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Abstract. We propose a unified explanation for the origin of dark matter and baryon number asymmetry
on the basis of a non-supersymmetric model for the neutrino masses. Neutrino masses are generated in two
distinct ways, that is, a tree-level seesaw mechanism with a single right-handed neutrino, and one-loop radia-
tive effects by a new additional doublet scalar. A spontaneously broken U(l)/ brings about a Zs symmetry
which restricts couplings of this new scalar and controls the neutrino masses. It also guarantees the stabil-
ity of a CDM candidate. We examine two possible candidates for the CDM. We also show that the decay
of a heavy right-handed neutrino related to the seesaw mechanism can generate baryon number asymmetry

through leptogenesis.

1 Introduction

Neutrino masses [1-11], cold dark matter (CDM) [12,13],
and baryon number asymmetry in the universe [14] sug-
gest that the standard model (SM) should be extended.
Both neutrino masses and baryon number asymmetry are
well known to be explainable in a unified way through
the leptogenesis scenario in the framework of the seesaw
mechanism [15]. Extensive studies have been done on this
subject for recent years [16—21]. On the other hand, super-
symmetry is known to play a crucial role for the explana-
tion of CDM abundance in the universe [22-26], although
it has been introduced originally to solve the hierarchy
problem. Supersymmetric models have good candidates for
CDM such as the lightest superparticle (LSP) as long as
R-parity is conserved. The neutralino LSP has been ex-
tensively studied as a CDM candidate in the supersym-
metric SM (MSSM) and its singlet extensions [27-40]. If
we try to explain simultaneously both leptogenesis and the
CDM abundance in supersymmetric models, we have a dif-
ficulty. The out-of-equilibrium decay of thermal heavy neu-
trinos can generate a sufficient baryon number asymmetry
only if the reheating temperature is high enough such as
Tr > 108 GeV. For such a reheating temperature, however,
we are confronted by a serious gravitino problem in super-
symmetric models [41,42]. Various attempts to overcome
this difficulty have been done by searching scenarios to en-
hance the C'P asymmetry and lower the required reheating
temperature [43—58].

In these studies, the CDM and the baryon number
asymmetry are separately explained based on unrelated
physics. Thus, we cannot expect to obtain any hints as to
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why the CDM abundance is of similar order as the baryon
number asymmetry in the present universe through such
studies.? Unfortunately, at present, we have no satisfactory
supersymmetric models to explain these three experimen-
tal pieces of evidence which lead us to extend the SM. In
this situation, it may be worthwhile to take a different em-
pirical view point at first and reconsider possible models
which can explain this evidence simultaneously on the ba-
sis of closely related physics [67,68]. As the next step, the
hierarchy problem may be considered in the framework
where such models are embedded.

Recently, it has been suggested that neutrino masses
and the CDM abundance may be related in some kind
of non-supersymmetric models for neutrino masses. In
such models neutrino masses are generated through one-
loop radiative effects which are induced by new scalar
fields [69]. A certain Z; symmetry prohibiting large neu-
trino masses can also guarantee the stability of a CDM
candidate like R-parity in supersymmetric models [70—74].
The baryon number asymmetry has also been discussed
in this model [75,76]. In the same type of model there is
also a suggestion that the hierarchy problem can be im-
proved by considering a heavy Higgs scalar [77]. Since these
models have a rather simple structure at weak scale re-
gions, it might give us some useful hints for physics beyond
the SM, if they can explain the above mentioned experi-
mental evidence consistently.

In this paper, we consider the possibility that the
baryon number asymmetry is closely related to the origin
of both neutrino masses and CDM abundance. We show

L There are several works to relate the CDM abundance to
the baryon number asymmetry. For such attempts, see [59-66]
for example.
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that the ordinary leptogenesis based on heavy neutrino de-
cay can be embedded consistently in the model for neutrino
masses proposed in [74]. As we discuss below, this is closely
related to an extension of [74] such that (1) an additional N
with zero charge under U(1)’ is introduced and (2) the di-
mension five term in the scalar potential has a complex
coupling Ag. The paper also includes new contributions
added to [74] in so far that (1) both N3 and 7o are studied
as dark matter candidates and (2) the constraints due to
neutrino oscillation data are taken into account in a more
extended way than that in [74].

The remaining parts are organized as follows. In Sect. 2,
we address features of the model and discuss a parameter
space consistent with neutrino oscillation data. In Sect. 3
we study the relation between leptogenesis and the CDM
abundance in the model. We examine two possible CDM
candidates taking account of the neutrino oscillation data
and the conditions required by the leptogenesis. We shall
find that the model can give a unified picture for the expla-
nation of the neutrino masses, the CDM abundance, and
the baryon number asymmetry. In Sect. 4, we summarize
the paper with comments on the signatures of the model
expected at LHC.

2 A model for neutrino masses

The present study is based on the model proposed in [74].
Ingredients of the model and U(1)" charge assignments
for these are given in Table 1. We suppose that U(1)’ is
leptophobic.? The extension to general U(1)’ is straight-
forward. The fermions listed in Table 1 are assumed to be
left-handed. We note that three singlet fermions Ny 2 3 are
necessary for present purposes. Although only two of them
are ordered to generate appropriate masses and mixing in
the neutrino sector, an additional one is necessary for the
leptogenesis. The invariant Lagrangian relevant to the neu-
trino masses can be expressed by

Ly = Z (halLaHNl+ha2LaHN2—|—ha3La17]\_f3)

a=e,u,T

1o 1, 1
+ §M1N12 + 5MzNQ2 + §A¢N§ +h.c. (1)

Yukawa couplings for charged leptons are assumed to be
diagonalized already. The most general scalar potential in-
variant under SU(2) x U(1) x U(1)" gauge symmetry up to
dimension five is given by

V= SM(ETH 4 (i) + 5 2s(610)?
+As(HYH)(n'n) +Xs(H n) (' H)
- ﬁ Aep(n'H)? +h.c.]
+ (m¥ +XA70"¢) HVH + (my + Xs6'¢) n'n+mi¢l e,
(2)
2 We need to introduce some fields to cancel the gauge

anomalies. However, it can be done without affecting the fol-
lowing study. We present such an example in the appendix.
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Table 1. Field contents and their charges. Zs is the residual
symmetry of U(1)’

Qa Ua Doz Lq Ea Nl,Q NB H n ¢
U1y 2¢ —2¢ —2¢ 0 0 0 ¢ 0 —q —2¢
Za +1 +1 41 41 41 +1 -1 +1 -1 +1

where the couplings \; are real except for A\¢. The phase
of g can induce a physical one which is found to be a Ma-
jorana phase in the neutrino mass matrix. A nonrenormal-
izable A\¢ term and bare mass terms for N; 5 are added,
which will be shown to play crucial roles in the present sce-
nario. They are supposed to be effective terms generated
through some dynamics at intermediate scales. We assume
that M, ~ My < M> and only N; and N3 are related to
light neutrino masses and mixings.

The model includes two SU(2) doublet scalars H and 7.
H plays the role of the ordinary doublet Higgs scalar in the
SM, but 7 is assumed to obtain no VEV. A singlet scalar ¢
is also assumed to have a real VEV at suitable scales, which
breaks U(1)’ down to Z;. The Zs charge for each field can
be found in Table 1. The VEV of ¢ gives masses for N3
and Z':

MN3 = /\<¢> y MZ’ = Qﬂg/Q<¢> y (3)
where A is assumed to be real. Since Mz is bounded
from below by the Z’ phenomenology, My, has also lower
bounds for fixed values of \. It also yields an effective coup-
ling constant Ag(¢)/M, in the \g term. It may be small
enough to make radiative neutrino masses tiny even for
O(1) values of A as long as (¢) < M, is satisfied. Since the
mixing between 7° and 1°* is induced through this small
coupling, the mass eigenvalues split slightly. The states

X% = % (n° £n°*) have mass eigenvalues such as

M2y =+ () (HYY 4 207 = PO gy

A (4)

The magnitude of the difference of these eigenvalues is
constrained by the direct search of the CDM if either of
these . is the lightest Z» odd field. The mass of the
charged states n™ is given by

My« =m2+ M (H®)? + Xs(9)?, ()

and then M o may be much smaller than M, + in case of

A5 < 0. These points will be discussed in the analysis of
the CDM later. Since A\g is complex in general, the C'P
violation may be detected through this °-n°* mixing. Al-
though this is an interesting feature of the model, we do not
discuss this subject further in this paper.

We have two distinct origins for the neutrino masses
in this model. One is the ordinary seesaw mass induced
by a right-handed neutrino Ny [78—81]. Another one is the
one-loop radiative mass mediated by the exchange of n°
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and N3 [69,82-84]. Although N; also has contributions to
the neutrino mass generation through the seesaw mechan-
ism, its effect can be safely neglected compared with these,
if M5 is large enough. However, baryogenesis caused by lep-
togenesis requires this contribution, since N3 has no lepton
number as discussed below. The radiative neutrino mass
generation requires some lepton number violation. We can
put them either in £,, or V. If we assume that n and N3
have the lepton number —1 and 0, respectively, the Ag term
in V brings about this required lepton number violating ef-
fect. We adopt this choice in the following arguments. Ny »
are considered to have lepton number +1.

The mass matrix for three light neutrinos induced by
these origins is summarized as

(HO? | 0y, X (MR,
ASEAvAN “()+87r—2AI M33 u®|
0

M, =
M,
tint
=), )

t

I(t) = 1= (1+

where ;{4 is defined by

Wy heabya  Peahra
p = heahpa  h%,  huehra | (a=1,3). (7)
heahra huahra h-,2—a

Both h,1 and h,3 are assumed to be real, for simplicity.
We note that two terms in M, have the similar texture
although they are characterized by different mass scales.
If we impose commutativity between p() and pu®), the
condition

hethes + hulhu?) +hrihr3=0 (8)

is to be satisfied. We consider this simple case in the follow-
ing as an interesting example, since it allows us to study the
mass matrix analytically.?

We introduce a matrix U to diagonalize the larger term
of M, at first, which is defined as

~ 1 0 0 cosfls 0 sinfs
U=10 cosfy sinb 0 1 0 |. (9
0 —sinf; cosfs —sinf#; 0 cosfs

Then the matrix u(“) in M, can be diagonalized as
UTp(@U if the angles 05 5 satisfy

h h
tanfy = +£2 . tanfs = e

Eigenvalues for this matrix are found to be

(10)

ul), = diag (0,0, K%, + 12, +12,) . (11)

Another term u(“/) is also transflormed by U. However, if
the condition (8) is satisfied, u() can be diagonalized by

3 If non-zero eigenvalues are dominated by different origins,
respectively, this will be a good approximation to describe such
cases.
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an orthogonal transformation and U, supplemented by
the additional transformation

cosfy sinf; O
Uy=|[—sinf; cosf; 0], (12)
0 0 1
and we have the eigenvalues
iy = diag (0,12, + 02, +h2,,0) . (13)
Here 6, is defined by
tan Oy tan 6, 4 1 N
tanf; = — a? 2 tan 2+’ , tanfy = e
(tan 02 — tan 02) Sin 03 Ta!
(14)

We note that this U; transformation does not affect the
diagonalization of ;u(%).

If we define the mass eigenvalues by UTM,U =
diag(0, mg, m3), where my < mg is assumed, they can be
written as

tan? 6y + 1

~ 2
tan 0y —t 9) :
ey il COCRLAL

mo =

A
my =5 (tan2 02+1) (tan2 03+1). (15)
Here we find that there are two possibilities for the gen-
eration of mgz and mso. The first case is realized by taking
a=1and @’ = 3 in the above formulas, and then mj is in-
duced by the ordinary seesaw mechanism. In this case A

and B are defined by
(i) A:w B= Aol (s 2] MJ2V3
o M, ’ 8m2A \ hy M2 '

(16)

The second case is obtained by taking a = 3 and a’ = 1, and
then mj is determined by the radiative effect. In this case A
and B are written as

2 /7702 M2
M, aex \ Mz

-1
Aol . [ MZ, hei\”
B= I — . 1
l47r2)\ M2 hrs 17)

Since only two mass eigenvalues may be considered
non-zero in the present setting, neutrino oscillation data
require that these mass eigenvalues should satisfy mg =
VAmZ, . and mg =+/Am?2, [1-11]. Data of the at-
mospheric neutrino and the K2K experiment require
tanfy; = 1. We also find that 6; should be taken as 6,
which is a mixing angle relevant to the solar neutrino.
The CHOOZ experiment gives a constraint on 63 such as
| sin 03] < 0.22 [85]. If we use these conditions, the mixing
matrix U = UU; can be approximately written as

. sin 63
coslso1  Sin Bso1 7
- __sin 001 cos 0.1 1
U= VA R (18)
sinfgo1 _ cosfge 1
V2 V2 V2
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By imposing the experimental values on tan 8y, /Am?

atm?
VAm?2,, and sinfs, we can constrain the values of A
and B [74]. For simplicity, we assume A = |Ag].
The condition for A constrains the Yukawa coupling
th by

M, \Y?
D) he~29x1074 (-t ),
() hr122.9510 <108G6V>
M, \Y?
. _5 *
(i) 7.9x10 <7108 GeV)

M, 1/2
108 GeV - (19

If we require h-1 and h,3 to be in perturbative regions, we
find that both M, and M,z? should be less than 1016 GeV.
Here we introduce two parameters = h,3/h,1 and y =
M, /M,. The condition for B selects the regions in the
(z,y) plane which are consistent with the neutrino oscil-
lation data. They are shown for both cases (i) and (ii) as
the regions sandwiched by the dashed lines in Fig. 1. These
figures show that the model may explain the neutrino oscil-
lation data in rather wide parameter regions. In particular,
it is useful to note in relation to the CDM that we may
have solutions for large values of y such as 105 as long
as x stays in the constrained regions (i) 0.55-0.8 and (ii)
3.5—6.5. By using these results obtained from the neutrino
oscillation data, we examine the leptogenesis and the CDM
abundance in this model in the next section.

ShoyS1.3x107% (

3 Leptogenesis and CDM abundance

The present model contains several new neutral fields with
non-zero lepton number or an odd Z; charge. Thus, we
have sufficient ingredients with the required properties
for both leptogenesis and CDM candidates. Although one
might consider that there are several scenarios for these ex-
planations in this model, they seem to be constrained by
the neutrino oscillation data.

The lightest neutral field with an odd Z5 charge may
be stable and a CDM candidate, since an even charge is

60 80 100

1 region is also displayed in
each panel

assigned to each SM content. If y < 1 is satisfied, N3 can
be a CDM candidate. As in the ordinary leptogenesis sce-
nario, N1, related to the ordinary seesaw mechanism may
be a mother field for leptogenesis. However, since two right-
handed neutrinos are necessary to realize the C'P asymme-
try, we need to introduce N2 with the lepton number +1 as
mentioned before.

On the other hand, since 7° has both the odd Z5 charge
and the lepton number, it might be considered as the ori-
gin of the CDM or the lepton number asymmetry in the
case of y > 1. However, it might be difficult to contribute
both of them, since it has the SM gauge interactions. The
situation is similar to sneutrinos in the supersymmetric
models. Sneutrinos have been rejected to be a CDM candi-
date through direct detection experiments. This constraint
might be escapable in the case of n°, since there is 79-n%*
mixing due to the A\g term which generates the mass dif-
ference between its components. The model has to satisfy
suitable conditions for this mass difference if this possibil-
ity is realized. On the other hand, this n° is too light to
be a mother field for the sufficient production of the lepton
number asymmetry through the out-of-equilibrium decay,
although the n° sector can bring about almost degenerate
mass eigenstates through C'P violating mixing and cause
resonant decay. We examine these subjects in detail below.

3.1 Leptogenesis

If we take account of the existence of Ny which can be
neglected in the estimation of the neutrino masses, the lep-
togenesis is expected to occur through the decay of Ni. In
fact, it is heavy enough for the out-of-equilibrium decay,
and it has lepton number violation through a Majorana
mass term. By taking account of the well known relation
B =28(B — L)/75 which comes from re-processing of the
B-L asymmetry by sphaleron transitions, the generated
baryon number asymmetry is given by

np 28 e
B _ _ 29yreq
Yy ek,

s 75 (20)

where Y5 ! (= n, /) is the ratio of the equilibrium number
density of N7 to the entropy density. The C'P asymmetry in
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the N7 decay and the wash-out effect are represented by ¢
and k, respectively. If temperature is much larger than M,
we have V! =~ 0.42/g. by using ny, = (3¢(3)/27*)T* and
s = (2m%g./45)T3. The relativistic degrees of freedom in
this model number g, ~ 130. Thus, the C'P asymmetry ¢
required to produce the present baryon number asymme-
try is estimated to be

e~ —T72x107 81, (21)
where we use ng/s ~ (0.8740.04) x 1071% which is pre-
dicted by nucleosynthesis and CMB measurements [14].
The CP violation in the N; decay is induced through in-
terference between the tree and one-loop amplitudes. This
induced C'P asymmetry ¢ is estimated to be [16—21]

Im [(hTh)?
g:_i% m[( )12] . (22)
167 M2 |hTh|11

Now we estimate ¢ in this model. As discussed in the
previous section, there are two ways for the generation of
the neutrino masses ms and mo. The C'P asymmetry € can
also have different values for these two cases. For simplicity,
we assume |hqa| = |hq1|. This does not affect the estima-
tion of the neutrino masses, because of the assumed setting
M, ~ My < M. In that case, we have

|Im [(hTh)fz] |

M, \’
2.8x 1071 21— for (i
< 4 810 <1O8Gev> or (1),
N4h‘r12 M. 2
(0.16-1.1) x 10~ (m) for (ii),
(23)

where we apply the results in (19) to this estimation. We
use these maximum values for Im[(hfh)2,] in the formulas
of € here.

In case (i), we have the relation |hTh|1;(Ho)?/M, ~

VAm?2, ., and then ¢ can be written as
M,

1006~ 1GeV S
M ><108GeV> R (24

In case (ii), we note that the seesaw mechanism gives mao
and the relation |hTh|11 (Ho)? /M, ~ /Am? | is satisfied.
Thus, we find that ¢ is expressed by

10205 -1GeV M, \> _,
1 (2
M > <1o8 Gev> R (25)

These results show that a sufficient C'P asymmetry can be
generated for

e~—-98x10"% (

e=-22x10"8 (

M, 1/2
7 .
s 8.6 x 10 <m> GeV  for (1) y
" M, 1/2
8 .
1.8 x 10 <m> GeV  for (11) .

(26)
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Consistency with the present setting Ms > M, can be sat-
isfied for My < 109 ~1GeV in both cases, for example. It
may be useful to recall that x is expected to be 1071-1073
from a numerical study of the Boltzmann equation. Such
an analysis also shows that the leptogenesis is possible only
for narrow ranges of 1 = |hTh|11(Ho)?/M; [16—21]. In the
present model this m; is estimated to be

M,

Am?2,  — for (i),
g ]\2‘41 (27)
\/Am2,— A for (ii) .

This suggests that M., < My is favored by leptogenesis and
it could be consistent in the present settings. The values
of M, /M, determine which case between them is more
promising. These results show that the out-of-equilibrium
decay of N; may produce the necessary baryon num-
ber asymmetry for intermediate values of M; as in the
usual cases. As long as we confine ourselves to the non-
supersymmetric framework, the model is free from the
gravitino problem.

3.2 CDM candidates and their abundance

The lightest field with an odd Zs charge can be stable since
an even charge is assigned to each SM content. If both the
mass and the annihilation cross section of such a field have
appropriate values, it may be a good CDM candidate as
long as it is neutral. As mentioned before, we have two such
candidates; that is, the lighter one of x%. (we represent it by
x?) and Nj.

At first, we consider the y < 1 case in which N3 is the
CDM. Its annihilation is expected to be mediated by both
the exchange of n° and the U(1)’ gauge boson. If their anni-
hilation is mediated only by the former one through Yukawa
couplings as in the model discussed in [72, 73], we need fine
tuning of the coupling constants to explain both the ob-
served value of the CDM abundance and the constraints
coming from lepton flavor violating processes such as p —
e7y. However, in the present case the N3 annihilation can be
dominantly mediated by the U(1)’ gauge interaction, since
the Yukawa coupling constants h,3 can be small enough as
estimated in (19). Thus, we may expect that N3 can cause a
satisfactory relic abundance as the CDM in rather wide pa-
rameter regions. We also note that the U(1) is supposed to
be a generation independent gauge symmetry and then the
FCNC problem can easily be escaped in this case.

In order to estimate the /N3 abundance, we consider
to expand the annihilation cross section for N3Ns — ff
by the relative velocity v between the annihilating N3 as
ov = a+ bv?. The coefficients a and b are expressed by

m?ﬂ
2
(s—M3,)

)

9’4 2 2
a:Zcf%Qqu
f

14
b= ey (G +Qh) o
!
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where 8= ,/1 —m]%/M]QV3 and ¢y = 3 for quarks. s is the

center of mass energy of collisions, and ¢ is the U(1)’
charge of N3 given in Table 1. The charge of the final state
fermion f is defined by

va = QfR + QfL ) QfA = QfR - QfL .

Using these quantities, the present relic abundance of N3
can be estimated to be [86]

(29)

My,nn, | 8.76x 10 g, 2ap
per/ 2 (a+3b/zp) GeV?

where g, is the number of degrees of freedom of relativistic
fields at the freeze-out temperature Tr of N3. The dimen-
sionless parameter zr = Mn, /Tr is determined through
the condition

Qn,h2o = . (30)

I 0.0955mp My, (a+6b/zF)
(gep)1/? ’

where myp, is the Planck mass. If we fix the U(1)" charge of
the relevant fields and its coupling constant g’, we can es-
timate the present N3 abundance using these formulas. It
can be compared with 2x,h? = 0.10451 50972 given by the
three year WMAP [87].

We numerically examine the possibility that the CDM
abundance is consistently explained in this model. We use
the GUT relation ¢’ = 1/5/3¢g; and g = 0.6 as an example.
Theregions in the (M, My, ) plane allowed by the WMAP
data are shown in Fig. 2. They appear as two narrow bands
sandwiched by both a solid line and a dashed line. The lower
bounds of My come from constraints for ZZ' mixing and
a direct search of Z’. Since the Higgs field H is assumed
to have no U(1)’ charge, its VEV induces no ZZ’ mixing.
Moreover, since it is assumed to be leptophobic, the con-
straint on M/ obtained from its hadronic decay is rather
weak. The lower bounds of Mz may be My % 450 GeV in
the present model [88,89]. Since the masses of Z’' and N3
are correlated through (3), we can draw a line of My, in
the (Mz/, Mn,) plane by fixing a value of A. In Fig. 2, such
lines are represented by the green and blue dotted ones for
A =0.25 and 0.7, respectively. For these My, values as re-
quired by the WMAP, M, is found to take values such as
~300/y and ~ 580/y GeV for A = 0.25 and 0.7. Using Figs. 1
and 2, we can determine the range of z, if M,, and then y is
fixed. We find that x takes very restricted values for the case
of M, <1 TeV, especially in case (i).

In Fig. 2 we can observe an interesting feature of Z’.
Although we assume that it is leptophobic, it can have a
nonhadronic decay model as long as 2Mpy, < My is sat-
isfied. Figure 2 shows that this condition is satisfied only
at the lower allowed band but not at the upper allowed
band. Thus, Z’ may have anonhadronic decay mode only for
A50.33.

If y > 1 is satisfied, the neutral scalar x? is the CDM.
In this case, we can follow the analysis given in [77]. If
it is heavier than the W= boson, it cannot keep the relic
abundance required from the WMAP data. The reason is
that they can effectively annihilate to the W pair through

D. Suematsu: Leptogenesis and dark matter unified in a non-SUSY model for neutrino masses
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Fig. 2. Regions allowed by the WMAP data in the (Mz/, M)
plane. Green and blue dotted lines represent My, lines for
A =0.25 and 0.7, respectively

the Z° exchange. Thus, since we have no other candidate
for the CDM within the present model, we have to assume
that the mass of x{ should be smaller than 80 GeV. Even
if it is lighter than the W boson, direct search experi-
ments impose a strong constraint. The difference of the
mass eigenvalues of xY. is estimated to be

AM ~

P6l(d) provz . My roro
ST Y~ S )

1 8
N300y< 0% GeV

*

) keV. (32)

Since the x4 have a vector-like interaction with the Z°
boson, its elastic scattering cross section with a nucleon
through Z° exchange is 8-9 orders of magnitude larger
than the existing direct search limits [90]. To forbid Z°
exchange kinematically, AM has to be larger than a few
100 keV [91,92]. Following (32), this constraint can be in-
terpreted as a condition y < (M, /108 GeV).

If we impose that the relic x? abundance saturates the
values required by the WMAP data, a much stronger con-
straint can be obtained. This x? abundance is dominantly
determined by the p-wave suppressed coannihilation pro-
cess X4 x° — Z* — ff. In order to realize a suitable relic
abundance, we need to decrease this coannihilation rate by
requiring the heavier one of xJ. to be thermally suppressed.

This requires that AM % 8-9 GeV should be satisfied for
M, = 60-73 GeV [77]. Thus, if we assume that x? is the
CDM taking account of these arguments, we have an an-
other condition, y <~ M, /(3000 GeV). Since the leptogen-
esis occurs successfully for M, % 10° GeV as seen in the

previous part, y should have a larger value than 2 x 10°,
and then My, should be larger than 3 x 107 GeV.
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Fig. 3. Allowed regions in the (y, My, ) plane. A red thin dot-
ted line and a red thm solid line corresponds to an upper and
lower bound of {2, 0 h? imposed by the WMAP data. A blue
thick solid line represents a line for M, 0= =80 GeV. A blue thick

dotted line represents a boundary for M X2 + M. 0o =mg

We can search favored parameter regions in the present
model by numerically estimating the relic abundance of x{
in the same way as the N3 case. In this estimation we
need to take account of the above mentioned thermal ef-
fect, which modiﬁes the relic density in the AM = 0 case
by a factor 1 exp(AM/T). In Fig. 3 we plot the allowed re-
gions in the (y, Mn,) plane for the case of M, =10° GeV,
which is a favored value for leptogenesis. In the regions
sandwiched by both the dotted and solid thin lines, Q 0
realizes the three year WMAP data. In the same ﬁgure
we add two conditions. We plot a line corresponding to
M, 0= = 80 GeV by a blue solid thick one. Since we now con-
s1der regions below the WW threshold, the allowed regions
are those below this line. The Z° Wldth also imposes an-
other condition, M. X0 +M,0 >mz. The boundary of this
condition is plotted by a blue dotted thick line. Regions
above this boundary satisfy this condition. As seen from
this figure, the favored part in the regions sandwiched by
these thick lines gives 40—-80 GeV for Mxﬁ , which agrees
with the results given in [77,91,92]. This does not con-
tradict the experimental mass bounds for charged Higgs
fields as long as A4 has suitable negative values. The con-
straint from p — ey can also be satisfied for M,, which
may keep the Yukawa couplings small enough in (19). For
the required large values (2-5) x 10° for y, |\g|(¢) < M,
can still be satisfied, and Z’ becomes very heavy so as to
be out of the range reached by the LHC experiments.* In

4 In the original models [72, 73], the required values of AM
and MXDL for the X(ﬁ CDM can be consistent with the neutrino
oscillation data and the FCNC constraint as long as singlet
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this case, x is confined to very restricted regions, espe-
cially in case (i). In order to realize the favorable values
of M, o and AM, several coupling constants are required

to be ﬁnely tuned. For example, A\g should be very small,
something like O(10~?). Although this required parameter
tuning might decrease the interests for this case compared
with the y < 1 case, it is noticeable that x{ can be a CDM
candidate consistent with the neutrino oscillation data in
this model.

4 Summary

We have studied a unified explanation for both the CDM
abundance and the baryon number asymmetry in a non-
supersymmetric model for the neutrino masses. The model
is obtained from the SM by adding a U(1)’ gauge symmetry
and several neutral fields. The neutrino masses are gen-
erated through both the seesaw mechanism with a single
right-handed neutrino and the one-loop radiative effects.
The two contributions induce the same texture, which
can realize favorable mass eigenvalues and mixing angles.
New neutral fields required for this mass generation make
the unified explanation for the leptogenesis and the CDM
abundance in the universe possible.

Both the neutral fermion N3 and the neutral scalar n°
are stable due to a Z3 subgroup which remains as a re-
sidual symmetry of the spontaneously broken U(1)’. Thus,
they can be a good CDM candidate. In the N3 CDM case,
since it has the U(1)" gauge interaction, the annihilation of
this CDM candidate is dominantly mediated through this
interaction. If this U(1)" symmetry is broken at a scale suit-
able for the neutrino mass generation, its estimated relic
abundance can explain the WMAP result for the CDM
abundance. We examined these points taking account of
the neutrino oscillation data. In the n° CDM case, if it is
lighter than the W¥ boson and the difference of its mass
eigenstates forbid its coannihilation due to Z° exchange
kinematically, it may keep a suitable relic abundance. We
examined the consistency of this picture with the neutrino
oscillation data.

Since another introduced neutral fermion, N, is a gauge
singlet and is heavy enough, it can follow the out-of-equi-
ibrium decay which produces the baryon number asymme-
try through the leptogenesis. We showed the consistency of
this scenario with the neutrino oscillation data. Although
the required reheating temperature for leptogenesis is simi-
lar in value to the one in the ordinary seesaw mechanism,
we have no gravitino problem, since we need no supersym-
metry to prepare the stable CDM candidates. The present
model gives an example in which three of the biggest ex-
perimental questions in the SM, that is, neutrino masses,
the CDM abundance, and the baryon number asymme-
try can be explained through the closely related physics

fermion masses are large enough, and their Yukawa couplings
are small as in the present case. Thus, we could not find sub-
stantial differences between this model and the original ones in
the y > 1 case.
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in a non-supersymmetric extension of the SM. In order to
solve the hierarchy problem, a supersymmetric extension
of the model may be considered along the lines of [93]. We
would like to discuss this subject elsewhere.

Finally, we briefly comment on the signatures of the
model expected at LHC. The above study fixes the mass
spectrum of the relatively light fields in the model. We
have N3, n and Z’ as such new fields. 7 is expected to be
produced through the W fusion in a way similar to the or-
dinary Higgs field. Since 7 has Yukawa couplings with lep-
tons only, its components 1° and n* can be distinguished
from others such as the Higgs fields in the MSSM through
the difference of the decay modes. Z’' couples with the
quarks, 1, and N3. However, its decay shows a different fea-
ture, depending on the scheme for the CDM. If the CDM is
N3, the results shown in Fig. 2 suggest that the decay mode
of Z’ is mainly hadronic. It can include nonhadronic ones
only for the case of A < 0.33, as mentioned before. In such
cases, in the Z’ decay £t~ + a missing energy also is in-
cluded in the final states depending on the value of y. On
the other hand, if one component of ° is the CDM, the Z’
always can decay into the 7 pair, since it is very light. Thus,
Z' has a substantial invisible width. The search of Z’ with
such features may be an important check of the model.

Acknowledgements. This work is partially supported by a Grant-
in-Aid for Scientific Research (C) from the Japan Society for
the Promotion of Science (No. 17540246).

Appendix

We give an example of a set of fields which cancel the gauge
anomalies without affecting the discussion in the text. We
consider it appropriate to introduce additional fermions as
the left-handed ones:

1 1
2(3703 _q); 3 |:<27+§7 _q> + <2*7 _57 _q>:| 3

6[(1,+1,¢)+(1,-1,9)];5(1,0,q), (A1)
where representations and charges for SU(2) x U(1)y
x U(1)" are shown in parentheses. The numbers of fields
are also given in front of them. The SM gauge anomalies
are canceled by taking account of these fields. Since these
fields are vector-like for the SM gauge group, no problem
is induced by them as seen against the electroweak preci-
sion measurements. Although these fields are Z5 odd, all of
them may be massive through Yukawa couplings with ¢ or
¢*. Thus, as long as their Yukawa coupling constants with
¢ or ¢* are simply larger than A, N3 remains as the light-
est Z3 odd field in the model. Some discrete symmetry such
as Zs seems to be necessary to forbid the coupling between
N3 and singlet fields shown in the last line of (A.1). How-
ever, it can be introduced without affecting the scenario.
Since no other seeds for the U(1)’ breaking are necessary
to make these additional fermions massive, the mass for-
mula for my does not change, and the discussion on the
relic abundance in the text is not affected.
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