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Baryogenesis and degenerate neutrinos
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We bring the theoretical issue of whether two important cosmological demands, baryon asymmetry and
degenerate neutrinos as hot dark matter, can be compatible in the context of the seesaw mechanism. While the
canonical seesaw model with right-handed neutrinos is disregarded in this aspect, the triplet seesaw model is
able to reconcile leptogenesis with almost degenerate Majorana neutrinos but with some unnatural arrange-
ments of parameters. To remedy this, we propose a hybrid seesaw model with a heavy Higgs triplet and
right-handed neutrinos.
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Current data from atmospheric@1# and solar@2# neutrino
observations provide strong evidence for massive neutri
The atmospheric neutrino oscillation indicates the near m
mal mixing betweennm andnt with a mass squared differ
enceDmatm

2 '331023 eV2 @3#. The solar neutrino anomal
can be explained throughne-nx oscillation with small mixing
for Dmsol

2 ;531026 eV2 @small mixing angle~SMA!#, or
with large mixing for Dmsol

2 ;531025 eV2 @large mixing
angle~LMA !#, Dmsol

2 ;1027 eV2 @low mass, low probability
~LOW!#, or Dmsol

2 ;10210eV2 @vacuum oscillation~VO!#
@4#. On the other hand, the reactor experiments@5# constrain
ne-nx oscillation withDm13

2 *1023 eV2 giving the restriction
sin22u&0.2. If we take into account the cosmological d
mand for hot dark matter consisting of neutrinos@6#, the
above neutrino data combined with the result from neutri
less double-beta decay@7# experiments lead us to a uniqu
pattern of Majorana neutrino mass matrix in leading or
@8#:

mn;m0S 0
1

A2

1

A2

1

A2
1
2 2 1

2

1

A2
2 1

2
1
2

D , ~1!

which has three almost degenerate mass eigenvaluesm0
;1 eV, and bimaximal mixing for the atmospheric and so
neutrino oscillations. Interestingly, such a degenerate m
pattern may also explain the recent Liquid Scintillation Ne
trino Detector~LSND! result@9# if a sterile neutrino is intro-
duced. With the allowed region shifted a bit below in t
new analysis of the LSND data, four neutrino oscillati
schemes with the fourth~sterile! neutrino separated from th
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group of three active neutrinos by the LSND mass g
mLSND;1 eV @10# become viable. It is then allowed to hav
a sterile neutrino lighter than active neutrinos, which impl
the active three neutrinos should be almost degenerate a
mass;1 eV and participate dominantly in the atmosphe
and solar neutrino oscillations. The Majorana neutrino m
matrix ~1! is to be completed with the next leading term
which lift the degeneracy by small amounts so as to acco
modate the atmospheric and solar neutrino observations
multaneously. Defining the quantitiesea[(mn3

2mn2
)/m0

and es[(mn2
2mn1

)/m0 the observed mass-squared diffe

encesDmatm
2 andDmsol

2 , fix their values as

ea5
Dmatm

2

2m0
2

and es5
Dmsol

2

2m0
2

. ~2!

Therefore, we haveea;1023 for the atmospheric neutrino
oscillation andes;1025, 1027, or 10210 for the LMA,
LOW, and VO solution to the solar neutrino problem, r
spectively.

The most popular way of generating light active neutrin
is the seesaw mechanism@11# which introduces heavy fields
and lepton number violation at an intermediate scale. Th
the most attractive scenario for explaining the cosmolog
baryon asymmetry would be the leptogenesis mechan
@12# in which decays of the heavy fields generate a lep
asymmetry and it is then converted to the observed bar
asymmetry by the sphaleron processes. These heavy fi
can be either right-handed neutrinos@11# or Higgs triplets
@13#, both of which are known to yield a successful bary
genesis without fine-tuning of parameters@14,15#. In this
scenario, it is worthwhile to note that the requirement
generating the right amount of baryon asymmetry puts me
ingful constraints on the patterns of neutrino masses
mixing @16,17#.

An interesting issue in this regard is whether the lepto
nesis mechanism can be consistent with degenerate neu
mass pattern~1! which can also provide hot dark matter o
the universe. The purpose of this article is to address su
question in the context of various seesaw models. To do
©2001 The American Physical Society02-1
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it will be important to check whether the small mass sp
tings accounting for the atmospheric and solar neutrino
cillations ~2! can also be obtained consistently with the le
togenesis mechanism. As will be shown later, t
leptogenesis cannot be compatible with degenerate neut
in a natural way in the canonical and triplet seesaw mod
We will then suggest a ‘‘hybrid seesaw model’’ consisting
right-handed neutrinos and a Higgs triplet, in which the
quired lepton asymmetry is generated by the decay of he
right-handed neutrinos.

Our consideration will be based on the two basic requ
ments for the successful leptogenesis. First, the lepton n
ber andCP violating decay of a heavy right-handed neutri
N or triplet D should be out-of-equilibrium:

GN,D,H'1.7Ag*
T2

MPl
~3!

at the temperatureT5MN,D whereg* is the number of rela-
tivistic degree of freedom at the temperatureT andMPl is the
Planck mass. Second, the effective opera
(mnab/2v2)LaLbH̄H̄ generated below the seesaw sc
should also be out-of-equilibrium in order not to erase
lepton asymmetry generated at the temperatureTB2L . This
gives rise to@17#

TB2L&1011S mnab

1 eVD 22

GeV, ~4!

whereTB2L5MN,D in our case under the consideration.
Let us first note that the canonical seesaw mechan

with heavy right-handed neutrinos cannot provide three
generate masses of the order 1 eV together with the succ
ful leptogenesis. Given the Lagrangian with right-hand
neutrinosNi ,

2L5 f i j L iNjH̄1
1

2
MiNi

21H.c., ~5!

the out-of-equilibrium condition~3! for the decay of a right-
handed neutrinoN1 gives

(
i

u f i1u2v2

M1
&431023 eV. ~6!

Therefore, the right-handed neutrinoN1 decouples from gen
erating an effective neutrino mass of order 1 eV and t
there must be a lightest neutrinon1 with a massmn1

&4

31023 eV @16#.
We turn to the consideration of other types of sees

models.@18#. Next candidate for the leptogenesis is the s
saw mechanism with heavy Higgs triplets where one need
least two Higgs triplets in order to have properCP violation
@15#. In this model, the couplings of the heavy Higgs triple
D i with the lepton doubletsLa and Higgs doubletH are
given by

2L5
1

2
hiabLaLbD i1m iHHD i1•••. ~7!
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Here we takem i;Mi where Mi is the mass of the Higgs
triplet D i . Neutrino masses, then, come from the nonvani
ing vacuum expectation values of the neutral component
the Higgs triplets and the resulting neutrino mass matrix

mnab5m1ab1m2ab[h1ab

m1v2

M1
2 1h2ab

m2v2

M2
2 , ~8!

wherev[^H& and the mass mixing betweenD1 and D2 is
neglected. A key ingredient for the lepton asymmetry is
one-loopCP-violating mass correction in the decay of th
lighter Higgs triplet, say,D1, and it can be written as

«L'
1

8p (
ab

m1abm2ab

mnab
2

mnab
2 M1

2M2
2

v4~M1
22M2

2!

1

(
gd

uh1gdu2
, ~9!

where we take theCP phase of order 1 from the result o
Ref. @15#. Since the baryon asymmetry is related to the le
ton asymmetry throughnB /s'k«L /g* '10210, we need
«L'102521027 for k'102121023 andg* ;100.

Let us now discuss how the lepton asymmetry~9! is con-
strained by the out-of-equilibrium conditions~3!,~4!. Equa-
tion ~4! restrictsM1 to be less than 1011 GeV and Eq.~3!
concerned with the decay ofD1 leads to

(
gd

uh1gdu2,1026S M1

1011 GeV
D . ~10!

This tells us that

«L*0.4
m1abm2ab

mnab
2 S M1

1011 GeV
D ~11!

assuming no fine cancellation among various compone
mab and no fine degeneracy betweenM1 and M2. If m1ab
;m2ab;1 eV and the small splittingea ~2! is arranged
within each componentm1 or m2, the condition~11! indi-
cates a low seesaw scale;M1&106 GeV, and then Eq.~10!
shows that the couplingh1 has to be unnaturally small. Thus
it would be desirable to allow a hierarchy betweenm1 and
m2, from which the small valueea naturally arises, that is
ea;m1 /m2 or m2 /m1. In either case, from Eqs.~10!,~11!,
we obtainM1&109 GeV andh1&1024. Now, let us briefly
demonstrate how naturally such a hierarchy can be achie
in triplet seesaw models. Taking, as an example, the allow
valuesM1.109 GeV, h1.1024, and m2

2.M1
2/10, we can

obtain m1.1 eV @see Eq.~8!#. But, in order to getm2 /m1

5(h2 /h1)(m2 /m1)(M1
2/M2

2).1023, we should require an
unnatural hierarchy betweenh1 andh2 for the same order of
mass parameters, i.e.,Mi;m i( i 51,2), or otherwise, it can
also be achieved without any large hierarchies among
parameters by arranging the various parameters such ah2

50.1h1 , M2
25102M1

2, and m250.1M2. However, it would
be very difficult to explain the origin of those relations b
tween the parameters associated with the tripletsD i . Thus,
although degenerate neutrinos can be compatible with le
2-2
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BRIEF REPORTS PHYSICAL REVIEW D 63 097902
genesis in triplet seesaw model by arranging some par
eters appropriately, it is not natural.

To remedy this, we would like to suggest a ‘‘hybrid se
saw model’’ in which the leptogenesis and degenerate n
trino mass can be reconciled in a more natural way. In
hybrid seesaw model, we introduce a heavy Higgs tripleD
on top of three right-handed neutrinosNa which have the
following Yukawa and Higgs couplings:

2L5
1

2
habLaLbD1 f abLaNbH̄1mHHD. ~12!

Let MD andMN are the masses of the Higgs triplet and t
right-handed neutrinos, respectively, and take all the m
parametersMD ,MN ,m at the intermediate seesaw sca
which will be determined from our consideration. We w
further assume thatMD*MN so that the lepton asymmetr
can arise from the decay of the heavy right-handed neutri
If we take the decay of the heavy Higgs triplet as the ori
of the lepton asymmetry which may arise whenMD&MN ,
we encounter the similar situation as in the triplet sees
model. Thus, we are not much interested in the possibility
the decay of the heavy Higgs triplet in the hybrid sees
model. In the hybrid model, there are also two contributio
to the neutrino mass given by

mn5m11m2[
f 2v2

MN
1h

mv2

MD
2 , ~13!

where we abbreviated the flavor indices of the parametef,
h, and MN . Now, the out-of-equilibrium conditions~3!,~4!
are satisfied when

m1&431023 eV, ~14!

MN&1011S mnab

1 eVD 2

GeV. ~15!

Equation~14! implies that the massm1 can provide a right
value for the tiny mass splitting of the atmospheric neutr
while the massm2 produces almost degenerate three neu
nos withmn;1 eV, that isea'm1 /m2;1023. TheCP non-
conservation in our model is generated by the interfere
between the tree and one-loop diagram mediated by
Higgs triplet as shown in Fig. 1, and the resulting lept
asymmetry is given by

FIG. 1. The tree and one-loop diagrams generating the lep
asymmetry.
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«L'
1

8p

Im~ f 2h* m!

MNu f u2
FS MD

2

MN
2 D , ~16!

where F(x)5Ax@12(12x)ln(11x)/x#. Taking the CP
phase of order 1, we thus have

«L'1025S m2

1 eVD S MD

1010 GeV
D S MD

MN
D , ~17!

which provides the right amount of the lepton asymmetry
MN;MD;(10821010) GeV while satisfying the out-of-
equilibrium condition~14!. As alluded above, it is natural to
have the splittingea in terms of the ratiom1 /m2 which fixes
the values of the couplingsf andh. To getm151023 eV and
m251 eV, we need

f '631024S MN

1010 GeV
D 1/2

,

h'331024S MD

m D S MD

1010 GeV
D . ~18!

Therefore, we can accomplish leptogenesis in the hyb
model with three almost degenerate light neutrinos with
assuming any hierarchies among various mass param
and couplings. But, as in the triplet models, it still remains
be understood the origin of the smallness of the coupli
f ;h;1024. Our requirement demands also the mass sc
m;MN;MD to be less than;1010 GeV, which lies in the
low end of the Peccei-Quinn symmetry breaking scale int
duced to solve the strongCP problem @19#. Such a scale
may be relevant to provide enough axionic cold dark ma
if axionic strings play a role@20#.

Let us finally make a remark on the hybrid seesaw m
els. Since the degenerate massmn;1 eV should come from
the triplet seesaw sector, it suffices to introduce only o
right-handed neutrino and one triplet in its minimal schem
The degenerate massm2 may be a consequence of, e.g
SO~3! symmetry in the triplet sector and the small splittin
with m1;eam2 can arise due to the presence of only o
right-handed neutrino. The similar constructions have b
made in Refs.@21#. We also remark that the much small
splitting es ~2! for the solar neutrino oscillation can aris
naturally from one-loop radiative corrections to degener
neutrino mass matrices@22,23#. Most important effect would
come from the tau Yukawa couplinght which gives es

'et
2/4ea @23,21# where et[ht

2 tan2b ln(MN /MZ)/32p2

'1025 tan2b and tanb is the ratio between the vacuum e
pectation values of two Higgs doublets in the two Hig
doublet models or in the supersymmetric standard model
we haveea;1023, we can achieve the LMA or LOW solu
tion, depending on the value of tanb.

In conclusion, we have examined whether the almost
generate mass pattern accounting for hot dark matter and
other neutrino data can be consistent with the leptogen
mechanism in various types of the seesaw models. While
impossible to realize this feature in the canonical sees

n
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mechanism, some unnaturally hierarchical arrangem
among the couplings and mass parameters related to
Higgs triplet is needed in the triplet seesaw model. We h
then suggested the hybrid seesaw model with a heavy H
triplet and right-handed neutrinos. In this model, the out-
equilibrium conditions required for the baryogenesis can
compatible with the almost degenerate neutrino masses
le
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the small splitting for the atmospheric neutrino oscillati
without any hierarchical structure of the couplings a
masses in the seesaw sector. An unattractive consequen
either case is to require rather small couplings of or
102421023, which will need further explanation.
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