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We propose a simple framework to split neutrinos with a slight departure from tribimaximal—where
two of the neutrinos are Majorana type which provide thermal leptogenesis. We propose a model based on
S5 flavor symmetry. The Dirac neutrino with a tiny Yukawa coupling explains primordial inflation and the
cosmic microwave background radiation, where the inflaton is the gauge invariant flat direction. The
observed baryon asymmetry, and the scale of inflation are intimately tied to the observed reactor angle
sinf 5, which can be further constrained by the LHC and the O» 88 experiments. The model also provides
the lightest right-handed sneutrino as a part of the inflaton to be the dark matter candidate.
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L. INTRODUCTION

It is important to connect the origins of inflation,
observed neutrino masses, matter-antimatter/baryon asym-
metry, and dark matter within a falsifiable framework of
particle physics beyond the standard model (SM), which
can be constrained by various low energy observations [1].
Since inflation dilutes all matter except the quantum fluc-
tuations that we see in the cosmic microwave background
(CMB) radiation, it is important that the inflaton itself
cannot be an arbitrary field; its decay must produce the
baryons and the dark matter [2].

Furthermore, in order to explain the observed neutrino
masses, one must go beyond the SM. In the simplest setting
it is possible to augment the SM gauge group by an extra
U(1)g_;, whose breaking might be responsible for gener-
ating the observed neutrino masses. In a supersymmetric
(SUSY) setup, this could be realizable within MSSM X
U(1)g—_;, where (MSSM stands for the minimal supersym-
metric SM).

Gauging U(1)z_; in the SUSY context provides a
unique D-flat direction that can be the inflaton candidate
as studied previously in Refs. [3,4]. It was pointed out that
a small Dirac Yukawa coupling of order O(107'?) can
actually help maintain the flatness of the inflationary
potential and provide the right amplitude for the density
perturbations, and furthermore, the lightest of the right-
handed sneutrino (which is now part of the inflaton) can be
an excellent dark matter candidate [4].

However, neither inflation nor dark matter requires all
the three generations to be Dirac in nature. In fact it is quite
plausible that two of the other neutrinos could be Majorana
type [5,6]. Since Dirac neutrino mass terms do not carry
any lepton number, but the Majorana neutrinos mass terms
do, it is now an interesting possibility to realize lepto-
genesis within this simplest setup.
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In this paper we will demonstrate that it is possible to
split neutrinos with one Dirac and two Majorana types with
a nonvanishing reactor angle sinf;3, which can explain the
baryon asymmetry. The overall neutrino masses are now
governed by the Dirac Yukawa and the scale at which the
U(1)p_; is broken, therefore achieving inflation, dark
matter candidate, neutrino masses, and baryon asymmetry
within a common setup. The emphasis will be given on the
construction of two Majorana neutrinos with this setup.

II. MOTIVATION FROM INFLATION, DARK
MATTER, AND BARYOGENESIS

A. Gauge invariant inflaton

Let us first consider for simplicity a single generation of
neutrino with a tiny Dirac Yukawa coupling, 4. The super-
potential will be given by'

W D hNH"L, (H

where N, L, and H" are superfields containing the right-
handed neutrino, left-handed lepton, and the Higgs boson
that give mass to the up-type quarks, respectively. The
above superpotential generates a renoramlizable potential:

m> h?
V(e = lol? + Zlolt = —=lal, 2)

2 6+/3

'The super-Planckian vacuum expectation value (VEV) cha-
otic inflation based on a right-handed sneutrino as an inflation
has been considered in Refs. [7], where the inflaton is an
absolute gauge singlet. In our case the inflaton is charged under
MSSM X U(1)z_;; therefore, its couplings to the MSSM and
U(1)z_, fields are determined by that of the SM and gauge
interaction of U(1)’s. The advantage of a gauged inflaton is that
the thermal history of the Universe is under much better control;
see [2,8].
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where mg = (m3, + m%l + m%.)/3 is the soft SUSY mass

and it can be in a wide range, i.e. m, = O(500) GeV,
compatible with the current searches of SUSY particles
at the LHC. The A term is proportional to the inflaton mass
m,, and the flat direction field o is

o= (N+H"+L)/\3 3)

where N, L,, H, are the scalar components of correspond-
ing superfields. Since the right-handed sneutrino N is a
singlet under the SM gauge group, its mass receives the
smallest contribution from quantum corrections due to SM
gauge interactions, and hence it can be set to be the lightest
supersymmetric particle. Therefore the dark matter candi-
date arises from the right-handed sneutrino component of
the inflaton.

Inflation happens near the inflection point [9, 101, where
A ~ 4m,,. Near the inflection point it is possible to probe
the properties of the inflaton [4]:

0o = V3my/h =6 X 10%m,(0.05eV/m,), (4

V(oy) = (m%/4h*) = 3 X 10%*m?(0.05 eV/m,)?, 3)

where m, denotes the neutrino mass that is given by
m, = h(H,), with (H,)= v, =174 GeV. The largest
neutrino mass is m, ~ O(1) eV [12]. The above potential,
see Eq. (2), has been studied extensively in order to match
the current temperature anisotropy in the CMB radiation. It
is possible to match the central values of the temperature
anisotropy denoted by 8, = 1.91 X 107> and the spectral
tilt: n, = 0.968, see [10], for a wide range of masses
100 GeV = m, = 10° GeV and the Yukawa for the
Dirac neutrino in the range 10712 = h = 1078,

B. Reheat temperature and dark matter abundance

Since the inflaton is a gauge invariant flat direction of
MSSM X U(1)g—;, it naturally couples only to the MSSM
degrees of freedom and the degrees of freedom of the
U(1)g, . Note that the U(1) 5, is gauged, so all the inflaton
components have gauge interactions. The gauge interac-
tion of U(1)g_; could be set similar to that of the hyper-
charge, i.e. gy = gj_, without any loss of generality. For a
certain choice of gf,_, ~ 0.4, all the gauge couplings can
unify at high scales; see for instance Ref. [4(b)].

The minimum of the inflaton potential, o = 0, is a point
of enhanced gauge symmetry where the entire MSSM X
U(1)p_; gauge symmetry is restored. The gauge bosons,
gauginos, and the corresponding Z' and its superpartner
coupled to the inflaton become massless at o = 0, and
they can be excited instantly, nonperturbatively via time-
dependent quantum fluctuations, as shown in a detailed

>The initial condition for inflation has been discussed in
Refs. [11].
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analysis of Ref. [8]. The process of thermalization happens
within one Hubble time and during this period all the
inflaton decay products thermalize efficiently with a
reheat temperature governed by the total potential,
V(ay), see Eq. (5), [4]

T,, ~ V(gg)/* ~ 107 GeV, (6)

for m, ~ 500 GeV, and m, ~ 0.1 eV. Scatterings in a
thermal bath with the new U(1) gauge interactions also
bring the right-handed sneutrino into thermal equilibrium.
Note that part of the inflaton, i.e. its N component, see
Eq. (3), has never decayed as it is the lightest supersym-
metric particle. However, its gauge interaction with the Z’
leads to its efficient annihilation as shown in earlier papers
in Ref. [4].

The relic abundance that matches that of the cosmologi-
cal observations, Qcpyh® ~ 0.12 [13], is purely set by
thermal freeze-out, which was calculated in Refs. [4] for
a wide range of the lightest sneutrino mass, i.e. 100 GeV =
mg = 2000 GeV. The parameter space for which the relic
dark matter abundance is matched is found to be quite large
for my >114.4 GeV [14] and 1 TeV = m}, =2 TeV.
It would be interesting to reanalyze the parameter space
with the new Higgs mass window of 116 GeV =m0 =
125 GeV [15] and to revisit the indirect searches for the
right-handed sneutrino dark matter [16].

The detailed analysis is beyond the reach of this current
paper and we will leave some of these very interesting
issues for future investigation.

C. Baryogenesis and the need for
two majorana components

Although after inflation the reheat temperature is suffi-
ciently high enough to realize the electroweak baryogene-
sis within the MSSM, given the current evidence on the
Higgs mass searches at the LHC, it is unlikely that the
phase transition would be the first order [17]. Therefore,
one would have to rely on other ways of generating the
observed matter-antimatter asymmetry.

In our case, the Affleck-Dine baryogenesis would not be
realizable even if some of the neutrinos are Majorana. Note
that the inflaton is comprised of Eq. (3), where all three
fields take the same VEVs. Once NLH" takes a large VEV,
other directions such as LH", LLe, udd cannot be lifted at
higher VEVs simultaneously. All other directions become
massive by virtue of the large inflaton’s VEV; see for a
review [18]. The only plausible scenario would be to
realize thermal/nonthermal leptogenesis. However, this
would require at least two of the neutrinos to be of
Majorana type with masses close to the TeV scale.
Therefore, upon reheating all three right-handed (s)neu-
trino components are present in a thermal bath. The lightest
of the three sneutrinos is Dirac and a candidate for dark
matter while two of the Majorana types would be used to
generate the observed lepton asymmetry.
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III. CONSTRUCTING DIRAC AND
MAJORANA NEUTRINOS

Let us first construct the neutrino masses. It was pro-
posed in Ref. [5] that two right-handed neutrinos, namely,
N, and N, could have Majorana mass terms, while the N,
right-handed neutrino has no Majorana mass at tree-level,’
and it is coupled to the left-handed neutrino that forms
a Dirac mass term. Since the neutrino has a split nature
the authors in Ref. [5] call this scenario schizophrenic.
However, the Dirac nature is not protected at a higher
level, so a schizophrenic case is equivalent to the quasi-
Dirac case [19,20]. The overall neutrino mass scale is
governed by the Dirac Yukawa h. Therefore, a lower limit
for Ov B3 is obtained in both normal and inverse neutrino
mass hierarchy. Since the second neutrino Majorana mass
can be made zero, the limit for 088 is about a factor of
2 larger than the usual Majorana case and this model can
be ruled out very soon by the next generation of experi-
ments [21].

The model in Ref. [5] is based on S3, i.e. the permutation
group of three objects; see for instance [22]. Note that S;
has three irreducible representations, 1, 1/, and 2, where 1/
is the antisymmetric singlet. The relevant product rules are
1’X1 =1and2 X 2 =1+ 1’ + 2. In the basis where the
generators of S3 are real, the product of two doublets, i.e.
a = (a,, ay) and b = (b,, b,), are given by

albz + Clzbl )
2

(a1by + aby)y + (ayby — azby)y +
a\b; — axb,

(7)

In order to obtain the neutrinos mass matrix, we extend
the SM by introducing three right-handed neutrinos:
N, ~ 1 singlet of S3 and N = (N,, N;) ~2 doublet of
S3. As in Ref. [5], we assume that the combination L,,
L,,and L,

1
L2=_3(L€+L,U.+LT)~1) (8)

7

transforms as a singlet of S3, and that

(L, — L)
L=<L1>= V2 ~2,
L 716(_2Lf +L,+L,)

transform as a doublet of S3. Equivalently we assume that
the right-handed charged leptons combination

e L

N

transforms as a singlet of S3, and that

(IS + 15 + 19 ~ 1, (10)

*Majorana neutrino mass term N uIN,, is forbidden by means of
an Abelian discrete symmetry.
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TABLE I. Matter content of the model.
L, L 5§ I N, N H“ o ¢! ¢
S 1 2 1 2 1 2 1,12 2 1,2 2
Z + - + - + - + - + o+
zZo+ + + - 4+ o+ + - -+

] n
I A — 1)
10=<1_>= e ~2. (1)
I (20 + I, + 15)

We assume two Abelian symmetries Z, X Z), under which
Ly~(++), L~(=+), I~ +), I£~(= ),
N, ~(+,+), and N~ (—, +). In the scalar sector we
assume three sets of SU,(2) Higgs doublets H*?, ¢*,
and ¢™?. These three sets are distinguished by means of
Z, X Z, under which they transform as H"“? ~ (+, +),
o4 ~ (=, —), and ¢*? ~ (+, —), respectively. The mat-
ter content of our model is summarized in Table I.

The scalar Higgs doublets H“¢ = {H,, H,, H,}"*
transform as 1, 1/, and 2 with respect to S; where
Hg’d = (H"?, HZ’d). Equivalently the Higgs scalar fields
GLt = (g1, B3} with gy = ($, $17) and @ =
(o, @#?) are doublets of S.

The superpotential for the scalar fields is given by

Wy = up HiH] + pg e’ + uf idi + nzeél.
(12)

We note that there is no mixing between different sets of
Higgs scalars and their masses are free parameters con-
trolled by the corresponding u? parameters. We assume
that one Higgs boson has a mass of about 125 GeV while
the other scalars are all heavy above 2 TeV. The S; sym-
metry implies that the Higgs boson, for instance, H% and
Hj}, have degenerate masses since they belong to a doublet
of S§5. However, in principle, the degeneration can be
broken by taking explicitly S5 breaking terms in the soft
sector. The S5 symmetry can give an interesting prediction
for the Higgs mass spectrum that can be studied at the
LHC; see for instance [23].
The superpotentials for the lepton sector are given by

Wi = MLl HY + yLa(I°9)g + y3(LI) ¢
+ YU(LI)2 4,

W, = hL,N, HY + hy(LN)H{ + h,(LN)yH",
+ hy(LN),H}.

13)

After electroweak symmetry breaking S; is completely
broken, namely, (HJ%) # (H)), ($%) # ($%), and
(@0*) # (¢)*) where a = u, d. Under this assumption it
is possible to show that M, - M;L can be hierarchical and
approximately diagonal, where M, is the charged lepton

mass matrix. So the lepton mixing arises mainly from
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the neutrino sector. The Dirac neutrino mass matrix is
given by

_ 2 1
75 0
_ 1 1 1
m= & G v
1 1 _ 1
B 2
/hsv + hou, O 0
X 0 hv 0
\ 0 0 hov— hyu,
[0 O _726
1 1
+1 5 0 %
_ 1 1
\"7 0 %
/hav’ + hyu, O 0
X 0 0 0 . (14
0 0 —h,v' + hyu,

where (H!%) = v, (H'?) = v' (H%®) = u,, and (H\°) =
u,. Note that in the limit v/, u, — 0 (or h,, h, — 0) the
Dirac neutrino mass matrix is diagonalized on the left by
tribimaximal mixing Urg [24].* For values of h,, h, # 0
we have deviation from tribimaximal mixing. In particular,
we generate a deviation of the reactor angle from zero in
agreement with recent T2K [25] and Double Chooz [26]
experiments. Apparently the reactor angle is a free parame-
ter in this model (proportional to &, h,); however, we will
show below that it is related to the baryon asymmetry.

Let us now consider the right-handed Majorana neutrinos
mass terms. We assume a scalar isosinglet (so coupled only
to right-handed neutrino mass terms) & = (&, &) ~ 2
doublet of S3. The superpotential is given by

Wy = M(NN), + ya(NN)é. (15)

Since the term N, N, is missing, the second neutrino mass
state v, does not take a Majorana mass at tree level and
gives rise to a quasi-Dirac neutrino mass. Such a term can
be forbidden by means of Abelian symmetries. For in-
stance, in Ref. [5], the N#NM term was missing by means
of the extra Zg symmetry under which N, — w®N , and a
new scalar isosinglet X — wX where w® = 1. Then the
Dirac coupling of N, is given by LN, HX?/M} where
My is the Planck scale.

We assume (£,) =0 and (£,) # 0, then the right-

handed neutrino mass My, is diagonal with masses
My =M+ A, My =M — A, (16)

where the two independent free parameters are, respec-
tively, M the U(1)g_; breaking scale, i.e. M = 2 TeV and

*Tribimaximal mixing Urg is given by the first matrix in
Eq. (14).
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A = y,(&p). In the limit A < M the two massive right-
handed neutrinos have degenerate masses. It would be now
desirable to have a mass splitting between N, and N, since
we would like to create the observed matter-antimatter
asymmetry in the Universe.

A light neutrino mass matrix arises from a type-I seesaw
mechanism [27], m, = —mpMg'm} where my, is defined
in Eq. (14). We assume u, = 0 in Eq. (14) and in order to
simplify the notation we observe that the VEVs v, v/, and
u, can be reabsorbed with a redefinition of the Yukawa
couplings Ay, h,, and h, like h, — v, h,/v, where v, is
the standard model Higgs doublet’s VEV.

The light neutrino mass matrix is not diagonal in the
tribimaximal basis Urg, and it is given by
0 h (y—1+ >—z)

a\ My, " My

-

mo
My, ' My,

T . = v 2
UTB nm, UTB_ 0 v, 0 Uy

2 2 2

Y h Y
ho(g-+:-) 0 g2
a\ My, " My, My, " My,

a7)

where y; = h, + h, and y, = hy, — h, where y{, y, > h.
When &, = 0 the above matrix is diagonal. In general the
matrix in Eq. (17) is diagonalized by a rotation in the 1-3
plane R 3(f). The lepton mixing matrix is given by
V; = Urg - Ri3(0) and the reactor neutrino mixing angle
(V)13 is given by

p 2 (My y, + M
Sinfys = 4|2 sind = o2 D2 M) g
3 3(MNey2 - MNTyl)

The best fit value [28,29] of the reactor neutrino mixing
angle is about sinf;3 ~ O(0.1). For a small value of the 6
angle, the eigenvalues of the matrix in Eq. (17) are
approximately given by

2 2

m, = ( M + 2 )vz, m,, = hv,,
My My " "

7 62 5 (19)

. ( ha Y2 ) 2

m,; = + = v;.

My, My,

From this set of equalities we can see immediately that the
absolute scale of the neutrinos is fixed by the parameter &
that must be less than 10~!2 in order to have neutrino mass
0(0.1) eV. Note that from inflation 7 = 10~ '2 for electro-
weak scale soft SUSY breaking masses, therefore predict-
ing a large absolute neutrino mass scale in our case. We can
obtain y; and y, from the two neutrinos square mass

difference Am3,, and Am?2 |, namely,

M M
yi= _hgi”L%th n— Am,
MN Uy

g 0)
T NT
— —vf{ \/hzvﬁ + Am,, — Am?

sol*
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The parameter #,, is also related to the reactor angle as it is
clear from Eq. (18). In particular, we can write sinf3 as a
function of M, A, h, and h,,.

IV. EXPLANATION OF LEPTON
ASYMMETRY AND sin(6,3)

Before we discuss the lepton asymmetry, let us recall the
thermal history of the Universe. The reheat temperature is
sufficiently high enough to bring all the degrees of freedom
of MSSM and that of the U(1)z_; in thermal equilibrium.
This would mean that all the extra Higgs bosons of
U(1)p_, are also in thermal equilibrium along with the
two almost degenerate right-handed Majorana (s)neutrinos,
whose mass scale is close to M ~ 1-10 TeV, the scale of
U(1)p_; breaking. Note that we have taken the soft SUSY
breaking mass term to be around 500 GeV, which sets the
inflationary scale; see Eq. (2). For this mass range of M the
Higgs bosons of the U(1)p_; will not play any role in
the electroweak phase transition or in the CP asymmetry
for thermal leptogenesis, which we discuss below.

Let us now estimate the required CP asymmetry for
thermal leptogenesis. The asymmetry is calculated by the
interference diagrams between tree-level and one-loop
diagrams, which give rise to € = ¥’ €5 [30]

Zlm[(m;r)mD)lj]z 2 M
_J a -2
€= (x;) = == —sin’q, 21
877(’712)’710)11 S " am

where €g5 is the asymmetry of the decay of the right-
handed (s)neutrinos into B-family (s)leptons and Higgs
bosons, x; = sz-/Mz, we have used the approximation
(in the SUSY case) g(1 + z) = 2z7!, and « is the phase
of h,. The baryon asymmetry is given by

Y = 773/"7y =~ (577)/85M, (22)

where gg = 118 and 7 is the efficiency factor that mea-
sures the washout effect, namely, if the right-handed neu-
trino decays slow enough, its abundance does not decrease
according to the Boltzman equilibrium statistics 7y
e Mn/T 5o that the out-of-equilibrium N decays give the
lepton asymmetry. The N decay is slow enough if its life-
time is longer than the inverse expansion rate of the
Universe 1/H where H is the Hubble constant. Then we
have

Ty _m

H m,

1

R

(23)

where m, is the lightest neutrino mass and m* =
256./gsmv?/(3Mp) = 2.3-10° eV (see for instance
[31]). We can have two extreme situations: R < 1 so N
decays strongly out of equilibrium and then the efficiency
factor is 7 = 1, or R >> 1 and the lepton asymmetry is
suppressed as 7 ~ 1/R. In conclusion the efficiency factor
can be given approximately as
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FIG.1 (color online). Dashed line, M = 10° GeV,

A =107° GeV; dotted-dashed line, M = 10* GeV, A =
1075 GeV; and solid line, M = 10? GeV, A = 10752 GeV fix-
ing & = 107'2. The horizontal line is the experimental central
value of the baryon asymmetry. The two vertical lines are,
respectively, the 30 lower bound and the best fit values for
sin013 [28]

1 ~ Min(l, m*/m,, ). (24)

For fixed values of M, A, and «, the baryon asymmetry
is a function of the coupling #,. Equivalently, the reactor
angle is a function of &, if we fix h, AmZ,,, and Am?2,
besides M, A, and «. In Fig. 1, we show the parametric plot
of Yp versus s;3 = sinf 3, varying h,, for a different choice
of the values of M and A by fixing Am?2;, Am?,, at their
best fit values, @« = 7/2 (maximal CP violation in the
lepton sector), and h = 1072 in order to have the neutrino

mass scale of about 0.1 eV.

V. SUMMARY

To summarize, we have provided a simple realization of
split neutrinos where there is one Dirac neutrino whose
light Yukawa coupling explains the flatness of the inflaton
potential, the amplitude of the CMB perturbations, and
which governs the overall scale of neutrino masses through
a U(1)z_; breaking scale. Besides the Dirac neutrino, there
are two Majorana neutrinos with a slight departure from
tribimaximal mixing, which explains the reactor angle
~03, and tied intimately to the lepton asymmetry obtained
from the decay of the two right-handed Majorana (s)neu-
trinos. This could be a minimal model beyond the SM,
where we can explain inflation, dark matter, neutrino
masses, and the baryon asymmetry, which can be further
constrained by the searches of SUSY particles at the LHC,
i.e. the right-handed sneutrino, essentially the inflaton
component as a dark matter candidate, and from the
Oy 33 experiments.
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