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We consider the phenomenology of the Higgs bosons in the hidden sector model mediated by an
additional SU(2) scalar doublet. With the mediator scalar doublet, the Higgs sector of the model is extended
to be that of the two Higgs doublet model of type I. The mediator scalar doublet is connected to the hidden
sector with the hidden Uð1ÞX gauge charge. Then the Uð1ÞX gauge symmetry is spontaneously broken by
the electroweak symmetry breaking and the hidden U(1) gauge boson gets the mass to give rise to a dark Z
boson. Using the programs HiggsBounds and HiggsSignals, we incorporate current experimental limits from
LEP, Tevatron, and LHC to examine the Higgs sector in our model and derive constraints on model
parameters together with the electroweak processes. As a result, our model favors the light dark Z boson.
We also investigate the implications of the model on the dark matter phenomenology when the hidden
fermion is a dark matter candidate.
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I. INTRODUCTION

Following the discovery of the Higgs boson [1,2],
extensive study on the scalar sector has been conducted
to reveal the detailed properties of the Higgs boson at the
Large Hadron Collider (LHC). Although the Higgs
mechanism with a SUð2ÞL doublet Higgs field provides
a tenable explanation of the electroweak symmetry break-
ing (EWSB) in the Standard Model (SM), there still exist
many theoretical drawbacks, such as the naturalness
problem, flavor structure, and origin of neutrino masses
related to the Higgs sector. Therefore, many new physics
models beyond the SM suggest extensions of the Higgs
sector. So far, no significant deviations from the SM are
shown in experiments and the precise measurements of
Higgs boson sectors provide strong constraints on the
theoretical structure of new physics (NP).
It is another shortcoming of the SM that the SM does not

include the dark matter (DM) candidates of the Universe,
which are demanded for explanation of the present

astrophysical and cosmological observations. Various kinds
of DM candidates have emerged from theoretical models
beyond the SM as natural ingredients of the models [3].
Meanwhile we can consider another type of DM candidate,
which is very weakly interacting with the SM sector and
included in the “hidden” sector.
The phenomenology of DM in the hidden sector strongly

depends on how to connect to the SM fields. Recently, we
have suggested a hidden sector model where a SM singlet
fermion is a DM candidate and an additional Higgs doublet
mediates between the hidden sector and the SM sector [4].
A hidden Uð1ÞX gauge symmetry is introduced and the
Uð1ÞX charge is assigned to the hidden sector fermion and
the mediator Higgs doublet for the mediator to couple to the
hidden sector. Then the Uð1ÞX gauge symmetry is sponta-
neously broken by the EWSB in this model. Thus, there
exists an extra massive gauge boson mixed with the SM Z
boson as a result. We call it a dark Z boson, which is
dubbed Z0, since its couplings to the SM fermions are
proportional to those of the ordinary Z boson with the
suppression factor of the mixing angle. The dark Z boson
mass is of order the electroweak scale at most and could be
much lighter. The light Z0 boson affects the electroweak
processes and is stringently constrained by the collider and
the low energy neutral current (NC) experiments [4,5].
Massive dark gauge bosons have also been considered in
the literature [6].
Since we introduce one more Higgs doublet as the

mediator field, there are two SU(2) Higgs doublets in the
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model and the Higgs sector is the same as the two Higgs
doublet model (2HDM). Because of the Uð1ÞX charge, the
additional Higgs doublet does not couple to the SM
fermions and, consequently, the Higgs contents are com-
parable to the 2HDM of type I. The discrete symmetry in the
typical 2HDM is absent in the model and the Yukawa
structure is controlled by the Uð1ÞX gauge symmetry as
in Ref. [7].
After EWSB, there exist three additional Higgs bosons,

one CP-even neutral Higgs boson and a pair of charged
Higgs bosons. Note that no CP-odd neutral Higgs boson
appears in this model since corresponding degree of free-
dom is accountable for the dark Z boson mass. It is one of
the distinctive features of this model. In this paper we carry
out an intensive study on the model with the phenomenol-
ogy of Higgs bosons and the electroweak processes. The
electroweak processes depend on the dark Z mass and
mixing angle principally. The model parameters in the
Higgs sector are two masses of neutral and charged Higgs
bosons, mh and m�, and two mixing angles α and β for
them, respectively, in addition to the dark Z mass and
mixing. We probe the consistency of these parameters with
a large number of experimental data using the public codes
HiggsBounds [8] and HiggsSignals [9]. The former provides the
95% exclusion limit for the extra scalar production in
collider experiments, while the latter provides χ2 and P
values of a model with respect to observables of the SM-
like Higgs boson at the LHC.
We also show that our minimal hidden sector is valid

for the present DM phenomenology. We assume the DM
candidate is a Dirac fermion. The Uð1ÞX charge of the DM
fermion is independent of the visible sector. The interaction
strength of the DM fermion to the Z0 and the DM mass are
new free parameters to adjust the observed relic density and
the discovery limit for the DM-nucleon cross sections. The
dark Z boson is a portal to the hidden sector where DM is
living. With a comprehensive numerical analysis, we show
that a significant portion of the parameter space can explain
the known DM properties in relation to cosmology and
astrophysics. We also provide arguments about the validity
of the results considering astrophysical phenomena such as
supernova cooling.
This paper is organized as follows. The model is

explained in Sec. II. In Sec. III we analyze this model
mainly focusing on the Higgs sector. We describe the
analysis of the phenomenology of the Higgs bosons with
HiggsBounds and HiggsSignals in Sec. III A. Discussion about
constraints on the model parameters together with the
electroweak processes, atomic parity violation, ρ param-
eter, and Z boson total width follows in Secs. III B, III C,
and III D, respectively. We show that our dark matter
candidate is acceptable for the relic density of the
Universe and the present direct detection experiments in
Sec. IV. Section V is devoted to the summary of the results
and conclusion.

II. THE MODEL

We assume that the hidden sector consists of a Dirac
fermion with Uð1ÞX gauge symmetry. The hidden sector
fermion is a SM gauge singlet and the dark matter
candidate, of which gauge charge is assigned to be
ψXð1; 1; 0; XÞ with the Uð1ÞX charge X. The SM fields
do not have the Uð1ÞX charge and do not couple to the
hidden sector directly. Thus, we require a mediator field
between the SM and the hidden sector. We introduce an
extra Higgs doublet H1 as the mediator and as a result we
have two Higgs doublets in this model. The gauge charges
of the mediator H1 and the SM Higgs doublet H2 are
assigned to be

H1

�
1; 2;

1

2
;
1

2

�
; H2

�
1; 2;

1

2
; 0

�
; ð1Þ

under the gauge group SUð3Þc×SUð2ÞL×Uð1ÞY×Uð1ÞX.
The kinetic mixing of Uð1ÞX with the SM Uð1ÞY is
ignored here.
We write the Lagrangian of the Higgs sector as

LH ¼ ðDμH1Þ†DμH1 þ ðDμH2Þ†DμH2 − VðH1; H2Þ
þ LYðH2Þ; ð2Þ

where VðH1; H2Þ is the Higgs potential andLY the Yukawa
interactions,

−LY ¼ gdijQ̄
i
LH2d

j
R þ guijQ̄

i
LH̃2u

j
R þ glijL̄

i
LH2l

j
R þ H:c:;

ð3Þ

with H̃2 ¼ iσ2H�. The covariant derivative is written by

Dμ ¼ ∂
μ þ igWμaTa þ ig0BμY þ igXA

μ
XX: ð4Þ

Because of the Uð1ÞX charge,H1 does not couple to the SM
fermions and the flavor structure of this model is naturally
that of the 2HDM of type I. The Higgs potential is given by

VðH1; H2Þ ¼ μ21H
†
1H1 þ μ22H

†
2H2 þ λ1ðH†

1H1Þ2
þ λ2ðH†

2H2Þ2 þ λ3ðH†
1H1ÞðH†

2H2Þ
þ λ4ðH†

1H2ÞðH†
2H1Þ; ð5Þ

where the soft breaking term and the λ5 terms are prevented
by the Uð1ÞX charge.
After the EWSB, two vacuum expectation values

(VEVs) are evolved,

Hi ¼
 

Hþ
i

1ffiffi
2

p ðvi þ ρi þ iηiÞ

!
; ð6Þ
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where v21 þ v22 ¼ v2. We define the ratio tan β≡ v2=v1.
The Uð1ÞX gauge boson AX as well as the SM gauge bosons
get masses from the EWSB. Keeping the photon A as a
massless mode, we find that the extra massive neutral gauge
boson Z0 is mixed with the ordinary Z boson to yield the
physical states

0
B@

AX

W3

B

1
CA ¼

0
B@

cXZ0 þ sXZ

−sXcWZ0 þ cXcWZ þ sWA

sXsWZ0 − cXsWZ þ cWA

1
CA; ð7Þ

where sX ¼ sin θX, cX ¼ cos θX with the Z − Z0 mixing
angle θX, and sW ¼ sin θW , cW ¼ cos θW with the
Weinberg angle θW . The gauge boson masses are given by

m2
Z;Z0 ¼1

8
ðg2Xv21þðg2þg02Þv2

�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðg2Xv21− ðg2þg02Þv2Þ2þ4g2Xðg2þg02Þv41

q
Þ; ð8Þ

and the mixing angle θX is given by

tan 2θX ¼ −2gX
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
g2 þ g02

p
v2cos2β

ðg2 þ g02Þv2 − g2Xv
2cos2β

: ð9Þ

Two new parameters, the Uð1ÞX gauge coupling gX and
tan β are introduced in the electroweak sector. We take two
observables, the dark Z mass mZ0 and tan β as free
parameters by translating gX into mZ0 . Then the mixing
angle can be expressed by

s2X ¼ m2
Wcos

2β

c2Wðm2
Z −m2

Z0 Þ −m2
Wcos

2β

m2
Z0

m2
Z −m2

Z0
ð10Þ

in terms of observables.
We write the NC interactions in terms of the physical

gauge bosons as

LNC ¼ −eAμf̄Qγμf − cXZμðgVf̄γμf þ gAf̄γμγ5fÞ
þ sXZ0μðgVf̄γμf þ gAf̄γμγ5fÞ; ð11Þ

where the couplings e, gV , and gA are defined in the same
manner as those of the SM. Note that the Z0 couplings are
the same as the ordinary Z couplings up to the suppression
factor tan θX. Therefore, we call the extra gauge boson Z0
the dark Z boson.
After the EWSB, we diagonalize the mass matrices of the

neutral and charged Higgs bosons to derive physical states
and to get the physical masses. We have two CP-even
neutral scalar bosons of which masses are given by

m2
h;H ¼ λ1v21 þ λ2v22 �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðλ1v21 − λ2v22Þ2 þ ðλ3 þ λ4Þ2v21v22

q
;

ð12Þ

and the mixing angle α is given by

tan 2α ¼ −ðλ3 þ λ4Þ tan β
λ1 − λ2tan2β

: ð13Þ

The physical states of the neutral Higgs bosons are
defined by

�
ρ1

ρ2

�
¼
�

cosα sinα

− sinα cosα

��
h

H

�
¼
�

hcosαþH sinα

−h sinαþH cosα

�
;

ð14Þ

where H is the SM-like Higgs boson and h is the extra
neutral Higgs boson.
Diagonalizing the charged states, we have a pair of

charged Higgs bosons H� of which masses are

m2
� ¼ −

1

2
λ4v2; ð15Þ

and a pair of massless modes, where the mixing angle is

tan 2β ¼ 2M2
12

M2
11 −M2

22

¼ 2v1v2
v21 − v22

: ð16Þ

The charged states are given in terms of H�
1 , H

�
2 ,

�
H�

1

H�
2

�
¼
�
cos β − sin β

sin β cos β

��
G�

H�

�

¼
�
G� cos β −H� sin β

G� sin β þH� cos β

�
; ð17Þ

where the massless modes G� are corresponding to the
longitudinal modes of the W� bosons.

III. ANALYSES

In this section, we analyze our model by considering
both theoretical constraints and experimental limits. We use
the following set of independent model parameters:

ðmZ0 ; sin α; tan β; mh;m�Þ; ð18Þ

where mh and m� are defined in Eqs. (12) and (15),
respectively. Manifestly, we also use the Uð1ÞX coupling gX
and the Z − Z0 mixing sX in the formulas for convenience.

A. Higgs phenomenology

There are two CP-even neutral scalar bosons and a pair
of charged scalar bosons after the EWSB in this model.
One neutral scalar is the SM-like Higgs boson of which
mass is fixed as the measured value mH ¼ 125.10 GeV.
The other neutral scalar boson may be either lighter or
heavier than the SM-like Higgs boson and its mass mh is a
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free parameter of the model. The other free parameters of
the Higgs sector are the charged Higgs mass m� and the
mixing angles α and β.
In order to analyze the Higgs potential, we write the

Higgs quartic couplings in terms of masses and mixing
angles,

λ1 ¼
1

2v21
ðm2

hcos
2αþm2

Hsin
2αÞ;

λ2 ¼
1

2v22
ðm2

hsin
2αþm2

Hcos
2αÞ;

λ3 ¼
1

v2

�
2m2

� þ sin 2α
sin2β

ðm2
H −m2

hÞ
�
;

λ4 ¼ −
2m2

�
v2

: ð19Þ

The quartic couplings are assumed to be in the perturbative
domain, jλij < 4π in this analysis. The potential should be
bounded from below with the following conditions:

λ1 > 0; λ2 > 0; λ3 > −2
ffiffiffiffiffiffiffiffiffi
λ1λ2

p
;

λ3 þ λ4 > −2
ffiffiffiffiffiffiffiffiffi
λ1λ2

p
; ð20Þ

for the stable vacuum. We also require the perturbative
unitarity of the WW scattering at tree level, which is
translated into the following conditions [10,11]:

jλ1j < 4π; jλ2j < 4π; jλ3j < 8π;

jλ3 þ λ4j < 8π; jλ3 þ 2λ4j < 8π;

jλ1 þ λ2 �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðλ1 − λ2Þ2 þ λ24

q
j < 8π;

j3ðλ1 þ λ2Þ �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
9ðλ1 − λ2Þ2 þ ð2λ3 þ λ4Þ2

q
j < 8π;ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

2λ23 þ 4λ3λ4 þ λ24
2

r
< 8π: ð21Þ

A lot of data from Higgs search experiments and the
measurements of the SM-like Higgs boson have been
provided by collider experiments, at LEP, Tevatron, and
LHC. We implement the analysis to achieve allowed
parameter sets of the extended Higgs sector by applying
experimental limits using the public codes HiggsBounds [8],
which compares various predictions in the Higgs sector with
experimental data. HiggsBounds includes the exclusion limits
at the 95% C.L. for the extended Higgs boson searches. We
also use HiggsSignals [9], which performs a χ2 test of the Higgs
sector predictions against the signal rate and mass measure-
ments from colliders. The code HiggsSignals computes the
signal strengths with model parameters.
For HiggsBounds and HiggsSignals, we express the effective

couplings κijk in terms of model parameters given in in
Eq. (18). The effective couplings are normalized by the
corresponding SM couplings.
The scalar to fermion pair couplings are given by

κHf̄f ¼ cos α
sin β

; κhf̄f ¼ −
sin α
sin β

; ð22Þ

where the SM couplings are gHf̄f ¼ −mf=v. The triple
couplings of one scalar to two gauge bosons normalized
by the SM Higgs couplings gSMHWW ¼ gmW and gSMHZZ ¼
gmZ=cW , respectively, are read as

κHWþW− ¼ sinðαþ βÞ;
κhWþW− ¼ cosðαþ βÞ; ð23Þ

and

κHZZ ¼ c2X sinðαþ βÞ − cos β sin α

�
2gX
g

cWcXsX −
�
gX
g

�
2

c2Ws
2
X

�
;

κhZZ ¼ c2X cosðαþ βÞ − cos β cos α

�
2gX
g

cWcXsX −
�
gX
g

�
2

c2Ws
2
X

�
;

κHZZ0 ¼ −cXsX sinðαþ βÞ − cos β sin α

�
gX
g
c2X −

gX
g
cWs2X −

�
gX
g

�
2

c2WcXsX

�
;

κhZZ0 ¼ −cXsX cosðαþ βÞ − cos β cos α

�
gX
g
c2X −

gX
g
cWs2X −

�
gX
g

�
2

c2WcXsX

�
;

κHZ0Z0 ¼ s2X sinðαþ βÞ þ cos β sin α

�
2gX
g

cWcXsX þ
�
gX
g

�
2

c2Wc
2
X

�
;

κhZ0Z0 ¼ s2X cosðαþ βÞ þ cos β cos α

�
2gX
g

cWcXsX þ
�
gX
g

�
2

c2Wc
2
X

�
: ð24Þ
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We find both the SM-like Higgs boson and the additional
neutral scalar boson can decay into ZZ0 and Z0Z0 modes
depending on mZ0 and mh, which do not exist in the typical
2HDM. These channels are open due to the Uð1ÞX charge
assignment for the H1 as well as the mixing between the Z
and Z0 bosons. Thus, these decay channels must be taken
into account for the calculation of the branching ratios of
the scalar bosons, which are input information for the
HiggsBounds and HiggsSignals. Furthermore, these channels can
probe distinct signals of this model from the typical 2HDMs
with discrete Z2 symmetry as well as the SM. Actually we

find that BrðH → Z0Z0Þ < 1.6% for the allowed parameter
space and BrðH → ZZ0Þ can reach 9% to the highest. We
expect that H → Z0Z0 and H → ZZ0 processes can be
observed at the LHC in the future if the Z0 boson would
decay inside the detector to leave a displaced vertex.
The triple gauge couplings read as

κWþW−Z ¼ cX; κWþW−Z0 ¼ −sX; ð25Þ

and the Higgs triple couplings read as

κHHH ¼ 3ð2λ1sin3α cos β þ 2λ2cos3α sin β þ ðλ3 þ λ4Þ cos α sin α cosðα − βÞÞ;
κhhh ¼ 3ð2λ1cos3α cos β − 2λ2sin3α sin β þ ðλ3 þ λ4Þ cos α sin α cosðα − βÞÞ;
κHhh ¼ 6 cos α sin αðλ1 cos α cos β þ λ2 sin α sin βÞ þ ðλ3 þ λ4Þðsinðαþ βÞ − 3 cos α sin α cosðα − βÞÞ;
κHHh ¼ 6 cos α sin αðλ1 sin α cos β − λ2 cos α sin βÞ þ ðλ3 þ λ4Þðcosðαþ βÞ − 3 cos α sin α sinðα − βÞÞ; ð26Þ

with normalization of v2=m2
Z. Note that the SM coupling is

gSMHHH ¼ 3m2
H=v ¼ 6λv.

Since there are no charged Higgs bosons in the SM, the
effective couplings with the charged Higgs bosons are
defined by appropriate normalizations. The charged Higgs
to fermion couplings are given by

κH�f̄f ¼ 1

tan β
; ð27Þ

with the normalization
ffiffiffi
2

p
mf=v. We write the couplings of

the charged Higgs bosons to neutral gauge bosons as

gZH�H∓ ¼ 1

cW

�
ð1 − 2s2WÞcX þ gX

g
cWsXsin2β

�
;

gZ0H�H∓ ¼ 1

cW

�
−ð1 − 2s2WÞsX þ gX

g
cWcXsin2β

�
ð28Þ

without normalization. Note that gZH�H∓ ¼ ð1 − 2s2WÞ=cW
in the typical 2HDM. The neutral and charged Higgs
couplings associated with the W� boson are given by

κHH�W∓ ¼ cosðαþ βÞ;
κhH�W∓ ¼ − sinðαþ βÞ; ð29Þ

and the neutral and charged gauge boson couplings
associated with the H� are given by

κZH�W∓ ¼ −
�
gX
g

�
cos β sin βcWsX;

κZ0H�W∓ ¼ −
�
gX
g

�
cos β sin βcWcX: ð30Þ

The Higgs triple couplings with the charged Higgs
boson are

κHHþH− ¼ 2λ1 sin α cos βsin2β þ 2λ2 cos α sin βcos2β þ λ3ðcos αsin3β þ sin αcos3βÞ
− λ4ðcos αcos2β sin β þ sin α cos βsin2βÞ;

κhHþH− ¼ 2λ1 cos α cos βsin2β − 2λ2 sin α sin βcos2β þ λ3ðcos αcos3β − sin αsin3βÞ
þ λ4ðsin αcos2β sin β − cos α cos βsin2βÞ ð31Þ

with normalization of v2=m2
Z.

We require that randomly generated free parameters of (18) have to pass the exclusion limit of HiggsBounds and then the
P value evaluated from HiggsSignals is less than 0.05.
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B. Δρ constraints

In this model, the Z boson mass is shifted by the Z0
boson mass,

m2
Z ¼ m2

W

c2Wc
2
X
−m2

Z0
s2X
c2X

; ð32Þ

at tree level, while the W� mass remains unchanged. Thus,
the ρ parameter defined by the ratio of W and Z boson
masses ρ≡m2

W=m
2
Zc

2
W should be modified. The correction

ΔρX parametrizes the NP effects,

ΔρX ≡ 1 −
1

ρ
≈ −s2X

�
1 −

m2
Z0c2W
m2

W

�
; ð33Þ

in the leading order of sX.
There also exist new scalar contributions to the ρ

parameter ΔρH at loop levels. We calculate ΔρH in our
model such that [12]

ΔρH ¼ α

16π2m2
Ws

2
W
ðsin2ðαþβÞFðm2

�;m
2
HÞ

þ cos2ðαþβÞFðm2
�;m

2
hÞþ3cos2ðαþβÞFðm2

Z0 ;m2
HÞ

þ3sin2ðαþβÞFðm2
Z0 ;m2

hÞ−3cos2ðαþβÞFðm2
W;m

2
HÞ

−3sin2ðαþβÞFðm2
W;m

2
hÞÞ; ð34Þ

where

Fðx; yÞ ¼ xþ y
2

−
xy

x − y
ln
x
y
: ð35Þ

Generically, the Higgs loop contributions to Δρ vanish
when we take a limit of custodial symmetry in the 2HDM.
However, our model assigns the Uð1ÞX gauge symmetry
only toH1, which leads to λ5 ¼ 0 in the Higgs potential and
the explicit violation of the custodial symmetry. Thus, the
custodial symmetry limit is derived in this model only
when we put λ4 ¼ 0, which results in m� ¼ 0.
The NP correction Δρ ¼ ΔρX þ ΔρH is constrained by

the experimental value of Δρ. It is obtained from the T
variable by the relation

Δρ ¼ αðmZÞT: ð36Þ

The measured T value and the fine-structure constant are
given by

T ¼ 0.09� 0.07;

αð5ÞðmZÞ−1 ¼ 127.955� 0.010; ð37Þ

from PDG [13], where the superscript (5) denotes the
five-loop result in QED.

C. The atomic parity violation

The precise measurement of the atomic parity violation
(APV) in the atomic spectra constrains the NP effects in the
NC interaction. The effective Lagrangian for the APV is
written as

L ¼ −
GFffiffiffi
2

p ðguAVðēγμγ5eÞðūγμuÞ þ gdAVðēγμγ5eÞðd̄γμdÞÞ;

ð38Þ

where the nucleon couplings gpAV ≡ 2guAV þ gdAV and
gnAV ≡ guAV þ 2gdAV . We define the weak charge of the nuclei

QW ≡ −2ðZgpAV þ NgnAVÞ; ð39Þ

where Z (N) is the number of protons (neutrons) in the
atom. The weak charge QSM

W ≈ −N þ Zð1 − 4s2WÞ at tree
level in the SM.
Including the dark Z contribution, we have

QW ¼ QSM
W

�
1þ m2

Z

m2
Z0
s2X

�
; ð40Þ

in the leading order of sX. Using the SM value QSM
W ¼

−73.16� 0.03 [14,15] and the present experimental value
for the Cs atom [16]

Qexp
W ¼ −72.82� 0.42; ð41Þ

we achieve the constraint on the model

m2
Z

m2
Z0
s2X ≤ 0.006; ð42Þ

at 95% C.L.

D. Z boson decays

The dark Z boson and the additional neutral Higgs h
might be light in this model. When the sum of the masses of
the dark Z and h is less than the Z boson mass, the Z → Z0h
channel opens and it contributes to the Z boson total width.
The width of Z → Z0h decay is given by

ΓðZ→ Z0hÞ ¼ g2κ2hZZ0

192πmZc2Wm
2
Z0
ðm4

h − 2m2
hm

2
Z − 2m2

hm
2
Z0

þm4
Z þ 10m2

Zm
2
Z0 þm4

Z0 Þ

×

�
1−

2m2
h

m2
Z
−
2m2

Z0

m2
Z
þm4

h

m4
Z
þm4

Z0

m4
Z
−
2m2

hm
2
Z0

m4
Z

�
:

ð43Þ

The dark Z decays are suppressed by the Z − Z0 mixing
sin θX and the h decays suppressed by sin α. Then the Z0
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and h live long and decay outside the detector when the DM
particle mass is larger than half the Z0 mass. If the DM
particle is light enough, the Z0 will decay into a pair of the
DM particles. Eventually the Z → Z0h decay will contrib-
ute to the invisible Z decay width in most cases.
We add the partial width of Z → Z0h decay to the SM

total width, ΓNew
Z ¼ ΓSM

Z þ ΓðZ → Z0hÞ, and constrain the
model prediction by the experimental limits. The Z total
width ΓZ is precisely measured at LEP and SLD [17],

ΓZ ¼ 2.4955� 0.0023 GeV ð44Þ

and shows a good agreement with the SM prediction
ΓSM
Z ¼ 2.4941� 0.0009 GeV. Since ΓZ is very precisely

measured, the additional contribution ΓðZ → Z0hÞ should
be highly suppressed.

E. Results

Figure 1 depicts the parameter set ðmZ0 ; j sin θXjÞ allowed
by the HiggsBounds, HiggsSignals, and the electroweak con-
straints. We find that the very light Z0 is possible if the
mixing angle is small enough. Such a light and feebly
interacting Z0 will be probed in the future intensity frontier
experiments and long-lived particle searches.
We see that there are two regions in the parameter space,

the light dark Z region, mZ0 < 12 GeV, and the heavy
region, mZ0 > 30 GeV. The reason why there are two
separate regions of allowed parameters is that each region
corresponds to different suppression conditions of the Z →
Z0h decay. The light dark Z region corresponds to the small
mixing angle jsXj and, consequently, the suppressed
coupling of κhZZ0 , while the heavy region corresponds to

the kinematic suppression. The kinematic suppression
implies either mZ ≈mZ0 þmh or mZ < mZ0 þmh. If
mZ < mZ0 þmh, the decay channel does not open and
no constraints come from the Z total width. When
mZ ≈mZ0 þmh, although the decay channel opens, ΓðZ →
Z0hÞ is suppressed by the smallness of the kinematic factor,
which is factorized by ðmZ −mZ0 −mhÞ.
Separation of parameter sets is clearly demonstrated in

Fig. 2. The values of tan β and mh are crucially constrained
in the light dark Z region. We find that 13 < tan β < 15 and
50 < mh < 55 GeV when mZ0 < 12 GeV. On the other
hand, in the case of kinematic suppression, a wide range of
parameters is allowed. We see that 13 < tan β < 42 and
10 < mh < 55 GeV when mZ0 > 30 GeV.
The allowed masses and mixing angles of the additional

neutral Higgs boson and the charged Higgs bosons are
shown in Fig. 3. The allowed mass of h is 10 < mh <
55 GeV as also shown in Fig. 2. We see that the small
mixing angle is preferred, j sin αj < 0.004, which implies
that the fermion-coupled scalar ρ2 is mostly the SM-like
Higgs boson H. Consequently, the VEVs v2 ∼ v, tan β is
expected to be large and the additional scalar is generically
lighter than the SM-like Higgs boson. Since tan β is large
enough, the model is free from constraints from the b → sγ
decays in B physics and H� → τν and H� → tb decays at
the LHC. We can see that there are also two groups of
allowed points in ðmh; sin αÞ and ðm�; tan βÞ planes, which
are corresponding to the coupling suppression and the
kinematic suppression for Z → Z0h decay, respectively, as
explained above.
Before moving to the DM phenomenology, we empha-

size that our model is still viable as one of the simplest
extensions of the SM, even without the hidden sector.

FIG. 1. Allowed parameter set of ðmZ0 ; j sin θXjÞ.
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We should mention that the Z boson decay width in this
section does not include the decay channels into hidden
sector particles. Depending on the configuration of the
hidden sector, the Z boson decay width could further
constrain the parameter space.

IV. DARK MATTER PHENOMENOLOGY

We introduce a vectorlike Dirac fermion with Uð1ÞX
gauge symmetry in the hidden sector, which is a candidate
for DM. The hidden sector Lagrangian is given by

Lhs ¼ −
1

4
Fμν
X FXμν þ ψ̄XiγμDμψX −mXψ̄XψX; ð45Þ

where

Dμ ¼ ∂μ þ igXAX
μX ð46Þ

with X and mX being the Uð1ÞX charge and the mass for
the ψX, respectively. As a result of the spontaneous

symmetry breaking and consequential Z − Z0 mixing, the
DM interaction terms with the physical gauge bosons are
reformulated as

Lint
DM ¼ igXXψ̄Xγ

μψXðcXZ0
μ þ sXZμÞ: ð47Þ

Note that we have only two additional parameters, mX and
X, which are independent of the structure of the visible
sector. Based on the Dirac fermionic DM scenario, we
perform the phenomenological analysis on properties of
DM with micrOMEGAs [18], especially for the relic abun-
dance and the DM-nucleon cross section for the allowed
values of parameters in the previous section. A thermal
freeze-out scenario is assumed for the relic abundance
calculation.
The most recent DM contribution to the relic abundance

density Ω is obtained from measurements of the anisotropy
of the cosmic microwave background and of the spatial
distribution of galaxies [19]. The present value of the relic
density for nonbaryonic cold DM (CDM) is

FIG. 2. Allowed values of tan β (left) and mh (right) with respect to mZ0 .

FIG. 3. Allowed parameter set of ðmh; sin αÞ (left) and ðm�; tan βÞ (right).
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ΩCDMh2 ¼ 0.120� 0.001: ð48Þ

Such a precise value provides a stringent constraint on
the model parameters. We search for the parameter sets of
the DM mass and its charge X that make the relic
abundance stay within 3-σ range from the central value
of the observation, with the perturbativity constraint
gXX ≤

ffiffiffiffiffiffi
4π

p
. The acceptable relic density can be achieved

mainly through the DM annihilation processes such as
ψXψ̄X → Z0 → SM particles, ψXψ̄X → Z0Z0, and the
Higgsstrahlung ψXψ̄X → Z0h depending on the mass
spectra.
In Fig. 4, we show the DM-nucleon cross sections for the

parameter sets that are consistent with the observed relic
density within 3-σ range. We also apply the constraint from
the total decay width of the Z boson, which can be modified
by the new decay channel Z → ψXψ̄X. The parameter sets
that give rise to too large DM self-interaction are excluded
by imposing the “bullet cluster” constraint, σ=mDM ≲
1 cm2=g [20]. As a result, the allowed mass range for
the Z0 boson is slightly further constrained as mZ0 ≲ 7 and
43≲mZ0 ≲ 83 GeV, compared with the result in the
previous section which is analyzed without specifying the
DM properties.
The left figure in Fig. 4 represents the case that the DM

fermion is heavier than Z0, mX > mZ0 . The experimental
bounds from CRESST III [21], XENON1T [22],
XENONnT [23], DarkSide-50 [24], and LZ [25] are shown
together. In this case, the high mass region for the DM
fermion is excluded by various direct detection experiments
and the DM mass is limited below a few hundred MeV.
Accordingly, relatively large Z0 mass is prohibited and low
mass for Z0, less than about a few hundred MeV, is
preferred.
On the other hand, the right figure in Fig. 4 provides the

results for mX < mZ0. In this case, a resonance can be
possible in the DM annihilation process ψXψ̄X → Z0 → SM

when 2mX ∼mZ0 and the DM pair annihilation rate during
the freeze-out is enhanced. This enhancement requires the
strength of the couplings to be smaller than those for
nonresonance cases to fit the observed relic density.
Consequently, the DM-nucleon cross section becomes
smaller under the resonance condition and more points
survive the limits from the direct detection experiments
compared with the previous case of mX > mZ0 . For exam-
ple, the dip around mX ∼ 40 GeV survives the LZ limit for
the DM direct detection. In this region, we have “double”
resonances such as 2mX ∼mZ0 ∼mZ and the DM-nucleon
cross section is suppressed by cancellation between the two
diagrams with Z and Z0 exchange, respectively.
Since light DM is favored in our model, we should

consider electron-recoil experiments for DM direct detec-
tion. We estimate the cross sections following Ref. [26],
and it turns out that the cross sections survive the limits put
by many experiments. However, the values of the cross
sections are small and it is unlikely that the signals from the
electron-recoil experiments would be detected in the near
future. The results together with experimental limits from
EDELWEISS [27], DAMIC [28], SENSEI [29], PandaX-II
[30], and XENON1T [31] are shown in Fig. 5.
In Fig. 6, we show the parameter sets in the ðmX;mZ0 Þ

plane that are consistent with the observed values of relic
density, the DM self-interaction cross section bound from
the bullet cluster, total decay width of the Z boson, and
nonobservation of DM in the various direct detection
experiments. The DM mass is highly constrained and it
would be even below 1 GeV if we ignore the sharp
resonance regions. It is quite interesting that the seemingly
independent dark sector gives further constraint on the Z0

properties. It turns out that the Z0 mass of a few tenths of
GeV is unfavorable except for the double resonance region
of 2mX ∼mZ0 ∼mZ, while the relatively light Z0 boson
below a few MeV is preferred. In consequence, the light Z0

FIG. 4. Results of the DM-nucleon cross sections for mX > mZ0 (left) and mX < mZ0 (right). Discovery bounds from various direct
detection limits are shown together. The yellow shaded region is the neutrino background.
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and DM is quite natural in our model and such properties
can be tested in the future collider experiments.
A few comments are in order. First, it is known that for

the DM particle as light as below 1 MeV, the conventional
freeze-out mechanism fails [32–34]. However, alternative
cosmological scenarios are suggested that can alleviate the
problems of sub-MeVDM (see, for example, Refs. [35,36]).
As an another alternative, a freeze-in mechanism can be
considered [37]. Second, the production of energetic par-
ticles due to self-annihilation of the DMparticles in highDM
density regions like the Galactic Center can give a serious
constraint on the model. We evaluate the velocity-weighted
annihilation cross sections hσvi especially to τ−τþ and bb̄

since they give the most stringent constraints. We find
that all the parameter sets in Fig. 6 give hσvi ∼ 10−33 −
10−26 cm3 s−1 for both τ−τþ and bb̄ channels and most of
them stay well below the constraint given by Fermi-LAT,
which is hσvibb;ττ ∼ 10−26 or 10−27 cm3 s−1 for small DM
masses around 2–5 GeV [38] except for few points that are
severely fine-tuned through resonances. Finally, sub-GeV
dark sectors can be constrained from the supernova cooling.
We follow the recent comprehensive analysis of Ref. [39],
where the authors draw the conclusion that even very tiny
self-interaction of the DMparticles can trap theDMparticles
inside the supernova and as a result evade the constraints
from the energy luminosity of dark emission. We evaluate

αD ≡ ðgXXÞ2
4π and ϵ ∼ sin θX up toOð1Þ factor for theDMmass

range 1 MeV ∼ 1 GeV and compare the results especially
with Fig. 4 in Ref. [39]. We find that our solution points
largely stay outside the exclusion region, which means that
the DM trap mechanism works well and the points in Fig. 6
can circumvent the constraints from the supernova.

V. CONCLUDING REMARKS

In this work, we studied the hidden sector model
connected to the SM through the dark Z boson. Since
the additional SUð2ÞL scalar doublet with hidden Uð1ÞX
charge mediates between the hidden sector and the SM
sector, the EWSB also breaks the hidden sector U(1)
symmetry and generates the massive dark Z boson.
Because of the hidden Uð1ÞX charge, the additional scalar
doublet does not couple to the SM fermions, and the Higgs
sector structures of our model and the 2HDM of type I are
alike. The CP-odd scalar is eaten up by the massive dark Z
boson and is absent in the Higgs contents of the model.
Instead, there are new couplings of the Higgs boson to the
dark Z boson. We explore the Higgs phenomenology of this
model using the public programs HiggsBounds and HiggsSignals.
The present experimental limits to search the NP in the

FIG. 6. Solution points in ðmX;mZ0 Þ plane that survive the
discovery limits from the direct detection experiments. The points
aligned along the red line represent the resonance points, i.e.,

mZ0 ¼ 2mX. The values of the dark fine-structure constant αD ≡
ðgXXÞ2
4π are presented as color contour.

FIG. 5. Results of the electron-recoil cross sections from DM for mX > mZ0 (left) and mX < mZ0 (right). Discovery bounds from
various direct detection limits are shown together. The yellow shaded region is the neutrino background.
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Higgs sector strongly constrain the model parameter space
together with the electroweak constraints.
We find that our parameter set can satisfy the relic

abundance and the direct detection limits of the DM-
nucleon cross section assuming that the hidden sector
fermion is a DM candidate. Part of the parameter region
is more excluded by the present direct detection experi-
ments. The direct detection by the DM-electron scattering
is also considered and we see that the present measure-
ments do not affect our model. Finally, the bullet cluster,
the DM annihilation at the Galactic Center, and supernova
cooling constraints on the DM self-interaction are dis-
cussed to conclude that our model is safe on the whole.
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