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Abstract: We investigate fermionic dark matter interactions with standard model particles from an additional

U(1)x gauge symmetry, assuming kinetic mixing between the U(1)x and U(1)y gauge fields as well as a nonzero
U(1)x charge of the Higgs doublet. To ensure gauge-invariant Yukawa interactions and the cancellation of gauge
anomalies, standard model fermions are assigned Y-sequential U(1)y 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

The standard model (SM) with SUQ3)c xSU(2).x
U(l)y 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.

A simple strategy is to assume that the DM particle
carries a U(l)y charge associated with an additional
U(l)x 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 U(1)x charge [6—30]. Thus, the kinet-
ic mixing between the U(1)x and U(1)y 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.
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 U(1)x
charge [36], which is very small to keep the new Z’
gauge boson weakly coupled to the SM sector. Because
of the kinetic mixing term and Higgs U(1)x charge, the
U(1)x and U(1)y 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 U(1)x. To cancel chiral gauge anomalies,

Received 5 September 2023; Accepted 20 November 2023; Published online 21 November 2023

* Supported by the National Natural Science Foundation of China (12135014)

t E-mail: shanly@ihep.ac.cn
* E-mail: yuzhaohS@mail.sysu.edu.cn

Content from this work may be used under the terms of the Creative Commons Attribution 3.0 licence. Any further distribution of this work must main-

tain attribution to the author(s) and the title of the work, journal citation and DOI. Article funded by SCOAP? and published under licence by Chinese Physical Society
and the Institute of High Energy Physics of the Chinese Academy of Sciences and the Institute of Modern Physics of the Chinese Academy of Sciences and IOP Pub-

lishing Ltd

013104-1


http://orcid.org/0000-0001-5891-9202

Lianyou Shan, Zhao-Huan Yu

Chin. Phys. C 48, 013104 (2024)

we assume that the fermions carry Y-sequential U(1)x
charges [36—40], which are also very small because they
must be proportional to the Higgs U(1)yx charge. Such a
case is different from those conventionally proposed [12,
39, 41-45] because the latter usually have O(1) 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 U(1)x gauge couplings to SM particles are con-
siderably weaker than those to DM. Now, there is one
more free parameter, that is, the Higgs U(1)x charge, that
affects the Z' couplings to SM particles. It is necessary to
investigate its impact on DM phenomenology.

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 U(l)y gauge coupling and DM particle
mass.

This paper is organized as follows. In Sec. II, we in-
troduce U(1)x gauge theory, where the Higgs doublet car-
ries a U(1)y charge, and discuss the induced interactions
of SM fermions. In Sec. III, we study Dirac fermionic
DM charged under U(1)x 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. V.

II. U(1)y GAUGE THEORY

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

A. U(1)x gauge theory with a U(1)y-charged SM Higgs
doublet
We denote the U(1)y and U(l)x gauge fields as B

and Z,Z, respectively. Their gauge-invariant kinetic terms
in the Lagrangian read as

1"1/" 1"/\/"/ SinE"v"/
L= BBy =377, 8", 1)
where the field strengths are B,,=d,B8,-9,B, and

wa =0,7, —52[,. The sine term is a kinetic mixing term,

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

We assume that the U(1)x gauge symmetry is spon-
taneously broken [49—51] by a Higgs field § with U(1)x
charge x5 = 1". Now, the Higgs sector involves S and
the SM Higgs doublet A. The corresponding Lagrangian
with respect to the SU2),xU(1)yxU(1)x gauge sym-
metry is [21]

Ly =(D'H)' (D, H) +(D"S)'(D,S) + 12| HP + 1515

1 N 1. . PR
_E/lH|H|4_5/15|S|4_/1HS|H|2|S|2~ 2)

The covariant derivatives are given by

D,H = (8, —iYy B, —i{gxZ, —igWiT")H, 3)
D,uSA = (ay - ngZ,:)SA, (4)

where Wy (a=1,2,3) denote the SUQ2). gauge fields,
T¢=0“/2 are the SU(2), generators. &, &, and gx are the
SU@2)., U(l)y, and U(1)yx gauge couplings, respectively.
The hypercharge Y, =1/2 for H is the same as in the
SM.

The presence of the { term is notable here. They gen-
erally reflect the U(1)x charge of the SM Higgs doublet
H and the U(l)y charge of the exotic Higgs field S.
Some studies have considered that this { charge can be
absorbed into gy 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 ~ O(1), the
magnitude of ¢ in this study is expected to be very small,
such that Z° would have a weak connection to SM
particles. Nonetheless, compared to the size of the kinet-
ic mixing parameter sine, the value of {gx is not neces-
sarily smaller. In fact, it is introduced to balance the ef-
fect from the former.

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

L ()
- \/E v+H)]’

S—i(v +5) (6)
=505+

1) The Stueckelberg mechanism [52, 53] is another way to generate the U(1)x gauge boson mass.
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Vacuum stability requires the following conditions:

Ay >0, Ag > 0, Ays > — V/l]-[/ls . (7)

There is a transformation from the gauge basis (H,S) to
the mass basis (4, s),

H - h 22
= [ T , tan2np= 721” s , (8
N Sp Gy s Apv? = Agvs

with the mixing angle n € [-/4,7/4]. The physical eigen-
state 4 is the 125 GeV SM-like Higgs boson, whose prop-
erties are identical to those of the SM Higgs boson if Ays
and ¢ vanish. The exotic Higgs boson s can be assumed to
be heavy and have no effect on TeV phenomena.

The mass-squared matrix for the gauge fields
(B, Wﬁ,Z;‘) generated by the Higgs VEVs reads as

LfE Y ey
My =7 | -ggv v —208gn” |
28'gxv? —2Bex ALV +1%)

)

which can be regarded as a generalization of the
simplest Higgs structure realized in Ref. [41]. Note that
M3, is present only for ¢ # 0. The transformation from
the gauge basis (IAS’”,WS,ZAI’I) to the mass basis (A,,Z,,Z))
can be expressed as [12]

B, A,
w3 | =V(EORGWRIE) | Z, |, (10)
Z, Z,
with
1 ~le Cw  —Sw
V(e) = 1 e RiBw)= | Sw ow ,
0 — 1
Ce
1
Ri(§) = e =S¢ |
Se G

(11)

to make the kinetic terms canonical and the mass-squared
matrix diagonalized”. V(e) is a three-dimensional exten-
sion to a GL(2,R) transformation among (B,,Z)) [41],
which makes the kinetic Lagrangian (1) canonical. The
kinetic mixing parameter € should satisfy e€(-1,1) to
ensure correct signs for the canonical kinetic terms. Note
that the A, and Z, fields correspond to the photon and Z
boson, respectively, and the Z; field leads to a new neut-
ral massive vector boson Z’. These rotations introduce a
massless photon and the convenience to maintain the
weak mixing angle 9y, in its SM form,

. _ & A~ o__ &

Sw=—, w=—n—.
52 1 572 321 572
V& +E8 g+g

Furthermore, the vanishing of the Z-Z' mass term
M2, determines the rotation angle ¢ to be”

(12)

2Z5w
he=tan2é = — W 13
=N = T G, (13)
with
2 2,
Z=y - 28 r=z (14)
g’ce mZ

Here, my and m; are the physical masses of the vector
bosons Z' and Z, respectively, and C7 is a small correc-
tion originating from nonvanishing € and {. The details
are given in the appendix. It is notable that because of the
existence of ¢, such mixing represented by the angle ¢
does not vanish in the limit € — 0.

B. SM fermions under U(1)y

Because the Higgs doublet A carries a U(l)x charge
¢, the SM fermions should also have appropriate U(1)x
charges to keep the SM Yukawa couplings respecting the
U(1)x gauge symmetry. Thus, the covariant derivatives of
the SM quark fields in the gauge basis can be expressed
as

Dyuly = [0, —i(Y.&' B, + x3 gxZ})luly. (16)

1) Through this text, s, ¢, and ¢ denote the sine, cosine, and tangent functions, with the subscript denoting the argument. In particular, we define Sw = sin fw and

Cw = cos By -

2 V2425l -2

[@2+82)WV2 2 +4gy (2 +0v2)+4L segx @' VE-s28'2v? ] ce

2) It is easy to find this 15z =

is identical to Eq. (19) in Ref. [26] for { = 0. This equation has an uninterested solution

of th¢ = 0 at { = g’s¢/(2gx), which will be ignored hereafter since it will lead to the vanishing of the Z” couplings to SM fermions.
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D,dj =10, —i(Ysg' B, + x5 gxZ))d}. (17)

where i = 1,2,3 is the generation index x, x;, and x} are
the U(1)y charges of the left-handed quark doublet, right-
handed up-type quark singlet, and left-handed down-type
quark singlet, respectively, and Y, ,, is the U(1)y hyper-
charges as in the SM.

With a necessary condition

{=x;—x5 = x5 — Xy (18)

the SM Yukawa interactions of quarks and the Higgs
doublet respect the U(l)x gauge symmetry. For SM
leptons, a similar argument leads to ¢ = x- — x}. However,
to cancel the chiral anomalies, all these U(1)y charges are
further bounded. In this study, we make a simple choice
to assume that the U(1)yx charges of SM fermions are pro-
portional to their U(1)y 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

1
Loc = %(W;J;V’” +H.c.), (19)

where the charge current is Jy" = 8@ y"Vidjn + vy Cu),
and V;; is the Cabibbo-Kobayashi-Maskawa matrix.
The neutral current interactions are given by

Lne = fonAu+ 12+ f2 2, (20)

Here, jim=>,Qsefy"f is the electromagnetic current

with e =88/ \/8>+ 27, and Oy is the electric charge of a
fermion f'in the mass basis. The Z neutral current is

~+
ecf

#=

> T -20;52 = Tysf
f

28wlw

+ 2N (e by
;

2¢,

gxs, - Se
+5 o D CF =Dy + i @D)
€ f €

with T} corresponding to the third component of the

Table 1.
gauge basis.

Y-sequential U(1)x charges for SM fermions in the

. ’ I’ ’ 1’ ’ J 4
Fermions uy ,dy Uip dix LV U

-2/3 < -2

U(1)x charges xlf“’R Z/3 42/3

weak isospin of f'and

C7 = e £ Swiese, 52 = 5%+ m (22)
The Z’ neutral current is
Jo = D0 S+ (23)
7 e
with
Y=o egg(?&;?f S Qyetwiec; + gxcf(zxfj ﬁ)’ @9

It is remarkable that at the limit € — 0, the correc-
tions to the interactions between the SM fermions and the
Z boson are proportional to ¢, as with their couplings to
Z'. Recall that 7; (and hence 57 and &) implicitly de-
pends on (; therefore, Egs. (21) and (23) explicitly
demonstrate that { cannot be absorbed into a redefinition
of 8x.

C. Parameterization and constraints

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
e = V4na can be determined using the MS fine-structure
constant a(mz) = 1/127.955 at the Z pole [54]. The mass
of the W boson receives a contribution only from the
Higgs doublet VEV v in the form my = gv/2, leading to
an expression of v from the Fermi constant Gg=
& /@4 N2mj) = (V)

The electroweak gauge couplings ¢ and &’ are related
to e through g=e/Sw and § =e/Cw, respectively;
however, the Weinberg angle fy is corrected by new
physics. In U(1)x gauge theory, a relation at tree level is
easily obtained,

2= 26
wWEW \/szm% ( )

Comparing it to its SM counterpart s3,c% = ma/( V2Gpm3)
and utilizing Eq. (40) in the appendix, we have
53,05

1+ CZ ’

@7

2 2 _
Swlw =
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where C; is defined in Eq. (A2). Therefore, the hatted
weak mixing angle §y can be expressed as a correction
added to its SM counterpart, whereas the latter are de-
termined by the best-measured parameters o, Gg, and my
[54, 55].

The rotation angle ¢ can be represented as a function
of fundamental parameters such as gy, mz, €, and {. With
the procedure described in the appendix, we can find an
approximate solution as

. _2Zsw  20+nZsy ZPsyc,
TIer o a-n0 T @-soa-n’
x(z+: xSy ) (28)
T \ma cwcee

From this equation, we can inversely solve { as a func-
tion of #;. Thus, #, can be regarded as a free parameter,
and { 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’ mgz, té’ tfa mg, S?]}' (29)

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

These free parameters are constrained by the meas-
urements of the Zff vector and axial-vector couplings,
where the LEP-II precise measurements is most import-
ant. The quantities Tz, A%, A% and A%2? are recalcu-
lated in our model and confirmed within the experiment-
al limits from Tab. 10.5 in Ref. [54]. The measurements at
the Z pole further require that the correction to the Wein-
berg angle s3, is sufficiently small, rendering the coup-
lings of gauge bosons close to their SM values.
Moreover, searches for the Z' boson at the LHC [56, 57]
have placed constraints on the Z’ff couplings. The mix-
ing angle # between the two Higgs bosons is set suffi-
ciently small (<0.1); hence, no deviation is expected in
the Higgs phenomena.

ITII. DIRAC FERMIONIC DARK MATTER

We are interested in the connection between the Z’
boson and DM phenomenology. In this section, we dis-
cuss the case in which the DM particle is a Dirac fermion
x with a U(1)x charge ¢q, [8, 10, 21, 23]. The Lagrangian
for y reads as

L, =ixy*Dyxy —myx, (30)

where D,x = (8, —iq,8xZ))x, and m, is the y mass. Thus,
the DM neutral current appearing in Egs. (21) and (23) is

JoM = G 8xXY'X- (31

Thus, the Z and Z’ bosons mediate the interaction
between DM and SM fermions. The number densities of
x and its antiparticle y yielded via the freeze-out mechan-
ism should be equal. Both y 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. ¢, =1 is adopted in the following
calculation.

A. Direct detection

Only the vector current interactions between y 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 y and SM quarks ¢ can be described by

L= Gl XY'XqVua- (32)
q
with
GV _i8x (S.sgé . ng%) (33)
xa ce \mi  mi /)’

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

ecf(l + §Ws€t§)

g% = (Ts —ZQqsi), g%’ =Vq (34)

28wlw
The effective Lagrangian for DM-nucleon interac-
tions induced by DM-quark interactions is

L= Gy yNyN, (35)

N=p.n

where GY,=2G),+G}, and G}, =G}, +2G), 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-

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

o Sl lZ+(A-2)GY,/GY,T

oo =0
N Xp 2 A2 >
Do nilu)(A,'Ai

(36)

where o, is the DM-proton scattering cross section, and
Hya; = mymy, [(m, +my,) is the reduced mass of y and an
isotope nucleus with mass number A; and fractional num-
ber abundance 7;. We use this expression to compare the
model prediction to the experimental results expressed by
the normalized-to-nucleon cross section.

Such a setup typically leads to isospin violation in
DM-nucleon scatterings. The case of (=0 gives
G)‘(’n =0+ G)‘(’p [26]. However, in the case of a nonzero (,
we find that G}, =0 no longer holds. Interestingly, the
presence of { is able to introduce a relative minus sign
between the neutron coupling Gy, and proton coupling
Gy,. Eventually, a nonzero { may lead to destructive in-
terference in the total cross section, which may help the
model pass the stringent direct detection constraints.

Figure 1 shows the o%) dependence on sine for
gx=0.01,0.1,1 assuming liquid xenon as the detection
material with m, =120 GeV and mz =500 GeV fixed.
The black points correspond to ¢ =0, whereas the blue
points are given by adjusting ¢ for each sine to achieve a
cancellation in o). The calculation is double-checked by
both the formula and MadDM code [60, 61]. We easily ob-
serve that o) can be decreased by two orders of mag-
nitude for appropriate {. Thus, this model could easily
survive in recent direct detection experiments [62—64].

B. Relic abundance and numerical scan

The relic abundance of y and y particles are basically
determined by their annihilation cross sections at the
freeze-out epoch. To investigate the effect of nonzero { in
comparison to the case with only kinetic mixing, we com-
pute the total yj annihilation cross section. The possible
two-body annihilation channels involve ff, W*W~, hh,
ss, hs, ZOZV, hZ", and sZ”. All these channels are me-
diated via s-channel Z and Z’ bosons. In the case of £ =0,
all of these annihilation processes are controlled by a
single parameter f., 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,

LD grwiw-0,Z"W W™ + gz 7hZ, 72, (37)

where

1) s¢ starts from a value satisfying { = 0 in Eq. (A10).

o
% 0 1 2
= eg,: ©10° =10 2107 | )
@B
© @ o, o
C o o
e, e
— ®
[ Dy, 0@96) o
— om ° op L a®
Oo T, o™ mgg@ljj )
10747 — “ o o
Lo
? o Wz, wurﬁ o ® a
a
L8 n, @o o 0 gt @@@Zz ® “ o
L C N . @9(92 @gﬁl‘l
~ Om S0, 7 %o [l Ouﬁl@
oo 2, > ~ @
L g, ™ @ . h®
- a . 0 @@gﬁﬂ .
L iy ™
. o g g
1o A%% Dm\j@@ A&m
C - L
o o m& 2
- A, o d&ﬂg@
YN
1 L 1 L ‘ L 1 L 1 ‘ L L 1 L ‘ L L L L ‘ L L L L ‘ L L L L
-1 -0.5 o] 0.5 1
Sgn(e) log(sine x 10?%)
Fig. 1. (color online) o-i}\, dependence on sine for m, =120

GeV, myz =500GeV, and gx =0.01 (triangles), 0.1 (squares),
and 1 (circles). The zero on the horizontal coordinate indic-
ates sine = 1072, whereas =1 indicates sine = 107!, The black
points correspond to ¢ =0. The blue points are derived by ad-

o . . g
Justing {'to achieve a cancellation in o)y .

6wsge
8zww- = > (38)
Sw
SpS
~ st 2 n°28
8z'zh = —gocchsg +8xVs 2
€
eve(CeCi —5e35) 5 5 Ve Sy
—68x ~ A + gX 2 (39)
SwCwCe Ce

with g, = e*/(253,¢5,). Note the presence of the extra
parameter ¢, which can mitigate the tension between dir-
ect detection and relic abundance. This can be confirmed
by the relic density plotted with adjusted {'in Fig. 2.

The calculation of the DM relic abundance in our
model resorts to numerical procedures, where
micrOmegas [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 ¢, the results in Ref. [26] for
¢ =0 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
{gx,5c, 5S¢} running from small to large”. We fix
My =500 GeV, and yy annihilation will meet Z' reson-
ance for m, ~ mgz /2.

Given a point in this 3D space, the LEP and LHC
constraints mentioned above are calculated first (a failing
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Sgn(g) log(sine x 103)
Fig. 2. (color online) DM relic density expressed as

log(Q/Qyp) for nonzero ¢ (blue points) and ¢ =0 (black points)
with my =210 GeV, mz =500 GeV, and gx = 0.04 (circles), 0.08
(squares), 0.126 (triangles), and 0.4 (diamonds). The zero on
the vertical coordinate indicates Q = Qy. The zero on the hori-
zontal coordinate indicates sine = 1073, whereas +1 indicates

sine =107,

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 Qh* and com-
pared with the observed value Quh*=0.1200+0.0012
[67].

The scan starts from m, = (m;, + mz)/2 ~ 115 GeV, but
the relic abundance is not satisfied for such low m, . Up to
m, =210 GeV, as shown in Fig. 2, the relic abundance
Qnr* almost (but not yet, log(Q/€Q) ~0.4) reaches 0.12.
Nonetheless, such a figure demonstrates that for
gx =0.04, 0.08, 0.126, and 0.4, the obtained relic density
for nonzero ¢ (blue points) can be decreased by at least
two orders of magnitude compared to the black points for
£=0.

The first physical solution, which passes all the con-
straints mentioned above and satisfies |Qh*—0.12|<
0.012, is found until m, =215 GeV, as shown in Table 2.
When the DM candidate become heavier than 260 GeV,
which is the last row in this table, physical solutions dis-
appear again. In between, for example, m, ~235GeV,
there are too many solutions to be recorded with gy run-
ning from 10" to 107, This may simply reflect the the Z’
resonance effect (that is, 2m.hi ~ mz ) [68, 69] for freeze-
out DM. In the case of ¢ =0, the resonance region is
around m, ~230-250 GeV, as shown in Fig. 4 of Ref.
[26]. The consequence of nonzero { is to extend the win-
dow to 215-260 GeV.

We also rescan around m, =115 GeV but with
mz =2.05m, and present a small sample of the solutions

Table 2.
ity and consistent with the constraints. Unshown parameters
take values from Ref. [26].

Parameters corresponding to the correct relic dens-

my 8x S ¢

215 6.31x 107! 5.13%x1072 5.49% 1072

220 3.98x 107! —-6.03x1072 —5.96x1072

250 5.01x 1073 -1.03x1073 2.70x 107!

260 2.512 -5.25%x1073 -1.42x1073
Table 3. Parameters corresponding to the correct relic dens-

ity and consistent with the constraints for m, = (m,+
mz)/2 =115 GeV and mz =2.05m,.

8x Se C
1.0x 107! -1.54%x1073 —433%x10™*
1.0x1072 -1.83x1073 -1.03x 107!
2.51%x1073 -1.0x1073 —4.15% 107!

in Table 3. The relation mz =2.05m, ensures that the Z’
resonance effect is always important at the freeze-out
epoch. In the ¢ =0 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 {.

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

IV. CONCLUSIONS

In this study, we introduce an extra U(1)y gauge sym-
metry, which is responsible for the interactions of Dirac
fermionic DM with a U(1)x charge. In particular, we as-
sume that the SM Higgs doublet also carries a U(1)y
charge {. 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
U(1)x charges proportional to {. The mixing between the
U(1)x and U(1)y gauge fields are induced by both kinetic
mixing and the U(1)x charge of the SM Higgs doublet.
Thus, the DM interactions with SM particles mediated by
the Z boson and new Z’ boson are essentially controlled
by the kinetic mixing parameter € and Higgs charge .

After the analytical calculation, we perform numeric-
al scans with fixed mz over the parameter space of gx,
se, and ¢. The new parameter ¢ 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 { is
small owing to the constraints from LEP and LHC experi-
mental data, the cancellation between the interactions ori-
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ginating from kinetic mixing and Higgs U(1l)yx 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
itself is not sufficient to make generic parameter regions
work.
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APPENDIX A: PARAMETER RELATIONS
By defining Mz =@ +8°0WV /4, iy =gy + V),
the squared masses of the Z and Z’ bosons can be ex-
pressed as

2,

=Ay[1+Cz(s0,0) 1, my, = 0+ Cr(suD 1 (AD)
where the small corrections are recast into
Cz = Zdwl,
Z=1.-2 8xCw ’
drac,
Cp = v —21SNS (A2)

87t — Z8wlc?

We can easily crosscheck that C;z approaches SWwles via
Eq. (20) of Ref. [26] in the limit £ — 0. From Egs. (13),
(27), and Eq. (A2), the presence of { is observed to result
in more tangled nested functions and obstruct a direct
elimination of C, or Sw. Below, an iterative approach is
adopted to solve these nested functions.

First, 1, can be shaped as a Taylor expansion around
(Cz,8w) = (0, sw) :

2Zsw  2(1+rZsw ot Sw=sw
(n+1) (n) A(n) 26

t — C + — _ =

2% 1-r a r)2 z Sw — Sw) 9% -

+Z-0(C%, (Bw—sw)s Gw—sw)Cz).
(A3)

where (n+ 1) denotes an approximation after the n™ 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
C; is constrained to be small because the Z boson mass
my is well-measured, as well as because Sw is known to
be close to sw. More expressions are required to keep the
iteration system close:

)B(ZSW)
93w Sw=sw

O(1, (w —sw)*), (A4)

ngl) -ZS ('l) + (A(”) ) (”

2= (n)
{tc sw‘ngtfn

coh =y + +7-0(8, Gw—sw)).
V4 47rcy[t§ _st] { (g ( W W))
(A5)
The leading iteration simply starts from
) _ Zsw
)= ——. A6
e =12, (A6)

This is also the leading expression in many previous stud-

ies. Together with S§N> = sw, it can be utilized to obtain

Z%s%,

1-r’

2
Z2s3,c%

2@ = 2 )
(l—r)(cW sw)

cy = = 5%+ (A7)

When Egs. (A7) and (A6) are inserted back into Eq.
(A3), we can obtain t(3) 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 {.

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

Sw):

l‘(gl‘z(f(l - r)

C, = )
272440,

(A8)

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

1 2
2 2 2 2
Sy =sw + E[(Cw —sy)* \/(c%v —53,) —4s}c3Crl
2 2 2
_2 swcwCz schC

(3 -5) (3 -3

+0(C). (A9)

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

Védrac, { be(1—r) }
T 2gyéw fe= Swiz+ (1 +nel ) (A10)
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Therein, Sw (éw) should be replaced with the above for-
mulation. It is possible that { may not be small when r be-
comes large.

It is also straightforward to iterate C» via Eq. (AS),
solve

2 _ Mmpce gy v
Vg = Q5 1+ CZ' — > 3 5
8x Ce mz

(Al1)

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

_ (m? +m3) = cop(m? —m3)

A s Al2
’ = (A12)
2 = (mf+mfl)+cz,7(m§—mf,)’ (A13)
212
by (AgV? — Ag V2
Ays = w (A14)

2vvg

Using the above relations, all the parameters in the
model are calculable with gx, mz, s., {, m, and s,, to-
gether with the well-measured parameters Gg, mz, and o.
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