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Scheme of Neutrino Mass Hierarchy
Starting Point

Atmospheric Neutrino Anomaly at S-Kam
Ammm 1073 ~ 10 %eV?
sin” 26 ~ 1

And we take into account

Solar Neutrino Data
Am? = (0.3 ~ 1.2) : 10%eV?
MSW small angle sm 2905 ~ (0.1 ~ 2) x 1072
MSW large angle sin®26g ~ 0.65 ~ 0.85

AmZ = (5 ~ 8) x 10~ HeV?
Justso sin’ 200 ~08 ~1

LSND Data
&m%SND = 0.3 ~ 28\/2
sin? 201snp =~ (0.2 ~ 3) X 102




Scheme A: Sacrifice LSND Data

Am?_.;l ad &m%z a ;ﬁmﬁtm
Am%l 2 A?RQ@
Natural Mass Hierarchy: mg >~ mo ~ my

Scheme B: Include LSND Data
with a Sterile Neutrino v.
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Natural Mass Hierarchy: mg >~ mo > mq, ms

Define 3 x 3 Flavor Mixing Matrix

C13C12 C13812 sy3e ¢
—Cy3812 — S23513C12€'7  Co3Cya — S23813812€'7  Sageys
§23812 — C23813C12€"Y  —823C1n — 2381351267 Ca3Cyg




3 Textures in Three Neutrino Scheme

Atmospheric + Solar Neutrinos

Many Models predict Flavor Mixings:
VCI{P\*‘[ — UJU'U
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cl’%,\ l-‘%'z 0.0 77

5~ 0.04 ~ 0.05

i\t

‘,;Eélif\l 2

¢ Uy

VERM — 5wy ~ 0.057 ~ 0.05

Oscillation Probability in LBL E X] pertments

L"‘I‘Il.f _}' I-;{ . Ij}'f __" I"’T‘ E-‘f('-' _:' f}',—

AmA 1L
P(vy — ve) >~ 4|V, .:,3Ve3|2‘91n} 4} —2Jep Scp

| Am3; L
P(yy = vr) = 4|V 3Vr3 ]2 sin’ Tg,l —2Jop Scp

Am3, L
P(ve = vp) ~ 4|V V,3|? sin® 453;1 —2Jop Scp

l me

' t —3J
Jop = €12023¢13512523513 sin O~ im, ~ 10

2 2 .
Scp = sin émiﬁ +sin é? L-}—sm%” ‘~ 1072

2-]@;35(_‘:;3 ~ 107° terms can be neelected.
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sin’ 20Atm =~ 4c? s sin’ 200 >~ 4c“m—e
JL

2
me . o Am&L
Py, — ve) =~ 45*€ sin? e

my 4F

. o Am#; L
P(ve = vy) >~ 42521 gin2 21
my, 4F

L 7 . . .
Once sin“ 20 y4,,, and Am3,,,, will be determined
precisely, we have three predictions:

sin® 26 Plvy = ve) P(ve— vr)

Numerical Example:
1

3 = -2 i)
IIL}JHT ;= ‘_ (—\"”’im‘*'j'f -5 X ]H 1\ )

v/ 9

Predictions:  sin®20z = 8 x 1073
5 Nend

P(vy — ve) =6 X 1073 sin? “\z—?g,lé

9
2 Am3, L

Plve =5 vy) =4 X 103 sin 1B




Mass Matrix Model

S5 Flavor Symmetry
2 (1st,2nd family), 15 (3rd family)

Sar, X Sap Invariant Dirac Mass Matrix
I 1 1
cRongedl
s’ 11 1

My =
oo 111

“L;‘:'” ]I:ﬂ-,'i'll;;}al'f \Ii|_1"I'HHi. T'-,'I“._‘_“ ﬁ\];”l'i"-‘-

1 0 0 0 1 1
My:[(] 1 O|+r|1 O 1]
0 0 1 1 1 0
4
1+ 2r 0 0
M, = 0 l—r 0
0 0 1—r

Degenerate Two Light Neutrinos




r=0orr=-—-2=
Degenerate Three Light Neutrinos

S37, Breaking Terms give
Quasi Degenerate Three Neutrino Masses

r =0 Case: PR D57(1998)4429
M. Fukugita. M. Tanimoto and T. Yanagida

1 0 0 [0 €y 0
Mu=Cy 0 ]. 0 1+ €y O 0
0 0 1) (0 0O &y

Fs : -)
Iﬁm%l o 2ﬂ‘g;c;} &mz‘;l £ 46;;(':;_;

r = —2 Case: hep-ph/9802328
K. Kang and S. Kang

1+2r 0 0 !
fwy=Cy 0 1—r €y
0 €y 1—"!')

cy = 0.3349, r ~ —1.9925, ¢, =~ 0.0075




Alternative Representation of S37, based on
USY (Universal Strength for Yukawa Couplings)

G.C. Branco. M.N. Rebelo and J.1. Silva-Marcos

hep-ph /9802340
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Alternative Flavor Mixing Matrix

H. Fritzsch and Z. Xing, PL 372B(1996)265
M. Fukugita, M. Tanimoto and T, Yanagida

1 0 0 =y 0 0
My=Cy O ]. 0 ”Jr‘ 0 fy 0
0 0 1 0 0 6y

1 1 1) (—e 0 0) J%m.y
Mg=Cg111+OE£0J-;‘n

1 1 1, 0 0 oy

) 2 3
¢ 1 1 _2 rfﬁ_\
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CKM o 1
V:“:".?.’\ = V2

VSIM ~ 0.057

Just so Solution for Solar Neutrinos

sin?20g = [




Other Models with See-Saw Mechanism

M. Bando, T. Kugo and K. Yoshioka
PRLS80(1998)3004

0 0 =z aM BM 0
MER=—m|0 z o MER=|8M ~M 0
A JIH 0 0 M

K.S. Babu and ). Shafi: PL294B(1992)235
Based on SO(10)

0 A 0 0 A 0
MER-1A4 0 B| Mj®=|A 0 -3B
0 B C 0 -3B C
Mlem 0 0
MER_| o Myl Mgei’?]
0 Mg?‘h 0

A, C: Higes 10, B: Higgs 126, M;: Higgs 126




4 (P Violating Phase
LSND + Atmospheric + Solar Neutrinos
3 Active Neutrinos + 1 Sterile Neutrino

Minimal Mass Matrix needed to describe data

Small Mixing in v, — g
Negligible Mixings in v, — v and vy — v

For active neutrinos, 3 x 3 Unitary Mixing Matrix
is still available approximately
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5 Summa.ry
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