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Light sterile neutrino in the top-flavor model
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A scenario based on the top-flavor model is presented to explain the origin of a light sterile neutrino as
indicated by all combined neutrino oscillation experiments. The model is phenomenologically well motivated
and compatible with all available low-energy data. The derived neutrino mass matrix can qualitatively explain
the observed hierarchy in the neutrino mass splittings as indicated by the neutrino oscillation data. Quantitative
results are obtained for special cases.

PACS numbes): 14.60.Pq, 12.60.Cn, 14.60.St

I. INTRODUCTION mixing must involve the sterile neutrino. The solar large
mixing angle solution is only valid for mixing with active
Recently, hints for new physics beyond the standarcheutrinos[6]. The zenith-angle dependence, for the atmo-
model (SM) have been advocated through the neutrino secspheric data, significantly favors the,«— v, channel over
tor. The recent observation by the Super-Kamiokande Colthe v« vs channel when matter effects are taken into ac-
laboration of the atmospheric zenith angle dependent deficitount [7]. Some recent phenomenological studies indicate
[1] has strengthened this conclusion. Also the long ternthat in a minimal scheme the dominant transition of solar
puzzle of the solar neutrino defidi2] has been a strong neutrinos is due teg« v mixing, while the dominant tran-
demonstration of the existence of new physics. Recent resition of atmospheric neutrinos in long-baseline experiments
sults on neutrino oscillation have also been reported by thés due tov, < v, mixing [8].

Liquid Scintillator Neutrino DetectoLSND) experiment The inclusion of a sterile neutrino still poses another the-
[3]. All of the observed anomalies in the neutrino data can beretical challenge: namely, to understand both the origin of
explained in terms of massive neutrino oscillations. the sterile fermion and the very low mass it has. The small

The theoretical picture for neutrino oscillation poses a reammass is probably the most difficult issue in introducing such
challenge in understanding the form of the lepton mass maa particle. Any successful scenario has to explain the tiny
trix as derived from the neutrino oscillation data. A definite mass of the sterile neutrino in a natural way. A possible
picture is obscure due to the large number of free parametetsenario would be to generate the light mass through radia-
in the neutrino and charged lepton mass matrices. The phéive correctiong9]. Another interesting scenario would be to
nomenological solution is not unique and clearly the need fopostulate that the extra neutrino is active at a relatively high-
more data and theoretical breakthrough is essential. energy scale. At that scale the extra neutrino is massless due

Neutrino oscillation can explain both the solar and atmo-to an assumed gauge symmetry which forbids its mass gen-
spheric data in terms of three-generation neutrips(ig-  eration. Once the high-energy symmetry is brokembably
noring the LSND result§3].) In the simplest explanation in the TeV region, a Dirac mass can be generated while the
picture, the solar neutrino data can be understood in terms @feutrino becomes sterile. Finally, by invoking the seesaw
ve—> v, Oscillation with a small mass splitting not influenc- mechanism we can understand the highly suppressed Majo-
ing atmospheric data. On the other hand, atmospheric datana mass of the sterile neutrino.
can be explained in terms of,« v, large mixing with a In this work we consider the possibility of understanding
large mass splitting compared to the solar ddgeHowever, the origin of a light sterile neutrino through the second sce-
if we combine the LSND result with the solar and atmo- nario. A similar model has been discussed by Brahmachari
spheric data then we have to include at least an extra lightl0]; however, his model suffers from theoretical anomalies.
neutrino. The full oscillation data require the existence ofFurthermore, an explicit formulation of the model is highly
three different scales of neutrino mass-squared differencesomplicated. The model we discuss in this work does not
The different scales can be accommodated only if at least suffer from such theoretical drawbacks. It is based on the
light fourth neutrino exists. Such a light neutrino has to begauge nonuniversal symmetr$U(3).XSU(2), X SU(2),
sterile, i.e., to decouple from the low-energy observables ascU(1)y discussed extensively in Refd.1,12. We refer to
indicated by the measurement of tHegauge boson width this model as the top-flavor model. The model is anomaly
[5]. Either the atmospheric-neutrino or the solar-neutrinofree and phenomenologically well motivated as discussed by

several recent phenomenological studie®. To account for
the existence of the sterile neutrino, we modify the standard
*Email address: malkawie@just.edu.jo fermion content by the inclusion of a few extra fermions.
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The extra fermion spectrum does not appreciably affect thé, by acquiring their vacuum expectation valué®,)
low-energy regime because of the heavy mass of the extra((v)l) and <d>z>=(32), respectively. The electroweak
;Cit'\r/‘e fr?]"?'ons\’/\/}& be (?rl]sc”usrfed I\?vtr?irl' C()jnly onﬁnne#trr?]l Iﬁréymmetry—breaking scaley is defined asv=\vi+v3
Iov?—er?ergyggzservazlzs \?vhick?s\,;e theeil ciﬁlotjhpe sgt]eri?e neue-:24(.3 Gev. Smc;e the third generation of ferm|ons 'S

g . . . . ! heavier than the first two generations, it is suggestive to con-
trino. The inclusion of exotic fermions which span genera-

. . . ; clude thatv,>v 4. The surviving symmetry at low energy is

tions has been prewously_ d|scuss_ed in RES). SU(3).XU(1)em gauge symmetry. Because of this pattern
The rest of this paper is organized as follows. In Sec. ”'of Svmmetrv breaking. the aaude coupli and

we briefly review the model. In Sec. Ill, we enlarge the fer- y y 9 gaug UGS gn., 9y

mion spectrum by introducing extra fermions and discuss th f ;U(S)'l’ SU(2)p, and LIJ.(l)Yb’ r::: pec?vtt_ely, %rf_rfllaéed
mechanism for generating the mass of the sterile and acti e2 ( )gm gauge couplinge by the refation £==1/g;
fermions. Finally, in Sec. IV we provide some quantitative T /0t 1/9y [12]. We define

discussion and conclusions.
e e e

“sindcosy’ I singsing’ 9 coso’

0 (2

Il. STRUCTURE OF THE MODEL

The top-flavor modef11,17 is based on the gauge sym- Where ¢ is the usual weak mixing angle angl is a new
metry G=SU(3).XSU2),XxSU(2),XU(1)y. In this parameter of the model.
model, the third generation of fermiofi®p quarkt, bottom For g,>0; (equivalently tanp<1), we requiregi<4m
quarkb, tau leptonr, and its neutrinov,) is subjected to a [which implies sif ¢=g?%(4m)~0.04] so that the perturba-
new gauge interaction at the high-energy scale, instead of tHgn theory is valid. Similarly, forg,<g,, we require
usual weak interaction advocated by the SM of the elecsin’ ¢=<0.96. For simplicity, we focus on the region where
troweak interaction. On the contrary, the first and secon&k=u?v?>1, and ignore the corrections which are sup-
generations only feel the weak interaction supposediypressed by higher powers ofxl/The light gauge boson
equivalent to the SM case. The new gauge dynamics is atnasses are found to lti’ti!l\z,\,i=M§cos2 0=M§[1+O(l/x)],
tributed to the SU(2), symmetry under which the left- whereM,=ev/2 sin6. For the heavy gauge bosow& = and
handed fermions of the third generation transform in the funz’, one finds[12]
damental representatiorfdoublety, while they remain
singlets under th&U(2), symmetry. On the other hand, the ) ) ) X
left-handed fermions of the first and second generation trans- My +=M7, =Mg| —————+0(1) |. ©)
form as doublets under tH&U(2), group and singlets under Sir® ¢ cos’ ¢

the SU(2),, group. TheU(1)y group is the SM hypercharge ;, v, this order, the heavy gauge bosons are degenerate in

group. The right-handed fermions only transform under themass because the e

. . . y do not mix with the hypercharge gauge
U(1)y group as assigned by the SM. Finally, the QCD in-y,,4 field. The SM fermions acquire their masses through
teractions and the color symmetBAJ(3). are the same as i yykawa interaction via thé, andd, scalar fields. For

that in the SM. _ instance, the leptonic Yukawa sector is given by
The spontaneous symmetry breaking of the grdeip

=SU(3):XSU(2),XxSU(2),XU(1)y is accomplished by £ =WId. [08.ent 0t unt 98
introducing the complex scalar fields ®,, and®,, where voor 1918+ Oizir* O1s7R]
>~(1,2,2,0), ®,~(1,2,1,1), andb,~(1,1,2,1). For th& +\ITE(Dl[ggleR+ 9§2MR+ gSSTR]
field we explicitly write o
0o+ + WD g5 et g5 urt USR] HH.C,  (4)
T T
EI( ) (D where

Ty T

where all scalar fields are taken to be complex. The g@up ‘I’ﬁ:< VEL)' ‘I’E=( V“L)' and ‘I’E=( VTL). (5)
is then broken at three different stages. The first stage of eL ML TL

symmetry breaking is accomplished once thefield ac- ]

quires a vacuum expectation valU®WEV) u, i.e., (3) _ The_phenomenolo%]y of the model has been studied exten-
—(Y 9, whereu is taken to be real. The form ¢E) guar- sively in Refs_.[ll,lZ. Comparisons with the CERN Large
antees the breakdown 6U(2), X SU(2),,— SU(2). There- Electrpn Po_snron(LEP) and o.ther low-energy data have
fore, the unbroken symmetry is essentially the SM gaugé’ee” investigated and constraints on the heavy gauge boson
symmetrySU(3).X SU(2),,X U(1)y, whereSU(2),, is the mags 2a.re reportgd aM,,=1 TeV. The parameterx
usual SM weak group. At this stage, three of the gauge=YU/v” is constrained by LEP data to be larger than 20.
bosons acquire a mass of the ordewhile the other gauge Other low-energy data such as thelifetime imposes a
bosons remain massless. The phenomenology of the model

imposes the constraint=1 TeV[12]. The second and third

stage of symmetry breakingthe electroweak symmetry !Although some differences in the scalar sector exist among those
breaking is accomplished through the scalar fiells and  references.

033005-2



LIGHT STERILE NEUTRINO IN THE TOP-FLAVOR MODEL PHYSICAL REVIEW D62 033005

higher constraint om for specific scenarios of lepton mixing. Hence, a Dirac mass for the extra active fermions is gener-
Flavor changing neutral current effects in the lepton andated through the Yukawa interaction term

guark sectors have been explored and contributions to differ-
ent processes have been calculdté®]. Therefore, in this
work we only concentrate on the leptonic mass matrix and

refer the reader to Ref§11,12 for a detailed study of the . _ .
phenomenology of the model. whereg,~1 is a Yukawa coupling. Once the scalar figld

acquires its VEVu=1 TeV, a Dirac mass for the triplet
fermions is generatedn,=g,u=1 TeV. In order for the
lll. EXTRA FERMIONS Yukawa term in Eq.(7) to conserve the assumed global
To explain the existence of the light sterile neutrino in ourY(1) Symmetry, we requir& to carry a quantum numbej
scenario we enlarge the particle spectrum by the inclusion ofuch thatz, =zg+z,. o
extra fermions. We consider the minimal number of particles 1he sterile neutrinag, acquires its Dirac mass through
needed to account for the existence of the light sterile neuthe Yukawa term
trino without introducing anomalies in the structure of the
model. Furthermore, consistency with low-energy data Es:%Tr[SL—T2E* 7 ]VsR, 8
should be maintained and therefore all extra active fermions 2
should decouple from the low-energy regime.
At the high-energy scale the gauge symmetry is assume,
to be G=SU(3);XSU(2),xSU(2),XxU(1l)y. At a lower

£a=%Tr[§2 Skl @

heregs~1 is a Yukawa coupling. The Yukawa terms in
gs.(7),(8) conserve the new quantum number provided that

N . . we demand, = —zy=2zg/2. It is important to notice that we
scale(X)~ a few TeV, the gauge symmetry is broken into use the general form GE as given in Eq.(1). A simpler

the SM symmetry groupH;=SU(3) . XSU(2),XU(1)y. .

At the elegtroweai gcalep_t'ﬁe fina(l s)tcage os‘ s)meme(trya\(breakghoICe would be

ing occurs and the surviving symmetry group I,

=SU(3):XU(1)em- The fermion spectrum includes the S=ml+intr,=| | _ 0o : 3
standard three fermion generations with the transformation, iV2m i
underG, as explained in Sec. Il.

0 a :
We enlarge the fermion spectrum by the inclusion of thregVnere @~ and =" are talien to be real fields. However, for
sets of extra fermions as follows: this particular choicer,2* 7,=3, and therefore, the Yukawa

(a) To explain the extremely light neutrino masses welerms in Eqgs(7),(8) are not simultanequsly invariant under
invoke the seesaw mechanism. Therefore, four right-handetl® @ssumed globaJ(1) symmetry. It is important to em-
neutrinos are introducedyer, ¥,r, V.r, and veg. The phasize that the extra active fermio8s and Sg do not mix

eRrs uR TR SR- . .
four right-handed neutrinos are singlets un@eand are as- With the standard fermions due to the assumed gleld)
sumed to be Majorana fermions with masses of the order giyMmetry. To conclude, the extra fields we introduce are the
the grand unified theoryGUT) scale,My~10'° GeV. minimal number of fields required to account for the exis-

(b) We introduce a bi-doublet fe,rmion fiel, with the tence of a light sterile neutrino without spoiling the accuracy

transformation S, ~(1,2,2,0). Explicitly, S, =g +S2r? of the .Iow—energy_dat_a, and also without introducing any
transforms. unde@ as, o ' s L theoretical anomalies into the model.

The full neutrino Yukawa interaction terms are given as

+imd 2wt ) ©

T —_
S0, 6) Ly=V{D[g]vert 912V urt 913V 91aVsR]

where g; e SU(2), and g,e SU(2),,. Once the symmetry +W2D,[gYvert U227 urt 923V R T U24VsR]

group G is broken down into the symmetry group,, the —

field S, decomposes into two parts, with transformation un- + WPy 931Vert U532V ur T 9337 R T J34VsR]

derH; as (1,1,0)%(1,3,0). The neutral field with the trans- 1

formation (1,1,0) corresponds to the sterile neutrino. The +§Tr[S,_722* Tl Qh1Vert Oaav urt Oaavor+ Ohavsr]

triplet field remains active and thus must acquire a heavy

Dirac mass in order to be consistent with the low-energy data

[5]. To prevent the uncontrolled Majorana mass we assume

that S, carries a conserved quantum numbgerat the high-

energy scale. The new quantum number is due to a glob

U(1) symmetry which causes no harmful anomaly to spoi

the foundation of the mod¢lL4]. v v v v
(c) We introduce another triplet fermion fielk=Sa72 Guv1 G121 Ga1 Gus

with the transformation, unde®, as (1,1,3,0) just for the Oav1 OoV1 G201 Uav:

purpose of giving a Dirac mass to the active triplet field of Mp=| , v v v . (11)

e . . O3w2 U322 Q302 Qa2
S . Similar to S, , the field Sg is assumed to carry a quan- ; . S ,
tum numberzg to prevent its unwanted Majorana mass term. Ga41U QgU Oggu Qggu

+H.c., (10

é(yhere&‘)l,zzi @7 ,. The Dirac mass matrix, derived from
[EQ. (10), is written as
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The right-handed neutrino Majorana mass malbfi is as- TABLE I. Some numerical values for the mass matrix elements
sumed to have a common mass scale of the order of the Guand the predicted mass splitting and mixing fgf the case.of v
scale My~ 10'® GeV. Therefore, the full neutrino mass ma- transition. We take u=1200 GeV, Mx=10'® GeV, and v,

trix forms an 8<8 matrix which can be written as =75 GeV.
g; g, g3 sin? 26 Am?
0 MD —3 —6
M= - _ (12 0.8 0.8 1.3 X 10 3% 10
Mp Mg 1.8 1.0 1.5 X103 4x10°°
1.1 1.0 1.6 5102 5x10°6

By invoking the seesaw mechanism the left-handed neutrino

Majorana mass matrix is then given as Am?
Misnp U &
Am? ~v_~1 '
M, =MpMg MJ. (13) solr 72
Am? u
——— —~10, (15)
Due to the seesaw mechanism all elementsipfare highly Ay, V3
suppressed by the GUT scaley of the right-handed Majo- Am? vl
rana mass matriMg. Thus, we introduce a light sterile —am 72 1
neutrino with a natural mechanism for generating its tiny Amgo,ar v‘l1

mass as required by the neutrino oscillation data. In the next

section we give a further discussion of the derived neutrino N the simplest scheme where oscillation data can be ex-
mass matrix. plained in terms of two flavor mixing, it has been argued that

the dominant transition of solar neutrino is due itg— v
mixing [8]. Such a picture can hardly be satisfied by our
IV. DISCUSSION AND CONCLUSIONS model With the above choice of parameter_s _and without the
need for fine-tuning. In the case of+ v mixing one can
The mass matrix in Eq11) is written in its most general show that the effective 22 mass matrix is given as
form. A quantitative analysis is attainable only if the struc- 2
ture of the mass matrix is fully determined, which requires M :i< 9101 gZUlu) (16
further theoretical assumptions to be incorporated in the L Mx\gu gau? )’
structure of the model. Nevertheless, the structure of the
mass matrix already suggests an interesting behavior. Thepghere the couplingg; , s~1. Therefore, one can show that
are three hierarchical energy scales in the mass mltgjx  the solar mass splitting is given asnZ,,~u*/M , which is
namely, u>v,>v,, which could be connected to the ob- many orders of magnitude larger than the experimental fit
served three hierarchical mass scales in the neutrino datg,4]. If we takeMy to be of order 18 GeV, which is close
namelyvAmESND>Amezitm.>Am§0Iar' It is suggestive to con- to the Planck scale, we get a result consistent with the ex-
clude that perimental fit as shown in Table |, where we consider the
numerical valuesu=1200 GeV, My=10"® GeV, anduv,
b =75 .GeV. In Table I, the numerical \_/alues of the Yukawa
A2 N(U_> ~1 e\ couplings as well as th_elr s_olar neutrino solution are given.
LSND |\ M ! However, such a solution is not favored by the combined
data as we cannot explain the apparent hierarchy among the
solar, atmospheric, and LSND data.
) va\? IR In conclusion we have provided a scenario based on the
Amgim~ My ~107° eV, (14)  top-flavor model to explain the existence of a light sterile
neutrino. The scenario is anomaly free and phenomenologi-
cally compatible with all existing low-energy data. The sce-
v? 2 nario can also qualitatively explain the hierarchy in the ob-
Amgolap(M—) ~10° eV? served mass scales of the neutrino oscillation data.
X Quantitative results are obtained for special cases.
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