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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 atmospheiji¢] and solaf2] neutrino  group of three active neutrinos by the LSND mass gap
observations provide strong evidence for massive neutrinosn gyp~1 eV [10] become viable. It is then allowed to have
The atmospheric neutrino oscillation indicates the near maxia sterile neutrino lighter than active neutrinos, which implies
mal mixing betweerv,, and v, with a mass squared differ- the active three neutrinos should be almost degenerate at the
enceAmitm~3>< 10 3eV? [3]. The solar neutrino anomaly mass~1 eV and participate dominantly in the atmospheric
can be explained through.-», oscillation with small mixing and solar neutrino oscillations. The Majorana neutrino mass

for Am2,~5x10"5eV? [small mixing angle(SMA)], or  matrix (1) is to be completed with the next leading terms
with large mixing for Am2,~5x 1075 eV? [large mixing ~Which lift the degeneracy by small amounts so as to accom-

angle(LMA)], Am2,~10 7 eV2 [low mass, low probability modate the atmospheric and soIar_ _neutrino observations, si-
(LOW)], or Am§0,~10’1°eV2 [vacuum oscillation(VO)] multaneously. Defining the quantltleci%tz(mya—m,,z)/mcJ

[4]. On the other hand, the reactor experimdbisconstrain ~ and es=(m,,—m, )/my the observed mass-squared differ-
ve-vy oscillation withAm?2,=10"% eV? giving the restriction  encesAm?,,,andAm?,,, fix their values as

sinf26=<0.2. If we take into account the cosmological de-

mand for hot dark matter consisting of neutrinds, the Amgtm Amgol
above neutrino data combined with the result from neutrino- ea:W and e;= P 2
0 0

less double-beta decdy] experiments lead us to a unique

pattern of Majorana neutrino mass matrix in leading order 5 , )
[8]: Therefore, we have,~10 * for the atmospheric neutrino

oscillation andeg~10"°, 1077, or 10 1° for the LMA,
LOW, and VO solution to the solar neutrino problem, re-
spectively.
The most popular way of generating light active neutrinos
1 is the seesaw mechaniditil]| which introduces heavy fields
- , (1)  and lepton number violation at an intermediate scale. Then,
V2 the most attractive scenario for explaining the cosmological
1 baryon asymmetry would be the leptogenesis mechanism
— [12] in which decays of the heavy fields generate a lepton
V2 asymmetry and it is then converted to the observed baryon
asymmetry by the sphaleron processes. These heavy fields
which has three almost degenerate mass eigenvaings, can be either right-handed neutrindsl] or Higgs triplets
~1 eV, and bimaximal mixing for the atmospheric and solar[13], both of which are known to yield a successful baryo-
neutrino oscillations. Interestingly, such a degenerate masgenesis without fine-tuning of parametdis4,15. In this
pattern may also explain the recent Liquid Scintillation Neu-scenario, it is worthwhile to note that the requirement for
trino Detector(LSND) result[9] if a sterile neutrino is intro-  generating the right amount of baryon asymmetry puts mean-
duced. With the allowed region shifted a bit below in theingful constraints on the patterns of neutrino masses and
new analysis of the LSND data, four neutrino oscillation mixing [16,17).
schemes with the fourtfsterile neutrino separated from the  An interesting issue in this regard is whether the leptoge-
nesis mechanism can be consistent with degenerate neutrino
mass patterril) which can also provide hot dark matter of
*Email address: ejchun@phya.snu.ac.kr the universe. The purpose of this article is to address such a
"Email address: skkang@kias.re.kr guestion in the context of various seesaw models. To do so,
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it will be important to check whether the small mass split-Here we takeu;~M; where M; is the mass of the Higgs
tings accounting for the atmospheric and solar neutrino ostriplet A;. Neutrino masses, then, come from the nonvanish-
cillations (2) can also be obtained consistently with the lep-ing vacuum expectation values of the neutral components of
togenesis mechanism. As will be shown later, thethe Higgs triplets and the resulting neutrino mass matrix is
leptogenesis cannot be compatible with degenerate neutrinos

in a natural way in the canonical and triplet seesaw models. _ —h v h o2 g
We will then suggest a “hybrid seesaw model” consisting of Myap= Miapt Maap=N1ag M2 T N2ap M2 ®)

right-handed neutrinos and a Higgs triplet, in which the re-

quired lepton asymmetry is generated by the decay of heav\)(,herev5<|-|> and the mass mixing betweexy andA, is

right-handed neutrinos. neglected. A key ingredient for the lepton asymmetry is the
Our consideration will be based on the two basic requireone-|00pc P-Vi0|ating mass correction in the decay of the

ments for the successful leptogenesis. First, the lepton nunfighter Higgs triplet, sayA,, and it can be written as
ber andC P violating decay of a heavy right-handed neutrino

N or triplet A should be out-of-equilibrium: 1 My oM m2 .M2M?2 1
o lap''2apB vapB V1112
G LTBT G mi, uHMI-M2) o @
Tya<H~1.7Vg, — 3) vap 102 |hyy
’ Mp, 2

at the temperatur&= My , Whereg, is the number of rela- where we take th&€€P phase of order 1 from the result of
tivistic degree of freedom at the temperatilirandMp, is the ~ Ref.[15]. Since the baryon asymmetry is related to the lep-
Planck mass. Second, the effective operatoiton asygnmetr;; througrnBlls~ K8|_3/g* ~101% we need
(M,ap/20?)LL4HH generated below the seesaw scalest~10 °—10"' for x~107"—10 ~ andg, ~100.

should also be out-of-equilibrium in order not to erase the Letus now discuss how the lepton asymme#8yis con-

lepton asymmetry generated at the temperafige, . This strained by the out-of-equilibrium conditior{8),(4). Equa-
gives rise tg17] tion (4) restrictsM; to be less than 1 GeV and Eq.(3)

concerned with the decay df; leads to

-2
m
vaf
Tg L= 1011( —) GeV, (4) M
1ev > Ihyys2<1078 ———]. (10
: : : 70 10 GeV
whereTg_ =My , in our case under the consideration.
Let us first note that the canonical seesaw mechanisntpis tells us that
with heavy right-handed neutrinos cannot provide three de-
generate masses of the order 1 eV together with the success- M M M
ful leptogenesis. Given the Lagrangian with right-handed e, =0.4 1“B2 2af . ! (11)
neutrinosN; , m;.; \10" GeV,

— 1 5 assuming no fine cancellation among various components
—L=1jLiNjH+ 5 MiNf+H.c., ©) m,; and no fine degeneracy betwebh andM,. If m;,z
~my,z~1 eV and the small splittings, (2) is arranged
the out-of-equilibrium conditiori3) for the decay of a right- within each componentn; or m,, the condition(11) indi-
handed neutrind\, gives cates a low seesaw scaM;;<10° GeV, and then Eq(10)
- shows that the couplinig; has to be unnaturally small. Thus,
2 |fi1l%v —4%10°2% eV ©) it would be desirable to allow a hierarchy betwesn and
i M, ' m,, from which the small value, naturally arises, that is,
€,~my/m, or my/my. In either case, from Eq$10),(11),
Therefore, the right-handed neutriNg decouples from gen- we obtainM;<10° GeV andh; <10 *. Now, let us briefly
erating an effective neutrino mass of order 1 eV and thuslemonstrate how naturally such a hierarchy can be achieved
there must be a lightest neutring with a massm, <4 in triplet seesaw models. Taking, as an example, the allowed
X 1073 eV [16]. valuesM ;=10 GeV, h;=10"*, and u2=M3/10, we can
We turn to the consideration of other types of seesawpbtainm;=1 eV [see Eq.(8)]. But, in order to getm,/m;
models.[18]. Next candidate for the leptogenesis is the see=(h,/hy)(u,/u1)(M3M3)=10"3, we should require an
saw mechanism with heavy Higgs triplets where one needs amnnatural hierarchy betwedn andh, for the same order of
least two Higgs triplets in order to have profgeP violation  mass parameters, i.eM;~ u;(i=1,2), or otherwise, it can
[15]. In this model, the couplings of the heavy Higgs tripletsalso be achieved without any large hierarchies among the
A; with the lepton doubletd , and Higgs doubleH are  parameters by arranging the various parameters su¢h as
given by =0.1h;, M3=10°M?, and x,=0.IM,. However, it would
be very difficult to explain the origin of those relations be-
tween the parameters associated with the tripgts Thus,
although degenerate neutrinos can be compatible with lepto-

1
_£:§hlaBLaLBAI+MIHHAI+ (7)
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2 1 Im(f2h* ) (Mi) .
g ~g-—5 Fl7=2/,
8w My ff? M

where F(x)=x[1—(1—X)In(1+x)/x]. Taking the CP
phase of order 1, we thus have
M
(—A), (17)

My

My
10'° GeV

m
_ _ 8L~10—5( 2 )
FIG. 1. The tree and one-loop diagrams generating the lepton 1 eV
asymmetry.

which provides the right amount of the lepton asymmetry for
genesis in triplet seesaw model by arranging some paranMn~M,~(10°—10'%) GeV while satisfying the out-of-
eters appropriately, it is not natural. equilibrium condition(14). As alluded above, it is natural to
To remedy this, we would like to suggest a “hybrid see-have the splittings, in terms of the ration; /m;, which fixes
saw model” in which the leptogenesis and degenerate neuthe values of the couplingsandh. To getm;=10"2 eV and
trino mass can be reconciled in a more natural way. In then,=1 eV, we need
hybrid seesaw model, we introduce a heavy Higgs triglet

on top of three right-handed neutrindg, which have the fe 4 My v
following Yukawa and Higgs couplings: ~6x10 10° GeV
= Th L LA+ £, LN+ wHHA (12 Ma My
5 Naplal pA+TaploNgH+ 0 : h~3x10"4 — || ————|. (18
w10 Gev

Let M, andMy are the masses of the Higgs triplet and theTherefore, we can accomplish leptogenesis in the hybrid

right-handed neutrinos, respectively, and take all the MaSH0del with three almost degenerate light neutrinos without

parametersM, ,My, 4 at the mtermedlgée seesaw Sca_‘llleassuming any hierarchies among various mass parameters
which will be determined from our consideration. We will 54 0oy plings. But, as in the triplet models, it still remains to

further assume tha¥l =My so that the lepton asymmetry po nderstood the origin of the smallness of the couplings
can arise from the decay of the heavy right-handed neutrinog._, _19-4 oyr requirement demands also the mass scales
If we take the decay of the heavy Higgs triplet as the 0r|g|n1u~|v|,\|~|vIA to be less than-10 GeV, which lies in the

of the lepton asymmetry which may arise WiB\=Mn, |5,y end of the Peccei-Quinn symmetry breaking scale intro-
we encounter the similar situation as in the triplet seesa\%n

| Th hi din th ibili uced to solve the stronG@P problem[19]. Such a scale
model. Thus, we are not much interested in the possibility o}, he relevant to provide enough axionic cold dark matter

the decay of the heavy Higgs triplet in the hybrid seesavy axionic strings play a rol¢20]
model. In the hybrid model, there are also two contributions Let us finally make a remark on the hybrid seesaw mod-

to the neutrino mass given by els. Since the degenerate mass-1 eV should come from
s 2 ) the triplet seesaw sector, it suffices to introduce only one
f_” Nkl (13) right-handed neutrino and one triplet in its minimal scheme.
My Mi’ The degenerate mass, may be a consequence of, e.g.,
SQ(3) symmetry in the triplet sector and the small splitting
where we abbreviated the flavor indices of the paramdters With m;~e,m, can arise due to the presence of only one
h, and M. Now, the out-of-equilibrium condition§3),(4)  right-handed neutrino. The similar constructions have been

mV:ml“l‘ mZE

are satisfied when made in Refs[21]. We also remark that the much smaller
splitting €5 (2) for the solar neutrino oscillation can arise
m=4x103 eV, (14) naturf';llly from one-_loop radiative c_orrections to degenerate
neutrino mass matricg&2,23. Most important effect would
2 come from the tau Yukawa coupling, which gives e

GeV. (15 ~€d4e, [23,21 where e=h>tarfIn(My/M)/32m
~10 °tarfB and tarng is the ratio between the vacuum ex-
pectation values of two Higgs doublets in the two Higgs
Equation(14) implies that the masm; can provide a right doublet models or in the supersymmetric standard model. As
value for the tiny mass splitting of the atmospheric neutrinowe havee,~ 103, we can achieve the LMA or LOW solu-
while the massn, produces almost degenerate three neutrition, depending on the value of t@n
nos withm,~1 eV, that ise;~m; /m,~ 10" 3. TheCP non- In conclusion, we have examined whether the almost de-
conservation in our model is generated by the interferencgenerate mass pattern accounting for hot dark matter and the
between the tree and one-loop diagram mediated by thether neutrino data can be consistent with the leptogenesis
Higgs triplet as shown in Fig. 1, and the resulting leptonmechanism in various types of the seesaw models. While it is
asymmetry is given by impossible to realize this feature in the canonical seesaw

m
1 vaf
M= 10" (—1 oV
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mechanism, some unnaturally hierarchical arrangemerthe small splitting for the atmospheric neutrino oscillation
among the couplings and mass parameters related to eaglithout any hierarchical structure of the couplings and
Higgs trip|et is needed in the trip|et seesaw model. We havéf]aSSES in the seesaw sector. An unattractive ponsequence in
then suggested the hybrid seesaw model with a heavy Higgdther case is to require rather small couplings of order
triplet and right-handed neutrinos. In this model, the out-of-t0 ~—10" %, which will need further explanation.

equilibrium conditions required for the baryogenesis can be E.J.C. was supported by the BK21 program of Ministry
compatible with the almost degenerate neutrino masses arad Education.
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