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In a previous paper we analyzed fermion mas$esusing on neutrino masses and mixing angliesan
SO(10) SUSY GUT with U2)xU(1)" family symmetry. The model is “natural” containing all operators in
the Lagrangian consistent with the states and their charges. With minimal family symmetry breaking vacuum
expectation value®/EVs) the model is also predictive giving a unique solution to atmospheiin maximal
v,— v, mixing) and solafwith SMA MSW ».— vs mixing) neutrino oscillations. In this paper we analyze the
case of general family breaking VEVs. We now find several new solutions for three, four, and five neutrinos.
For three neutrinos we now obtain SMA MSW, LMA MSW, or vacuum oscillation solutions for solar neutri-
nos. In all three cases the atmospheric data are described by maxjmat, mixing. In the four and five
neutrino cases, in addition to fitting atmospheric and solar data as before, we are now able to fit LSND data.
All this is obtained with the additional parameters coming from the family symmetry breaking VEVs, provid-
ing only minor changes in the charged fermion fits.

PACS numbgs): 14.60.Pq, 12.10.Dm, 12.15.Ff, 12.60.Jv

I. INTRODUCTION [15,14 finding excellent agreement with the data. In the neu-
trino sector we obtained anique solution to both atmo-
Neutrino oscillations provide a window into new physics spheric[2] and solaf1] neutrino oscillation data. This solu-
beyond the standard modeind several experiments now tion has three active and one sterile neutrino. It has maximal
provide evidence for neutrino oscillations. This includes datav,,— v, oscillations fitting atmospheric data and small mix-
on solar neutrinog1], atmospheric neutrinof2], and the ing angle (SMA) Mikheyev-Smirnov-WolfensteinMSW)
accelerator-based experiment, Liquid Scintillator Neutring16] v.— vs (Wheres denotes sterileoscillations for solar
Detector (LSND) [3]. These positive indications are con- data, without fine-tuning We were, however, unable to si-
strained by null experiments such as CHOQ®Z and Kar-  multaneously fit LSNO3], even with four neutrinos. In ad-
men[5]. The data strongly suggest that neutrinos have smaliition, we were unable to find a three neutrino solution to
masses and nonvanishing mixing andlés In the near fu-  both atmospheric and solar neutrino data. It is imperative to
ture, many more experiments will test the hypothesis of neuunderstand if these results are robust. In particular, without a
trino masseg5,7-13. Thus there is great excitement and theory of family symmetry breaking we may consider more
anticipation in this field. general family symmetry breaking VEV/dn this paper we
In a recent papelrl4] (hereafter paper) lwe analyzed an allow for the most general family symmetry breaking VEVs;
SO(10) supersymmetri¢SUSY) grand unified theoryGUT) introducing two new complex parametexg, . There are
with family symmetry U2)xU(1)". The theory was “natu- now more parameters for charged fermion masses and mix-
ral” i.e., the Lagrangian was the most general consistentng angles than there are observables. The new parameters
with the states and symmetries. In addition, with minimalhave minor consequences for charged fermigits to me,
family symmetry breaking vacuum expectation valuesm,, andV,s, which are all known to excellent accuracy,
(VEVs), the number of arbitrary parameters in the effectiverequire them to remain smallbut significant consequences
low energy theory, below the GUT scale, was less than théor neutrinos. In fact, with the_additional para_meters we are
number of observables. Hence the theory was “predictive”N0W able to obtain three possible three-neutrino solutions to
and testable. We analyzed the predictions for charged fe@tmospheri¢2] and solaf1] neutrino data. With one or two

mion masses and mixing angles using a glogalanalysis  Sterile neutrinos we can also obtain solutions to atmospheric
[2], solar[1], and LSNDI[3] data.

In Sec. Il, we discuss the model and family symmetry
*On leave of absence from Faculty of Mathematics and Physicé?reak'r?g' The model is an $C0)_ [SUSYGUﬂ_XU(Z)
Comenius Univ.. Bratislava, Slovakia. XU(@)" (family symmetry model. It is a small variation of
"Present address: Theory Division, CERN, CH-1211 Geneva 23,
Switzerland.

Yin the standard model, the three active neutrino speniesnbers 2In fact, we noted in Ref[14] that it is possible to obtain three
of electroweak doubletsire massless. As a consequence individualneutrino solutions to atmospheric and solar data if we allow for
lepton number is conserved and neutrinos cannot oscillate. nonminimal family symmetry breaking VEVs.
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the theory introduced by Barbieri, Hall, Raby, and Romanino
(BHRR) [17] where the non-Abelian family symmetry was
introduced to provide a natural solution to flavor violation in
SUSY theoried18-20. In Sec. lll, we present the general
framework for neutrino masses and mixing angles. In Sec.
IV, we describe the three neutrino solutions and in Secs. V
and VI we present the four and five neutrino solutions, re-
spectively. Our conclusions are in Sec. VII.

Il. AN SO (10)XU(2)XU(1)X--- MODEL

The three families of fermions are contained in, 1&
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FIG. 1. Diagrams generating the Yukawa matrices.

=1,2; and 16 where a is a U2) flavor index. [Note

U(2)=SU(2)xU(1)" where the W1)' charge is+1 (—1) for

each uppeflower) SU(2) index.] At the tree level, the third

family of fermions couples to a 10 of Higgs fields with cou-

pling A 16;1016; in the superspace potential. The Higgs

fields and 16 have zero charge under the first tw@is,

while 16, has charge-1 and thus does not couple to the

Higgs fields at tree levél. o i i where
Three superfield$s?, $2°=S2, A?°=—A"3) are intro- _

duced to spontaneously breaklxU(1) and to generate M=Mq(1+aoX+5oY). )

Yukawa terms gving mass to the first and second generag y are S@10) breaking VEVS in the adjoint representation
tions. The fields ¢°,S**,A*") are SQ10) singlets with U1)  \ith X corresponding to the (1) in SO(10) which preserves
charggs{o,l,z}, respectllvely. The most general vacuum €X-SU(5), Y is standard weak hypercharge amgl 3, are arbi-
pectation values are given by trary parameters. The field 45 is assumed to obtain a VEV in
the B-L direction. Note, this theory differs from BHRR.7]
only in that the fields? and S2° are now S@10) singlets
[rather than SQ0) adjointg and the SQL0) adjoint quan-
tum numbers of these fields, necessary for acceptable masses
and mixing angles, has been made explicit in the field 45
with U(1) charge 1* This theory thus requires much fewer
SO(10) adjoints. Moreover our neutrino mass solution de-
pends heavily on this change.

The effective mass parameteavk,, M’, M"” are SQ10)
invariants> The scales are assumed to satidi,~M’
~M">( %) ~(S?)> (A whereM, may be of the order
of the GUT scale. In the effective theory beldwW,, the
Froggatt-Nielsen state$y,x,x% Xa.xa.x°} may be inte-
grated out, resulting in the effective Yukawa matrices for up
quarks, down quarks, charged leptons, and the Dirac neutrino
o\gukawa matrix given b (see Fig. 1

WD 16,10 16+ 16, 10y
+Xa(M X2+ ¢? x+ S x, + AP 16,)
+YAM ot 4516)+ X (M” x+4516), (2)

() #0.
(SPA#0, (SH=k(S?D), (SPH=ky(S?, (1)
(A0,

where the constants,, «, are arbitrary. The VEVs((#?)
~ (S~ eM3/(45)) break U2)xU(1) to U(1) and A
~¢€'Mg) completely. In this model, second generation
masses are of ordetr, while first generation masses are of
order €'?/e. In paper I[14] we analyzed this theory with
minimal family breaking VEVS k1= k»,=0). In this paper
we show the effects of nonvanishing; »).

The superspace potential for the charged fermion sector

this theory, including the heavy Froggatt-Nielsen stfd3, Ki€p (e’ +ky6)p O
is given by /
Y,=| — (€ —kz€)p €p erty| N,
O GrTQ l

3There are in fact four additional(W)’s implicit in the superspace
potential[Eq. (2)]. These are a Peccei-Quinn symmetry in which all
16s have charget1, all 16s have charge-1, and 10 has charge  “This change(see BHRR[17]) is the reason for the additional
—2; a flavon symmetry in whichg?,S2°,A%?) andM have charge  U(1)’s.
+1 andy, has charge-1; a symmetry in whichM’, M” have 5The effective mass parameters represent VEVS afl8Gsinglet
charge+1 andy, x? have charge-1 and; and arR symmetry in  chiral superfields.
which all chiral superfields have chargel. The family symmetries ®Note, we use the notation of BHRR7]. The parametep van-
of the theory may be realized as either global or local symmetriesishes in the limitB,=0 [see Eqs(3), (4)]. This is a consequence of
For the purposes of this paper, it is not necessary to specify whicthe B-L VEV in the 2-2 entry or the antisymmetry of the coupling to
one. However, if it is realized locally, as might be expected fromA2® in the 1-2 element which is in conflict with the $8) invari-
string theory, then not all of the(@)’s are anomaly free. We would ance ofM in this limit which only allows for symmetriei—u cou-
then need to specify the complete set of anomaly fréB’sl plings.
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Ki€ €'+ Ky€ 0 TABLE |. Charged fermion masses and mixing angles. Initial
) parametersik;=xk,=0, (llag,Mg,€3)=(24.52,3.0%x 10'°GeV,
Yg=| — (€' —kze) € eraly | X, —4.06%), O.r,0,€p e)=(0.79,12.4,0.84,0.011,0.043,0.0031),
0 GrTQ 1 ((I)a'r q)er (I)p):(0731 _1'211 372) rad[m01M1/21A01M(MZ)]
=(1000,300, — 1431, 110) GeV[(myq/mg)? (M, /mo)? tans]
3k1€ — (€' —3kq€) 0 =(2.23,1.66,53.7).
’ —
Ye=| € +3kze 3e erTe |\, Observable Datéo) Theory
0 eroT, 1 (masses in Ge)/
3ki€w — (€' —3kr6)w 0 M 91.187(0.09)) 91.17
1 Mw 80.388(0.080 80.39
Y,=| (' +3k6)w 3ew SeroTy |, G, x10° 1.1664(0.0012 1.166
agy 137.04(0.14 137.0
0 eraT, 1 0 a(My) 0.1190(0.003 0.1174
PrewX 10° —0.20(1.2) +0.314
with M, 173.8(5.0 174.9
My(Mp) 4.260(0.11) 4.331
20 My—M, 3.400(0.2) 3.426
w= (5)
20—1 mg 0.180(0.050 0.147
and Mg /Mg 0.050(0.015 0.0589
—2 0.00203(0.00020 0.00201
T;=(baryon No-lepton No) (6) M; 1.777(0.0018 1.777
M, 0.10566(0.000112 0.1057
for f={Q,u,d,L,e,v}. In our notation, fermion doublets are Mgx 103 0.5110(0.00052 0.5110
on the left and singlets are on the right. Note, we have as- v 0.2205(0.0026 0.2205
sumed that the Higgs doublets of the minimal supersymmet- , 0.03920(0.0030 0.0403
ric stan_dard mode(MSS_M) are contained in a single 10- Vy/Vep 0.0800(0.02 0.0691
dimensional SQLO) multiplet. Hence all the fits have large N
7 Bk 0.860(0.08 0.870
values of tars. ,
Results for charged fermion masses and mixing angles B(b—s7)x10 3.000(0.47 2.992
We have performed a global® analysis, incorporating two Total x? 2.26

(one loop renormalization grougRG) running of dimen-
sionless(dimensionfu] parameters fronMg to My in the
MSSM, one loop radiative threshold correctiondvat, and
three loop QCD(one loop QED RG running belowM .

most casesr is determined by the 1 standard deviation ex-
perimental uncertainty, however, in some cases the theoreti-

Electroweak symmetry breaking is obtained self-consistentlgal uncertainty(~0.1% inherent in our renormalization

from the effective potential at one loop, with all one loop group running and one loop threshold corrections dominates.
threshold corrections included. This analysis is performed-astly, in contrast to paper | we include a 1999 updated
using the code of Blazekt al. [15].2 In this paper, we just Vvalue[22] of ppe,, the measure of S@) violation beyond
present the results for one set of soft SUSY breaking paranthe standard model. This change substantially improves our
etersmgy, M/, with all other parameters varied to obtain the global charged fermion fits.

best fit solution. In the first two columns of Table | we give ~ There are eight real Yukawa parameters and five complex
the 20 observables which enter thé function, their experi- phases. We take the complex phases tolhg @., @,
mental values, and the uncertainty (in parenthesgs In @, , and®, . With 13 fermion mass observablésharged

fermion masses and mixing angl{a@,( replacingex as a
“measure ofCP violation”°]) we have enough parameters to
"Note, we could obtain small values of tgrin SO(10) at the cost
of one new parameter. If the 10 which couples to fermions mixes
with other states then the Higgs field coupling to up and down o
quarks may have different effective couplings to matter, i.e., sucrb
that \10DAH,+&Hy. We could then consider two limits—case
(D) A= ¢ (no Higgs mixing with large .tar)B, and casd2) \>¢ or =(2.26+0.02)x 10 3. The largest uncertainty in such a compari-
small tanB. In paper |, we also considered cag and found no . N
significant improvements in the fit. son, however, comes in the value of the QACD bag con&antWe
8We assume universal scalar masgfor squarks and sleptons at thus exchange the Jarlskog paramekédor By in the list of low-
Mg . We have not considered the flavor-violating effects ¢2U  energy data we are fitting. Our theoretical valueéqfis defined as
breaking scalar masses in this paper. that value needed to agree with for a set of fermion masses and

The Jarlskog parameter=Im(V Vi VcpVag) is a measure of
P violation. We testJ by a comparison to the experimental value
extracted from the well-knowrkK®-K® mixing observable ex
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fit the data. In Table | we also show the fits obtained with TABLE II. Charged fermion masses and mixing angles:

k1=k,=0 as a benchmark for the cases with nonzefg ~ 3 neutrino SMA MSW. Initial parametersik;=«5, |ro|

which follow. From Table | it is clear that this theory fits the =0.028, (1kg, Mg, €3)=(24.52, 3.0510'° GeV, —4.07%,

|0w-energy data quite We:I-P ()\,r,O',E,p,E’):(Ojg, 12.3, —0.96, 0.010, 0.042, 00031),
Finally, the squark, slepton, Higgs and gaugino spectrum®s» e, ®,, @, ®,,)=(3.84,0.0032,5.02; 1.70, 0.85) rad,

of our theory is consistent with all available data. The light-[Mo, M, Ao, #(Mz)]=(1000, 300,-1438, 110) GeV,

est chargino and neutralino are Higgsino-like with thel(Mu,/mo)? (my /mg)?, tanp]=(2.22, 1.66,53.7).

masses close to their respective experimental limits. As an

example of the additional predictions of this theory consider OPservable Datéo) _ Theory

the CP violating mixing angles which may soon be observed (masses in Gey

at B factories. For the selected fit witky = x,=0 we find M, 91.187(0.091 91.18
M 80.388(0.08 80.40
(sin 2a,sin 28,siny) =(0.74,0.54,0.99 (7) G:VX 10 1.1664(;00102 1166
. . an 137.04(0.14 137.0
or equivalently the Wolfenstein parameters (M) 0.1190(0.003 .
(p,7)=(—0.04,0.31. ®) PrewX 10° —0.20(1.2) +0.322
M, 173.8(5.0 175.0
As an aside, we have also computed the SUSY contribu- My(Mp) 4.260(0.1) 4.326
tion to the muon anomalous magnetic moment. Our predic- Mbs—Me 3.400(0.2) 3.432
tion for the selected SUSY poffitgives values fora$"s" ms 0.180(0.050 0.146
~40x 1010 in good agreement with the latest preliminary ~ Ma/Ms 0.050(0.019 0.0585
data from the ongoing BNL experimef#5]. 2 0.00203(0.00020 0.00201
In Tables I1-VI we give results for nonzerg ,«,. These M- 1.777(0.0018 1.776
results have been obtained with a slightly different procedure M, 0.10566(0.00012 0.1057
than previously. We have followed a multistep iterative pro- ~ M¢x10° 0.5110(0.00052 0.5110
cedure for finding “good” fits to both charged fermion and Vs 0.2205(0.0028 0.2206
neutrino data. This is in lieu of combining the neutrino and V¢, 0.03920(0.0030 0.0402
charged fermion sectors into a singé function and mini- Vi Ve 0.0800(0.02 0.0702
mizing the totaly? with respect to variations of all the pa- By 0.860(0.08 0.8691
rameters. Let us now describe this procedure in more detail. B(b—sy)x10* 3.000(0.47 2.958
In each case we select a pair of nonzero valuesfand Total 2 2.48

K, and keep these two parameters fixed while we repeat the
charged fermion analysis. If we obtain a good fit, we use

these as initial values for the analysis of the neutrino sectofis o fixed «; and «,. Following this procedure we focus
(dlscuTsed In tue next sectjorThen in tTe ”e“t,””(lj analyssh independently on different neutrino solutions as indicated in
we only vary those parameters not already included in the,q (apie captions. Thus although the data in Tables 11-VI do

charged fermion analysis. If t.he resulting neutrino fit is Not ot seem much different, they do, however, represent signifi-
acceptable, we make a step in the, («,) parameter Spacé cant changes in the neutrino sector; discussed in the next
and start again with the charged fermion analysis. We alsQgtion.

found that we can improve the neutrino fit for fixed and Before we conclude this section, let us consider one test
K, if we return to the charged fermlon analysis and carefqlly(in the charged fermion secowhich may be able to distin-
move one or more parameters entering the Yukawa matrices,ish among these different neutrino cases. The unitarity
slightly away from their best fit valuevatching so as not to angles(sin 2, sin 28, siny) or equivalently the Wolfenstein

incur large changes in the charged fermion contributions t?)arameter$p 7) in some cases have significant corrections
2). Thus our Tables 11-VI do not show the absolute “best” ; ’ ; ;
X depending on the neutrino solutigeee Table VI). In par-

ticular, for larger values ofc;,x, we obtain significantly

o _ _ ~ larger negative values ofp; in particular considerp
mixing angles derived from the GUT scale. We test this theoretical_ —0.24 for the 3v LMA MSW solution. This may be se-

with o stfor eatimate, s obtained from secent atice calbuladong/STelY Constrained b-B mixing data. However, in order to
23] ' determine whether this is consistent with present data we
' must first extend our numerical analysis to include this pro-

"“Note, the strange quark mass(1 GeV)~150 MeV is small,  cess. We will look at this in a future papg24].
consistent with recent lattice results.

HAlthough this result does depend on the particular point in
SUSY parameter space we have selected, it is independent of the
particular neutrino solution. In addition, we have assumed universal
masses for squarks and sleptons at the GUT scale. Nonuniversal The parameters in the Dirac Yukawa matrix for neutrinos
slepton masses can affect our result. [Eg. (4)] mixing v—v are now fixed. Of course, neutrino

IlI. NEUTRINO MASSES AND MIXING ANGLES
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TABLE Ill. Charged fermion masses and mixing angles: 3 neu-
trino  LMA MSW. Initial parameters: |k;|=0.055, |«,|
=0.31, (lhg, Mg, €3)=(24.52, 3.0%x10' GeV, —4.08%),
(N, 1, o, € p, €)=(0.79, 14.3,—1.13, 0.009, 0.045, 0.0028),
(®,, ¢, ®,, P, P,)=(3.82,-0.69, 4.83,4.07;-1.14) rad,
[Mo, My, Ag, u(M3)]=(1000, 300, —1444, 110) GeV,
[(my,/mo)?, (my /mg)?, tanB]=(2.22, 1.66, 53.7).

Observable Datéo) Theory
(masses in GeV

M, 91.187(0.09) 91.18
My 80.388(0.080 80.40
G, x10° 1.1664(0.0012 1.166
g 137.04(0.14 137.0
ag(My) 0.1190(0.003 0.1174
PrewX 10° —0.20(1.2) +0.322
M, 173.8(5.0 174.9
my(My,) 4.260(0.11) 4.323
Mp— M, 3.400(0.2) 3.433
ms 0.180(0.050 0.138
mg /M 0.050(0.015 0.0664
Q2 0.00203(0.00020 0.00202
M, 1.777(0.0018 1.776
M, 0.10566(0.00011 0.1057
Mgx 10° 0.5110(0.00051 0.5110
Vs 0.2205(0.0026 0.2204
Vep 0.03920(0.0030 0.0409
\VRAVAN 0.0800(0.02 0.0782
By 0.860(0.08 0.8682
B(b—sy)x10* 3.000(0.47) 2.999
Total x? 3.99

masses are much too large and we need to invoke the GRSY

[26] see-saw mechanism.

Since the 16 of SA0) contains the “right-handed” neu-
trinos v, one possibility is to obtainn—v Majorana masses
via higher dimension operators of the fd¥m

1— 1
716 16 16 16, 17 16 16 16 16,¢%

1

i 1616,1616,S%".

©)

The second possibility, which we follow, is to introduce
SO(10) singlet fieldsN and obtain effective mass terms-N
andN—-N using only dimension four operators in the super-
space potential. To do this, we add three newI®Dsinglets
{Na,a=1,2;N;3} with U(1) charges{—1/2,+1/2}. These
then contribute to the superspace potential

2This possibility has been considered in the paper by Carone and

Hall [27].

PHYSICAL REVIEW D62 055001

TABLE 1V. Charged fermion masses and mixing angles:
3 neutrino vacuum. Initial parametersi,|=0.004, |k,|=0.25,
(llag, Mg, €3)=(24.52, 3.0 10 GeV, —4.16%), {, I, 0, €,
p, €')=(0.80, 15.6,—0.35,0.013, 0.041, 0.0035)d(,, ¥, ®,,,
., ®,)=(3.00,-0.65, 4.41, 3.74-0.052) rad,[my, My,
Aq, n(Mz)]=(1000, 300,-1433, 110) GeV,[(de/mO)Z,
(my, /mp)?, tanp]=(2.22,1.66,53.7).

Observable Datéo) Theory
(masses in Ge)/
M 91.187(0.099) 91.18
My 80.388(0.080 80.40
G, x10° 1.1664(0.0012 1.166
g 137.04(0.14 137.0
ag(My) 0.1190(0.003 0.1171
PrewX 108 —0.20(1.2) +0.322
M, 173.8(5.0 175.0
mp(My,) 4.260(0.11) 4.324
Mp— M, 3.400(0.2 3.405
m 0.180(0.050 0.170
mg/mg 0.050(0.015 0.0548
-2 0.00203(0.00020 0.00202

M, 1.777(0.0018 1.776
M, 0.10566(0.00011 0.1057
Mx 10° 0.5110(0.00052 0.5110
Vis 0.2205(0.0026 0.2205
Vep 0.03920(0.0030 0.0392
\VARAVA 0.0800(0.02 0.0758
By 0.860(0.08 0.8604
B(b—sy)x 10 3.000(0.47) 2.938
Total 2 1.47

— 1
WD 16(N,x2+ N316;) + > N Ny S22+ NoN3é?,  (10)

where the fieldL6 with U(1) charge— 1/2 is assumed to get
a VEV in the “right-handed” neutrino direction. Note, this
VEV is also needed to break the rank of @0.

Finally we allow for the possibility of adding a(®) dou-
blet of SQ10) singletsN® or a U2) singletN>. They enter
the superspace potential as follows:

WD 1/ NaN2+ 3N3NB. (11)
The dimensionful parameteys’, w3 are assumed to be of

order the weak scale. The notation is suggestive of the simi-
larity between these terms and theterm in the Higgs sec-

tor. In both cases, we are adding supersymmetric mass terms
and in both cases, we need some mechanism to keep these

dimensionful parameters small compared to the Planck scale.
We define the X3 matrix

uw 0 0
p=( 0 wx O (12)
0 0 w3
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TABLE V. Charged fermion masses and mixing angles:
4 neutrino SMA MSWHLSND. Initial parameters|«,|=0.0001,
(1kg, Mg, €5)=(24.50,3.0X 10 GeV,— 4.14%),

(N, 1, o, € p, €)=(0.75, 12.4,—0.76,0.011, 0.044, 0.0032),
(®,, ¢, ¢,, ¢, P,)=(3.87,-0.95 3.97, 4.81, 1.13) rad,

| k| =0.002,

TABLE

—4.09%),

PHYSICAL REVIEW D62 055001

VI.

Initial parameters: | k4|

0,1, 0, € p, €)=(0.79, 12.2-0.94, 0.0110.042,

0.0031), @,, ®., ®,, ¢, &, )=(3.84, 0.07, 5.03-2.49,

(Mg, My, Ay, w(M;)]=(1000, 300, —1459,110) GeV, —1.19) rad,[my, Myp, Ay, x(M;)]=(1000, 300, —1438,
[(my,/mo)?, (my /mg)?, tanB]=(2.19, 1.65, 53.0). 110) GeV,[(my,/mo)?, (my /mg)?, tanp]=(2.22, 1.66, 53.7).
Observable Datéo) Theory Observable Datéo) Theory
(masses in GeV (masses in Gey
M 91.187(0.09) 91.18 Mz 91.187(0.09) 91.17
Mw 80.388(0.080 80.40 My 80.388(0.080 80.40
G, X 10° 1.1664(0.0012 1.166 G, X 10° 1.1664(0.0012 1.166
g 137.04(0.14 137.0 agy 137.04(0.14 137.0
ag(My) 0.1190(0.003 0.1173 (M) 0.1190(0.003 0.1174
PrewX 10° —0.20(1.2) +0.318 PrewX 10° —0.20(1.2) +0.322
M, 173.8(5.0 173.5 M, 173.8(5.0 175.0
my(Mp,) 4.260(0.11) 4.341 my(M,,) 4.260(0.11) 4.328
Mp—M, 3.400(0.2) 3.422 Mp—M, 3.400(0.2) 3.426
mg 0.180(0.050 0.148 mg 0.180(0.050 0.148
mq/ms 0.050(0.015 0.0591 mg/ms 0.050(0.015 0.0588
Q2 0.00203(0.00020 0.00201 Q2 0.00203(0.00020 0.00201
M, 1.777(0.0018 1.776 M. 1.777(0.0018 1.777
M, 0.10566(0.00012 0.1057 M, 0.10566(0.00012 0.1057
M x 103 0.5110(0.00052 0.5110 Mgx 108 0.5110(0.00052 0.5110
Vs 0.2205(0.0026 0.2205 Vs 0.2205(0.0026 0.2205
Vep 0.03920(0.0030 0.0402 Vep 0.03920(0.0030 0.0401
\ARRAVA 0.0800(0.02 0.0699 Vi Ven 0.0800(0.02 0.0701
By 0.860(0.08 0.8696 By 0.860(0.08 0.8686
B(b—sy)x 10" 3.000(0.47) 3.007 B(b—sy)x 10 3.000(0.47) 2.983
Total x? 2.94 Total x? 2.12
The matrixz determines the number ebupledsterile neu- 0O 0 m O
trinos, i.e., there are four cases labeled by the number of ~T
. 0O 0 0 =
neutrinos \,=3,4,5,6): (13
m 0 0 V|
~ T
(N,=3) 3 active (u'=uz=0); 0 & Vi My
) ] where
(N,=4) 3 activet1 sterile (u'=0;u3#0);
0 Vo
(N,=5) 3 activet2 sterile (u'#0;u3=0); m:YV<Hu>=YVES|nﬁ (14
(N,=6) 3 activet3 sterile (u'#0;u3#0). and
In this paper we consider the cadés=3, 4, and 5. 3k1€Vig (€' +3k2€6)Vig O
The generalized neutrino mass matrix is then givet? by V=| — (€ —3kp€)Vig 3eVyg 0|
o O I’e(l—O')Tj\/le V:,|.6
(v N v N,
K]_S Kzs O
BThis is similar to the double see-saw mechanism suggested by My=| x2S S ¢ (15
Mohapatra and Vall§28]. 0 ¢ 0
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TABLE VII. Unitarity triangle angles and Wolfenstein parameters for the different neutrino fits with

NONZEroKy,Ky.

Neutrino fit Values ofxq, k5 (sin 2, sin 28, siny) (p, 1)
3v SMA MSW Klzkg, | k,|=0.028 (0.92, 0.50, 0.9p (—0.10, 0.30
v LMA MSW | k1| =0.055,| k,|=0.31 (0.94, 0.39, 0.78 (—0.24, 0.26
3v Vacuum | k1| =0.004,| k,|=0.025 (0.86, 0.56, 0.97 (—0.08, 0.33
4y SMA MSW-+LSND | k4|=0.0001,| x,|=0.002 (0.75, 0.54, 0.99 (—0.04, 0.3
50 SMA MSW+LSND | ky|=|k,|?, |x,|=0.032 (0.88, 0.51, 0.95 (—0.09, 0.31
V16, Vig are proportional to the VEV o16 (with different ForN,<4 we have
implicit Yukawa couplingsandS, ¢ are up to couplings the ,
VEVS of S% ¢?, respectively. KieeTa

Since bothV and My are of order the GUT scale, the
statesy, N may be integrated out of the effective low-energy

theory. In this case, the effective neutrino mass matrix ism,=m'U_]

given (at Mg) by'*[the matrix is written in the £,N) flavor
basis where charged lepton masses are diagjonal

e T( m(VH MV Imm - m(VT)‘1ﬁ> -
mv_Ue e

-V im' 0
(1)  Where
with
- Us O
Ue= o 1/’ (17)

eOZUee; Vo= UeV

U, is the 3X 3 unitary matrix for left-handed leptons needed
to diagonalizeY, [Eq. (4)] and ey, v, (e,v) represent the
three families of left-handed leptons in the charged-weak
(-mas$ eigenstate basis.

The neutrino mass matrix is diagonalized by a unitary
matrix U=U ,; :

m¥9=uTm,U, (18)

wherea={ve,v,,v;,vs,vs,,vs,} is the flavor index and
={1,...,6 is the neutrino mass eigenstate indék,; is
observable in neutrino oscillation experiments. In particular,
the probability for the flavor state, with energyE to oscil-
late into v after traveling a distanck is given by

P(v,—vg)= (saﬁ—4gj U UgU%;U g Sin? Ajy,
(19

whereA = smf L/4E and smf=m’—m;.

M n fact, at the GUT scal® ; we define an effective dimension-5
supersymmetric neutrino mass operator where the Higgs VEV is
replaced by the Higgs doublet, coupled to the entire lepton dou-
blet. This effective operator is then renormalized using one-loop
renormalization group equations k. It is only then thatH,, is
replaced by its VEV.

055001-7

and

K1w§ Kz(l)g 7—4‘ 0

Kow{ b C23 —uc

(et
2

K1€€'To
—= ¢ Cas Cas —fc
0 —uc —fc 0
(20

:( S\/le) | 2

¢V16
b=wl+20rE,
€=(e")2+9(k1— K3) €2,

3 k1€r%20(3—-40)
C23: 1+ E ﬁ—e

3(ki— K§) €’— kye€’

- roc,
= 4

3k,€r%0(1— 0'))

€

U=roe,

o= #3V16
wmt¢ ’

33k r2o(1-0)
f_ 7,

L \v2si? Bod Miwd
2V1gVie VigVie'

(22)

where in the approximation fan’ we use
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Atmospheric neutrino analysis (|1;| = 0.028, x, = K:)

U .
M(=Mygp) =\ E sin g, (23
10rs * o
valid at the weak scale. .
In addition, forN,=5 the off-diagonal piece of the mass = 08¢
matrix in Eq.(16) reads T
1 0 (u-ref2) diad!
u—rel2)g = . & s &
~T\/— 1T — ’ * L4
-u'V-'m'=—m’d , 24 .
K 0 1 (u-re/2)h @49 04 |
with 0.2 ‘ :iﬁﬁﬁiﬂﬁﬁﬁﬁﬁiwnh (sin*20,5m’/eV") = (0.99, 3.5x10™) ‘
w'Vy . ‘ . . ‘ ‘
d= 16, (25 00o.o 1.0 20 30 40 50 60
m; ¢ (@) Log[(L/km)/(E/GeV)]
g:(3€K2+6,)/22 ’ (26) Atmospheric neutrino analysis ([«,| = 0.028, Kl=1<22)
h=—3ek /€. (27
1.0 |
Three neutrinosBefore we discuss the case with nonzero = Ox=e
K(12), let us recall the problem whenr, ;=0. For three s 08¢ sx=t
active neutrinos with minimal family breaking VEVé¢?), |
(S??), (A #0, and k;=k,=0, we find (at Mg) in the & 06| .
(ve,v,,v,) basis & ¢ MRS SRR
0.4 f
0 0 O
m,=m'Ull 0 b 1|uU,. (28 02
0 1 O OO & *— Py * Y 1 O 1L O o 1 Q
00 10 20 30 40 50 6.0
m, is given in terms of two independent parameters Log[(L/km)/(E/GeV)]

{m’,b} [see Egs(21), (22)]. Note, this theory in principle N _ _

solves two problems associated with neutrino masses. It F!G- 2. (&) ProbabilityP(v,—v,) for atmospheric neutrinds
naturally has small mixing between—v,, since the mixing v SMA .I\./I.SW]. For this analysis, we neglect the matt.er effeC@s.
angle comes purely from diagonalizing the charged lepto robabilitiesP(v,—»,) (x=e, 7, ands) for atmospheric neutrinos
mass matrix which, like quarks, has small mixing angles.3 v SMA MSW].

While, for b<1, v,—», mixing is large without fine-tuning. ] )

Also note, in this theory one neutrirpredominantlyr,) is ~ Section we showed that small values sof , are consistent
massless. with good fits for charged fermion masses and mixing

We have checked that in this theory it is possible to si-angles. In the next section we discuss these new solutions.
multaneously fit both atmospheric and LSND data. We, how-
ever, cannot simultaneously fit both solar and atmospheric
neutrino data. As discussed in papéi#] this problem can
be solved at the expense of adding a new family symmetry In this section we consider the solutions to atmospheric
breaking VEV?® and solar neutrino oscillations with three neutrinos. The mass

matrix is given in Eq.(20) with the parametec=0. There
(¢h)=r(¢?). (29 are three possible solutions to the solar neutrino data defined
) , ) as small mixing anglgSMA) MSW, large mixing angle
In this paper we consider the most general family SYmme MA) MSW or “just s0” vacuum oscillationg6]. In all

try breaking VEVs, given in Eq(1), introducing two new a6 cases atmospheric neutrino data are predominantly de-
complex parameters, , ;. This allows us to obtain a small ¢ ipaq byv,— v, oscillations
w T :

mass difference between the first and second mass eigenval- | ctaad of fitting the data directly, we compare our models

ues which was unattainaple before in the large mixing "m_itwith existing 2 neutrino oscillation fits to the daft]. We

for v,—v,. Hence good fits to both solar and atmospheriC,ge the |atest two neutrino fits to the most recent Super-

neutrino data can now be found. In addition, in the previouscamiokande data for atmospheric neutrino oscillations and
the best fits to solar neutrino data including the possibility of
“just s0” vacuum oscillations or both large and small angle

15This additional VEV was necessary in the analysis of CarondVISW oscillations[2,1,6].
and Hall[27]. For atmospheric neutrino oscillations we have evaluated

IV. NEUTRINO OSCILLATIONS [3 ACTIVE ONLY ]

055001-8
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TABLE VIII. Fit to atmospheric and solar neutrino oscillations TABLE IX. Neutrino masses and mixind8 » SMA MSW].
[3 » SMA MSW]. Initial parameters: #;=k3, |«,|=0.028) Mass eigenvaluegeV]: 0.000001, 0.0025, 0.059. Magnitude of
m’'=3.35x10 %eV, b=15.0,®,=3.30rad. neutrino mixing matrixU,;: i=1,...,3labels mass eigenstates.
a={e,u,7} labels flavor eigenstates.

Observable Computed value
. — 0.997 0.0360 0.0599
OMen 3.5x10"eV 0.0677 0.672 0.738
i 20, 0.99 0.0172 0.740 0.673
sm2,, 6.3X10 % eV?
SIr? 20, 5.2x10°3

as a function of the neutrino enerdy, (MeV).!® We then
compare our modebta 2 neutrino oscillation model with the
the probabilited P(v,—v,),P(v,—v,) with x={e, 7,s}] given parameters.

as a function ofx=log[(L/km)/(E/GeV)]. In order to

smooth out the oscillations we have averaged the result over

a bin sizeAx=0.5. In Figs. 2a) and 4a) we see that our A. 3 v SMA MSW solution

results are in good agreement with the valuesiok,,, and In Tables VIIl and IX we give the parameters for the fit
Sir? 26, as given. corresponding to Figs.(@), 2(b) and 3a), 3(b). This model
For solar neutrinos we plot, in Figs(&, 3(b) and §a),  is indistinguishable from the results of the given parameters

5(b), the probabilities [P(ve— ve),P(ve—v,) with x  for 2 neutrino oscillationss,—v, for atmospheric data and

—{u,7,s}] for neutrinos produced at the center of the sun to”e™ Vactive fOr solar data.

propagate to the surfadand then without change to earth In order tg obtain a SMA MSW solution we need to
choosex;=«3; to high accuracy. Note this value af »

corresponds to the only solution obtained previougiypa-
per ) with nonzerox defined by($!)=«(¢?). In fact, an

Solar neutrino analysis (|ic,| = 0.028, «, = k,) . . X
: SU(2) rotation of this case to zerap!) gives nonzerdS'?),

O—OI 3 neutrino model I . . .
x—— 2 neutrino model with (sin’20,5m’eV") = (5.2x10°, 6.3x10°) ‘ (S*?) satisfying the relationc; = «3.
1.0 4 The parametem’ is determined by the high see-saw
scale. Givenm’ [Eq. (220 and Table VI we find
~ 087 V1gVid =1.33x10GeV which is consistent with the
2 GUT scale. The large value d@f [Eq. (21)] results fromS
L, 06 | ~10¢ which is needed in order to have one large and two
= small eigenvalues.
04 f
B. 3 » LMA MSW solution
02 In Figs. 4a), 4(b) and Ja), 5(b) we present the compari-
0.0 , son to a two neutrino oscillation model for atmospheric
10" 10 10° and solar neutrino datdsee also Tables X and Xl
(a) E, (MeV) For atmospheric data the fit is good for values of
Solar neutrino analysis (1 = 0028, , = ) log[(L/km)/(E/GeV)]<4 [see Figs. @), 4(b)], where the
. . oscillations are predominantly given by, —v,. For larger
x=4 the probability P(v,—v,) is significantly smaller
1.0} - ex=p 1 (~30%) in our model than in a two neutrino model. This is
_ ¢ ox=1 due to the onset of significant,— v, oscillations. These
< 08} 1 larger values ok may be accessible in atmospheric oscilla-
1 tions. The maximum distandefor neutrinos of order 13 000
> 06t ] km, for upward going neutrinos, and the minimum detectable
=1 energy of order 0.1 GeV, corresponds to a valuexgf,
04 | ] ~5. On the other hand, it would require a much more de-
tailed analysis to determine whether our model is consistent
02| 1 with the data for fully contained events in the sub-GeV
(<1.33 GeV regime. We also note that this effect has been
0.010_1 : - 10'2 considered, in a recent analysis by Peres and Smira8ly
(b) E, (MeV)
FIG. 3. (a) ProbabilityP(v,— v,) for solar neutrino$3 v SMA 1For this calculation use an analytic approximation necessary to
MSW]. (b) ProbabilitiesP(v.— v,) (Xx=u, 7, ands) for solar neu-  account for both large and small oscillation scales. For the details,
trinos[3 v SMA MSW]. see the Appendix.

055001-9
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Atmospheric neutrino analysis (i, = 0.055, [k,| = 0.31) Solar neutrino analysis ([,| = 0.055, [ic,| = 0.31)
L 1 10
1.00¢ + » —= 3 neutrino model
~ . %—— 2 neutrino model with (sin’26,5m’/eV") = (0.77, 2.3x10°)
> 08| ] 087 ]
T g
> 06t To 0.6 9
E: . L 4 x X i
* * &, E
04 L - . - 0.4
0.2 | # 3 neutrino model ‘ 02| 1
: x 2 neutrino model with (sin*26,5m*/eV’) = (0.99, 3.7x10°)
0.0 5 . . 5
0.0 ‘ ‘ : : : 10 1 10 10
0.0 1.0 2.0 3.0 4.0 5.0 6.0 (a) E, (MeV)
(a) Log[(L/km)/(E/GeV)]
Solar neutrino analysis (fic,| = 0.055, || = 0.31)
Atmospheric neutrino analysis ([x,| = 0.055, |x,| = 0.31) ‘ '
1.0 r
1.0 1 o —eox=|
,‘; 08 B *—8x=1
~ 0.8 r Ox=e T
Ny ’ ex=1 T
T o2 06
. 06 . J =
> * . 04 | —o—o-0000
& 0.4 r * . B M—ow«m
-
: 0.24 :
0.2 r o
© 0.0 - :
00 Le—o o o o ‘ 10" 1 10 10°
00 10 20 30 40 50 60 ) E, (MeV)
(b) Log[(L/km)/(E/GeV)]

FIG. 5. (a) ProbabilityP(v,— v,) for solar neutrino$3 v LMA
FIG. 4. (a) ProbabilityP(v,— v,) for atmospheric neutrinds MSWI]. (b) ProbabilitiesP(ve— v,) (x=pu, 7, ands) for solar neu-
v LMA MSW . For this analysis, we neglect the matter effed.  trinos[3 v LMA MSW].
ProbabilitiesP(v,—»,) (x=e, 7, ands) for atmospheric neutrinos

[3 v LMA MSW]. for values of|U, 5| <0.16[31]. Finally the parameteo~1

requires no fine tuning and given’ we find the high see-

as a possible tool to distinguish the LMA MSW solution saw scaleV ;o] b= 8.78x 101 GeV.

from the other solutions to the solar neutrino problem.

A large mixing angle oscillation solution is obtained by
tuning the lightest two neutrinos to be approximately degen- C. 3 » “just so” vacuum solution
erate with a near bimaximal mixing matrigee Tables X and

X1), where the bimaximal mixing matrix is given §$0] A vacuum solution is obtained by tuning the lightest two

neutrinos to be even more degenerate than in the previous
0.71 0.71 0.0 LMA MSW case. Our results are given in Tables XII and
XIll. We have not given any figures since the results are
[Uail=| 05 05 0.71. (30 standard vacuum oscillations. Once again we obtain a near
05 05 07 bimaximal mixing matrix[30] with, however,U,, 3~0.049.
o _ ) Nevertheless this model is consistent with CHOOZ ddfa
Note, a major difference in our case is the nonzero value fO(See the discussion of this in the LMA MSW casEinally
U, _3~0.049. However, the constraibt, ;=0 chosen to sat- gjven the overall scalen’ we determine the high energy
isfy CHOOZ[4] is much too strong. It is easy to see that ourscale to be/,V;4 ¢=2.27x 10™°GeV andb~ 1. In the next
model is consistent with the null results of CHOOZ, i.e., section we discuss a four neutrino solution to atmospheric,
solar, and LSND neutrino data in the theory wip )7 0.
P(ve—ve)=1-4|U, 52(1~|U, 5/)sir?
V. NEUTRINO OSCILLATIONS [3 ACTIVE +1 STERILE]
2 . . L
y 1.275m{ eV?)L(km) 0,98 In the four neutrino case the mass matatM ) is given
E,(GeV) T by Eq.(20) with c#0. As in the previous case of three neu-
(31 trinos, we compare our model with two-neutrino oscillation

055001-10
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Atmospheric neutrine analysis ([, = 0.0001, |, = 0.002)

10rs *
.
~ 08
S
T:. 0.6
IS
Ex . . - * * * »
S 041
0.2 .‘ ¢ 4 neutrino model (o = 1.04) ‘
x 2 neutrino model with (sin226,5mz/eVl, o) =1, 3.5x10'3, 1)
0.0 ‘ ‘ ‘ ‘ :
0.0 1.0 2.0 3.0 4.0 5.0 6.0
(a) Log[(L/km)/(E/GeV)]
Atmospheric neutrino analysis ([ic;| = 0.0001, || = 0.002)
1.0 ¢
XX=e
*x=1
; 08 Ox=s
T 0.6 r
=
z L
~
0.4
0.2 r
.
0.0 g [~ S S R © R - . 2. Q
0.0 1.0 2.0 3.0 4.0 5.0 6.0
(b) Log[(L/km)/(E/GeV)]

FIG. 6. (a) Probability P(v,—v,) for atmospheric neutrinos

multiplied by «, a fudge factor introduced to account for the uncer-

tainty in the normalization of the incidemt, flux. For this analysis,
we neglect matter effectgb) ProbabilitesP(v,—v,) (x=¢, 7,
ands) for atmospheric neutrinos.

models which have already been fit to the ddt®,6]. The
results for our best fit are found in Tables XIV and XV and
Figs. Ga), 6(b), 7(a), 7(b), and 8.

In Fig. 6@ we evaluateP(v,—v,) where we also in-
clude a multiplicative fudge factae. This is justified by the

theoretical uncertainty in the normalization of the incident
v, flux. Recall the observed number of muon neutrinos is

given by

(32

N(v,)=No(v,)P(v,—v,),

o

TABLE X. Fit to atmospheric and solar neutrino oscillatidBs
v LMA MSW]. Initial parameters: |¢,|=0.055, |«,|=0.31),
m’'=4.93x10 2eV, b=0.84,®,=—0.41rad.

PHYSICAL REVIEW D62 055001

TABLE XI. Neutrino masses and mixind8 » LMA MSW].
Mass eigenvalugieV]: 0.002, 0.005, 0.061. Magnitude of neutrino
mixing matrix U, . i=1,...,3 labels mass eigenstatesy
={e,u, 7} labels flavor eigenstates.

0.857 0.513 0.049
0.368 0.563 0.740
0.362 0.648 0.671

TABLE XII. Fit to atmospheric and solar neutrino oscillations
[3 » vacuun. Initial parameters: |¢;|=0.004, |«x,|=0.025).
m’'=2.92x10"2eV, b=1.73,d,=—0.33 rad.

Observable Computed value
oM 3.5x10 2eV?
Sir? 26,im 0.99
om2, 7.9x10 MeV?
Sin? 26, 0.97

TABLE XIII. Neutrino masses and mixind8 v vacuuri. Mass
eigenvaluedeV]: 0.00106037, 0.00106041, 0.059. Magnitude of
neutrino mixing matrixU,;. i=1,...,3 labels mass eigenstates.
a={e,u, 7} labels flavor eigenstates.

0.759 0.649 0.049
0.429 0.513 0.744
0.489 0.563 0.667

TABLE XIV. Fit to atmospheric, solar, and LSND neutrino os-
cillations [4 neutrinos SMA MSW-LSND]. Initial parameters:
| k1]=0.0001, | k,|=0.002,m'=0.979 eV, b= —0.054, c=0.101,
®,=5.59rad.

Observable Computed value
om2,, 3.5x10 3eV?
Sir? 204m 1.0
om2, 5.0 10 ®eV?
Sir? 26, 3.0x10°3
SM2snp 0.53
Sirf 26, snp 0.018

TABLE XV. Neutrino masses and mixindg neutrinos SMA
MSW-+LSND]. Mass eigenvaluegeV]: 0.00002, 0.0022, 0.7248,
0.7272. Magnitude of neutrino mixing matrix,,; . i=1,...,4 la-
bels mass eigenstates={e,u,7,s} labels flavor eigenstates.

Observable Computed value
omiim 3.7x10 % eV? 0.997 0.0254 0.0480 0.0482
Sir? 26,m 0.99 0.0703 0.1079 0.7022 0.7003
om2, 2.3x10 % eV? 0.273x10°8 0.0292 0.7053 0.7083
Sir? 26, 0.77 0.0181 0.9934 0.0852 0.0745
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Solar neutrino analysis (Jx,) = 0.0001, [i;| = 0.002) with k;=k,=0 there is also a significart~10% effeci
STt jnewtdnomode (in'20.5mTeV" < (Bx10”, 5610 osc_:illation ofv,—vs. In this_ case, th_at effe_ct has vanish_ed.
This also means that sterile neutrinos will not come into
thermal equilibrium in the early universe, due to the small
mixing angle. Hence, at the nucleosynthesis epoch this
model has only three neutrino species in thermal equilibrium.

For solar neutrinos we see in Fig(ay that our model
reproduces the neutrino results foBmZ,=o6m2,=5
x10 ®eV? and a 2 neutrino mixing angle &iBf,,=3

X 10" 3. The solar neutrino deficit is predominantly due to
the small mixing angle MSW solution fare- v5 0scillations.
The results are summarized in Tables XIV and XV.

A naive definition of the effective solar mixing angle is
given by

’

P( Ve — Ve)

1 10 10
(a) E, (MeV)

Solar neutrino analysis (x| = 0.0001, |x,| = 0.002)

101 SIN? 260,,= 4] U 1[4 Uel|*. (33

0.8 |
We note that the naive definition of €i@¢;, underestimates

the value of the effective 2 neutrino mixing angle. The fit
value corresponds to i6;,=2.6x10 °.

In Fig. 7(b) we see that oscillations into any active neu-
trino is substantially suppressed. This is unlike the case with
k1= k=0 where there is also a significait8%) probabil-
ity for ve— v, .

0.0 $—e—ssssmm s Finally with nonvanishinge; , we are now able to simul-
(b) 10 ! E. (MeY) 10 10 taneously fit atmospheric, solar, and LSND data. This result
v is shown in Fig. 8 where we plot the probabilify(v,

FIG. 7. (a) Probability P(ve— v) for solar neutrinos(b) Prob- ~ — ¥e) @s a function of neutrino energy relevant for LSND for

abilities P(ve— v,) (x=p, 7, ands) for solar neutrinos. our model compared to a two neutrino model with’gia
=0.018 andém?=0.53eV* in the LSND allowed region

whereNo(v,,) is the theoretically expected incident neutrino [3]."" This is in contrast to the case, ;=0 (paper ) where

flux which has an uncertainty of order 20%. We j(v,)  this was not possible.

=Ny« where Ny, is the value used for the neutrino flux ~ We now consider whether the parameters necessary for

when fitting the data. the fit make sense. We have three arbitrary parameters. We

We see that our result is in good agreement with the valhave takenb and ¢ complex, while any phase fam’ is
ues of 5m§tm= 3.5x10 %eV? and sif 20,,=1.0 with « unobservable. A large mixing angle foy,- v, oscillations is
=1.04. In Fig. 6b) we see that the atmospheric neutrino obtained with|b|~0.05 (Table XIV). This does not require
deficit is predominantly due to the maximal mixing betweenany fine tuning; it is consistent witB V¢ ¢V,6~0.17 which,
v,-v,, as in the case witlk; = k,=0. However, in the case taking into account Yukawa couplings, is perfectly natural

[see Eq.(21)]. The parametec [Eg. (20) and Table XIV|
LSND neutrino analysis (| = 0.0001, ;| = 0.002), L=30m ~0.10~u3Vig/ omip implies u;~26(4/V16) GeV. Con-
' ‘ ' ‘ ' sidering that the standayd parametelsee the parameter list
in the captions to Table Mwith value u =110 GeV andus
[Eq. (11)] may have similar origins, both generated once
SUSY is spontaneously broken, we feel that it is natural to
have a light sterile neutrino. Lastly consider the overall scale
of symmetry breaking, i.e., the see-saw scale. We Ve
=0.979eV (Table XIV) ~mw¢/VigVis. Thus we find
VigVid p~miw/m’ ~4.66x 108 GeV. This is admittedly
somewhat small but perfectly reasonable {d6)~(?)

‘ 3 neutrino model ‘ ~Mg¢ once the implicit Yukawa couplings are taken into
x 2 neutrino model with (sin"20,5m’/eV") = (L.8x10°, 0.53)

0.6

P( Vo V)

0.4 r

0.2 r

0.008

0.006

0.004 |

P(v,— V. )

0.002

account.
0.000 , : , ‘ ,
30 35 40 45 50 55 60
E, (MeV)
FIG. 8. ProbabilityP(»,— v,) for LSND energies. Note, the probability fori ,— 7, oscillations is almost identical.
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TABLE XVI. Fit to atmospheric, solar and LSND neutrino os- Atmospheric neutrino analysis (|x| = 0.001024, |x,| = 0.032)
cillations [5 neutrinos SMA MSW-LSND]. Initial parameters: ‘ ‘ ' ‘ ‘
|k1|=| k2|2, | k5] =0.032,m" =0.8380 eV, b=0.9015,d=0.0016,
®,=—3.18 rad,® 4= — 4.83 rad. 107 ¢ & .

Observable Computed value 08¢
- S
oMz, 3.7xX10 %eV? | osl
SIr? 26,m 0.99 - -
sm2, 5.7x10 % eV? g . ¢ ¢ A

SIN? 265, 4.0x10°3 04

6mESND 0.36 ‘ # 5 neutrino model
Sir? 26, snp 0.026 0.2 % 2 neutrino model with (sin*26,5m’/eV") = (0.99, 3.7x10°)

0'00 0 1‘0 2‘0 3I0 4‘0 5‘0 8.0
VI. NEUTRINO OSCILLATIONS [3 ACTIVE +2 STERILE] (@) Logl(L/km)/(E/GeV)]

In this case we havg' #0, u;=0 [see Eq(12)], where

, Atmospheric neutrino analysis (x| = 0.001024, || = 0.032)
u' sets the scale for the termsn(),.,, (m,)s, for « . : : ; ;

={e,u,7} [EQ. (24)]. We are able to find a good solution to xx=e
atmospheric neutrino oscillations with maximg]— v, mix- 1.0 | g,’::,
ing, a solution to solar neutrino oscillations in the SMA sx=s,
MSW region and a fit to LSND. The fit is presented in = 08¢
Tables XVI and XVII and in Figs. @), 9(b), 10(a), 10(b), ]
and 11. . 067 .
Note, the parameterd [Table XVI and Eq. (24)] ; S e e e e
=u'Vigmip. Thus pu'=md(p/Vig=0.28(¢/Vie) GeV. 0.4t
In addition, we have m'=0.838 eV [Table XVI]
~mZwp/ViV]lg. Thus we find Vig~(mZo/m’)¢/Vig 02 |
~5.3x10'%(¢/V}9) GeV. In order to obtain this solution -
without fine-tuning we must assume that the ra#oVig %%0" M0 20 30 40 50 60

~100. As in the previous four neutrino case, this may be (b) Log[(L/km)/(E/GeV)]
attributable to ratios of Yukawa couplings.
FIG. 9. (a) Probability P(v,—»,) for atmospheric neutrinos.
For this analysis, we neglect matter effedts. ProbabilitiesP(v,,
VII. DISCUSSION —v,) (X=e, 7, 51, ands,) for atmospheric neutrinos.

In this paper we analyze the predictions for both chargeg
fermionandneutrino masses and mixing angles in an 81 distinguishv,— v, for v,=wv, or v, (see talks by Scholberg

SUSY GUT with U(2)<U(1)" family symmetry. We find 54 Mmann[2]). There are two proposed methods. The first
that, if we allow for the most general family symmetry \,qe5 the measured zenith angle dependence, since there is an
breaking VEVS, the model can accommodate three different;s\w effect in the earth fow but not for v... This effect

three-neutrino oscillation solutions to atmospheric and S°|a§uppresse9zu—> v, oscillations for high-energy neutrinos

neutrino data, one four and one five neutrino solution to at'coming from below. Recent data does not show such an ef-

mospheric, solar, and LSND data. We also find a three nelgp - s favorings, = ».. The second method uses the ratio

trino solution to atmospheric and LSND data alone. In spit;¢ naytral currentNC) to charged currentCC) processes

of all this freedom in the neutrino sector, the fits for Chargeé/vhich can distinguish between the two. Here there is pre-
fermion masses anql mixing angle_s are re_lat|vely unaffeqte d’minary data favoringy, = v. This ratio satisfies
In all cases we find atmospheric neutrino data describe

y maximalv,— v, mixing.*® Super-Kamiokande is able to

R(NC/CC)< 1 for Vy= Vg,
TABLE XVII. Neutrino masses and mixind$ neutrinos SMA

MSW+LSND]. Mass eigenvaluegeV]: 0.88<10 7, 0.0007, =1 for vy=v,. (34
0.0025, 0.6013, 0.6043. Magnitude of neutrino mixing malttix ,
i=1,... 5labels mass eigenstates={e, u, 7,5, ,S,} labels flavor ~ Using Super-Kamiokande data fer’ events produced by
eigenstates. neutral current neutrino scattering in the detector one mea-
sures
0.0586 0.9940 0.0297 0.0763 0.0430
0.0033 0.0802 0.0182 0.6998 0.7096
0.0018 0.0356 0.0617 0.7091 0.7015
0.0036 0.0291 0.9975 0.0401 0.0507 %We have not searched for solutions with maximg)—vs
0.9983 0.0585 0.0053 0.0014 0.0015 mixing, since this is not favored by the latest Super-Kamiokande
data[2].
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Solar neutrino analysis ([ic,| = 0.001024, |«c,| = 0.032)

44— 5 neutrino model

A—A 2 neutrino model with (sin’20,5m’/eV’) = (5x10°, 5.7x10°)
1.2 j ¥—Y¥ 2 neutrino model with (sin229,5m1/evl) = (3x10'3, 5.7x106)
%——x 2 neutrino model with (sin’20,5m’/eV") = (4x10°, 5.7x10°)

1.0 §
0.8 ¢

0.6 -

P( Ve —— Ve)

Solar neutrino analysis (|x,| = 0.001024, |«,| = 0.032)

E, (MeV)

1.0 |

0.8 ¢

0.6 -

P( Ve Vx)

0.4

0.2

*—xXxX=l
G OX=1
0—0X=sl
I AX=Ss,

0.0 *
(b)

FIG. 10. (a) ProbabilityP(v.— ve) for solar neutrinos(b) Prob-
abilities P(ve—vy) (X=pu, 7, $1, ands,) for solar neutrinos.

=1.11+0.006 data stat=0.02(MC sta) =0.26(sy9.

LSND neutrino analysis (|x,| = 0.001024, || = 0.032), L = 30m

110 ' 10
E, (MeV)

(770/ €) data

R =—bF
(NGO ( 0/ €) Monte Carlo

0.006

—v,)

P(Vn

0.002 |

> 0.004 ¢

5 neutrino model
x 2 neutrino model with (sin"26,5m’/eV’) = (0.0259, 0.363)

0,000, - : : : :
30 35 40 45 50 55 60

FIG. 11. ProbabilityP(v,— v.) for LSND energies.

E, (MeV)
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The oscillationsv,— v, may also be visible at long base-
line neutrino experiments. Both K2KL0] and MINOS[11]
are designed to test far, disappearance. For example, at
K2K [10], the mean neutrino enerdy=1.4 GeV and dis-
tanceL =250 km corresponds to a value f 2.3[see Figs.

2(a), 4(a), 6(a), and 9a)] and henceP(v,— v,)~0.45.

Results on solar neutrino oscillations or LSND will, on
the other hand, be able to narrow down the acceptable re-
gions of parameter space, but cannot test this class of mod-
els. Finally, the plethora of solutions presented in this paper
is in stark contrast to the unique solution obtained assuming
the minimal family symmetry breaking VEVs studied previ-
ously in paper [[14]. In the latter case we cannot find any
three family solutions to both atmospheric and solar data and
we find a unique four neutrino solution to atmospheric and
solar data bunhot LSND. Thus it is clear that the neutrino
sector is in general much less constrained than charged fer-
mions. Nevertheless, it is pleasing to find a simple SUSY
GUT which can accommodate all of this low-energy data.
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APPENDIX: SOLAR NEUTRINO ANALYSIS

In this appendix we describe in detail the approximation
which we used in the numerical analysis of solar neutrino
oscillations. The Schiinger equation for solar neutrinos is

given by

.dq,a =H,_, V" Al

Ia V(t)_ af V(t)! ( )
(MIM,) o

Haﬁ=T+Va(t)5alg. (A2)

Here V¢ is a state vector for neutrinos with flavaer («
=e, u, 7, ands for four neutrino modéP), H is the Hamil-
tonian for solar neutrinos, arte is the neutrino energy. The
mass matrixm, in the flavor basis is given bisee Eq(18)]

m&9=yTm,uU, (A3)

flavor

where U is the mixing matrix for neutrinos(v,
mass

=U,i»"™, wherei=1—4 for four neutrino model and
m329js the diagonal mass matrix in the mass eigenstate ba-
sis. V,(t) is a time-dependent potential for neutrinos with
flavor « as follows:

1
V(1) :‘/QGF{ Ne(t) — 2 nn(t)] )
%Here we present our method of solar neutrino analysis in a four

neutrino model. The method can be easily extended to a three neu-
trino model or a model with more neutrinos.
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1
V,(D=V,(1)= = V2Ge5 ny(1),

Vs(1)=0, (Ad)

where Gg is the Fermi coupling constant. Here we assume

that electron ;) and neutron if,,) number densities at a
distancer =ct from the center of the sun are given by

;
Ne=4.6X 1011exp( - 10.5§) eVs, (A5)

eVs, (AB)

r
np=2.2X 1011exp( —10.55

whereR is a solar radius.

PHYSICAL REVIEW D62 055001

H:HH+H|_,
2
Hy=U 5z U", (A10)
H :Um—fuuv (t)6 (A11)
L 2E a af -

The state vector is also divided into two parts as follows:

i) =Aus() (1), (A12)
where we definé\ to satisfy the equation
d
i aA(t)=HHA(t),
A(t=0)=lI, (A13)

Mass scales for the atmospheric and LSND neutrino prob-

lems (6m2,,=10"3eV?, émigp=1eV?) are much larger
than that for the solar neutrino problem sniZ,,,

wherel is a unit matrix. We can easily solve EGA13) and
the solution is given by

<10 %eV?). When we include the mass scales for atmo-

spheric and/or LSND neutrinos and solve the Sdiger

A(t)=exp —iHut),

equation for the solar neutrino problem, it is almost impos-

sible to solve it numerically because of these larger mass
scales and the rapid fluctuations they produce. Thus, in order

to solve the Schidinger equation numerically, we use the
following approximation.
We divide the mass terrmImV into two parts:

m!=U(m%9) Tmdiagy T,

=Um?UT+um3ut, (A7)
wherem?(m?) is a “light” (“heavy”) part,
ms
2
m;
mZ= 0 , (A8)
0
0
) 0
my= m2 , (A9)
m3

and we assume thatm3,=m5—m3 is the scale for solar
neutrino problem andni<m3<m3<mj3. Then the Hamil-
tonianH is given as

2
. H
—Iﬁt

o] 1B

(A14)

Then® , satisfies

d m? m?
i @D=U EJrexp(lit)UTV(t)U
xexr{—im—ﬁt”UTd) (t) (A15)
2E ne

Since the mass scales; , included in the matrixn?; are
too large for MSW effects, the exponential terms
exp{ii(m§4/2E)t] oscillate rapidly. Therefore we replace
them by their time-averaged values

(A16)

Then Eq.(A15) has the following approximate form:

2

. d D)= m; 5 + T
|a V(t)— Uai E ij+UiyVy(t)ij UJB
Ui 2Ul42, Vo (DU 00U 5 5[ @001,
(A17)
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where the indicesy, 8, y run from 1 to 4, on the other hand, P(ve—1,)=|WE(D)[2=]A, 50 D5(1)[?

the indiceg, j from 1 to 2. We then solve E@gA17) with the

L. L 2
initial condition - UaiUiTﬁ‘D’f
i=128=1-4
®,(t=0)=(1,0,00 or ¥, (t=0)=(1,0,0,0. 2
(A18) +i;34 B;_Auaiui*ﬁ@f ., (A19)

Finally, the oscillation probabilityP(ve—v,) (=€, wu,
7, Or §) at timet is given by

where the= in the last lind Eq. (A19)] refers to the fact that
the time average of egpzi(rrﬁvz,IZE)t] was used.
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