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We explore the Dirac fermionic and complex scalar dark matter in the framework of a hidden U(1)y
gauge theory with kinetic mixing between the U(1)y and U(1)y gauge fields. The U(1)y gauge symmetry
is spontaneously broken due to a hidden Higgs field. The kinetic mixing provides a portal between dark

matter and standard model particles. Besides, an additional Higgs portal can be realized in the complex

scalar case. Dark matter interactions with nucleons are typically isospin violating, and direct detection

constraints can be relieved. Although the kinetic mixing has been stringently constrained by electroweak

oblique parameters, we find that there are several available parameter regions predicting an observed relic

abundance through the thermal production mechanism. Moreover, these regions have not been totally

explored in current direct and indirect detection experiments. Future direct detection experiments and

searches for invisible Higgs decays at a Higgs factory could further investigate these regions.

DOI: 10.1103/PhysRevD.101.095031

I. INTRODUCTION

The standard model (SM) with SU(3)xSU(2); xU(1)y
gauge interactions has achieved a dramatic success in explain-
ing experimental data in particle physics. Nonetheless, the
SM must be extended for taking into account dark matter
(DM) in the Universe, whose existence is established by
astrophysical and cosmological experiments [1-4]. The
standard paradigm assumes dark matter is thermally produced
in the early Universe, typically requiring some mediators to
induce adequate DM interactions with SM particles.

Inspired by the gauge interactions in the SM, it is natural
to imagine dark matter participating a new kind of gauge
interaction. The simplest attempt is to introduce an addi-
tional U(1)y gauge symmetry with a corresponding gauge
boson acting as a mediator [5]. In order to minimize the
impact on the interactions of SM particles, one can assume
that all SM fields do not carry U(1)y charges [6-24]. Thus,
such a U(1)y gauge interaction belongs to a hidden sector,
which also involves dark matter and probably an extra
Higgs field generating mass to the U(1)y gauge boson via
the Brout-Englert-Higgs mechanism [25-27]." It is easy to
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"The Stueckelberg mechanism [28,29] is another way to
generate the gauge boson mass.
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make the theory free from gauge anomalies by assuming
the DM particle is a Dirac fermion or a complex scalar
boson. Gauge symmetries allow a renormalizable kinetic
mixing term between the U(1)y and U(1)y field strengths
[30], which provides a portal connecting DM and SM
particles.

In this paper, we focus on DM models with a hidden
U(1)y gauge symmetry, which is spontaneously broken due
to a hidden Higgs field. We assume that the DM particle is a
SU(3)c x SU(2). x U(1)y gauge singlet but carries a
U(1)x charge. Because of the kinetic mixing term, the
U(l)x and U(1)y gauge fields mix with each other,
modifying the electroweak oblique parameters S and 7 at
tree level [31,32]. In the mass basis, electrically neutral
gauge bosons include the photon, the Z boson, and a new Z’
boson. The Z and Z’ bosons couple to both the DM particle
and SM fermions, based on the kinetic mixing portal.
As a result, DM couplings to protons and neutrons are
typically different [9,10,12,13,17,18], leading to isospin-
violating DM-nucleon scattering [33] in direct detection
experiments.

In this framework, specifying different spins of the DM
particle and various U(1)y charges in the hidden sector
would lead to different DM models. The simplest case is to
consider Dirac fermionic DM, whose phenomenology has
been studied in Refs. [8,10,20,22]. Firstly, we revisit this
case, investigating current constraints from electroweak
oblique parameters, DM relic abundance, and direct and
indirect detection experiments. Nonetheless, it is not easy
to accommodate the constraints from relic abundance and
direct detection, except for some specific parameter
regions. The main reason is that DM annihilation in the
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early Universe due to the kinetic mixing portal alone is
generally too weak, tending to overproduce dark matter.

Therefore, we go further to consider the case of complex
scalar DM, which could have quartic couplings to both the
SM and hidden Higgs fields. Consequently, the DM
particle can also communicate with the SM fermions
mediated by two Higgs bosons, which are mass eigenstates
mixed with the SM and hidden Higgs bosons. Such an
additional Higgs portal can help enhance DM annihilation.
Moreover, it can also adjust the DM-nucleon couplings and
weaken the direct detection constraint. Thus, it should be
easier to find viable parameter regions in the complex
scalar DM case.

This paper is organized as follows. In Sec. II, we review
the hidden U(1)y gauge theory with kinetic mixing and
study the constraint from electroweak oblique parameters.
In Secs. IIT and IV, we discuss a Dirac fermionic DM model
and a complex scalar DM model, respectively, and inves-
tigate the constraints from the relic abundance observation,
and direct and indirect detection experiments. Finally, we
give the conclusions and discussions in Sec. V.

II. HIDDEN U(1)x GAUGE THEORY

In this section, we briefly review the hidden U(1)y gauge
theory with the kinetic mixing between the U(1)y and
U(1)y gauge fields. Furthermore, we investigate the con-
straints from electroweak oblique parameters.

A. Hidden U(1)y gauge theory with kinetic mixing

We denote the U(1)y and U(1)y gauge fields as B, and
Z;, respectively. Their gauge invariant kinetic terms in the
Lagrangian reads

1 ~ ~ 1 A o s . A A
Ly =—B"B,, - Zz’””z;w - 3 B~7,

G o

where the field strengths are IAB”D E(?”IAB,,—(?DIA?” and

2, =0,Z, - 0,Z,. The s, term is a kinetic mixing term,
which makes the kinetic Lagrangian (1) in a noncanonical
form. Achieving correct signs for the diagonalized kinetic
terms requires s, € (—1,1). Thus, we can define an
angle € € (—z/2,7/2) satisfying s, = sine. The kinetic
Lagrangian (1) can be made canonical via a GL(2,R)
transformation [32],

V= ((1) 1_/tc> )

— I(Byu Zmu)( 1
4 ’ S,

which satisfies

af, ()

Here, we have adopted the shorthand notations ¢, = cos e
and 7, = tane.

We assume that the U(1)y gauge symmetry is sponta-
neously broken by a hidden Higgs field § with U(1)y
charge gg¢ = 1. Now the Higgs sector involves S and the
SM Higgs doublet H. The corresponding Lagrangian
respecting the SU(2); x U(1)y x U(1)x gauge symmetry
reads [20]

Ly = (D'H)'(D,H) + (D*8)'(D,5) + 4| AI” + 3|3

1 . | N NI
= 3 Anl 1% = SAsIS1¢ = s F P3P )

The covariant derivatives are given by DMI:I =
(0, —ig/B,/2—igWsT)H and D,S = (0, —igxZ,)S,
where Wy, (a =1, 2, 3) denote the SU(2); gauge fields
and 7% = ¢“/2 are the SU(2), generators. g, i/, and gy are
the corresponding gauge couplings.

Both A and § acquire nonzero vacuum expectation
values (VEVs), v and vy, driving spontaneously symmetry
breaking. The Higgs fields in the unitary gauge can be
expressed as

N 0
H:7§<U+H)’ ®)
S:\%(uﬁsy (6)

Vacuum stability requires the following conditions:

Aus > —/Aghs.  (7)

The mass-squared matrix for (H, S),

Agv? Agevv
M%:( H HS s>’

AHS/I)’US /150?9

Ay >0, Ag > 0,

(8)

can be diagonalized by a rotation with an angle 7. The
transformation between the mass basis (%, s) and the gauge
basis (H, S) is given by

)-Coa) o
2Asvs

by (10)

pu— 42 N
Agv® — Ay

with the mixing angle # € [-z/4,n/4]. The physical
masses of scalar bosons % and s satisfy
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1
mj, = ) [Agv? + Agv} + (Agv* = Agv})/cyy]. (11)

1
m? = E [/1H112 + /151)% + (ﬁsl)gv - /1H/U2)/CZ;1]‘ (12)

Note that £ is the 125 GeV SM-like Higgs boson. If 1y
vanishes, £ is identical to the SM Higgs boson.
The mass-squared matrix for the gauge

(B W, Zl’,) generated by the Higgs VEVs reads

fields

P4 g4
gy 4 P4 . (3)
9x Vs

Taking into account the kinetic mixing and the mass matrix
diagonalization, the transformation between the mass basis

(Ay.Z,.Z,) and the gauge basis (B W3,7.) is given

M2 =

W “p W S
by [12,32]
B, A,
Wi | = V(e)Rs(Ow)R (&) | Z. |, (14)
z, z,
with
1 —t,
Vie) = 1 , (15)
0 1/c,
Cw  —Sw
R3<éW) = 3‘W 6'W ’ (16)
1
1
Ri(&)=| e =5 | (17)
Se G

Here, the weak mixing angle @y, satisfies

o . A g
Sw = Slnaw :f’
VI +§?
ew = cos Oy = J . (18)

The rotation angle ¢ is determined by

+97)(1 = 8312) — 4gxv§

Note that A, and Z,, correspond to the photon and Z boson,
and Z), leads to a new massive vector boson Z'. The photon

e = 2 2(

remains massless, while the masses for the Z and Z’ bosons
are given by [10]

m% = m3(1 + Swi,tg), (20)

2,

2 = Z 21
Mz cH(1 + Swi.te) (21)

with % =
ratio,

(9% + §*)v?/4 and 2, = givi. We define a

n,
r =

: (22)

N

m

which will be useful in the following discussions.

The W mass is my = §v/2, only contributed by the
VEV of H, as in the SM. Moreover, the charge current
interactions of SM fermions at tree level are not affected by
the kinetic mixing, remaining a form of

1
Loc = 7 (Wi Jy" + H.ee.), (23)

where the charge current is J5,* = (@, y*V; iy Aoy Cn)
with V;; denoting the Cabibbo-Kobayashi-Maskawa
matrix. Consequently, the Higgs doublet VEV v is still
directly related to the Fermi constant Gp = §%/(4v/2m3,) =
(v2u?)!

On the other hand, the neutral current interactions
become

Lne = JemAp + 772, + JpZ,, (24)

where the electromagnetic current is jgy = > 0 fe]_‘y” /s

with e = g9 /+/%* + §* and Q; denoting the electric
charge of a SM fermion f. The neutral current coupled
to Z is given by

ece(1 4 Switate)
fy =l ‘EZM"

—20ys%
ZSWCW Qfs

}}’5 )f

s
+C_§JDM’ (25)

€

with T} denoting the third component of the weak isospin
of f and

) 2 Swiets i
=S te W1+ Swtets (26)

Jom & gx represents the U(1)y current of dark matter,
which will be discussed in the following sections. Such a
current is coupled to Z due to the kinetic mixing.
Furthermore, the neutral current coupled to Z' can be
expressed as
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wa (T} =208, = Tirs)f
— CwleCelpm + c_j%M- (27)

Note that the photon couplings to SM fermions at tree
level remain the same forms as in the SM. The electroweak
gauge couplings ¢ and § are related to the electric charge
unit e through § = ¢/3w and § = e/Cyw, where e = V4ra
can be determined by the MS fine structure constant
a(my) = 1/127.955 at the Z pole [34].

In the SM, the weak mixing angle satisfies

) 104
SwCw — —FV————=+
WwWHwW
\/EGpm%

at tree level. Based on this relation, one can define a
“physical" weak mixing angle Oy, via the best measured
parameters @, Gg, and my [32,35]. In the hidden U(1)y
gauge theory, nonetheless, we have a similar relation,

(28)

0% =2 (29)

V2Gpi

Therefore, the hatted weak mixing angle By is related to Oy,
through Sy Cwht, = swewmyz. Making use of Eq. (20), we
arrive at [10]

22 A2

2 .2 Sww 30
Swlw 7l+swt€t5’ (30)

Hereafter, we adopt a free parameter set,

{gXﬂmZ”mwse’sn}' (31)

From these free parameters, we can derive other parameters
based on the above expressions. As a result, both 8§y, and 7,
become functions of s, and m, . The relations between the
free and induced parameters are further described in the
Appendix. Current Higgs signal strength measurements at
the LHC have given a constraint on the scalar mixing angle
n as |s,| <0.37 at 95% confidence level (C.L.) [36]. We
will choose appropriate values for s, in the following
numerical analyses.

n

B. Constraint from electroweak oblique parameters

Because of the kinetic mixing, the electroweak oblique
parameters S and 7 [37,38] are modified at tree level.
Therefore, electroweak precision measurements have put a
significant constraint on the kinetic mixing parameter s,.
Details of related electroweak precision tests can be found
in Refs. [6,10,12,32,35,39].

In the effective Lagrangian formulation of the
electroweak oblique parameters, the Zff neutral current
interactions can be expressed as [35]

e

Lzrp= (1+ ) ﬂZfJ’ Tg—foS* TfJ’S)f

(32)

ZSWCW

with

1 as
2 =50+ s | — — s2chal |. 33
s sw+c\2,v—s%v(4 Swewa ) (33)

Comparing to Egs. (25), (26), and (30), we find that
aT:2C§\/ 1 +§Wt8t§_2’ (34)

. Swiels
alS = 4(6%‘, - S%V) (S%V - SW +c %vmwtlg)
+ 4s3,c%aT. (35)

Utilizing these expressions, we obtain S and 7 as functions
of s, and my.

Assuming U = 0, a global fit of electroweak precision
data from the Gfitter Group gives [40]

S =0.06 £+ 0.09, T =0.10£0.07, (36)
with a correlation coefficient pgr = 0.91. Using this result,
we derive upper limits on s, at 95% C.L., as shown in
Fig. 1. Foralight Z' (r < 1), s, is bounded by s, < 0.0165.
For mz ~ 1 TeV, the upper limit increases to s, ~ 0.42. For
e <1, Sand T can be approximated as

N 453 ch e’ B 53 o rsee?
S~ I L Ta-IWT (3
a(l—r) 1—r a(l—r)

When r ~ 1, the (1 — r) factors in the denominators greatly
enlarge |S| and |T|. Therefore, the upper bound on s,
significantly decreases as my closes to mj,. Moreover,
these expressions mean that the ratio 7/S is basically
independently of s,, and there is a linear relation between S
and T for fixed m . Such a linear relation is clearly shown
by the dotted blue lines in Fig. 2 for fixed m, with
varying s,.

Note that the current electroweak fit leads to central
values (S,7) = (0.06,0.10), and the SM prediction
(S,T) = (0,0) is quite close to the edge of the 95% con-
fidence ellipse, as demonstrated in Fig. 2. For
my < 80 GeV, the kinetic mixing pushes S and 7' going
through rather short paths out of the ellipse, leading to
stringent constraints on s,. On the other hand, my =
100 GeV leads to longer paths, and constraints on s, are
less stringent.

Future lepton collider projects, such as the Circular
Electron-Positron Collider (CEPC) [41] and the e'e™
Future Circular Collider (FCC-ee) [42], would significantly
improve the precision of electroweak oblique parameters
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EW oblique parameters
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95% C.L. upper limits on the kinetic mixing parameter s, from the measurement of electroweak oblique parameters for the

cases of mz < my (a) and mz > my (b). The red shaded regions are excluded by the global fit of current electroweak precision data
from the Gfitter Group [40]. The dot-dashed blue and dashed green lines correspond to the sensitivities in the future CEPC [41] and

FCC-ee [42] projects, respectively.

through measurements at the Z pole and in the WHW~=
threshold scan. According to the conceptual design report
of CEPC [41], the projected precision of S and T mea-
surements can be expressed as

os = 0.0101, or = 0.0107, pst = 0.624,  (38)
with o¢ and o7 denoting the 1o uncertainties of S and 7.
Since FCC-ee could perform an additional 7 threshold
scan, its projected precision would be better than CEPC and
reads [43,44]

0.15

T T T[T T T T[T T T T[T TTT T
—— Current
—-—- CEPC
--- FCC-ee

0.10

0.05

&~ 0.00

—-0.05

Loa v o bov v d v v v s b byay

—o10E 150 100 180 70

TTT T [ T T T[T T T T[T T T T[T T T T [TTT

—o. T TR TS T T T N T
-0.20 -0.15 -0.10 -0.05 0.00 0.05 0.10 0.15 0.20
S

FIG. 2. Prediction of S and T for fixed m, = 10, 60, 70, 80,
100, 150, 500 GeV with varying s,. The green curve denotes the
current constraint at 95% C.L. from the global fit of the Gfitter
Group, while the corresponding central values are indicated by
the green star. The dot-dashed magenta and dashed red ellipses
denote the projected 95% C.L. sensitivity in the CEPC and FCC-
ee experiments, respectively.

05=0.00924, o6;=0.00618, ps;=0.794. (39)

As we have no information about the central values of S
and T derived from future measurements, it is reasonable to
use the SM prediction (S, T') = (0,0) as the central values
when evaluating the projected sensitivity to new physics
[45,46]. In this context, the projected 95% C.L. sensitivities
of CEPC and FCC-ee are presented as dot-dashed magenta
and dashed red ellipses in Fig. 2. Although the CEPC
precision is obviously much higher than current measure-
ments, setting (S, 7) = (0, 0) as the central values makes a
fraction of the CEPC ellipse outside the current ellipse.
Therefore, the expected constraint on s, from CEPC looks
even weaker than the current one in the case of m, < my,
as demonstrated in Fig. 1(a). On the other hand, the
expected FCC-ee constraint would be slightly stronger
for my < my. In the case of my > my, shown in Fig. 1(b),
both CEPC and FCC-ee would be quite sensitive, reaching
down to s, ~0.16 for my, =1 TeV.

ITI. DIRAC FERMIONIC DARK MATTER

In this section, we discuss a model where the DM particle
is a Dirac fermion y with U(1)y charge q, [8,10,20,22]. The
Lagrangian for y reads

L, = qr' Dy — myjx. (40)
where D,y = (0, — ingXZ,’l))( and m,, is the y mass. In this
case, the DM neutral current appearing in Eqgs. (25) and
(27) is

Jom = 4 9xX7 X (41)

095031-5
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Thus, DM can communicate with SM fermions through the
mediation of Z and Z’ bosons, based on the kinetic mixing
portal. Through the thermal production mechanism, the
number densities of y and its antiparticle y should be equal,
leading to a symmetric DM scenario. Both y and jy particles
constitute dark matter in the Universe. Below we study the
phenomenology in DM direct detection, as well as relic
abundance and indirect detection.

A. Direct detection

In such a Dirac fermionic DM model, DM-quark
interactions mediated by Z and Z’ bosons could induce
potential signals in direct detection experiments. As DM
particles around the Earth have velocities ~1073, these
experiments essentially operate at zero momentum trans-
fers. In the zero momentum transfer limit, only the vector
current interactions between y and quarks contribute to DM
scattering off nuclei in detectors. Such interactions can be
described by an effective Lagrangian (see, e.g., Ref. [47]),

‘C)(q = ZG)\(/qZYM)(épr7 (42)
q
with ¢ =d, u,s,c,b,t, and

s:qL  c:q,
Gy, = - ( Iz 595)- 43)
c. \mz m

From Egs. (25) and (27), the vector current couplings of
quarks to Z and Z' bosons can be expressed as

q 66’5(1 + thsté)

9z = (T3 —2045%). (44)

2wlw

e(Swtoce — s¢) R R

gl = %( 3 =20,5%) — Q etwi.ce.  (45)
Swew

The DM-quark interactions give rise to the DM-nucleon

interactions, which can be described by an effective

Lagrangian,

)(N_Z

N=p.n

NIV ANy, N (46)

where N represents nucleons. As the vector current
counts the numbers of valence quarks in the nucleon, we
have Gy, = 2G), + G}, and Gy, = Gy, + 2G),. Utilizing
Egs. (43), (44), (45), and (A1), we find that

GV qxgxeéwtscé(l + tér)
=

, Gy, =0. (47
Cgm% , xn ( )
The second expression means that yn scattering vanishes in
the zero momentum transfer limit.

q

FIG. 3. Feynman diagrams for yg scattering. The crosses
indicate the kinetic mixing term.

A simple way to understand this is to realize that
the kinetic mixing term —sSB’“’ZI/,D /2 contributes a 5,0
factor to the scattering amplitude, where Q" is the four-
momentum of the mediator, i.e., the momentum transfer.
Note that the B* field is related to the photon field A* by
B* = ¢wAF — §wZ*. Thus, yq scattering can be represented
by two Feynman diagrams, as depicted in Fig. 3. In the zero
momentum transfer limit, i.e., 9> — 0, the s,Q? factor only
picks up the 1/Q? pole of the photon propagator in the first
diagram, while the second diagram vanishes because Z* is
massive. Therefore, yg scattering is essentially induced by
the photon-mediated electromagnetic current ji,,. Since
the neutron has no net electric charge, we arrive at G)\('n =0,
resulting in vanishing yn scattering.

As GV =0#G xp’ isospin is violated in DM scattering
off nucleons. Thus, the conventional way for interpreting
data in direct detection experiments, which assumes isospin
conservation, is no longer suitable for our model. Now we
confront this issue following the strategy in Refs. [33,48].

For a nucleus A constituted by Z protons and (A — Z)
neutrons, the spin-independent (SI) yA scattering cross
section assuming a pointlike nucleus is

/4 A
Oyp = = [ZGV +(A-2)G)P, (48)
where
_ mymy
=+ 49
/4)(A m)( +mA ( )

is the reduced mass of y and A. Note that the YA scattering
cross section 65,4 is identical to 6,4 If isospin is conserved,

7
v
ie., G), =Gy, we have 6,4 = A ,MZAO')”,/,MM,, where

an

_ ﬂ)z(P(G)\(/I’>2 (50)

2
xp T

is the yp scattering cross section with u,, denoting the
reduced mass of y and p. Results in direct detection
experiments are conventionally reported in terms of a
normalized-to-nucleon cross section ¢% for SI scattering,
assuming isospin conservation for detector material with an

095031-6
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atomic number Z. Therefore, in the isospin conservation

case, we have o =o0,,, and hence, a relation of =
2 2,2
Oyabtyp/ (Ap,) [48].

Currently, the direct detection experiments utilizing two-
phase xenon as detection material, including XENONIT
[49], PandaX [50] and LUX [51], are the most sensitive in
the 5 GeV < m, < 10 TeV range for SI scattering. Among
them, XENONIT gives the most stringent constraint. Here,
we would like to reinterpret its result for constraining our
model. Since xenon (Z = 54) has several isotopes A;, the
event rate per unit time can be expressed as [33]

\Y%

I A Gy
= "WZ’MA e [Z + (4 -2) GV
xp

o

where #7; is the fractional number abundance of A;
nature, and I, is a factor depending on astrophyswal
nuclear physws and experimental inputs.” For xenon, we
have A;={128,129,130,131,132,134,136}, correspond-
ing to n; ={1.9%,26%,4.1%,21%,27%,10%,8.9%},
respectively [33].

Experimentally, the normalized-to-nucleon cross section
for SI scattering is determined in the isospin conservation
case, where the relation 01%, = 0, holds. This leads to

7 R
OnN = 22 /.2 ¢
Zii/]iIA,-Aiﬂ)(A,-/ﬂ;(p

(52)

In the isospin violation case, however, O'%, is not identical to

which is given by

)(P’

R
., =
T midalZ+ (A= 2)G

. (53
n/ )(17] :u;(A/ﬂ;(p ( )

For a realistic situation, 1, just varies mildly for different
A;, and thus, we can approximately assume that all 7, are
equal [33]. Therefore, the relation between 0]%, and o,
becomes

7 Sonitoa |Z + (A; = Z)Gu/ G, )? 54
e S A2 oY
[ XA 1

This is the expression we should use when comparing the
model prediction with the experimental results in terms of
the normalized-to-nucleon cross section.

In our model, G){’n =0, and the above expression
reduces to

of = Oyp i Wl}z{A 2 (55)
Z iNi M)(A A

*The definition of I A, can be found in Ref. [33].

Therefore, % is smaller than o

p» and experimental
bounds are typically relaxed. In the following numerical
calculations, we adopt g, = 1 for simplicity. Thus, m, is
the only extra free parameter. We use the 90% C.L. upper
bound on o-,Z\, from the XENONIT experiment [49] to
obtain the exclusion region in the m,-gx plane with fixed
parameters my = 500 GeV, m = 100 GeV, s, =0.01,
and s, = 0.1, as shown in Fig. 4. The U(1)x gauge
couphng is constrained as gy < 0.2-0.55 in the mass range
100 GeV < m, <800 GeV.

Furthermore, we investigate the sensitivity of a future
experiment LZ [52], whose detection material is also
two-phase xenon. The corresponding expected exclusion
limit at 90% C.L. is demonstrated in Fig. 4. We find that
LZ will be capable to reach down to gy ~ 0.04-0.1
for 100 GeV < m, < 800 GeV.

B. Relic abundance and indirect detection

In the early Universe, y and jy particles would be
produced in equal numbers via the thermal mechanism.
The total DM relic abundance is essentially determined
by the total yy annihilation cross section at the freeze-out
epoch. The possible y7 annihilation channels include ff,
W+W_ hlh]’ ZiZj’ and hiZj’ with I’li S {h,s} and
Z; € {Z,Z'}. All these channels are mediated via s-channel
Z and Z' bosons. In addition, the Z;,Z ; channels are also

mediated via 7- and u-channel y propagators.

myz =500 GeV, m, =100 GeV, s.=0.01, 5,=0.1

||||||||||||||||||||||||||
- 7

=

9x

o -

- - - - XENON1T
r 5 - ---1z
=3

-
-

L)

Prs —— Planck
—-— Fermi-LAT

100 200 300 400 500 600 700 800
m,(GeV)

FIG. 4. Experimental constraints in the m,-gy plane for Dirac
fermionic DM with m, = 500 GeV, m; = 100 GeV, s, = 0.01,
and s, = 0.1. The red shaded area is excluded at 90% C.L. by the
XENONIT direct detection experiment [49]. The dashed purple
line denotes the 90% C.L. sensitivity of the future LZ direct
detection experiment [52]. The solid blue lines correspond to the
mean value of the DM relic abundance, Qpy 4 = 0.120, mea-
sured by the Planck experiment [53], while the blue shaded areas
indicate DM overproduction. The orange shaded areas are
excluded at 95% C.L. by the Fermi-LAT observations of dwarf
galaxies [54].
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Some numerical tools are utilized to evaluation the
prediction of the DM relic abundance in our model.
Firstly, we use a Mathematica package FeynRules [S5] to
generate model files, which encode the information of
particles, Feynman rules, and parameter relations. Then we
interface the model files to a Monte Carlo generator
MADGRAPH5_ aMC@NLO [56]. Finally we invoke a
MADGRAPH plugin MadDM [57-59] to calculate the relic
abundance. In the calculation, all possible annihilation
channels are included, and the particle decay widths are
automatically computed inside MADGRAPH.

From the measurement of cosmic microwave back-
ground anisotropies, the Planck experiment derives an
observation value of the DM relic abundance, Qpyh* =
0.120 £ 0.001 [53]. In Fig. 4, the solid blue lines are
corresponding to the mean value of QA2 predicted by the
model. In the blue shaded areas, the model predicts
overproduction of dark matter, contradicting the cosmo-
logical observation. On the other hand, a relic abundance
lower than the observation value is not necessarily con-
sidered to be ruled out, as y and j particles could only
constitute a fraction of dark matter, or there could be extra
nonthermal production of y and y in the cosmological
history.

In Fig. 4, the kinetic mixing parameter we adopt,
s, = 0.01, is rather small. Thus, DM annihilation for m, <
230 GeV is commonly suppressed, leading to DM over-
production. Nonetheless, the Z’'-pole resonance effect at
m, ~my /2 =250 GeV significantly enhances the anni-
hilation cross section, giving rise to a narrow available
region. Moreover, the sZ' and Z'Z’ annihilation channels
opening for m, 2 (m, + mz)/2 and m, % my also greatly
enhance the total annihilation cross section, because they
are basically dark sector processes that are not suppressed

mz = 2.05m,
10° T T L
- - - XENON1T o] !
--- Lz ; ] I
—— Planck
—-— Fermi-LAT / ] 1

g - / 1 1 .
! 1
.I ! 1
/ 1 1
i 1 1
B .I 1 1 T
1 1 1
, 1 1
.I ! 1
/ 1 1
] -
101 f T 1 A B |
10! 102 103
m, (GeV)
(a) Fixed relation mz = 2.05m,,
FIG. 5.

by s.. As a result, the solid blue curve with m, 2 280 GeV
can give a correct relic abundance.

In addition, DM annihilation at present day could give
rise to high energy y rays from the radiations and decays of
the annihilation products. Nonetheless, the Fermi-LAT
experiment has reported no such signals in the continu-
ous-spectrum observations of fifteen DM-dominated
dwarf galaxies around the Milky Way with six-year data,
leading to stringent bounds on the DM annihilation cross
section [54].

We further utilize MadDM to calculate the total velocity-
averaged DM annihilation cross section (o,,,) at a typical
average velocity in dwarf galaxies, 2 x 107>, Then the
Fermi-LAT 95% C.L. upper limits on the annihilation cross
section in the bb channel [54] are adopted to constrain
(6a0nv). This should be a good approximation, because the
y-ray spectra yielded from the dominant annihilation
channels in our model would be analogue to that from
the bb channel [60]. The orange shaded areas in Fig. 4 are
excluded by the Fermi-LAT data.

In Fig. 4, we can see that the relic abundance observation
tends to disfavor small gy, while the direct and indirect
detection experiments tend to disfavor large gy. This leaves
only two surviving regions. One is a narrow strip around
m, ~ mz /2 due to the Z'-pole resonance annihilation, while
the other region lies in 300 GeV < m, <450 GeV, where
the sZ' annihilation channel opens.

Now we explore more deeply into the parameter space.
Inspired by the above observation, we investigate the Z’
resonance region with a fixed relation my = 2.05m, and
demonstrate the result in Fig. 5(a). Other parameters are
chosen to be m; = 100 GeV, 5, = 0.01, and s, = 0.1. We
find that the correct relic abundance corresponds to two
curves, one around m, ~10-30 GeV and one around

myz =0.9(2m, —my)

0'6 T I T T T ’I T T T I T T T )' T T T
L i
! s
L ) i
L ! 7
1 /,ll
L ! L
0.5 ] 7 ,l
- '/ e ]
- 1 > 1
] 7 ,
L ! P K
>< r ! 4 I
L 1.
5 04 |

0.3 S ; - —- XENONI1T
; ) ---1z
/I —— Planck
' ’ —-— Fermi-LAT
0.2 L Y, ) II, P I TR T TR I T T
200 400 600 800 1000
my (GeV)

(b) Fixed relation mz = 0.9(2m, — ms)

Experimental constraints in the m,-gy plane for Dirac fermionic DM with fixed relations m, = 2.05m, (a) and my =

0.9(2m, — my) (b). The common parameters in both panels are m; = 100 GeV, s, = 0.01, and s, = 0.1.
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m, ~ 1 TeV. A large area between the two curves predicts
a lower relic abundance. Nonetheless, the direct and
indirect detection experiments have excluded a region with
m,, < 160-400 GeV, which involves the first curve. The
second curve is totally allowed and beyond the probe of the
LZ experiment.

Furthermore, we change the fixed relation to be m, =
0.9(2m, — my), with which the sZ’ annihilation channel
always opens, and present the result in Fig. 5(b). The
correct relic abundance is corresponding to a curve
with gy ~ 0.23-0.41 in the 100 GeV < m, <1 TeV range,
which is not excluded by the Fermi-LAT data. Nonetheless,
the XENONIT experiment has excluded a region with
m,, < 270-400 GeV, and the LZ experiment can explore up
to m, ~ 740 GeV.

IV. COMPLEX SCALAR DARK MATTER

For the Dirac fermionic DM model in the previous
section, DM interactions with SM particles are only
induced by the kinetic mixing portal. Thus, the interaction
strengths and types are limited. As a result, it is not easy to
simultaneously satisfy the direct detection and relic abun-
dance constraints, except for some particular regions. This
motivates us to study complex scalar DM with an additional
Higgs portal in this section.

In the complex scalar DM model, we introduce
a complex scalar field ¢ with U(1)yx charge g,. The
Lagrangian related to ¢ reads

Ly = (D) (D) — i3 + 545" S¢p"
+ AT HY § + 2y (¢$)2, (56)

where D,¢ = (0, — iq,9xZ,)¢. We assume that the ¢
field does not develop a VEV, and thus, the scalar boson ¢
and its antiparticle ¢ are stable, serving as DM particles.
After H and S gain their VEVs, the mass squared of ¢ is
given by

1 1

2ﬂ.s¢’0§« —5/1[.1(/)1)2. (57)

The DM neutral current in Egs. (25) and (27) is

2 2
m(/)_:u(/)_

Jom = q49x9Ti0* 9, (58)

with ¢pTo#p = T — (0"¢7) ¢, leading to ¢ couplings to
the Z and Z’ bosons. Besides, ¢ also couples to the scalar
bosons & and s, described by the Lagrangian,

Lpns = (Aspsyvs + Agycyv)he'
+ (Aspcyvs — /IH(,,snv)squqb. (59)

Note that for allowing the neutral current interactions
between ¢ and SM fermions through the kinetic mixing

portal, a global U(1) symmetry ¢ — e¢p should be
preserved after the spontaneous symmetry breaking of
U(1)y x U(1)x. Such a global symmetry ensures ¢ being
a complex scalar boson (i.e., the real and imaginary
components of ¢ are degenerate in mass) and prevents ¢
from decaying. Therefore, scalar interaction terms that
violate this symmetry, such as S'8787¢p, $787¢p, §787 g,
S’%qﬁqﬁ, S’Tq’zqﬁqﬁ, and their Hermitian conjugates, should be
forbidden from the beginning. This can be achieved by
assigning g, # 43, +2, £1,41/2, £1/3. Since there is no
reason for the quantization of U(1)y charges, g, can be any
real number except the above values. For simplicity, we just
fix g, = 1/4 in the following numerical analyses, rather
than treat it as a free parameter.

Now DM interactions with SM fermions are not only
mediated by the Z and Z’' bosons from the kinetic mixing
portal, but also mediated by the / and s bosons as a Higgs
portal. Assuming ¢ and ¢ particles are thermally produced
in the early Universe, we arrive at a symmetric DM
scenario; i.e., the present number densities of ¢ and ¢
are equal. However, as we will see soon, the ¢A and ¢A
scattering cross sections are not identical in general.

A. Direct detection

¢q and ¢q scatterings, which are relevant to direct
detection, are mediated by the Z and Z' vector bosons
(kinetic mixing portal) as well as by the 4 and s scalar
bosons (Higgs portal). The corresponding Feynman dia-
grams are depicted in Fig. 6. In the zero momentum transfer
limit, DM-quark interactions can be described by an
effective Lagrangian (see, e.g., Ref. [61]),

Lgg = SUIGY, (14 $)ar,q + G5, 4" daq). (60)
q

Similar to Eq. (43), the vector current effective coupling
due to the kinetic mixing portal is

segh  ceql,
Gy, = (4 S e
Ce \myz my

with g% and g7, defined in Eqgs. (44) and (45). The scalar-
type effective coupling induced by the Higgs portal is

s _Mq|S

G ——[—”(/1540 Vs—AngS v)—i(is/s Vs +Agyc v)]
P4y | m? U T m2 1 n
(62)
At the nucleon level, the effective Lagrangian reads
Loy = Y [Giy(@Tid"¢)Ny,N + Gy’ ¢NN].  (63)
N=p.n

Analogous to the Dirac fermionic DM case, the vector
current effective couplings for the proton and neutron are
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FIG. 6. Feynman diagrams for ¢¢ (a) and ¢q (b) scatterings.

Gy, =2Gy, + Gy, and Gy, = Gy, +2Gy,. Similar to
Egs. (47), we have

ebwt.c2(1 + 2r
Gy = Qoxetwt LR ED) oy o e

- ’
op C, mér ¢n

Once again, G;n vanishes because the neutron does not

carry electric charge. On the other hand, the scalar-type
effective couplings for nucleons are given by [1]

GS fN GS
Gy =my D — 5t myfy Yt (65)
q=d.u.s q g=c,bit "4
The form factors ff]V in the first term are related to
light quark contributions to the nucleon mass, defined
by myfY = (N|lm,qq|N). Their values are fi =
0.020 £ 0.004, £ = 0.026 + 0.005, f7 = 0.014 £ 0.003,
f5=0.036+£0.008, f§=f"=0.118+0.062 [62].
The second term with the form factor g =
2(1 = f — fN — f¥)/27 is contributed by the heavy
quarks at loop level. An approximate relation Gz » = ng
numerically holds [17]. This means that the scalar-type
interactions are roughly isospin conserving.
The ¢N and ¢N scattering cross sections due to the
Lagrangian (63) are obtained as

2 @ )
anS N ”(/)NfJ)N
=" = ———), 66
OyN o OpN 7 (66)
with
GS GS
__ T ¢N \% I\ Y
fon = —2m¢ + Gy fon = —2m¢ G- (67)

The only difference between the Feynman diagrams for the
¢q and ¢q scatterings in Fig. 6 is the arrow direction of
the ¢ line, which affects the relative signs between the
contributions from the vector current and scalar-type
interactions. This explains the different signs in the above

fgn and fgy expressions [17,63]. Since G;fn =0, we
have fy, = f3, = G},/(2my).

In Fig. 7, we demonstrate f,, f P> and f 4, as functions
of gy for the fixed parameters my =500 GeV,
mz = 1000 GeV, mg =250 GeV, s, =0.1, s, =0.01,
Aug = 0.1, and gy = —0.1. For gx $0.03, f4,, f3,
and f,, are rather close to each other. The reason is that
the relation G ~ G}, holds and the contributions from

GXP are negligible for small gy. From Eq. (A3), we know

that vg x 1/gy. Consequently, as gy increases, G;p and
Gin decrease, and hence, fy,, fj,, and fg, decrease till
gx ~ 0.03, where they close to zero. At gy ~0.03, the
contributions from the & and s mediators roughly cancel
each other out, and thus, G;)p and G;m basically vanish.

After this point, the contributions from G)/fp become
more and more important, pushing f,, up but lowering
f3p down.

Note that fy, = f;, leads to 64, = 6, Nonetheless,
o4p and oy, are not identical in general. Consequently, the
@A and A scattering cross sections are different. In the
symmetric DM scenario, the average pointlike SI cross

2.0 T T — T T T — T T T
15 - f¢p

“= fi
1.0 =TT f(fm (fén)

©
[=]

far (1078 GeV 1)

N ==

~T

.~

|
e
wn

A

L1l L1l 1
102 101 100
9x

T
&

-1.0
1

FIG. 7. fyp f3p> and [y, as functions of gy with my =
500 GeV, my =1TeV, mg =250 GeV, s, =0.1, s, =0.01,
)VH¢ = 01, and /15¢ = —0.1. Note that f’;’” = f¢n = Gin/(Zmd,)
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section of ¢ and ¢ particles scattering off nuclei with mass
number A is given by

2
Hgpa

OpM-A = E{[Zf(/)p + (A=2)f yu)

+(Zf5, + (A= 2Z)f3,)*}. (68)
Since
A2 gy (A= 2 u + 23,+ (A= 2)131)
=7? [(ji”; + (G,,V,p)z] +(A-2) (f’z”;
+2Z(A-2) G‘Z”T?" (69)

has no cross terms of the form G(XNGEN, the interference
between the vector current and scalar-type interactions
actually cancels out for symmetric DM [17]. For several
isotopes A; with the same atomic number Z, the event rate
per unit time in a direct detection experiment becomes

|

1
R = o Zﬂi]Aiﬂfsz,{[Zfdm +(A; - Z)f(/m]z
+[Zf5, + (A = Z)f 3.}

: HéA‘{[ f¢n:|2
=0y Mila, S| Z+ (A - 2) 2
20-¢p i n; A; /4,2/,17 +( i >f¢p
Fap fam]z}
+ 1252 (A -2 .
{ f¢p ( )f¢p

(70)

The experimental reports in terms of the normalized-to-
nucleon cross section 6% actually correspond to the
assumption f4, = f3, = fgn = f3,» Where the relation
0% = 04, holds. This leads to an expression similar to

Eq. (52),

o% = K . (71)
Zi”]iIA[A%MéA,»//"ép
In the realistic situation for our model, the above

assumption is not satisfied, and the relation between 6%
and oy, becomes

z _
ON = O¢p

Here, we have assumed that all /4, are equal.

In Fig. 8(a), we display the DM-nucleon scatte-
ring cross section o% as a function of gy for the
same fixed parameters adopted in Fig. 7. For gy < 0.015

and gy =022, 0% exceed the upper bound at
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ilitiga 12+ (Ai = Z)fpul F 4l + [ZF 3o/ Fyp + (Ai = Z)f 3l F )}
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(72)

|
my = 500 GeV from the XENONIT experiment [49].
Nonetheless, there is a dip at gy ~ 0.03, evading the
XENONIT constraint and even the future LZ search.
We can understand this result through the following
analysis.
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The normalized-to-nucleon cross section 6% (a) and F, F,, F| + F, (b) as functions of gy with the same fixed parameters in

Fig. 7 (my = 500 GeV, my =1 TeV, mg = 250 GeV, s, = 0.1, 5, = 0.01, 4y, = 0.1, and Agy = —0.1). The dashed blue line in the
left panel denotes the 90% C.L. upper bound on 6% for m; = 500 GeV from the XENONIT experiment [49]. The dot-dashed purple
line indicates the 90% C.L. sensitivity of the future LZ experiment [52].
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The behavior of 6% is essentially controlled by the two
terms inside the curly bracket of the first line in Eq. (70).
They can be approximately estimated by the following
quantities:

Fy=[Zfyp + (A= 2)fp].
Fr = [Zfri)p + (A - Z)f(7)n]27 (73)

where A = 131.293 is the atomic weight for xenon. Note
that F, and F, are the contributions from the ¢ and ¢
particles, respectively. In Fig. 8(b), we show F|, F,, and
their sum as functions of gy. We find that both the F'; and
F, curves have dips around gy ~ 0.03, because f,, fpns
and f, are all close to zero around gx ~ 0.03, as shown in
Fig. 7. The two dips lead to a dip at gy ~ 0.03 in the F| +
F, curve, explaining the dip in Fig. 8(a).

Additionally, the F, curve has a second dip at gy ~ 0.7.
The reason is that the ratio fy,/f,, closes to —Z/ (A -
Z)~—0.7 [33] at gy ~ 0.7, and the two terms inside the
square bracket of the F', expression cancel each other out.
Nonetheless, this dip has no manifest effect in F + F»,
since F, is much larger than F| at gy ~0.7. The F| + F,
curve basically catches the behavior of 6% in Fig. 8(a).

We utilize Eq. (72) to derive the direct detection
constraint. In Fig. 9, the red shaded areas are excluded
at 90% C.L. by the XENONIT experiment [49] in the
my-gx Pplane with fixed parameters my = 1000 GeV,
my =250 GeV, s, =0.1, s, =0.01, gy =0.01, and

Asp = —0.01. As discussed for Figs. 7 and 8, a region

around gy ~ 0.03 corresponds to a rather small ¢% and

evades the XENONIT constraint. Moreover, for
my 2 20 GeV, the constraint becomes weaker and weaker

as m, increases. This is mainly because the G;;N/(Zmd))
terms in fyy and fy are suppressed by m,. The future

LZ experiment will probe much larger regions than
XENONIT does.

B. Relic abundance and indirect detection

Now we discuss the constraints from relic abundance
observation and indirect detection. Analogous to Dirac
fermionic DM, the possible ¢¢ annihilation channels
include ff, W*W=, hh;, Z,Z;, and h;,Z;, with h; €
{h,s} and Z; € {Z,Z'}. Nonetheless, these annihilation
processes are not only induced by the kinetic mixing portal,
but also by the Higgs portal. In Fig. 9, the solid blue lines
correspond to the correct relic abundance, while the blue
shaded areas predict DM overproduction. The orange
shaded areas are excluded at 95% C.L. by the Fermi-
LAT experiment [54].

There are several available regions for the relic abun-
dance observation. Firstly, two available strips around
my ~m,/2 = 62.5 GeV are related to resonant annihila-

tion at the & pole. These strips cannot meet each other

because the h¢¢p coupling (Ag,s,vs + Ayyc,v) approaches
zero at gy ~ 0.04. Nonetheless, the upper strip is excluded
by XENONIT, while a section of the lower strip is free
from current experimental constraints but may be tested
by LZ.

In addition, both the ZZ annihilation channel opening for
m, 2 my and the resonance of the s boson at my ~ m,/2 =
125 GeV contribute to a narrow available region with
90 GeV < my <150 GeV. Only a small fraction of this
region evades the constraints from XENONI1T and Fermi-
LAT. Moreover, a broad available region with 170 GeV <
my <1 TeV is contributed by the sZ and ss annihilation
channels opening for my 2 170 GeV and m, 2 250 GeV,
respectively. This region circumvents the XENONIT con-
straint but faces the Fermi-LAT constraint. Note that the LZ
experiment will further explore these two regions.

The annihilation processes contributing to the above
available regions are primarily induced by the Higgs portal.
Nonetheless, there is another available strip with gy 2 0.4
at my ~ my /2 = 500 GeV corresponding to the resonant
annihilation at the Z’ pole, which is induced by the U(1)x
gauge interaction and the kinetic mixing portal. For
gx < 0.6, this strip is free from the direct and indirect
detection constraints.

Below we study the phenomenology in the planes of
other parameter pairs. The experimental constraints in the
my-my plane are demonstrated in the two panels of
Fig. 10 for gy = 0.01, s, = 0.01, and Ay, = A5y = 0.1.
In Fig. 10(a) with m; = 100 GeV and s, = 0.01, Z’ is light
(30 GeV < my <60 GeV), and the vector current inter-
actions are dominant in DM-nucleus scattering. Therefore,

T T T T DL |
——- XENON1T
--- 1z
—— Planck
r —-— Fermi-LAT o
- CMS h—¢¢ o ’
101 L - CEPCh—oo |-/
e C :
SN L
102

FIG. 9. Experimental constraints from XENONIT, Planck, and
Fermi-LAT in the my-gx plane for complex scalar DM with
my =1TeV, m; =250 GeV, s, = 0.1, s, = 0.01, 1y = 0.01,
and Ag, = —0.01. The meanings of line types and colors are
identical to those in Fig. 4. In addition, the green shaded region is
excluded by the CMS search for invisible Higgs decays [64],
while the dotted black lines denote the sensitivity of the future
CEPC search for invisible Higgs decays [41].
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FIG. 10. Experimental constraints in the my-my plane for complex scalar DM in the 30 GeV < my < 60 GeV range with m, =
100 GeV and s, = 0.01 (a) and in the 400 GeV < m» < 1.5 TeV range with m; = 250 GeV and s, = 0.1 (b). Other parameters in both

panels are fixed as gy = 0.01, s, = 0.01, and Ay4 = A5, = 0.1

the XENONIT bound is more stringent for lighter Z',
excluding up to my ~1.35 TeV at my = 30 GeV. The
correct relic abundance is corresponding to a curve with
my ~ 1-1.3 TeV, while the Fermi-LAT experiment
excludes a region with my < 800 GeV. The region sur-
vived from the above constraints will be covered by the LZ
experiment.

On the other hand, Z' is heavy (400 GeV <my <
1.5 TeV) in Fig. 10(b) with m;=250GeV and s, = 0.1,
and thus, the scalar-type interactions are important in direct
detection. Because gy is fixed, vy increases with my
following Eq. (A3). As a result, the XENONIT constraint
is stricter for heavier Z', excluding up to m; ~ 1.65 TeV at
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FIG. 11.

my = 1.5 TeV. In this case, the Fermi-LAT constraint is
even more stringent, ruling out a region with my <
3.45 TeV. The observed relic abundance corresponds to
a curve with my 2 2.5 TeV, which is not excluded by
XENONIT but will be tested by LZ for my < 3.1 TeV.
The experimental constraints are also displayed in
my-Ass plane with gy = 0.01 in Fig. 11(a), as well as in
the gx-Asy plane with my = 4 TeV in Fig. 11(b). The other
parameters in both plots are fixed as my =1 TeV,
m, = 250 GeV, s, =0.1, 5, =0.01, and 1, =0.1. In
Fig. 11(a), the relic abundance observation is correspond-
ing to a curve with 0.0032 < 454 < 0.0067 in the range of

500 GeV < my <800 GeV. This curve totally evades the
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Experimental constraints in the m,-4g, plane for complex scalar DM with gy = 0.01 (a) and in the gx-Ag, plane with

my = 4 TeV (b). The common parameters in both panels are m, = 1 TeV, m; = 250 GeV, s, = 0.1, 5, = 0.01, and 4y, = 0.1.
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Fermi-LAT constraint but is excluded for m, < 570 GeV
by XENONIT. The LZ experiment will test the whole
curve. In Fig. 11(b), the correct relic abundance corre-
sponds to two curves with 0.05 < 454 < 0.35 and —0.4 <
Asy < —0.05 in the range of 0.004 < gx < 0.05. Both the
direct and indirect detection experiments cannot exclude
these two curves.

C. Invisible Higgs decays

If my <my/2, the h - ¢¢ decay is allowed. Since
detectors at colliders are generally unable to measure DM
particles, the ¢¢ final state is invisible, typically giving rise
to signatures with missing transverse momentum. In other
words, 1 — ¢¢ is an invisible Higgs decay process.

From the interaction Lagrangian (59), we derive the
partial decay width of 7 — ¢¢ as

pi — Gageyd +Asysyvs) [} 4y (74)
v 16zm;, m,

Since Eq. (9) leads to H = c¢,h — s,s, the h couplings to W
and SM fermions just deviate from the corresponding
couplings in the SM by a factor of c,. Accordingly, the
partial widths of & decays into ff, WW~, and gg are
scaled with a factor of ¢2. The h — ZZ decay width would
also depend on other parameters, but its contribution to the
total decay width I'" is small. Therefore, we have a good
approximate relation I'" ~ ¢2I'%\ . where I't; = 4.07 MeV
[34] is the total decay width of the Higgs boson in the SM.
Thus, the branching ratio of invisible Higgs decays in our
model can be expressed as

" c'%l—"slM + Iﬂihnv

The CMS search for invisible Higgs decays combining
the 7, 8, and 13 TeV LHC data gives a bound of 5;,, <
24% at 95% C.L. [64]. Such a bound can be used to
constrain the parameter space for m, < m;/2. We overlay
this constraint in Fig. 9, finding that it is weaker than the
XENONIT constraint.

Future Higgs factories, like CEPC and FCC-ee, would be
extremely sensitive to invisible Higgs decays. The
95% C.L. projected CEPC sensitivity for a data set of
5.6 b~ is By, < 0.3% [41]. FCC-ee is expected to reach
comparable sensitivity [42]. Expressing the CEPC sensi-
tivity in Fig. 9, we find that CEPC would efficiently explore
the parameter regions with m, < m;, /2, except for a narrow
zone around gy ~ 0.04, where the h¢¢ coupling is close to
zero. Note that the CEPC search could probe the survived
strip with my ~ 60 GeV and gy ~ 0.02-0.03.

V. CONCLUSIONS AND DISCUSSIONS

In this work, we have explored the phenomenology of
Dirac fermionic and complex scalar DM with hidden U(1)y
gauge interaction and kinetic mixing between the U(1)y
and U(1)y gauge fields. Besides the DM particle, the extra
particles beyond the SM involve a massive neutral vector
boson Z' and a Higgs boson s originated from the Brout-
Englert-Higgs mechanism that gives mass to the U(1)y
gauge field. The measurement of the electroweak oblique
parameters S and T puts a stringent constraint on the kinetic
mixing parameter s, if Z’ is not too heavy.

For the Dirac fermionic DM particle y, the kinetic
mixing term provides a portal for interactions with SM
fermions, inducing potential signals in DM direct and
indirect detection experiments. In such a case, the DM-
nucleon interactions are isospin violating. More specifi-
cally, y scatters off protons, but not off neutrons at the zero
momentum transfer limit. This leads to weaker direct
detection constraints than those under the conventional
assumption of isospin conservation.

Assuming DM is thermal produced in the early Universe,
we have investigated the parameter regions that are con-
sistent with the relic abundance observation. As the kinetic
mixing parameter s, has been bounded to be small, the
available regions arise from the resonant annihilation at the
Z' pole or the sZ’ annihilation channel with dark sector
interactions. These regions have not been totally explored
in the XENONIT direct detection and Fermi-LAT indirect
detection experiments. The future LZ experiment will
investigate the parameter space much further.

For the complex scalar DM particle ¢, the communica-
tions with SM particles are not only through the kinetic
mixing portal, but also through the Higgs portal arising
from the scalar couplings. The DM-nucleon scattering is
still isospin violating. Moreover, the ¢p scattering cross
section is typically different from the ¢p scattering cross
section. After a dedicated analysis, we have found that the
XENONIT constraint can be significantly relaxed for
particular parameters that leads to a cancellation effect
between the & and s propagators.

For the relic abundance observation, our calculation has
shown that there are several available regions, correspond-
ing to the resonant annihilation at the %, s, and Z’ poles,
as well as the ZZ, sZ, and ss annihilation channels.
Additionally, we have carried out further investigations
in the parameter space. We have found that there are still a
lot of parameter regions that predict an observed relic
abundance but have not been excluded by the direct and
indirect detection experiments. The LZ experiment will
provide further tests for these regions. If my < m,,/2, the
h — ¢¢ decay is allowed, and searches for invisible Higgs
decays at a future Higgs factory will be rather sensitive.

An important difference between the Dirac fermionic
and complex scalar DM models is that y and ¢ have
different spins. Spin determination would be crucial for
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distinguishing various DM models once the DM particle is
discovered. Utilizing the angular distribution of nuclear
recoils, a study in Ref. [65] showed that ~100 signal events
in next generation directional direct detection experiments
could be sufficient to distinguish spin-0 DM (like ¢) from
spin-1/2 (like y) or spin-1 DM.
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APPENDIX: PARAMETER RELATIONS

In Sec. II, we choose a set of independent parameters
{gx.mz,my,s,,s,}, from which other parameters can be
derived.

Utilizing Egs. (20), (21), and (22), we can derive a
quadratic equation for 7; from Eq. (19),

§Wt5rtg%+(r— 1)t§+§wl€ =0. (Al)

The physical solution is

-1
ff:ﬁ[H 1—’<ﬁ)

If ¢, # 0, there is no solution for r =1 (i.e., my = my).
For r# 1, the solution exists only if the condition
[28wt./(1 — r)]> < 1/ris satisfied. For a small 7,, we have
te = 8wt./(1 =) [66].

With the solution (A2), we can numerically solve
Eq. (30) and obtain Sy as a function of s, and my.
Then #; is also a function of s, and m.

From Eq. (21), we can derive the VEV of the hidden
Higgs field as

(A2)

myz C,
Vg = Lo \/ 1 + §Wt8t§.

0 (A3)

Because of Egs. (11), (12), and (10), the scalar quartic
couplings are given by

(3 + m3) — ca,(m3 — m)

AH - 21}2 N (A4)
(m3 + mj) + coy(m3 — my)

e
Dy = 2V = AsT5) (A6)
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