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symmetry which arises from a subgroup of a U(1)’ gauge symmetry, spontaneously broken
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any charges. A chiral fermion y with half-integer charge is odd under the preserved Zs,
and hence becomes a stable dark matter candidate, being produced through couplings to
right-handed neutrinos with vector-like U(1)" charges, as in the type Ib seesaw mechanism.
We calculate the relic abundance in such a low energy effective seesaw model containing
few parameters, then consider a high energy renormalisable model with a complete fourth
family of vector-like fermions, where the chiral quark and lepton masses arise from a seesaw-
like mechanism. With the inclusion of the fourth family, the lightest vector-like quark can
contribute to the dark matter production, enlarging the allowed parameter space that
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1 Introduction

The origin of neutrino masses and their mixing, as evidenced by the neutrino oscillation
experiments [1], remains one of the most interesting open questions of physics beyond
the Standard Model (SM). In the past half-century, theorists have invented hundreds of
models to interpret the existence of the neutrino masses and most of them lead to an
effective dimension-five Weinberg operator [2]. Among those models, the most popular
and well-studied ones are the tree-level realisations of the Weinberg operator, namely the
type I [3-6], II [7-12] and III [13-16] seesaw models. However, the difficulty in generating
proper neutrino mass naturally with large seesaw couplings and small right-handed (RH)
neutrino masses simultaneously reduces the experimental testability of these models, and
some low scale seesaw models with extended RH neutrino sectors such as the inverse seesaw
model [17], the linear seesaw model [18, 19] and other radiative models [20-23] have been
proposed to make the models more testable.

Another great mystery unanswered by the SM is that of cosmological dark matter
(DM), which is commonly thought to be some kind of massive new particle that is stable
on cosmological timescales. Although many DM candidates have been proposed, the most
common mechanism to account for their stability is to invent a discrete symmetry, the
simplest example being Z5, under which the dark matter candidate is odd, while the SM
particles are even, where such models may be related to neutrino mass and mixing [24-39].
Although this approach can explain the mystery of invisible dark matter, accounting for
about a quarter of the energy density of the universe [40], the origin of the discrete sym-
metry such as Z is rarely considered in the literature, but instead is often just imposed,
for example as in the case of R-parity in supersymmetry (SUSY). Although discrete sym-
metries are widely used in model building [41-55], the SM does not contain such discrete
symmetries, only gauge symmetries and accidental (approximate) global symmetries. Con-
sequently, there is good motivation to seek the origin of discrete symmetries as subgroups
of gauge symmetries.



Recently a new version of the type I seesaw mechanism, named as the type Ib seesaw
mechanism [56], that can be just as testable as the low scale seesaw models above has
been proposed, with the light neutrino masses originating from a new type of Weinberg
operator involving two Higgs doublets and a Dirac heavy neutrino. It has been shown that
the model cannot only be extended to include dark matter via a neutrino portal [57] but
can also produce baryon asymmetry in a variant version [58]. However in this model, as in
many such models, both the type Ib seesaw model itself and the inclusion of dark matter
via a neutrino portal requires additional imposed discrete symmetries whose origin is not
explained.

In this paper, we consider the possibility that dark matter is stabilised by a discrete
Zy symmetry which arises from a subgroup of a U(1)" gauge symmetry, and under which
the chiral quarks and leptons do not carry any charges. A chiral fermion x with a half-
integer charge is odd under the preserved Z;, and hence becomes a stable dark matter
candidate, being produced through couplings to right-handed neutrinos with vector-like
U(1)" charges, as in the type Ib seesaw mechanism. However, in the present model, no
discrete symmetries are required to be added by hand. Indeed our proposed model is a
U(1)" gauge extension of the SM SU(3). x SU(2)r, x U(1)y symmetry, where the U(1)’ is
broken into a Z5 symmetry spontaneously by the vacuum expectation value (VEV) of an
integer charged scalar singlet, together with integer charged Higgs doublets. In the minimal
type Ib seesaw model, the light neutrino masses originate from a new type of Weinberg
operator involving two Higgs doublets and a heavy Dirac neutrino constructed from the
vector-like right-handed neutrinos. Assuming the heavy Dirac neutrino is around the GeV
scale, we focus on a scenario where the dark matter candidate and the new gauge boson
are above TeV scale and explore the parameter space of the model providing the correct
dark matter relic abundance. However, in such a minimal effective model, chiral quark
and lepton masses arise from non-renormalisable operators. To construct a renormalisable
model, we consider a complete fourth family of vector-like fermions, in which the chiral
quark and lepton masses arise from a seesaw-like mechanism. With the inclusion of the
fourth family, the lightest vector-like quark can contribute to the dark matter production,
enlarging the allowed parameter space that we explore.

The paper is organised as follows. In section 2, we start with the extension of the
minimal type Ib seesaw model and discuss the allowed parameter space in the model
assuming the correct dark matter relic abundance. We also derive the required sensitivity
of direct and indirect dark matter detections to find the dark fermion. In section 3 we show
how the model is completed with a fourth generation of vector-like fermions and recompute
the allowed parameter space. Finally, we summarise and conclude in section 4.

2 Extension of the minimal type Ib seesaw model as an effective model

Here, we introduce the U(1)" extension of minimal type Ib seesaw model with a Majorana
fermion singlet. The charges of the fields in the model are summarised in table 1. The U’(1)
gauge symmetry, rather than any discrete Zs or Z; symmetries [57, 58], is responsible for
making the two Higgs doublets distinguishable and ensuring the type Ib seesaw structure.
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Table 1. Irreducible representations of the fields of the model under the electroweak SU(2)1 x
U(1)y xU(1)" gauge symmetry. The fields gz, {1, are left-handed SM doublets while ug s, drg, €rs
are right-handed SM singlets where «, 3 label the three families of quarks and leptons. The fields
NRgi,2 are the two right-handed neutrinos.

However, the U(1)" symmetry does not completely take over the function of the discrete
symmetries. In fact, the Yukawa interaction between charged fermions and Higgs doublets
is forbidden by the U(1)" symmetry. To preserve the fermion mass, a new scalar singlet
¢, which is also referred to as the “Yukon” [59], is introduced with which dimension-5
interaction is allowed in the form of g7, ®ourg®, qfaélngqﬁ and ZaileRng.l After ¢ gains
a VEV (¢) = v4/ V2, the Yukawa interactions generating fermion mass after spontaneous
symmetry breaking (SSB) of Higgs doublets are

EQHDM D) —Yolfﬁqjaq)gu;w — Yjﬁqfa(i'lng - Yfﬁza‘ilepﬁ + h.c. s (2.1)

which is referred to as the type II two Higgs doublet model (2HDM) [44]. However, the
SU(2) x U(1) x U(1)" symmetry does not help to keep the type II 2HDM structure, which
may lead to unexpected flavour changing process. As will be discussed in section 3, the
problem can be solved by considering a fourth generation of vector-like fermions, which is
also motivated by constructing a renormalisable model. After realising the type Ib seesaw
model effectively, the type II 2HDM structure appears automatically.

Under the U(1)" symmetry, the Yukawa interactions allowed in the type Ib seesaw
sector take the form

Lscesawib = —Y1alLa®1Nr1 — Yoo lpo®2Nra — M NG, Nro + hec., (2.2)

The two “right-handed” Weyl neutrinos can actually form a four component Dirac spinor
N = (Ng;, Ngo) with a Dirac mass M. The U(1)" Dirac spinor N can be easily read as 1
from table 1. Notice that any Majorana mass terms of the RH neutrinos break the U(1)’
symmetry and therefore the classical type Ia seesaw is forbidden in this model. The type
Ib seesaw Lagrangian can be rewritten in N as

Lseesawlb = — Y705 PINL — Yoo lr,PoNg — MNNLNR + hec.. (2.3)

In table 1, the SM fermions are uncharged under U(1)’ to avoid chiral anomalies while
the two Higgs doublets ®; o, the heavy neutrino A/, the dark fermion singlet x1, g and the

'Dimension-5 operators gz, P1ursd”, G, P2drsd* and Lo Poersd™ are also allowed by the U(1)" gauge
symmetry. However, to avoid flavour-changing neutral currents, we require those interactions to be forbid-
den. We will ignore these operators in the analysis of the effective theory, since they will be forbidden when
we consider the more complete theory later.
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Figure 1. Light neutrino mass generated by the type Ib seesaw mechanism.

Yukon ¢ are charged. The kinetic terms of those particles are
Ly = (D;;DI)TD’“@ + (D;%)T D" @y +iNP'N
+ixz'xL + XD xr + D, ¢D"¢ (2.4)
where the covariant derivative under SU(1) x U(1) x U(1)" symmetry is
D), =08, +izg0 W, +igY B, +ig|Y'B),. (2.5)

In addition to the kinetic terms, the dark fermion can only couple to the Yukon through
interaction

Yy OXIXL + Un OXGXR + hec.. (2.6)

After the U(1)’ is broken by the VEV of Yukon, the dark fermion y gains a Majorana mass
ML R = ﬂyi’Rv(ﬁ and become stable due to its half-integer charge under U(1)". In fact,
the VEV of Yukon breaks the U(1)" symmetry into a Z; symmetry under which y is the
only charged particle. In addition to the Majorana mass, the dark fermion can also have a
Dirac mass mp, which makes the mass matrix of xr, r

<mL mD) (2.7)
mp Mg

Here, we consider two limits: hierarchical and degenerate dark fermion masses. The dark
fermions appear to have a hierarchical mass spectrum when their Majorana masses are
hierarchical and Dirac mass is negligible when compared to the heavier Majorana mass.
Without loss of generality, we assume the left-handed dark singlet is heavier, i.e. mp >
mp, mgr. Then x is unstable and decays before the freeze-out of the stable dark matter
candidate yg. In this case, the existence of the left-handed dark fermion does not cause
any significant effect in dark matter production. On the other hand, if the dark fermions
share the same mass, either Dirac (my g = 0) or Majorana (mp = 0), the dark fermions
are both stable and the predicted dark matter relic abundance is twice that in the case with
hierarchical masses. Between these two limits, the dark fermion masses could be quasi-
degenerate when mp > mp g # 0 or mp g > mp # 0 and the heavier dark fermion could
have a long enough lifetime to play a role in dark matter production. For simplicity, we
focus on the case where the dark fermion masses are hierarchical and only xg is considered
during the freeze-out production of dark matter. In the rest of the paper, we adopt x and
m, for the dark matter candidate x g and its mass to simplify the notations.
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Figure 2. The processes responsible for DM production.
Besides the dark fermion, the U(1)" gauge boson Z’ also gains mass My = ¢jve
from the VEV of Yukon. However, since the Higgs doublets are also charged under the
U(1)" gauge symmetry, the mass of Z’ also receives contributions from (®;) and (®9) after

the electroweak (EW) symmetry breaking, which leads to mixing between the massive
gauge bosons.

2.1 Gauge boson mixing

After the SSB of the Higgs doublets, the mass matrix of W3, B and B’ reads

93 —3192 2924 cos 23

[

L Y 91 —2g19} cos 23 (2.8)

2
2g29; cos 23 —2g1 ¢} cos2/3 4g’12 (1 4 Zg)

H;@

where § = arctan ((®2)/(®2)). The mass of B’ also receives a contribution from the SSB
of scalar singlet ¢ as Mz = gjvs. While the photon remains massless, there is a mixing
between the SM neutral gauge boson Z and the gauge boson Z’

Z — Zcosl — Z'sinf, Z' — Z'cosO+ Zsinb (2.9)

with the expression of the mixing angle given by

2cos28giv My Acos2Bgi\/gf + gov?

tan 20 = = .
2 2
MZ, — MZ +gi"v?  4g5°(0? +03) — (9F + g3)v?

(2.10)

Assuming Mz > Mz and vy, > v, the mixing angle 6 is approximately

cos 281/ 9% + g3 v?/ g’lv(%. The EW Precision Observables provides an upper bound on the
mixing angle, which is § < 1073 [60]. The upper bound can be converted into constraint
on the parameters in the model as

g’lvg, > (6.7 TeV)? . (2.11)

Due to the perturbativity limit of the U(1)" gauge coupling ¢}, vy has to be larger than
3.6 TeV, which is coincident with the assumption vy > v above.



2.2 Freeze-out production of dark matter

In the early universe, the dark matter candidate y can interact with the other particles
through the Z’ mediated processes as shown in figure 2.2 Since the vertices all involve
gauge couplings, we do not expect the interaction to be feeble and therefore consider the
freeze-out production of the dark fermion x. The Boltzmann equation of y is [61]

ay, Xs

aX = A TV (v -y (2.12)

where X = m, /T. The quantities H and s are the Hubble parameter and the entropy
density of the thermal bath. The comoving density Y, is defined as the ratio of number
density and entropy density n,/s. The superscript “eq” represents the value of the quan-
tity in thermal equilibrium. Define Xy as the ratio of DM mass m, and the freeze-out
temperature Ty. To provide an analytical view of the solution to the Boltzmann equation,
we consider both the observational constraint and the general feature of freeze-out. On the
one hand, by requiring the correct DM relic abundance, i.e. Y3k = Y4(Xy), the observed
DM comoving density can be computed from

50 My YR

QObS h2 — ,
bM porit/h2

(2.13)
where sy = 2891.2cm?® and ,ocrit/h2 = 1.054 x 107°GeV cm ™3 are the current entropy

density and the critical density, respectively [62]. The DM relic abundance is measured by
the Planck Collaboration at 68% C.L. [40]

Qb h% = 0.120 £ 0.001 . (2.14)

At the time of freeze-out, the comoving density of y in thermal equilibrium takes the

expression

nSsd 45

- 9;5 X3, (Xy) (2.15)
*

€
Y
X s 4t
where g, is the degree of freedom in x and g; is the degree of freedom of the relativistic
species in the thermal bath. The function K5 is the modified Bessel function of the second

kind with order 2. Simple calculation shows that X; has to satisfy

m m
Xp=-X~274+1.071 X
=T LU Ty

(2.16)

2The U(1)" gauge boson and the Yukon are assumed to be decoupled at the freeze-out temperature.
The gauge boson Z’ decays fast because of the large gauge coupling. More specifically, in the region of
parameter space mgz: ~ My, the decay rate of Z’' roughly reads gi2MZ//87r. The ratio of the decay rate
and Hubble rate reads

My M,
Iz /H ~0.002g,° ZTQ L
f

where Mp is the Planck mass. Due to the large Planck mass, the gauge boson Z’ is likely to decouple
at temperature higher than My, when Z’ is TeV scale. On the other hand, the freeze-out temperature is
typically 20 times smaller than m,. Therefore Z' decouples before the freeze-out takes place. And the
Yukon is also decoupled for similar reasons.



On the other hand, as a general feature of thermal production, a particle decouples from
the thermal bath when the rate of its interaction with particles in the thermal bath drops
below the Hubble constant. This freeze-out criterion indicates that I'y(X;) ~ H(Xy). On
the left side, the expression of the interaction rate reads I'y = (o v),, n{! and the number

X
density of x can be computed from eq. (2.13) and eq. (2.15) as

()obs Derit 272
n$d =Ys = %Egi (Ty) X417 . (2.17)
0
On the right side, the temperature dependent expression of the Hubble constant is
drdg. (Ty) T}
Mp’

where g, is the degrees of freedom of the relativistic species in the thermal bath and Mp

H(T) = (2.18)

is the Planck mass. As a consequence, the freeze-out criterion leads to
(00) X7 =6.63x 107" TeV 2. (2.19)

The thermally averaged cross section (owv) _ can be computed using a general expres-

sion [63]

XX

1 gigi T /°° dspz'jplel(\/g/T)
n?qnjq Skr 51276 i 4m;)? NG

where K7 is the order-1 modified Bessel function of the second kind. The quantities s,

/|M|2ij—>kl 2. (2.20)

<Uz'j—>kl Uz'j> =

S and p;; (pr) are the square of the centre-of-mass energy, the symmetry factor and the
initial (final) centre-of-mass momentum, respectively. The scattering amplitudes of the
processes in figure 2 read

or (s +2M?)(s —m?2)
M Qo = g;* X 2.21
/‘ roconm 3 (s — MZ,)2+ MLTZ, (221)
— (s —4MZ )(s —m2)
MP o= do =gt T i X 2.22
/’ Do N6 (s — MZ)? + MLTY, (2.22)

Prompted by one of the motivations of the type Ib seesaw mechanism, the Dirac neutrino is
assumed to be around 1-100 GeV scale, where a testable dark matter model compatible with
leptogenesis can be realised [57, 58]. In this research, we focus on dark matter candidates
above TeV scale, which means m, > M, Mq;i,?’ and the total averaged cross section reads

g> s(s —m?)
(0v)\ = e ——— 2 204871’5 g1 [1 ) ds \/mfﬁ \[/T S VSRP +)]<\42/F22/ . (2.23)

The decay rate of Z' depends on the mass of Z’ and gauge coupling ¢} as

— Mz My < me,
72 8
Ty =4 1 1 M2, — (2.24)
—MZ/+—Z'7./M2,—4m2 Mgz > 2m,, .
8 96m M2, d X

3The case where the RH neutrinos are heavier than dark matter candidates has been studied generally
in [64].



There are two different scenarios distinguished by whether the gauge boson Z’ can decay
into two dark fermions or not. If the decay Z’ — xx is allowed, i.e. My > 2m,, a resonance
can be observed in eq. (2.23).

To obtain analytical results, we consider two different limits in the masses of the
dark fermion and the U(1)" gauge boson: My > m, and My < m,. In the case that
Mz > m,, the decay process of Z’ into dark fermions is kinetically allowed and the total
averaged cross section can be simplified into

3¢1" 160 .\ "1[ ,K? K

Around the freeze-out temperature, eq. (2.16) implies T < m, and therefore

3¢} 'm? 169 0\t 3m? 169 4\
~ X (14— ¢ = X (1 — 4 ) : 2.26
@ = gomas, ( T 9216721 ) 32m0f \ 10247271 (2.26)

(T0) 1y

By applying the freeze-out criterion in eq. (2.19), it can be derived that

(2.27)

5 My (4.6 TeV)? ( 169 ,4)1/2
’U¢: 1

91
LTeV, 27,4+ 1.07In 3% 92167

However, the gauge coupling ¢} has to be below its perturbativity limit and therefore the
assumption My = g’lv¢ > m, requires

vy < 7.1TeV . (2.28)

Remember that there is also a lower bound on the value of vy from the gauge boson mixing
strength, which is about 3.6 TeV. Thus the limit Mz > m, is not eligible.

On the other hand, in the case of Mz < m,, the thermal average cross section can
be computed as

39/4
(o v)xx = L

~ 512wm? (2:29)

when the temperature is much lower than the dark fermion mass (T < m,). Then the
freeze-out criterion eq. (2.19) leads to

g m2X 7~ 3.55 x 1072 TeV 2. (2.30)

With the approximated expression of X in eq. (2.16), the result can be further simplified
into the relation between the U(1)" gauge coupling and dark fermion mass

12 My My
~ 0.19 974 + 1.071 . 92.31
9 1 Tev\/ + " Tev (2.31)

Again, by considering the perturbative limit of ¢}, the dark matter mass has to satisfy
m, < 12.2TeV. However, the constraint on the gauge boson mixing requires vy to be at
least 3.6 TeV. Therefore the gauge boson mass Mz has a lower bound

My
1TeV

My

TTev (2.32)

My 2 gy x 3.6TeV ~ 1.5 TeV\/ \/27.4 +1.071n



Effective Model Renormalizable Model
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Figure 3. Allowed values of U(1)’ gauge coupling for different masses of dark fermion and U(1)’
gauge boson in the effective model (left panel) and renormalisable model.

From this lower bound, it can be easily derived that the gauge boson Z’ cannot be lighter
than the dark fermion x if the dark fermion mass m, is less than 13.1TeV. Moreover,
the ratio Mz /m, cannot be less than 1 for m, < 12.2TeV, which is required by the
perturbativity of ¢gj. Therefore, again, the assumption of this scenario is broken and the
scenario is forbidden by the constraint from the gauge boson mixing.

Since the scenarios where Mz > m, and Mz < m, have been proved to be illegal,
the only remaining case is Mz ~ m,. For such a scenario, an analytical calculation is
hard to be performed so some numerical results are shown in figure 3(a). Similar to the
analytical derivation, the numerical solution of the gauge coupling is obtained from the
Boltzmann equation by requiring the correct dark matter relic abundance for each pair of
dark fermion and gauge boson masses (m,, Myz). By neglecting the GeV scale neutrino
mass, the remaining free parameters affecting dark matter production are the U(1)" gauge
coupling ¢}, the dark fermion mass m, and the U(1)" gauge boson mass M. The allowed
parameter space is coloured by the required coupling constant gj in the plot, while the
excluded region is left unfilled. The red solid and yellow dashed lines in the figure show the
perturbativity limits of the gauge coupling ¢} and the Yukawa coupling yf, respectively.
The constraint from gauge boson mixing is presented as the black dashed line. Besides, the
threshold of two different scenarios of the Z’ decay is also marked out by a green dashed
line. As has been proved analytically, correct relic abundance can only be produced when
the masses of the dark fermion y and the U(1)" gauge boson Z’ are similar. In the allowed



region in the parameter space, the VEV of the scalar singlet, which is given by vy, = Mz /g1,
is always far larger than the freeze-out temperature that is typically 20 times below the
dark fermion mass m,. As a result, no significant thermal effect contributes to the total
cross section.

From figure 3(a), it can be easily figured out that the masses of xy and Z’ cannot exceed
24 TeV and 44 TeV respectively, while the parameter space for y < 1TeV and Z' < 2TeV
is very unfavored by the massive gauge boson mixing angle. The required gauge coupling
is relatively small along the threshold line for different scenarios of the Z’ decay with
a minimum value around 0.04. Above the threshold line, the resonance is statistically
suppressed during the freeze-out, while no resonance appears below the threshold line. As
the U(1)" gauge boson mass decreases, the coupling g] needs to be smaller as required by
the gauge boson mixing in eq. (2.11). When both the dark fermion x and the U(1)" gauge
boson are a few TeV, the required coupling g} is so small that the correct dark matter
density can only be produced through the resonance in the propagator. As a result, the
gauge boson mass My is nearly twice the mass of the dark fermion y, which is also shown
in the zoomed-in subfigure on the top left corner. The perturbativity limit of the Yukawa
coupling yf,‘l although is shown in this figure, is always weaker than the constraint from
massive gauge boson mixing and does not help to constrain the parameter space.

2.3 Dark matter detections

Since the neutrino EW eigenstates are not charged under the U(1)" gauge symmetry, the
DM annihilation into neutrinos has to be approached either by the mixing of neutrino
mass eigenstates or by the mixing between massive neutral gauge bosons. The mixing
angle between the neutrinos is given by mpMy!, where (mD)ia = Yiavi/V2 and My is
the mass matrix of the Dirac neutrino, while the mixing angle between the massive gauge
bosons is given in eq. (2.11) and below. For sub-TeV scale Dirac neutrinos, the experimental
upper bound on the largest Yukawa coupling is typically around 0.01 [57], therefore the
active-sterile neutrino mixing can play an important role in indirect detection. At zero
temperature limit, the cross section of DM annihilation is given by

74 2 2 4
g1 my Yiavi (0.2 TeV)
— . 2.33
o = S (@m? — ME,)2 + MZ,T2, lza (ZZ. M) T\ (2:33)

Around the scale of a few TeV, the dark fermion and U(1)" gauge boson masses roughly

follow the relation Mz = 2m,, and the velocity averaged DM annihilation cross section
can be expressed as

2
1TeV\ 2 Yiavi 0.2TeV\*4
_ —25 3 ia Ui
(Capnv) = 1.2 x 107’ cm” /s ( - ) l E (E ) +< - > ] , (2.34)

a 7

4Notice that the perturbativity limit of yff cannot be actually achieved since we are in a regime where
my > mpg, which means the perturbativity limit of y§ is a stronger constraint on the parameter space.
However, as the ratio between the Majorana masses of the dark fermions is randomly large, we only show
the constraint from the perturbativity limit of yf as a guidance.

~10 -
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Table 2. Irreducible representations of the fields of the model under the electroweak SU(2)r x
U(1)y xU(1)" gauge symmetry. The fields gz, /1, are left-handed SM doublets while ug s, drg, ers
are right-handed SM singlets where «, 8 label the three families of quarks and leptons. The two
right-handed neutrino fields Ny o are written as a Dirac pair N.

where the RMS velocity of the standard DM halo and the solar rotation speed are con-
sidered as in [65]. Inside the bracket, the first term is the contribution from active-sterile
neutrino mixing, which is roughly constrained to be less than 107 by collider data [57].
The second term in the bracket is the contribution from massive gauge boson mixing, which
is constrained to be less than 10™* as Z’ is required to be heavier than 2 TeV to produce
the correct relic abundance as shown in figure 3(a). Therefore the minimum required sensi-
tivity in the velocity averaged DM annihilation cross section is around 1072 cm? /s, which
is lower than the expected sensitivity of Hyper-K [65].

As in the case of DM annihilation, dark matter can interact with the nucleons through
the mixing of massive gauge bosons.” The cross section of DM-nucleon scattering has both
a spin-independent (SI) component and a spin-dependent (SD) component. In this model,
their expressions read [66]

1TeV
My

8 1T 8
> and ogp = 1.9 x 1077 em?¢}* ( MZV> . (2.35)

os1 = 5.3 x 1074 Cm2g/14 (

Due to eq. (2.11), the SI component and SD component have to be smaller than 1.3 x 1075
and 4.6 x 107 respectively, which lie below the current sensitivity of direct detection
experiments [67-70].

3 Renormalisable model with fourth family vector-like fermions

As mentioned before, the minimal model in table 1 does not allow renormalisable interaction
as the origin of charged fermion masses. Besides, the type II 2HDM structure is not ensured
by any symmetry in the dimension-5 operators. Therefore, for the completeness of the
theory, it is urgent to construct a renormalisable theory which preserves the structure of
type II 2HDM in a natural way. This can be achieved by introducing a fourth family
of vector-like fermions as shown in table 2. With new vector-like fermions, the allowed

5In the renormalisable model discussed in the next section, the dark matter can also interact with the
nucleons through quark mixing with the fourth family quarks. However, such a mixing only appears for
the d quark in nucleons as the u quark has zero couplings to the fourth family quarks, and the strength is
suppressed by the mass of dy.
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Figure 4. Effective interaction between quark doublets and up-type quarks.

Yukawa interactions between charged fermions and scalars are
Lyue D —Y U qr, ®ous — Y qr, 1dy — Yéﬂ;ﬁﬁq’;% - Yéﬁ@ﬁ‘ﬂ%
Y.l Preq — Y§4@5‘§V4 — Y240 TLals — Y5ad UR pU4
—yg4$£ﬁd4 — yﬁ4¢Eaf4 - 92455/364 +h.c.. (3.1)
The mass terms of the fourth family fermions are also imposed as
Lunass O M{ags + M{Ugug + Mi{dads + M{lsls + Mezes, (3.2)

where all the masses of the vector-like fermions are considered to be far larger than the
EW scale. Similar to the Weinberg operator in the seesaw mechanism, some dimension-5
effective operators can be generated by integrating out the fourth family fermion fields

1 *i 1 —
Lo = =3 Yai W51) Ta®20 urs — Fra¥aa(V31) Ta®2b urs
4 4
1 d = 1 =
_7dyo?4 (3/54)*QLaq’1¢dRﬁ - 7qy34(yz§l4)*QLa‘I)l¢dRﬂ
M M
1 R 1 .
— o7 Yar(WB) Ca®rd ers — < yaa(Vin) Tadrdens + hoc. (3.3)
4 4

The diagrams for interaction between quark doublets and up-type quarks are shown in
figure 4 as an example. After the Yukon ¢ gains a VEV, the resulting interactions are
coincident with the Lagrangian in eq. (2.1) with Yukawa couplings

You (y54)" (@) N Yaa(Y52)"(9)

Y3

(6 M;f’ MZ 9
d * *
v, _ Y (y,%l4) (9) n yg4(Y,3d4) (¢)
af MZ} M;l] )
e 54(1/%4)*(@ yg4(Yﬁ4)*<¢> (3.4)
o Mg M '

Although the only constraint on the couplings in eq. (3.1) is from the SM fermion mass
matrix in a general basis, there exist a particular basis where some of the couplings can be
zero [71]. By rechoosing the chiral quark basis, we can find a basis where

va=(0044), Y& =(ovivg),  vH=(vEvy), (35
Vg = (0 0 Y:?Z) : Yha = (0 Y34 y§f4) ) (3.6)
Yﬁd4 = (0 0 Y?ﬁl) ) y§4 = (0 Y44 yg4> : (3.7)
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Figure 5. The process responsible for DM production in the complete model in addition to those
in figure 2.

In such a basis, the quark couplings in eq. (3.4) read

0 0 0 00 0
G- | ovEes G gm0 o [E 6
0 3@‘1"(3;34)* 1/31“(@/54)* 00 y§4(Y3u4)*
0 Vi (ydy)* Vi (ydy)* 00 0
vis = | ovgtody vy | e foo o | 6o
0 V(i Yidedy) T \o oy

Without further modification, the first family quark remains massless in this basis. The
problem can be solved by considering some more massive particles, such as a neutral Higgs
messenger [72], which also helps to explain the quark mass hierarchy. Nevertheless, the
massive particles are not likely to make any phenomenological effects other than the up
quark mass and therefore are not going to be discussed further. To explain the heaviness of
top quark, the mass of g4 is assumed to be the lightest in the vector-like fermions. As the
Yukawa coupling of top quark, namely Y34, is determined by my/(®3) ~ 1, M cannot be
much larger than (¢). On the other hand, the experimental limit from vector-like top (VLT)
decay on M} is around 1TeV [59]. If ¢4 is not too heavy, it makes an extra contribution
to the amplitude during the freeze-out in addition to the processes in figure 2, as shown in
figure 5. It can also affect the decay rate of the new gauge boson if g4 is more than twice
lighter than Z’.

Here, to quantify the influence of the vector-like fermions, we consider ¢, with a mass
of 1 TeV and show the allowed parameter space in figure 3(b) in a similar style to the one
in figure 3(a) for the effective model. Compared with the result in the effective model,
the maximal masses of the dark fermion x and the gauge boson Z’ increase to 31 TeV and
52 TeV respectively. As the allowed parameter space is enlarged, the perturbativity limit of
the Yukawa-type interaction coupling in the dark sector starts to play a role in constraining
the parameters. For TeV scale dark matter candidate, again, the relation My ~ 2m, is
required by the constraint on Z — Z’ mixing angle.

4 Conclusion

In this paper, we have considered the possibility that dark matter is stabilised by a dis-
crete Zs symmetry which arises from a subgroup of a U(1)’ gauge symmetry, spontaneously
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broken by integer charged scalars, and under which the chiral quarks and leptons do not
carry any charges. A four-component fermion y with half-integer charge is odd under
the preserved Z3, and hence becomes a stable dark matter candidate, being produced
through couplings to right-handed neutrinos with vector-like U(1)" charges. For simplicity
we have assumed that the lightest component of the four-component fermion is predomi-
nantly right-handed, y g, although the results may be readily generalised to other cases as
we have indicated.

We have constructed an effective model along these lines as an extension of the type
Ib seesaw model where the light neutrino mass originates from a new type of Weinberg
operator involving two Higgs doublets and a heavy Dirac neutrino. In such a model, the
Majorana mass of the heavy neutrinos is forbidden by the U(1)’ gauge symmetry and
therefore the usual type la seesaw mechanism is not allowed. Although the SM charged
fermions cannot interact with the Higgs doublets through Yukawa type interaction due to
the U(1)" symmetry, they can gain mass from dimension five effective operators involving
a Higgs singlet named Yukon, which is integer charged under the U(1)" symmetry, and is
responsible for breaking it to Z. After the U(1)’ symmetry breaking, the dark matter
candidate x can only interact with the thermal bath through processes mediated by the
U(1)" gauge boson and therefore can be produced thermally in the early universe.

We have explored the allowed parameter space of the effective model providing the
correct dark matter relic abundance. Through analytical computation, we have found that
the dark matter can only be produced correctly when there is no hierarchy between the
masses of the dark fermion x and the U(1)" gauge boson. The numerical results show that
there exists a resonance in the cross section when the dark fermion mass is half of the U(1)’
gauge boson. For this reason, the experimental bound on the massive gauge boson mixing
prefers the line My = 2m,, for TeV scale dark matter candidate. Although the parameter
space is not constrained by current experiments, we have estimated the required sensitivity
for direct and indirect detections in this model.

We then considered a high energy renormalisable model with a complete fourth family
of vector-like fermions, where the chiral quark and lepton masses arise from a seesaw-like
mechanism. With the inclusion of the fourth family, the lightest vector-like quark can
contribute to the dark matter production, enlarging the allowed parameter space that we
explore. By integrating out the vector-like fermions, the non-renormalisable type Ib seesaw
model can be obtained effectively with the charged fermion masses generated as in a type 11
2HDM. Taking the contribution from the lightest fourth family quark into consideration,
we have found that the allowed parameter space is enlarged, while the constraint on Z — Z’
mixing still keeps the relation Mz = 2m, when the dark matter candidate is around
TeV scale.

In conclusion, we have proposed and explored a model which can account for both
dark matter and neutrino mass and mixing, without requiring the addition of discrete
symmetries to stabilise the dark matter mass. We have focussed on a fermiophobic U(1)’
model in which vector-like right-handed neutrinos form a Dirac neutrino mass and act as
a portal for dark matter production, while at the same time providing a low scale testable
seesaw mechanism referred to as type Ib since it involves two different Higgs doublets.
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