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Abstract: We discuss almost degenerate vector dark matter and dark photonsinduced from the hidden SUQ2)y
gauge sector, where it is spontaneously broken by the vacuum expectation value of SU(2)y doublet. Kinetic mixing
between SU(2)y and U(1)y gauge fields can be generated by introducing a dimension six operator realizing dark

photon interactions. In estimating relic density, we focus on the process in which dark matter annihilates into dark

photons and search for the region of dark matter mass and gauge coupling realizing observed relic density. We then

discuss constraints from dark photon physics, thermalization of dark sector, and direct detection of dark matter. It is

then found that constraints from direct detection experiments give us the strongest upper limits on the dark photon

interactions.
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I. NTRODUCTION

Understanding of dark matter (DM) nature is one of
the greatest challenges in physics. The existence of DM
definitely requires physics beyond the standard model
(SM), which we call the dark sector. In fact, various can-
didates of DM are considered from new physics models.
One promising candidate of DM is a massive stable
particle that weakly interacts with the SM sector, as its
relic density can be explained via thermal production.
Such a DM has been searched for by direct detection, in-
direct detection, and collider experiments. However we
do not have any clear evidence of DM yet, and the nature
of dark sector is an open question.

One attractive scenario is to consider the dark sector
as the hidden gauge sector, as the SM is also described by
gauge symmetry. We consider hidden gauge symmetry
where SM particles are neutral but fields in the dark sec-
tor including DM are charged under it. In this scenario,
we can explain stability of DM by a remnant symmetry
after spontaneous symmetry breaking of hidden gauge
symmetry [1, 2]. In particular, it is interesting to consider
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the minimal non-Abelian group SU(2)y as hidden gauge
symmetry. In the minimal scenario [3], SU(2)y is broken
by the vacuum expectation value (VEV) of the SUQ2)y
doublet scalar ®, and dark gauge bosons are DM candid-
ates whose stability is guaranteed by remaining custodial
symmetry ". Interestingly, we can have kinetic mixing
between SU(2)y and U(1)y gauge fields if we introduce
the dimension-6 operator of (®'c“®)X: B, where X,
and B, are the gauge field strengths of SU(2)y and
U(l)y, respectively, and o is the Pauli matrix on the
SU(2)y representation space [31, 32] . A dimension-5
operator is also possible by introducing the SU(2)y triplet
scalar [9, 10, 20, 29]. With such a mixing, we obtain both
a complex vector DM X* and a dark photon Z' [35, 40]
from the SU(2)y gauge sector, where the stability of DM
is guaranteed by remnant U(1) symmetry from the cus-
todial one. The dark photon can be a mediator between
the dark sector and SM particles; some interesting phe-
nomenology associated with dark photons has been con-
sidered [36—45]. In previous works [3, 32], for a model
with minimal field contents, DM-scalar interactions are
mainly considered in explaining DM relic density in
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1) There are various approaches applying a hidden SU(2) gauge symmetry in literatures; A remaining 734 symmetry with a quadruplet(quintet) scalar in Ref.
[4-10], Zo X Z; symmetry [11], a custodial symmetry in Refs. [3, 12, 13], an unbroken U(1) from SU(2) in Refs. [14-16], a model adding hidden U(1);, [17-19], oth-
er DM scenarios [20—24], a model with classical scale invariance [25], Baryogengesis [26], connection to neutrino mass generation [27], electroweak phase transition

[28] and some general discussion [30].
2) A mixing between SU(2);, and hidden U(1) is also discussed in Ref. [33]
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which the new scalar boson plays the role of mediator
between the SM and dark sectors via mixing with the
Higgs boson, but it is also possible to obtain observed rel-
ic density via the X*X~ — Z’Z’ process, as discussed in
Ref. [31]. Although the masses of DM and Z' are degen-
erate, the process is possible in the early Universe [34];
we also note that DM and Z’ masses are not completely
degenerate due to Z-Z' mixing in this model, although it
would be a small effect. In this case, degenerate dark
gauge bosons, DM and 7', play a dominant role in dark
matter physics and would give more stringent constraints
on the gauge sector, including the kinetic mixing para-
meter. Thus, it is worth exploring this scenario to con-
strain gauge coupling, DM/Z' mass, and kinetic mixing
parameter, taking into account current experimental con-
straints obtained from both DM and dark photon physics.

In this work, we discuss the SU(2)y gauge sector, in-
troducing only one SU(2)y; doublet scalar and the effect-
ive operator providing SU(2)y and U(1)y kinetic mixing.
We then estimate the relic density of DM X*, focusing on
the X*X~ — Z'Z’ process, and search for the parameter re-
gion explaining observations. In addition, we discuss con-
straints on the kinetic mixing from dark photon (Z’) phys-
ics and DM direct detection by calculating the DM-nucle-
on scattering cross-section. The model provides a simple
framework in which DM and dark photons appear from
one non-Abelian gauge sector predicting their almost de-
generate mass. This framework realizes stable DM and
mediator particles between the dark sector and SM in an
economical manner. It is thus interesting to explore phe-
nomenological constraints from DM as well as dark
photon (Z") physics taking into account current experi-
mental data.

The remainder of this paper is organized as follows.
In Sec. II, we introduce the model and formulate mass ei-
genvalues and eigenstates in the scalar/gauge sector and
relevant interactions. In Sec. III, we discuss the relic
density of DM, constraints from dark photon physics, and
direct detection of DM. Finally, we provide a conclusion
in Sec. IV.

II. MODEL

We consider a model with the hidden sector de-
scribed by hidden SU(2)y gauge symmetry, where we in-
troduce the SU(2)y doublet scalar field ® to break the
symmetry spontaneously. The new scalar field ® will de-
velop a vacuum expectation value (VEV) vg, which can
be written, without the loss of generality, as

Gy

D= 1 .
—= o +¢+iGy)

V2

) (M

where G, and Gy correspond to massless Nambu-Gold-
stone (NG) bosons that are absorbed by SU(2)y gauge
bosons. In the scalar sector, we also have the SM Higgs
field H given by

W+

H= 1 =
—W+h+iGy)

V2

2

where v is the VEV of H, and {w*,G,} correspond to NG

bosons absorbed by the SM massive gauge bosons

{W=,Z}. The fermion sector is considered to be the same

as the SM, and we do not focus on fermions in this work.
The renormalizable Lagrangian in the model is

1
L= Loy +(D,0) (D'D) - ngvxaﬂv -V, (3)

where Xi (a=1,2,3) is the gauge field strength for
SUQ2)y, Lsum 1s the Lagrangian of the SM without scalar
potential, and <V is the scalar potential including the SM
Higgs field H. The explicit form of the scalar potential is
given by

V = o, (H H) + (' ®) + Ay (H'H)?
+ Ao (DT D) + Ao (H H)(D' D). 4)

The covariant derivative of @ is given by

o
D#CI) = ((9#+1gH7X#) q), (5)

where gy is gauge coupling associated with SU(2)y, and
o is the Pauli matrix acting on the representation space
of SU(2)y. In addition to the renormalizable Lagrangian,
we introduce a gauge-invariant effective interaction of

1.
L (@ o ®)X! B, (6)

TN

where B,, is the gauge field strength of U(1)y, and A rep-
resents a high-energy scale". After ® developing its
VEV, the effective Lagrangian provides a kinetic mixing
term such that

L ﬁ)@ B = EX3 B
of 27 a2t = T e

€ v
=3 [0,X; - 0,X, + gn(X,X; =X, X)]1B",  (7)

indicating mixing between the third component of the

1) Dimension 8 operator of (qu-‘IQ))XL’V(HTg-hH)WL’V is also possible that induces mixing between SU(2)y and SU(2);. [32]. Here we do not consider the operat-

or considering it is more suppressed by 1/A* factor.

063104-2



Constraining vector dark matter and dark photon with degenerate mass in...

Chin. Phys. C 49, 063104 (2025)

SUQ2)y gauge field X; and U(1)y gauge field B,. The
kinetic terms of Xi and B, can be diagonalized by the
transformation
>, (®)
u

(2)-(2 )

1
where 1= i We then obtain the Lagrangian for
—€

l"’:\l

=

gauge sector as

1 i yiuv l"rv"/ 1 apy Y@ lNV'~
‘EG:_ZX;JVXH —ZZIJZ”V_ZW”W#V_ZBH B,“V’ (9)

where i=1,2, and Wy, is the gauge field strength of
theSU(2), gauge field Wi (e =1-3).

A. Scalar sector

Here, we consider the scalar sector in the model and
derive mass eigenvalues with corresponding eigenstates.
The VEVs v and v can be obtained from the scalar po-
tential in Eq. (4), requiring stationary conditions dV/dv =
0V/dve = 0 that provide

1
M?—I +/1HV2 + E)'H(DV(ZD =0, (10)

1
U+ AV + EAH(DVZ =0. (11)

Here, we require p3,u3 <0 to make the square of VEVs
positive definite.

After spontaneous symmetry breaking, we obtain the
mass matrix for the CP-even neutral scalar as

AT .
2
L 5 l h 2/1[.1\/ AHQ)V\}(p - h ) (12)
2 ¢ /lH(I)VV(p 2/1(1)\/3) ¢
We obtain mass eigenvalues by diagonalizing the mass
matrix such that

M3y = A + Aavl £ /(A2 = Aov2)? + g 1?v3,  (13)

where we identify m;, = 125 GeV as the mass of the SM
Higgs boson. The mass eigenstates and relevant mixing

angle are obtained as
h _ [cosB  —sinp h
¢ - sin8  cosfB H)’
tan2p = Wado (14)

VZ/IH - V%D/Lp ’

where / is identified as the SM Higgs boson. In this ana-
lysis, we assume that scalar mixing is negligibly small,
choosing tiny A4, and we focus on the effect of gauge
interactions.

B. Gauge boson masses and interactions

After spontaneous breaking of electroweak and hid-
den gauge symmetries, we obtain mass terms of electric-
ally neutral gauge fields, including the SM ones, as fol-
lows:

S Y B o
Ly =m XWX, & Sms 2V 7+ Smi 27, + AMPZ'Z,
(15)

1 . . N
where X = $(X,i FiX3) and Z, = cosfyW: —sinyB,,
with 6y being the Weinberg angle. The squared mass
parameters are given by

2.2
2 VA4
Zsm 4’
2.2
> _ 8uVe
my ==,

2 _ 2002 2.2 2
m;, =r (my + € my, sin” Oy),

AM? = ersinfymy_ . (16)

Thus, the Z, and Z, fields mix as a consequence of kinet-
ic mixing effect, while X7 is the mass eigenstate with
mass mx. We obtain mass eigenvalues by diagonalizing
the mass matrix for Z and Z’ as

1 1
m, = E(m%SM +ml)+ 3 Vmd, —m, ) +4AM3. (17)

The mass eigenstates are given by

Z\ _[cosy siny ~Z ’ as)
z —siny cosy/ \Z

: 2
2esinbymy,,

2
Zsm

tan2y = (19)

— 2
n;

In our analysis, we consider y to be tiny by choosing e
sufficiently small, as the Z-Z' mixing is strongly con-
strained by the electroweak precision tests. Thus, we take
tany =~ siny ~ y hereafter. In addition, gauge boson
masses can be approximated as my = myz,, and my =~ my
for small e.

The gauge interactions among X* and Z' can be ob-
tained from the Lagrangian of Eq. (9) as
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Ly = ign [(a,,xj -3,X)XHZ" ~(3,X; —9,X;)

v 1 ’ ’ —v - v

X2+ 20,2, 0.Z) (XX~ X X" )]
- gyl X, X1 Z,2" - XX, Z"Z"], (20)
where we adopt the approximations of r=~1 and
cosy ~1. In addition, Z' can interact with the SM

particles through Z-Z' mixing. The interactions between
Z' and SM fermions f can be written as

8
cos by

—cosyeYsinfylf, 2n

Ly = Z, fy"[—siny (T3 — Qy sin’ Oy)

where T3 is the diagonal generator of SU(2),, Qy is the
electric charge, and Y is hypercharge. In the model, Z’ de-
cays into SM particles, while X* is stable and can be a
DM candidate. In addition, we have DM-photon and DM-
Z interactions from the effective term of Eq. (6) such that

Leﬁ D - igHE CcoS 9W((9“AV - ('JVA“)X;X;
—ignesingu(@'Z’ -9 ZHX'X;, 22)

where A, is the photon field, and we ignore Z-Z' mixing
effect because it is negligibly small. We notice that coup-
ling g, appears instead of electromagnetic coupling e for
DM-photon interaction.

III. DARK MATTER PHENOMENOLOGY

In this section, we consider the phenomenology of
DM, such as its relic density and DM-nucleon scattering
cross-section for direct detection.

A. Relic density

The relic density of DM is estimated by solving the
Boltzmann equation for number density ny of X*:

ny+3Hny = (a'v)(nieq -n), (23)

where (o) is the thermal average of the DM annihilation
cross-section, / is the Hubble parameter, and ny,, is the
number density of X* in thermal equilibrium. Relic dens-
ity Qyh? can be estimated approximately as follows [46,
47]:

1.07x10°

Quh* =~ ,
e ) MpJ(xp) [GeV]

24

where Mp ~1.22x10" is the Planck mass, x; =my/T;
with T is freeze out temperature, and g*(xy) is the effect-
ive relativistic degrees of freedom at T,. The factor

J(Xf) = f:fo dx <0'V>

x2

oo

/ ds /s —4m%(ov)K, (ﬁx)

« 4n my

J(xf)z/ dx =
xf

where K;(+/sx/my) and K,(x) denote the modified Bessel
functions of the second kind of order-1 and -2, respect-
ively. The dominant contribution to the cross-section
comes from the s-channel diagram for the process
X*X~ — 7'Z’, providing ov ~ few x g3, from rough estim-
ation.

Here, we adopt micrOMEGAs code [52] to estimate
relic density by implementing relevant interactions in the
model. In estimating relic density, the relevant paramet-
ers in the model are DM(Z") mass my, new gauge coup-
ling gy, and scalar mass m,. In this work, we consider ¢
as heaver than X* and Z’ so that a DM annihilation mode
including ¢ in final states is forbidden kinematically.
Thus, the DM annihilation process in our scenario is
solely

, (25

16m3x[K>(x)]?

XX -77. (26)

Here, we fix m, = 1.5my for simplicity ? and search for a
parameter region on the {my,gy} plane that can provide
observed DM relic density. Note also that we compare
the numerical results with analytical ones using Eq. (24),
applying the dominant contribution of ov ~ few x g},, and
confirm the consistency. Here, we consider mass range of
DM (dark photons) as follows:

my =[1.0, 3000] GeV. 27

Here, the region my € [1,mz] GeV is light WIMP like the
DM case, where Z' is also lighter than Z and more dark
photon-like. The region my € [mz,3000] corresponds to
the heavy WIMP DM case, and Z’ is heavier than Z. Note
that the my ~my ~ my region is strongly constrained by
Z-7' mixing, as we discuss below.

1) The DM annihilation via kinetic mixing effect is also possible where the relevant process is X* X~ — Z" — fomfsm with fsm being any SM final state. Cross

2 2,2

section of the process is roughly oV ~ few X g3,€°¢” Then X* X~ — Z’Z’ process dominate when gy is sufficiently larger than €. The allowed region in the analysis

satisfies the condition.

2) The result is not significantly modified if we change scalar mass as long as my < my.
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In Fig. 1, we show the regions providing QA% <0.12,
Qh* ~0.12, and QA > 0.12 on the {my, gy} plane. The red
dashed curve indicate the parameters explaining ob-
served relic density. The shaded region is excluded be-
cause relic density is over-abundant, while the white re-
gion provides smaller relic density. We find that ob-
served relic density can be obtained by gauge coupling
gn €[0.01,1] for DM mass of 1 to 3000 GeV.

B. Constraints on kinetic mixing

Here, we summarize the constraints on kinetic mix-
ing parameter ¢ from dark photon searches, the thermal-
ization condition of DM, and mili-charged DM interac-
tion.

Constraints from Z-Z mixing:

The kinetic mixing parameter is constrained by Z-Z’
mixing from analysis of the electroweak precision test
(EWPT). The Z-Z' mixing is typically constrained as
|siny| < 1073 —10™* when the Z' boson comes from local
U(1) symmetry, especially a subgroup of GUT sym-
metry like SO(10) and Eg [48]. In the model, Z-Z' mix-
ing is given by Eq. (19). We then adopt the conservative
bound of |siny| < 10~ and estimate the upper bound of
lel. In Fig. 2, we show the contour of siny on the {m,|e|}
plane. We find that the || value is strongly constrained
around my ~ mz as the mixing is enhanced.

Constraints from dark photon search:

In the mass range (i) of interest, € is constrained by
BaBar [53, 54] and LHCb [55] experiments that search
for dark photons. The BarBar experiment searches for the
process e*e” — yZ’, where Z' is considered to decay into
visible modes {e*e”,u*u,light mesons} or invisible mode
such as neutrinos and DM states. The LHCb experiment
searches for dark photons that are produced in proton-
proton collision and decay into u*u~ pairs. We apply con-
straints from these experiments for the allowed range of
e, where we use the DARKCAST code to extract the limit
[38].

In addition, we take into account Z' searches at the
LHC for the mz = O(100) GeV region. The most strin-
gent constraints are obtained from dilepton resonance
searches associated with the process pp —Z' — ("
(€ =e,u) [49, 50]. We estimate the cross-section for the
process by applying CalcHEP 3.8.10 [51], implementing
relevant interaction among Z' and the SM fermions in Eq.
(21). The estimated cross-section is compared with the
upper limit given in Ref. [50] to estimate a bound on kin-
etic mixing parameter e.

DM thermalization condition:

We require particles in the dark sector, DM and dark
photons, to be in thermal equilibrium before freeze-out of
DM to guarantee our relic density calculation. In addi-
tion, dark photon lifetime should be smaller than O(1)s to
avoid inconsistency with Big Bang Nucleosynthesis. In
the model, the dark sector is thermalized in the early Uni-

1.0+ _J
Oh? <0.12 i 1
0.8 e 1
Q/rf/:’ 0.12 |
- 0.6 e 1
)] //
/, 4
/
0.4’ /, q
/ {
,/
7 Qh? >0.12 ]
0.2r/ 1
i 4
1
u

500 1000 1500 2000 2500 3000
myx [GeV]

Fig. 1.
meter {my,gy) realizing observed relic density Q4? ~0.12. The

(color online) The red dashed curve indicates para-

shaded region is excluded because DM is over-abundant.

0.100;
o ,// “‘_. B
0.010} 008 T
_________ '/, »"”' ,//’
0.001; N A [ i
T /./
-4 TTTTTeeel, /‘/
10 ;7| sing| =10"°
10-5L T~ . I.’
\'?i
W
10—6 . - . .
10 50 100 500 1000
mz[GeV]
Fig. 2.  (color online) Contours showing the value of Z-Z'

mixing |siny| on the {mzlel} plane.

verse via dark photon decays into electrons. Then, we im-
pose the condition that the decay rate is larger than the
Hubble rate at freeze-out. This condition can be written
as [36, 45]

1OGeV( my )

28
10 GeV @5)

le| >2.0x1078

my

We adopt this condition as a lower bound of € in the ana-
lysis below.

Constraint from mili-charged DM interaction:

Unlike in the Abelian hidden U(1) case, we have
DM-photon interaction (Eq. (22)) that arises from the ef-
fective interaction (Eq. (6)). We thus comment on con-
straints from DM-Baryon scattering for milli-charged
DM [56] through the interaction. In this case, the cross-
section is ox = oxov?, where v is DM-Baryon relative ve-
locity. It is suppressed by v? factor compared to the milli-
charged fermion DM case (or = opev*) due to the mo-
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mentum factor appearing from the derivative in the inter-
action of Eq. (6). Therefore, the constraint is not severe,
and the DM direct detection experiment provides a
stronger constraint, as estimated below.

C. Direct detection

In the model, DM X* interacts with nucleons via a Z'
exchange process through interactions in Egs. (20) and
(21). In addition, X* have interactions with the SM Z bo-
son via Z-Z' mixing, where the relevant interaction for
DM-nucleon scattering is

Loy =igysiny[(0,X; - 8,X)X 2"
1 €
—(0,X; —0,X)XMZ" + <1 - —)
(0 X, w) 2 siny

(B2, =D Z) XX = X+X™)], (29)

where we included Eq. (22) for the third term inside the
square bracket. Thus, we must take into account both Z'
and Z boson exchange diagrams to obtain the DM-nucle-
on scattering cross-section. Here, vector type interaction
among Z(Z’) and nucleons can be obtained as

g N7 ’
NE D — N(CynZu+ ChunZ)V'N, (30)
N=p.n
v T ., v 1
Crpp = 7~ sin Ow, Cy,= - (31)
0.010} e
BarBar
0.001 |l
| /] XenoniT(ZO']E)__
10-47:._' R e e
Xe@on1T(2020) ———————————————
v 105 7‘,'7-:‘\:7___: ——————— L2 e
10—6 L .."-“l\;é;trmoﬂoor
07
10'8 P Not Thermalized
20 40 60 80
my [GeV]
Fig. 3.

v . 1 ., |
Cz,ppz—sm/\/ Z—sm Ow —gesmﬁw,
v 1. 1 .
Com= T Eesmew, (32)

where p and n indicate proton and neutron, respectively,
and we approximate cosy ~ 1. We then calculate dia-
grams and obtain the DM-nucleon scattering cross-sec-
tion in the non-relativistic limit such that

. 2
— 2848 ( mymy )2 <SIHXC‘Z/NN + COSXC%/’NN)

7cos2 Oy \my +my m’ m,

OnNx

(33)

where my denote nucleon mass (N = p,n). Here, we con-
sider the average of the DM-nucleon scattering cross-sec-
tion (o,x +0,x)/2 and compare it with experimental con-
straints to estimate the upper limit of €. In estimating the
cross-section, we adopt gy to explain relic density
Qh* ~0.12 in Fig. 1 for each DM (dark photon) mass.

In Fig. 3, we show constraints on € on the {my,e}
plane. Some colored regions above the curves are ex-
cluded by direct detection experiments, as indicated by
labels, where the strongest limits are from LZ [57], Xen-
onlT (2020) [58], and DarkSide-50 [59] for the mass
ranges my = 10 GeV, 3 GeV smy < 10 GeV, and 1 GeV
smy s 3 GeV, respectively; we also show constraints
from XenonlT(2018) [60] and PandaX-4T [61]. In addi-
tion, we show the excluded region from Z-Z' mixing and
the dilepton search at the LHC, as discussed in the previ-
ous section. In the gray region, € is too small for DM and
dark photons to be thermalized before freeze out. The €

0.100F  Pandaxd 1) .mmzzz==EmTTT

Xenon1T (2023)
-

= P LT
=Z= ~oT

- - s~ ) ™
/,(:;’,/‘/"'""/ - LHC /I

0.010p  ggev—~ """ .
0.0015F
v qof

10-5

10-6

107

Not Thermalized

500 1000 1500 2000 2500 3000
my [GeV]

(color online) Constraints on e. The colored regions above the curves are excluded by direct detection experiments, Z-Z' mix-

ing, and dilepton search at the LHC, as indicated by labels. The left and right plots show different DM mass regions. In the gray region
labeled as "Not Thermalized", € is too small for DM and dark photons to be thermalized before freeze out. In the left plot, the regions
labeled as LHCb and BarBar are excluded in dark photon searches by these experiments. The e value below the blue dotted curve

provides the DM-nucleon cross-section in the neutrino floor.
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value below the blue dotted curve provides the DM-nuc-
leon cross-section in the neutrino floor, and this is diffi-
cult to explore by direct detection. In the left plot, we also
indicate the excluded region by dark photon searches by
LHCb and BarBar. We find that the direct detection
cross-section gives us much stronger constraints than
dark photon searches when DM (dark photons) is relat-
ively light. Future DM direct detection experiments can
also explore the allowed region, unless it is above the re-
gion of the neutrino floor.

IV. SUMMARY

In this paper, we discussed DM and dark photons
from a hidden SUQ2)y model with minimal new field
content: the SU(2)y doublet scalar field, introducing a di-
mension-6 effective operator among SU(2)y and U(1)y
gauge fields and the doublet. The effective operator in-
duces kinetic mixing between these gauge fields after
spontaneous gauge symmetry breaking, and one compon-
ent of SU(2)y gauge field becomes dark photon Z', while
the other two components become vector DM X*. Note
that X* and Z’ have almost degenerate mass in the model.

Then, we considered the scenario in which the relic
density of DM is explained by the X*X~ — Z'Z’ process,
as it is determined by gauge interaction only and more

constrained due to the fixed mass relation between X*
and Z'. Numerically analyzing the Boltzmann equation,
we searched for the parameter region that satisfies ob-
served relic density. It was found that O(0.01) to O(1)
gauge coupling of SU(2)y can realize the relic density in
the DM (dark photon) mass range of ~1 GeV to ~ 3 TeV.
We also discussed relevant constraints from DM and dark
photon physics to constrain the kinetic mixing parameter.
In addition, the cross-section of DM-nucleon scattering
via dark photon exchange was estimated to explore con-
straints from DM direct detection. As a result, we found
that direct detection searches can provide the strongest
constraint on the kinetic mixing parameter, and further
parameter spaces will be tested in the future unless the
cross-section is above neutrino floor. The model could
also be tested in future collider experiments, such as the
LHC and lepton colliders, considering new scalar bosons
in addition to Z' and X*. For example, pp(ete™) - Z¢
production is realized via scalar mixing. The new scalar ¢
would decay into Z'Z’ and X*X~ with the same branch-
ing ratio if kinematically allowed. Because we predict al-
most degenerate masses of Z' and X*, detailed analysis of
the signals from the process can explore the model. De-
tailed study of collider physics is beyond the scope of this
paper and is left for future work.
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