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Three neutrino Am? scales and the singular seesaw mechanism
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It is shown that the singular seesaw mechanism can simultaneously explain all the existing data supporting
nonzero neutrino masses and mixing. The three mass-squared differences that are needed to accommodate the
atmospheric neutrino datdhrough v, — v oscillation, the solar neutrino data via the MSW mechanism
(throughve— v, oscillation), and the positive result of ,— v oscillation from the LSND can be generated by
this mechanism, whereas the vacuum oscillation solution to the solar neutrino problem is disfavored. We find
that the electron and tau neutrino masses are of the order ofé\, and the muon neutrino and a sterile
neutrino are almost maximally mixed to give a mass of the order of 1 eV. Two heavy sterile neutrinos have a
mass of the order of 1 keV which can be obtained by the double seesaw mechanism with an intermediate mass
scale~10° GeV. A possible origin of such a scale is discus§&f1556-282198)04917-(

PACS numbeps): 14.60.Pq, 14.60.St

. INTRODUCTION 3X10 *=Am?, (eVA)=<7x 102

There are several neutrino oscillation experiments which 0.8<sir? 29,,<1. 2)
have indicated the nonzero neutrino masses and mixing. The
solar neutrino problem is the first to be noted. The deficit ofThe recent results from the CHOOZ reactor experiment ap-
the solar neutrinos predicted by the standard solar modedear to exclude the,— v, oscillation as a solution to the
(SSM [1] can be explained by the neutrino oscillation be-atmospheric neutrino problefd0,7]. The neutrino oscilla-
tweenv, andvy. Thevy canbev,, v,, or a sterile neutrino.  tionsv,— v, andv,— v give rise to a similar result for the
In the case of resonant Mikheyev-Smirnov-Wolfensteinatmospheric neutrino anomaly sinegand v, are not distin-
(MSW) transitions[2], it was found[3] that the oscillation guishable in the current experiments. New experiments with
parameters\m? and sirf 29 (9 is the mixing anglg given high statistics at Super-Kamiokande and the Imaging of Cos-
by mic and Rare Underground SignalkCARUS) experiment
can provide the discriminatiofi1].

Finally, indications in favor ofv,— v, oscillations have
been found recently at the Liquid Scintillation Neutrino De-
tector(LSND) experimen{12], in which antineutrinos origi-

; +1
can explain the solar neutrino problem. The solar neutrind!ating from the decays of"'s at rest were detected. The

problem can also be solved by invoking vacuum neutrindARMEN experiment[13] will be able to cross-check the

oscillations[4], in which case the neutrino mass-squared dif-POSitive result of LSND in the near future. From the analysis
ference is abouAm2~ 1010 eV2. of the data of the LSND experiment and the negative results

f other short-base-line experimerits particular, the Bugey
14] and BNL E776[15] experiments one obtains the os-
cillation parameters:

3X10 5<=AmZ (eVA)=1.2x10 °,

4X 107 3<sif29.,=1.2xX10 2, (1)

Another hint of the neutrino masses and mixing come
from experiments on atmospheric neutrinos. Indications i
(=) (=)
favor of v ,— v, oscillations &+ ) have been found at

the Kamiokand¢5], IMB [6], and recent Super-Kamiokande 0.3sAmgp(eVA)=2.2 eV

[7] and Soudan-1I[8] atmospheric neutrino experiments.

From the analysis of the Super-Kamiokande and the other 10 3< sinZZﬂeMS4>< 102 3
data the allowed ranges for the oscillation parameters were

obtained[7,9], assumingy,— v : All the existing neutrino experiments which are in favor of

neutrino oscillations can not be accommodated by a scheme
with mixing of ordinary three neutrinos. That is, the allowed

*Email address: ejchun@kiasph.kaist.ac.kr ranges of the mass-squared differences which explain the
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*Email address: uwlee@chungkye.mokpo.ac.kr periments do not overlap at all. In order to obtain three in-
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dependent mass-squared differences which can explain tmeass scales: the Dirac mass and Majorana mass of heavy
known three experiments, we need at least four massive nedght-handed neutrinos. By construction, the sterile neutrino
trinos [16—20. Furthermore, only two schemes of neutrino (a light right-handed neutrinoand an active neutrino are
mass-squared differences are compatible with the results afiaximally mixed, which is desirable for the solution of the
all the experiment$19]. Four neutrino masses are divided atmospheric neutrino anomaly. In Sec. lll, we will find the
into two pairs of almost degenerate masses separated byregion of the two mass parameters by which all the neutrino
gap of~1 eV which is indicated by the result of the LSND data mentioned above can be accommodated. It is then re-
experiments: quired that the Dirac mass scale 4sl eV and the heavy
Majorana mass scale is1 keV. Such low mass scales are

t 1 . . .
— . shown to imply the presence of an intermediate scale

(A) my <my KL mg<myg, ~10° GeV and the grand unification scalel0'® GeV in the

LSND double seesaw mechanism introduced in Sec. IV. Finally, we

conclude in Sec. V.
solar atm
\ —N— —N—
(B) my <my K mg<my .
Il. SINGULAR SEESAW MECHANISM
LSND

(4) In the singular seesaw mechanif26], the neutrino mass
matrix is written by
In (A), Am%l is relevant for the explanation of the atmo-
spheric neutrino anomaly ankims; is relevant for the sup-
pression of solaw,’s. In (B), the roles ofAm3, and Am2, M={
are interchanged.
If there exists a fourth neutrino, it has to be a sterile
neutrino as indicated by the invisible decay widthz8f The ~ whereMp, is the usual Dirac neutrino mass matrix alviq
mixing between a fourth neutrino and active neutrinos coulds the right-handed Majorana neutrino mass matrix taken to
be constrained by big-bang nucleosynthesis. The activébe a singulanrank-2 3Xx3 matrix. Here, we assume that
sterile neutrino mixings suggested by the known neutrindhere is no hierarchical structure in the mass matrides
experiments may increase the effective number of neutrinoandM,, whose elements are of the same order of magnitude,
and deplete the electron neutrino and antineutrino populadenoted byM. The small numbee encodes the hierarchical
tions in the nucleosynthesis era, and thus alter significantlgtructure of the Dirac and steril&ight-handed neutrino
the prediction for the primordiafHe mass fraction. For- masses. The valud is related to the physics of lepton num-
merly, the effective number of neutrino species was considber violation and new physics. Two parameteandM are
ered to be less than 4, and therefore the large mixings bee be determined later. We write the neutrino states in the
tween a sterile neutrino and the active neutrinos solving thénteraction basis as
solar neutrino and the atmospheric neutrino problem were
disfavored[21]. However, because of the recent observa-
tional determinations of the primordial deuterium abundance N :[
[22,23, the big-bang nucleosynthesis constraints on the non-
standard neutrinos have been revised. It has been argued that ]
an effective number of neutrino species more thdbut less ~ Where i, and i, 5 s represent, respectively, the
than 9 can be acceptab[@4], in which case there is room to three_ standard active and ste_rlle neutrlnog. Iq the context of
bring one sterile neutrino species into equilibrium with thethe singular seesaw mechanism, a combinatiog@f, »,s
known neutrinos in the early universe and therefore no conPecomes light. In order to obtain physical neutrino states and
straints on active-sterile neutrino oscillation parameters caf’ass eigenvalues, we perform diagonalization by several
be drawn. More interestingly, it is possible to reconcile ster-Steps. The first step is to diagonalize the Majorana part by a
ile neutrinos with big-bang nucleosynthesis even if the effecrotation matrixR such as
tive number of neutrino species turns out to be less than 3. It

0 EMD

eMy My |’ ®

lﬂ(e,p,,r),l

, 6
Ve p,r),s ©

has been found that the active-sterile neutrino oscillation 1 0 0 eMpR™][1 0
solving the solar or atmospheric neutrino problem does not M= 0 R'IlerMt ~ 0 Rl (7)
increase the effective number of neutrinos if the relic neu- €~Mp M

trino asymmetry is large enough (>10"°) [25].

In the conventional seesaw mechanism, right-handed newvhere
trinos are heavy and make active neutrinos very light. In this
paper, we explore 'ghe poss_,ibility that a right-handed neutrino M,,=RM,,R"=diagonal matrix. ®)
remains light: that is, the right-handed neutrino mass matrix
is singular and has rank 2 in a three-generation model. This_ . . )
is called the singular seesaw mechan{€8] which will be ~ SinceMy, is a rank-2 singular matrix, we can take zero for
analyzed in Sec. Il. Three mass-squared differences for théne 11-element of the diagonal matik, . Then, we rewrite
light four neutrinos will be parametrized in terms of two the mass matrix as
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0  eMpRT] [eM, €My The eigenvalues o) are two zeros and: 32+ p2+ c2.
~ = - , 9 . .
eRME W, eM; e 9 These twofold degeneracies are lifted by te@ term

— MM "M . Therefore, the light neutrinos are, in gen-
eral, two with mass®M and two with mas&M, their mass
difference being of ordee’M .

When we neglect the? term in the mass matrix, the
geutrino mass eigenstates are

whereM , is a 4<4 matrix,M z is a 4<2 matrix, andV,, is

a 2x 2 diagonal matrix. In particular, the matrix elements
M, fori,j=1,2,3 are zero. The values of the other matrix
elements can be taken to be arbitrary. The next step is t

block-diagonalize this mass matrix as follows:
1 [avetby,+cv,
+

V34~ — | ————* g, (16)
eM, €My 1 GP} Q 0|1 —eP v\ JaZ+ b2+ c? S
Ly T Y T
Mg My, —ePt 1][0 MylleP 1 wherevs=R;,v, s is the massless component of the sterile

(10) neutrino mass matrix. The other two neutrino statesose
masses are of orde’M) are orthogonal combinations of
v34. Including thee? term in the light neutrino mass matrix
Q, it will give an order ofe to the neutrino mixing. There-
fore, we know that the lightest pair of the neutrinos with
P=M;M . masse’M are most likely active neutrinos. However, the
compositions of the’; and v, are dependent on the form of
~ _ the mass matrix. For example, lat=b=c; then the elec-
Q=eM,— e?PMPT=eM,— MM M. (1) tron, muon, and tau neutrino componentuig, is 1/6, re-
spectively. The other half of these neutrinos is the sterile
Finally, the light neutrino mass matrQ is diagonalized by neutrino. As another example, consider 0 anda=b; then
a 4x4 unitary rotation matrixU. The mass eigenstates the electron and muon neutrino componentig), is 1/4,
(physical statgsare given by respectively, and the other half of, , is sterile.
We summarize the neutrino mass eigenvalues and their
mass-squared differences which are relevant to the known
(120 neutrino experiments for our discussions. The neutrino
masses are determined as follows:

Here the 4x 2 matrix P and the light neutrino mass matigx
are given by

u o
0 1

Ve u,7)l

Vo= .
P lp(e,,u,'r),s

1 —eP
ePT 1

1 0
0 R

Let us now determine the masses of six physical neutri-

nos. The mass matrix relevant for heavy neutrino#fig. vy~ ™
The nonzero values of the matrix elements are of oMer
And the physical neutrino fields are given by m, =m, =€eM,
m,_=m, =M. 1
vs= ; €(Pu1va 1t PsiR1aVas) T R2uVa s 5 e an
a=e,u,T

The two lightest neutrinog; and v, are mostly active neu-
=RaVas, trinos. The two medium-weighted neutrineg and v, are

almost equal combinations of active and sterile neutrinos.

The two heaviest neutrinag; and vg are almost sterile neu-

ve= ; €(Po2va 1T PaR10Vas) T R3 Ve s trinos. Therefore, the mass-squared differences are given by
a=e,u,t
=R3Va,s- (13 Amg,=(m, +m, )(m, —m, )=e*M?,

The masses of the light neutrinos come from diagonalizing 5 342
the mass matriQ given by Amg=(m,,+m, )(m, —m, )=e"M*,
~ 2 _ ~ 2\ 12

Q=eM,— MM "M} (14) Amg,=(m,, +m, )(m, —m, )=e"M?, "

18

Neglecting thee? term, the most general matrix is
g g g and Am3,=Am3,=Am3,=Am3,.

IIl. DETERMINATION OF €, M, AND THE NEUTRINO

MASSES
(15

As shown above, the singular seesaw mechanism has
threeAm? scales which provide the possibility of explaining

» O O O
o O O O
O O O O
o o T o
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2 m, ~103 eV,
: 12

m, ~1 eV,
3.4

m, ~1 keV. (20
5,6
If the solar neutrino deficit is due to the vacuum oscillation,
the solar neutrino data and the atmospheric neutrino data
yield e=Am3/Am3;=<3x10 . Then the heavy right-
handed neutrinosi ¢ get mass 100 Me¥¢M <50 GeV
and 30 e\em, =<700eV. The right-handed neutrinos

with such high masses overclose the universe as they cannot
10 decay fast into the standard model particles. The muon and

light sterile neutrinos can be candidates for hot dark matter,
107 € satisfying the overclosure bounﬁimyis94h2()y eV. But

FIG. 1. The regions between the dashed lines, the dotted linedhey are too heavy to provide a good fit for the structure
and the solid lines are allowed by the solar neutrino data, the atmdormation as(},<0.3 is required in mixed dark matter mod-
spheric neutrino data, and the LSND data, resepectively. Thels [27,28. Furthermore, one finds no region ok,M)
shaded region accomodates all the three neutrino experiments. which accommodates all the three neutrino experiments.

Therefore, our model disfavors the possibility of solving the
the three known experiments. It is, howevarpriori uncer-  solar neutrino problem in terms of the vacuum oscillation.
tain whether the three experimental déta (2), and(3) can  Thus, the existence of hot dark matter desirable for structure
be accommodated simultaneously since the thxe® are  formation in the mixed dark matter scenario is a natural con-
parametrized by only two numbeesandM. We wish to see  sequence of the singular seesaw mechanism under consider-
if the scheméB) in Eq. (4) can indeed be realized. Note first ation.
that the large mixing required for the atmospheric neutrino The neutrino components; ¢ being sterile decouple at a
oscillation is built in the singular seesaw mechanism. That isyery high temperaturésay, Ts>100 GeV), and their abun-

a combination of active neutrinos and a sterile neutrino hagance compared to active neutrinos is suppressed by a factor
the maximal mixing to yield degenerate neutrineg,v,.  Of Ng/Ny=det#(Ta)/deti(Ts) Wherens , are the relic number
Therefore, the atmospheric neutrino problem can be exdensities of sterile and active neutrinos, respectively, and
plained by the large mixing,« vs oscillation with the  Jess is the effective number of relativistic degrees of freedom
mass-squared differencemZ,=e>M2. The solar neutrino at the respective decoupling temperature. Recalling
problem is then to be solved by the— v_ oscillation with ~ ~1MeV, the abundance of sterile neutrinos is smaller than
the smallest mass-squared differenten?,~e*M2. As a  that of active neutrinos roughly by factor of 1@9]. Now
consequence, the, < v, oscillation occurs automatically that the mixing between the heavy sterile and active neutri-
with the largest mass-squared differendemZ,~e2mM2, ~ NOS (tand~e¢) is small enough, the heavy sterile neutrinos

which may yield observable signals in thg« v, oscillation ~ ¢aN Never be brought into thermal equilibriy@d]. There-
experiments. fore, it follows from Fig. 1 that the heavy sterile neutrino can

Let us now look for the parameter region af 1) deter- be a candidate for the warm dark matter in some parameter

mined by the neutrino experiments, that éM?=AmZ,,, 9%
e¥M?=Am2,,, and/ore?M?=Am?g,p. From the first two
identities based on the MSW solution to the solar neutrino
problem and the atmospheric neutrino oscillation, one finds

the region of a crescent shape insigte (0.43—9.6)< 103 ] )
andM = (0.02-9.3) keV. Remarkably, this region gives rise It seems unnatural to have sterffgght-handed neutrinos

to Amizz €2M?2 in the sensitivity range of the LSND and with mass.sca!da/lw_l keV. Such a low mass scale of lepton
KARMEN experiments. Imposing the LSND positive result, "Umber violation is not acceptflble. In the usual seesaw
the allowed region of ,M) is further reduced and, in fact, Mechanism this scale is about i@eV or grand unified

determined solely by the solar neutrino and LSND data. Thdheory(GUT) scale. In order to raise the lepton number vio-
common region of é, M) which can explain all three known lation scale in our scheme, we introduce the “double seesaw

experiments lies inside meqhanism” in Whi_ch extra sterile neutrinos are nee(jed in
addition to the ordinary right-handed neutrinos. A simple
realization of the double seesaw mechanism can be found in
€=(1.1-6.4x10"%, M=(0.086-1.3 keV, (19  GUT with intermediate step breakings. The minirfrabnsu-
persymmetri¢ grand unification model is ruled out from the
which is shown in Fig. 1. From Eq$17) and(19), we find  study of the gauge coupling evoluti¢80], but nonminimal
the following typical values for the neutrino masses: GUT models and supersymmeric GUT models can success-

M (keV)

IV. DISCUSSIONS ON THE MASS SCALE
OF THE STERILE NEUTRINOS
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fully accommodate the gauge coupling unification and thesector and yields distinctive phenomenological and cosmo-
absence of proton decay. As an example, let us considerlagical consequencef33,34. The minimal type of such
GUT model with Eg unification group. It has five neutral theories requires the existence of vectorlike quarks and lep-
particles in each generation of the fermi@nrepresentation: tons(messengeisat the mass scale (401C°) GeV. This is
Two [16 under S@10)] of them are the neutrinos in the a just right scale foM g under discussion. Therefore, in the
discussion: other three neutrinps+ 10 under SQ10)] are  supersymmetric standard model with gauge-mediated super-
heavy neutrinos with GUT scale masses. Suppose that tteymmetry breaking, it is conceivable that some messengers
mass matrix of the active neutrinos, the right-handed neutriare vectorlike sterile neutrinos with the mass matrix given in

nos, and the extra sterile neutrinos takes the form Eq. (21).
0 0 M V. CONCLUSIONS
M= 0 0 Mg]. (22)

Motivated by recent experimental evidence for nonzero
MI ME Ms neutrino masses and mixing, we have examined the conse-
. . . o quences of the singular seesaw mechanism. The three mass-
HereM_ is the Dirac mass matrix originating from the elec- 5o ared scales required for simultaneously explaining the so-
troweak symmetry breaking, adg ,Ms are generated from |5 and atmospheric neutrino anomalies, and the LSND data,
a higher symmetry breaking. Note thit, ,Mg are 3X9 ¢4, pe realized if the Majorana mass matrix of right-handed
matrices, andVs is a 9x9 matrix in the three-generation peytrinos is rank 2. Without assuming any hierarchies in the
model. It should be mentioned that the mass matB¥)  pjrac and Majorana mass matrices, three mass-squared val-
requires fine-tunings which may not be a serious problem iqes are found to be determined by two mass parameters: the
supersymmetric theories. Given the hierarcMy <Mr  pjrac mass for the active neutrinos and the Majorana mass
<Ms, the seesaw mechanism with the ultraheavy neutrin@or heavy right-handed neutrinos. The singular seesaw
massesdVls gives rise to the &6 matrix, mechanism cannot accommodate simultaneously the vacuum
oscillation explanation of the solar neutrino deficit and the
atmospheric neutrino oscillation. However, the MSW solu-
tion to the solar neutrino problem is consistent with the
model and the existence of the LSND mass scale is also
explained. The almost maximal mixing of a sterile neutrino
with the muon neutrino(having the Dirac massm,,
. ] B ] ) ~1 eV) explains the atmospheric neutrino anomaly, and the
which can be identified with the matrigs) apart from the  mixing of the electron and tau neutrino explains the solar

upper-left corner. Note that the singular seesaw mechanisMeytrino anomaly (having the lightest massm
requires the lower-right submatrix of E2) to be singular.

L2 . ~10"2 eV). Two massive right-handed neutrinos turn out to
The nonzero contribution in the upper-left part of the matnxbe rather lightthaving a Majorana mass, ~1 keV). We
(22) is of the order of the solar neutrino mass scafé/ 9 9 ! V5,6 '

~102 eV which does not alter our conclusion. stress that the existence of hot dark ma(txémsists ofv, )
Following the discussion in the previous section, we carfiesirable for the structure formation of th(_e universe is a natu-
find typical scales oMg and Ms. Namely, requiringe ral consequence of our scheme. In addition, warm d_ark mat-
=M, /Mg, M=M2%/Mg, andM, =100 GeV, one obtains ter can be provided by the heavy rlght-hande_d neutrinos. We
have introduced the double seesaw mechanism in which the
two low mass scalesnvs‘4 and m,, are generated by the

weak scaleM| ~100 GeV and an intermediate scalég

It is worth emphasizing that the heaviest mass sbhleco-  ~10° GeV together with the usual grand unification scale
incides with the conventional GUT scale. On the other handM s~ 10'® GeV. A candidate for the intermediate sciiy
the intermediate scald g turns out to be considerably lower can be found in GUT models with an intermediate step
than the conventional scale ¥0GeV desirable for the usual breaking or in gauge-mediated supersymmetry-breaking
seesaw mechanism. In GUT models, various intermediatgnodels.
scales of gauge symmetry breaking can be made consistent
with the unification of gauge coupling constants. In particu-
lar, such a low scaléz may be obtained by introducing
certain exotic particles to the GUT modé&1]. U.W.L. thanks KIAS for the kind hospitality during his

The scaleM g may be related to the physics of supersym-visit. E.J.C. would like to thank Alexei Smirnov for various
metry breaking. In the supersymmetric standard model, suteomments on this work and ICTP for its hospitality during
persymmetry breaking can be mediated either by gravitatiothe Extended workshop on Highlights in Astroparticle Phys-
or by gauge interactiong32]. The latter scheme provides a ics. E.J.C. is supported by the Non-Directed Research Fund
natural suppression of flavor violation in the supersymmetriof Korea Research Foundation, 1996.

My

Mgyp=— Mg

Ms'[M{ Mg]

M MM M MgIME
MgMg*M[ MgMgME|’

(22

V1,2

Mr=~10° GeV, Mg~10% GeV. (23
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