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Abstract We propose that a hierarchical spectrum of sterile
neutrinos (eV, keV, 1013715 GeV) is considered as the ex-
planation for MiniBooNE and LSND oscillation anomalies,
dark matter, and baryon asymmetry of the universe (BAU),
respectively. The scenario can also realize the smallness of
active neutrino masses by the seesaw mechanism.

1 Introduction

The compelling evidence from solar, atmospheric, reactor,
and accelerator neutrino experiments has established the
phenomenon of neutrino oscillations. The standard descrip-
tion is that the experimental data can be nicely explained
by the mixings between the flavor and mass eigenstates of
the three neutrinos in Standard Model (SM), the so-called
“active” neutrinos. The unitary mixing matrix is parame-
terized in terms of three rotation angles (012, 623, 013) and
one Dirac CP violating phase §cp. The probabilities of
flavor oscillations are governed by the 6;; and two mass-
squared differences Am%2 ~7.59x 107 eVZ2 and |Am§1| ~
2.45 x 1073 eV2 [1], where Am%3 >0 or Am%3 < 0 refers
to normal or inverted mass hierarchy spectrum, respectively.
One of the most famous approaches to generate the ac-
tive neutrino masses is the so-called “Type-I seesaw mech-
anism” [2-7], in which one adds N right-handed neutrinos
Npg, (i =1— N) to the SM and the active neutrino masses
can be obtained by block diagonalizing the mass matrix of
left- and right-handed neutrinos,
N M Dy M giﬁ
Mg

i

€]

mvaﬂ = —
i=1

Here «, B = e, u, T represent the flavor indices of the SM
fermions, Mp is the Dirac mass matrix formed through the

2e-mail: chianshu@phys.sinica.edu.tw

b e-mail: ryo.takahasi88 @gmail.com

Yukawa interactions between left- and right-handed neutri-
nos, and Mp, are the Majorana masses of right-handed neu-
trinos. Since the right-handed neutrinos are completely neu-
tral under the SM gauge symmetries, the Majorana mass Mg
is a gauge invariant quantity and Ng, are often termed “ster-
ile” neutrinos. At least two sterile neutrinos are needed to
accommodate the two mass splits observed experimentally.
The mass scales of Mp,, and Mg, are free parameters and
cannot be fixed by oscillation experiments alone.

There are, however, results from the LSND [8] and the
MiniBooNE [9] which cannot be accommodated in three ac-
tive neutrinos description and may need to introduce one or
more sterile neutrinos at the eV scale to fit the data (e.g.
see [10, 11]). Moreover, possibility of the presence of light
sterile neutrinos have been discussed in cosmology (e.g.
see [12, 13]).

Meanwhile, there is an increase in the amount and preci-
sion of cosmological data indicating that about 80 % of the
matter content in the universe is non-baryonic dark matter
(DM). The study of nature of DM is one of the main top-
ics in cosmology, astrophysics, and particle physics. Cold
Dark Matter (CDM) is widely studied because the WIMP
(weakly interacting massive particle) may reveal its signal
at LHC and is predicted in many popular models (super-
symmetric models, etc.). However, it has been noticed that
a sterile neutrino with mass at the keV scale and with small
mixing to the active neutrinos can make up the DM in the
form of Warm Dark Matter (WDM) [14, 15]. Additionally,
it was pointed out that the keV sterile neutrino might play
an important role in explaining the pulsar kicks [16].

Finally, the level of one out of ten billions excess in the
amount of matter over antimatter is a long standing puzzle
for high energy physicists. The observation hints that baryon
number (B) and/or lepton number (L) are violated in certain
physical processes. Grand unified theories (GUTs) naturally
provide a framework for breaking B and L, in which the
fundamental fermions—quarks and leptons—are arranged
in the same multiplets, and the out-of-equilibrium decays of
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heavy gauge bosons or colored Higgs bosons Hc will gen-
erate the sufficient baryon asymmetry around the scale of
grand unification [17-23]. It was then recognized that the
Standard Model (SM) violates B 4+ L symmetry through the
SU(2)1 global anomaly [24, 25]. The process is not sup-
pressed during the period 100 GeV < T < 10'? GeV, and
the solution is called “sphalerons” [26]. The sphaleron ef-
fect violates B + L but conserves B — L, and therefore,
it would erase any primordial B + L asymmetry. We no-
tice that any grand unification theories with higher symme-
tries respects B — L symmetry. For example, B — L is a
global symmetry for SU(5) GUTs and a local symmetry for
SO(10) GUTs, respectively. The GUT-baryogenesis, there-
fore, is not able to explain baryon asymmetry in our universe
(BAU). To solve the problem one has to generate B — L
asymmetry by violating pure baryon number [27-30] or by
violating pure lepton number [31] (leptogenesis, e.g.), and
the sphaleron process will convert partially B — L asymme-
try into baryon asymmetry. We adopt the construction that
one heavy sterile neutrino causes lepton asymmetry during
the epoch the sphalerons are ineffective, and the late decay
of colored Higgs will generate the observed BAU.

2 Hierarchically acting sterile neutrinos

We consider a scenario of three sterile neutrinos Ng,;_,_s
with hierarchical mass spectrum (Mg, ~ eV, Mg, ~ keV,
Mg, ~ 1013715 GeV), in which the lightest one Ng, may
help to explain the neutrino oscillation anomalies, keV-scale
sterile neutrino Ng, is the candidate of dark matter, and the
heaviest state Ng, would resurrect the GUT-baryogenesis.
Three sterile neutrinos can be introduced to cancel the addi-
tional gauge anomaly for any theory beyond SM with extra
gauge U (1) p_1 symmetry. We show this hierarchical spec-
trum of sterile neutrinos simultaneously satisfy the observa-
tions, and how our scenario fits in the framework of GUT
theories.

It has been proposed that models of SM with (three)
additional sterile neutrinos are phenomenologically vi-
able [32-35].! The so-called YMSM (v Minimal Standard
Model) [32, 33], in which a mass of a keV sterile neutrino
is responsible for DM, and two heavier states with degen-
erate masses lain in the range 1 ~ 100 GeV are required to
be in thermal equilibrium around electroweak scale in order
to generate BAU through the resonant neutrino oscillations.
The split seesaw model with three sterile neutrinos living in
the extra dimension (ED) is shown to be able to solve DM
and BAU as well [34]. By utilizing an exponential factor in
the size of ED one can split the Majorana masses of Ng,
with relative mild parameters associated to their locations

ISee also [36—48] for recent related discussions.
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Table 1 The content of three sterile neutrinos models

Models eV keV GeV >EW
vMSM Ng, NR,, Np,

Split Seesaw Ng, Ng,, Ng,
BRZ NRg,, Ng, Nk,

HASN Ng, Ng, Npy

in ED. Recently a flavor symmetry model [35] proposed
by Barry, Rodejohann, and Zhang (BRZ), it consists of two
Npg,, masses at eV scale and one Ng, at keV scale. The
two eV-scale sterile neutrinos are used to explain LSND and
MiniBooNE anomalies while the keV sterile neutrino is the
WDM particle. The scenarios are summarized in Table 1.
These setup can answer two of the three puzzles we men-
tioned above while our hierarchically acting sterile neutrinos
(HASN) scenario would explain the three puzzles simulta-
neously. The splittings of the sterile neutrino masses can be
achieved by implementing split seesaw mechanism [34] or
Froggatt-Nielsen (FN) mechanism [49] to the model.”

The Lagrangian which is relevant to neutrino masses has
the form

_ _ Mp. - .
L=Lsv+iNg, AN, — yoi H Iy Ng, — %NéiNRi
+h.c. ()

Here Lgy is the SM Lagrangian, [, are SU(2); leptonic
doublets with flavor index «, H is SM Higgs, yy; are the
Yukawa couplings, and c is charged conjugation. The Majo-
rana mass matrix of sterile neutrinos is chosen to be diagonal
without loss of generality. The 6 x 6 neutrino mass matrix
is given in the form

0 Mp
(M;") MR) ®)

in the basis (v, vy, Ve, Ngy, NRy, Ng;), and Mg =
diag(O(eV), O(keV), O(10'3715) GeV). Here we give a
brief comment on a realization of such a hierarchical mass
spectrum of right-handed neutrinos. One of simple exam-
ples to realize it is to utilize the split seesaw mechanism,
in which the spinor fields are introduced in a flat five di-
mensional (5D) spacetime whose compactification length
of extra dimension is £ and all SM particle are assumed to
live in a 4D-brane. After solving the 5D Dirac equation and
identifying the zero-modes of the 5D spinors with the right-
handed neutrinos, the effective (4D) right-handed Majorana

2Since the scales of the sterile neutrino masses are very different, it
might not unreasonable to consider that they have a different origin.
For example, if an electroweak singlet Higgs boson exists and has a
mass and VEV of the order of the electroweak scale, then its VEV can
give the Majorana mass to one of the sterile neutrinos [50, 51].



Eur. Phys. J. C (2012) 72:2089

Page 3 of 7

masses are described by exponential functions as

2Kim; vB—L

Mgi = M(eZm,[ _ 1) ’

“)
where «;, m;, vp—L, and M are a coupling constant of
order one, bulk masses for 5D spinors, U(1)p-1 break-
ing scale, and 5D fundamental scale, respectively. In this
mechanism, one can easily obtain a hierarchical right-
handed neutrino mass spectrum such as (Mg, , Mg,, Mg,) =
(leV,1keV, 1013 GeV) within a set of moderate param-
eters when one takes «; = 1, vp_, = 101 GeV, and
(MLl, m L, mrtl, m3l) = (30,27.9,24.4,1.03) as reference
values. The FN mechanism can also give a hierarchical mass
spectrum with appropriate U (1)gN charges.

After electroweak symmetry breaking where Higgs de-
velops its vacuum expectation value (VEV) v = 174 GeV,
one gets Dirac neutrino mass terms. The left-handed neutri-
nos receive their Majorana masses through seesaw mecha-
nism, we obtain

1325 vp3 0%
ma[m:% for NH

ny; ~ * 2° ) (5)
€~ L‘”ﬁiz‘v for TH
2
* U2
m gy ~ eIV th NH and TH. 6)
2
Mg,
* 2
e~ Dbl for NH
My ™~ IV%‘ yp3|v? ’ 0
Matm = — 57— ai/[ﬂ for IH

at the leading order, where NH and IH mean the normal hi-
erarchy and inverted hierarchy, respectively. The indices «
and B in m,, for NH should correspond to only & and 7 in
order to be consistent with the current data of neutrino oscil-
lation experiments, that is, there are a maximal atmospheric,
a large solar, and a small reactor mixing angles. By choos-
ing a set of appropriate values of the Yukawa couplings, the
experimentally observed mixing angles can be always fitted
in our scenario. Figure 1 shows our numerical fits of mixing
angles, which can reproduce experimentally observed values
as

7.12x 1072 eV < Am3,; <8.20 x 107 eV, ®)
226 x 1073 eV < Am3, <2.77x 1073 eV, )
0.27 <sin® 61, <0.37, (10)
0.39 < sin® 623 < 0.64, (11)
0.016 < sin® 63 < 0.037, (12)

at 3o level [52]. In the numerical fits, typical values of |yy;|
and Mg, are taken as discussed in this paper. The IH and
degenerate mass spectra of active neutrinos can be also real-
ized in the same manner.
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Fig. 1 Numerical fits of mixing angles in our scenario
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The dark matter candidate of the scenario is decaying
DM. The keV sterile neutrino Ng, should live longer than
the age of the universe and can be estimated as

Mg, \ 7> (1078
TN, = 5x 1026<F\;) <W) S, (13)

here ® is the mixing between keV sterile neutrino and ac-
tive neutrinos. We note that this mixing angle @ is irrele-
vant to the explanations of LSND and MiniBooNE anoma-
lies because only the lightest state of sterile neutrino Ng,
plays a role for the explanations. We will discuss this
point later. The generic way to produce DM is through
the active-sterile neutrino oscillations [14], however, the
abundance is constrained by the X-ray observations [53]
(also see [54] and references therein), structure formation
simulations [55], and the Lyman-o bounds [56, 57]. One
way to relax the restrictions was proposed by Shi and
Fuller [15] that an enhancement of the production of keV
sterile neutrino can be realized via lepton-number-driven
MSW (Mikheyev—Smirnov—Wolfenstein) effect. The other
possibility is the Ng, pair production via U (1)g—1, gauge
boson exchange [34]. It has been shown that as long as
the reheating temperature is about 10'3 GeV one can ac-
count for the relic abundance of DM. The corresponding
Yukawa couplings of sterile neutrino DM for the required
mass O(1) keV < Mg, < O(10) keV are typically restricted
to O(1071) < |ye2l < O10713) to satisfy astrophysical
constraints (see e.g. [54] and references therein). This means
that terms from the sterile neutrino DM through the see-
saw mechanism does not contribute to the atmospheric and
solar neutrino mass scales shown in (5)—(7). The Yukawa
couplings for the first and third generations of right-handed
neutrinos are approximated as |y23yﬁ3|1/ 2~ ”0.1) and
|y;‘1yﬁ1|1/2 ~ O(10713-10712) to satisfy the atmospheric
and solar scales with (Mg,, Mg,) = (1 €V, 1013 GeV), re-
spectively. It is seen that the construction of active neutrino
mass spectrum in HASN scenario is consistent with the con-
straints on keV sterile neutrino DM. It can be also found that
the atmospheric scale can be derived from the ratio of the
right-handed neutrino mass, Mg, ~ 0(1013) GeV, and the
corresponding Dirac masses, | y;[“3y,33|1/ 2y ~ O(10) GeV,
when Np, gets integrated out. While the solar scale comes
from the seesaw relation between Mp, ~ O(1) eV and
lya yp1 |1/2y ~ ©(0.1) eV. Finally, the ratio of mass scales
between the second generation of sterile neutrino (DM),
Mg, ~ O(1) keV, and the corresponding Dirac masses,
|y;‘2y52|1/2v ~ O(1073-1071) eV, is too steep to contribute
to the active neutrino mass (atmospheric and solar) scales.
Therefore, the sterile neutrinos are hierarchically acting also
for giving the active neutrino mass scales. The Yukawa
structure realizing the scenario can be obtained in both split
seesaw and FN mechanisms with appropriate model param-
eters.

@ Springer

Now we come to the phenomena of neutrino oscilla-
tion anomalies. The LSND v, — v, transitions anomaly
reported a 3.80 excess of vV, candidate events, in which
the neutrino fluxes were produced by dumping 800 MeV
protons into a “beam stop” which mostly generate 7™,
and neutrinos (anti-neutrinos) are the decay products of pi-
ons. The probability that v, oscillates into v, is given by
P(ab) = sin*(20) sin*(1.27Am>%), where 6 is the mixing
angle, L is the neutrino travel distance in the unit of me-
ter, and E is the neutrino energy in MeV. The typical anti-
neutrinos energies are a few MeV for reactor experiments,
the excess is interpreted as the hints for v, — v, oscillation
with Am? ~ 1 eV?2. This indicates at least one sterile neu-
trino with mass at the eV scale. Then the MiniBooNE exper-
iment set out to check the excess events in the v;, — v, tran-
sitions and found the parameters were not compatible with
LSND [58, 59]. However, more recently the MiniBooNE ac-
cumulated more anti-neutrino oscillation data and reported
the excess electron anti-neutrino appearance is reconciled
with LSND results [9]. To accommodate the neutrino and
anti-neutrino data the additional CP violation has to be in-
voked. One simple way is to add two sterile neutrinos at eV
scale (the so-called (3 + 2) scheme) to neutrino sector, the
CP violation at short-baselines would let to reconcile both
LSND and MiniBooNE results [10, 11, 60-62]. Another
way to explain the MiniBooNE results [58, 59] isa (3 + 1)
scheme together with nonstandard interactions (NSI) of neu-
trinos [10]. The new interactions may modify the charged
and neutral currents, and provide the new sources of CP vi-
olation. They may affect the neutrino oscillations via the
production, propagation, and the detection processes. The
four-fermion operators can be expressed at low energies as

Lnst = 2V2GF ZEO{;R (bra¥™vip)(fL.RVuSL.R)
f

+h.c., (14)

where G r is Fermi constant, f represents fermions (charged
leptons and quarks), and «, § are flavor indices, and L, R are
chiralities. It has been shown that one can fit to global short-
baseline data for €,g ~ (’)(10’2) [10]. For instance, the re-
alization of CC-like interactions requires a charged particle
inducing NSI. The value €45 ~ O(1072) expects the TeV
scale mass of such particle but it is known that the NSI char-
acterized by €up ~ O(1072) can be hardly obtained from
dimension-6 operators without contradiction with bounds
on charged lepton process [63, 64]. Therefore, a (3 + 1)
with NSI scheme cannot be naturally embedded into our
scenario. However, the latest update of analysis of short-
baseline neutrino oscillation data, which includes the recent
update of MiniBooNE anti-neutrino data [65] and MINOS
for v, disappearance into sterile neutrinos [66],ina (3 + 1)
without NSI scheme has pointed out that there are three re-
gions within 1o at Amj; ~ 1.6,1.2,0.91 eV? [67]. Note
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that Amﬁ1 almost corresponds to M12e1 in our notation. The
corresponding mixing angle among active neutrinos and the
lightest sterile neutrino are of order O(1072 — 107! to ex-
plain the anomalies. Those values can be realized by taking
Yukawa coupling as |yy1| ~ 01013 = 10712), which are
just consistent with the realization of active neutrino mass
scales in our scenario as we mentioned above. Therefore,
the (3 + 1) without NSI scheme can be naturally embedded
into our scenario. In this scheme, the second lightest sterile
neutrino Ng,, which can be a candidate for DM, and related
mixing with active neutrinos does not affect on those dis-
cussions of anomalies because of the largeness of Mg, and
smallness of mixing angles with active neutrinos.

It may be worth discussing the presence of such a light
sterile neutrino in cosmology. One should note that such a
light sterile neutrino is disfavored by considerations of hot
dark matter (HDM), i.e., the sterile neutrino contributes to
dark matter abundance too much [13]. But the bounds from
the HDM on the sterile neutrino weaken if the cosmolog-
ical framework of ACDM is modified. For instance, a dy-
namical dark energy model, which can generally lead to
a equation of state parameter w # —1, with an additional
relativistic degree of freedom can give a better fit than the
one in the ACDM with three massless neutrino cosmolog-
ical model [13]. For instance, a dark energy model as the
mass varying neutrinos can accommodate the above ingre-
dients (e.g. see [68-74]).

In the context of our consideration, we consider a GUT-
baryogenesis via delayed decay of colored Higgs resurrected
by Majorana interaction of heavy sterile neutrino [30]. The
fundamental idea of this baryogenesis is as follows: In a
GUT scale, the Yukawa interactions among quarks/leptons
and colored Higgs are given by

Ly =y A0 1 ©ya0)HY
+y 0 90y EHAY, (15)

for k = 1,2 where we consider SU(5) GUT for simplicity
but it is straightforward to apply the scenario to other GUTs
such as SO(10) with or without supersymmetry. The baryon
number can be generated by baryon number non-conserving
decays,

HY —1q, HY - 4q, (16)
and their conjugates where [ stands for left-handed leptons
/1 and the right-handed charged lepton eg, and g denotes
left-handed quarks ¢, and right-handed quarks ug and dg.
The baryon number can be produced by out-of-equilibrium
decay of colored Higgs in the epoch of the Universe as
102GeV<T <m H. where T is the cosmic temperature
and mp,_ is a typical mass scale of colored Higgs parti-
cles. In this regime, inverse decays into the colored Higgs

particles are blocked by the Boltzmann factor [19, 75, 76],
and sphaleron transitions are ineffective. This is a scenario
of GUT-baryogenesis via delayed decay of colored Higgs.
There is, however, a crucial problem in this simple GUT-
baryogenesis. It is that the process (16) and their conjugate
conserve B — L. This means that all generated baryon num-
ber is erased by the sphaleron transitions at the tempera-
ture below 1012 GeV. However, if there is a lepton-number-
violating interaction at a temperature above 10'> GeV and
the interaction is in the thermal equilibrium, the interaction
can resurrect this baryogenesis. Such interaction can be in-
duced from the Majorana interaction of the sterile neutrino.

Once one adopts that a sterile neutrino Ng, is heav-
ier than the colored Higgs bosons, and a lepton-number-
violating interaction [¢l¢ /(2Mp,), here ¢ is the Higgs dou-
blet, all lepton asymmetry generated by colored Higgs decay
is erased by the process [ + ¢ — [ 4 ¢ while the generated
baryon asymmetry remains intact at the temperature above
1012 GeV. Therefore, B — L # 0 can be satisfied. When tem-
perature drops below 10'? GeV the sphaleron transitions be-
come effective, as the results, the produced baryon asym-
metry is partially converted into the lepton asymmetry but a
residual baryon asymmetry remains, and thus the observed
BAU can be generated. The resultant size of BAU is calcu-
lated as [21-23, 31, 77-80]

np —np €
Yap = % =0.35.0.5-1072. WBK)“ (17)
where
P _ LIx 10'8 GeV <L>l/2 (1s)
2 H T=mpu, A“ZmHC 8x

is the washout factor and
~
T 8w

is the CP-asymmetry with I, H, g, x are the decay rate,
expansion rate, degrees of freedom g.|7~n e = 53, mass

€ 107 [F(x) — F(1/x) + G(x) = G(1/x)] (19

ratio mz(z) /mz(,), respectively. The functions F and G
C C

are defined as F(x) >~ 1 — xln(l';—x) and G(x) = ﬁ

The factor 0.35 comes from the sphaleron process, and we
take n; = sin(arg[tr()»d(‘)T)»d(z))»”<1”k”(2))]) and 11 >~ .
It is seen that we realize Yap = 8.75 x 10~!! when we

set (mm,m o) = (9 x 10'%,8 x 10'%) GeV and n; ~
c c

—0.444. These values® are consistent with this baryogenesis

3In a regime of such a relatively large value of washout factor, the de-
cays of colored Higgs dominate over the pair annihilation processes
such as H.H. — ¢gg and [I, etc. At higher temperature as m H <LT,
the 2 <> 2 scattering of the colored Higgs as H.H. — ¢g and I] etc.
could also provide the colored Higgs production in addition to one
from heavy gauge boson decay. The large value of washout factor also
means those scatterings decoupled from equilibrium much earlier than
the colored Higgs decay process.
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scenario and above discussion of the right-handed neutrinos
mass spectrum, that is,

10" GeV <m o) < Mgy S 10 GeV. (20)
c

A heavier mass of the corresponding sterile neutrino as
101415 GeV is also possible for this baryogenesis.

Finally we comment on a realization in SO(10) case. In
the SO(10) case, the each generation of SM fermions and
right-handed (sterile) neutrinos can be naturally included
into a spinor 16-dimensional representation, ¥ (16).* The
colored Higgs bosons, which play an important role in the
above GUT-baryogenesis, is assigned into 10-plets in the
SO(10) case to give gauge invariant Yukawa interactions
like in (15). We also need one 126 representation Higgs to
obtain a Georgi—Jarlskog factor —3, which give a realistic
mass spectrum of charged leptons. There are some breaking
chains of SO(10) to the SM gauge group. For instance, if
a 210-plet Higgs is introduced, the SO(10) can be broken
down to the Pati—Salam gauge group, SU4)c x SU(2)1 X
SUQ2)r.

3 Summary and discussions

The hierarchical spectrum of sterile neutrinos (eV, keV,
1013715 GeV) is a simple and economical scenario, espe-
cially it can be embedded in many frameworks beyond SM.
In light of the puzzles from neutrino oscillation anomalies,
dark matter, and baryon asymmetry of the universe (BAU)
we have shown that this scenario is phenomenologically vi-
able. Regarding the active and sterile neutrinos oscillations,
more precise data of MiniBooNE experiment and future data
from reactors and the long baseline experiments might check
the presence of the additional sterile neutrinos. For cosmo-
logical observation of keV sterile neutrino DM, X-ray obser-
vatory like the Chandra, which can search for an emission
line from radiatively decaying DM, will be a strong tool for
checking the keV sterile neutrino DM scenario. Finally, it
is too difficult to test the baryogenesis in our scenario, and
relate it to low energy phenomena.
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4When one considers radiative corrections to the Majorana masses of
right-handed neutrinos § M, , there exist effects on the mass operator
EH'H )1\_/;;[ Ng, from the colored Higgs bosons H, at 1-loop level.
Note that the colored Higgs bosons H, are propagating in the loop and
a similar discussions have been given in [81]. In the case, the radia-
tive correction to the Majorana mass are suppressed by heavy colored
Higgs as 6Mp, < Am%MRI./M}{C where A is a 4-scalar coupling con-
stant of order one and m,, is a typical active neutrino mass scale.
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