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Naturally light sterile neutrinos
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A simple model to accommodate light sterile neutrinos naturally with large mixing with the usual neutrinos
has been proposed. The standard model gauge group is extended to incBidgaggauge symmetry. Heavy
triplet Higgs scalars give small masses to the left-handed neutrinos, while a heavy doublet Higgs scalar mixes
with the sterile neutrinos of the same order of magnitude. We then present a simple form of the neutrino mass
matrix, which may originate from this scenario and can explain the solar neutrino deficit, the atmospheric
neutrino deficit, the LSND data, and the hot dark matter. The lepton number is violated through decays of the
heavy triplet Higgs scalars, which generate the lepton asymmetry of the universe, which in turn generates a
baryon asymmetry of the univerd&50556-282(199)50203-9

PACS numbsgps): 14.60.Pq, 12.60.Cn, 98.80.Cq

Recently the Super Kamiokandé&] announced positive point out that theoretically LSND result is not disfavored,
evidence of neutrino oscillations. They attribute thedefi-  which is important for motivating future experiments.
cit in the atmospheric neutrino to &, oscillating into a As a solution to this problem, one can say that either
Vatm, Where vy, could be av, or a sterile neutrinosg LSI_\ID result is wrong or_there ha_s to be some other expla-
(which is a singlet under the standard modeith Am2,,,  nation for the solar neutrino deficit. But a more popular so-
=m2 —m2 ~(0.5-6)x 10 3eV?, where », and v; are Iutlon_ is to extend the standard model_to incorporate a sterile

V2 3 ) ' ] neutrino and explain all these experimef®. Since data

physical mass eigenstates angand Vatm aré admixtures of _ from the CERNe*e™ collider LEP[9] ruled out any possi-
these states with almost maximal mixing. There are also inpjjity of a fourth SU(2), doublet left-handed neutrino, this
dications of neutrino oscillations in the neutrinos comingfoyrth neutrino has to be a sterile neutrino, which does not
from the Sun. The solar neutrino deficit can be eXpIained ifinteract through any of the standard model gauge bosons.
one considers,— v, oscillations(where v, could bev,  Incorporating such light sterile neutrino with large mixing
or v, or vg) with the mass squared differenf8] Am2,,,,  with the other light neutrinos in extensions of the standard
=m§x—m§l~(0.3—1.2)>< 10 5eV? where x=2, 3, or 4, model is nontrivial[8]. Recently, there is one attempt to
and it is assumed that, and v, are admixtures of the mass extend t_he radiative neutrmo mass_generatlon model by Zee
eigenstates/; and v,. This mass squared difference is for [10] t0 incorporate a sterile neutrind1]. However, that
resonant oscillatiofi3]. If one assumes a vacuum oscillation Medel cannot explain the baryon asymmetry of the universe.
solution of the solar neutrino deficit, then this number will be ' this article, we propose a new scenario withSid(2)
several orders of magnitude smaller. If we assume a thre8YMmetry, which can provide a naturally light sterile neu-

generation scenaria;,, is then identified withv., so that trino with large mixing with the _other Ieft-hand_ed _neutrinos.
v, and v, are mostlyv, and v3, and vy, could be av, We then present a simple neutrino mass matrix with the ster-

or av,. Considerve,=v.: i.e., v, contains allvy, v,, ile neutrinos which can have its origin from this scenario and
and v5, although v, is dominantly »,, which implies, can now explain the LSND da(a], the solar neutrino prob-

2 _ "2 _ .2 2 2 2\ A2 2 lem[2], the atmospheric neutrino anomaly], and the dark
m, m, = (mv m, )+ (mv m;, ) - Amatmos+ Amsolar : H

2,1, 2 3 3 v Hmo oS98 matter probleni12]. The lepton number violation at a very
~10 _ eV-. Then we cannot explain the_quwd Scintillation high scale generates a lepton asymmetry of the universe,
Neutrino Detector(LSND) result [4], which announced a \yhich then gets converted to the baryon asymmetry of the
positive evidence ofv,—wv, oscillations with the mass yniverse during the electroweak phase transition.
squared differencéalternate explanation is also not possible e work in an extension of the standard model which
[5]) AmZsyp= miz—mﬁl~(0.2—2) e\t. This conclusion is includes a couple of heavy triplet Higgs scaldfs 13,
true even if we considerg,=v, . Although recent prelimi- whose couplings violate lepton number explicitly at a very
nary results from KARMEN 6] disfavor the LSND allowed high scale, which in turn gives small neutrino masses natu-
region, it is too premature to say conclusively that KAR-rally. Decays of these triplet Higgs scalars generates a lepton
MEN rules out LSND[7]. Particularly, since the sensitivity asymmetry of the universgl3]. We extend this minimal
of KARMEN is too low. Only miniBOONE can cover the scenario to include 8U(2)s gauge group so as to extend the
entire region of LSND and tell us conclusively if there is standard model gauge group to
ve— v, Oscillation in this mass range. In this article, we shall

Gext=SU(3) X SU(2) X U(1)yXSU(2)s.

*Email address: utpal@prl.ernet.in The SU(2)s symmetry breaks down along with the lepton
"Permanent address. number at very high energyM), and the out-of-equilibrium
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condition for generating baryon asymmetry of the universéVhen the fieldy acquires a VEV, a mixing of the field#$
determines this scalé [16]. Since all representations of the and » of amountm(x) will be induced. SinceM ,~M and
SU(2) groups are pseudoreal and anomaly free, there is nm,~m,y, to protect the electroweak scale, we then require
additional constraints coming from cancellation of anomaly.

This makes this mechanism easy to implement in different M~ My .
scenarios.

The fermion and the scalar content of the standard modell his choice ofm has a more natural origin in supersymmet-
which transform undeBU(3).X SU(2), X U(1)y as ric version of the present model. The scalar trilinear term

may originate from a scalar superpotential

W=m,p'¢+\pnx

which gives usm=Am,~my,, which is the natural scale of
are all singlets under the gro§J(2)s. i=1,2,3 isthe gen- m.
eration index. The two heavy triplet Higgs scalafg This fixes all the mass parameters in this scenario. We can
=(1,3,1),a=1,2, required to give masses to the left-handednow proceed to minimize the potential. In R¢t3] it was
neutrinos are also singlets und8itJ(2)s. In this mecha- shown that the triplet Higgs scalars get a very small VEV
nism, we add &U(2)s doublet neutral left-handed fermion consistent with the minimization of the potential. In the

S, and two scalars; and y, which transform undeg,,; as present scenario, both the Higgs tripigtand the new dou-
blet Higgs scalam get a tiny VEV on minimization, without

S =(1,1,0,2, »=(1,2,1/2,2, x=(1,1,0,3. any fine tuning of parameters. We assume fhgt +1/2
component ofy acquires a VEV. But that can induce VEVs

There are two scales in the theory, tB&J(2)s and the  to both the neutraSU(2)s components;® and 7° . They
lepton number violating scals! and the electroweak sym- are given by

metry breaking scalen,,. At a high energyM, y acquires a

vacuum expectation valu¢/EV) and breakSU(2)s. Lep- wiP)?
ton number is broken explicitly at this scale through the cou- (€)=~ M2
plings of the scalar triplets. All the new scalars are consid- fa
ered to be very heavy,

q|LE(3,2,1/6, u|RE(3!112/31 d|RE(3,1,_ 1/3),

L=(1,2-1/2), er=(11~1), ¢=(1,2,1/2

M,~M,~M; ~M. (n2)=- —m<d|)\;<2)(+> and (7% )=— —m<":v>l<2)“> )

The fields» and &, do not acquire any VEV. However, once Since, p~Mg ~M,~(x+)~M and m~my~(p)~my,
the standard model Higgs doublétacquires a VEV, these e get,
fields &, and » acquires a very tiny VEV, which in turn gives
very small masses and large mixing to the neutrinos.

Consider the most general potential of all the scalars in ()~ (") ~(7%)~0
the model €,,7.x.¢). There will be quadratic and quartic
couplings of the form

my
V) . 3

The VEVs of £, now give small masses to the left-handed
neutrinos and the VEV of,% allows mixing of theSU(2),
singlet neutrinosS, with the usual left-handed neutrinos,
whereH, H,, andH, correspond to any of the scalar fields. Poth of which are now of the same order of magnitude natu-

In addition, there will be two coupled terms: rally. _ _
The Yukawa couplings of the leptons are given by,
V= pa(£28°0°+V2E, &7 O+ £, ¢ ")

MZA(HTH) A(HTH)(HTH) and Nj(HIH) (HIH,),

L= fiiliLeaR¢+ faijliLlega+hixexyIiLSany+ H.c,

+m (S x-— 7 x )= (mix-—nZx:)] )
0/ 0 % 0 %\ _ 447 — % - % wherex,y=1,2 are theSU(2)s indices. The first term con-
MG (e x= = 7-x3) = b (e x= n*X+)]+H'((:i’) tributes to the charged lepton masses, while the second and

third terms contribute to the neutrino mass and mixing ma-

wherez’ represents the componentgivith electric charge  1iC€s. In the basis, v S, ], we can now write down the

—1 andT3=+1/2 of SU(2)s; x. represents the compo- mass matrix as

nent of y with T;=+1/2 of SU(2)g; and x* is the compo- Sofai(€))  Niyeol 0>

nent of y' with Ta=+1/2 of SU(2)s. _ | =aaiitsal Tix€xA Ty
For consistency13], we requireu, to be less than but of Y hi-|;<€xy< 7]8) 0

the order of masses @f,, and we choose

(5

There are no Majorana mass terms for the sterile neutrinos.
pu~0.1 M. We shall now discuss how to generate baryon asymmetry of
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r R g will then get converted to a baryon asymmetry during the
P electroweak phase transitiph8]. The final baryon asymme-
T N g\ JE try of the universe is given by
© A ©
¢ Ng O ©
< 724 K(lnKk) 06
@ ® s 39.K(InK)

FIG. 1. The decay o,—I°° at tree levell@) and in one-loop
order (b). CP-violation comes from an interference of these dia-
grams.

To obtain the desired amount of baryon asymmetry of the
universe, one possibility could be as folloW&3]: We con-
sider,M,=10'® GeV, andu,=2X10"? GeV, which gives

the universd 15,16 in this scenario and what constraint it m,, =1.2f553 €V, assuming that thbl, contribution is neg-

gives on the new mass scalé and then come back to the ligible. If M;=3x10" GeV, u;=10" GeV, and fyy

neutrino mass matrix. ~0.1, the decay of}, generates a lepton asymmeify of
Lepton number is violated when the scalggsdecay: about 8<10 * if the CP phase is maximal. Usinilp,
~10Y° GeV andg, ~10% we find K~2.4x10°, so that
19 (L=-2), ng/s~10 1.
a— L0 (6) Thus, with the heavy mass scale to be of the ordevof
¢ (L=0). ~10%-14 GeV, it is possible to get the desired amount of

aryon asymmetry of the universe and VEVsé&dnd 7 to
e of the order of a few eV. Then with proper value of the
Yukawa couplings ,;; andh;, , we can get a neutrino mass
matrix [Eq. (5)] which can explain all the neutrino experi-
We choose the mass matrix &f to be real and diagonal ments. All the elements of the mass matrix could _be nonzero
(M§1 9 ). but once the one loop self-energy type Contribu_and are about a few eV or less, except for the Majorana mass
0 Mg/ term of the sterile neutrinos. One can then have several pos-
tions are included, imaginary phases frampandf,; makes  sible scenario8] which can explain all the neutrino experi-
it complex. The absorptive part of the one loop self-energyments. Consider for exampl[&9], one sterile neutrino with
type diagram will introduce observab@P violation in the ~ mass of about (2—3310"%eV, which mixes with thev,,
mass matri¥17], which would produce unequal amounts of while the other sterile neutrino is several orders of magnitude
leptons and anti-leptons in the decays of #je" and ¢, ~, lighter. This will satisfy the constraints on the sterile neutri-
respectively. This will create a charge asymmetry, whichnos from nucleosynthesis. A better proposition to satisfy the
will be compensated by equal and opposite amount of Charg@ucleosynthesis bound would be to consider the vacuum os-
asymmetry in the production @™ and ¢~ in the decays of cillation solution of the solar neutrino problem, in which
F* and&, ~, so that the universe remains charge neutral.casehie,(7;)~10"*eV. We may then choose the scalar
The interference of the tree level and the one loop diapotential to get x* )/(x.)~10"3, so that the second sterile
gram of Fig. 1 will generate a lepton asymmetry in the de-neutrino gets mass- 10 7eV. The nucleosynthesis bound

All other couplings conserve lepton number. By assigning
lepton number—1 to S, ,, we can ensure conservation of
lepton number in the decays of the doublet scalar field

without loss of generality.

cays of¢&,, given by, may also be evaded, if a large lepton asymmptryD(1)] is
generated after the electroweak phase transition.
Im(paps = fuafia) [ Me, For purpose of completeness, we now present an explicit
a~ 8772(M2 —MZ) r. | (7) model of neutrino mass, which can explain all the experi-
& & f ments and can originate in the present scenario. We assume

that the Yukawa couplings,;; are such that the mass matrix

where, the decay width of these scalgsis given by of theSU(2), doublet neutrinos have some texture zeros and

1 (| g2+ pol? only one of the sterile neutrinos mixes with given by the
Iy =o— St > |faij|2|\/|a) _ (8)  VEV of nand the couplind, . The other sterile neutrino is
@ 8w Me, N much lighter, which is ensured by the choice of the potential

and (x*)/(x+)~10"3. The mixing angle may also be

, , . smaller and may not play any role in the present experi-
of the universe k1), otherwise the lepton asymmetdy in  ments so we do not include it in the mass matrix. The mass

decays of¢, will be suppressed by an amouit (INK)°®,  atix in the basi{ve v, v, vs] may take one of the
whereK=T'; /H; H=1.79, (T?/Mp|) at T=M,; MpiiS  simple forms considered in Ref20], given by only four
the Planck scale; and, is the total number of relativistic nonzero parameters,

degrees of freedom.

These decays should be slowé&6] than the expansion rate

We consideM ;<M , so that wher, decays¢; has 0 0 m my
already decayed away and only the asymmétrgenerated 0 m m, O
in decays of¢, will contribute to the final lepton asymmetry M,= , (10
of the universe. The lepton asymmetry thus generated will be m m 0 0
the same as theB(~L) asymmetry of the universe, which mg 0O O O
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where we assumen,<m, ;<m,. Consider a representative plain the solar and the atmospheric neutrino problems.

set of values for these parametg?§)], To summarize, we propose a simple scenario to accom-
modate naturally light sterile neutrinos in extensions of the
standard model with a®U(2)s symmetry. There are two
mass scales in the model, the electroweak scale and the scale
of lepton number an&U(2)g violation, which is fixed by

The different masses and mixing has been calculated in thi§'€ conditions for lepton asymmetry of the universe. The

case and the relevant mass squared differences and the cBg2vY triplet and a doublet acquires very tiny VEV, which
responding mixing angles are given as folloi@s]. gives masses and mixing of the left-handed neutrinos and the

The four mass eigenvalues am, ~0.0001eV and st.erile r)eutrinos. _V\(e the_n pr(_asent a rgpresgntative mass ma-
. 1.4 trix, which can originate in this scenario, which explains the
m,,;~1.5 eV. m,,, can contribute to the hot dark matter of solar neutrino deficit, the atmospheric neutrino anomaly, the
the universe. The different mass squared differences and thesND result and the dark matter problem. The decays of the
relevant mixing anglega) m? —m> ~2 eV with si"26,,  triplets generates a lepton asymmetry of the universe, which
=0.001 explains the LSND result;(b) miz_ mis gets converted to a baryon asymmetry of the universe before

~0.003 e\* with sin? 26,,=1 explains the atmospheric neu- the electroweak phase transition.

trino problem and (c) m} —m7 ~2x107'° eV? with I would like to thank Professor W. Buchmuller for helpful
sir? 26,,=1 gives the vacuum oscillation solution to the so- comments and supporting my present visit and acknowledge
lar neutrino problem. It is to be noted that in models withoutthe hospitality of the Theory Division, DESY, Hamburg and
a sterile neutrino, it is not possible to get such simple texturdinancial support from the Alexander von Humboldt Founda-
of the mass matrix with few parameters which can only ex-ion.

m;~.05 eV; my,~1.5 eV; m3~0.001 eV;

m,~0.0001 eV.
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