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We revisit a theory that proposes a dark charge, D, as a dequantization of the electric charge, Q.
We find that the general arguments of anomaly cancellation and fermion mass generation yield both D
and Q, nontrivially unified with the weak isospin 7; (i =1,2,3) in a novel gauge symmetry,
SUB3) ®SU(2), ® U(1)y ® U(1)y, where Y and N determine Q and D through the T3 operator,
ie., Q =T3+ Yand D = T5 + N, respectively. A new observation is that fundamental particles possess a
dynamical dark charge, which governs both neutrino mass and dark matter, where the neutrino mass is
determined via a canonical seesaw, while the dark matter stability is ensured by electric and color charge
conservations. We examine the mass spectra of fermions, scalars, and gauge bosons, as well as their
interactions, taking into account the kinetic mixing effect of U(1), y gauge fields. The new physics

phenomena at colliders are examined. The dark matter relic density and detection are discussed.
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I. INTRODUCTION

Neutrino mass [1,2] and dark matter [3-5] are the two
important questions in science that cannot be explained
within the framework of the standard model. Indeed, the
experimental detection of neutrino oscillations has indicated
that neutrinos are massive and that flavor lepton numbers are
not preserved. In the standard model, neutrinos are massless,
and flavor lepton numbers are conserved, by contrast. The
neutrino oscillations are clear evidence that the standard
model must be extended. Which mechanism produces small
neutrino masses and flavor mixing? Further, the standard
model content does not contain any candidate for dark
matter, which makes up most of the mass of galaxies and
galaxy clusters. How is dark matter emerged and stabilized
over the cosmological timescales? This work looks for a
comprehensive theory which addresses such questions.

Various theories have been proposed in order to solve
both neutrino mass and dark matter, basically given in
terms of a seesaw [6—14] or/and radiative [15—-19] mecha-
nism with the implement of an extra symmetry. Generally, a
violation of lepton number [20] would induce appropriate
Majorana neutrino masses via the mechanism, whereas the
extra symmetry, sometimes interpreted as a residual lepton-
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number symmetry [21], is necessary to make a dark matter
candidate stable. Obviously, the lepton symmetry is anoma-
lous, preventing the model’s prediction at high energy,
while otherwise the extra symmetry, such as a Z, or matter
parity in supersymmetry [22], is ad hoc included, since it is
not automatically conserved by the theory. Recent attempts
in Refs. [23-40] make use of an anomaly-free Abelian
gauge symmetry, namely, B — L [41-43], L; — L; [44-46],
or a variant of the weak hypercharge [47,48]. As a result,
the model is well defined at high energy, and the gauge
symmetry breaking leads to appropriate neutrino masses.
However, the inclusion of dark matter and achieving its
stability are still arbitrary. It is therefore desirable to find an
underlying principle that determines both neutrino mass
generation and dark matter physics.

The electric charge (Q) of fundamental particles in the
nature always comes in discrete amounts, given as integer
multiples of a unit, called charge quantization. However,
our traditional theories, such as the electrodynamics and the
standard model, do not predict this quantization of electric
charge. The former theory may imply the charge quantiza-
tion, if there exists a magnetic monopole as proposed
by Dirac long ago [49], but the monopole has not been
discovered yet. The latter theory may address the charge
quantization if anomaly-free hidden symmetries such as
L;—L; and B — L are all explicitly violated, since other-
wise they make the hypercharge (Y), thus the electric
charge, free, in such a way that ¥ — Y + x;;(L; — L;) +
y(B — L) is always allowed, called a dequantization effect
[50,51]. This work does not solve the question of the charge
quantization. By contrast, we argue that the dequantization
effect of the electric charge of the standard model might
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come from the presence of a dark charge, called D, which
interestingly relates to the neutrino mass and dark matter.
The form of the dark charge can be extracted directly as a
dequantization of the electric charge, characterized by a §
parameter, to be achieved in this work. In contrast to the
mentioned Abelian gauge charges, the dark charge neither
commutes nor closes algebraically with the SU(2), weak
isospin, T; (i = 1, 2, 3), similarly to the electric charge. Let
us note that in Refs. [52,53] such solutions of the dark
charge were applied for further investigations, without
derivation and interpretation.

In deriving the dark charge, the theoretical argument is
that the generic hypercharge must be constrained by gauge
anomaly cancellation for the model’s consistency and gauge-
invariant Yukawa Lagrangian for fermion mass generation.
As mentioned, the charge quantization in the standard model
disappears due to the presence of any anomaly-free hidden
symmetry, suchas L; — L;, fori, j = e, u,7,0r B — L, if one
includes three right-handed neutrinos, vg’s. We will inves-
tigate the latter by imposing vg’s with Y (vg) = 8. Solving
the conditions of anomaly cancellation and the constraints
from Yukawa interactions, we derive a dark charge, D,
besides the electric charge, to be a natural consequence of the
charge dequantization. The condition of algebraic closure
between D and 7'; demands a novel extension of the standard
model gauge symmetry to SU(3), ® SU(2), @ U(1)y, ®
U(1)y, where N determines the dark charge, D = T3 + N,
in the same manner in which the hypercharge does so for the
electric charge, Q = T3 + Y. There is an infinite number of
solutions of dark charge symmetries according to distinct
values of 8, in which the electric charge is a special case for
0 = 0. Correspondingly, the gauge completion leads to a
model with an infinite number of extra U(1), factors.
Above, we consider the minimal solution for dark charge,
where a unique value for 6 # 0 defines a nontrivial dark
charge, while 6 = 0 sets the electric charge. In this case, the
dark charge D, thus N, is still arbitrary, but we examine the
one according to 6 = 1, primarily assumed in Ref. [52].

Conversely, unlike the electric charge, the dark charge
anomaly cancellation requires the presence of three right-
handed neutrinos, since the usual left-handed neutrinos have
anonzero dark charge. Then, the dark charge breaking yields
realistic neutrino masses through a canonical seesaw.
Additionally, because of the noncommutative nature, the
dark charge is broken down to a residual discrete symmetry
that divides the standard model fields into several classes,
determined by the corresponding values of residual trans-
formations. A new observation of this work is that, although
dark fields transform similarly to the usual fields under the
residual symmetry, the lightest dark field is stabilized
because of the electric and color charge conservations.
This is because the lightest dark field is electrically and
color neutral, opposite to the charged leptons and quarks.
This supplies a dark matter candidate. This feature was also
investigated in Ref. [53] when we considered the scenarios

of multicomponent dark matter. Since the dark fields interact
with the normal fields via U (1) y, the dark dynamics also sets
the dark matter observables, besides preventing the dark
matter from decay and the role for neutrino mass generation.
We will examine the phenomenology of the model in detail.
The crucial roles of the dark charge over the electric charge
responsible for the new physics are discussed. The new
physics effects will be probed through the electroweak
precision test, particle colliders, and dark matter detections.

The rest of this work is organized as follows. In Sec. II,
we reexamine the question of charge quantization when
including v,p, interpreting the dark charge and necessary
features of the new model. In Secs. III, IV, and V, we
investigate the mass spectra of the fermion, scalar, and
gauge boson, respectively. In Sec. VI, we compute neces-
sary interactions of the model. The new physics phenomena
and constraints are presented in Secs. VII, VIII, and IX
corresponding to the electroweak precision test, particle
colliders, and dark matter searches, respectively. We con-
clude this work in Sec. X.

II. GENERAL CONSIDERATION
OF THE DARK CHARGE

A partial solution of the dark charge was implemented in
Ref. [52]. In this section, we derive a generic solution in
which the dark charge manifestly arises as a dequantization
of the electric charge based upon the general grounds. With
this result, we achieve the scheme of single-component
dark matter, whereas further implication of the dark charge
for multicomponent dark matter is interpreted in Ref. [53].

The electroweak theory is based upon the gauge sym-
metry, SU(2); ® U(1),. Since the electric charge is
additive and conserved, it must be embedded in neutral
electroweak charges, such as Q = aT3 + Y. The coeffi-
cient # can be normalized to 1 because of a scaling
symmetry, gy — figy and Y — Y/f, where gy is the
U(1)y coupling, which leaves the theory invariant. The
coefficient @ has a dimension of electric charge; and, the
the W boson has a value of electric charge, +a. Since the
normalization of Q has not been determined, we use
freedom in assigning the scale of electric charge by fixing
the W charge to be unit, i.e., @ = 1. Thus, the electric
charge in the standard model always takes the form

Q=Ty+7Y. (1)

The electric charge is not quantized, because of the form
Q =T+ Y. Although T5 is discrete due to the non-
Abelian nature of the SU(2), algebra, the Abelian U(1),
algebra is trivial, [Y, Y] = 0, which makes Y arbitrary, in
agreement with Refs. [54—58]. Notice that Y is often chosen
to describe the observed charges, while it does not explain
them. Further, Y can be constrained by Yukawa Lagrangian
and anomaly cancellation, but the standard model might
still contain an anomaly-free hidden symmetry, such as
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Li—Lj, fori,j=e,p, 7, or B—L, if one includes three
right-handed neutrino singlets vp’s, which subsequently
shifts the hypercharge to a generic form, ¥ — Y +
x;j(L; = L;) + y(B — L), as mentioned. In the following,
we consider the latter with v’s and interpret the physics
insight.

Generally, the fermions transform under the electroweak
group as

VaL
zaLz( ‘ )~<2,Y,,,>, var~(LY, ). eon~(LY, ).

(2)

UgL
%f( )~@m»uwwmw,%w@m»
daL
(3)

where we label a =1, 2, 3 to be a generation index. The
values in parentheses denote quantum numbers based
on (SU(2),,U(1)y) symmetries, respectively. The right-
handed neutrinos v, are introduced, besides the standard
model fields, as mentioned.

The electroweak symmetry breaking and particle mass
generation are derived by the Higgs doublet,

b= (Z) ~(2.Y,), 4)

2

with a nonzero vacuum expectation value (vev), i.e.,
(¢) # 0. The conservation of electric charge demands that
Q must annihilate the weak vacuum, i.e., Q{¢) = 0, which
leads to Y, = £1/2. The electric charge of ¢ is either
¢ = (¢, ¢9)7" according to Y, =1/2 or ¢ = (¢, ¢5)"
according to Y, = —1/2. Since these solutions yield
equivalently physical results, we take ¢ = (¢}, $3)" ~
(2,1/2) with Y, = 1/2 into account.
Further, at classical level, the Yukawa Lagrangian,

L2l depr + hoylay brpg + G ddpr
+ thE]aLf;bubR +H.c., (5)
must be imposed in order for fermion mass generation and
necessary flavor mixings, where we denote ¢ = ic,¢*. By

the gauge invariance, this Lagrangian gives rise to the
hypercharge constraints, such as

Y, =Y, =Y, =Y

q > 93 q> Yl] = le = Yl3 =Y (6)

Yo=Yy, =Yy =Yy,

Y, =Y, =Y, =Y, Y, =Y,

2 3

I
h<
<
I
h<
S
c

Y1:Y¢+Ye:—Y¢+YD, Yq:Y¢+Yd:—Y¢+YM (9)

With these conditions at hand, at quantum level, there is
only a nontrivial anomaly to be [SU(2),]?U(1)y. This
anomaly vanishes, if

3Y,+Y,=0. (10)
With the aid of Y = 1/2, the above equations imply

Y,=2/3-8/3, Y;=-1/3-5/3, (11)

Y, =-1/2+6, Y,=1/6-5/3, (12)
which depend on a parameter, § =Y,. This yields the
electric charge of particles,

0(e) =5-1. Q) =2/3-5/3,
0(d) = ~1/3-5/3, (13)

which are not quantized as depending on the & parameter.l

Generally, we have an infinite number of the solutions of
hypercharge symmetries corresponding to distinct values
of 0, since this parameter is completely arbitrary. Two
remarks are given in order:

(1) True electric charge: 6 = 0.—In this case, all the
particles get a correct electric charge and hyper-
charge, as observed, in which v, are a gauge singlet,
which can be omitted as in the minimal standard
model. The correct electric charge and hypercharge
are denoted as Q = Q|;_, and Y = Y|s_,, without
confusion.

(2) Novel dark charge: 6 # 0.—In this case, all the
particles get an abnormal electric charge (called dark
charge) and hypercharge (called hyperdark charge), in
which v,z are nontrivial under dark charge, which
must be included for gravity anomaly cancellation.
The dark charge and hyperdark charge are denoted as
D = Qlszpand N = Y5, respectively. This solution
differs from the normal one (i.e., the above solution)
by a  # 0 for which the dark charge is called a
dequantization of the electric charge by a § .

Because the two solutions according to 6 = 0 and § # 0

are linearly independent, i.e., ¥ and N (thus Q and D) are
linearly independent, the full gauge symmetry of the theory
must take the form

SUQ2), @ U(l)y ® U(1)y, (14)

'If one suppresses vz, the anomaly, [gravity]2U(1)y, is non-
trivial and vanishes, which vanishes if ¥; = =Yy = —1/2. In this
case, the electric charge is quantized, recovered to the observed
charges. Alternatively, if one adds a mass term v;vy that explicitly
violates B — L, this leads to the quantization of electric charge
again, since 6 = 0 [50,59]. Obviously, we investigate the universal
case in which the neutrinos have right-handed counterparts with
B — L-conserving Dirac masses as of ordinary fermions.
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TABLE I. Q and D charges and P, residual symmetry (k integer) of the model particles.

Field v e u d o ¢y x  Gluon wt A Z Z
0 0 -1 2/3 -1/3 1 0 0 0 1 0O 0 O
D 1 0 1/3 -2/3 1 0 -2 0 1 0O 0 O
Pp= (- (=) 1 (=DF3  (=1)7H3  (=1)F 1 1 1 (- 11 1

apart from the QCD group, SU(3). Additionally, Y and N
determine the electric charge and the dark charge,
0=T5;+7Y, D=T;+N, (15)
respectively. It is easily seen that N was identified in the
literature as a combination of xY + y(B — L), for which our
model takes x = 1 and y = —§, since both Y, B — L are free
from anomaly (see, for instance, Refs. [48,60]). However,
the dark charge interpretation D and this specific combi-
nation to be a dequantization of the electric charge have not
been presented until this study and a partial solution in
Ref. [52]. We find the expected relation
D=Q-6B-L). (16)
When § — 0, then D — Q, meaning that D has properties
essentially inherited from Q as a derivation, whereas, since &
is finite (i.e., not to infinity), D neither approaches B — L nor
regards a commutative nature as of B — L charge. Hence, D
is a mirror of Q, transformed by B — L. Combined with the
T5 operator as in (15), the gauge extension (14) reveals a
dark group U(1), to the corresponding mirror of U(1),. A
crucial result of our approach is that D implies a dark matter
stability mechanism and that dark fields may be unified with
ordinary fields in weak isospin multiplets, since D is
noncommutative.” Additionally, although dark fields and
normal fields transform nontrivially under the dark charge,
the lightest dark field is stable and cannot decay to normal
fields, providing a dark matter candidate. This way of dark
matter stability differs from that in the most extensions,
including U(1)g_,, as shown below.

To make sure, in Appendix A, we investigate another
approach that comes to the same conclusion of the gauge
symmetry (14), as desirable. Additionally, all the anomalies
vanish, independent of §, as explicitly verified in Appendix B.
In the following, unless otherwise stated, we shall take § = 1
for the case 6 # 0 into account, which manifestly determines
dark matter. Other value of ¢ that differs from 1 is viable as
studied in Ref. [53], which would be skipped.

Each particle (or field) possesses a pair of the character-
istic electric and dark charges (Q, D), as collected in
Table I. Notice that the left and right chiral fermions have
the same Q, D values; thus, their chirality projections
have been suppressed. The singlet scalar y is necessarily

2Cornparablf: to supersymmetry, the superparticle and particle
are combined in a supermultiplet.

presented to break U(1), and generate appropriate right-
handed neutrino masses through the coupling vgxvgy, which
conserves the dark charge.3 The last five fields in the table
are the gauge fields associated with the gauge symmetry
SUB3)®SU12), ® U(1)y ® U(1)y, where the new
field Z' is relevant to U(1)y extension. The particle
representations under this gauge symmetry are listed in
Table II.
The scalars develop the vevs as

5 0-5(0)

such that A > v = 246 GeV to keep a consistency with
the standard model. The scheme of gauge symmetry
breaking is

(17)

SUB)c®SU2), @ U(l)y ® U(l)y
JA
SUB)-®SUR2), @ U(l)y ® Py
Jv
SUB)c®U(1), ® Pp

The y vev, A, breaks only U(1)y down to a residual
symmetry, called Py. Next, the weak vacuum, v, breaks
SU22), ® U(l)y ® Py down to U(l), ® Pp, where
Q =T5+ Y is as usual, while Pj, is a residual symmetry
of D =T; + N, shown below.

To find the explicit form of the residual symmetry,
let X = a,;T; + bY + cN be the conserved charge after the
symmetry breaking. First, it must annihilate the weak
vacuum, i.e., X{¢) =0, leading to a; =a, =0 and
a3 =b+c. Thus, X=>b(T3+Y)+c(T3+N)=bQ+cD.
It is clear that Q and D are commuted, i.e., [Q, D] =0,
and they separately conserve the weak vacuum, Q{¢) =
D(¢) = 0. Hence, the residual symmetry X is Abelian,
factorized into U(1)y = U(1), ® U(1)p according to a
transformation, e’ = ¢/??¢/“P. Since Q annihilates the y
vacuum, Q{y) =0, U(1), is a final residual symmetry,

This coupling restricts the electric charge as quantized,
because the generated mass ~(y)vgrp constrains Y(vg) = 0.
However, the dark charge is always arbitrary, defining D(y) =
—26 # 0 in the general case, and is broken by (y). In other words,
the dark charge is not only a dequantization version of the electric
charge, but also it makes the electric charge quantized.
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TABLEIl. SU(3)., SU(2),, Y, and N quantum numbers of the
model multiplets.

Multiplet I qr Vp erp UR dg ¢ x
SU®3)c 1 3 1 1 3 3 1 1
SU2), 2 2 1 1 1 1 2 1
Y -1/2 1/6 0 -1 2/3 -1/3 1/2 0
N /2 -1/6 1 o 1/3 -2/3 1/2 =2

known as the electromagnetic symmetry. Additionally,
U(1)p, is a residual symmetry of SU(2), ® U(1), since
D = T3 + N, which must conserve the y vacuum, like Py.
Exactly, ¢D =X —bQ must conserve the y vacuum,
because both X and Q do. A transformation of U(1),
is e/, The vacuum conservation condition demands
e P (y) = (y). 1t follows that ¢“(=?) =1, or ¢ = kx, for
the k integer. Hence, U(1), is reduced to a final residual
symmetry,

Pp = elP = (=1)kP, (18)
It is easily derived,
Py = (_l)kN’ (19)

since it is the residual symmetry of U(1), that conserves
the y vacuum, similar to D.

The fundamental difference of the current model from the
model with SU(3). ® SU(2), ® U(1), ® U(1)p_, sym-
metry structure is the proposal of a noncommutative dark
charge D, given in (16). Indeed, the group U(1), ® U(1)y
with N being a combination of Y and B — L is not the same
U(l)y ® U(1)p_, in gauge behavior. The Abelian charge
N=Y-6(B-L)=Q-T;-8(B—L)=D-T; nec-
essarily arises as a result of the algebraic closure of the
dark charge D with SU(2), (cf. Appendix A). Additionally,
the local symmetry nature of D, thus N and their remnants
Py p,results from T3 = D — N, as T3 is gauged. In contrast,
starting from the usual U(1)z_, theory, gauging this group is
not required on theoretical grounds, which actually implies
a commutative dark parity like the matter parity or a Z,.
Even though U(1), ® U(1)y differs from U(1), ®
U(1)g_, only by the normalization of the U(1) charge,
as the group element is just a phase, this phase rotation by Y
is not conserved by the weak vacuum, which might lead to
distinct physics results for each case. As a matter of fact, a
commutative dark parity, analogous to Py, can be realized in
the U(1)_, theory, but a more fundamental dark parity P,
is not given, since Pp only emerges when the weak vacuum
possesses a nontrivial hyperdark charge, which necessarily
matches N =Y = 1/2 for ¢, as motivated by this work.

An important remark is that Pp is shifted from Py by a
SU(2), transformation, P, = Py, Py, determined by the

weak breaking, where Py, = (—1)3 contains a weak
isospin parity. P, does not commute with SU(2),, a
consequence of the noncommutative dark charge, i.e.,
[D, Tl :l: lTﬂ - [T3, T1 Zt sz] = ZE(TI :l: sz) ;é O The
difference between Py and Pp is that Py commutes with
the electroweak symmetry, which transforms every particle
in a gauge multiplet identically, whereas P, transforms
component particles that have distinct 75 values differently
in a gauge multiplet, thus it separates the components of the
weak isospin multiplet. If one extends a known multiplet or
introduces a new one, this gives rise to a potential
unification of ordinary matter and dark matter with differ-
ent isospins in the gauge multiplet, in comparison to
supersymmetry that does so for the particle and super-
particle with different spins in a supermultiplet, by contrast.
Additionally, unwanted vev directions of a multiplet that
have nontrivial Pp, are suppressed (e.g., see those in the
models extensively discussed in Ref. [52]). Hence, P, is
distinct from the usual U(1) extensions, such as U(1),_;,
which have only commutative residual symmetry, like the
matter parity or Py in our setup. That said, the approach
with noncommutative dark charge would change the
current view of neutrino mass and dark matter; for instance,
the analysis in Ref. [52] yielded that the minimal dark
matter, the scotogenic setup, and even the inert Higgs
doublet model might be significantly revisited with imple-
ment of the dark parity Pp,.

The value of P, for all fields is collected in Table I. We
deduce that Pp =1 for every field with the minimal
|k| = 6, except for the identity with k = 0. Hence, the
residual symmetry Pp is automorphic to

Ze={l.9.9%.9.94".9}. (20)

where g = (—1)” and ¢% = 1. We factorize Zs = Z, ® Z3,
where Z, = {1,4°} is the normal subgroup of Zs, while
Z5 = {[1],[¢%]. [¢*]} is the factor group of Z¢ by Z,. Each
of Z; elements contains two elements of Zg, namely,
[x] = {x.g’x}; hence, [1] = [¢’] = {1.¢’}, [¢*] =[9’] =
{¢°. 9}, and [¢*] = [g] = {g, g}. Since [¢*] =[¢°] = [¢*]"
and [¢?]* = [1], the Z; group is generated by a generator,

3D]

, (21)

%] = [
where @ = ¢/?"/3 is the cube root of unity. Furthermore,
Z, is generated by a generator, g = (—1)3P. Since the spin
parity h = (—1)* is always conserved by the Lorentz
symmetry, we conveniently multiply P, with the spin parity
group, Pg={1,h}, to form Pp®Ps=(Z, @ Ps)® Z;.
Since Z, ® Py possesses a normal subgroup, P = {1, p},
with

p= g3 X h = (_1)3D+2s’ (22)
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TABLE III. Field representations under the residual symmetry
P ® Zs.

Field ve ud ¢f ¢y Gluon Wr A Z Z
p=(=1)3P+% l1-11-1-111 1 -=-1111
%] = [@*P] 11 oww 1 11 1 I 111
P={lp} 1rirrri11 1 1111
Zi={lFLg'p1 11" 1 11 1 1111

we factorize Pp ® Ps = [(Z, ® Ps)/P] ® P ® Z;. Note
that (Z, ® Pg)/P = {P,{g’, h}} is conserved if p, thus P,
is conserved. We can consider the product,

P®Z,CPp® Ps, (23)

to be the relevant residual symmetry, instead of Pj,.
The theory conserves both P and Z; after the symmetry
breaking, where P has two irreducible representations, 1

and 1’, according to p =1 and p = —1, whereas Z; has
three irreducible reps, 1, 1/, and 17, according to
Fl=[]-1, [¢]=[0] > w, and [F]=[0’] = @,

respectively. The reps of Z; are a homomorphism from
Zg, independent of the signs, ¢ = £1, that identify Z
elements in a coset. The reps of all fields under P, Z5 are
given in Table III, where one should notice that the
antiquarks transform as (1')* = 1” under Z,.*

Under the residual symmetry Pj, every dark field
introduced should have a dark charge D satisfying ¢® =
(=1)%? = 1; hence, 3D is integer. We derive D = (3k +
1)/3 or D = k, for the k integer. The solutions D = (3k £
1)/3 lead to dark fields that transform nontrivially under Z
as [¢%] = w or w?. If the lightest of these dark fields is color
neutral, it cannot decay to quarks u, d due to the SU(3).
conservation. (Note that only quarks transform nontrivially
under Z;.) Hence, it is stabilized, providing a dark matter
candidate. As shown in Ref. [53], such a candidate takes
part in multicomponent dark matter scenarios since it is also
possibly odd under P and its stability is only relevant to
QCD, which is out of the scope of this work of “dark charge
versus electric charge” and is omitted. The last solution
D = k transforms trivially under Z3 since [¢°] — 1, but it
may be odd under P, responsible for dark matter. In the
following, we consider only the last solution D = k and
note that in this case the theory automatically conserves Z3
due to SU(3) symmetry; that is, Z3 acting only on quarks
is accidentally preserved by SU(3).. Omitting the factor
group Zs, the residual symmetry is reduced to P, and we
can redefine

PD =p= (_1)3(T3+N)+2s’ (24)

4Reps are always assigned to their group, which should not be
confused between reps of P and Zs.

called dark palrity.5 The dark parity of particles is the p
value in Table III, and we see that the usual fields are
divided into two distinct classes, in which e, d, ¢, and W+
are Pp odd, whereas the rest are P, even.

According to the last solution above, the model can
contain a dark field with a dark charge D = k, such that
Pp = (=1)¥2¢ is odd. This yields two kinds of candidates:
a dark (vectorlike) fermion, labeled &, for even k and a dark
scalar, labeled 7, for odd k. They transform under the gauge
symmetry SU(3). ® SU(2), ® U(1), @ U(1)y as

E~(1,1,0,2r), n~(1,1,0,2r—1), (25)
for r integer. Here, the dark charges are arranged such that
the dark fields couple to vy through a Yukawa coupling,
yé g, in order to make several dark matter scenarios
viable.® We denote the lightest of £ and 7 to be W. We prove
that ¥ can have any mass that does not decay to usual
fields. First, W, e, d, ¢, and W are all odd. Next, each of
such fields has an electric or color charge, except for P,
which is neutral. If ¥ decays, by assumption, the final state
has to be electrically and color neutral due to the charge
conservations. Since P, is conserved, the final state must
combine an odd number of odd fields (e, d, |, WT). Since
W+ and ¢ (eaten by W) decay to (e™,v) and (d°, u), the
final state contains only (e, d) as potential old fields. The
decay process looks like

¥ > xe  +xet +yd+yd°+zu+7zu‘+---, (26)

where the dots include other fields, if any, which are
electrically and color neutral and Pp even. The laws of
charge conservations obey

1) x+x+y+y=2k+1 (Pp odd),

2) —x+x-y/3+y/3+2z/3-27/3=0

neutral),

(3) y+z—3—2z =3k (color neutral),
for k, k' integer. Conditions 2 and 3 give —x +x —y +
y + 2k’ = 0, which combined with 1 yields 2(x+y+k') =
2k+1. This cannot occur, since an even number never
equals an odd number. Hence, Pp, U(1),, and SU(3)¢
suppress V¥ decay, if ¥ is heavier than the usual odd fields
(e,d, qbf, WT). ¥ is dark matter, and its stability differs
from the most extensions; that is, the usual fields transform
nontrivially as the dark matter, under the dark parity, but the
dark matter stability is preserved by usual electric and color
charge conservations.

(electrically

The dark parity is related to weak isospin, different from
those induced by B — L, 3 —3 — 1 — 1, and left-right symmetries
[61-69].

In the case of weakly interacting massive particle dark matter,
this coupling is irrelevant and possibly suppressed; hence, the
dark charge relation might be relaxed. Additionally, when r = 0,
we can introduce only the left chiral component &; (i.e., omitting
&r), since this field does not contribute to anomaly.
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The total Lagrangian is written as
L= ‘Ckinetic + ‘CYukawa -V. (27)

The first part contains kinetic terms and gauge interactions,

= 1 v
Ekinetic = Z F l}'ﬂDuF + Z(D”S)T(Dus) - ZGm;wG!fln
F N

1 1 1 €

_ ZAWA’,.‘” — ZB"”BW -2 C,,C" — EBWCW’

(28)

where F, S run over fermion and scalar multiplets,
respectively. The covariant derivative and field strength
tensors are defined as

DMzaﬂ—l—igstme”—l—igT,-Aiﬂ—|—ingB”—|—igNNCﬂ, (29)
Gm;w = a/AGmu - aquﬂ - gsfmqupquw (30)
Aiuy = aﬂAilJ - al/Ai/l - geijkAjﬂAkl/’ (31)

B,, =d,B,—0,B

M B, ¢, =9,C,-9,C, (32)

where (g,, 9, 9y, 9n)> (tm, T3, Y, N), and (G,,, A;, B, C) are
coupling constants, generators, and gauge bosons accord-
ing to (SU(3),SU(2),,U(1)y,U(1)y) groups, respec-
tively. And, f,,,, and €, are the structure constants of
SU(3)c and SU(2),, respectively.

Note that € is a parameter that determines the kinetic
mixing between the two U(1) gauge bosons, satisfying
le| < 1, in order for definitely positive kinetic energy.
Such kinetic terms can be transformed into the canonical
form, i.e.,

! v 1 w _ € 17 s Ruv 1o 24
_ZBI“/B —ZCMDC —EB”DC :_ZB’WB _ZC”DC .
(33)

by basis changing,

()-(6 w=a)(e) @

The Yukawa part consists of
Lyukawa = hplarder + hty L prpr + he,Ga ddpr

L _
+ hyyGarPupr + EbeVaR)ﬂ/hR + Valrnar
- mééLé‘R + H.C., (35)

where ¢ indicates the charge conjugation, i.e., 1% = (vg)¢ =
Cvk=(v°),, as usual. The scalar potential takes the form

V= ui" b+ mwann + iy + 4 (d'h)* + A (n'n)?
+ 00 0) 4 4@ ) (' n) + A5 (@ D) (' x)
+ A6 (n*n) (0 x)- (36)

Note that the couplings &, f*, y, and 1 are dimensionless,
whereas m; and p’s have a mass dimension. Especially,
when r = 0, the scalar potential might have extra triple
terms, uy*n* + H.c., but they do not affect the present
results, hence being neglected.

III. FERMION MASS

The spontaneous symmetry breaking will generate fer-
mion masses through the Yukawa Lagrangian. We first
consider the charged leptons and quarks, which get

v

[me]ab:_hfzb\/i’ [mu]ab:_hZh\/Li’ [ }ab:_th%'
(37)

This provides appropriate masses for the particles after
diagonalization, similar to the case of the standard model.

Since the vev of the odd scalar # vanishes due to the
dark parity conservation, the dark fermion £ does not mix
with right-handed neutrinos v,p, although they couple via
Val1Var- The field £ is a physical field by itself, with an
arbitrary mass m.

The neutrinos v,,; g achieve a mass matrix after the two
stages of gauge symmetry breaking taking place, such as

1 0
L£o—— (5 DR)< . mD)(UL>+H.c., (38)
2 mp  my ) \ Vg

where [mp],, = —h"} 75 is the Dirac mass matrix that
. _ A . .
couples v,; to vpg, while [my],, =— Z*bﬁ is the Majorana

mass matrix that couples v, and v,z by themselves.

With the aid of A > v, the mass matrix of neutrinos in
(38) can be diagonalized by a transformation, approximated
up to (v/A) order, to be

(= D D) o

where the v;-vx mixing element, = mpm;y! ~ v/A, is
small. The mass eigenvalues kept at (v/A) order are
obtained as

diag(m,, m,, ms) =~ —UTmpmymhU, (40)

diag(Ml,Mz,M3):VTmMV*, (41)

where the observed neutrino masses, m; ~v>/A, are
appropriately small, while the sterile neutrino masses,
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FIG. 1. Neutrino mass generation seesaw scheme implemented
by a dark charge breaking, where v; p carry a unit of dark charge,
D =1, converted/conserved by the Higgs field ¢’s, but then
broken by the new Higgs field y by two units through a coupling
to vg’s.

M; ~ A, are large, at the new physics scale, fori = 1, 2, 3,
which label the corresponding physical eigenstates, v/,
and V. U is the Pontecorvo-Maki-Nakagawa-Sakata
matrix, connecting v,; ~ UV}, given that the charged
leptons are flavor diagonal, whereas V relates
Vag = V,Vip. Further, we can take V =1 into account,
without loss of generality. For convenience, we will omit
the prime mark from the physical states, v/, —v;; and
Vig = Vg, Without confusion.

The process of neutrino mass generation is similar to a
canonical seesaw, but implemented by a dark charge,
instead of the lepton number. This is presented by the
flavor diagram in Fig. 1, attached by the external fields
¢’s and y, with the propagations of v,z. The observed
neutrino masses are induced when the dark charge as well
as the weak charge are broken by (y) and (¢), respec-
tively. First, the large Majorana masses M are generated
by the interactions of v,z with y as the middle part in
Fig. 1, when the dark charge is broken. In terms of these
physical states, the middle part is replaced by a Feynman
propagator of v;z. The observed neutrinos gain small
Majorana masses derived by m, ~—m? /M, when the
weak breaking is takeing place. It is clear that the full
gauge symmetry suppresses all neutrino mass types, but
the dark and weak breakings supply desirable neutrino
masses, through an improved Higgs mechanism. Last,
but not least, this canonical seesaw is naturally realized,
since v, appear as fundamental constituents, required by
the dark charge symmetry. Additionally, the Majorana
masses of neutrinos emerge from a dark charge breaking,
not explicitly relevant to a lepton violation as in the
normal sense.

IV. SCALAR SECTOR

Because the electric charge and the dark parity are
conserved, only the scalar fields that are electrically neutral
and Pp, even can develop a vev, such as (¢) = % (0, )7,

x) = %A, and (n) = 0, aforementioned.

Moreover, necessary conditions for the scalar potential
(36) to be bounded from below as well as yielding a
desirable vacuum structure are

11’2‘3 >0, ”%3 <0, s /l% > 0. (42)

|1 | << |

To obtain the potential minimum and physical scalar
spectrum, we expand the scalar fields around their vevs as

B 2 53
¢_<\/L§(U+Sl+iA1)>’ (43)

1 ) 1 .
r= E(A +8,4+i4,), n= 5(83 +id;).  (44)

where one should note that (bg =(v+ S8, +iA)/ V2.
Substituting (43) and (44) into (36), the potential
minimum conditions are

_ T2 + Ay

A2 2 _ —2Asi3 + Ak
=4l

45
22— 42, (45)

Using the minimum conditions (45), we obtain physical
Pp-even scalar fields,

¢ = o (46)
NGt H+s,H +iGz) )
1
V4 ZE(A_quH—'— C[/,H/-f— iGZr), (47)

where Gy, = ¢, G, = A, and G, = A, are the massless
Goldstone bosons associated with the W, Z, and Z' gauge
bosons, respectively. H = ¢,S; — 5,5, is identical to the
standard model Higgs boson, while H" = 5,5, + ¢S, is a
new Higgs boson relevant to the dark charge breaking. The
S| — S, mixing angle, ¢, and the H, H' masses are given by

/15 vA /15 v

by = —————s 48
20 /13/\2 — 1102 /13 A ( )
mly = 0 0% + 23A2 — \/ (A10? = 3A2)% + 202N
LA
~ 2&1 - 2—/13 v, (49)
mi, =L v? + A% + \/ (A0 = 3A2)? + 2202 A2
~2);A2, (50)

which imply that ¢ is small, my is at the weak scale, and
my is at the A scale.

Last, but not least, the Pp-odd fields S3, A; do not mix
with the Pp-even scalars due to the dark parity
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conservation. S; and A; are degenerate in mass, for
which they define a physical complex field, say,

n = (S5 + iA3)/+/2, with the mass given by
1 1
m2 = 3 +§/14v2 +5/16A2. (51)

Depending on the scalar couplings A4 and the mass
parameter u,, the dark scalar # can have an arbitrary mass,
at A, v, or a lower scale.

V. GAUGE SECTOR

The gauge bosons acquire masses through their
interactions with the scalar fields, when the gauge sym-
metry breaking happens. The charged gauge boson W+ =
(A, F iA,)/V/2 gets a mass, m}, = g°v?/4, which leads
to v = 246 GeV.

The mass matrix of the neutral gauge bosons in the
canonical basis (A3, B,C)7, in which the last two are
defined in (34), is given by

g gy’ _ gonv?
4 4 4
M2 =17 e @ granv® L.. (52)
€ 4 3 4 e
2 2 2 22
9ggnv 9ygnv In? 2 A2
" 4 T tagnA

Here, note that L, is not an orthogonal matrix, relating
the canonical basis to the original basis, (A3, B,C)" =
L.(A3,B,C)7, such that

1
L=1]0 5= |. (53)
0

Since the usual Higgs field has a hyperdark charge, it
produces the mixing mass terms between (A3, B) and C as
given in (52) due to the electroweak symmetry breaking.
Such mixing mass terms vanish in the usual U(1)g_;
theory.

It is easily checked that the mass matrix (52) provides a
zero eigenvalue (i.e., the photon mass) with a correspond-
ing eigenstate (i.e., the photon field) to be

A = syAs + cyB, (54)

where the Weinberg angle is defined by ¢ty = gy/ g.7 The Z,
boson is defined, orthogonal to the photon A, such as

"The interested reader can refer to Refs. [70-72] for diagonal-
izing a more-general neutral-gauge sector with/without a kinetic
mixing term.

ZO = CwA3 - Swg, (55)

which is identical to that of the standard model. Hence, in
the new basis (A, Z,, C‘)T, the photon is decoupled, as a
physical field, whereas there remains a mixing between Z
and C. By diagonalization, the last two yield physical
fields, Z = ¢,Zy — 5,C and Z' = s5,Zy + ¢,C, determined
through a mixing angle, a, evaluated by

V1= é? v?

87, 7+ 93 (9v — €9y) ek

by = (56)

That said, the mass matrix (52) is fully diagonalized,
O"M?0 = diag(0, m%, m2), (57)
by an orthogonal transformation,

Sw Cw 0 1 0 0
O=|cy —-syw O 0 co s, (58)
0 0 1 0 —-s, ¢,

which relates the physical states to the canonical states,
(A5, B,C)T = O(A,Z,Z")". And the mass eigenvalues are
approximated as

_ 2.2
m% zgz +g§]’l]2 1 _ (gN igY) 1)_2 , (59)
4 1662 A
Z7=7_ 2 2 2|
1-e logy A

Note that the Z-Z' mixing, i.e., the a angle, comes from
the two sources, the kinetic mixing characterized by e
and the symmetry breaking induced by v, A. Two such
contributions cancel out if € = gy/gy. This phenomenon
does not exist in the usual U(1),_, theory. Additionally,
the well-measured quantities, such as the Z couplings and
the p parameter, are modified by the difference gy — €egy,
which occurs even in absence of the kinetic mixing. In the
usual U(1),_; theory, such modifications are proportional
to € and thus disappear when the kinetic mixing is sup-
pressed, by contrast.

Note also that the physical states (A, Z,Z') are related
to the original states (As, B,C), such as (A;3,B,C)T =
L.O(A,Z,Z)T.

VI. INTERACTIONS

We investigate the interactions of electroweak and new
gauge bosons with fermions. Let us expand the relevant
Lagrangian,
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> Fiy"D,F =Y Fiy"d,F - g, Fy'1,G,,F
F F F
+ L€+ LN, (61)

where

L = =gy Fry"(TiAy, + ToAy,)F L, (62)

Fr
ENC = _QZFLY”(TBAM + IWYFLB;l + tNNF,‘Cy)FL
Fy
- QZFRy”(tWYFRBﬂ +tyNp,C,)Fg. (63)

Fr

where F; and F run over the left-handed and right-handed
fermion multiplets of the model, respectively, and we
define ty = gn/g.

From (62), we obtain the interactions of fermions with
charged gauge bosons,

ﬁCC:—%(ELY”UDL—FC_ZL}/”VCKNNAL)W; +H.C., (64)

where we denote v = (v,v5,13)7, e=(e,u,7)7, u=

(u,c,t)T,and d = (d, s, b)T to be mass eigenstates, without
confusion.

Equation (63) gives rise to the interactions of fermions
with neutral gauge bosons,

ENC = _eQ(f).]_CyﬂfAﬂ
- % {CZ oLy vy + CL gy g
+ g (f) = ArsIf Y2,
- % {CZ%ZDL}/”UL + Cg,;DRV”VR
+ (g (F) = o (Prslf} 2, (65)

where f is summed over every fermion of the model, except
for neutrinos, and

CWtN+€SW 7

zZ _ _ — —
CUL = Cq m Sa> CI./R - msm (66)
CEIZ :sa+CWtN+€SW Cgl; _ ZCWIN (67)

Viee v

The vector and axial-vector couplings of Z, Z' to
the remaining fermions are listed in Tables IV and V,
respectively.

Generically, the couplings of Z with fermions deviate
from the standard model prediction due to the two sources,
the dark charge breaking and the kinetic mixing, as
mentioned. However, for the neutrino coupling, we find
CZ ~ 1+ v*/16A? at the leading order, which comes only

TABLE IV. Couplings of Z with fermions (f # v).

Z Z
f gv(f) 94 (f)
1-2cow _ cwiyt3esy _1 _ Cwiy—€sy
€ H T 2 CaT o me Sa 1€ T e Sa
_ 1w . _ cwin—Sesy 1 cwiy—€Sw
ot 6 CaT eie S N
_ 1420w Scyity—€Sw _1 _ Cwiy—€swy
d, S, b 5 Cq + V- Sq zc(z e Sa
dreyty
¢ ~ i S 0

TABLE V. Couplings of Z' with fermions (f # v).

f 9% (f) 4 (f)
e, U, T 1_22”” e "W;\%’_i?w Cy —lsa+ 7”;\7%”” Cq
d,s, b - '*2602‘” Sq — SCG‘V\}’I:—:W Caq —lsa+ 7C;y£w Cy

from the dark charge breaking, not from the kinetic mixing.
This leading contribution disappears in the usual U(1),_;
theory, which starts from O[(v?/A?)e] by contrast. The
contribution causes a deviation from the standard model
prediction on invisible Z decay width to neutrinos by an
amount, ATy, /T, =~ v*/8A% <0.005, where the last
number agrees with the electroweak measurement [73],
which gives A 2 5v ~1.23 TeV.

Similar to the standard model Z boson, the couplings of
the new Z’ boson to ordinary fermions violate parity at a
considerable level, since gf is always nonzero, even at the
effective limit » << A and |e| < 1. This is due to the fact
that the left-handed and right-handed ordinary fermions
including neutrinos have different hyperdark charges,
as seen from Table II. In the usual U(1),_; model, the
interactions of the B — L gauge boson to ordinary fermions
are almost vectorlike, i.e., conserving parity, for |e| < 1.
This is an important feature for discriminating our model
and the U(1)z_, model in experiment. Particularly, unlike a
vectorlike B — L gauge boson, the Z’ boson in our model
contributes to atomic parity violation through the effective
Lagrangian,

) G _
L% D — (eyurse)(Cy ay*u + Cl dy'd),  (68)

V2

where GF/\/§ =1/217, C, = v?/96A2, and Cly =
—522/96A2. The parity violation for vector-coupled elec-
trons and axially coupled quarks due to Z' also arises, but is
suppressed for a heavy atom because of its dependence on
spins rather than charges, similar to the Z boson effect;
thus, this kind of contribution is neglected. The weak
charge deviation from the standard model prediction
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accounted for an atom consisting of Z protons and N
neutrons is obtained as

AQw(Z,N) = =2[Z(2C}, + C',) + N(C}, +2C)]
_Z+3N v? v?

e AT (©9)

where the last number is applied for Cesium with Z = 55
and N = 78. The current experiment and the standard
model prediction for Cs weak charge are supplied in
Ref. [73] which makes a bound AQw(Cs) < 0.61, imply-
ing A > 5.43vp~1.33 TeV.

The bounds of the A new physics scale from the invisible
Z decay and the Cesium parity violation obviously satisfy
the combined constraints studied below, which need not
necessarily be included to the final result.

VII. ELECTROWEAK PRECISION TEST

A. p parameter

Because the Z boson mixes with the new neutral gauge
boson Z' through the kinetic mixing and the symmetry
breaking, the new physics contributions to the p parameter
start from the tree level, given by

2 tv — etw)? 12
Ap— M U ew) v g
Cymy 16y, A

From the global fit, the p parameter is bounded by
0.0002 < Ap < 0.00058 [73], which leads to the following
lower bound:

A 2553 x v =€l

TeV. (71)
Iy

In the U(1)z_, model, one has a bound for the relevant
new physics scale, likely A = 2.553 x |¢|gy/gg_r TeV,
which is easily evaded for small |e|, given that gy~gp_;.
However, in the current model, even for |¢| < 1, the new
physics scale is always limited by A 2 2.553 TeV, by
contrast. This bound is quite bigger than those given by
the invisible Z decay and the Cs parity violation.

B. Total Z decay width

We will use the precision measurement of the total Z
decay width to impose the constraint on the free parameters
of the model. The total Z decay width is measured by
the experiment and predicted by the standard model,
respectively, by [73]

;"7 = 2.4952 4+ 0.0023 GeV,
M = 2.4942 4 0.0008 GeV. (72)

First, we rewrite the Lagrangian describing the Z
couplings to the standard model fermions, such as

£NC 5 —%{mﬂ(l + A, v+ TR () (1 + Ayy)
G+ Al 73)

where g, (f) = T5(f) — 20(f) sy and g, (f) = T5(f) are
the standard model predictions for the vector and axial-

vector couplings, respectively. A, , Ay ¢, and A, f are the

coupling shifts given as follows:
iy =€ty v*

v =T 068 A2

A 2tnD(f) —etwQ ()] =T5(f) (tn —etw) ty — ety v°

A (74)

S T5(f)—20(f)s3 1613, A%
(75)

_ 2,2
AA.f:—MU (76)

162, A

Using this Lagrangian, one can write the total Z decay
width predicted by the model,

I, =M+ AT, (77)

where I'SM is the standard model value and the shift AT is
given by

f
7 23
+(goa ()T +5 (78)
where m3M is the standard model value of the Z gauge

boson mass, N(f) is the color number of the fermion f,
the sum is taken over the standard model charged fermions,
and the mass shift of the gauge boson Z is given by

g (ty —ety)? v?

Amy - N W) T
ME ey 328, A2

(79)

Note that if kinetically allowed the gauge boson Z can
decay into the dark matter candidate pairs & and #*y but
these two-body decays are highly suppressed by v*/A%.
From the experimental and theoretical values of I', as
aforementioned, we require |Al'z| < 0.0041 GeV, which
leads to the following bound:

V| (ty = 1.62€)(ty — 0.55¢)|

A= 1.14 x
Iy

TeV. (80)
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In the usual U(1),_, gauge theory, there is no mixing of
Z and Z', except for a contribution caused by the kinetic
mixing. If ¢ is small enough, the total Z decay width
deviation is negligible; hence, there is no lower bound
applied for A in this case. However, in the current model,
we derive A > 1.14 TeV for |¢| < 1, which is due to the
dark charge breaking and quite comparable to the bounds
from the invisible Z decay and the Cs parity violation.

VIII. COLLIDER BOUNDS
A. LEPII constraint

The on-shell new gauge boson Z’ would not be produced
at the existing e e~ colliders if its mass were in the TeV
region or higher. But below the resonance, Z' would
manifestly contribute to the viable observables that make
them deviate from the standard model predictions. Hence,
the new gauge boson Z’ can be indirectly searched at the
LEPII experiment through the processes eTe™ — ff with
f=e ur

The processes under consideration that are induced by
the exchange of the new gauge boson Z’ can be described
by the effective Lagrangian

ﬁeff:1+156f <2Cvfmz’> 37/4[9‘2/( QZ( 75]

xefr'lgf (f) = g5 (f)rs)f. (81)

where 6, = 1(0) for f = e (f # e).
By using the relevant data of the LEPII experiment [74],
we impose the constraint

4\/meywmy
o/ l% ()P + 64 ()]

>24.6 TeV, (82)

which leads to

t t 4¢3 12
A21.23x\/(N+€tW) T ey, (83)
N

expanded up to (v/A)? corrections.

At the limit |a| ~ (v/A)?> < 1 and |e| < 1, the new
gauge boson Z' couples only to left-handed charged leptons
with hyperdark charge N = 1/2, such that ¢ (e) =~
gf(e) z%thN. Hence, it translates to a LEPII bound
A Z 1.23 TeV, which also agrees with the limits given
above, except for the p parameter. However, since in the
U(1)p_, gauge theory the relevant new gauge boson
couples to charged leptons by a charge |B — L| = 1 bigger
than the current case N = 1/2, the B — L breaking scale is
two times bigger than our bound.

B. LHC dilepton constraint

Analogous to the LEPII, because the new gauge boson Z'’
possesses the chiral gauge couplings to ordinary fermions
with strengths different from those in the usual U(1),_,
theory, the Z’ signal strength at the LHC—which translates
to a lower limit on the new physics scale for a negative
search result—would be dramatically changed, compared
to the conventional bounds in the U(1),_, theory.

Since the LHC is energetic enough to probe Z’' events on
shell as well as various Z' couplings, in this search, we
appropriately take both the mixing effects coming from dark
charge breaking and kinetic mixing into account and include
the above constraints when turning on contribution of the
mixing parameters, for a comparison at the end.

The new gauge boson Z’ can be resonantly produced at
the LHC via the quark fusion gg — Z’, and it would
subsequently decay into the standard model fermions as
well as the exotic particles such as the dark matter
candidate £(n7). The most significant decay channel of Z’
is given by Z' — IT[~ with [ = e, u, which has well-
understood backgrounds and measures a Z’ that owns both
couplings to quarks and leptons.

The cross section for this process is approximately
computed in the case of the very narrow Z’ decay width as

L9V 2

olpp =~ Z' > 1I"I7)

< {lgf (@) + 1% (@)1}
! +7-
>(F(Z —>ll)’ (84)
'y
where the parton luminosity L, is given by
2 'dx 2 my
qu(mz/) = Z/ o q(.x mzr)fq s . mzr
m%/
(M )| s9)

where /s is the collider center-of-mass energy and
fq@)(x.m%,) is the parton distribution function of the
quark ¢ (antiquark g), evaluated at the scale my.
Additionally, the total Z' decay width reads

o= (38, ) SNng O + )
Bl E (- )
) )

(86)
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FIG. 2. The cross section for the process pp — Z' — [T~
plotted as a function of the Z' boson mass according to the
choices of (ty, €), where the top and bottom panels correspond
to € =0.1 and ty = 0.2, respectively. The solid and dashed
black curves refer to the observed and expected limits, while
the green and yellow bands refer to 1o and 20 expected limits,
respectively [75].

where f refers to the standard model fermions and the dark
fermion & that is assumed to be radically lighter than Z’.
The 6(x) is the step function, and M, is the v;z mass.

In Fig. 2, we show the dilepton production cross section
o(pp = Z' — IT17) as a function of the new gauge boson
mass, my, for various values of fy and e, with r =1,
M, =M, =M;=my/3, and m, = my /4. In addition,
we include the upper limits on the cross section of this
process at 95% credibility level using 36.1 fb~! of pp
colision at /s = 13 TeV by the ATLAS experiment [75].
In the top panel, the lower bounds on the new gauge boson
mass are determined as m, = 2.1, 2.8, 3.5, and 3.7 TeV
according to ty = 0.1, 0.3, 0.6, and 0.8, respectively, for
€ = 0.1, whereas, in the bottom panel, the lower bounds are
my =3.9,2.3,3.4,and4.5TeV according to e = —-0.5,
—0.1, 0.4, and 0.8, respectively, for ¢ty = 0.2.

It is noteworthy that the Z’ boson decays not only to the
leptons but also to the quarks, and thus the dijet signal can
provide a lower exclusion limit for the Z' mass. However,
since the coupling strengths between Z’' and the charged
leptons are approximately equal to those of Z’' with the
quarks, and the current bound on dijet signals is less sensitive
than the dilepton one [76,77], the lower limit implied by the
dijet search is quite smaller than that obtained from the
dilepton, as explicitly shown in Fig. 3. Hence, in the present
model, the dijet bounds for the Z’ mass are not significant.

In Fig. 4, we combine the lower bounds, which are
obtained from the current LHC limits of the dilepton
production, the p parameter, the precision measurement
of the Z decay width, and the LEPII constraint, to find
the allowed parameter space in the #y—A and e-A planes.
The top panel of this figure indicates that with ¢ = 0.1 the
current LHC limits of the dilepton production impose
the most stringent bound on the new physics scale A for
the range of 7y values under investigation. Similarly, the
bottom-left and -right panels suggest that with 7, = 0.2 the
current LHC limits of the dilepton production impose
the most stringent bound for the whole region of ¢ under
consideration.

Observed .- ty=01 —— €=-05
01008 ~°°°- Expected  ——--- ty=03 —— €=-0.1
—— €=04

g 0.010k ——— €=08

@

< _

o 0.001F - il
10—4 L i
10—5 L S L L S~ \\\ L

1.5 2.0 25 3.0 35 4.0 45 5.0
mgz [Te\/]
FIG. 3.

Observed - ty=01 —— €=-05
0100, ~————- Expected  _____ ty=03 —— e=-0.1
—— €=04
g 0.010 €=08
@
<<
o 0.001 — E
10—4 4
10—5 L AR L L SN N L
15 2.0 25 3.0 35 40 45 5.0
mgz [Te\/]

The cross section (o) times kinematic acceptance (A ~ 0.4) times branching ratio (Br) into two quarks (up quarks according to

the left panel and down quarks according to the right panel) as a function of the Z’ boson mass (). The solid and dashed black curves
refer to the observed and expected limits, respectively [77], while the remaining curves are predicted by our model, in which the dashed
color curves fix ¢ = 0.1, while the solid color curves fix ty = 0.2.
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FIG. 4. The black, blue, red, and purple curves correspond to the lower bounds obtained from the current LHC limits of the dilepton
production, the precision measurement of the Z decay width, the p parameter, and the LEPII constraint, respectively. The regions that are
below each of these curves are excluded; hence, the allowed parameter space is determined by the green regions. The top panel
corresponds to € = 0.1, while the bottom-left and -right panels correspond to ty = 0.2.

IX. DARK MATTER PHENOMENOLOGY

As shown in Sec. II, the dark matter candidate, i.e., the
lightest field of £ and #, can take an arbitrary mass. This is
opposite to a previous study by one of us, which limits the
dark matter mass below the electron mass [52]. Hence, in
this work, we have compelling scenarios that explain the
dark matter abundance.

When the dark matter candidate is significantly coupled
to the normal matter in the thermal bath of the Universe, the
freeze-out mechanism works and determines not only the
dark matter relic density but also the dark matter nature to
be a weakly interacting massive particle (WIMP). If this
WIMP is sufficiently light, it may modify the synthesis of
the primordial light elements of the Universe; hence, this

scheme requires a dark matter mass to be bigger than the
big bang nucleosynthesis (BBN) and cosmic microwave
background (CMB) bounds, roundly equal to the electron
mass [78].

When the dark matter candidate is very weakly coupled
to the normal matter, its annihilation rate into normal matter
is always smaller than the Hubble rate and the dark matter
is not constrained by the BBN and CMB bounds. In this
case, we have two folds of dark matter production, given
upon the new physics scale. If the new physics scale is at
the TeV regime similar to the above WIMP case, a thermal
freeze-in mechanism works and implies the relic density
through the right-handed neutrino decay, vp — &;7.
Alternatively, if the new physics scale is very large, the
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dark matter may be asymmetrically produced from the CP-
violation decay of the right-handed neutrino vz — &;7,
through a mechanism similar to the leptogenesis for lepton
asymmetry generation.

Let us remind the reader that comparing the predicted
neutrino masses in (40) with the neutrino oscillation data
[73] yields A ~ [(h¥)?/f*] x 10'* GeV. Depending on the
Yukawa couplings, this leads to two regimes for the seesaw
scale A, that is, at TeV and grand unified theory scales,
respectively. Such new physics regimes are appropriate to
the mentioned mechanisms for dark matter generation. The
discussion delivered here updates and extends what done
in Ref. [52].

A. TeV seesaw scale: WIMP dark matter

The seesaw scale A is in the TeV regime, if (h*)?/f is
appropriately small; e.g., f*~ 1, and h* is similar to
charged lepton Yukawa couplings. In this case, the new
gauge boson Z' may pick up a mass at TeV compatible to
the precision test and colliders, as given above.

Let us recall that, although the charged leptons and down
quarks are Pp odd as the dark matter is, the dark matter

|

[ 5) mg

16JTCW 4m£ mZ,

<0 ”rel>§§f—>a1]

vé: Cg,ézmz
g'lgv (OP(CT) £y

32zcy, (4mg —m3,)

where f denotes the standard model fermions, the Z'ZH
coupling is given by gyzy =~ v(ety — ty)/2cy V1 — €2,
and note that the Z’ coupling to v;z is flavor independent.
The relic abundance of the dark matter fermion is
thz ~0.1 pb/<gvrel>ij§"—>all'

Take r = 1, 5%, = 0.231, g = 0.651, m, = 91.187 GeV,
and M, ,3 = myz /3, as above. Let A = 14 TeV satisfy the
limits from Fig. 4, which requires ¢ = 0.1, and 0.12 <
ty < 0.8, or alternatively ¢ty = 0.2, and —0.8 < e < 0.8. In
Fig. 5, top panel, we depict the relic density as a function of
m for the several choices of 7y and e that are viable from
the mentioned regimes of Fig. 4. Each density curve
contains a resonance where the density is radically reduced,
set by m; = my /2. Additionally, we make contours of
thz =0.12 as a function of m; and 7y for e =0.1 in
Fig. 5, bottom-left panel, and as a function of me and e for
ty = 0.2 in Fig. 5, bottom-right panel. Notice that the gray
band denotes excluded parameter space according to the
dark matter relic density above 0.12 that is overpopulated,
while the pink band is excluded region by the LHC for
A = 14 TeV that excludes 7y < 0.12 or equivalently m; ~
my /2 < 1.1 TeV as set by the resonance. From this figure,

cannot decay to the usual particles because of the electric
and color charge conservation. In other words, the dark
matter can obtain a mass larger than the usual fields, and in
the early Universe, the dark matter can annihilate to these
lighter fields, which sets the dark matter abundance by the
standard thermal decoupling limit.

We will study two scenarios where the WIMP dark
matter is either a vectorlike fermion & by imposing
mg < m, or a complex scalar n by assuming m, < m..

1. Dark matter as a fermion &

When the fermion ¢ is lighter than the scalar #, & is
stabilized responsible for dark matter. Assume that £ has a
nonzero dark charge, i.e., r #0. Processes for fermion
dark matter pair annihilation into the standard model
particles (leptons, quarks, Higgs, and gauge bosons) as
well as possible right-handed neutrinos proceed dominantly
through the contribution of the new gauge boson Z’ by the
s-channel exchange diagrams. It is straightforward to
determine the dark matter annihilation cross section times
relative velocity, given by

F (S + o) + %%

49°m

- ﬁ) (1- Kj) P ome — ), (7)

me

we obtain the viable dark fermion mass region to be
1.1 TeV<m; <94 TeV for e=0.1 and 0.12 <1y <
0.8 and 1.7 TeV<m:;<4TeV for ty=02 and
-0.8<e<038.

Besides providing a correct relic density, a viable dark
matter candidate should evade the present constraints from
detection experiments. The strongest limits come from
direct detections, which measure the spin-independent (SI)
scattering cross section of the dark matter on nucleons in
target nucleus. Additionally, the scattering of the dark
matter with nucleons can be described, at the microscopic
level, starting from effective interactions between the dark
matter and the standard model quarks. Here, such inter-
actions are dominantly contributed by #-channel exchange
diagrams of the new gauge boson Z’ to be

Eeff

E—quark (fy 5)[QYp(a PL +ﬂqPR) ] (88)

where ¢ = u, d, and P; x = (1 F y5)/2, and

g s = 9% (Olgt (@) + g5 (). (89)

a. —
2
dcyms,
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FIG. 5.

Fermion dark matter relic density plotted as a function of its mass for different choices of ty, € (top panel), whereas in the

bottom panels, we contour the correct relic density according to several parameter pairs, where the bottom-left fixes ¢ = 0.1, while the

bottom-right fixes ty = 0.2.

B, = 9% (9197 (9) — 75 (). (90)

4C%sz/

Hence, we obtain the SI scattering cross section of £ on a
nucleon, labeled as N = p, n with corresponding mass
mys, such as [79]

SI 4”2/\/ 2
o = Py [ﬂpZ+/1,,(A—Z)] , (91)

in which Z is the nucleus charge, A is the total number of
nucleons in the nucleus, pz\r = memyr/(mg 4 myr) = mys
is the reduced mass of the dark matter-nucleon system, and

= [Z(au +ﬂu) +ay +ﬂd]/8’

AP
}“n = [au +ﬁu + 2(ad +ﬂd)]/8

(92)
denote the effective couplings of the dark matter with
protons and neutrons, respectively.

Take A = 14 TeV (as above), A = 131, and Z = 54 for

the Xe nucleus, and my ~ 1 GeV. Assuming the correct
relic density for the dark fermion, in Fig. 6, we plot the SI

scattering cross section as a function of the dark fermion
mass according to the previously given regimes of (e, ty),
presented as blue and purple lines, respectively. In this
figure, we also include the XENONIT experimental

10-44 |

<

£ 10746
S,
(Tgm

10748} — €=0.1,002=sty<0.8

— ty=0.2,-0.8<€<0.8
—50 " N N L
10 2 4 6 8 10
mg [TeV]

FIG. 6. The SI scattering cross section of the dark fermion on
anucleon as a function of its mass, where the XENON1T upper
limit (black line), 1o band (green), and 20 band (yellow),
as well as the LHC (pink) and XENONIT (gray) excluded
regions, are shown.
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bounds, with upper limit (black line), as well as 1o (green)
and 20 (yellow) sensitivity bands [80,81]. Additionally, the
pink and gray bands are the excluded regions by the LHC
and the XENONIT, respectively. Note that the LHC
excluded region suppresses the SI cross section (blue line)
according to ty < 0.12, as expected. It is clear that the
viable dark fermion mass region obtained from the previous
part on the relic density also satisfies the current exclusion
limit of the XENONIT on direct detection.

2. Dark matter as a scalar n

We now consider a possibility that the complex scalar
singlet # is lighter than £ responsible for dark matter. We
also assume that 5 is lighter than H', Z', and vp’s, for
simplicity. Hence, the dark matter candidate annihilates
only to the standard model particles through a contact
interaction (4,) with usual Higgs fields as well as H' and Z’
portals that set the relic density.® Additionally, these
interactions/portals also determine the dark matter scatter-
ing with normal matter in direct detection. The contribu-
tions of Z', H' portals to the dark matter observables turn
out to be quite similar to the case of the fermion dark matter
with Z’ portal. Indeed, we find two distinct resonances in
the relic density according to m, = %mH/ and m, = %mzl,
set by H' and Z' fields, respectively. However, only the Z’
portal governs the SI scattering cross section, similar to the
fermion dark matter case, since H' does not interact with
quarks at the leading order. Hence, in what follows, we will
not consider the Z’ and H' contributions.

The most relevant phenomena are associated with the 44
coupling, such that

1
VD 5/1417*71(H2 +2vH), (93)

which connects the scalar dark matter to the standard model
particles through the usual Higgs portal. This contribution
of 44 (i.e., H) dominates over the mentioned portals, given
that 44 ~ 1 is radically bigger than the gauge couplings
g, gy as well as the 1 coupling that couples 7 to the new
Higgs H'. That said, the dark matter annihilation is given by
the channel ny* — HH, set by the contact interaction Ay,
which yields the cross section,

723
<6vrel>nn*—>HH = 12877,’}71,% . (94)

The correct relic density, i.e., thz ~0.1 pb/
(6Vre1) i = 0.12, implies a condition for the dark
matter mass at the TeV regime,

¥Since the Z-Z' mixing angle is suppressed, i.e.,a ~ v2 /A% < 1,
the contribution of Z is small, and thus omitted, similarly to the
fermion dark matter case.

my = |24 x 2.85 TeV ~2.85 TeV. (95)

To study the dark matter direct detection, we write the
effective Lagrangian that describes n-quark interactions
induced by f-channel H-exchange diagrams as

/14m _
Lo o = " Ln*nqq. (96)
H

where g denotes ordinary quarks. The SI scattering cross
section of # on a nucleon is [82]

7 2w m3; m,

SI_</14 KN My
y =

ce)’ 97)

where - = m,my/(m, + my) = my, and

2 1
Cyv==4=
N=9Ta

q=u,d,s

(z-34)n1+ -2 o9

in which £ take the values [83]

) ~0.0208(0.0189),  f7") ~0.0411(0.0451),
£ ~0.043(0.043). (99)

We estimate

|44] % 2.85 TeV

oyl ~ 1.115 x 10—45<
m

)2 em?. (100)

n

Taking the result (95) for the correct abundance, the model
predicts ;' ~ 1.115 x 10~ c¢m?, in good agreement with
the XENONIT experiment for a dark matter mass at TeV
regime, m, ~ 2.85 TeV, since 44 ~ 1 [30,81].

B. TeV seesaw scale: Freeze-in dark matter

What happens if the dark fermion, £, has a vanished dark
charge, r = 0? (Note that the dark scalar, 5, always has a
nonzero dark charge, which does not play such a role
instead.) It is indeed a sterile particle, &~ (1,1,0,0), not
interacting with the normal fields. It has only a coupling to
the second dark field, y&; yug. We further impose me < my,
so the field £ is stabilized. If y is very small, the dark matter
£ is very weakly coupled to the thermal bath of the
Universe.” Furthermore, it is noted that, since # and vp
are coupled to the Higgs and gauge portals via the
couplings A4 and/or gy, the fields n,vg are always
in thermal equilibrium with the standard model plasma,

9Opposite to the following asymmetric dark matter, there the
coupling strength between the dark fields and the normal fields is
highly suppressed by the heavy U(1), sector.
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as maintained by the forward/backward reactions SM+

zZ H .
SM'$& vrug(nn®), in contrast to &.

Since £ does not couple to the inflation field like the one
proposed below, it should have a vanished initial density.
Hence, £ may be later produced by the decay vy — &£, 7 via
the freeze-in mechanism, given that m,, > m; + m, [84].
We have assumed vy to be the lightest among the three
right-handed neutrinos, with the corresponding coupling y
to the dark fields. This way of dark matter genesis is
opposite to the WIMP scheme studied above.

When the cosmic temperature drops below the
right-handed neutrino mass, the freeze-in mechanism
supplies a relic density proportional to the decay rate

C(vg = &pn) [84],

y \2/1 TeV me
Q:h2 ~0.1 . (101
¢ (10—9> < m,, ) \33.3 MeV (101)

This yields a dark matter mass about m; ~ 33.3 MeV,
given that y ~ 10~ and the smallest right-handed neutrino
mass m, ~1TeV. Of course, this dark matter mass
depends on the y coupling and the vz mass (cf. Ref. [52]
for an alternative interpretation).

The possibility of a feebly interacting massive particle, &,
is very special, only for r = 0, a tiny y, and m; < m,,. For
the case m; > m, by contrast, the field n becomes dark
matter, but generated by a freeze-out mechanism like the
previous section. Let us turn to a more generic case, in
which both 7 and £ are very weakly coupled to the standard
model plasma.

C. Large seesaw scale: Asymmetric dark matter

When A is very large and 4, is very small, the dark
fields (&,n) are very weakly coupled to the standard
model sector (even for r # 0). The dark matter may
possess any mass, not bounded by the BBN and CMB.
Assuming m; < m, without loss of generality, this means
that £ is stable, responsible for dark matter. The physics
happens as follows. The large field for U(1), breaking
inflates the early Universe, then decays to right-handed
neutrinos. These heavy neutrinos that couple to the
dark fields via complex couplings y,& v,z CP-
asymmetrically decay to the dark fields, determining
the dark matter density, similar to the standard lepto-
genesis. Let us see this in the following.

Given that (h*)?/f* ~ 1, we obtain A ~ 10'* GeV, the
scale of dark charge breaking. We first argue that this
scenario of dark charge can explain the cosmic inflation
driven by the dark charge breaking field, y, comparable to
the one for B — L breaking [85-88].

The imaginary part of the y field, G, = V23 (y), is the
Goldstone boson absorbed/eaten by Z' through a gauge
transformation, U = ¢~0z/A, What remains is the real part

of this field, ® = V2N (y) = V2Uy ~
inflaton. It is described by a potential,

A + H', called the

1

1
V(®) = - pid? +4

N
3 3

(102)

This potential cannot explain the cosmic inflation [73].
Even if one includes Coleman-Weinberg contributions due
to the couplings of @ to vk, Z', ¢, and 5 [89], the effective
potential merely mimics the tree-level potential for large
field @ > A, whereas it predicts a too big number of e-folds
for small field ® < A [87].

The inflation issue can be solved by imposing the Higgs
inflation scheme for @ instead of the usual Higgs field [90].
For large field ® > A, the inflaton potential is approxi-
mated to be V(®) ~11;®* which preserves a scale (or
conformal) symmetry. Including a nonminimal coupling of
@ to gravity, called &, one has a Lagrangian,

1 1
LD > (m% + § DR + E8/,<1>aﬂ<1> -V(®), (103)
where R is Ricci scalar, mp = 2.4 x 10'® GeV is reduced
Planck mass, and 1 < & < (mp/A)? for consistency.
Changing to the Einstein frame g, = Q? g by a conformal

transformation Q2 = 1 + §'®?/m3, the Lagrangian takes
the canonical form,

5 | RO IR .
L=Q*L> Em%R + Eaﬂobaﬂqn - U(®),

V/3/2mp InQ2,

(104)

with the normalized inflaton field, ® =
and the resultant potential,

-V/2/3 (I)/mP )

(105)

U(®) = V/Q* = (43m$/487)[1 —exp (

which is flat for @ > mp, as desirable.

Let @, and @, be the inflaton field values at the horizon
exit and inflation end, respectively. The slow-roll param-
eters ¢(®), n(®), and {(®); the curvature perturbation
A% (®); and the number of e-folds N(®) can be directly
deduced from U(®). The inflation ends at e¢(®,) ~ 1,
giving ®2 ~ (2/+/38')m3. The standard cosmology [73]
yields both N(®) ~ 60, 1mp1ying @} ~ (84.84/8)m%, and
A% (D) =2.215 x 107 at pivot scale ky, = 0.05 Mpc~!,
supplying & /+/25 ~ 5.04 x 10*. We achieve the inflation
observables at the horizon exit, such as the spectral index
n, ~0.967, the tensor-to-scalar ratio r ~ 0.00296, and the
running index a~—5.23 x 107, in agreement with the
experiments [91].

After the inflation, the right-handed neutrinos may
directly be created by the inflaton decay, ® — vzvg, which
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FIG. 7. CP-violating decay of vy creating the asymmetry dark
matter of the Universe.

reheats the Universe.'” Alternatively, the fields vz may be
created in the cosmic plasma through thermalizing other
states during the preheating or/and reheating stages. These
right-handed neutrinos presented in the early Universe then
decay to dark fields, vp — &7, through diagrams as
depicted in Fig. 7, which both violates CP symmetry
and drops out of thermal equilibrium when the Universe
cools down, explaining the abundance of the asymmetric
dark matter of the Universe. This process is similar to the
CP-violating decay of vp to normal matter, i.e., vg — [} ¢,
that explains the lepton asymmetry via leptogenesis [92].

Assume the right-handed neutrino masses to be hierar-
chical, M| < M, ;. The asymmetric dark matter generation
is proceeded through v decay, determined by

_ D(vig = &n) —T(vig = £7)
€pMm — T )

(106)

where T’y is the total width of vz, which must include
vig = [ ¢, too. From Fig. 7, it is straightforward to derive

'9At the scale of the dark charge breaking, Q? = 1 + §'A%/
m%, ~ ] is close to the identity; hence, the fields in Einstein frame
coincide with those in the Jordan frame. The hat mark on fields
may be omitted.

Do iSiyvi(Vivi + hih, )M /M,

107
8x(yiy1 + 2h4ihY,) (107)

€pMm =

Note that the two-to-two scatterings between normal fields
(I¢p) and dark fields (&) are suppressed because they are
mediated by superheavy particles vy, Z', and H'. Hence, the
Boltzmann equation that describes the abundance yield of
dark matter asymmetry, Ypy, is decoupled from that for
normal matter. The abundance yield takes the form

Ypum = fpmépmYor (0), (108)

where Y;1 (0) = 135¢(3)/(4n%g,) ~4 x 1073, And the

efficiency factor is given by the Boltzmann equation as

H(T=M,) 170M,
Ipm = == s
F(VlR - 5’7) yiyimp

(109)

appropriate to the strong washout regime, 7py << 1, where
H =033,/9.T 2 /mp is the Hubble rate at the asymmetric
vyg decay, T = M, with g, = 106.75 counting the effec-
tive number of degrees of freedom.

The relic abundances of dark matter and normal matter
have been well measured, giving a relation Qpy ~ 5Qp.
Hence, the dark matter mass obeys

1.6 x 1078 m,mpy;y, (yiy: + 2045 hY))
M2 Syivi (i +hghi ) /My
(110)

me~5m,Y Y\ =

where m, ~1GeV is the proton mass, and Y 5 ~0.87 x 10~1°
is the baryon-to-entropy ratio [73]. Expanding the inflation
potential, we obtain the inflaton mass mg, = +/A3/3mp/5 ~
2.77 x 103 GeV. Thus, one can take

M, < mg ~ M, ~ M, (111)
such that the inflaton suitably decays to vz, not to v; sp,
after the inflation end.'" Since (h*)? ~ f* ~ M/A is radi-
cally smaller than 1, we assume (h*)? < y* ~ 1, appropriate
to the strong washout regime, 7py; << 1. Omitting the normal
field contributions by the (4*)? terms in (110), as well as
setting M, = M3 and y,3 = y te”™® where ¢, k are real,
we have

Uit m | 1is close to mg, the Universe undergoes a period of
preheating, waiting for necessary inflaton oscillations before
decay, ® — v,z x. In this preheating, the nonperturbative decay
& — 7'7' exists [93], whose products rapidly thermalize pro-
ducing a cosmic plasma with temperature much beyond the
conventional reheating temperature [94]. The right-handed neu-
trino can be created by this Z’ thermalization and thus populated
in the early Universe before the reheating, as mentioned.
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107" mg\ 2 (M, 5 1
~ 69 @ : MeV. (112
e < M, ) (mé,><tzsin21<> ¢ (112)

Assuming ¢ = |y,3|/|yi| ~ 1, k ~ x/4, and M| ~ 10~ mg,
we obtain the dark matter mass m; ~ 69 MeV. Note that 7
should have a mass larger than that of the dark matter .
Hence, the dark matter gains a correct abundance with a
mass m; ~ 69 MeV, given that vg’s couple to the dark
sector to be stronger than to the normal sector, i.e.,
|y23] ~ [y1| > |A*|, and that the CP-violation phase is
maximal, Arg(y;/y,3) = x/4. A similar process, known
as the leptogenesis, also generates a baryon asymmetry,

YB ~1.3x 10_37]NM€NM

~4.4x 10710 Z %(ei”/4hgjhzl)/(hgﬁhzl), (113)
=23

in order of 107!°, comparable to the observation. Since &

communicates with normal matter only through the super-

heavy Z' portal if £ has a nonzero dark charge (otherwise, it

is sterile), £ does not significantly interact with the detectors

in direct detection.

Last, but not least, the mass of the asymmetric dark
matter as well as that of the freeze-in dark matter in the
previous section are, as obtained, all beyond MeV scale.
Hence, there does not exist any sub-MeV dark field. This
implies that there are no new relativistic degree of freedoms
present during the BBN. Additionally, the dark matter
candidates in both the schemes are always stabilized for
which they neither decay nor modify the predicted number
density of the known matter components. That said, the
asymmetric and freeze-in dark matter schemes are con-
sistent with the cosmic observations, predicted by the
standard cosmology.

D. Necessity of this study of dark matter

Dark matter is known to be electrically and color neutral.
However, its stability closely related to these universal
charges was not interpreted, to our best knowledge. Our
basic idea is to propose a dark charge, mirror of electric
charge, thus defining a hyperdark charge through the T3
operator. The interest is able to couple the hyperdark charge
breaking field to right-handed neutrinos, raising it to the
rank of Majoron. The residual gauge symmetry works in
such a way that the electric and color charge conservations
are crucially to keep the dark matter stable. The dark sector
states defined by the dark parity reveal two singlets, the
fermion £ and the scalar 7, to be the simplest candidates for
dark matter. This interpretation of dark matter stability
leads to a novel gauge portal that communicates dark matter
to normal matter, besides yielding characteristic signatures
at the precision test and colliders.

Indeed, this construction is precisely to limit the types
of charges between Z’' and ordinary fermions (including

right-handed neutrinos as well) by anomaly cancellation,
given through the o-charge relations, such as

N(lLvQLvURveRv”RvdR)
=-1/2+6,1/6-6/3,6,—1+6,2/3-6/3,—1/3—-6/3,
(114)

respectively. Hence, Z' has effective chiral couplings
to normal matter, unlike a vectorlike B — L gauge field.
Besides governing the dark matter observables as pre-
sented, Z' can be used for distinguishing our dark matter
model in experiment. First, the scattering of dark matter
with target nuclei or electrons in direct detection experi-
ment violates the parity conservation explicitly. Second, the
way that Z’ couples to the normal matter differently from
the usual theories could sign novel ratios of dark matter
annihilation in neutrino/positron/antiproton in indirection
detection experiment. For the WIMP scenarios that are
governed by the Z’ portal and received a dark matter mass
in tens of GeV, we obtain

<01}>W¢» : <0U>e—€+ : <6U>bb"
= (82— 5+1/4):(26° —36+5/4): (2623 +6/3+5/12).
(115)

where the annihilation in antiproton includes the contribu-
tion of bb¢ channel, whereas, when the dark matter mass is
beyond the weak scale, we deduce

<GU>W” : <6’U>€76+ : <Gv>ttf
— (B —5+1/4): (28 —36+5/4): (262/3-56/3+17/12),
(116)

where the annihilation in antiproton is accounted for #z¢
channel. Such ratios that experiments could measure allow
for reconstructing the § charge, a characteristic signature
that allows the discovery of this type of model. The model
under consideration with 6 =1 yields the annihilation
ratios to be either 3:3:17 or 3:3:5 corresponding to the
hadronic channels to be either bb¢ or ¢, respectively.12
Above, we have assumed the right-handed neutrinos to be
heavier than the WIMPs. Also, we do not look into any
indirect detection experiment in detail, a task to be taken up
elsewhere. Surely, the WIMP annihilation cross-sections
that obey the correct relic density, i.e., (cv) ~ 1 pb, would
easily evade such an indirection detection constraint for an
appropriate WIMP mass.

PFor comparison, the annihilation ratios in neutrino/positron/
antiproton in the usual B — L theory are 3:6:2, respectively,
indistinguishable to up- and down-type quark channels.
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Last, but not least, since the dark matter stability is
closely related to the neutrino mass generation, the dark
matter candidates may interact with right-handed neutrino
portals, alternatively to the Z’ portal. It is interesting that the
leptogenesis works, appropriately producing both normal
and dark matter asymmetries, a feature not naturally
imposed in the usual B — L theory since & is completely
sterile and omitted. Additionally, in the other scheme, dark
matter can be produced via freeze-in decay of right-handed
neutrinos.

X. CONCLUSION

We have proven that a dynamical dark charge naturally
arises as a variant of the usual electric charge. The dark
dynamics interprets the right-handed neutrinos to be
fundamental fields which are both charged under the dark
charge and received large Majorana masses through the
dark charge breaking. This dark charge breaking implies
not only the electric charge quantization as fixed by the
mentioned Majorana masses, but also the observed, small
neutrino masses given in terms of a canonical seesaw when
the weak breaking proceeds. It is noteworthy that the dark
charge breaking also supplies a residual dark parity, such as
Pp = (—1)3P+% providing a stable dark matter candidate.
This kind of dark matter stability symmetry differs from the
most studies: Although the charged leptons and down
quarks are odd under the dark parity as the dark matter is,
the dark matter is stabilized simply by the electric and color
charge conservations.

The new physics effect comes from the U(1), sector that
determines the dark charge. We have examined the new
physics contributions to the p-parameter, the total Z decay
width, the LEPII and LHC dilepton searches. The results
indicate that the dark charge breaking scale A and the new
gauge boson Z’' mass are bounded at several TeVs.

Depending on the magnitude of the seesaw scale as well
as the coupling strength between the normal and dark
sectors, the novel scenarios for dark matter production may
be recognized. The large seesaw scale scheme for the dark
charge breaking generates appropriate asymmetric fermion
dark matter with a dark matter mass around 69 MeV, with
the suitable choice of parameters. This dark matter genesis
is analogous to the lepton asymmetry production from the
standard leptogenesis. Indeed, both kinds of the matter relic
arise from the lightest right-handed neutrino decay. By
contrast, the TeV seesaw scale scheme for the dark charge
breaking is appropriate to the production of the WIMP dark
matter. In the special case, the sterile fermion dark matter
may be alternatively produced from a freeze-in decay of the
right-handed neutrino. All such dark matter generation
schemes are manifestly governed by the U(1), gauge
symmetry, i.e., the dark dynamics.

Finally, multicomponent dark matter can be recognized
due to the existence of the many solutions of U(1), factors

or Z,-larger residual symmetries induced within each
U(1)y, a task to be conducted elsewhere [53].
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APPENDIX A: CURRENT ALGEBRA APPROACH

Consider the SU(2), symmetry of weak isospin, T
(i =1, 2, 3), in which the left-handed fermions transform
as isodoublets, [; = (v.e; )T and q; = (u;d;)?, whereas
the corresponding right-handed fermions are put in singlets,
where generation indices have been suppressed. The
vectorlike fermion introduced later for dark matter is not
counted, without loss of generality. Further, we assign the
electric charge and the dark charge to each fermion, such
as Q(v,e,u,d)=0,-1,2/3,-1/3 and D(v,e,u,d) =
6,6—1,2/3-6/3,—1/3 —6/3, respectively. The latter
charge values can be extracted from (13).

The covariant derivative relevant to SU(2); is

D, =0, +igT;A;, = 0, + ig[(T.W,} +H.c.) + T3A3,],
(A1)
where T, = (T, +iT,)/v/2 and W* = (A, F iA;)/V/2.

Thus, the gauge interaction of fermion multiplets, com-
monly labeled as F’s, takes the form

L£>Y Fiy'D,F
F
DY [(=gFLy"T FLW; +He.) = gFLy"TsF Ay, ].
F
(A2)

This leads to weak currents in the Lagrangian, £ D
—gJ Wi 4+ H.c. — gJ5As,, such that

J/:lt = ZFL},ﬂTiFL’ Jg = ZFL]/'MTg,FL. (A?))
F F

The weak currents give rise to the corresponding weak
charges,

1 + N
T+(t>5/dSXJ(_)~_:ﬁ/d:;X(l/l“eL"‘ulI‘dL),
1 . .
T3(I)E/d3xJ(3):§/d3x(l/ZI/L—eZeLJru'LuL—dZdL),
(A4)
and T_(t) = [T (¢#)]7. Using the canonical anticommuta-

tion relation, {f(X,1),f1(¥.1)} =83 (¥ -7), the weak
charges obey the SU(2), algebra, as expected,
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[T4(2). T_(1)] = T3(0). [T3(0). T (1)] = £T (1) (AS)
The Q(r) and D(t) charges are given by
(1) = / d*xF'QF
o N S
—/dx _eLeL+§uLuL_§deL+(RR) , (A6)
D(t) = / &PxF DF
- /d3x |:5Z/ZZ/L +(8=1)ee, + 2 ; 5u2uL
! ;L‘Sd* d, + (RR)|. (A7)

Q(t) and D(t) are not proportional to T5(¢), because they
have the right currents. Hence, Q, D, and the weak isospin
do not form a closed algebra, under which we base our
theory. Further, we derive

[Q(0). T ()] =T (1), [D(1).TL()]==%T+(1).  (A8)
implying that Q and D do not commute with the weak
isospin.

We obtain

1
Q(t) = Ts(t) = /d3 |:__lTlL+6LILQL e};eR

1
+§M}-QMR _ngRdR:|
= / dxFYF, (A9)
D -1 = [ x| (5-3 )it + (5-5)alas
2-6 1+6
+(5—1)€LER+3M£MR—3d£dR:|
= / d*xF'NF, (A10)

which yield two new Abelian charges, Y and N, with their
values for multiplets coinciding with those in the main text,
respectively.

It is easily to check that Y(r) = [d*xF'YF and N(t) =
Jd@xF'NF commute with the weak isospin and are
linearly independent. Hence, we conclude that the manifest
gauge symmetry must be

SUQ2), ®@ U(l)y ® U(1)y, (A11)

apart from the color group. Additionally, ¥ and N
define the electric charge and the dark charge given,
respectively, by

Let us stress that the SU(2), weak isospin theory
contains in it two conserved and noncommutative charges,
Q and D, and that the requirement of algebraic closure
between them yields the SU(2), ® U(1), ® U(1), gauge
model, describing the electroweak and dark interactions.
Interestingly, the weak and dark interactions are unified in
the same manner in which the electroweak theory does so
for the weak and electromagnetic interactions.

APPENDIX B: ANOMALY CHECKING

For convenience in reading, let us recall the full gauge
symmetry,
UB)c®SUR2), ® U(l)y ®U(1)y,  (BI)
and collect the U(1)y y quantum numbers in Table VI.

All the anomalies are canceled within each generation,
independent of 6, because of

[SUB) LUy~ > (Y, =Yp,)=3(2Y,=Y,—Y,)
quarks
=3[2(1/6)-(2/3)-(-1/3)]=0, (B2)
[SUB3)JPU)y
~ Z (Nj, —=N;,) =3(2N, - N, - N,)
quarks
=3[2(1/6-6/3) = (2/3-6/3) = (=1/3-6/3)] =
(B3)

[SUQ) UMy~ Y Yy, =Y, +3Y,

doublets

=(-1/2)+3(1/6)= (B4)
[SU@2) PU(1)y~ > Ny =N;+3N,
doublets
=(=1/248)+3(1/6=8/3)=0, (B5)

TABLE VI
generic case.

Y, N quantum numbers of fermion multiplets in the

Multlplet lL qr UR €R Ug dR
O
T O T I R
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[Gravity]?U (1), ~ Z (YfL - YfR)

fermions
:2Yl+2X3Yq+Y§L_YD_Y6_3YM_3Yd_Y§R
=2(=1/2) +6(1/6) + 00— (=1) = 3(2/3) =3(=1/3) =0 =0, (B6)

[Gravity|2U (1), ~ Z (N;, =Ny,)

fermions

:2Nl+2X3Nq+N5L_Nv_Ne_3Nu_3Nd_N§R

=2(=1/248)+6(1/6—8/3)+2r—5— (6—1)—=3(2/3-5/3) = 3(=1/3-5/3) —=2r=0, (BT
U PUMy = Y (Y] Ny, = YNy

fermions
=2YIN; +2x3YIN, + Y2 Ny, — Y2N, - Y2N, = 3Y2N, = 3Y3N, - Y2 N,
= 2(=1/2)2(=1/2+8) + 6(1/6)2(1/6 — /3) + 0% x 2r — 0> x &
— (=1)2(8 = 1) = 3(2/3)2(2/3 = 5/3) = 3(=1/3)%(=1/3 = §/3) —= 0% x 2r = 0, (BS)
U [UWN2= Y (YN}, =Y, N3,)

fermions
=2V N} +2x3Y,Ng+Ye N; —Y,N; =Y .N; =3Y,N; =3Y,N;— Y N}
=2(=1/2)(=1/2+8)* +6(1/6)(1/6 = 5/3)> + 0 x (2r)> =0 x &
—(=1)(6=1)>=3(2/3)(2/3 =6/3)> = 3(=1/3)(=1/3 = 5/3)> =0 x (2r)> = 0, (B9)
v = > (1, -1}

fermions
:2Y,3+2x3Y§,+Y§L—Yg—Y3—3Yg—3Yg—Y§R
=2(=1/23+6(1/6)3 +03 = 0° — (=1)> =3(2/3) =3(-1/3)* = 0* =0, (B10)
[N =) (N} -N3)

fermions
=2N]}+2x3Ny+N} —N; =N =3N; —3N; - N},
=2(=1/2+6)>+6(1/6-6/3)>+(2r) =8 - (6—1)>-3(2/3-6/3)*=3(-1/3-6/3)* - (2r)*=0. (BI11)

Notice that the dark fermion £ is vectorlike, not contributing to any anomaly, which need not necessarily be counted from
the outset.

Additionally, as mentioned in the body text, if the model contains a variety of dark charges, say,
SUB)e®SUQ2), @ U()y @ U(l)y, @ U(1)y, ® --- @ U(1)y,. (B12)
the anomalies of all types as computed above are still canceled. For the remaining anomalies, it is sufficient to verify

[UWNPUM)y = Y (N} Ny, =N} N},)

fermions

= 2NIN} 42 X 3N2N), — N2N} — NN/, — 3N2N), — 3N2N/,

=2(5-1/2)2(8 = 1/2) +6(1/6 = 8/3)*(1/6 =8 /3) = &* x & — (5= 1)2(8' = 1)
—3(2/3=5/3)2(2/3 = 8/3) =3(=1/3=68/3)*(=1/3 = §/3) =0, (B13)

where the distinct values § and & define the hyperdark charges N and N’, respectively. Hence, the model of multidark
charges is viable, attracting attention.
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