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1 Introduction

The standard model (SM) of the fundamental particles has successfully accounted for all
kinds of the particle phenomena at or below the electroweak scale, refer to the relevant
reviews in Particle Data Group [1]. However, the SM has some shortcomings, aesthetically
it is not a left-right symmetric framework, theoretically it can not at all address the three
important issues of particle physics and cosmology: the tiny neutrino mass [2—4], the curious
matter-antimatter asymmetry [5, 6], and the mystical cold dark matter (CDM) [7, 8]. Up to
now, particle and cosmology scientists have established plenty of experimental data of the
neutrino physics and the baryon asymmetry [1], but the CDM has not yet been detected by
any one terrestrial experiment except for the only evidence from the cosmic observations [9].
The search for new physics evidences beyond the SM are always the focus of attention of the
experimental physicists, there are worldwide a great deal of running and planed experiments
which are aiming at the above goals. All of the investigations are gradually revealing the
existence of an underlying and more fundamental theory beyond the SM.

What style exactly is this new theory? A wide variety of the extensions of the SM
have been suggested to address the above-mentioned issues in the last half century since
the SM was established. A majority of them only focus on one of the issues and disregard
possible connections among them, only a minority of them take into account an integrated
solution, for example, the grand unified and supersymmetric theories, but these theories
are either unbelievable complexity or unable to be tested. In any case, some inspiring
and outstanding ideas are worth drawing lessons from. The tiny neutrino mass can be
generated by the seesaw mechanism [10-12] or arise from some loop-diagram radiative gen-
eration [13]. The baryon asymmetry can be achieved by the thermal leptogenesis [14, 15]
or the electroweak baryogenesis [16, 17]. The CDM candidates are possibly the sterile neu-
trino [18-20], the lightest supersymmetric particle [21], the axion [22], and so on. In recent
years, some interesting models have exploited some connections among the neutrino mass,



the baryon asymmetry and the CDM, for instance, the Scotogenic Model [23], the asym-
metric CDM model [24], some sophisticated models [25-28], and the author’s recent works
on this field [29-32]. Although progresses on new theory beyond the SM have been made
all the time, a realistic and convincing theory is not established as yet. Therefore, finding
out the correct new theory beyond the SM becomes the largest challenge for theoretical
particle physics.

Based on the universe harmony and the nature unification, it is very reasonable and
believable that the tiny neutrino mass, the baryon asymmetry and the dark matter are
related to each other and they have a common origin, in other words, a realistic theory
beyond the SM should be able to unify the three things into a framework. On the other
hand, this new theory should also abide by these two principles: the simplicity of the theory
with fewer number of parameters, the feasibility of testing the theory by future experiments.
If one theory is excessive complexity with too many parameters, then it is unbelievable,
if it is unable to be tested, then it is also insignificant. After careful considerations and
calculations, I here suggest a new left-right mirror symmetric model as the natural and
aesthetic extension of the SM. This model with fewer number of parameters can completely
account for the common origin of the above three things and profoundly uncover the internal
connections among them. In addition, I give several feasible approaches to test the model
and probe the new physics by means of the TeV-scale colliders, the neutrino experiments,
the p — ey LFV, and the high-energy cosmic rays.

The remainder of this paper is organized as follows. In section 2, I outline the model
and explain the neutrino mass generation. In section 3, I discuss the matter-antimatter
asymmetry generation. The dark sector physics is discussed in section 4. I give the numer-
ical results and the model test approaches in section 5. Section 6 is devoted to conclusions.

2 Model and neutrino mass

The natural and aesthetic extension of the SM is implemented by introducing the mirror
matter corresponding to the SM matter, meanwhile, the electroweak gauge group is ex-
tended to the left-right symmetric gauge group SU(2); ® U(1)y x SU(2)g, in addition, the
two symmetries of a global U(1)p_, and a discrete Z3! are sensibly imposed to constrain
this extension. Table 1 in detail shows the model particle contents and its symmetries, in
which I omit the color subgroup SU(3)¢ since the strong interaction is not involved in the
following discussions of this paper. The SM matter lie in the left-handed sector, while the
mirror matter belong to the right-handed sector, explicitly, the model has the left-right
mirror symmetry. Note that the local U(1)y and the global U(1)p_j, are common for the
two sectors, so the three boson fields of B#, ¢, ¢¥ are also common for the two sectors, in
fact, their mirror particles are respectively themselves, in particular, ¢° is a real scalar field
without any charges. The discrete Z3! symmetry conserves a matter parity, under which
the left-handed sector parity is “41”, the right-handed sector parity is “—1” but “4+1” for
Wg and Hp, note that ¢+ has “+17 parity and ¢° has “—1” parity. The neutral singlet
fermions Ng and NI% are respectively filled in the left-handed sector and the right-handed
one, which will be combined into a Dirac fermion and eventually become the CDM in the
model. More explanations are put in the caption of table 1.



Left-handed Sector Right-handed Sector

(SM Matter) (Mirror Matter)
Symmetry groups SU2), © U(1)y x SU(2)r ® U(1)g" @ ZM
Gauge fields Wi(3,0,1)0, BH(1,0,1)9, WE(1,0,3)o
. ur, N R 1
Fermion fields qr = (2,53,1)1 qr = (1,5,2)2
dr ’ nR s
%(1’%’1)—% 77164(17%71)_%
uy(1, -3, 1)_1 ¢(1,-13, 1)_1
iy VY
lp = f (27_171)—1 lp= }j (17 172)—1
€L XR
ecR(1727 1)1 X%(17271>1
Ng(lvovl)fl N}%(lvovl)fl

HY Hj
Scalar fields Hp = L ) (2,-1,1)9 | Hgr= Bl@,-1,2)

Hy Hp
¢+(17271)27 ¢0(17071)0
ZM parity +1 —1 but +1 for W} and Hp

Table 1. The model particle contents and its symmetries. The color subgroup SU(3)¢ is omitted.
The bracket following each field indicates its gauge quantum number and the right subscript of
the bracket is its B — L number, in addition, the right superscript of each component is its electric
charge (but the quarks’ charges are unlabelled). Note that f§ = Cfr is a left-handed anti-fermion
and ff = CﬁT is a right-handed anti-fermion, where C'is the charge conjugation matrix. After the
model symmetry breakings, &, 7 and x~ will become heavy-mass mirror quarks and charged lepton,
which can however decay into the SM quarks and charged lepton. 19 and 1/% will be combined
into a tiny-mass Dirac neutrino through the loop-diagram radiative generation, which is the hot
dark matter (HDM) in the present universe. NY and N9 will be formed into a KeV-mass sterile
and stable Dirac fermion, which is namely the CDM in the model. The four light neutral particles
of N 1%, ¢" 1, whose masses arise from the Z2 breaking at the ~ 0.1 MeV scale, successively
decouple from the rest of the model particles and disappear into the dark sector, so they are difficult
to be detected at the low energy.

All kinds of the chiral fermions in table 1 have three generations as usual, they will
obtain Dirac-type masses and form into Dirac fermions after the model symmetry breakings.
There are no Majorana-type fermions in the model. By virtue of the fermion assignments
and the explicit left-right mirror symmetry in table 1, it is easily verified that all of the
chiral anomalies are completely cancelled in the model, namely, the model is anomaly-free.

We can now write the invariant Lagrangian of the model which satisfies the above-
mentioned symmetries, it is composed of the three parts of the gauge kinetic energy terms,



the Yukawa couplings and the scalar potentials. The gauge kinetic energy terms are

gG = gpure gauge + Z iﬁ’YuDqu + ZifiR’YuDufR
fr fr

1
+ (D Hp) D" Hy, + (D Hp)' D" Hp + (Dug™) D67 + 50,00 ",

Y

DF = 9 +ig W %L +igy B +igrWh - %R , (2.1)
where f; and fr denote all kinds of the chiral fermions in table 1. g1, gy, gr are three
gauge coupling coefficients associated with the model gauge groups. 7; are the three Pauli
matrices and Y is the charge operator of U(1)y.

The Yukawa couplings are
1
Ly = qYouGHf +qlYadheHp + 1Y, e eHp + 3 I1Ypelot
. 1
+ arYe §L Hp + apYonieHr + RYsxieHr + 5 IpYr elng*
+ TR Y1608 + dr Yanpd® + e Yaxp ¢ + N) Yy Npe” + He.,  (22)

where € = i19 is the two-order antisymmetric tensor. For concision I omit the charge
conjugation matrix C' in those couplings of the first two lines, which is by default sand-
wiched between two spinors with the same chirality. The coupling parameters, Y, Yz, Y71,
etc., are all 3 x 3 complex matrices in the flavor space, moreover, the leading matrix el-
ement of each coupling matrix should naturally be ~ O(1). Note that because of the
spinor anti-commutativity and the e antisymmetry, Y7, and Yz must be two antisymmetric
matrices for consistency. In eq. (2.2), the Z}! symmetry not only prohibits the explicit
mass terms such as %M XZ,]\T%M N]%, but also prevents the couplings such as EN]%H Ly
IrN?Hp, e}}TNZ%gb*, Xz NP¢T. Similarly, the B — L conservation prohibits the terms such
as lngH 7 l%NI%H 3 %NEQZ)_, EN}%QZ)_. Therefore the Yukawa couplings are greatly con-
strained by the model symmetries. Note that Ng and N}% can not couple to any gauge
fields since they are both gauge singlets, on the other hand, they have no couplings to the
other fermions owing to the B — L and Zé\/[ symmetries, so FSYNN%¢O is the only cou-
pling permitted for them. This thus leads that NY is naturally a sterile and stable fermion,
eventually, it will become the CDM in the model. After the model symmetry breakings,
the relevant scalar fields will develop their non-vanishing vacuum expectation values, as a
result, eq. (2.2) will give rise to all kinds of the fermion masses.

Egs. (2.1) and (2.2) explicitly show the left-right mirror symmetry which is defined as

follows,

uL R ER L, dLRENRL, €L g XpL VL VR, NL Np, (2.3)
WEoWE, BfoBM, HpeHgp, ¢moot, ¢%c¢,

9L = gr, Y, =Y, Yy=Y,, Yo=Yy, Yi=Ym, VYigz=Y,3, Yn=Yi.

This is indeed an aesthetics compared to the SM with many shortcomings. However, the
exact left-right mirror symmetry can be relaxed by those equalities of the last line in
eq. (2.3) not being strictly valid.



The full scalar potentials are

1
Vs = pi HLHy, + ppHRpH + w6707 + Sp3(0%)”

1
+ AL(HLHL + A(HEHR) + A (6767) + 2 20(6)*
+ 2\ (HLHL) (HLHR) + Mo H) Hp + A\ HHg|(¢)?
+[20MH] Hy, + 205 HL Hy + 26(¢°)%) o o (2.4)

The value areas of the mass-dimensional and dimensionless coupling parameters in eq. (2.4)
can completely control the vacuum configurations, and further determine the model sym-
metry breaking chain. It is natural and believable that the self-interaction of each
scalar field is stronger but the interactions among them are weaker, therefore those in-
teractive coupling parameters are much smaller than those self-coupling parameters in
eq. (2.4). In addition, we assume that the left-right mirror symmetry is explicitly broken
by |p2| < |u%| ~ (105)2 GeV? in eq. (2.4), which may arise from some symmetry breaking
of a super-high scale physics, thus Hg can first develop a non-zero vacuum expectation
value at the ~ 10 GeV scale, in later period Hy, and ¢° are successively induced to de-
velop non-zero vacuum expectation values at the electroweak scale and the lower scale, but
¢T can not develop a non-zero vacuum expectation value, or it always keeps a vanishing
vacuum expectation value. On the basis of an overall consideration, we therefore constrain
all kinds of the parameters in eq. (2.4) as follows,

()\L7)‘R7)\+5AO) ~ 1071 > 07 1076 5 (’)\1‘7 ‘)‘2|7 T 7‘)‘6‘) S.z 10727

2
3~ _% ~ (1092 GeV?,  pE < —Muh, pd < Aok, pd > A5k, (2.5)
where % = (Hp) is the vacuum expectation value of the right-handed doublet scalar, see
the following eq. (2.6).

Based on the limits of eq. (2.5), we can directly derive the vacuum configurations from
the Vg minimum. The vacua of H; and Hp are necessarily along the respective neutral
component directions. The scalar sector will eventually appear three neutral and one
charged scalar bosons under the unitary gauge. The detailed results are given as follows,

o 1 PO 1
HLg) +UL< )a HRH_‘_UR< )a ¢0ﬁ>p0+007 ¢+ﬁ>¢+a

V2 \o v2 \o
-1

U% /\0 /\2 )\3 —u%

vi | = XA M -3 |,

2}%% /\3 /\1 /\R —,u,%

vy ~ 0.1 MeV < vy, &~ 246 GeV < vg ~ 10°GeV,
Mpo = \/2Xp v, Mgo = \/2XrvR, mp = /2 ovo, Mge ~\/p3 + AsvF. (2.6)

vp is the breaking scale of U(1)y ®SU(2) g, which is determined by the mirror sector physics.
vy, is namely the electroweak breaking scale, which has been fixed by the SM physics. vg



is the Zé\/[ violating scale, which can be determined jointly by the neutrino mass and the
dark sector physics. The mass-squared matrix of (h?, ®%, p¥) is approximately diagonal on
account of the weaker couplings among the different scalars, so we can neglect the small
mixings among them. In eq. (2.6), k¥ is exactly identified as the SM Higgs boson with
Mo ~ 125GeV. Mgo is close to vg, so the heavy ®° can not appear in the low-energy

phenomena. m o is around wvg, so p® is a light dark scalar, which will play a role in the

dark sector phygics. M= is derived from the two contributions which are respectively the
original mass py and the induced mass from (Hpg), however, its reasonable value should be
Mg+ ~ 10* GeV for the whole fit. ¢& will play a key role in generating the neutrino mass
and the baryon asymmetry. In short, the limits of eq. (2.5) are natural and reasonable
from phenomenological point of view, they can ensure the vacuum stability and guarantee
the following symmetry breaking chain.

According to the assignments in table 1 and the relations in eq. (2.6), the model

symmetries are spontaneously broken step by step through the following breaking chain,

~106 Ge
SU(2)r @ U(1)y x SU(2)g @ U(1 )global 2 Z2 M

SU12), @ U(l)y @ U1 )glObal ® ZM M

(¢9)~0.1 MeV
—_—

lobal lobal
U)o, @ UETL © 23" U(1)q. @ UM)BZT,

Y’ Y
Yl:YjLQIZ?v Q6_13+ —Ig%Jr*

5T Ik (2.7)

where Y’ is exactly identified as the SM hypercharge and Q. is namely the electric charge.
This breaking chain is also aesthetical, the three hierarchical breaking transitions are very
natural since they involve neither super-hierarchy nor super-high energy scale. Note that
the global B — L conservation is inviolate all the while, finally the residual gauge symmetry
is only the local electric charge conservation. In addition, the ZJ/ violation in fact occur
in the dark sector, however, it is a surprising coincidence that its breaking scale, namely
(¢°) = vp ~ 0.1 MeV, is at the temperature of the nucleosynthesis onset in the SM sector.
Although the spontaneous breaking of Zé\/[ can lead to the domain walls in the dark sector,
the temperature fluctuation of the CMB produced by them is enough safely within the

observation bound because vy is too low, namely %& ~ 107°/Ag (1hy)? < 1077, refer
to [33, 34], therefore the domain walls have actually no effect on the universe evolution, we
can ignore them in the model.

As a result of the model symmetry breakings of egs. (2.6) and (2.7), all kinds of particle
masses and mixings are generated through the Higgs mechanism. In the gauge sector, the
masses and mixing of the gauge fields are given by the following relations,

D, — 0, +z\[(W£ru +WLMTL)+Z\[

+igr. 27, Q1 + ieA)Qe + igr Z 3, Qr,

(W;M +Wr,Tr)

Z}, Wi,
A% | =UisUnelUss | B, |,

3
Ru WR;L

WLlu :FiVVg“
V2

W}m ¥ iW]%N

+ _ + _
Wi, = s Wry =



1 0 0 C12 —S12 0 C13 0 —S13
U3 =10 co3 s23 |, Uia2=1]812 c12 0|, Uz=| 01 0 ;
0 —s93 ca3 0O 0 1 s13 0 c13
2

v
tan 923 = gl, tan@lg = gjsinegg, tan@lg ~ 75’

9dRrR qr 'UR
. L, Y R
e=grsinbtia, Q=13 +5+Iga
IL — Qe sin2 912 I:)I’DL + (Ié/ — Qe) Sin2 923
QL = ) QR = 5
cos 019 cos O3
vLgL M, My, URYR
Wr 2 7 L™ Cos 015 ma ’ R 7 Ccos 023 Wr 2 (2:8)

where ¢;; = cos 0;; and s;; = sin 6;; are mixing angles. It can be seen from the ()7, expression
that sin 015 is exactly identified as the Weinberg angle of the SM, so sin 612 = sin fy =~ 0.481
is actually fixed. If gr = g1, then sin fo3 = tan 615 = tan 0y is also known. tan 63 is very
small due to v% < v%, so we can ignore it. The masses of Wj{t and Z% are ~ 10% GeV, they
will decay into the mirror quarks or leptons, but Z% can also decay into a pair of the SM
quark or lepton in view of their Qr # 0, for example, Z% — e +et and Z% — 1/2 + e,
these decays can thus become a source of high—energy cosmic rays. However, there are no
Z0 — VR + I/ ¢ or Z0 — N + NO because both I/R and NO have Qr, = 0, this is of course
consistent with the LEP bound on the invisible decay width of Z9 I

In the Yukawa sector, the Yukawa couplings of eq. (2.2) will undergo the following
three steps of evolutions corresponding to the three steps of breakings in eq. (2.7). After
the first step breaking in eq. (2.7), (HRr) gives rise to heavy masses of the mirror quarks
and charged lepton, the Yukawa couplings thus evolve into

1
g R Ty s HE 4 ol oy + Yo ey eHy + 5 1 Yielo®
— &L Me Ep —LMynr — X Myxg + Vi YRX 9T
+ R Y1€L6" + dr Yanrd® + e Yax7 ¢° + N? Yy Nj® + Hee. |

M:—Tn,m—Tﬂ.M—Tﬂ (2.9)

M, , My, M¢ should be in the scope from several TeVs to hundreds of TeV. However, the
mirror quarks and charged lepton can respectively decay into the SM quarks and charged
lepton such as £ — u+¢%, n — d+¢°, x~ — e~ +¢°, and then the dark scalar ¢° can further
decay into the CDM pair such as ¢ — N9 + NO, therefore the mirror quarks and charged
lepton are completely decoupling and absence at the low-energy scale. Although they can
not be detected at the present colliders, we can search their decay products through the
high-energy cosmic rays. In addition, it can be seen from eq. (2.9) that the annihilation
processes such as YT 4+ e* — N?+ N0 via the s-channel ¢° mediation are gradually frozen
as the universe temperature drops below M, , thus N 0 will decouple from both the SM
charged lepton and the mirror one, and then it disappears into the dark sector.
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Figure 1. The loop diagram generating the effective Dirac neutrino coupling, by which the light

neutrino mass is then achieved after developing (Hp) and (¢°) successively.

The Yukawa couplings in eq. (2.9) can inevitably generate an effective Dirac neutrino
coupling by the loop-diagram radiative effect, this process is shown as figure 1. Note that
X~ changes its chirality because of the M, insert in figure 1. The careful calculation gives

the following results,

g Neutrino —

= | 2
(Yu)aﬁ = 16W2f Z YLY YE’; oczM (YR)'Lﬁ(CO _pHL-Dll +p¢opHLD12 _ZﬁVRpHL-Dl?))

YLMY3 M( ) M2 _
=~ ]_6772 Z Oll lﬂf M2 ~ 10 67

1 <M§>
=2 2 )
Md), M¢,

2
\f lfY,, VEH: Y + Hee.

CO[(plL_pHL)27p12/R)p3)03m M2 M2]

M2 . M2
M2 In ;@ 1270 <M§Z — 1>
Xi _ - - ~
o )=, m b (210
M2 M?

i
where M,,(i = 1,2,3) are the three mass eigenvalues of the mass matrix M, after it
is diagonalized, and M, = YT is the charged lepton mass matrix (see the follow-

ing eq. (2.11)). Cy and Dy; are respectively the three-point and four-point functions of
Passarino-Veltman [35]. Because the Dj; terms are much smaller than the Cp term, for
example, p%{LDH < Cp, we only calculate the Cjy term and ignore all of the Di; terms

in the neutrino mass generation. O(x) is the step function, so Im[Cp] = _’2” # 0 only if

Mg, > M. Provided My, < My, < My, ~ My ~ 10 GeV and M ~ 1 Gev, then we
can estimate Y, ~ 107°, therefore, this effective neutrino coupling is very weak compared

to those couplings in eq. (2.9).

The second step breaking in eq. (2.7) is namely the electroweak breaking. (Hp) gives
rise to the SM quark and charged lepton masses in eq. (2.9), at the same time, the effective
neutrino coupling in eq. (2.10) develops into the normal neutrino coupling through (Hp),



thus the Yukawa couplings of the fermions further evolve into
L 8y wEMaug — deMady — epM, eg + 9T Yper ot
— & Me Er — TEMymg — XL My X5 + vy YRX 6T

+ U Y1800° + dr Yanrd® + e Yax; ¢° + NY YnNpg® + 0% Y, 1)6° + Hee.,

VI, UL v
My= =2V, Mi= 7X[. M.=_5Y., (2.11)

V2

where the normal neutrino coupling is naturally brought into .23-. Below the electroweak
scale, the three light neutral particles N, V%, ¢? are basically separated from the rest of the
model particles, lastly ug will also decouple from the SM at the temperature of ~ 1 MeV,
thus all of them will eventually disappear into the dark sector.

The last step breaking in eq. (2.7) is that the Z} parity is violated by
(¢°) = vg ~ 0.1 MeV in the dark sector. As a result, this leads to light masses of N? and 1/,
and also tiny mixings between the SM quark (charged lepton) and the mirror quark (charged
lepton). Now we can completely obtain all of the fermion masses from eq. (2.11), namely

(¢°) _ — [ My —voY ur, — [ Mg —voY> dr,
LB —5 — —(d
Y (UR,€R)< 0 Mg ) <§L> ( RJ?R)( 0 M ) (nL)

— — (M. —w¥3 [\ — —
_(637X3)< Oe ]\40T3> (f{{) —NEMNNI%—V%MVI/g—{—H.c.,
X L

My = —wYy, M,=—vY.. (2.12)

Under the mass eigenstate basis, the three mass eigenvalues of My are denoted by
mp, (i = 1,2,3) and the ones of M, are denoted by m,, (i = 1,2, 3). Obviously, the mixings
between the SM quark (charged lepton) and the mirror quark (charged lepton) are very
small because of vg < vy, < vg, so they can completely be neglected. There is no mixing
between N° and ¥ by virtue of the model symmetry protection, therefore both N° and
Y are stable particles without decay. My is close to vy ~ 0.1 MeV, whereas M, is only
~ 0.1eV, so N + NO can massively annihilate into 19 4+ 10 via the ¢ mediation but a
tiny part of them is left over. In short, N° is authentically a sterile and stable WIMP,
it eventually becomes the CDM, while 1 becomes the HDM in the present universe. We
will specially discuss the dark sector physics in section 4.

In eq. (2.12), the neutrino mass matrix M, embraces the full information of the neutrino
mass and mixing, which have mostly been measured by the experiments. Here we only

work out the neutrino mass, regardless of its mixing. Provided that the Yukawa matrix
2

equalities in eq. (2.3) are valid, then Y, excluding the factor f(=7%) is a Hermitian matrix

)
in eq. (2.10), thus we can approximately derive the following results,

T T 2
V0 (YRYLMEYé)iiMXi MX'L’
TeM, =3 my, = 1o iE Mz
i i ¢ a
2
vo myM,, MX, —10
myl 167T2M(§, ’f (Mi ’ ~ € 9 ( )



where m, = 1.777 GeV is the largest eigenvalue of M., and we take (Y}:ICYL %g Y3)ii ~ O(1).
In view of My, ~ My~ ~ 10* GeV, so m,, is naturally Sub-eV. In conclusion, the model can

naturally and successfully explain the tiny neutrino mass origin. Obviously, this mechanism
is very different from a wide variety of seesaw ones [36].

Based on the discussions in this section, we finally summarize that the full particle
mass spectrum in the model should be such relations as

my=0<m,, $0.05eV<mpy, ~0.01MeV < (my0,my;) ~ 0.1 MeV
< (Mg, M) ~ (1073 — 1) GeV < (M, , Mz, , Mo, My) ~ 100 GeV
< My, ~ (1 —10)TeV < (My-, My,, My, M¢) ~ (10 — 10%) TeV
< (M, Mz,., Mgo) ~ 10° TeV. (2.14)

In the following sections, we will also see that the mass relations of eq. (2.14) can lead to
successful explanations for the matter-antimatter asymmetry and the CDM.

3 Baryon asymmetry

In the model, the generation of the matter-antimatter asymmetry is directly associated with

% decoupling and disappearing into the dark sector, in fact, it arises from the following
characteristic decays of the lightest mirror charged lepton xi~ which is the mirror particle of
e™. In the light of the eq. (2.9) couplings and the eq. (2.14) spectrum, x; with several GeV
mass has only two decay modes at the tree level, i) the two-body decay of x; — e~ + ¢°,
which is dominant, ii) the three-body decay of x; — u%c + I, + I via the heavier ¢~
mediation, which is suppressed. When the effective neutrino coupling in eq. (2.10) is taken
into account, however, the three-body decay should also add a loop-diagram contribute.
Figure 2 draws the tree and loop diagrams of x; — V%C + I, + 1, on the basis of the
couplings in egs. (2.9) and (2.10). In addition, it should be emphasized that the x; decay
processes completely conserve the Y’ charge, the B — L number and the Z2! parity, so they
can only fulfil the other two of the Sakharov’s three conditions [37].

The decay process of figure 2 has the following three characteristics. The first charac-
teristic is that the decay is a C'P-asymmetric one, the decay rate of x; — V%C + 1 + 1t
is different from one of its C'P conjugate process x; — V9 + 15 + 15 due to the interfer-
ence between the tree-diagram amplitude and the loop-diagram one. The decay Feynman
amplitude is calculated as follows,

m2y(M2 —m?2,) 2m3,m?3
P = = Tr[YL*YLMY;YR)u—#R e[Te[y, Y (M, ) O]
T
Y, = ZY xi)Co(My,), Yap(My,) = W(YLMe}%)aiMxi(Ygt)iﬁ>

[ClQ(mthS’M)%lv 27M12{L=m§>0)] = M2

M3 M2, —im
1+ Lin |1+ —5 ~ , (3.1)
M2 ( MHL M)%l
where m?, = (p + pg)Z, m3y = (p) + Pur)?, and we specially define the functional ma-
trix Y/ (M,,) to make concision of the expressions. In the Feynman amplitude, the first
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Figure 2. The tree and loop diagrams of the lightest mirror charged lepton three-body decay
X1 — V%C + Iy + 1. The heavy black vertex indicates the effective neutrino coupling. This is a
C P-asymmetric and out-of-equilibrium decay but the B — L number is conserved. The decay results
in /%, decoupling and disappearing into the dark sector. As a consequence, the B — L asymmetry in
the SM sector and the —(B — L) asymmetry in the dark sector are simultaneously and equivalently
generated, the latter is namely equal to the 1/% asymmetry, the former will be partly converted into
the baryon asymmetry through the electroweak sphaleron effect.

term is pure tree-diagram result, the second term is the C P-asymmetric interference term.
Provided eq. (2.3) being valid, then Y (M,,) is a Hermitian matrix, thus the factor of
Tr[Y (M,,)YT(M,,)] is certainly real in the interference term, but the Cp factor in Y, has
the imaginary part of Im[Co(M,,)] = ﬁ—g: # 0in view of My, > M-, see eq. (2.10), which
becomes the only source of the C'P-asymmetric decay, therefore, these two imaginary parts
of Im[Cy(M,,)] and Im[C'2] will jointly lead to a CP asymmetry of the decay rate. In
short, this mechanism of the CP asymmetry generation does not completely depend on
the C P-violating phases in the Yukawa matrices, it purely arises from the combined ra-
diative effect of the two loop diagrams in figure 1 and figure 2. Finally, the relevant decay

rates and C'P asymmetry are given as follows,

M
Tlx;y — e + 0% = 229V, Y:
Xi e +¢] 327r(3 3)11 5
_ M M, \*
F[Xl — I/%C +r + lL] = 768(;71'(')3 (M;i) Tr[YgYL] (Y;YR)H ,

TiotalX7] =Cx7 = e +¢°] + Xy = v+l +i]~Txy —e +¢°],
Dy = v+l + 1) - T — v + 15 +15)

°T Tiotal[X7 ]
_ My, [Y<MX3>YT<MX1>
24U%M¢2r (Y3TY:3)11 M)%:sM)%l
~— m My, (3.2)

24(1672)202 M2_ My, (Y Ya)11

where the leading matrix elements of Y7, Yg, Y3 are all ~ O(1) but these two elements of
(Y;Y;»,)n and (YgYR)H are only ~ 107%, and the trace of multiple matrix multiplication is
also ~ O(1) in the last approximation. From eq. (3.2), the three-body decay rate is ~ 10~7

- 11 -



times smaller than the two-body one because of the twofold suppressions of the phase space
My,

factor and the (%)4 factor. Provided (Y;Yzz,)n ~ 1079, ]\ijl ~ 0.1 and 3¢ 2 1, then
o~ o~ o~

we can estimate € ~ 1078, which is a suitable value for the successful leptogenesis.

The second characteristic is that the decay is out-of-equilibrium, the three-body decay
rate is smaller than the universe Hubble expansion rate, namely

2
F[XI%U%C—FZL—G—ZL]<H(T:MX1):M, (3.3)
Mp;
where Mp; = 1.22 x 1012 GeV, g.(T) is the effective number of relativistic degrees of
freedom. At the temperature of T' = M, ,, the relativistic states include all the SM particles
as well as the light dark particles ¢%, N©, 1/%, so we can easily figure out g, = 123.5. Note
that the two-body decay is still in equilibrium since T'[x; — e~ + ¢°] > H(T = M,,).

The third characteristic is that the out-of-equilibrium decay directly results in 1/% de-
coupling from the rest of the model and disappearing into the dark sector. As a consequence
of the above three characteristics, the figure 2 decay can simultaneously and equivalently
generate a B — L asymmetry in the SM sector and a —(B — L) asymmetry in the dark
sector which is namely equal to the 1/% asymmetry, but the total B— L asymmetry is always
vanishing in the whole universe. Note that N” can not be generated an asymmetry due to
its unique coupling in the dark sector, so it is surely a symmetric CDM.

After the x* decays are finished, all of the mirror particles including V% are completely
decoupling. The generated B — L asymmetry in the SM sector can be partly converted into
the baryon asymmetry through the sphaleron process which is effectively put into effect
above the electroweak scale [38]. Therefore, the relevant asymmetries normalized to the
entropy are given by the following relations [33, 34],

SM __ DS __ _ Ny 7ﬁVR _ €
Ypor =Yg, =Y, = - 5 "ﬁfg )
*
SM
YB == CSYB*[N (34)

where c; = % is the sphaleron conversion coefficient in the SM sector, s is the total entropy

density in the SM and dark sectors, « is a dilution factor. In fact, we can take x ~ 1 because
the dilution effect is almost vanishing as the universe temperature drops below M,,. In
addition, it should be pointed out that the effective neutrino coupling in eq. (2.10) is more
severely out-of-equilibrium due to the suppression of % ~ 1078 GeV !, so it can not dilute
these asymmetries in eq. (3.4) at all. Below the electroweak breaking scale, the sphaleron
process is closed, thereby the baryon asymmetry is locked down. In later time, the vp
asymmetry and the vy one can partially be erased through the weak normal neutrino
coupling appearing in eq. (2.11), but this has no effect on the baryon asymmetry.

As the universe temperature drops to the electroweak scale, then the universe comes
into the SM epoch and the known evolutions, while the evolutions in the dark sector
will specially be discussed in the next section. In the present-day universe, the baryon
asymmetry and its density are given by

ng —nNpg S(TQ)

= = Yp~6.1x10710
B n, nW(T()) B X )
Qph? = 1B T0) 10 003 (3.5)
P
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where Ty ~ 2.73 K is the present-day temperature of the CMB, n.(7y) ~ 411 cm ™3 is the
s(To)
ny(To)
and the massive neutrino has become non-relativistic. m, = 0.938 GeV is the proton mass,

pe = 1.054 x 107°h? GeV cm ™3 is the critical energy density [1]. np ~ 6.1 x1071 is the cur-
rent baryon asymmetry measured by the multiple experiments [1, 39], and Qgh? ~ 0.0223

photon number density, and

= 3.6 is because only the photon is still relativistic

is the current baryon density [1]. In conclusion, the model can clearly and successfully
explain the origin of the baryon asymmetry through this novel leptogenesis mechanism, in
particular, the matter-antimatter asymmetry is generated just at the TeV scale, so it is
very possible to test this mechanism in the near future.

4 Dark sector physics

As the universe temperature decreasing, the three neutral particles of N°, I/%, ¢ succes-
sively decouple from the hot plasma and disappear into the dark sector, but they can still
interact with each other in the dark sector. Below the electroweak scale, there are two por-
tals connecting the dark sector and the SM one, by which the SM sector can communicate
with the dark one. One portal is the A9 coupling term in the eq. (2.4) scalar potentials.
Provided 1075 < Ay < 1073, the reaction rate of h® + hY <+ ¢° + ¢¥ will be smaller than
the universe expansion rate when 7' < 10 GeV, refer to [40], thus this portal is closed. The
other one is the normal neutrino coupling in eq. (2.11), by which the SM ug is connected
to the dark sector. However, at Tp ~ 1 MeV, yg also decouples from the SM sector and
disappears into the dark sector, it thus becomes the last member of the dark sector. From
that time on, the dark sector and the SM one are isolated from each other.

Below Tp =~ 1MeV, the SM sector and the dark sector separately evolve without
communications, therefore the entropy in each sector is respectively conserved, we can
therefore derive the 10 effective temperature such as

SDS(TD)GS(TD) o SDS(T())CLS(T())
sSM(Tp)a3(Tp)  sSM(Tp)a3(Ty) '

)
0
. 95(Tp) _ g+ +9¢ oY <Tu>3
gM(Tp) 9 + g4 g \To) ’
1
T, [16\3
= (= T, ~ 249K 41
Ty (21) Y ’ (41)

where a(T) is the scale factor of the universe expansion. At Tp ~ 1 MeV, the ZM symmetry
is yet unbroken, so the dark particles are all massless states. At T = vy ~ 0.1 MeV, the
Zé‘/f parity violation gives rise to the light masses of the dark particles, among which only
WV is still relativistic state. Here T}, ~ 2.49 K is higher than Y, ~ 1.95 K given by the SM,
this a prediction of the model.

On the basis of the last two terms of the third line in eq. (2.11), the main evolutions
inside the dark sector are the following processes,

(bo — N7 —l—Nl, N273 +N273%N1 +N1, N +N1 —V+VU,
Ny + Ny — N1+ Ny, N1+W1—>N1+N1, Ni+v—>N+v. (42)
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Figure 3. (a) No3 + N273 — Nj + N; has a very strong cross-section, so the heavier pairs of
Nz 3 + Ng’g are wholly annihilating exhaustion. (b) Ny + N; — v+ 7 has a weak cross-section,
which exactly fits the “WIMP Miracle”, so the lightest pair of N; + N can remain sizeable relics.
Below the freeze-out temperature of Tf ~ 1 KeV, Ny and N; are non-relativistic decoupling and
become the CDM, at the same time, v and 7 are relativistic decoupling and become the HDM.

¢° can decay into Ny + N1 only if mgo > 2myy, 0 it is absence in the present-day universe.
However, N; is stable without decay, its only way out is therefore N; + N, annihilating
into a pair of lighter particles via the s-channel ¢° mediation, figure 3 shows the relevant
Feynman diagrams. Because of Yy ~ 1 > Y, ~ 107%, the annihilation cross-section of
N273+N273 — N1+N is ~ 109 times larger than one of N;+N; — v+7, namely, the former
is a very strong annihilation, whereas the latter has only a weak cross-section. As a result,
the heavier pairs of Ny 3+ N2 3 are wholly annihilating exhaustion so that they are absence
in the present-day dark sector, by contrast, the lightest pair of N7 + N can not completely
be annihilating exhaustion, thus sizeable relics of them are left in the dark sector, which are
namely the CDM in the present-day universe. The second line in eq. (4.2) are all elastic scat-
terings via the ¢° mediation, whose implications will be explained in the end of this section.
When the temperature decreases to the freeze-out temperature, the annihilate rate
of N + N; — v + 7 is smaller than the universe expansion rate, thus the annihilation
process is closed and their relic density is frozen in the dark sector. As a result, Ny and
N are non-relativistic decoupling and become the CDM, at the same time, v and 7 are
relativistic decoupling and become the HDM. The annihilate cross-section and the freeze-
out temperature are calculated as follows,
L[Ny + N1 — v+ = (ov,)nn, = H(Ty),
5 _my
MmN, ) e Tr
2Ty

)

ny, (Ty) = 217} (
6T
_ 2 _ f
<O"U7~>Tf =a +b<’U7.>Tf =a-+ bmilvl y
>omg,
]

o pe _ [ g
TR VT sl -2 YT \2my, )

1 M ov GeV 2
Ly meMeY) | (s (GVT)
Tf T l‘g*(Tf) 10~
for vg ~ 0.1 MeV, y ~ 10, my, ~ 0.01 MeV,
—  (ov,)1, ~5x 1070 GeV 2, % ~ 10, (4.3)
f

— 14 —



4m?3 —
where v, = 21/1 — iNl is a relative velocity of Ny and N1, (ovy)r, is the thermally
averaged annihilate cross-section, note that the s-wave contribution to it is vanishing,

namely a = 0. For these parameter values in eq. (4.3), (ov,)7; is exactly a weak interaction
cross-section, which is namely the so-called “WIMP Miracle” [41], and then we can derive
the freeze-out temperature of Ty ~ 1 KeV and g.(Ty) = g + g,’j(%)?’ = 10.

In the present-day universe, the density of the CDM consisting of N7 and N is calcu-
lated by the following equations [42],

2 T, . 10-10 -2
Pe V 9+(T¢) x(a + 3bx)
9+(To)T§
nn, (1o) = ——=3 nn, (L) - 4.4

By use of a, b,z given in eq. (4.3), we can correctly reproduce Qcpmh? ~ 0.119, which is
the current density of the CDM from the multiple observations [1, 43]. On the other hand,
the density of v and 7 as the HDM is given by the following relations,

ny, (1) D,
Quomh® = Q ph* = p—l h? ~ 3.5 x 1073,
(&
T,\° 1.2 _
n(T)) = (T;) ny(Ty) = ﬁg,’jTS’ ~ 469 cm ™2, (4.5)

where ¢/, = % x 4 = 3 for one generation of massive Dirac neutrino. Here the neutrino
number density n,, is about four times as large as n,, ~ 112cm™3 given by the SM, moreover,
it exceeds n,(Tp) ~ 411 cm™3. The above density value of the HDM neutrino is another
prediction of the model, see the following eq. (5.2). However, both the CDM Nj and the
HDM v are in the dark sector, they are isolated from the SM sector at the low energy, so
it is very difficult to detect them.

Finally, we explain implications of those elastic scatterings of the second line in
eq. (4.2). In fact, Ny + Ny — Ny + Ny and Ny + N1 — Ny + N imply a self-interaction
among the CDM via the ¢° mediation, these elastic scatterings can still in equilibrium
after the weak annihilation of Ny + N; — v 4+ ¥ was frozen, therefore this self-interaction
can drive the distribution of the CDM with the frozen density and impact on the struc-
ture formation, in particular, has effect on small scale structure of the universe [44], we
will specially discuss this problem in another paper. In addition, the elastic scattering of
Ny + v — N1+ v means a weak interaction between the CDM and the HDM, of course, it
is also frozen at Ty ~ 1 KeV, so the CDM and the HDM are also isolated from each other
in the present universe. In conclusion, the model not only completely explains the origin
of the dark matter, but also sheds light on detections of the attractive dark universe.

5 Numerical results and model test

We now demonstrate and summarize the model by some concrete numerical results. All
kinds of the parameters in the SM sector have essentially been fixed by the current ex-
perimental data [1]. Some key parameters in the mirror sector, also including the dark
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sector, can be determined jointly by the current data of the tiny neutrino mass, the baryon
asymmetry, and the CDM abundance. Based on a whole fit, the key parameters of the
model are therefore chosen as follows,

vy = 246 GeV, wvgr = 10°GeV, (5.1)
Tr(Y, VL) = Te(YVR) = Te(YiYs) =1, (YiYR)1 = (Y4 Y¥3)1 = 1076,
My =2x 10" (5 x 10*) GeV, v = 0.05(0.1) MeV, my, = 0.1y,

My, My, My, mgo
=0.135(0.125 =0.176 (0.19 =3.62 (2.9 =3.78(1.98
M¢7 ( )7 7‘[457 ( )7 7‘[4)7 ( )7 Qle ( )?

where those values in the first two lines are fixed as benchmark, the last two lines are two

sets of typical values in the parameter space (the second set are inside brackets). For the

two sets of values of M- and vy, firstly we can determine ]\Aj’@ and # by fitting the two
¢~ ¢~

mass-squared differences of the neutrino, secondly A]‘%‘i is determined by fitting the baryon

m 40
2

asymmetry np, lastly the ratio of Ny is determined by the CDM density Qcpyh?. It can
be seen from eq. (5.1) that my, is in the range of 5-10 KeV, while M, is about 3-6 GeV.
In short, all of the parameter values in eq. (5.1) are consistent and reasonable, moreover,
without any fine-tuning, they are completely in accordance with the model requirements
and the previous discussions, see eq. (2.14).

Now we substitute eq. (5.1) into the previous relevant equations of the model, then we
correctly reproduce the following desired results,

my, =0.0155(0.0119) eV, My, =0.0178(0.0147)eV,  m,, =0.0534(0.0522)eV,
Amgy = 7.52(7.58)x107°eV?, Amazy~2.54(2.51)x 103 eV?,
r
77 = 0:427(0.136), np~6.12(6.07)x1071%  Qph%~0.0224(0.0222),
Qcpmh? ~0.119(0.119), Qupmh? ~0.00386 (0.00351), (5.2)

where Am;j = m2, — m?,j, and 17 is the ratio of T[x] — v% + I, + (1] to H(M,,). These
values of % are all smaller than one, this thus confirms that the decay is indeed out-of-
equilibrium which is a necessary prerequisite. Explicitly, all the results of eq. (5.2) are
very well in agreement with the current experimental data [1]. In conclusion, only by
use of these simple and natural parameters in eq. (5.1), the model can completely and
satisfactorily account for the three outstanding puzzles of the neutrino mass, the baryon
asymmetry, and the dark matter, so this sufficiently demonstrates that the model is very
successful and believable.

In the end, any particle theory has to be tested by experiments, here we simply discuss
several approaches to test the model. The heavy mirror particles can not be produced at
the present colliders, but we can search their decay products through high-energy cosmic
rays, for example, the searches for x~ — e~ + ¢® and Z% — e~ + €T or v + /9. The
latest news from DAMPE collaboration about the cosmic ray spectrum from 40 GeV to
100 TeV, refer to [45], may provide an opportunity for such searches. On the basis of those
couplings of the model, we can also test the model predictions and probe the dark sector
by the three feasible approaches shown as figure 4.
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Figure 4. (a) The pair production of the lightest mirror charged lepton at the future e~ + e™
collider with /s = 10TeV, then the CP-asymmetric decay of de: can generate the SM lepton
asymmetry. (b) The elastic scattering of the SM vy, and the CDM Njp, by which vy, is converted
into the dark vg so that it escapes the detector. (c) The LFV process of u~ — e~ 4+ v through
both x; and ¢° mediation.

The (a) diagram shows that the lightest mirror charged lepton pair is directly produced
by the future e~ +e* collider with /s = 10 TeV such as ILC [46], then the C P-asymmetric
decay of Xli can further generate an asymmetric number of the SM lepton and anti-lepton
in the final states. Therefore this method can directly test the leptogenesis mechanism in
the model.

The (b) diagram shows the elastic scattering of v, + Ny — v + Ny via the t-channel
¢° mediation, note that the v chirality is changed in this process. If a beam of the SM
a-flavor vy, is produced at the laboratory, on its way to the distant detector, its tiny part
can be scattered by the surrounding CDM N; and converted into the dark right-handed
VR, thus they escape the detector, so we can detect the model dark sector by use of this
method. The scattering cross-section is given by

(MIM,)aa
64mvgE2,

ZO’[VLaﬁLNl*)VRB‘FNl]: f(Eu,),
B
MM, =U,, Diag(my, ,m;,,,m, U}

v 1258 vy

to
t(t—4m3;) AE? my,

E, V= [dt— N 1,=0, t;=—— Yo L 5.3
f( VLa) / (t_mio)2 0 1 QEVLa+mN1 ( )

t1

where F,,  is the vy, energy in the laboratory frame and U, is the v, mixing matrix mea-
sured by the experiments. If we can use the electronic neutrino beam with F,, = 1MeV,
then f(E,,,) = —t1, thus we can estimate o ~ 1010 GeV~2 provided vy = 0.1 MeV and
mpy, = 0.1vg, which is also a weak interaction cross-section, similar to one in eq. (4.3).
Besides this scattering cross-section, the scattering rate depends on the local density of the
CDM Nj, therefore we can learn the information of the dark physics such as vy and mp;,
by means of measuring the vy, disappearance rate. In fact, the cosmic neutrino source is a
better laboratory, for instance, we can detect the vy, stream emitted by a distant supernova,
it will travel through the CDM in the galactic halo before it can arrive to the earth, its
tiny part will be scattering off and converted into the dark vg, thus the vy stream which is
eventually received is certainly less than the expected value. This detection is very similar
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to one of the flavor oscillation of the solar neutrino. In a word, this method can not only
detect the dark sector physics, but also corroborate the neutrino mass origin in the model.

The (c) diagram is a LFV process of u — ey through both x; and ¢° mediation. Its
branch ratio is estimated as ~ 10~ provided (}/;)12()/3)11 ~ 107%, which is one order of
magnitude lower than the current limit [1], so this process is very promising to be detected
in the near future.

In short, the above suggestions can be considered as new subjects and goals of the
experimental physicists which are endeavoring to search new physics evidences beyond
the SM [9, 47-51]. Although it will be very large challenges to actualize them, it is not
impossible, moreover, its scientific significance is beyond all doubt.

6 Conclusions

In summary, I suggest the left-right mirror symmetric particle model as the natural and
aesthetic extension of the SM. This model has the left-right symmetric gauge group of
SU(2)r x U(1)y x SU(2)g, and also it conserves the global B — L number and the discrete
Zéw matter parity. At the ~ 106GeV scale the SU(2)x breaking gives rise to the heavy
mirror particle masses, at the ~ 0.1 MeV scale the Z}! violating generates the light dark
particle masses, the SM electroweak breaking lies just between the two scale, but the B— L
number is always conserved. The tiny neutrino mass results from the weak effective Dirac
neutrino coupling which is generated by the loop diagram radiation. The C P-asymmetric
and out-of-equilibrium three-body decay of the lightest mirror charged lepton can lead to
the B — L asymmetry in SM sector and the v asymmetry, the former is partly converted
into the baryon asymmetry through the sphaleron effect, the latter disappears into the
dark sector due to the vg decoupling. The dark sector consists of all of the light neutral
particles except the photon, note that vy eventually disappears into the dark sector after
it decoupling from the SM sector. The dark Dirac fermion N; with ~ 10 KeV mass is
a desirable CDM candidate. N; + N can annihilate into v + 7 via the dark scalar ¢°
mediating, the annihilation cross-section exactly fits the “WIMP Miracle”. Below the
freeze-out temperature of ~ 1 KeV, N; and v are decoupling from each other, respectively,
become the CDM and the HDM in the present universe.

In short, the model can simply and completely account for the common origin of
the tiny neutrino mass, the baryon asymmetry and the dark matter, moreover, profoundly
uncover the internal connections among them. In addition, the model gives some interesting
predictions, for instance, the lightest mirror charged lepton mass is about several TeVs, the
dark physics scale is ~ 0.1 MeV, the v effective temperature is 2.49 K, the HDM v density
is ~ 3.5 x 1073, and so on. Finally, I give several feasible approaches to test the model
by means of the TeV line collider, the neutrino experiments, the detection for u — ev,
and the search for high-energy cosmic rays. The fruitful mirror and dark physics world are
waiting for us to explore. In the near future, it is very possible that we shall ushered in a
new physics era beyond the SM and open the door of the dark universe.

~ 18 —



Acknowledgments

I would like to thank my wife for her great helps. This research is supported by
the Fundamental Research Funds for the Central Universities of China under Grant
No. WY2030040065.

Open Access. This article is distributed under the terms of the Creative Commons
Attribution License (CC-BY 4.0), which permits any use, distribution and reproduction in
any medium, provided the original author(s) and source are credited.

References
[1] PARTICLE DATA GROUP collaboration, Review of Particle Physics, Phys. Rev. D 98 (2018)
030001 [1NSPIRE].

[2] S.F. King, A. Merle, S. Morisi, Y. Shimizu and M. Tanimoto, Neutrino Mass and Mizing:
from Theory to Experiment, New J. Phys. 16 (2014) 045018 [arXiv:1402.4271] [INSPIRE].

[3] G. Altarelli, Status of Neutrino Mass and Mizing, Int. J. Mod. Phys. A 29 (2014) 1444002
[arXiv:1404.3859] [iNSPIRE].

[4] R.N. Mohapatra et al., Theory of neutrinos: A White paper, Rept. Prog. Phys. 70 (2007)
1757 [hep-ph/0510213] [INSPIRE].

[5] L. Canetti, M. Drewes and M. Shaposhnikov, Matter and Antimatter in the Universe, New J.
Phys. 14 (2012) 095012 [arXiv:1204.4186] [INSPIRE].

[6] M. Dine and A. Kusenko, The Origin of the matter-antimatter asymmetry, Rev. Mod. Phys.
76 (2003) 1 [hep-ph/0303065] [INSPIRE].

[7] V. Lukovic, P. Cabella and N. Vittorio, Dark matter in cosmology, Int. J. Mod. Phys. A 29
(2014) 1443001 [arXiv:1411.3556] [NSPIRE].

=)

G. Bertone, Particle Dark Matter, Cambridge University Press (2010) [InSPIRE].

=)

F. Mayet et al., A review of the discovery reach of directional Dark Matter detection, Phys.
Rept. 627 (2016) 1 [arXiv:1602.03781] INSPIRE].

[10] M. Gell-Mann, P. Ramond and R. Slansky, Complex Spinors and Unified Theories, Conf.
Proc. C 790927 (1979) 315 [arXiv:1306.4669] INSPIRE].

[11] T. Yanagida, Horizontal gauge symmetry and masses of neutrinos, Conf. Proc. C 7902131
(1979) 95 [INSPIRE].

[12] R.N. Mohapatra and G. Senjanovié¢, Neutrino Mass and Spontaneous Parity
Nonconservation, Phys. Rev. Lett. 44 (1980) 912 [INSPIRE].

[13] E. Ma, Radiative Origin of All Quark and Lepton Masses through Dark Matter with Flavor
Symmetry, Phys. Rev. Lett. 112 (2014) 091801 [arXiv:1311.3213] [INSPIRE].

[14] W. Buchmiiller, R.D. Peccei and T. Yanagida, Leptogenesis as the origin of matter, Ann.
Rev. Nucl. Part. Sci. 55 (2005) 311 [hep-ph/0502169] [NSPIRE].

[15] S. Davidson, E. Nardi and Y. Nir, Leptogenesis, Phys. Rept. 466 (2008) 105
[arXiv:0802.2962] [INSPIRE].

[16] D.E. Morrissey and M.J. Ramsey-Musolf, Electroweak baryogenesis, New J. Phys. 14 (2012)
125003.

~19 —


https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1103/PhysRevD.98.030001
https://doi.org/10.1103/PhysRevD.98.030001
https://inspirehep.net/search?p=find+J+%22Phys.Rev.,D98,030001%22
https://doi.org/10.1088/1367-2630/16/4/045018
https://arxiv.org/abs/1402.4271
https://inspirehep.net/search?p=find+%22J.Phys.,16,045018%22
https://doi.org/10.1142/S0217751X14440023
https://arxiv.org/abs/1404.3859
https://inspirehep.net/search?p=find+J+%22Int.J.Mod.Phys.,A29,1444002%22
https://doi.org/10.1088/0034-4885/70/11/R02
https://doi.org/10.1088/0034-4885/70/11/R02
https://arxiv.org/abs/hep-ph/0510213
https://inspirehep.net/search?p=find+J+%22Rept.Prog.Phys.,70,1757%22
https://doi.org/10.1088/1367-2630/14/9/095012
https://doi.org/10.1088/1367-2630/14/9/095012
https://arxiv.org/abs/1204.4186
https://inspirehep.net/search?p=find+%22J.Phys.,14,095012%22
https://doi.org/10.1103/RevModPhys.76.1
https://doi.org/10.1103/RevModPhys.76.1
https://arxiv.org/abs/hep-ph/0303065
https://inspirehep.net/search?p=find+J+%22Rev.Mod.Phys.,76,1%22
https://doi.org/10.1142/S0217751X14430015
https://doi.org/10.1142/S0217751X14430015
https://arxiv.org/abs/1411.3556
https://inspirehep.net/search?p=find+J+%22Int.J.Mod.Phys.,A29,1443001%22
https://inspirehep.net/search?p=find+IRN+9033645
https://doi.org/10.1016/j.physrep.2016.02.007
https://doi.org/10.1016/j.physrep.2016.02.007
https://arxiv.org/abs/1602.03781
https://inspirehep.net/search?p=find+J+%22Phys.Rept.,627,1%22
https://arxiv.org/abs/1306.4669
https://inspirehep.net/search?p=find+EPRINT+arXiv:1306.4669
https://inspirehep.net/search?p=find+J+%22Conf.Proc.,C7902131,95%22
https://doi.org/10.1103/PhysRevLett.44.912
https://inspirehep.net/search?p=find+J+%22Phys.Rev.Lett.,44,912%22
https://doi.org/10.1103/PhysRevLett.112.091801
https://arxiv.org/abs/1311.3213
https://inspirehep.net/search?p=find+J+%22Phys.Rev.Lett.,112,091801%22
https://doi.org/10.1146/annurev.nucl.55.090704.151558
https://doi.org/10.1146/annurev.nucl.55.090704.151558
https://arxiv.org/abs/hep-ph/0502169
https://inspirehep.net/search?p=find+%22Nucl.Part.Sci.,55,311%22
https://doi.org/10.1016/j.physrep.2008.06.002
https://arxiv.org/abs/0802.2962
https://inspirehep.net/search?p=find+J+%22Phys.Rept.,466,105%22
https://doi.org/10.1088/1367-2630/14/12/125003
https://doi.org/10.1088/1367-2630/14/12/125003

[17]

[28]

[29]

[30]

[31]

[32]

[35]

[36]

J.M. Cline, Baryogenesis, in Les Houches Summer School — Session 86: Particle Physics
and Cosmology: The Fabric of Spacetime, Les Houches, France, 31 July—25 August 2006
(2006) [hep-ph/0609145] [INSPIRE].

A. Boyarsky, M. Drewes, T. Lasserre, S. Mertens and O. Ruchayskiy, Sterile Neutrino Dark
Matter, Prog. Part. Nucl. Phys. 104 (2019) 1 [arXiv:1807.07938] [INSPIRE].

K.N. Abazajian, Sterile neutrinos in cosmology, Phys. Rept. 711-712 (2017) 1
[arXiv:1705.01837] [INSPIRE].

K.N. Abazajian et al., Light Sterile Neutrinos: A White Paper, arXiv:1204.5379 [INSPIRE].

G. Jungman, M. Kamionkowski and K. Griest, Supersymmetric dark matter, Phys. Rept.
267 (1996) 195 [hep-ph/9506380] [INSPIRE].

D.J.E. Marsh, Azion Cosmology, Phys. Rept. 643 (2016) 1 [arXiv:1510.07633] [INSPIRE].

E. Ma, Verifiable radiative seesaw mechanism of neutrino mass and dark matter, Phys. Rev.
D 73 (2006) 077301 [hep-ph/0601225] [INSPIRE].

K.M. Zurek, Asymmetric Dark Matter: Theories, Signatures and Constraints, Phys. Rept.
537 (2014) 91 [arXiv:1308.0338] [INSPIRE].

S. Baumbholzer, V. Brdar and P. Schwaller, The New vMSM (vvMSM): Radiative Neutrino
Masses, keV-Scale Dark Matter and Viable Leptogenesis with sub-TeV New Physics, JHEP
08 (2018) 067 [arXiv:1806.06864] INSPIRE].

J.D. Clarke and R.R. Volkas, Technically natural nonsupersymmetric model of neutrino
masses, baryogenesis, the strong CP problem and dark matter, Phys. Rev. D 93 (2016)
035001 [arXiv:1509.07243] [INSPIRE].

S. Kashiwase and D. Suematsu, Baryon number asymmetry and dark matter in the neutrino
mass model with an inert doublet, Phys. Rev. D 86 (2012) 053001 [arXiv:1207.2594]
[INSPIRE].

E. Ma, Common origin of neutrino mass, dark matter and baryogenesis, Mod. Phys. Lett. A
21 (2006) 1777 [hep-ph/0605180] [INSPIRE].

W.-M. Yang, Neutrino Mass, Leptogenesis and Dark Matter from The Dark Sector with
U(1)p, JHEP 03 (2018) 144 [arXiv:1710.00691] [INSPIRE].

W.-M. Yang, A model of the matter-antimatter asymmetry and cold dark matter with
U(l)g—r ® U(1)p, Phys. Lett. B 762 (2016) 138 [arXiv:1512.04003] [INSPIRE].

W.-M. Yang, Baryogenesis and asymmetric dark matter from the left-right mirror symmetric
model, Nucl. Phys. B 885 (2014) 505 [arXiv:1405.0389] [INSPIRE].

W.-M. Yang, Model of four generation fermions and cold dark matter and matter-antimatter
asymmetry, Phys. Rev. D 87 (2013) 095003 [arXiv:1301.6253] [INSPIRE].

E.W. Kolb and M.S. Turner, The Early Universe, Front. Phys. 69 (1990) 1 [inSPIRE].

D.S. Gorbunov and V.A. Rubakov, Introduction to The Theory of The Early Universe: Hot
Big Bang Theory, World Scientific Publishing Co. Pte. Ltd (2011) [INSPIRE].

G. Passarino and M.J.G. Veltman, One Loop Corrections for ete™ Annihilation Into p+u~
in the Weinberg Model, Nucl. Phys. B 160 (1979) 151 [INSPIRE].

A. de Gouvéa, Neutrino Mass Models, Ann. Rev. Nucl. Part. Sci. 66 (2016) 197 [INSPIRE].

—90 —


https://arxiv.org/abs/hep-ph/0609145
https://inspirehep.net/search?p=find+EPRINT+hep-ph/0609145
https://doi.org/10.1016/j.ppnp.2018.07.004
https://arxiv.org/abs/1807.07938
https://inspirehep.net/search?p=find+J+%22Prog.Part.Nucl.Phys.,104,1%22
https://doi.org/10.1016/j.physrep.2017.10.003
https://arxiv.org/abs/1705.01837
https://inspirehep.net/search?p=find+%22Phys.Rept.,711,1%22
https://arxiv.org/abs/1204.5379
https://inspirehep.net/search?p=find+EPRINT+arXiv:1204.5379
https://doi.org/10.1016/0370-1573(95)00058-5
https://doi.org/10.1016/0370-1573(95)00058-5
https://arxiv.org/abs/hep-ph/9506380
https://inspirehep.net/search?p=find+J+%22Phys.Rept.,267,195%22
https://doi.org/10.1016/j.physrep.2016.06.005
https://arxiv.org/abs/1510.07633
https://inspirehep.net/search?p=find+J+%22Phys.Rept.,643,1%22
https://doi.org/10.1103/PhysRevD.73.077301
https://doi.org/10.1103/PhysRevD.73.077301
https://arxiv.org/abs/hep-ph/0601225
https://inspirehep.net/search?p=find+J+%22Phys.Rev.,D73,077301%22
https://doi.org/10.1016/j.physrep.2013.12.001
https://doi.org/10.1016/j.physrep.2013.12.001
https://arxiv.org/abs/1308.0338
https://inspirehep.net/search?p=find+J+%22Phys.Rept.,537,91%22
https://doi.org/10.1007/JHEP08(2018)067
https://doi.org/10.1007/JHEP08(2018)067
https://arxiv.org/abs/1806.06864
https://inspirehep.net/search?p=find+J+%22JHEP,1808,067%22
https://doi.org/10.1103/PhysRevD.93.035001
https://doi.org/10.1103/PhysRevD.93.035001
https://arxiv.org/abs/1509.07243
https://inspirehep.net/search?p=find+J+%22Phys.Rev.,D93,035001%22
https://doi.org/10.1103/PhysRevD.86.053001
https://arxiv.org/abs/1207.2594
https://inspirehep.net/search?p=find+J+%22Phys.Rev.,D86,053001%22
https://doi.org/10.1142/S0217732306021141
https://doi.org/10.1142/S0217732306021141
https://arxiv.org/abs/hep-ph/0605180
https://inspirehep.net/search?p=find+J+%22Mod.Phys.Lett.,A21,1777%22
https://doi.org/10.1007/JHEP03(2018)144
https://arxiv.org/abs/1710.00691
https://inspirehep.net/search?p=find+J+%22JHEP,1803,144%22
https://doi.org/10.1016/j.physletb.2016.09.018
https://arxiv.org/abs/1512.04003
https://inspirehep.net/search?p=find+J+%22Phys.Lett.,B762,138%22
https://doi.org/10.1016/j.nuclphysb.2014.06.002
https://arxiv.org/abs/1405.0389
https://inspirehep.net/search?p=find+J+%22Nucl.Phys.,B885,505%22
https://doi.org/10.1103/PhysRevD.87.095003
https://arxiv.org/abs/1301.6253
https://inspirehep.net/search?p=find+J+%22Phys.Rev.,D87,095003%22
https://inspirehep.net/search?p=find+J+%22Front.Phys.,69,1%22
https://inspirehep.net/search?p=find+IRN+9284788
https://doi.org/10.1016/0550-3213(79)90234-7
https://inspirehep.net/search?p=find+J+%22Nucl.Phys.,B160,151%22
https://doi.org/10.1146/annurev-nucl-102115-044600
https://inspirehep.net/search?p=find+%22Nucl.Part.Sci.,66,197%22

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

(48]

[49]

[50]

[51]

A.D. Sakharov, Violation of CP Invariance, C asymmetry and baryon asymmetry of the
universe, Pisma Zh. Eksp. Teor. Fiz. 5 (1967) 32 INSPIRE].

V.A. Kuzmin, V.A. Rubakov and M.E. Shaposhnikov, On the Anomalous Electroweak
Baryon Number Nonconservation in the Farly Universe, Phys. Lett. 155B (1985) 36
[INSPIRE].

WMAP collaboration, Seven-Year Wilkinson Microwave Anisotropy Probe (WMAP)
Observations: Cosmological Interpretation, Astrophys. J. Suppl. 192 (2011) 18
[arXiv:1001.4538] [INSPIRE].

W.M. Yang, A model of neutrino mass, baryon asymmetry, and asymmetric dark matter with
SU(2)p ® U(1)pr dark sector, Nucl. Phys. B 944 (2019) 114643.

H. Baer, K.-Y. Choi, J.E. Kim and L. Roszkowski, Dark matter production in the early
Universe: beyond the thermal WIMP paradigm, Phys. Rept. 555 (2015) 1 [arXiv:1407.0017]
[INSPIRE].

G.B. Gelmini, The Hunt for Dark Matter, in Proceedings, Theoretical Advanced Study
Institute in Elementary Particle Physics: Journeys Through the Precision Frontier:
Amplitudes for Colliders (TASI 2014 ), Boulder, Colorado, 2-27 June 2014, pp. 559-616
(2015) [DOI] [arXiv:1502.01320] [INSPIRE].

PLANCK collaboration, Planck 2015 results. XIII. Cosmological parameters, Astron.
Astrophys. 594 (2016) A13 [arXiv:1502.01589] [INSPIRE].

S. Tulin and H.-B. Yu, Dark Matter Self-interactions and Small Scale Structure, Phys. Rept.
730 (2018) 1 [arXiv:1705.02358] [INSPIRE].

DAMPE collaboration, Measurement of the cosmic ray proton spectrum from 40 GeV to
100 TeV with the DAMPE satellite, Sci. Adv. 5 (2019) eaax3793.

B. Barish and J.E. Brau, The International Linear Collider, Int. J. Mod. Phys. A 28 (2013)
1330039 [arXiv:1311.3397] [InSPIRE].

L. Roszkowski, E.M. Sessolo and S. Trojanowski, WIMP dark matter candidates and searches
— current status and future prospects, Rept. Prog. Phys. 81 (2018) 066201
[arXiv:1707.06277] [INSPIRE].

M. Klasen, M. Pohl and G. Sigl, Indirect and direct search for dark matter, Prog. Part. Nucl.
Phys. 85 (2015) 1 [arXiv:1507.03800] [INSPIRE].

M. Schumann, Direct Detection of WIMP Dark Matter: Concepts and Status, J. Phys. G 46
(2019) 103003 [arXiv:1903.03026] [INSPIRE].

D. Hooper, TASI Lectures on Indirect Searches For Dark Matter, PoS(TASI2018)010 (2019)
[arXiv:1812.02029] INSPIRE].

R.W. Schnee, Introduction to dark matter experiments, in Physics of the large and the small,
TASI 09, proceedings of the Theoretical Advanced Study Institute in Elementary Particle
Physics, Boulder, Colorado, U.S.A.; 1-26 June 2009, pp. 775-829 (2011) [DOIJ]
[arXiv:1101.5205] [INSPIRE].

- 21 —


https://doi.org/10.1070/PU1991v034n05ABEH002497
https://inspirehep.net/search?p=find+J+%22JETPLett.,5,24%22
https://doi.org/10.1016/0370-2693(85)91028-7
https://inspirehep.net/search?p=find+J+%22Phys.Lett.,B155,36%22
https://doi.org/10.1088/0067-0049/192/2/18
https://arxiv.org/abs/1001.4538
https://inspirehep.net/search?p=find+J+%22Astrophys.J.Suppl.,192,18%22
https://doi.org/10.1016/j.nuclphysb.2019.114643
https://doi.org/10.1016/j.physrep.2014.10.002
https://arxiv.org/abs/1407.0017
https://inspirehep.net/search?p=find+J+%22Phys.Rept.,555,1%22
https://doi.org/10.1142/9789814678766_0012
https://arxiv.org/abs/1502.01320
https://inspirehep.net/search?p=find+EPRINT+arXiv:1502.01320
https://doi.org/10.1051/0004-6361/201525830
https://doi.org/10.1051/0004-6361/201525830
https://arxiv.org/abs/1502.01589
https://inspirehep.net/search?p=find+EPRINT+arXiv:1502.01589
https://doi.org/10.1016/j.physrep.2017.11.004
https://doi.org/10.1016/j.physrep.2017.11.004
https://arxiv.org/abs/1705.02358
https://inspirehep.net/search?p=find+J+%22Phys.Rept.,730,1%22
https://doi.org/10.1126/sciadv.aax3793
https://doi.org/10.1142/S0217751X13300391
https://doi.org/10.1142/S0217751X13300391
https://arxiv.org/abs/1311.3397
https://inspirehep.net/search?p=find+J+%22Int.J.Mod.Phys.,A28,1330039%22
https://doi.org/10.1088/1361-6633/aab913
https://arxiv.org/abs/1707.06277
https://inspirehep.net/search?p=find+J+%22Rept.Prog.Phys.,81,066201%22
https://doi.org/10.1016/j.ppnp.2015.07.001
https://doi.org/10.1016/j.ppnp.2015.07.001
https://arxiv.org/abs/1507.03800
https://inspirehep.net/search?p=find+J+%22Prog.Part.Nucl.Phys.,85,1%22
https://doi.org/10.1088/1361-6471/ab2ea5
https://doi.org/10.1088/1361-6471/ab2ea5
https://arxiv.org/abs/1903.03026
https://inspirehep.net/search?p=find+EPRINT+arXiv:1903.03026
https://doi.org/10.22323/1.333.0010
https://arxiv.org/abs/1812.02029
https://inspirehep.net/search?p=find+EPRINT+arXiv:1812.02029
https://doi.org/10.1142/9789814327183_0014
https://arxiv.org/abs/1101.5205
https://inspirehep.net/search?p=find+EPRINT+arXiv:1101.5205

	Introduction
	Model and neutrino mass
	Baryon asymmetry
	Dark sector physics
	Numerical results and model test
	Conclusions

