, W'. We show the points with viable DM
relic density Q)(h2 =0.1198 £ 5% in Fig. 5. On the left-
hand side, we show the Z; mass plotted against the DM
mass, showing remarkably that points away from the
resonance 2m, ~ my, are viable, in stark contrast to the
minimal dark Z model. This is again due to the tight
relationship between the Z, mass and the gauge mixing
angle in the minimal model, which makes the heavier Z
acquire larger mixing. This in turn drives the t-channel
Zp-mediated direct detection cross section larger than the
experimental limits, unless the s-channel annihilation cross
section is enhanced by the Z, 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 m, < my  together with the
myz, — Ox dependence of the model (see Fig. 3). Briefly, the
kinematic conditions require my, to grow as m, grows.
Above ~100 GeV, Oy tends to decrease as myz, 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 = H; and S = A. One of the most
promising detection channels of the process at the LHC for
H, — SS is the 2b2z final state due to its relatively small
background, compared to 4b. For points that satisfy all
previous constraints and 2mg < my,, we use CalcHEP to
calculate the branching ratios BR(H; — SS) and BR(S —
bb(77)) and compare them to the sensitivity projections of
HL-LHC to this process [58]. In Fig. 6, we show the points
in the mg — BR(H, — SS — bb71) plane, along with the
sensitivity projection for the full run of the HL-LHC
(3000 fb~!). 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 H; pairs or into a
Z and a H, [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 H,, which
then decays into a pair of H;’s in the 2bh2y channel.
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FIG. 6. Projections for the observation of the exotic decay
H, - 2b27 at the HL-LHC, mediated by the intermediate
processes H; — SS — 2b2z, with § = H;,A. Red circles indi-
cate the H; — H3H; benchmark points, while green diamonds
indicate H; — AA. We show as a gray line the sensitivity of
HL-LHC at full luminosity [58].

We approach the projection using the narrow width
approximation, using HiggsTools to estimate the gluon-fusion
production cross section of H, at the HL-LHC, and using
CalcHEP to calculate the branching ratio BR(H, - HH,).
In Fig. 7, we plot the resulting estimation of (g9 — H, —
HH,) as a function of the H, mass together with the
sensitivity projection of HL-LHC for this process [60]. We
see that most points lie below the 2¢ sensitivity curve, but a
few points with my, 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 H; — H;H; branching
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ratio is significant. We proceed to a second possibility for
heavy scalars, a pseudoscalar produced in gluon-fusion
production decaying into the ZH; channel and with
detection in the 2b2y 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 2¢ with
my = 331 GeV. Finally, we comment on the potential of
direct observation of the charged Higgs H™. In this model,
as in the conventional type-I THDM, there exists the
possibility of observing a light H" from top decay
t —» bH', or a heavy H' produced in association with
H,. A novel production scenario for the heavy H™ is the
Z p-associated production [24]. The presence of the Z, can
also affect the decay branching ratios of the charged Higgs,
potentially dominating them, i.e., BR(H" - ZpW*) ~ 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 Z, 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 2627 channel at the HL-LHC. We have also found a
weaker potential for the observation of heavy scalars at the

1000 .
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FIG. 7. Projections for the observation of resonant exotic single heavy Higgs production in the g9 - H, - H{H| — 2b2y and
g9 > A — ZH| — 2b2y 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 g9 - H, » HyH; and g9 - A - ZH,
resonant processes in the 252y 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
c, = cosa, s, = sina for the angles , X <> 0y, W < 0y,.

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:
|

1
2 2gewex(2(Og)ricpgpvsmsx + gyswex((Or)1ispvsm + (Op)aicpvsm)) + 49%)s§(((OE)2iCﬂUSM + (OF)3ivp)

Hiffi

Aff:

H+ﬁRdL:

H" iy dg:

H+DL€R:

H.ZZ:

(Ok)i
Sﬂ ’

csc fuy

\/v%+v%+v§)tan2ﬂ

\/Evudmu COtﬁ

Usm

- \/zvudmd cot ﬂ
Usm '

V2V gm, cot B

Usm

2. Scalar-gauge couplings

(A1)

(A2)

(A3)

(A4)

(AS)

+4(Okg)aicsgpVsmy Swsxcx + chﬁvci((OE)liSﬂUSM + (Og)aicpvsm) + gzyS%vci((OE)usﬂUSM + (Og)2icpvsm)]-

HWTW~:
1
592((019)11‘5/3”51\/1 +(Og)2icpvsm)-
H,ZpZp:
1
4 (492DC§(((OE)21‘C/3”SM + (OE)3iU(/z) - 4(OE)21‘C/39DUSMSXCX<QCW + gysw)
+ s3(gew + gYSW)z((OE)IiSﬁ”SM + (Og)aicsvsm))-
H,ZZ):
1
5 (SXCX(Q%/S%V((OE)US#USM + (Og)2icpvsm) — 4912)((05)2iCﬁUSM + (Op)3iv4)) + gCW(2(0E)2iCﬁgDUSMS§(

- Z(OE)ZiC/}gDUSMC%( + 29YSW)SXCX((OE)1iS/}USM + (OE)Zic/J’vSM) + Z(OE)ZiCﬂgDUSMgstsg(

- 2(05)2iCﬂQDUSM9YSWC§( + QZCWSXCX((OE)US/}USM + (OE)21'C/31)SM))'
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H,0,AZ":
—=5x9p((Or)3;525vsm + 2(Ok)2i5504) + cxv4((Op)1ics = (Ok)2i55) (gew + gysw) (A10)
\ /s%ﬂvéM + 405)
H,0,AZ):
CXQD((OE)3iszﬁUSM + Z(OE)ZiS/)’v!/)) + Sdel((OE)licﬂ - (OE)Zis/})(gCW + gysw) (A1)
\ /sgﬁvéM + 41)55
|
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1
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5 (gewsx +2gpcjex = gySxsw)- (A15)
HYW-Z,:
1
EgC/}S/)‘QDUSMCX- (A13)
3. Scalar couplings
H"0,H 7" The scalar couplings which are relevant for our discus-
sions, particularly for collider searches H; — H;H5,AA
1
) and H, - HH,, are
B (gewex — 29DCﬁSX = gyCxSw)- (A14) H1H312-I3: H
|
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+ 6,(OF) 51 (OF)3302 + 45(OF) 33 (Z(OE)ZB(OE)31 + (05)21(05)33)1’2
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+ (Op)13(641(OF) 101 + (A4 + 27)(Og)y 02 + 46(OF)3104)
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