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Alternatives to the seesaw mechanism are explored in supersymmetric models with three right-handed or
sterile neutrinos. Tree-level Yukawa couplings can be drastically suppressed in a natural way to give sub-eV
Dirac neutrino masses. If, in addition,Ba—L gauge symmetry broken at a large scilg is introduced, a
wider range of possibilities opens up. The value of the right-handed neutrinoMiasan be easily disen-
tangled from that oM. Dirac and Majorana neutrino masses at the eV scale can be generated radiatively
through the exchange of sneutrinos and neutralinos. Dirac magsesve their smallness to the pattern of
light-heavy scales in the neutralino mass matrix. The smallness of the Majorana mmgsges$inked to a
similar seesaw pattern in the sneutrino mass matrix. Two distinct scenarios emerge. In the first, with very small
or vanishingMg, the physical neutrino eigenstates are, for each generation, either two light Majorana states
with a mixing angle ranging from very small to maximal, depending on the magdéMpg, or one light Dirac
state. In the second scenario, with a large valueMef, the physical eigenstates are two nearly unmixed
Majorana states with massesm, and ~Mpg. In both cases, theB(—L)-breaking scaléMis is, in general,
much smaller than that in the traditional seesaw mechanism.
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I. INTRODUCTION masses still open to speculation. They are not yet conclusive
even on the number of neutrino species undergoing oscilla-
It has long been known that neutrinos are very light.tions.
Whether they are only light or completely massless, how- The experimental situation can be schematically summa-
ever, is a question which has remained unanswered up unfiized as follows. Atmospheric neutrino experiments from
recently. Super-Kamiokand¢3,7] indicate that muon neutrinos,’s
No direct measurement of neutrino masses exists as ye@scillate into different neutrinosy,’s. The mass-squared
Nevertheless, overwhelming evidence has been gathering #Plitting of the two mass eigenstate neutrirfediose main
the past years of the fact that neutrinos of different generaomponents are,, and v,) is 10°° e\{2<Am2< 1072 e\(z-
tions oscillate one into the othgt]. Oscillations have been The neutrinov, seems to be predominantly a tau neutrino
observed by atmospher[@], solar[4], and acceleratofs] L7} Results from the CHOOZ reactor experimef8]
neutrino experiments. Quantum mechanics relates oscill27ONgly suggest that, is unlikely to be the electron neu-
tions among neutrinos of different flavore, v,, v,, to 'gmo Ve, although this p053|bll|_ty cannot be equuded by_the
nonvanishing values of mass for the neutrino mass eigen_uper—Ka_rmqkande Collyabora_miﬁi]._Solar neutrino experi-
states,, v,, andws, which are linear combinations of,, ment_s[4] |n,d|cate thatve's oscnlate_ into some other type_of
. ! neutrinosy,’s. If the MSW mechanism9] is used to explain
v,, andv.. The profusion of experimental results on neu- y

" it 0 theref int i indication th the deficit in the solar neutrino flux, the relevant mass-
rino oscillations turns, therefore, into a strong indication at*squared splitting i\ m2~10~° eV2 for the large and small
neutrinos have mass.

; _ _mixing angle solution, oAm?~10~' eV? for the LOW so-
This fact has profound consequences for particle physicssion [10]. It is Am?~10-10 e\? if oscillations in the

astrophysics, and cosmology. Having mass, neutrinos may Bg,cyum between Sun and Eaftii] are invoked. Finally, the

a cru_C|aI ingredient of the ho'F dark matter_ component thai_iquid Scintillator Neutrino DetectofLSND) experimen{5]
contributes to the mass density of the Univef§g More-  geems to support the hypothesis of a- v, oscillation with
over, if their mass does not exceed the eV range, they Mayorresponding mass-squared splittihgn?~1 eV2.

have played an important role in the formation of the ob-  Barring experimental systematic errors which may lead to
served structure of galaxi¢6]. Far from being a tested re- inconsistent results, these data cannot be explained by as-
sult, this value is a constraint to be kept into account bysuming the existence of only three light neutrinos and that
model building, more stringent than the direct bounds fromgach of these oscillations is described by a singte? [1].
collider experimentsm, <5 eV, m, <170 keV, andm,  One simple way out is to assume that there exist additional
=18 MeV [2]. It is also possible, however, that some or all neutrinos, also light. Accurate measurements of the invisible
neutrinos are even lighter than a few eV. Indeed, oscillatiorwidth of the Z boson at the CERN* e~ collider LEP have
experiments give only an indication of the splitting of neu- unequivocally shown that there are only three light neutrinos
trino masses squared, but leave the absolute size of neutrimoupling to theZ boson[12]. Other possible light states,
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therefore, must have as main constituent neutrinos invisibles, also of Majorana type, remain at the high sddlg. (On
for the Z boson, i.e., right-handed neutrinos. When discussa different line of thought is the recent proposal of R20),
ing neutrino oscillations, these are often called sterile neutriwhere the smallness of neutrino masses is explained by em-
nos, in contrast to the left-handed components of3dou-  bedding the SM and right-handed neutrinos in a higher-
blets, or active neutrinos. If sterile neutrinos exist, the resultglimensional spacetime. In a scenario of Dirac neutrino
of solar neutrino experiments may be viewed in terms ofmasses, for example, the Dirac Yukawa couplings between
oscillations between electron and sterile neutrinos. Up untileft-handed neutrinos localized on the SM three-brane and
recently, these were preferably accommodated in a fourthe right-handed ones, residing in the bulk, are suppressed by
neutrino spectrum of the “2 2" variety. This spectrum con- the volume factor of compactified dimensions.
sists of two pairs of neutrinos separated by the LSNIB?, The other challenge for theoretical particle physics has
with the component of each pair split, respectively, by thebeen unexpectedly kindled by recent experimental results.
atmospheric and solarm?. Recent measurements of the so- The interpretation of data coming from solar neutrino experi-
lar neutrino flux by the Super-Kamiokande Collaboration,ments in terms of oscillations between active and sterile neu-
however, seem to disfavor the possibilitygfs being sterile  trinos requires extensions of the SM that explain the exis-
neutrinos at the 95% C.L.13]. (A different conclusion is tence of light mass eigenstates, other than v,, vs,
reached irf14].) This fact, together with a lower oscillation mainly corresponding to additional SU()J(1) singlets. It
probability recently claimed by LSND15], resurrects the is possible that the experimental situation will evolve in the
“3 +1" neutrino spectrun{16] previously excluded by the future in such a way thdi) the preliminary findings of the
incompatibility between LSND and negative searchesifor Super-Kamiokande Collaboration on solar neutrino oscilla-
and v, disappearance. In this spectrum, one mainly-sterildions disfavoring the sterile neutrino option are confirmed,
neutrino is separated by the LSND mass gap from the otheand (i) the LSND results are clearly excluded. The SNO
three, which are mainly active, roughly degenerate, and sufexperiment21] will soon be able to resolve the issue as to
ficient to explain atmospheric and solar neutrino data. Thevhether the electron neutrinos produced in the Sun oscillate
“3 +1" spectrum assumes a small mixing between the activéo active or sterile neutrinos. In the meantime, the Super-
and sterile content of the four mass eigenstates. For a modklmiokande Collaboration will keep collecting more data on
in which this spectrum can be easily implemented, see Refolar neutrino oscillations that may possibly strengthen their
[17]. preliminary results. Moreover, there is a number of already
The challenge, which particle physics is then faced with,operating[22] and planned23] accelerator experiments to
is twofold. On one side there is the longstanding issue of theeek for oscillations in the LSND region. If no signal is
smallness of neutrino masses. Although clear experimentdbund in these searches, the twon? of solar and atmo-
evidence that neutrinos are massive is a recent acquisitiogpheric neutrino oscillations can be easily accommodated in
there has always been a strong theoretical prejudice in thig scenario of three light neutrinos. This, of course, does not
direction. The exact vanishing of neutrino masses, which ignean that sterile neutrinos do not exist. It may only mean
consistent with the standard-modeM) particle content, that low-energy physics is blind to them, either because they
would nevertheless demand for a deeper explanation, possite heavy or because, even if light, they are very weakly
bly through a symmetry principle, in an underlying theory of mixed with the active ones. Ideal detectors may turn out to
which the SM is an effective limit. Rejecting the possibility be astronomical ones, such as supernovas. Sterile neutrinos
of vanishing neutrino masses on theoretical ground, there hagith a mass of a few ke\(or tens of keV have been pro-
been a tremendous effort to explain why these masses apmsed to explain the motion of pulsars born in supernova
much smaller than those of quarks and charged leptons. explosiong24]. Light sterile neutrinos, with mass above the
Technically, two ways are known to obtain light neutri- eV scale, may also be of interest in explaining supernova
nos. The first follows the conventional mechanism for gen-nucleosynthesis and big bang nucleosynthg&i. If in the
erating quark and charged-lepton masses. The SM is emnass range of 0.1 keV, they may also give rise to “cool”
larged to include three right-handed neutrinos. These coupldark matter, as recently discussed 26].
to the neutral components of the left-handed leptonic dou- The natural setting for incorporating sterile neutrinos is
blets through Yukawa interaction terms. After electroweakthat in which six final Majorana states are seesaw generated.
symmetry breaking, there remain three light mass eigenstatdéevertheless, no satisfactory theoretical model has been
vy, v,, andvg, which are Dirac fermions. For these neutri- found so far to induce the suppression factemZ.,/Mg
nos to be at the eV scale, Yukawa couplings as small aneeded to have light,, v,, and v5 states, while simulta-
~10"** are needed. The second known way of generatingneously keeping very low the scale for some or all of the
small neutrino masses is through the seesaw mechanisright-handed neutrinos, with resulting light states among
[18,19. This invokes the existence of right-handed neutrinom,, n,, andns. (Infinitely many light sterile neutrinos, how-
with a very large mas#g~10'? GeV, whereas the cou- ever, are obtained in extra-dimensional mechanisms for gen-
plings of the Yukawa neutrino interactions are unsuppresseerating light neutrino massg¢&0].) In a typical model, the
The smallness of the light neutrino masses is then explaineseesaw right-handed neutrinos may participate in an addi-
in terms of the seesaw pattern of light-heavy scales in thé&onal gauge interaction spontaneously broken at some scale
neutrino mass matrix. The three light mass eigenstate®l ;. In the simplest known model, free from gauge anoma-
vy, Vo, and vz are now Majorana fermions, with mass lies and mixed gauge and gravitational anomalies, this new
~mfveal[MR. The other three mass eigenstatgs n,, and interaction is U(1}_, and the SM particle content is mini-
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mally enlarged by a neutral gauge boson, three additionat is sufficient to assign vanishing,, charges to the super-

electroweak singlets, and a neutr#l-{L)-breaking Higgs fields L and H and Z,(N)=+1 to the superfielddl. This
boson. The mass of these new particles is closely related tgssignment forbids the lowest-order Yukawa operators, but
the spontaneous violation &-L and all these particles are |eaves allowed higher-dimensional operators of Yukawa
at the large scal®g(~Mg). type:

It is in general assumed that similar features hold also in
the supersymmetric version of such a model. In this paper we K
explore other possibilities that naturally present themselves W= —2ZNLH, )
in supersymmetric models, in addition to the two outlined Mp

above, of generating small neutrino masses. Two mecha- ) ) ] )
nisms are described. In both, lowest-order Yukawa operatordhereZ is a spurion superfield with chargg(2)=—1. The

are forbidden by imposing some horizontal symmetriesSe€cond symmetrydifferent from Z,) assigns the following
Small neutrino masses can then be generated at the tree lev@fiarges to the lepton superfields:

through higher-dimensional nonrenormalizable operators, in

the first mechanism, or rgdiatively, through the v!rtual ex- L(+1), N(-1), E(-1), 3)
change of superpartners, in the second one. The first mecha-

nism, described in Sec. Il, does not require an additionahng zero charge to all the other superfields. Therefore, it
U(1)g-. gauge interaction. The gauging of UgL) is not  forpids both Majorana mass operators in Etj. as well as
needed either for the radiative generation of Majorangne higher-dimensional operators:

masses for active neutrinos, but it is, on the contrary, neces-

sary to obtain radiative Dirac neutrino masses. For the sake

of a simpler and more coherent discussion, however, the ra- _ 1 Zy
< P : w ZZNN. (4)
diative mechanism is presented in the case of a gauged 4 Mp
U(1)g_, symmetry. The modifications to the case without a ) ) ) ) )
U(1)s_, symmetry, when applicable, are obvious and will ~ In this scenario, the emerging picture is that of three very

be briefly commented upon. The radiative mechanism is inlight neutrino states of Dirac type. The spurion fieldac-
troduced in Sec. Ill and worked out in Secs. IV, V, and VI. quires, in general, a supersymmetry-conserving vacuum ex-
The patterns of physical neutrino masses that can ariseectation value(VEV) Az and a supersymmetry-violating
through both mechanisms are classified in Sec. VII. A posoneFz. Through operators analogous to that in E2), the
sible embedding of these two mechanisms in full-fledgedVEV Az gives contributions to Yukawa couplings for quarks
models is outlined in Sec. VIII. Up to this section, it is im- and charged leptons that are negligibly small, unlégss at
plicitly or explicitly assumed that the signal of supersymme-some large scale- 10" GeV. Acceptable Yukawa couplings
try breaking is transmitted from the hidden to the visiblemay, however, be generated for neutrinos. Indeed, in a class
sector through supergravity mediation. Comments will beof O'Raifeartaigh-type models discussed in Sec. VU is
made in Sec. VIII on possible changes induced when thiganishing in the supersymmetric limit, but is shifted to a
transmission is realized through gauge mediation. The papaialue

ends with some final conclusions and remarks in Sec. IX.

167>
Il. SUPERSYMMETRIC TREE-LEVEL MECHANISM A= ?mweak (5)
The class of models considered in this papeas three
SU(2)x U(1) singlet superfield® in addition to the three by supersymmetry-breaking effects, wharés a dimension-
lepton doubletd, with neutral componentsl. The lowest-  less coupling. The induced Yukawa couplings
order operators giving rise to neutrino masses are

_ i Y= 16772—; Mo (6)
LHLH+y,NLH+ 5 MeNN, (1) \® Mp

W—1 ‘
T4 Mp

give rise to Dirac neutrino masses of order $0eV if A and
with the scaleMg naturally given by the Planck masé,. K, are ofO(1) ?i.e., in the range of tham? required by the
All these operators can be forbidden by a horizontal discret®SW solution to the solar neutrino deficit. Smaller values of
symmetryZ,, in conjunction with a continuous or discrete A allow also neutrino masses in the range of atmospheric

symmetry such as lepton number. As for the first symmetryneutrino experiments. No room is left for sterile neutrinos
and the observed oscillation patterns can be explained

through flavor oscillations. This tree-level mechanism for

. . enerating small neutrino Yukawa couplings is rather ge-
Tree-level mechanisms were also advocatd@ in the context 9 9 pling 9

of superstring theories, if28] in the context of supersymmetric
models with gauge mediation of supersymmetry breaking, and in
[29] in the context of supergravity models. 2We thank T. Yanagida for pointing this out to us.
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neric, in the sense that it can be easily incorporated in angneutrino sector may only happen at the quantum &Vek

supersymmetric extension of the SM model. advantage of such a procedure is obvious: the mechanism of
It is also possible to forbid the renormalizable operators ilrmass generation for the light neutrinos can be disentangled

Eq. (1) leaving, however, allowed both operators in E@. from the scale of the sterile neutrinos, which does not need

and(4), as well as the nonrenormalizable operator in®@g.  to be anymore that of thB—L violation.

One way to achieve this is to couple the ab@yesymmetry If a program of radiative generation of neutrino mass op-

with an R_parity symmetry under WthN is odd andZ is erators is implemented, the Yukawa COUplingS between ac-

even. Dangerous terms of typd,ZN are then forbidden, tive and sterile neutrinos beqome rledundant. As in the ge-
. . — : . neric supersymmetric scenario outlined above, they can be
while Majorana mass terms MpNN are avoided by requir-

ing thatZ,, be notZ,. In this case, both Dirac and Majorana altogether forbidden. Higher-dimensional operators of
n 2" ’ . .
masses become possible at the tree levelt,v/Mp is ob- Yukawa type[see EQ.(2)] remain in general allowed and

. . s 3 ~ provide Dirac neutrino masses naturally of order 1CeV.
_talned for Dirac mas_ses,vAZ/Mp and ~v*/Mp, _for Ma If larger physical masses are aimed at—for example, in the
jorana masses for right- and left-handed neutrinos, respecs o ; .
tively, wherev is the VEV of the neutral component &f. eV range—then the_ Ia_rgest _cgnt.rlbutlon to the Dirac ngutrmo
The physical neutrino states are six, of Majorana type: th ass can be of radiative origin if the scaleBf L breaking

threen: states have mass 2/M, the three states; are is not too large. If this is not the case, both tree-level and
i 65/4 P 1 . . T
Iighter,I i.e., of order of the I\/fajorana mass for Ie1‘t-handedr":ld'atlve mechanisms complement each other, providing

neutrinos,~v2/Mp. In the class of models in which super- comparable contributions. The radiative contribution to the

. b5 | Majorana mass for active neutrinos is, on the contrary, al-
symmetry breaking induces the value.4j in Eq. (5), these ways larger than the tree-level contribution arising in the
masses range from the keV to the sub-eV region, dependingey g . . . 9 .

: : . cond tree-level scenario described in Sec. Il. The ingredi-
on the value ofA and of the other dimensionless couplings

2. h,. andk,. Thus, light sterile neutrinos can be easily ents necessary for generating radiatively neutrino mass op-

accommodated in such a scenario erators can be supplied by soft supersymmetry-breaking
. : . . terms. The chiral-flavor violation needed for a Dirac mass
It should be noticed that the operat@t) gives rise to

bilinear soft supersymmetry-breaking terms with large mas’ perator can be provided by trilinear soft ter[8S,34. For
sive couplingsBMa~ A, 7, /Mp. Such terms may induce a Majorana mass operator, the correct(&Ustructure can

, g . also be induced by the same trilinear terms, whereas the
VEV's for the scalar components of the superfighdg 7z is  explicit lepton-number violation can come from bilinear soft

of the same order of the largest supersymmetry-breakingerms in the scalar components of the singlﬁtsln both

;/Eo\ét;nrggazk,\ﬂbiéaiixalﬁ Ioefjt: énloﬂjﬁgg?gdheé?ez\slgf ;TS% tEases, the correct number Rfcharges for Dirac and Majo-
P 9 P %ha mass operators is provided by neutralino mass terms.

Yﬁ;ug Zl;attr:)?(zt)r '“R@i;rrtﬁggztﬁgw ef ? ; g/ilapti\?(frc]:?)rritriet()ju:i)gns The supersymmetric models that we consider here contain
peral : ; 1arge ra . : aB—L symmetry broken at some large scMe; and three
to the Majorana mass for active neutrinos arise. We discuss

these contributions explicitly in the case of a gauged?dditional SM singletN with tree-level massVig. Dirac
U(1)s_, , when also potentially large contributions to Dirac mass operators mixing active and_ sterile n_eutnnos as well as
masses are induced. Majorana mass operators for active neutrinos are generated

at the quantum level via loops with virtual exchange of neu-
tralinos and sneutrinos. Explicit expressions for the corre-
sponding couplingsn, andm; are given in Sec. V after a
detailed description of the neutralino and sneutrino mass ma-
If the gauge sector is enlarged as in a typical model thatrices in Sec. IV. For unsuppressed soft parameteasid B
leads to the seesaw mechanism, the phenomenology of tfé~B~m,e,), Dirac masses mp are of order
neutrino sector becomes much richer. The phenomenology of (Myead87) (Myea/ Mc)?, Whereas Majorana ones are
other sectors becomes also more interesting. The presenceﬁﬁmwea;[&-rz)(mweak/MR)3 for M r>>Myeak and
the heavy scaldl ¢, typical of seesaw models, for example, ~(BMg/Myead87?) for Mg<myeq. (The qualitative be-
is felt also in other sectors. Some neutralinos become verkavior of the radiative contribution to Majorana masses ob-
heavy and, depending on the details of the specific realizaained in the second scenario of Sec. Il is discussed in Sec.
tion of the model, also some supersymmetric partners of nel.) Of the resulting six eigenvalues, three are certainly light.
trinos, or sneutrinos, can be at the same large scale of the
B—L violation.

A suppression factor for small neutrino masses, therefore, sy trino masses can be obtained radiatively also in other models.
does not necessarily need to be induced by the right-handeg,ong them, the zee model and its supersymmetric version have
neutrinos. Indeed, there is at least one and, possibly, tW@ng been known. For recent discussions on this possibility and
mass matricegneutralino and sneutrino mass matriceéth  references to other radiative mechanism scenarios, see| 0.
the same seesaw pattern of light-heavy scales that was onfjee also Ref31] where Dirac masses are obtained at the quantum
present in the neutrino mass matrix in the nonsupersymmelevel in nonsupersymmetric models with extended gauge groups.
ric case. Itis clear that the transmission to the neutrino sectovery popular are als®,-violating models in which two neutrino
of a suppression factor induced in the neutralino and/omasses are generated radiativig].

IIl. SUPERSYMMETRIC RADIATIVE MECHANISM
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The other three are light or heavy depending on the value of 1f , with massm, = —mp(1/Mg)m, and three heavy ones,

the tree-level Majorana masskk; for the singletsN. n=wvg+ vk, with massm,=Mg.

Thus, two classes of possible scenarios emerge, discrimi- In supersymmetric models with violation Bf~ L at some
nated by the value of the mass paramdgy. In the firstone large scaleMg, both Dirac and Majorana mass operators
Mg is large, sayMg~Mg, and the resulting three states can be generated radiatively through neutralino-sneutrino
are of O(Mg). The states; can be easily of(eV) or less.  loops. Suitable suppression factors, with the task of keeping
The main contribution to the corresponding eigenvaluesnp andm; well below the electroweak scale, can be induced
comes from the Majorana masses, which dominate over by the seesaw pattern of high-low scales in the neutralino
m3/Mg. Therefore, the heavy U(3), scale can be as light and/or sneutrino mass matrix.
as a few hundred TeYNotice that, if the lack of a dynamical ~ The SM fields are charged under tBe-L symmetry,
explanation for such a large scaly is tolerated, the same Which, for simplicity, is assumed to be a(l) symmetry.
neutrino spectrum can be obtained without introducing d\evertheless, the following discussion can be easily general-
U(1)g_, symmetry] ized to larger gauge groups. Under Ug1) , quark, lepton,

In the second classViy is very light and Dirac masses and Higgs chiral superfields are charged in such a way that
play a much more relevant role. Thestates can be as light all Yukawa interaction terms are invariant under U¢1) . A
as, or lighter than, the,;’s, which are at the eV scale M ¢ charge assignment that leads to vanishing gauge anomalies
is ~10" GeV. They can be heavier, as, for example, up tolS, however, uniqug35]. It is given by
the scale required to explain the motion of pulsars. They can
also be degenerate with the states in the particular case of Xqo=+1, Xg=+1, Xpg=-3, Xy=-2, Xg=+2,
the exact vanishing df1x: in this case, for each generation
i, the two Majorana states; andn; are equivalent to one  x =3 Xg=+1, Xy=+5. (8)
Dirac neutrino. The key ingredients for this second class of
scenarios are the lightnessiMf; and the seesaw suppression Neutrino Yukawa terms such as those in EL. can be for-

of mp originating in the neutralino mass matr?x. Ways to bidden at the tree level by the discreZg symmetry dis-
renderMr much smaller thamMg are discussed in Sec. IV. ¢ ;s504 in Sec. II. On the other hand, soft supersymmetry-

From the phenomenological point of view, UELL  preaking trilinear terms involving sneutrino fields can be
scales as low as those needed for these two classes of s¢ duced by superpotential terms such as those in (2.

narios are either too heavy or marginally suited to give clea(Nhen the spurion fiel, which is neutral under U(%L).
collider signatures due to the additional neutral gauge bosognd ha<Z,, chargez (Z)=1 —1, acquires the supersymmétry-
n n 1

or, possibly, heavi states. Drastic deviations from the phe- yiolating VEV 7, . As already explained in Sec. II, the same
nomenology of the minimal supersymmetric standard modepperator gives rise to tree-level Yukawa couplings wizen
may, however, be observed in the scalar sectoMif  acquires the supersymmetry-conserving VEY. In order
=Myeak- Phenomenological consequences as well as cosmgp avoid too large neutrino masses, a hierarchy betwéen
logical implications of these two scenarios are postponed t@nd 7, must exist. The possibility of implementing such a
later work. Fina”y, in Sec. VI, we recall that in a scenario of hierarchy, which was a|ready assumed in Sec. Il, will be
radiative neutrino masses, also Yukawa couplings are genegiiscussed in Sec. VIIl. The tree-level contributions can then
ated radiatively. These are nomaturally very small: i.e., pe naturally suppressed to give neutrino Yukawa couplings
~Mp /Myeax for the dimensionless Dirac coupling and as small as~10"'3 and Dirac masses well below the eV
m|_/m$Veak for the dimensionful Majorana coupling. For range.

Dirac and Majorana masses in the eV range, they are in Majorana mass terms (1/2)xNN are assumed to exist at
general larger than the coupling induced by Yukawa operagq tree level. It is easy to see hdvig can be completely
tors of higher dimensionality. disentangled fronMg. Majorana mass terms, indeed, are
induced by higher-dimensional operators in the superpoten-
IV. RADIATIVE SEESAW MECHANISMS tial [different from those cons_idered in the case without a
U(1)g_,. symmetry discussed in Sec] that are neutral un-
Six massive Majorana neutrino states are usually obtaineder Z,, and U(1)_, . For a generi,, symmetry, these op-
in a three-family scenario with three left-handed neutrinos  erators are
and three right-handed oneg with mass operators

W= dMZZNN, (9)

1
1 — 1 1 1
- EmaSS: - E VICmLVL‘l' VRmDVL_ E V:—\;CM; VR+ H.C., 4 (M P)m+
@) whereas, if the discrete symmetfzy, is Z,, the lowest-order
operators are
where C is the charge conjugation matrix. Here and in the
following, all family indices are omitted for simplicity. In the 1 1
conventional seesaw mechanism, with=m,.&Mg, the W=-——®"™NN. (10
. . T . 2 m-1
six Majorana states are split into three light ones; v )
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In both cases, the fieldb is a SM singlet that breaks A. Sneutrino mass matrix

U(1)s_, and gets a VEV ofO(Mg). It is charged under As long asMy, is different from zero, a bilinear and lepton
U(1)g_, with chargeXy . The powemin Egs.(9) and(10)  number-violating  soft supersymmetry-breaking term

depends 01Xy, , once the charge assignment foiis fixed as  (1/2)BMgNN is always induced. Since the parameBds, in

in Eq. (8). It is clear, then, that the Majorana madg, does  general, at the electroweak scale, this term may be very large
not need to be of the same order Mg, and it can get or very small, depending on the value Mf;y. The complete
values over a wide range of scales belbly . Indeed, if the  sneutrino mass potential is given by

discrete symmetry that forbids tree-level Yukawa terni,is

it may be of O(Mg) if m=1. If m=2, depending on the
value ofMg, it may be a few orders of magnitude above the
electroweak scale or at the eV scagee possible values of - e o
Mg discussed in Sec. VIl It can also be extraordinarily +B*N*N*)+ (AvNN+A*yN*N*), (12

suppressed if a generf;, symmetry is assumed anddf has
the U(1)_, chargeXg=—1. For the charge assignment in
Eq. (8), it is, for example Mg~MEA2/(Mp)*L Finally, if
we impose the symmetry in EQ3), the higher-dimensional

B prnpun | —
—EmasgmlgN*N+m§N*N+M§N*N+EMR(BNN

wherev is the VEV of the relevant Higgs doublet. When

redefining the sneutrino fields as =N and vr=N*, the
above expression for L,,csbecomes

operators in Eqs(9) and (10) are forbidden and the exact o o 1 o

vanishing ofMg is guaranteed. — Linase M-V v+ ME vk vp+ MEvE R+ >Mk( Brivh
Notice how the presence of a gauged U{1) symmetry

prevents, in general, unwanted vacua with nonvanishing lep- + B*;R;RH(AU;’FZ;LWLA* v;’f;R)- (13)

ton number. Indeed, in contrast to the situation described in

the second scenario of Sec. I, no dangerously large bilinear A nonvanishing soft parametd in Eq. (13) induces a

soft supersymmetry-breaking terrBd are induced by the splitting in the CP-even andCP-odd sneutrino states. By

same operators that generafe . ~ decomposingy, and vg as v.=(v_, +iv _)/y2 and g
Tree-level Majorana mass terms for left-handed neutrinos_

. 2= (Vg +ivR_)/\2, the sneutrino m ntial can, then
are strongly suppressed. They may arise from superpotenn%(I;%resg';d)g\s/—’ the sneutrino mass potential can, then,

operators:
YL+
1 1 1, - - - VRe
=___—  _@m _ _- 2
W 4(Mp)m+lq) LHLH, (1) cmaSSZ(VL+ PR DV o
Vr

where® is another SM singlet needed in additiondoto (14
cancel U(1}- anomalies. It has U(%).| charge opposite The matrix M2, is, in general, a rather complicated ma-

to that of ®. As in the case of the operators in E®) and  trix. For one-generation neutrino fields, i.e., ignoring the
(10), also these Majorana mass terms can be forbidden by tHavor-changing structure ok, B, myj, andnm,, M2..,is

symmetry in Eq(3). the following 4X 4 matrix:
m? E(A+A*)v 0 i—(A*—A)u
! 2 2
1 , 1 o\ i
S(ATAT )Y | M3+ 5(B+BY)Mpt+mi| o (A-A%) 5(B*—B)Mg
(15
0 ' (A—Ar Z L A+ar
5 v my 5 v

i [ 1 , 1 2
E(A*—A)U E(B*_B)MR E(A+A*)U MR—E(B'FB*)MR-FIT};

“Depending onXg, it is also possible that no Majorana mass term Nois allowed due to a residual unbroken discrete subgroup of
U(1)s_., even if no other symmetry as that in E®) is imposed.
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This matrix SImp'IerS drastically wheA andB are made zeroth order |n»y ForM RZO! Mﬁ_ and M 2_ coincide, and

real using phase rotations of tlheandﬁsuperfields: it re- the sneutrino mass potential has the well-known form
duces, in this case, to the block diagonal matrix

2 ~
m-  Av
Mi 02 ) y —(7* Tx I L 20
M gneut:( 0, M 2 | with mass ( v VR) Av rn‘g} ;R ) (20
m2 Av once the phase of th& parameter is rotated away. Then, the
M2= : .| (16)  eigenvalues are given by
© \Av Mi=BMg+md

2
V1,2

1
(The same decomposition 0¥12 ., is found in Ref.[36]; =§{miz+ MET\(mi—me)2+4(Av)?}, (21

see alsd37].)
: 2
For largeMg (~Mg), the two matricesM % have the  gnq the diagonalization matrix takes the following form:
typical pattern of light-heavy scales present in the neutrino
mass matrix in the conventional seesaw mechanism. Of the

four eigenstate® 1, 7, ,, ¥_ 1, andv_,, two (¥.. ;) are 1 %
at the electroweak scale and twi.(,) are heavy, i.e., at the me—m? ms—m;
scaleMg. The two states in the light pair and those in the U= 2—21 (22
heavy pair have masses that are split by terms proportional to 5, MG, Av
B. These splitting terms are suppressed by powers of - m2— m2 1
(Myea/ MR). It is, indeed, von
m% :mrz{]_—(ac)zﬁzi(ac)zbﬁs-i- oBH}, If v is nonzero, the masses for t@dP-even andC P-odd
=t sneutrino states split, and the eigenvalues/vbﬁ now be-
M, =M&{1=bp+d?g*+0(")}, (an ome
2 2
where the definitions 5 , M,mm )
m: =M. *———mby+O(m:y?),
V+1 I mE —n¥
ny A B v n, v2 M
BE—, a=—, bE—’ c=—o, dE—,
R my my ny ny s 2
(18) 2 2 v 12 2
o m; =m; £———mby+O(mjy?), (23
were used. At the same level of approximation, i.e., up to Yr2o 2o mE —m¢
V2 1

terms of O(B%, the two diagonalization matrices of

2 .
Mz, U., are given by with b defined in Eq.(18). At the same level of approxima-

~ o tion, the corresponding diagonalization matrités are
L=+ +,1
VR+ V+ 2 U.
1 —ac(—B2=bB3)\ [ V. Av
E( 2 3 - 1 . 5 5 1+x. 35 3 Y=+
ac(—B°thp°) 1 Vs o rn;—rn;l rﬂ;—rn;1
(19 B m% - m% Av ,
. .. . . 2 1 - 2 2 +Y+ 1+X+
A Majorana mass operator radiatively induced by sneutrino- m-—ny- -
neutralino loops must have a coupling proportional to the '
mass splitting of the light or heavy sneutrino pairs, since this (24

is induced by the lepton-violating parameter. Notice that _
the splitting of the two light eigenvalues comes only at ordetvherex.. andy.. are given by
(Myead MR)3. It is, therefore, conceivable that a Majorana

mass term can be sufficiently suppressed by several powers o (Av)? m2b
of (mweak/MR.). ) = _(m?_mg)(mg _rng)Z iR
For very tiny Mg and small BMg/mg,.,), the correct v 2N

expansion parameter needed to calculate eigenvalues and

. 2 . . . . . 2 2
eigenstates oM £ is the inverse of3, which we indicate by Av n,—my
v. Since eigenvalues and eigenvectors are more involved in Y+ =Xs m— m2 + Av : (25
this case, we express them in terms of those obtained at the v
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Differently tr;]an inhth;a case with ﬁpposit:e hiera;cEy, i.e.the U(lkx., gaugino X. On the basis

MRg>mMyear, here the first nonvanishing splitting of the two ~< =~ ~< 1, & = \T . .

pairs of sneutrino eigenvalues is linear in the suppressioﬁ%fﬂlﬁzg\;\lgﬂOHO) » the neutralino mass matrix, when

parameter Mg /mMyeap -
In the second scenario discussed in Sec. Il radiative con- T

tributions to the Majorana mass for left-handed neutrinos are ~ Limass= V2ABXW[KY|[W;3HoHo)

possible and potentially large. In this scenahbg is small, .~ _ Tt

i.e., MR<mMyea but BMg, induced by the operata#d), is X Mieu BXW[KY[|Ws HoHo) ", (29

larger than all other entries in the sneutrino mass matrix if .

F5 is of the order of the maximal VEV inducing supersym- acquires the form

metry breaking. For coefficients, of O(1), a value ofF;

smaller than the typical VEM MM p is required in order mg Mmx 0 [0 0f 0 gvgv

to avoid a tachyonic sneutrino state. Wh&p is minimally

reduced, the splittings in the two pairs of eigenvalues of the M

two matricesM % is of =O(m2.,). However, it is easy to e X

convince oneself, at least posteriori that the requirement

m, =1 eV implies BMg< M2ea Therefore, the approxi- 0 Mg 010 030 00

mated expressions in Eq&3), (24), and (25) still hold in
this case.

Mgi0O 0 0 gv gv

B. Neutralino mass matrix Meutr =

The neutralino sector of this model is also more involved 0 0 0 jve O O 0 0
than in the minimal supersymmetric extension of the SM.
The spontaneous breaking of UgL) is encapsulated in the
superpotential terms

0 0 010 0fmy gv gv

1 _
w= EY(c1>c1>—v§,). (26) gv gv 010 0llgv 0 4
Here, Y is a chiral superfield neutral under UEL), that gv. gv 0|0 Offgv p O

forces® and @ to acquire VEV’s(d))z((I_)):v(p, which (30)
can be assumed real and positive. The two fiskdand® |5 Eq, (30), the two-component notation for the spinor fields

¥, which is absorbed by the U(3), gauge multipletX, ~ ) o~
and a chiral field. The effect of this super-Higgs mecha- 0 ¥, whereas the Majorana-type masg for the gauginoX

nism is that the gauge multiplet acquires mass is a soft supersymmetry-breaking parameter of the order of
the weak scale. The entmn,,,, also at the electroweak

_ scale, is a mass terms that mixes the UY(aApd U(1)_ |
Me=29xXslva, @7 gauginos. The generic symbgl stays here for the product
of a SU(2)xU(1) gauge coupling times one of the two SM
VEV’s and some normalization factor, and it is not always
the same in the different entries &fl,,. The diagonaliza-
tion of this matrix through a unitary transformation

1 (D' MpeuD) leads to eight mass eigenstajgs, related to
W= ——YK2+u4YK. (2g)  the current eigenstates through

242

where gy is the U(1lk_, gauge coupling andXy the
U(1)g_, charge of the fieldP. The superpotential in Eq.
(26) reduces to

B (BXW[KY|WsHoHo) =D (x3XXSXIXEXEXTXD) -
(Notice that a potentially dangerous couplifdiH, which (31)
could shift the scale of the SM breaking uphs, can be

easily forbidden by making use of &symmetry) oo, and two are almost degenerate, at the skble Their

The implementation of a spontaneous breaking o differ b Il sian: th litting in the absolut
U(1)g__ requires therefore the inclusion of at least three gmasses difier by an overall sign, the splitting in the absolute
value of these masses is of ordaj,.,.. The remaining four

neutral singlet superfields. As a consequence, new neutraling

states are present in this model in addition to the usuaf'genstates are at the electroweak scale.
In order to visualize the relevance of these states for the

B, W, Ho, andH,. For the three new singlet superfields radiative generation of neutrino masses, in particular of
o, d, andY, the new neutralino states ade, K, Y, and Dirac type, it is convenient to take the limit—0 in the

Of these mass eigenstates, two are degenerate with mass
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neutralino mass matrix. Mixing terms due to @Y can be any of the remaining parameters in the uppeB83
Higgsino-gaugino couplings as well as @Jgaugino-Ul)  block of Mpeyy, i.€.,Mg, Mpyiy, Or Mx. It turns out that the
gaugino Coup“ngS, which are of ordamﬁ/?n)z, with Fn a lowest-order suppression factor comes with poieks will

soft supersymmetry breaking parameter, are in this case n€ stressed later, this fact has important phenomenological
glected. In this limit,Me reduces to a block-diagonal ma- consequences.

trix. The lower 3x 3 block has no relevance for the radiative ~ We close this section by giving explicitly eigenvalues and
generation of neutrino masses, since no(gu-”ggsino- eigenvectors of the 83 upper block in the neutralino mass
neutrino-sneutrino couplings are possible in the absence dnatrix (30), assuming that its elements are real. The three
tree-level neutrino Yukawa couplings. The centrak2  €igenvalues are
block turns out to give a vanishing contribution to neutrino

2 2

masses. Therefore, in this limit, thex3 upper block is the ~ ~ N X HfX  Z
only one of interest to induce Dirac neutrino mass operators. xo e M Mg) =1 “2-%18g 2|
Fermionic and scalar components of the singktsndeed, (32)
couple o.nly to th.e gaugin¥ and the f|eld<.. Howevier, once wherea, z, andx are
the rotation(31) is performed, all mass elgenstate% par-
ticipate in the vertewR}}%R, with couplings that are larger mg M mx

~0 ~0 ; a=——, Z= , X=— (33
for the heavyy; states. Two of thesg; states are a linear Mg M ms

combination ofK andY only, obtained through a rotation at

45° of K andY. These states have exactly opposite masseAt the same level of precision in the small parametethe
+v4 and their contributions to Dirac mass operators canceteduced X 3 diagonalization matrix, defined by
identically. A similar feature holds for the contribution com-

ing from the two states that are maiffyand¥. In this case, (BXY)T=D 3 (xoxIx®)", (34)
however, the cancellation is not exact, but it is spoiled by

powers of the suppression factanfe,/Mg), wheremyeac IS

L ,Z z[ . x” z 2(1 x)
- = ——=|laTa - ——|la—a -
2 J2 4 J2 4
D z " 1tas 3 ol U 3 35
(3)~ a E aZ—a 3—2 E - aZ (2% 3—2 . ( )
s 1 L X L7 1 L X L7
a E a4 a 3—2+ > E +aZ o 3—2+ >
|
V. EFFECTIVE DIRAC AND MAJORANA NEUTRINO responding diagram is shown in Fig. 1, where the sneutrino
MASSES soft paramete, which breaks chiral symmetries, and the

We are now in a position to evaluate Dirac and Majorandeutralino Massm,o, which connects left- and right-chiral
mass couplingsnp andm, . Since Majorana masses violate fermions, are shown as mass insertions.
lepton number, they can only be generated for nonvanishing The Majorana masklg, which couples the singlets, is
BMg. In contrast, Dirac masses can be obtained also fopssymed to exist at the tree level, but to be small. Therefore,

Mg=0. In the following, we give expressions fan, and  he approximation in Eq20) is sufficient for the determina-
m_ classified according to the value bfg. As in the previ-

ous section, also here the flavor-changing structure of the

soft parameters in the sneutrino potential is ignored. All the y Av
following expressions fomp andm; hold for each genera- . a N
tion. A generalization to the case in whi¢h B, ny, and VL _.o” R
nT,, have a nontrivial matrix structure is technically straight- Pt K
forward but leads to more involved formulas. vy, ’,’ ‘\‘ VR
A. Dirac neutrino massmp, Mg=0 Xo
J

The radiatively generated Dirac masg, is evaluated in
the mass eigenbasis for neutralinos and sneutrinos. The cor- FIG. 1. Diagram contributing to the Dirac neutrino mass .
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tion of the sneutrino mass eigenstates. They are, in this casdecoupling limit. The effectiveness of the suppression factor

only two, 7, andv,, and are both at the electroweak scale.(ﬁ/MG)2 is recovered only when alst is increased

The current eigenstate vertexgXrg has a coupling and/or the trilinear parametefsare decreased.

—i\2gxXy WhereXy is the charge of the singlet superfield

N under U(1)}_, . The gauginaX couples also to the left- B. Dirac neutrino massmp , Mg>Myea

handed neutrinos and sneutrinos with a similar coupling If the Majorana masM is non-negligible, thel® P-even
—i\2gyX, . A straightforward calculation of the Dirac neu- and C P-odd components of the sneutrino states are split by

trino mass, in the one-generation case, then, yields lepton flavor-violating mass terms. Therefore, when calculat-

ing mp, the general form in EqA5) for the sneutrino mass

(Av ) matrix has to be used or, at least, that in Eif) obtained in
Mp = 8772 )My O{gYYLD11+ng D2 the basis in which thé\ and B parameters are real. In this
. 5 basis,mp gets the form
+92T3LD61}|(W§1,m;2,m;(?), (36) (Av)
m E(gXﬂD)nro{gYD +gyX, D
where the function(m3 ,m3,m3) is defined i31], Y, is the T R M
hypercharge of the S@) leptonic doubletT 5, is the isospin 2 5 2
of the neutral component of this doublet, alds the neu- +92T3LD61'}[|(”‘;+,1’”‘{/+21”§?)
tralino diagonalization matrix defined in E(1). 5 5 5
This result becomes particularly transparent when the +H(mg . m5 Mo ] (39
- - j

limit v—0 is taken in the neutralino mass matrix. In this
limit, the mixed contribution ofiW; and heavy neutralinos When taking the limity —0 in the neutralino mass matrix,

vanishes, and the third term in the curly bracket of B  also in this case, the mixed contribution ¥f; and heavy

drops out. Thus, in the approximation of vanishing phases imeutralinos vanishes. Moreover, Mg=Mg, much above
the neutralino mass matrix, the Dirac neutrino mass becomage electroweak scale, whiler, =nr, =m=mg, the
-1 +,

above expression reduces to

ngxY X ( A M 2|
Mp= 872 LXN(AD ) Myix) — Mg (m m~ mB) Ox AU 2 M
mp~ —— Xy M gYYL 2lo o9 vz
2 _ 2 8w R e Mo
2 2 Ox Av | [ mx| [ mg
s e MG 1+ XX — || — YRR mx Mg
12 8w mg/ \ Mg G + gy X, ) 2Iog 1” (40)
(37) M8 Me

where higher orders in the expansion parametag /(M g) in the approximation of vanishing phases in the neutralino
have been neglected. Notice that in the absence of a magass matrix. Although different in some details, this expres-
term mixing the U(1) and U(1)_, gauginos, a contribu- Sion for mp is qualitatively very similar to that obtained

tion to the Dirac massn, comes from puré&X-X exchange. whenMg=0. The double Suppressiom{e,/Mc)? seems,

Finallv. in th imati 2 i ~m<M2 . th therefore, a typical feature of radiatively induced Dirac
ihally, Inhe approximationnt; =nt, =mMmg 6 M® masses. It holds, indeed, for any valuehdf .

C. Majorana neutrino mass m_ , Mg=>meax

Ox Av

Mp~ —— A\

M . . .
gYYL( m'x) The Majorana neutrino masa, violates lepton number
mg and must have a direct dependence on the soft paraBeter

above result can be cast in the simple form
E)z
872 Mg
which is the only lepton-number-violating parameter in the
%| 2 Iog( %) 3 +gX, ﬂ)] (39 Sneutrino potential. The diagram needed to obtaim, is
mg 2 mg shown in Fig. 2. The parametess and B as well as the
relevant gaugino mass are shown as mass insertions, al-
For soft supersymmetry-breaking terms at the electroweakhough the calculation is done using the mass eigenstate for-
scale, the Dirac neutrino masy, , besides being suppressed malism. The neutrino mass is directly proportional to the
by a loop factor, is moved away fromm,,., by the ratio
(MyeaMg)?. The behavior mp=(Myea/87%) (Myear/
Mg)? is quite general and it is not limited to the choice of
gauge group U(lp- madg here. It has tozpe observed, '[33]. In the absence of additional singlel§ a lepton-number-
hE"Ve"e“ that the suppressmn factonfea/Mc)“ is actually violating soft supersymmetry-breaking trilinear term was allowed.
(M/Mg)?, where m is a generic soft supersymmetry- A mass splitting among left-handed sneutrinos was induced at the

breaking parameter. Therefore, because of its dependence 6ne-loop level and a Majorana neutrino mass at the two-loop
a fixed scaleMg, mp tends to grow in the superpartner level.

5A different possibility was considered in the last reference in
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6

1
m=—: >, (9yYLD1j+9xX Dy

vB*Mpg
I 472 =1

AU‘\)//’ER I)R‘\\(/'A’U
: +92T3LD61)m}?(9YYLD11+ngLDzj+92T3LD5j)

vy ,,4 vr 7L ‘\‘ v ,
. \ (Av) 2 2 2
* X(BMr)—5— 5 [1(m; m; o)
Xj (g, —m)
FIG. 2. Diagram contributing to the Majorana neutrino mass +I(rrr2 m2 mgo)_2|(mg m2 mgo)] (43)
V2’ VZJ XJ Vll Vz’ XJ 1

m|_.

2 . . . L
splitting of each of the two pairs of eigenvalues of thewherem; are defined in Eq(21). When taking the limit
sneutrino mass matrigl6), induced byB. The largest con- 0 in the neutralino mass matrix, the contribution from

tribution to the Majorana mass comes from the splitting iniveq propagatorB-Ws drops out and the dominant contri-

the lightest eigenvalues. The splitting in the two heavy el_t&utions come from th@-B and W,-W, propagators. It is

genvalues, which appears at a lower order in the expansio . :
parametemnt /Mg than the splitting in the two light eigen- easy to see from Eq43) that the Majorana neutrino mass

values, gives a much more suppressed contribution. The r%‘L generated when Mp<Myes is of order (1/

2
[ti i ; w )(BMR/qual)- ] ] o )
sulting expression Is The expressiori43) is valid also for the radiative contri-

1 8 bution tom, obtained in the secondree-level scenario of
m=—-; E (9yY D1+ gxX Dy; Sec. II, in which no U(13_, symmetry is imposed, and
A =1 generically for the contributions obtained whihy<m,eax

andBMg=m2.,.. As was already argued in Sec. IV A, ac-

+05T3 D )Mzo(gyY  Dqi+9xX; Dy +05T3 Dg:
92T5.De)) MGy YD1+ xX D2y + 92Tl o) ceptable values ah, arise, in general, wheBMp is not too

Ao\ B\ 3 close tom2,,,. Although the supersymmetry-breaking pa-
x| —| | — (—') (meme m). (41  rameterB is very large, the approximations made in Sec.
my) \my/\Mgr 1T IV A, as well as the resulting expressi¢h3), are still appli-
cable.

When taking the limitv—0 in the neutralino mass matrix,

the contribution from mixed propagatdBsWs drops outand v, EFFECTIVE YUKAWA NEUTRINO AND SNEUTRINO
only the pureB-B, X-X, and W5-W; propagators survive. INTERACTIONS
Furthermore, assuming a real neutralino mass matrix, in the

limit m% zm% 2n1722m§2m\27\,, as well asM g~ Mg, for The Yukawa interaction terms Higgs boson-lepton doublet
+,1 -1

, , right-handed neutrino are also induced radiatively. The dia-
the functionsl (., .,.), theprevious expression becomes grams for the neutral-Higgs-boson—left-handed-neutrino—

s right-handed neutrino interaction term are similar to that in

m [(9yYL)2Mg + (9T, ) 2Mii} Fig. 1, with the external scalar line being that of a physical
Mg yYL) " MeT (9213 )" Mwr- peyral Higgs boson. Analogous diagrams generate also the
(42) vertex of charged Higgs bosons, charged leptons, and right-

handed neutrinos. The interaction termsy H°H® as well

It is interesting to see that the suppressian,{,/MRg) aseeH'H" are obtained from variations of the diagram in
comes with a higher power than in the expression fo[Fig. 2. The main characteristic of the couplings associated
the Dirac mass mp. It is, indeed, m_~(Myeal with these terms is that they are momentum dependent with,

8772)(mwea|fn2/M‘g)- Also in this casem, tends to increase in general, complicated form factors. Although different

2 . .
in the superpartner decoupling limit and its smallness can bgom mp /v andmy /v”, they have, however, the dimension-

retrieved by tuning the parameteksandB to be very small  ality and order of magnitude of these ratios.
or raising the value oMg. For a Dirac mass in the eV range, for example, the effec-

tive Yukawa coupling is~ 10~ L. The smallness of this cou-
pling is nownatural and, as the smallness ofy, owes its
origin to the seesaw pattern of widely different scales for the
If Mg is much smaller than the electroweak scale, theneutralinos entering in the loop calculation. In the SM, when
Majorana neutrino mass),_ is not suppressed by the large the Higgs mechanism is the only way to obtain small neu-
scale~Mg. In this case, all particles exchanged in the looptrino masses, such a small value can only be imposed by
in Fig. 2 have masses of the order of the electroweak scaldand. In the traditional seesaw mechanism, the couplings for
and they all contribute ton, . Thus, the suppression factor Yukawa interaction terms are @(1). While the phenom-
only comes from M gr/m,o) When all the supersymmetry- enological relevance of these terms for possible collider sig-
breaking parameters are around the weak scale. The Majorals is marred by the presence of right-handed fields at scales
rana neutrino mass is given by ~10'? GeV, these large couplings have subtle consequences

1 2

Av
872

2

my

B

m = I
my

D. Majorana neutrino massm; , Mg<€Myeax
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in other sectors. For example, they alter the pattern ofntroduced. In this class of models, contributions to Dirac
Yukawa couplings unificatioi38]. Moreover, they lift the and Majorana neutrino masseg, andm, entering the neu-
predictions for lepton-flavor-violating processes involvingtrino mass matrix

charged leptons, such as the degay: ey, by inducing siz-

able splittings among charged sleptons of different genera- mom
tions. Indeed, these processes, which are realized at the quan- ( L D) (44)
tum level, may be detectable if the mass of the charged mp Mg

sleptons exchanged in the loops is not too he38).

In the scenarios presented here, with intrinsically Smallare enerated at the tree level and/or at the quantum level
effective Yukawa couplings, large rates for lepton-flavor- 9 q ’

violating processes are obtained if a large splitting among thA’he overall results obtained for neutrino masses can be clas-

charged-slepton masses of different generations exists a?—'f'Ed according to the value of the right-handed neutrino

massMpg.
ready at the Planck scale or at the scale of (1 )break- R . . .
ing. Notice that, although small, these effective Yukawa cou- (1) IfMM F§>'S Iargetﬁnough Itot be hllerarcthlcallty.sptl!t fro;n
plings, obtained radiatively, are, in general, much larger than weak: d R> Mweak: ¢ € clzlompfe edc.)rt.arges' qon_frlt# 'Ol.nshto
those obtained at the tree level from the operators in(Bqg. m,_ andmp are, naturally, of radiative origin 1t the ig

Indeed, these tree-level Yukawa couplings are naturally!€uliino states are assumed to-b& eV. This case is natu-

~10"13 see the discussion in Secs. Il and VIII. In some 2y realized when a U(ly., gauge symmetry broken at a
specific cases, however, they may be larger and even corlrge scaIeM'Gh IS introduced. fMg=Mg, thezMajorana
parable to those obtained radiatively. In this case, the actud@SS M., With its dependencen, ~ (Myead87) (Muear!

3 - - . .
couplings of neutrino Yukawa interactions are of mixed ori- 1R) " i mgCh smaller tr;an the Dirac masy,, which is
gin. They remain, however, very small. ~ (Myead87) (Myea/ M) “. Nevertheless, the eigenstaigs

The dimensionful couplingm, /v? for the interaction ~Nave mass dominated by, . The eigenstates; are, as in
terms v, v, H°HC andeeH H™ is ~ (102 GeV) ! for m, the usual seesaw mechanism, at the large ddale The six
~1 eV. This is the same dimensionful suppression factof!genstates are Majorana fermions. The mixing arglee-
that can be obtained by integrating out right-handed neutritVéen light and heavy states isin 20V|~2|nb|/MR. There-
nos of masvl s~ 10" GeV if these couple at the tree level fore, the'statesri gndni are, respectively, almost pure active
to Higgs and lepton doublets with couplings ©{1). Cou- and sterile neutrinos. nghfc states at the eV scale require
plings that may arise from operators such as those in Ed\./' R(NMG)M:LOO TeV. This scale, however, can be .de-
(12), in the case of a gauged U(Z), symmetry or from creased if the soft parametefsand B are suppressed with
operators such as the first in EQ) when U(1);_, is not respect tom,.,. Notice that for light neutrinos in the

introduced, are much smaller than the effective couplingSUP-€V range, the tree-level contributionrig, may be non-
obtained radiatively. negligible with respect to the radiative one and affect the

Similar considerations hold also for Higgsino-sneutrino-MiXing angle. o
neutrino operators, which also arise at the quantum level (2) If Mg is around the electroweak scaf®, is, in gen-

[31]. Their couplings are, in general, so small as to be irrel€ral, suppressed with respect e, Only by numerical
evant for phenomenology. loop factors. A drastic tuning oA and/orB is then required

Large are, on the contrary, the trilinear sneutrino softt® reducem, to the eV scale[Small values of these param-

termsA, which can be as large as the electroweak scale. IFl€rs ~may nta)lturell(l_ly oceur i”S a V?augle-mehqliated
this case, relatively large interaction termdi% v, and supersymmetry-breaking scenafime Sec. ViiL] Also this
e ) case, as the previous one of lafde;,, can be realized when
AHTvre are present._They may pOSSIb!y affect_searchgs f(?é U(1)s_, gauge symmetry is introduced.
peutr_al and charged H|ggs poso_ns. Pa_rtlcularly |lnterest|ng IS, (3) If Mg is much smaller than the electroweak scale, the
in th|§ rgsp'ect, thg situation in which t.he ”ght'h?ndedradiative contribution tam, is given by ~ (1/872)(BMg/
sneutrinovg is very light. (For the effect of light sneutrinos  m,,). The Dirac massn, has a tree-level contribution
in searches of the charged Higgs boson, within a generie- 4,u/Mp with v an electroweak VEV. In addition, if no
supersymmetric model, s¢d0].) A dedicated study of this U(1)s_, symmetry is introduced, the left- and right-handed
possibility is certainly important and is left for future work. Majorana massesn, ~v%Mp and Mg~A%/Mp are also
generated at the tree level as discussed in the second scenario
of Sec. Il. If a U(1x_, gauge symmetry is introduced, on
the other hand, we have a radiative contribution to the Dirac

It was shown in the previous sections that small neutrindass 0f ~(Myea/87) (Myea/ Mg)?. The relative size of
masses can be naturally obtained in supersymmetric modeMr With respect to that oy has actually rather important
with right-handed neutrinos, in whict) the lowest-order physical consequences. Therefore, we further distinguish the
neutrino Yukawa operators are forbiddefij) effective following two cases.

Yukawa couplings are induced through higher-dimensional (38 For Mg=mp, the six Majorana eigenstates; (n;)
operators by a spurion fiel@ with a supersymmetry- have masses-m +m3/Mg, Mg, if there is a hierarchy
conserving VEV much smaller than the supersymmetrybetweenMz andmp, or (1/2){MRi\/M2R—4mD2}, if Mg is
violating one, andiii) a U(1)z_, gauge symmetry may be comparable tany . The first case can be realized through the

VII. PHYSICAL NEUTRINO MASSES
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tree-level or the radiative mechanism, or both; the second is 7, , is presented. We recall that, is responsible for the
typical of the radiative generation of neutrino masses with aree-level generation of neutrino masses, whetgagjives
U(1)g-. gauge symmetry. The mixing angle betwegrand rise to the sneutrino soft trilinea parameter. This, together

n; ranges from small, foMg>mp, to maximal, forMg  with a neutralino mass, induces quantum contributions to the
~mp . Notice thatMg~10"2 eV andmp~10° eV could  Dirac massmp. The same parametdy, together with the
explain the solar neutrino problem with an oscillatieg  soft bilinear B parameter and a neutralino mass, induces a
—vg and a small mixing angle. In order to avoid the sameradiative contribution to the Majorana masg . Comments
pattern of oscillation also in the other two generations, aon the size of the parameterd& and B in various
particular flavor structure of the trilineak terms and/or of  supersymmetry-breaking scenarios are also made.

the differentM g has to be implemented. The model is based on a supersymmetric(Blgauge
(3b) The caseMg<my, is typically realized in the radia- theory with four doublet chiral superfiel@ and six singlet

tive mechanism of neutrino Dirac mass generation. In thisuperfieldsZ!!=—2z' where i,j are flavor indices i(]

case, almost degenerate Majorana statgg() are obtained =1, ... 4)[41]. All the Q; andZ' fields are singlets under

with a nearly maximal mixing. Their masses are of orderthe SM gauge groups. Without a superpotential, this theory
Mp~ (Myeal87°) (Myear/ M), SO that a scale @—L vio-  has a flavor SU(4) symmetry. This is explicitly broken to a
lation of ~ 10" GeV is required to obtain neutrino masses in global SP(4)} subgroup if the tree-level superpotentidP]

the eV range.

(4) Finally, there is the possibilith/g=0, for which the Wieem N Z(QQ) +A,Z3(QQ),4 (45)
Majorana statesy ,n;) have masses mp and combine into

a Dirac neutrino, for each family. As discussed in the previ-¢ ;.04 ced. Here, @Q) and Z are singlets of SP(4),

ous sections, in both mechanisms of neutrino-mass generga; a - - - :

. : - . . . ~While andZ?® are five-dimensional representations of
tion, this possibility can be realized by imposing an add_"SP(4}(?a2)a1, .. 5).[Z andZ? are certain Ii%ear combina-
tional symmetry, such as a lepton-number symmetry or itg; o ¢ he7ii fields, (QQ) and (QQ), combinations of the
discrete subgroup given in E3). Notice that purely Dirac gauge-invariant operator€X(Q;) ] The model has a discrete

neutrinos emerge in this case, even when a g(1)gauge : .
symmetry is imposed. From the phenomenological point odlsz%?r?glztéyzn that assigns the following charges to Qeand

view this case is very different from all the others discusse

above. The observed oscillation structure of atmospheric and

solar oscillations can then be explained only as a flavor os- Z.(Q)= E z.(Zh=-1 (46)

cillation. It is obviously very difficult to accommodate in M2 T '

such a scenario the results from the LSND experiment. Natu-

rally, no signal is expected from theés decay. Moreover, and that is identified with the symmetry used in Secs. Il and

relatively large neutrino dipole moments are predicted, i.€.| tg forbid tree-level neutrino Yukawa ternisL H.6 Then,

dipole moments which are not loop suppressed with respeghe 7 field can couple to the SM fields through the superpo-

to neutrino massetsee the discussion on quark and leptoniantial in Eq.(2).

dipole moments in a scenario of radiative generation of fer- e dynamics of the S(2) gauge theory causes the con-

mion masse$33]). _ _ densation of theQ; fields through nonperturbative effects
Both mechanisms for generating small neutrino massegy3] gy integrating out the S(2) gauge fields together with

proposeq in this paper offer a very fertile ground in 'which Q, andZ?, the low-energy effective superpotential
widely different scenarios of neutrino masses and mixing can

be implemented. If the lowest-order tree-level Yukawa cou-
plings exist, then the loops calculated above provide correc-
tions to the tree-level neutrino masses. For unsuppressed . ) )
Yukawa couplings, i.e., for couplings @(1), these correc- 1S obtained for\z>\, whereA is a dynamical scale of the
tions are negligibly small once the sca¥y, is raised, as in SU(2) gauge interaction[Notice that there is a mixed
the usual seesaw case, to get tree-level masses of the corréorSU(2) anomaly and that has therefore &, charge]
order of magnitude. If tree-level Yukawa couplings are, how-Thus, the Z field acquires a nonvanishing term, 7
ever, suppressed by some other mechanism, as explained A “#0 [41], which induces a sneutrin& parameter of
Secs. Il and VIII, then a large variety of neutrino spectra isorder7z/Me. -
possible. The fact that the lowest-order neutrino Yukawa op- The Z direction is flat at the tree level, but it is lifted by
erators are vanishing is therefore a key ingredient to unravdPOp corrections. The corrections to the fer potential

a much wider range of possibilities than that offered by theffom the strong S(2) gauge interaction are noncalculable
traditional seesaw mechanism. and can only be estimated. They give rise to a quadratic term

in Z in the scalar potential. If positive, this term, together
with a linear term due to supergravity effects, induces a tiny

Wer=AA?Z (47)

VIIl. MODEL EMBEDDING

In this section, an explicit model that generates the de-
sired hierarchy between the supersymmetry-conserving and®Here, it is assumed that quadratit n=2) and cubic(if n=3)
the supersymmetry-violating VEV of th& field, i.e., A, terms inZ are absent.
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VEV for the scalar component & [44]. However, there are Here, we have set and the coupling of the superpotential in
also contributions to the mass squared forZtfeeld near the  Eq. (2) to be of order 1. For simplicity, only the case Bf
origin coming from loops of light particles. These are calcu-=m;,, will be considered in the following discussidn.

lable and larger than the noncalculable ones as longiasn It is interesting to compare the size that the above param-
a perturbative regimg45]. The sign of the mass squared is eters acquire in supergravity-mediat¢d6] and gauge-
shown to be positivg45], so thatZ=0 is a local minimum  mediated[47,48 supersymmetry-breaking scenarios. In the
of the potential in the limit of a global supersymmetry. Thus, it the gravitino massns,, as well as thed parameter, is

the scalar potential for th field has the form at the electroweak scale'1 TeV. The effective neutrino
Yukawa couplings are of order 18&® and induce Dirac neu-
N4 trino masses of ordeny=10"2 eV. On the other hand, the

V= @A2|Z|2+()\A2m3,22+ H.c.), (48) A parameter is less constrained. Since Zhiéeld is charged

under theZ,, symmetry needed to forbid the lowest-order
Yukawa operators, its VEVF, cannot give sizable gaugino
and the nonvanishing VEV for the scalar component ofthe masses. Therefore, an additional singl& with a
field is supersymmetry-violating VEVFs=mg,Mp is needed to
give soft supersymmetry-breaking mass to all superparticles.
5 Thus, the phenomenological constraint on the
A :ﬂm (49) supersymmetry-violating VEV of th& field, 7, is only
N F,<ZFs, and this translates intd<m;;,. Although it is
logically possible that thé parameter is much smaller than
) ) ] ] _ the electroweak scale, we may naturally expect thatand
This VEV, in tumn, induces effective tree-level neutrino r_ are somehow related to each other. If this is the case, the
Yukawa couplings of order;/Mp through the superpoten- A parameter is also of order of the gravitino mass. This situ-
tial term in Eq.(2). If mgp=1 TeV andA=0(1), the re-  4ijon was assumed throughout the previous sections.
sulting Dirac ngutrino massems;D:l_O‘2 eV. are sufficiently In a gauge-mediated scenario, the VEY of the Z field
large to explain the solar neutrino deficit by the MSW ¢an pe the primary source of supersymmetry breaking. The
mechanism. I is somewhat smaller than 1, it is even pos- sypersymmetry-breaking effect in tdield can be transmit-
sible to generate neutrino masses in the range needed Ryq to all the superparticles through gauge interactjdis-
LSND and atmospheric neutrino experiments. Note that thigig) and no additional singlet is necessary. In this case, both
tree-level generation of neutrino masses generically occurs ik gnd B parameters are of the order of the gravitino mass
a chiral superfiel&, which couples to SM fields through the (j ¢ | A2=mgy,Mp). Since in the gauge-mediated scenario
superpotential term in Eq2), acquires a nonvanishing aux- Mg, iS, in general, much smaller than that in the
iliary compo_nent at the tree level, but has_a _vanishing Scalaéupergravity-mediated one, theand B parameters are cer-
component in the global supersymmetry limit. tainly below the electroweak scale. Thus, the neutrino
Thus, the above model can yield the desired size ofthe vykawa coupling in Eq(51) cannot give neutrino masses in
parameter and of the effectlve_ treg-level Yukawa couplinggpe range of the varioudm? suggested by different experi-
through the supersymmetry-violating and supersymmetryments, except perhaps for the vacuum-oscillation region of
conserving VEV's of theZ field. On the other hand, 8  the solar neutrino experiments. A substantial contribution to
parameter of the order of the gravitino masg, is always  peytrino masses may come from the radiative mechanism.
generated by supergravity effects. In addition, if -yesym-  Notice that all the expressions for, andmy, derived in Sec.
metry needed to forbid the renormalizable neutrino Yukawa, gtjj| apply to the gauge-mediated case. However, since the
operators is generi@.e., n#2), theB parameter also has a g)yes ofA andB are now smaller, the values b and of
contribution of order?z/A; from Eq.(9), which is generi-  he (B—L)-breaking scaldl s needed to obtain sizable neu-

cally much larger thamy,. (In this case, the value &g is,  trino masses are also lower than those needed in the
however, rather small.To summarize, in the present model, supergravity-mediated case.

we obtain theA andB parameters It should be noticed here that, if th&, charge—1 is
assigned not only to thil field but also to all SR)-singlet
R A2 SM fieldsU, D, andE, then all the SM Yukawa couplings
A M gl Maet 1672my, [for Z, (n#2)], are forbidden and effective Yukawa operators are generated
Mp’ ’ also for quark and charged-lepton fields through higher-

Mz, (for Z),
(50

] ] ’If the discrete symmetry in Sec. IV is generic, i.&,, with n
and the tree-level neutrino Yukawa couplings: #2, it is possible to haviMg=0 and MgB<m2.,,. Then, the
neutrino mass matrix takes the form ((m_,mp)7,(mp,0)7),

1672m wherem, is generated by the diagram shown in Fig. 2, and it is
y,= —3’2. (51) suppressed with respect g, 0nly by a numerical loop factor if
Mp A= (MgB) =M} e
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dimensional operators such as those in2y.The tree-level  Different patterns for different generations may be induced
contributions that these operators give to Yukawa couplinggy allowing a nontrivial structure of the interaction cou-
of quarks and charged leptons are, however, completely neglings.
ligible. Thus, their masses, as well as Yukawa couplings, are The second mechanism proposed is that of the radiative
generated radiatively, as in the framework of RE33],  generation of neutrino masses via sneutrino-neutralino loops.
through trilinear supersymmetry-breaking parameters init is illustrated in the supersymmetrized version of a typical
duced byF,; and gluino and/or neutralino masses. In thismodel that leads to the traditional seesaw mechanism: i.e., a
case, a unified radiative generation picture for quark and lepsupersymmetric model with three right-handed neutrinos and
ton masses emerges. The smallness of neutrino masses with additional gauge interaction broken at a large shbe
respect to the masses of all other fermions is then easiljlevertheless, large radiative contributions to the Majorana
explained by the fact that neutrinos feel the presence of neunassm; may arise also in models without any additional
tralinos and sneutrinos at the large scalég and Mg of  gauge interaction, but with an explicit violation of lepton
U(1)g_, violation. In contrast, the leading contribution to number. Also for this mechanism, as in the tree-level one, the
quark and charged-lepton masses comes from the exchanghief assumption is the vanishing of the lowest-order neu-
of sfermions and gluinos or sfermions and neutralinos at thé&rino Yukawa operators.
electroweak scale. It is shown that(i) the Majorana neutrino madd g for
right-handed neutrinos is not necessarily of ord¥Mg)
IX. CONCLUSIONS and_ can even be exaptly vanishi'ng, did a seesaw pattgrn
of light-heavy scales is present in the neutralino guaksi-

In this paper, two different mechanisms to obtain lightbly) the sneutrino mass matrix. Dirac and Majorana masses
physical neutrino states in supersymmetric models with threen, and m, are induced by trilinear and bilinear soft
right-handed neutrinos are proposed. It is observed that if theneutrino terms as well as neutralino mass terms, which pro-
lowest-order neutrino Yukawa operators are forbidden bwide, respectively, information on chirality breaking, lepton-
means of a horizontal discrete symmetry, Yukawa couplingsiumber violation, and the correct numbeoéharges. Apart
are still induced by higher-dimensional operators suppresseflom a loop suppression factor, ratios of light over heavy
by the Planck mass. In these operators, the three fields thatales, present in the neutralino and sneutrino mass matrices,
participate in a Yukawa interaction are coupled to a spuriorsteermy and m_ away from the electroweak scale. Since
field Z, which acquire a supersymmetry-conserving and ahese ratios enter in the expressioniigs andm, with pow-
supersymmetry-violating VEV, respectivelf; and7;. Ifa  ers larger than 1, their effectiveness in suppressiggand
large hierarchy between the two VEV’s is possible, thenm, is stronger than in the usual seesaw mechanism, and the
naturally small Yukawa couplings can be induced at the tregcaleM g can be much lower.
level. Such a mechanism allows a large variety of possible neu-

Models where such a hierarchy can be implemented existino spectra. In the case of exact vanishinghdf, three
and one is explicitly described in this paper. In this model,Dirac neutrino states are possible, as in the first scenario of
the Z direction is flat at the tree level. This flatness is lifted the tree-level mechanism or in a traditional Higgs mecha-
by loop corrections, and a supersymmetry-conserving VE\ism with highly tuned Yukawa couplings. These states can
Az~16m°mg, is induced by supersymmetry breaking. The have now arbitrary mass depending on the valudlef. In
strong suppression of neutrino Yukawa couplings gets  this case, a texture of neutrino masses consistent with experi-
naturally linked to the hierarchy betweem,, andMp: y,  mental observations finds its origin in the texture of the tri-
~ Az IMp~16m2(my,/Mp). If Majorana masses for active linear A terms for sneutrinos.
and sterile neutrinos are forbidden by an additional symme- |n general, for nonvanishinlyl, six Majorana states;
try such as, for example, lepton number, only Dirac neutrincandn; are generated. For heaW, the three states; are
masses are generated. They are of ordet,v/Mp, with v heavy and no space is left for light sterile neutrinos. For light
an electroweak VEV, i.e., they can reactl0 2 eV if all My, the situation is very rich. The six states are all light.
interaction couplings are assumed®(fl1). Intergenerational The threen; neutrinos, however, can still be much heavier
mass splittings and related oscillations rely on specific texthan thew;’s, in which case the mixing angles betweers
tures of these couplings. andy;’s are very small. There are finally the other interesting

Nevertheless, it is possible to forbid only the lowest-ordercases in which the; andn; states are roughly at the same
mass term for right-handed neutrinos, but leave allowedcale or nearly degenerate, with mixing angles ranging from
higher-dimensional mass operators for left- as well as rightsmall to maximal. Flavor oscillations can be accommodated
handed neutrinogsee the second tree-level scenario dis-in this class of scenarios, as before, i.e., relying on specific
cussed in Sec. )l Besides the Dirac mass, given above, textures of the trilinear and bilinear neutrino soft parameters.
also Majorana masses for active and sterile neutnipand  Oscillations among active and sterile neutrinos are, however,
Mg are present, respectively of orderv?Mp and also possible. Whether this is the answer to the puzzle posed
~AZ%/Mp. Six physical states are generated of Majoranaby the present results of solar, atmospheric, and reactor neu-
type: »; andn; (i=1,2,3). The states; correspond mainly trino experiments is a question which new experimental data
to sterile neutrinos and are the heaviest ones. For all interaavill answer, hopefully, soon. Irrespective of this, it is non-
tion couplings ofO(1), their mass is 10-1CF times larger trivial that such oscillations, as well as those between active
than the mass of the states, which is of order~10"° eV.  and much heavier sterile neutrinos advocated in supernova
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physics, can be easily accommodated in this class of sce- Note added While this work was being completed, we

narios. received Ref[50], which makes another proposal for small
Since neutrino masses are much smaller than all othemeutrino masses in supersymmetric models.

masses, it is plausible to assume that the lowest-order neu-
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