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Radiative neutrino mass, dark matter, and leptogenesis
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We propose an extension of the standard model, in which neutrinos are Dirac particles and their tiny
masses originate from a one-loop radiative diagram. The new fields required by the neutrino mass
generation also accommodate the explanation for the matter-antimatter asymmetry and dark matter in the

Universe.
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I. INTRODUCTION

Various neutrino oscillation experiments [1] have con-
firmed that neutrinos have tiny but nonzero masses. This
phenomenon is naturally explained by the seesaw mecha-
nism [2]. In the original seesaw scenario neutrinos are
assumed to be Majorana particles, whose existence has
not been experimentally verified so far. As an alternative,
Dirac seesaw was proposed [3,4] where the neutrinos can
naturally acquire small Dirac masses. In the seesaw mod-
els, the observed matter-antimatter asymmetry in the
Universe can also be generated through the leptogenesis
[5-10]. Another big challenge to the standard model (SM)
is the nature of the dark matter, which contributes about
25% [1] to the energy density of the Universe. This also
indicates the necessity of supplementing to the existing
theory with newer particles having GeV order mass and
very weak interactions.

In this work, we present a new scenario for a naturally
tiny Dirac neutrino mass, which accounts for the dark
matter and accommodates the leptogeneis. In our model,
the small neutrino mass is elegantly induced through a
radiative diagram. The new fields responsible for the neu-
trino mass generation also accommodate the CP-violation
and out-of-equilibrium decays to realize the leptogenesis
as well as the candidates for the cold dark matter.

II. OUR MODEL

We extend the SU(3),. X SU(2); X U(1)y SM by intro-
ducing two complex scalars: x(1,1,0), n(1,2, —1); one
real scalar: o(1,1,0); three fermions: S; (1, 1,0); and
three right-handed neutrinos: »x(1,1,0). Among these
new fields, we appoint the lepton number of the SM leptons
for vg and Sf p; furthermore, we impose a U(1),, gauge
symmetry, under which y, Sk, and v§ carry the quantum
number 1, and a Z, discrete symmetry, under which 7, o,
and S g are odd. Our model exactly conserves the lepton
number as well as the U(1), and Z,, so the allowed
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interactions involving S; r and v are given by
L D =y nSS — hovgSs — fxSgS, + Hee.,, (1)

where ¢ (1,2, —1) denotes the SM left-handed leptons.
We also write down the general scalar potential,

1
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Here ¢(1, 2, —1) is the SM Higgs boson. In the following,
we will choose the Yukawa coupling f in (1) to be real and
diagonal and the quartic coupling « and the cubic coupling
p in (2) to be real for convenience but without loss of
generality.

The Z, symmetry is unbroken at all energies and hence
7 and o are protected from any nonzero vacuum expecta-
tion values (vevs). The gauge symmetry U(1), is expected
to break by {x) = O(10° GeV). In consequence, the cor-
responding gauge boson Z' obtains its mass M, =
V2¢'{x) with g’ being the U(1) gauge coupling; mean-
while, S;  realize their Dirac masses Mg = f(yx) of the
order of 10’~® GeV. Subsequently, the electroweak sym-
metry is broken by (¢) = 174 GeV.

III. NEUTRINO MASS

As shown in Fig. 1, the neutrinos can get a Dirac mass
through the one-loop diagram after the U(1), and electro-
weak symmetry breaking. For demonstration, we define

0 = 715(77% + inY), where 1 is the neutral component of

7, and we then have
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FIG. 1. The one-loop diagram for generating the radiative
neutrino masses.
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where

Mfﬁ =my + A0+ gy + Ay, — kB, (4
Mf]% = my + L)+ (Agy + A, + (D) (5)

Mzzr = m%r + )‘,\/o'</\/>2 + /\¢0<¢>2r (6)

A* = pu(¢h). 7

In the following, we will take k > 0 and then M < M -l

for illustration. There is a simple transformation of ¢ and
1% to the mass eigenstates £, and &,,

(T)=(oh wo)g)y @

where the mixing angle 9 is

2A?
tan2d = ————. 9
an M,Z,- _ Mg]?? ( )

The masses of the eigenstates are

1
2 = _[M? 2 _ 2 M2)2 4
My = S [Myy + M =01, — M) + 441 (10)
1
MR, = S[M3, + MG+ [0, — ME)” +4A%] (1)

We then give the formula of the radiative neutrino
masses,
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sin29 M3 M3
(my)ij = 3072 %yikMSkl:Mé _ZMg 111(M§2)
2 k k
M? M?
Mg — Mg, \M,

For Mg, > M, ,, we can simplify the above mass matrix
as

(my)ij=s“‘—2M’g‘,zF(—§2,%)M, (13)
327 P Mfl Mfl Msk
with the definition

F(x,y) = xln(z) — Iny. (14)

X
. M% M3 .
The function F(;;7*, 32*) could be simply looked on as a
& €1

constant c if the three M, are chosen within a few order of
magnitude, and then the neutrino mass can be written in the
simple form
sin2% 1
mychM;th*. (15)
For the purpose of numerical estimation, we input
(Mn‘,l’ M, |A]l) = (300 GeV, 80 GeV, 30 GeV) or (80 GeV,
300 GeV, 30 GeV and then obtain (tan2d, Mg, M;,) =
(+0.02, 80 GeV, 300 GeV). Subsequently, we take M, =
107 GeV and then derive ¢ = 270. For y ~ h ~ O(1073),
the neutrino mass comes out to be of the order of
0(0.01-0.1 eV), which is consistent with the neutrino
oscillation data and cosmological observations.

IV. DARK MATTER

It is natural to consider the lighter one between £, and
1Y as the candidate for the dark matter since it does not
have any decay modes. We first consider that £; and &, are
dominated by o and 7Y%, respectively, and ¢ is lighter than
1Y. In this case, o is definitely the darkon field [11] that
can realize the right amount of the relic density of the cold
dark matter when its mass M, is less than 100 GeV and its
quartic coupling to the SM Higgs, i.e. A4, in the scalar
potential (2) is of the order of @(0.1). Now we check the
other possibility that 7? is the dark matter. Note that the
direct detection of halo dark matter places a limit on the
mass degeneracy between 1% and 7Y, because the differ-
ence must be sufficient to kinematically suppress the scat-
tering of 17%, ; on nuclei via the tree-level exchange of the Z
boson. It has been studied [12] that if 77(} is expected to be
the dark matter, the mass spectrum of mass eigenstates n% !
should be

M,y — M, = (8-9) GeV (16)

for
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Mo = (60-73) GeV, a7

or
Moo — Mo = (9-12) GeV (18)

for
Mo = (73-75) GeV. (19)

In our model, we have the flexibility to choose the quartic
coupling k and other parameters in the scalar potential (2)
and then obtain the desired mass spectrum of 7% ;.

V. LEPTOGENESIS

Obviously, no lepton asymmetry can be generated in our
model because the lepton number is exactly conserved.
However, since the sphaleron [13] only have a direct action
on the left-handed quarks and leptons, a nonzero lepton
asymmetry stored in the left-handed leptons, which is
equal but opposite to that stored in the other fields, can
be partially converted to the baryon asymmetry as long as
the interactions between the left-handed leptons and the
other fields with lepton number are too weak to realize an
equilibrium before the electroweak phase transition. For all
the SM species, the Yukawa interactions are sufficiently
strong to rapidly cancel the left- and right-handed lepton
asymmetry. But the effective Yukawa interactions of the
ultralight Dirac neutrinos are exceedingly weak and thus
will not reach equilibrium until the temperatures fall well
below the weak scale. This new type of leptogenesis
mechanism is called neutrinogenesis [10].

In our model, the heavy Dirac fermions S = S; + Sy
have two decay modes as shown in Fig. 2. We calculate the
decay width at tree level,

L(S§— iy + ") =T(S; — ¢ + 1) (20)
= L(y’ry)“M 1)
167 S

1
F(SIL — VR + O') = F(Sl — ]/;'e + 0-) = 7(h+h)”MS
32 '
(22)

At one-loop order as shown in Fig. 3, we compute the CP
asymmetry

Yy, VR
S{f - o SC - o«
\\‘\ \\“

Nk

n S0

FIG. 2. The heavy Dirac fermions decay to the left-handed
leptons and the right-handed neutrinos.
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FIG. 3. The heavy Dirac fermions decay to the left-handed
leptons at one-loop order.
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Here the total decay width Iy, is given by

[y, = %[(yf)’)ii + l(hfh)iiilMS,»' (24)
T 2
For illustration, we consider the limiting case with
Mg < Mg, , where the final lepton asymmetry should
mainly come from the contributions of the decays of S;.
We can simplify the CP asymmetry (23) as

1 1 Mg,

gg = —— —-L

> 87 (yIy) + 5(hth)y 55 Ms,
X Im[(y+y)1j(h+h)jl]‘ (25)

Furthermore, we take a simple assumption,
h =y, (26)

and then approach

~

1 1 Mg
= — — H{Im[(yy)3 1) 27
&5y 87 (yty)i ; Msj{ mlly y)]j]} @7

Similar to the DI bound [14], we can also deduce an upper
bound on the above CP asymmetry by inserting the as-
sumption (26) to the mass formula (13),

4 Mg m;
csin29 Ms%]

les,| = | sind|, (28)

with m3 and 6 being the biggest eigenvalue of the neutrino
mass matrix and the CP phase, respectively. Here we have
assumed the neutrinos to be hierarchical [15]. Inputting
Mg = 10" GeV, m; =0.05¢eV, M; =80 GeV, c=
270, sin29 = tan23 = 0.02, and sinéd = —1, we derive
gg, = —1.8X 1077 and then obtain the final baryon asym-
metry,
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as desired to explain the matter-antimatter asymmetry of
the Universe. Here we have adopted the relativistic degrees
of freedom g, = O(100) [16].

Note that when generating the desired baryon asymme-
try (29), the decays of S; should satisfy the condition of
departure from equilibrium, which is described by

Ts, < H(T)lr—y, (30)
where
8mg.\1/2 T?
H(T) = — 31

is the Hubble constant with the Planck mass Mp =
10" GeV. With Egs. (24), (26), (30), and (31), it is
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straightforward to perform the condition

210 . 77.5 . g*)l/zﬁ

53 ~10710  (32)

Oy 5(

for Mg = 10" GeV.

My

VI. SUMMARY

In this paper, we extended the SM with the requirement
of the symmetry that forbids the usual Dirac and Majorana
masses of the neutrinos. Through a radiative diagram, the
neutrinos obtain tiny Dirac masses suppressed by heavy
new fermions. These fermions also generate a lepton asym-
metry stored in left-handed leptons via their CP violation
and out-of-equilibrium decays. The sphaleron action then
partially transfers this lepton asymmetry to a baryon asym-
metry so that the observed matter-antimatter asymmetry of
the Universe can be naturally explained. Moreover, the
scalars contributing to the neutrino mass generation pro-
vide consistent candidates for the cold dark matter.
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