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Abstract: We  investigate  fermionic  dark  matter  interactions  with  standard  model  particles  from  an  additional
 gauge symmetry, assuming kinetic mixing between the  and  gauge fields as well as a nonzero
 charge of  the Higgs doublet.  To ensure gauge-invariant  Yukawa interactions and the cancellation of  gauge

anomalies, standard model fermions are assigned Y-sequential  charges proportional to the Higgs charge. Al-
though the Higgs charge should be small owing to collider constraints, it is useful to decrease the effective cross sec-
tion of dark matter scattering off nucleons by two orders of magnitude to easily evade direct detection bounds. After
performing numerical scans in the parameter space, we find that the introduction of the Higgs charge can also en-
hance the dark matter relic density by at least two orders of magnitude. In the case where the resonance effect is im-
portant for dark matter freeze-out, when the observed relic density and direct detection constraints are tangled, the
Higgs charge can expand physical windows to some extent by relieving the tension between the relic density and dir-
ect detection.
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I.  INTRODUCTION

SU(3)C ×SU(2)L×
U(1)Y

The  standard  model  (SM)  with 
 gauge interactions  has  achieved  significant  suc-

cess  in  explaining  experimental  data  in  particle  physics.
Nonetheless, the  SM  must  be  extended  to  take  into  ac-
count dark matter (DM) in the Universe, whose existence
has  been  established  by  astrophysical  and  cosmological
experiments  [1−4]. The  standard  paradigm  for  DM  pro-
duction assumes that DM was thermally produced in the
early  Universe,  typically  requiring  several  mediators  to
induce adequate DM interactions with SM particles.
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U(1)X U(1)Y

A  simple  strategy  is  to  assume  that  the  DM  particle
carries  a  charge  associated  with  an  additional

 gauge  symmetry,  with  the  corresponding  gauge
boson  acting  as  a  mediator  [5].  To  minimize  the  impact
on the interactions of SM particles, one may assume that
no SM field carries  charge [6−30]. Thus, the kinet-
ic mixing between the  and  gauge fields [31,
32]  induces  DM  interactions  with  SM  particles.  Such  a
kinetic mixing portal is able to achieve the observed DM

relic  abundance  via  the  freeze-out  mechanism  [33−35]
and satisfy  the  constraints  from DM direct  detection  ex-
periments.  A  comprehensive  study  in  Ref.  [19]  shows
that there are various viable parameter windows for Dir-
ac  or  Majorana  fermionic  DM,  and  several  of  them  are
promising for the LHC phenomenology or the interpreta-
tion of the Galactic Center gamma-ray excess.
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Nevertheless, it is interesting to explore more possib-
ilities beyond the simple kinetic mixing portal, and a lar-
ger parameter space may be helpful to satisfy the increas-
ingly severe phenomenological constraints. In this study,
we  assume that  the  SM Higgs  field  also  carries  a 
charge  [36],  which  is  very  small  to  keep  the  new 
gauge  boson  weakly  coupled  to  the  SM  sector.  Because
of  the  kinetic  mixing  term  and  Higgs  charge,  the

 and  gauge  fields  mix  with  each  other,  and
one  electrically  neutral  gauge  boson,  namely,  a  photon,
remains massless.  To ensure the gauge invariance of  the
SM  Yukawa  couplings,  SM  fermions  should  also  be
charged  under .  To  cancel  chiral  gauge  anomalies,
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we  assume  that  the  fermions  carry Y-sequential 
charges [36−40], which are also very small because they
must  be  proportional  to  the  Higgs  charge.  Such  a
case is different from those conventionally proposed [12,
39, 41−45]  because  the  latter  usually  have  charges
to lift  physical  processes.  It  is  also notable that  this case
is  similar  to  that  for  the U-boson  [46, 47],  in  the  sense
that  the  gauge couplings  to  SM particles  are  con-
siderably  weaker  than  those  to  DM.  Now,  there  is  one
more free parameter, that is, the Higgs  charge, that
affects the  couplings to SM particles. It is necessary to
investigate its impact on DM phenomenology.

U(1)X

In  this  context,  we  study  a  Dirac  fermionic  DM
particle [8, 10, 21, 23] and find that the DM couplings to
protons and neutrons are typically different [9, 10, 12, 13,
17, 18], leading to isospin-violating DM-nucleon scatter-
ing [48] in direct detection experiments. It is not obvious
whether the correct DM relic abundance can be achieved
until we perform numerical scans. We find that the pres-
ence  of  the  extra  parameter  can  accommodate  wider
ranges  of  the  gauge  coupling  and  DM  particle
mass.
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This paper is organized as follows. In Sec. II,  we in-
troduce  gauge theory, where the Higgs doublet car-
ries a  charge, and discuss the induced interactions
of  SM  fermions.  In  Sec.  III,  we  study  Dirac  fermionic
DM charged under  and explore the effective DM-
nucleon  scattering  cross-section  for  direct  detection  and
the DM relic abundance via numerical scans. Finally, we
present the conclusions in Sec. IV. 

U(1)XII.   GAUGE THEORY
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In this section, we introduce  gauge theory with
kinetic mixing between the  and  gauge fields.
We assign a small  charge to the SM Higgs doublet,
and the SM Yukawa interactions are gauge-invariant only
if  the  SM  fermions  have  appropriate  charges,
which  are  chosen  to  be Y-sequential,  that  is,  obey  the
same relations  as  their  charges,  so  that  the  theory
remains free from chiral anomalies. 

U(1)X U(1)XA.     gauge theory with a -charged SM Higgs
doublet

U(1)Y U(1)X B̂µ
Ẑ′µ

We  denote  the  and  gauge  fields  as 
and ,  respectively.  Their  gauge-invariant  kinetic  terms
in the Lagrangian read as 

LK = −
1
4

B̂µνB̂µν−
1
4

Ẑ′µνẐ′µν−
sinϵ

2
B̂µνẐ′µν, (1)

B̂µν ≡ ∂µB̂ν−∂νB̂µ
Ẑ′µν ≡ ∂µẐ′ν−∂νẐ′µ sinϵ
where  the  field  strengths  are  and

. The  term is a kinetic mixing term,

which  gives  the  kinetic  Lagrangian  (1)  a  noncanonical
form.

U(1)X

Ŝ U(1)X

xS = 1 Ŝ
Ĥ

SU(2)L ×U(1)Y ×U(1)X

We  assume  that  the  gauge symmetry  is  spon-
taneously broken [49−51] by a Higgs field  with 
charge 1).  Now,  the  Higgs  sector  involves  and
the SM Higgs doublet . The corresponding Lagrangian
with  respect  to  the  gauge sym-
metry is [21] 

LH =(DµĤ)†(DµĤ)+ (DµŜ )†(DµŜ )+µ2|Ĥ|2+µ2
S |Ŝ |2

− 1
2
λH |Ĥ|4−

1
2
λS |Ŝ |4−λHS |Ĥ|2|Ŝ |2. (2)

The covariant derivatives are given by 

DµĤ = (∂µ− iYH ĝ′B̂µ− iζgXẐ′µ− iĝWa
µT

a)Ĥ, (3)

 

DµŜ = (∂µ− igXẐ′µ)Ŝ , (4)

Wa
µ a = 1,2,3 SU(2)L

T a = σa/2 SU(2)L ĝ ĝ′ gX

SU(2)L U(1)Y U(1)X

YH = 1/2 Ĥ

where  ( )  denote  the  gauge  fields,
 are the  generators. , , and  are the

, ,  and  gauge couplings, respectively.
The  hypercharge  for  is  the  same  as  in  the
SM.

U(1)X

Ĥ U(1)Y Ŝ

gX

∼ O(1)

Ẑ
′

sinϵ ζgX

The presence of the ζ term is notable here. They gen-
erally  reflect  the  charge  of  the  SM Higgs  doublet

 and  the  charge  of  the  exotic  Higgs  field .
Some  studies  have  considered  that  this ζ charge  can  be
absorbed  into  by  scaling,  whereas  in  this  study,  it  is
found to  be  an  independent  parameter.  A  different  phe-
nomenology is predicted, as shown in the following. Be-
fore  starting  a  detailed  analysis,  it  is  also  necessary  to
note  that  in  comparison  to  the  Higgs  charges  introduced
in Refs. [12, 39, 42, 43], which were usually , the
magnitude of ζ in this study is expected to be very small,
such  that  would  have  a  weak  connection  to  SM
particles. Nonetheless, compared to the size of the kinet-
ic  mixing parameter ,  the  value of  is not  neces-
sarily smaller.  In  fact,  it  is  introduced  to  balance  the  ef-
fect from the former.

Ĥ Ŝ
vS

Both  and  acquire  nonzero  vacuum  expectation
values  (VEVs), v and , driving  the  spontaneous  sym-
metry breaking of gauge symmetries. The Higgs fields in
the unitary gauge can be expressed as 

Ĥ =
1√
2

(
0

v+H

)
, (5)

 

Ŝ =
1√
2

(vS +S ). (6)
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Vacuum stability requires the following conditions: 

λH > 0, λS > 0, λHS > −
√
λHλS . (7)

(H,S )
(h, s)

There  is  a  transformation from the  gauge basis  to
the mass basis , (

H

S

)
=

(
cη −sη
sη cη

)(
h

s

)
, tan2η =

2λHS vvS

λHv2−λS v2
S
, (8)

η ∈ [−π/4,π/4]
125 GeV

λHS

with the mixing angle . The physical eigen-
state h is the  SM-like Higgs boson, whose prop-
erties are identical to those of the SM Higgs boson if 
and ζ vanish. The exotic Higgs boson s can be assumed to
be heavy and have no effect on TeV phenomena.

(B̂µ,W3
µ , Ẑ

′
µ)

The  mass-squared  matrix  for  the  gauge  fields
 generated by the Higgs VEVs reads as

 

M2
VV′ =

1
4

Ü
ĝ′2v2 −ĝĝ′v2 2ĝ′gXζv2

−ĝĝ′v2 ĝ2v2 −2ζĝgXv2

2ĝ′gXζv2 −2ζĝgXv2 4g2
X(ζ2v2+ v2

S )

ê
,

(9)

M2
23 ζ , 0

(B̂µ,W3
µ , Ẑ

′
µ) (Aµ,Zµ,Z′µ)

which  can  be  regarded  as  a  generalization  of  the
simplest  Higgs  structure  realized  in  Ref.  [41].  Note  that

 is  present  only  for .  The  transformation  from
the  gauge  basis  to  the  mass  basis 
can be expressed as [12] Ü

B̂µ
W3
µ

Ẑ′µ

ê
= V(ϵ)R3(θ̂W)R1(ξ)

Ü
Aµ
Zµ
Z′µ

ê
, (10)

with 

V(ϵ) =

á
1 −tϵ

1

0
1
cϵ

ë
, R3(θ̂W) =

Ü
ĉW −ŝW

ŝW ĉW

1

ê
,

R1(ξ) =

Ü
1

cξ −sξ
sξ cξ

ê
,

(11)

V(ϵ)
GL(2,R) (B̂µ, Ẑ′µ)

ϵ ϵ ∈ (−1,1)

Aµ Zµ
Z′µ

Z′

θ̂W

to make the kinetic terms canonical and the mass-squared
matrix  diagonalized1).  is  a  three-dimensional exten-
sion  to  a  transformation  among  [41],
which  makes  the  kinetic  Lagrangian  (1)  canonical.  The
kinetic  mixing  parameter  should  satisfy  to
ensure correct signs for the canonical kinetic terms. Note
that the  and  fields correspond to the photon and Z
boson, respectively, and the  field leads to a new neut-
ral  massive vector  boson .  These rotations introduce a
massless  photon  and  the  convenience  to  maintain  the
weak mixing angle  in its SM form, 

ŝW =
ĝ′√

ĝ2+ ĝ′2
, ĉW =

ĝ√
ĝ2+ ĝ′2

. (12)

Z′

M2
ZZ′

Furthermore,  the  vanishing  of  the Z-  mass  term
 determines the rotation angle ξ to be2)

 

t2ξ ≡ tan2ξ =
2ZŝW

1− r− (1+ r)CZ
(13)

with 

Z≡ tϵ −
2ζgX

ĝ′cϵ
, r ≡ m2

Z′

m2
Z
. (14)

mZ′ mZ

Z′ CZ

ϵ

ϵ→ 0

Here,  and  are  the  physical  masses  of  the  vector
bosons  and Z,  respectively,  and  is a  small  correc-
tion  originating  from  nonvanishing  and ζ.  The  details
are given in the appendix. It is notable that because of the
existence  of ζ,  such  mixing  represented  by  the  angle ξ
does not vanish in the limit . 

U(1)XB.    SM fermions under 
Ĥ U(1)X

U(1)X

U(1)X

Because the Higgs doublet  carries  a  charge
ζ,  the  SM  fermions  should  also  have  appropriate 
charges to keep the SM Yukawa couplings respecting the

 gauge symmetry. Thus, the covariant derivatives of
the SM quark fields in the gauge basis can be expressed
as 

Dµ

(
u′iL
d′iL

)
= [∂µ− i(Yqĝ′B̂µ+ ĝWa

µτ
a+ xL

q gXẐ′µ)]

(
u′iL
d′iL

)
,

(15)
 

Dµu′iR = [∂µ− i(Yuĝ′B̂µ+ xR
u gXẐ′µ)]u

′
iR, (16)
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ŝW ≡ sin θ̂W
ĉW ≡ cos θ̂W

1) Through this text, s, c, and t denote the sine, cosine, and tangent functions, with the subscript denoting the argument. In particular, we define  and
.

t2ξ =
2
√

ĝ2+ĝ′2(sϵ ĝ′−2ζgX )v2

[(ĝ2+ĝ′2)v2c2
ϵ+4g2

X (v2
S +ζv

2)+4ζsϵgX ĝ′v2−s2
ϵ ĝ′2v2]/cϵ

ζ = 0

t2ξ = 0 ζ = g′sϵ/(2gX) Z′
2) It is easy to find this  is identical to Eq. (19) in Ref. [26] for . This equation has an uninterested solution

of  at , which will be ignored hereafter since it will lead to the vanishing of the  couplings to SM fermions.
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Dµd′iR = [∂µ− i(Ydĝ′B̂µ+ xR
d gXẐ′µ)]d

′
iR, (17)

i = 1,2,3 xL
q xR

u xR
d

U(1)X

Yq,u,d U(1)Y

where  is the generation index , , and  are
the  charges of the left-handed quark doublet, right-
handed up-type quark singlet, and left-handed down-type
quark singlet,  respectively,  and  is  the  hyper-
charges as in the SM.

With a necessary condition 

ζ = xL
q − xR

d = xR
u − xL

q (18)

U(1)X

ζ = xL
l − xR

l

U(1)X

U(1)X

U(1)Y

the  SM  Yukawa  interactions  of  quarks  and  the  Higgs
doublet  respect  the  gauge  symmetry.  For  SM
leptons, a similar argument leads to . However,
to cancel the chiral anomalies, all these  charges are
further bounded.  In this  study,  we make a simple choice
to assume that the  charges of SM fermions are pro-
portional  to  their  charges.  These  are  the  so-called
Y-sequential charges [38], as listed in Table 1.

The  charge  current  interactions  of  SM  fermions  at
tree  level  are  not  affected  by  kinetic  or  mass  mixing,
maintaining the SM form of 

LCC =
1√
2

(W+
µ J+,µW +H.c.), (19)

J+,µW = ĝ(ūiLγ
µVi jd jL+ ν̄iLγ

µℓiL)
Vi j

where the charge current is ,
and  is the Cabibbo-Kobayashi-Maskawa matrix.

The neutral current interactions are given by 

LNC = jµEMAµ+ jµZZµ+ jµZ′Z′µ. (20)

jµEM =
∑

f Q f e f̄γµ f

e ≡ ĝĝ′/
√

ĝ2+ ĝ′2 Q f

Here,  is  the  electromagnetic  current

with , and  is the electric charge of a
fermion f in the mass basis. The Z neutral current is 

jµZ =
ec̃+ξ

2ŝWĉW

∑
f

f̄γµ(T 3
f −2Q f s2

∗ −T 3
f γ5 f

+
gX sξ
2cϵ

∑
f

(xL
f + xR

f ) f̄γµ f

+
gX sξ
2cϵ

∑
f

(xR
f − xL

f ) f̄γµγ5 f +
sξ
cϵ

jµDM, (21)

T 3
fwith  corresponding  to  the  third  component  of  the

weak isospin of f and 

c̃±ξ ≡ cξ ± ŝWtϵ sξ, s2
∗ = ŝ2

W+
ĉ2

W ŝWtϵ tξ
1+ ŝWtϵ tξ

. (22)

Z′The  neutral current is 

jµZ′ =
∑

f

f̄γµ(v f +a fγ5) f +
cξ
cϵ

jµDM, (23)

with 

v f = −
es̃−ξ (T

3
f −2Q f ŝ2

W)
2ŝWĉW

−Q f eĉWtϵcξ +
gXcξ(xL

f + xR
f )

2cϵ
, (24)

 

a f =
es̃−ξ T

3
f

2ŝWĉW
+

gXcξ(xR
f − xL

f )
2cϵ

, s̃±ξ ≡ sξ ± ŝWtϵcξ. (25)

ϵ→ 0

Z′ tξ s̃±ξ c̃±ξ

gX

It  is  remarkable  that  at  the  limit , the  correc-
tions to the interactions between the SM fermions and the
Z boson  are  proportional  to ζ,  as  with  their  couplings  to

.  Recall  that  (and  hence  and ) implicitly  de-
pends  on ζ;  therefore,  Eqs.  (21)  and  (23)  explicitly
demonstrate that ζ cannot be absorbed into a redefinition
of . 

C.    Parameterization and constraints

e =
√

4πα MS
α(mZ) = 1/127.955

mW = ĝv/2
GF =

ĝ2/(4
√

2m2
W) = (

√
2v2)−1

The above discussions indicate that not all the presen-
ted parameters are independent. It is necessary to define a
convenient scheme for later calculation. First, the photon
couplings to SM fermions remain in the same forms as in
the  SM  at  tree  level,  where  the  electric  charge  unit

 can be determined using the  fine-structure
constant  at  the Z pole  [54].  The mass
of  the W boson  receives  a  contribution  only  from  the
Higgs  doublet  VEV v in  the  form ,  leading  to
an  expression  of v from  the  Fermi  constant 

.
ĝ ĝ′

ĝ = e/ŝW ĝ′ = e/ĉW

θ̂W
U(1)X

The electroweak gauge couplings  and  are related
to e through  and ,  respectively;
however,  the  Weinberg  angle  is  corrected  by  new
physics. In  gauge theory, a relation at tree level is
easily obtained, 

ŝ2
Wĉ2

W =
πα√

2GFm̂2
Z

. (26)

s2
Wc2

W = πα/(
√

2GFm2
Z)Comparing it to its SM counterpart 

and utilizing Eq. (40) in the appendix, we have 

s2
Wc2

W =
ŝ2

Wĉ2
W

1+CZ
, (27)

 

U(1)XTable 1.    Y-sequential  charges for SM fermions in the
gauge basis.

Fermions u′iL,d
′
iL u′iR d′iR l′iL, ν

′
iL l′iR

U(1)X charges xL,R
f ζ/3 4ζ/3 −2ζ/3 −ζ −2ζ

Lianyou Shan, Zhao-Huan Yu Chin. Phys. C 48, 013104 (2024)
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CZ

θ̂W

GF mZ

where  is  defined  in  Eq.  (A2).  Therefore,  the  hatted
weak  mixing  angle  can  be  expressed  as  a  correction
added to  its  SM  counterpart,  whereas  the  latter  are  de-
termined by the best-measured parameters α, , and 
[54, 55].

gX mZ′ ϵ

The rotation angle ξ can be represented as a function
of fundamental parameters such as , , , and ζ. With
the  procedure  described in  the  appendix,  we can find an
approximate solution as 

t2ξ =
2ZsW

1− r
− 2(1+ r)Z3s3

W

(1− r)3 +
Z2s3

Wc2
W

(c2
W− s2

W)(1− r)2

×
Å
Z+ ζ gX√

πα

s2
W

cWcϵ

ã
. (28)

tξ tξ

tξ

From  this  equation,  we  can  inversely  solve ζ as a  func-
tion  of .  Thus,  can  be  regarded  as  a  free  parameter,
and ζ becomes  an  induced  parameter.  Fortunately,  the
procedure  can  be  traded  in  an  exact  way,  as  detailed  in
the appendix. It is obvious that  is more convenient as a
free parameter  for  phenomenological  discussions.  Here-
after, we adopt a free parameter set as 

{gX , mZ′ , tϵ , tξ, ms, sη}. (29)

From  these  free  parameters,  we  can  derive  all  other
parameters based on the above expressions1).

Z f̄ f

ΓZ A(0,e)
FB A(0,c)

FB A(0,b)
FB

s2
W

Z′

Z′ f̄ f

≤ 0.1

These free  parameters  are  constrained  by  the  meas-
urements  of  the  vector  and  axial-vector  couplings,
where  the  LEP-II precise  measurements  is  most  import-
ant. The quantities , , , and 2) are recalcu-
lated in our model and confirmed within the experiment-
al limits from Tab. I0.5 in Ref. [54]. The measurements at
the Z pole further require that the correction to the Wein-
berg  angle  is sufficiently  small,  rendering  the  coup-
lings  of  gauge  bosons  close  to  their  SM  values.
Moreover, searches for the  boson at the LHC [56, 57]
have placed constraints on the  couplings. The mix-
ing  angle η between the  two  Higgs  bosons  is  set  suffi-
ciently  small  ( );  hence,  no  deviation  is  expected  in
the Higgs phenomena. 

III.  DIRAC FERMIONIC DARK MATTER

Z′

U(1)X qχ

We  are  interested  in  the  connection  between  the 
boson and  DM  phenomenology.  In  this  section,  we  dis-
cuss the case in which the DM particle is a Dirac fermion
χ with a  charge  [8, 10, 21, 23]. The Lagrangian
for χ reads as 

Lχ = iχ̄γµDµχ−mχχ̄χ, (30)

Dµχ = (∂µ− iqχgXẐ′µ)χ mχwhere , and  is the χ mass. Thus,
the DM neutral current appearing in Eqs. (21) and (23) is 

jµDM = qχgXχ̄γ
µχ. (31)

Z′

χ̄

χ̄

qχ = 1

Thus,  the Z and  bosons  mediate  the  interaction
between DM and SM fermions. The number densities of
χ and its antiparticle  yielded via the freeze-out mechan-
ism  should  be  equal.  Both χ and  fermions  constitute
DM in  the  Universe.  Below,  we  study  the  phenomeno-
logy  of  DM  direct  detection,  as  well  as  relic  abundance
and indirect detection.  is adopted in the following
calculation. 

A.    Direct detection
Only  the  vector  current  interactions  between χ and

quarks contribute to DM scattering off nuclei in the zero
momentum  transfer  limit,  at  which  DM  direct  detection
experiments essentially  operate.  In  the  context  of  effect-
ive  field  theory  [58],  the  interactions  between  the  DM
fermion χ and SM quarks q can be described by 

Lχq =
∑

q

GV
χqχ̄γ

µχq̄γµq, (32)

with 

GV
χq = −

qχgX

cϵ

Å
sξg

q
Z

m2
Z
+

cξg
q
Z′

m2
Z′

ã
. (33)

Z′
From Eqs. (21) and (23),  the vector current couplings of
quarks to the Z and  bosons are given by 

gq
Z =

ecξ(1+ ŝWsϵ tξ)
2ŝWĉW

(T 3
q −2Qqs2

∗), gq
Z′ = vq. (34)

The  effective  Lagrangian  for  DM-nucleon interac-
tions induced by DM-quark interactions is 

LχN =
∑
N=p,n

GV
χN χ̄γ

µχN̄γµN, (35)

GV
χp = 2GV

χu+GV
χd GV

χn =GV
χu+2GV

χdwhere  and  represent
the  contributions  of  valence  quarks  to  the  vector  current
interactions  of  nucleons.  Following  the  strategy  in  Refs.
[26, 48, 59], the effective spin-independent (SI) DM-nuc-

Dark matter interactions from an extra U(1) gauge symmetry with kinetic mixing... Chin. Phys. C 48, 013104 (2024)

1) The relations between the free and induced parameters in the Higgs sector are further described in the appendix.
2) Regarding that the universality among three generations is still kept.

013104-5



leon cross section for isotope nuclei with atomic number
Z can be recast as 

σSI
χN = σχp

∑
i ηiµ

2
χAi

[Z+ (Ai−Z)GV
χn/G

V
χp]2∑

i ηiµ
2
χAi

A2
i

, (36)

σχp

µχAi ≡ mχmAi/(mχ+mAi )
Ai

ηi

where  is the DM-proton scattering cross section, and
 is  the  reduced  mass  of χ and  an

isotope nucleus with mass number  and fractional num-
ber abundance . We use this expression to compare the
model prediction to the experimental results expressed by
the normalized-to-nucleon cross section.

ζ = 0
GV
χn = 0 ,GV

χp

GV
χn = 0

GV
χn

GV
χp

Such  a  setup  typically  leads  to  isospin  violation  in
DM-nucleon  scatterings.  The  case  of  gives

 [26].  However,  in the case of  a  nonzero ζ,
we  find  that  no  longer  holds.  Interestingly,  the
presence  of ζ is  able  to  introduce  a  relative  minus  sign
between  the  neutron  coupling  and  proton  coupling

.  Eventually,  a  nonzero ζ may lead to  destructive  in-
terference  in  the  total  cross  section,  which  may help  the
model pass the stringent direct detection constraints.

σSI
χN sinϵ

gX = 0.01,0.1,1
mχ = 120 GeV mZ′ = 500 GeV

ζ = 0
sinϵ

σSI
χN

MadDM
σSI
χN

Figure  1 shows  the  dependence  on  for
 assuming  liquid  xenon  as  the  detection

material  with  and  fixed.
The  black  points  correspond  to ,  whereas  the  blue
points are given by adjusting ζ for each  to achieve a
cancellation in . The calculation is double-checked by
both the formula and  code [60, 61]. We easily ob-
serve  that  can be  decreased  by  two  orders  of  mag-
nitude  for  appropriate ζ.  Thus,  this  model  could  easily
survive in recent direct detection experiments [62−64]. 

B.    Relic abundance and numerical scan
χ̄

χχ̄

f f̄ W+W− hh
ss hs Z(′)Z(′) hZ(′) sZ(′)

Z′ ζ = 0

tε
σS I
χ N

The relic abundance of χ and  particles are basically
determined  by  their  annihilation  cross  sections  at  the
freeze-out epoch. To investigate the effect of nonzero ζ in
comparison to the case with only kinetic mixing, we com-
pute the total  annihilation cross section. The possible
two-body  annihilation  channels  involve , , ,

, , , , and . All these channels are me-
diated via s-channel Z and  bosons. In the case of ,
all  of  these  annihilation  processes  are  controlled  by  a
single  parameter , such  that  they  are  typically  sup-
pressed by the observation that  is  very small.  Here,
we  list  two  interaction  vertices  with  larger  contributions
to the annihilation, 

L ⊃ gZ′W+W−∂µZ′µW+W−+gZ′ZhhZµZ′µ, (37)

where 

gZ′W+W− =
ĉWsξe

ŝW
, (38)

 

gZ′Zh =− g̃0cηc̃+ξ s̃−ξ +g2
XvS

sηs2ξ

c2
ϵ

− ζgX
evcη(cξ c̃+ξ − sξ s̃−ξ )

ŝWĉWcϵ
+ ζ2g2

X
vcηs2ξ

c2
ϵ

, (39)

g̃0 = e2v/(2ŝ2
W ĉ2

W)with .  Note  the  presence  of  the  extra
parameter ζ, which can mitigate the tension between dir-
ect detection and relic abundance. This can be confirmed
by the relic density plotted with adjusted ζ in Fig. 2.

micrOmegas

ζ = 0

{gX , sϵ , sξ}
MZ′ = 500 GeV χχ Z′

mχ ∼ mZ′/2

The  calculation  of  the  DM  relic  abundance  in  our
model  resorts  to  numerical  procedures,  where

 [65, 66]  is  invoked,  and  Eq.  (36)  is  coded
into  this  framework  after  double-checks.  Attempts  to
globally  explore  all  the  allowed  parameter  regions  are
still restrained because the numerical scans fatigue, espe-
cially when there are excessive free parameters. To high-
light  the  effect  of  nonzero ζ,  the  results  in  Ref.  [26]  for

 can be taken as a typical reference. To this end, we
prepare  a  scan  over  the  model  parameters,  where  each
round  of  the  scan  starts  from  a  sampling  of  parameters

 running  from  small  to  large1).  We  fix
,  and  annihilation  will  meet  reson-

ance for .
Given  a  point  in  this  3D  space,  the  LEP  and  LHC

constraints mentioned above are calculated first (a failing

 

σSI
χN sinε mχ = 120

GeV mZ′ = 500 GeV gX = 0.01 0.1
1
sinε = 10−2 ±1 sinε = ±10−1

ζ = 0
σSI
χN

Fig.  1.    (color online)  dependence  on  for 
, ,  and  (triangles),  (squares),

and  (circles). The  zero  on  the  horizontal  coordinate  indic-
ates , whereas  indicates . The black
points correspond to . The blue points are derived by ad-
justing ζ to achieve a cancellation in .

Lianyou Shan, Zhao-Huan Yu Chin. Phys. C 48, 013104 (2024)

sξ ζ = 01)  starts from a value satisfying  in Eq. (A10).
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Ωh2

Ω0h2 = 0.1200±0.0012

parameter will be rejected hereafter), and then the effect-
ive DM-nucleon cross section is calculated and must sat-
isfy the LZ constraint [63]. Finally, a survival point is fed
to  the  estimation  of  the  relic  abundance  and com-
pared  with  the  observed  value 
[67].

mχ = (mh+mZ)/2 ≃ 115 GeV
mχ

mχ = 210 GeV
Ωh2 log(Ω/Ω0) ∼ 0.4 0.12

gX = 0.04 0.08 0.126 0.4

ζ = 0

The scan starts from , but
the relic abundance is not satisfied for such low . Up to

,  as  shown  in Fig.  2,  the  relic  abundance
 almost  (but  not  yet, )  reaches .

Nonetheless,  such  a  figure  demonstrates  that  for
, , , and , the obtained relic density

for  nonzero ζ (blue  points)  can  be  decreased  by  at  least
two orders of magnitude compared to the black points for

.

|Ωh2−0.12| ≤
mχ = 215 GeV

260 GeV

mχ ∼ 235 GeV
gX

10−1 10−3 Z′

2mchi ≃ mZ′

ζ = 0
mχ ∼ 230–250 GeV

215–260 GeV

The first  physical  solution,  which passes all  the con-
straints  mentioned  above  and  satisfies 
0.012, is found until , as shown in Table 2.
When  the  DM  candidate  become  heavier  than ,
which is the last row in this table, physical solutions dis-
appear  again.  In  between,  for  example, ,
there are too many solutions to be recorded with  run-
ning from  to . This may simply reflect the the 
resonance effect (that is, ) [68, 69] for freeze-
out  DM.  In  the  case  of ,  the  resonance  region  is
around ,  as  shown  in  Fig.  4  of  Ref.
[26]. The consequence of nonzero ζ is to extend the win-
dow to .

mχ ≃ 115
mZ′ = 2.05mχ

We  also  rescan  around  GeV  but  with
 and present a small sample of the solutions

mZ′ = 2.05mχ Z′

ζ = 0

in Table 3. The relation  ensures that the 
resonance  effect  is  always  important  at  the  freeze-out
epoch. In the  case, this solution is entirely rejected
by the direct  detection constraints,  as shown in Fig.  5(a)
of Ref. [26]. However, in this study, it is recovered with a
tuning of ζ.

micrOmegasWith ,  the γ-ray spectrum for  DM indir-
ect  detection  is  also  investigated  to  compare  it  with  the
upper  bounds  from  Fermi-LAT γ-ray  observations  [70].
No  excess  is  observed,  at  least  upon  the  parameters
passing the above procedures in Tables 2 and 3. 

IV.  CONCLUSIONS

U(1)X

U(1)X

U(1)X

U(1)X

U(1)X U(1)Y

U(1)X

Z′

ϵ

In this study, we introduce an extra  gauge sym-
metry,  which  is  responsible  for  the  interactions  of  Dirac
fermionic DM with a  charge. In particular, we as-
sume  that  the  SM  Higgs  doublet  also  carries  a 
charge ζ.  To  make  the  SM  Yukawa  interaction  terms
gauge-invariant and ensure the theory is free from gauge
anomalies,  the  SM  fermions  are  assigned Y-sequential

 charges proportional to ζ. The mixing between the
 and  gauge fields are induced by both kinetic

mixing  and  the  charge  of  the  SM  Higgs  doublet.
Thus, the DM interactions with SM particles mediated by
the Z boson and new  boson are  essentially  controlled
by the kinetic mixing parameter  and Higgs charge ζ.

mZ′ gX

sϵ

After the analytical calculation, we perform numeric-
al  scans  with  fixed  over  the  parameter  space  of ,

, and ζ. The new parameter ζ is found to invite destruct-
ive  interference  in  the  effective  DM-nucleon cross  sec-
tion and can affect the relic density by approximately two
orders  of  magnitude.  Although  the  magnitude  of ζ is
small owing to the constraints from LEP and LHC experi-
mental data, the cancellation between the interactions ori-

 

log(Ω/Ω0) ζ = 0
mχ = 210 GeV mZ′ = 500 GeV gX = 0.04 0.08

0.126 0.4
Ω = Ω0

sinε = 10−3 ±1
sinε = ±10−1

Fig.  2.    (color  online)  DM  relic  density  expressed  as
 for nonzero ζ (blue points) and  (black points)

with , , and  (circles), 
(squares),  (triangles),  and  (diamonds).  The  zero  on
the vertical coordinate indicates . The zero on the hori-
zontal  coordinate  indicates ,  whereas  indicates

.

 

Table 2.    Parameters corresponding to the correct relic dens-
ity  and  consistent  with  the  constraints.  Unshown  parameters
take values from Ref. [26].

mχ gX sε ζ

215 6.31×10−1 5.13×10−2 5.49×10−2

220 3.98×10−1 −6.03×10−2 −5.96×10−2

250 5.01×10−3 −1.03×10−3 2.70×10−1

260 2.512 −5.25×10−3 −1.42×10−3

 

mχ = (mh+

mZ )/2 ≃ 115 GeV mZ′ = 2.05mχ

Table 3.    Parameters corresponding to the correct relic dens-
ity  and  consistent  with  the  constraints  for 

 and .

gX sε ζ

1.0×10−1 −1.54×10−3 −4.33×10−4

1.0×10−2 −1.83×10−3 −1.03×10−1

2.51×10−3 −1.0×10−3 −4.15×10−1

Dark matter interactions from an extra U(1) gauge symmetry with kinetic mixing... Chin. Phys. C 48, 013104 (2024)
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U(1)Xginating  from  kinetic  mixing  and  Higgs  charge
does  take  place.  Therefore,  it  can  definitely  extend  the
physical windows in which the resonance effect for relic
density  are  important.  Nonetheless,  the  introduction  of ζ
itself  is  not sufficient to make generic parameter regions
work. 
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APPENDIX A: PARAMETER RELATIONS
m̂2

Z ≡ (ĝ2+ ĝ′2)v2/4 m̂2
Z′ ≡ g2

X(v2
S + ζ

2v2)
Z′

By  defining , ,
the  squared  masses  of  the Z and  bosons can  be  ex-
pressed as 

m2
Z = m̂2

Z[1+CZ(sϵ , ζ) ], m2
Z′ =

m̂2
Z′

[1+CZ′ (sϵ , ζ) ]c2
ϵ

, (A1)

where the small corrections are recast into 

CZ =ZŝWtξ,

Z = tϵ −2ζ
gX ĉW√
4παcϵ

,

CZ′ =CZ +
4ζ2tξ ŝ2

Wg2
X

ĝ′2[tξ −ZŝW]c2
ϵ

(A2)

CZ,Z′
ŝW tϵ tξ

ζ→ 0

CZ ŝW

We can easily crosscheck that  approaches  via
Eq. (20) of Ref. [26] in the limit .  From Eqs. (13),
(27), and Eq. (A2), the presence of ζ is observed to result
in  more  tangled  nested  functions  and  obstruct  a  direct
elimination of  or .  Below, an iterative approach is
adopted to solve these nested functions.

t2ξ

(CZ , ŝW) ≃ (0, sW)
First,  can be shaped as a Taylor expansion around

 : 

t(n+1)
2ξ =

2ZsW

1− r
− 2(1+ r)ZsW

(1− r)2 C(n)
Z + (ŝ(n)

W − sW)
∂t2ξ

∂ŝW

∣∣∣∣ŝW=sW

CZ=0

+Z·O
(
C2

Z , (ŝW− sW)2, (ŝW− sW)CZ
)
.

(A3)

(n+1) nth

CZ

mZ ŝW

sW

where  denotes an approximation after the  itera-
tion.  As  confirmed below,  the  contributions  from higher
orders  will  be  incorporated  by  balancing  the  expression
with increasing n. The expansion is based on the fact that

 is  constrained  to  be  small  because  the Z boson  mass
 is well-measured, as well  as because  is  known to

be close to . More expressions are required to keep the
iteration system close: 

C(n+1)
Z =ZsWt(n)

ξ + (ŝ(n)
W − sW)t(n)

ξ

∂(ZŝW)
∂ŝW

∣∣∣∣
ŝW=sW

+O
(
t2
ξ , (ŝW− sW)2), (A4)

 

C(n+1)
Z′ =C(n+1)

Z +
ζ2c̄2

ϵ s
2
Wc2

Wg2
Xt(n)
ξ

4πα[t(n)
ξ −ZsW]

+ ζ2 ·O
(
t2
ξ , (ŝW− sW)

)
.

(A5)

The leading iteration simply starts from 

t(1)
ξ =

ZsW

1− r
. (A6)

ŝ(1)
W = sW

This is also the leading expression in many previous stud-
ies. Together with , it can be utilized to obtain 

C(2)
Z =

Z2s2
W

1− r
, ŝW

2 (2) = s2
W+

Z2s3
Wc2

W

(1− r)(c2
W− s2

W)
. (A7)

t(3)
2ξ

When Eqs.  (A7)  and (A6)  are  inserted  back into  Eq.
(A3),  we can obtain  in Eq. (28).  This expression can
be increasingly expanded when the round of iterations is
further extended.  These  formulas  are  helpful  in  demon-
strating the effects of a nonzero ζ.

Z′

ŝW

Alternatively,  because  the  rotation  angle ξ appears
more  in  the  Lagrangian,  for  example,  in  the  interactions
among  SM  particles,  especially  in  the  fermion  sector,
whereas ζ only explicitly appears in the  interactions in
the  Higgs  sector,  it  is  convenient  to  choose ξ as  a  free
parameter and regard ζ as a derived parameter. Therefore,
Eqs. (13) and (A2) are helpful in eliminating ζ (and even

): 

CZ =
tξt2ξ(1− r)
2+ (1+ r)tξ

. (A8)

θ̂W
CZ

In such a choice, we require no more than the renormaliz-
ation of the Weinberg angle  via Eq. (27) with a small
correction from : 

ŝ2
W =s2

W+
1
2

[(c2
W− s2

W)±
»

(c2
W− s2

W)2−4s2
Wc2

WCZ]

=s2
W+

s2
Wc2

WCZ

(c2
W− s2

W)
− s4

Wc4
WC2

Z

(c2
W− s2

W)3 +O(C3
Z). (A9)

In the case where ζ is explicitly involved, it can be recal-
culated from 

ζ =

√
4παcϵ

2gX ĉW

ß
tϵ −

t2ξ(1− r)
ŝW[2+ (1+ r)tξ]

™
. (A10)
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ŝW ĉWTherein,  ( ) should be replaced with the above for-
mulation. It is possible that ζ may not be small when r be-
comes large.

CZ′It  is  also  straightforward  to  iterate  via  Eq.  (A5),
solve
 

v2
S =

m2
Z′c

2
ϵ

g2
X

ï
1+
Å

CZ′ −
ζ2g2

X

c2
ϵ

v2

m2
Z′

ãò
, (A11)

and propagate the basic parameters and corrections to the
Higgs sector via
 

λH =
(m2

s +m2
h)− c2η(m2

s −m2
h)

2v2
, (A12)

 

λS =
(m2

s +m2
h)+ c2η(m2

s −m2
h)

2v2
, (A13)

 

λHS =
t2η(λHv2−λS v2

S )
2vvS

. (A14)

gX mZ′ sϵ ms sη
GF mZ

Using  the  above  relations,  all  the  parameters  in  the
model  are  calculable  with , , , ζ, ,  and , to-
gether with the well-measured parameters , , and α.
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