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Unified explanation of the solar and atmospheric neutrino puzzles
in a supersymmetric SQ10) model
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It was recently suggested that in a class of supersymmetrit@@odels with Higgs multiplets id0, and
a single126+ 126 representation, if th&26 contributes both to the right handed neutrino masses as well as to
the charged fermion masses, one can have a complete prediction of the neutrino masses and mixings. It turns
out that if one chooses only ori®, there are no regions in the parameter space where one can have g large
v, mixing angle necessary to solve the atmospheric neutrino deficit while at the same time solving the solar
neutrino puzzle via the.— v, oscillation. We show that this problem can be solved in a particular class of
SO(10) models with a pair ofl0 multiplets if we include the additional left-handed triplet contribution to the
light neutrino mass matrix. This model cannot reproduce the mass and mixing parameters required to explain
the Liquid Scintillation Neutrino Detector observations nor does it have neutrino hot dark matter.
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PACS numbeps): 12.10.Dm, 12.60.Jv, 14.60.Pq, 26.65.

Strong indications in favor of nonvanishing neutrino mass patterns for neutrinos is a generic feature of theories
masses are emerging from several experimdntshe defi-  that implement the seesaw mechanigh the solar and the
cits of solar neutrino flux observed by the four solar neutrinoatmospheric neutrino data appear more amenable to theoret-
experiments Homestake, Kamiokande, SuperKamiokandggal understanding in simple models.

SAGE, and GALLEX[1] compared to the standard solar |t js the goal of this paper to present a simple grand uni-
model calculationg2] can be understood if neutrinos are fied theory(GUT) that leads to the supersymmetric standard
massive and the electron neutrinos emitted by the Sun oscilnodel at low energies and preditm? and sirf26 values in

late to another neutrino species; ati) the atmospheric the above range for— v, and v, v, sectors so that we
muon neutrino deficits observed earlier by Kamiokandehave a theoretical understanding of the solar and the atmo-
IMB, and Soudan [[3] experiments and confirmed recently spheric neutrino data. We believe this result to be significant
by Super Kamiokande can be understoodvjf oscillates  since we do not use any extra fermions nor any extra sym-
S|m|IarIy The LIQUId Scintillation Neutrino Detector metries for the purpose.

(LSND) [4] results have provided the first laboratory indica-  The simplest GUT that leads naturally to small neutrino
tion of v« v oscillation and, if confirmed by KARMEN masses via the seesaw mechan[§his the S@10) model

[5], would seal the case for nonzero neutrino masses, in awhere the locaB-L symmetry is broken by th&26+ 126
unequivocal manner. representation. It also has another attractive feature that it

As is well known, the solar neutrino deficit can be ex-leads to automati®k-parity conservation so that unwanted
plained in terms of the matter induced resonant Mikheyev{and uncontrollegbaryon violating interactions of the mini-
Smirnov-WolfensteifMSW) oscillation[6] for two choices  mal supersymmetric standard modMSSM) are forbidden
of masses and mixing anglgs]. Our interest here is in the and one obtains a stable lightest supersymmetric particle
so-called small angle solution for whiczklmgﬂz(o.:%— 1.0)  (LSP) which can act as the cold dark matter of the universe.
X105 eV? and 2x10 3<sirP26,,<2x10 %, The atmo- The minimal set of Higgs multiplets needed to break all
spheric neutrino deficit could be due to eithej<— v, or ~ gauge symmetries of the theory while keeping supersymme-

v, ve Oscillation. Preliminary indications from the electron try unbroken down to the weak scale45+ 54 (denoted by

energy distribution in SuperKamiokande favors— v, 0s- A andS), 126+ 126 (denoted byA andA), and a singleL0,
cillation. Similarly a preliminary fit to all the atmospheric denoted byH.

neutrino data(sub-GeV, multi-GeV including the zenith It was shown, sometime agd0,11] that in this minimal
angle dependengeseems to require 210 4< mf”(evz) model, all Yukawa couplings and Higgs vevs responsible for
<102 with sin220”720.6—1.0 [8]. Note the hierarchical fermion masses and mixinga total of twelve parameters in
pattern of mass differences. The LSND results require thaall in the absence o€P violation) are completely deter-
0.3 e\PsAmiuslo e\? with the mixing angle in the few mined by the quark and lepton masses and the quark
percent range. If we accept the above results, it is clear thd&tabibbo-Kobayashi-Maskaw@&KM) angles. As a result the
with only three neutrinos, it is not possible to explain thelight and heavy Majorana mass matrices for the neutrinos are
three resultg(i.e., solar, atmospheric, and LSNBimulta- completely determined except for the overall scajg the
neously. Therefore within conventional grand unified theo-scale ofB-L symmetry breaking, provided one assumes the
ries with three generations, one may hope to understand onlimple seesaw formulé&o be called type-l seesaw formula
two of the above results. Furthermore, since hierarchical9])

0556-2821/98/58)/0150015)/$15.00 58 015001-1 © 1998 The American Physical Society



B. BRAHMACHARI AND R. N. MOHAPATRA PHYSICAL REVIEW D 58 015001

— Dpp—1 D —
M,=—MyMy M7 @ Wy=hj apthathpHi+ fapthaihnl, (4)

This enables a complete prediction of neutrino mixing angledVhere¥a (a=1,3) represent thé-dimensional spinors cor-
and any two neutrino mass ratios. Every choice for the sign§esSponding to the three family of fermions. Since (30
of the various charged fermion masses lead to distinct sc&YMMmetry implies thah; andf are symmetric matricegye
narios and separate predictions. It was found that there welghoreC P violation from Yukawa sectgy we can diagonal-
predictions that could accommodate only small angle MSWZ€ @ny one of them and we have fifteen free Yukawa cou-
solution to the solar neutrino puzzle but not the atmospheri®!iNg parameters in terms of which the fermion masses and
nitzjtrino puzzle. The reason was that the maximum value fdnixings are expressed as follows:
sinf20 . mixing angle predicted by this model was less than _ _
0.3 or o, where as the present 99% confidence level fits My=hwwut ey, Ma=havatfra,
seem to require S?QM:O.GO or highef8]. _ M,o=hv,—3fx,, M;=h,ug—3frg. (5)

One may try to take advantage of the fact that in most
left-right and S@10) models, a generalized seesaw formulaUsing these relations, we find that at the GUT scale, we have
for neutrino masses hold42] (to be called the type-Il see-

saw formula: M,o=ry(M,—Mg)+ M, (6)
M,=fo,= MM IMD]T 2) M, ., =r2(Mg—M)), @
(wherev, =AV2,/vg and is induced as long as there are Mng=ra(Mg=My), ®

54-dimensional Higgs multiplets in the thegrgnd see if it is
possible to obtain larger values for %’MMT. Such models
would have two free parametersg andv, . In supersym-

wherer =k, /kq, ro=v l4kq, andrz=vgrldxy andeLVL
is assumed to denote tHe_  contribution to the neutrino

metric (SUSY) GUT models, coupling constant unification mass matrix. From the above equations it.is clear that we
including threshold corrections putsy from 108 to 101 need to supply six parameters to determine the neutrino

GeV range leading to, =10 2 to 1 eV forn=1. The two masses and mixings and they are the three miximg angles in
terms then give comparable contributions and we have € charged lepton mass matrix and(i=1,2,3). We de-
parametergu, ,ug} that determine the neutrino masses andmand that the three charged lepton mixing e}ngles are zero.
mixings. We have made an extensive numerical analysis ofve then scan the parameter spaceriolo see if any desir-

the predictions of this model for neutrino masses and wer@Pl€ solution exists.

unable to find any reasonable values)pfandv g which can Tc_) proceed with th|§ program, first note that the above
accommodate both the small angle MSW solution to the So[elatlons between fermion masses hold at the GUT scale. So,

lar neutrino problem as well as thg,« v, oscillation solu- we extrapolate the observed yalue; of quark 'and lepton
tion to the atmospheric neutrino puzzle. Thus neutrino exMasses to the GUT scale, using simple analytic formulas

periments may play the role similar to the role that protond’Ven by Naculich[14]. WeT work in a basis wherel,, is
decay experiments played in ruling out minimal nonsuper-diagonal andMy=VcD¢Vexm- At the GUT scale the di-
symmetric SUS5) model. agonalized values for the masses in GeV and the values of
We therefore are led to consider a slight generalization ofh® angles are
the above idea and consider an (3@ model with two _ _ _
10-dimensional Higgs multiplets instead of one as in the m,=0.0011, mc=-03785 m=-112.34,
minimal model. The rest o.f the field content is thg same. The my=0.00131, m,=0.0148, m,=—1.177,
remainder of the paper will be devoted to studying the neu-
trino masses in this model. The Iow-energ_y theory in t_his me=0.0003, m,=—0.0699, m. =1.183,
model is the MSSM with the Higgs doublets in general being "
linear combinations of t_he doublets in thfﬂs_ (denote_d_ 1= —0.2210, $;5=0.0040, S,5=0.0310,
H;, and theI26 We will assume the following specific
form for them: wheres,, is the Cabbibo angles;; ands,; are roughly the
o Vyp andV., elements oV .
Hy=a1H(10y) + apH (126 + a3H(126), In the basis we are working/, is diagonal. Furthermore,
since the signs of the fermion masses are arbitrary, we
Hy=B1H4(10,) + B,H(126)+ B3H 4(126). (3) choose a basis where the various fermion masses have the
signs as given above. We then use H@s.and(8) for each
How the light doublets arise with this specific form is of of the cases, to obtain the neutrino masses and mixing
course related to the difficult problem of doublet-triplet split- angles.
ting in SQ10) models which is not addressed here. Note that we still need to know =4r,xy and vy
Let us now discuss how the neutrino mixing angles can be=4r;x4. One can use theoretical arguments for the orders
extracted from this model. The first point is that the mostof magnitude of the parametess andvg that are plausible.
general Yukawa superpotential of the model given by Note, for instance that since the value of the induced vacuum
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FIG. 1. Predictedim, for variousv, andvg. FIG. 2. Predicted sf20,, for variousv, andvg.

expectancy valuéVEV) v, =«?/vg, for vg in the range of

10—10' GeV, v, =1—-10 2 eV is quite reasonable. One

way to determiney R is to use the unification constraint as it 5 ) i

applies to the minimal model. We assume that the theorand 4 we plotAnm; _and sirt20,,, as functions Of’sL andvg .

below theuy scale is the minimal supersymmetric standardCases {A,B,C} have ry={1.81,1.89,1.9p< 10", respec-

model(MSSM). Since different choices of the particle spec- tively. We see that 2@, is the most sensitive function of

trum above the intermediate scale give different values opL and we find acceptable solutions, displayed in Fig. 4:

vg, We use another method to constrain this parameter. {M,,, M, , M, }=—{0.063,3.087,10.§810 " in eV and
Baryogenesis constraints on the scale. A very simple

mechanism for baryogenesis in 80) models is to generate ~0.989 —0.081 —0.123

a lepton asymmetry at a high temperature via the decays of

the right-handed Majorana neutrinos and have this lepton u,=| —0.147 0539 0.829), (10

asymmetry converted to a baryon asymmdit] by the 0.001 -—0.838 0.545

sphaleron processes. An important necessary condition for

this to hap_pen is that at-least one of the rig_ht handed Majoy hich gives siﬁZ(E)eM=2.8>< 102 and sir?2®/”=0.84 and

rana ngutrlnos must have.a decay rate that is slower than thg. v kawa couplingd,, and f are

expansion rate of the universe wh&s=My. The general

formulas are

spheric neutrino puzzles. In Figs. 1 and 2 we we plot the
AméM and sir?rZG)eﬂ as functions ofv. andvg. In Figs. 3

—0.064 0.123 0.181

1
5 ) h,=—|( 0.123 —-3.721 1.488 |, (12)
E hi ab+afab M2 Uu
ro- b My <1.79g*)2 Ny © 0.181 1.488 —17.28
Na_ 877' Na\ . g MP| .
0.155 —0.228 —0.338
Since in our model the Yukawa couplings are aI_I predicted in h,= 1 ~0.228 —0775 —2769|, (12
terms of VEV'sv,, vg, and k4, we can obtain a lower 10Qv 4
bound oM, if we know the VEV's and using the predicted —0.338 —2.769 —58.59
value for thef matrix, we can then deduaey. Since our
analysis is independent of, andv4, the only constraint on 0.405 -0.761 -—-1.126
them is that\v +vg+«;+ «k5=246 GeV. Using the fact _ —0.761 20.735 —9.230 (13
that we have chosen,=40.3 (see beloy, we can getxy 100k ’

=1 GeV. Using them, we find thatg=10"* GeV. —1.126 -9.230 —589.69

Prediction for neutrino masses and mixinggsingMATH-
EMATICA we have scanned over all possible choices for thevhere we had ;=40.3, r,=3.15x10 12 r;=1.89x 10%.
signs of the charged fermions to see if there is a predictiotJsing this explicit determination df;,, in combination with
that fits the requirements of both the solar and the atmobaryogenesis constraint E(), we obtain the lower limit on
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FIG. 3. Predicted\m?,, for variousv, andvg. _ _ _
FIG. 4. Predicted s#20 ,, for variousv, anduvg.
vr=10" GeV as stated earlier. A few comments are in order
on other aspects of the SUSY &kD) model characterized by
the superpotential in Ed4).
(i) The doublet-triplet splitting in this model has the non-

(iii) Strictly speaking the prediction of neutrino masses is
sensitive to the renormalization of the seesaw forniii4.
However, in our case, the Yukawa couplings are so small

- ; I ) that[as can be seen from Eqd.1)—(13)] this extrapolation
trivial property that it leads to realistic fermion mass spec- . L
trum in contrast with the Dimopoulos-Wilczé®W) mecha- dpes not noticeably alter the above predictions at low ener-
nism. The point is that in the DW case the MSSM doubletsd'®S:

arise from10-dimensional SQLO) multiplets thereby leading In conclusmn,lwe have ShOV.".‘ that the use of a type-Il
; . a L seesaw formula in a next to minimal SUSY &0) model
to incorrect mass relatioms,/m,=my/mg, which is off by

a factor 10 or so. In contrast. in our model the low energyWithOUt extra matter multiplets or extra sy_mmetri_e§ can ex-
MSSM doublets :clre admixtur,es of doublets el and 126 plain both the solar and .atmosphenc neutrino def|C|f[s but not
and is therefore free of such difficulties the LSND result§. Thus if .the LSND results are confirmed by
(ii) It is also worth emphasizing thai the near maximaIK'A‘.R.'vIEN experiment, Fh!s class of SUSY $0) n_10d_els
mixing angle forv, « », sectors needed t;) explain the atmo- (minimal anq next to minimalcannot accom'odate |'F simul-
spheric neutrino éata Tis very hard to obtain with the type_ltaneously Wl_th the sola_r and the atmospheric neutrino _results
. and alternative theoretical frameworks must be investigated.
seesaw formula as has been clear in many stydied1,13.
One generally needs heavier vectorlike qudil®] for this This work was supported by the National Science Foun-

purpose. Thus our analysis would speak in favor of thedation Grant No. PHY-9421386. We are grateful to Bhaskar
type-Il seesaw formula which puts constraints on th¢1®D  Dutta for critical comments on an earlier version of the paper

model building. and E. Takasugi for a correspondence.
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