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INTRODUCTION

The Greatest Success of Standard Model (MS) is
the Gauge Symmetry Structure:

SU(3)e x SUL(2) x Uy(1)
with Three Massless Neutrinos:

Experimental Evidences:

e LEP Collaboration: Only 3 Light Neutrinos

VL e VLuw VLt

e S-K Collaboration: Neutrinos are IV assive
my; , 70, My " #0, my; . #0
Strﬁng Indication:

NEW PHYSICS BEYOND SM



BASIC ASSUMPTIONS & THE MODEL

e Only Three Light Neutrinos: vy ¢, v us V1 #
e Gauged SO(3) Flavor Symmetry: A!(z), ¢ _ o prev:

=
Gauge Symmetry of Model: ng a
SO3)p x SU(3)e x SUL(2) x Uy (1) - ottt
% Moha patre,

The effective Yukawa couplings with SO(3)p x SU(8), x SUL(2) » Up(1) symmetey, S %

Pj 7 PiP] 7 . Tre g . -Ta
AELisier j+ 3y i Lidadl L+ he ST

A realistic model:

1 - - _ 7k .
L =Ly + Eﬂéﬂi(ﬂ'ﬁ“ (t*)is L + ey (t*)iseny)

T

+ewpwpix + X’ + vl eix" ) Lidrer j+ Hc.
+(eopid] + chpiep; + s + cbij) Ligndy LS + Hoc.
+D,¢* D*o + D, *D*g + Dy *D*g" =V,

After the svmmetry is broken down to the U(l)., symmetry, the mass matrices of the

nentrinos and charged leptons are given by

n 0 L T AT
(Mﬁ)ij = My 0_2 ”|"m1 o_.tz +m1 {_7"2.

~ A A ﬂfr‘h'r.t -'-f_h'r*

0.0, + 0;0; , 0,07 + 0,0,
M,);; = mo——d 20 ot T
T 27 T %

e )

£ mnﬂ'iﬂ'j_ +Jja§ S 5
0 202 (Al ¥



The constants & =< ¢(2) >, & =< ¢(r) > and 4] =< ¢/(z) > ate the vacnum
expectation values (VEVs) of the three Higgs triplets with ¢® = £, |&:(% 0 = &L, 6{]°
and ¢ ¥ = T2, (6], The Higgs potential for the SO(3) ¢ Higgs triplets is given by

1 1 1 » "
¥, = 2;3(90 @)+ = u"’(so @)+ 2# (A

Z\(so*so) + EA’(@’*@’)" - ZI\-"(@"T@”JQ
%ﬂz(w*sa)(sﬂ”sa’)‘ + %ﬁ‘l(w*so)'(@”fsw”}
%fﬁ(ﬂo’* & )e™e") + lﬁ (#')(¥" )
+ %Ez(sa ?")(#"p) + 2&2(90’*90 V") -

In general, o complex Higgs teiplet can be reparameterized in terms of the form

e@)) ([ ;@)

wolz) | = etmi(E)t 7 ips(z)

w3(z) =\ ps()
After spontaneous syrumetry breaking with < pye) >= &, < pl(o) >= o] and <
M(x) >= al, the following equations are obtained from minimizing the Higgs potential

R

wroi + Ko E (dj 050} + Ky Zl(gja”)gf =1
J—

20! + Ky Z(ajcrj}o'@+ng ):(o'ca' el =0

j.-.l j=1
" 3 o iz o
w o] + Kb "Z {o'j )0 + Ky j):l(o'}a';f)-a'g =0

with w? = @ + No? + mo? + kg™, W? = u? + No"® + me® +wlo™ and & =
i y i ¥
TS L ﬁ’idﬂ' - rni"ﬂ‘ﬂ.
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05
Solving these equations, we obtain the follewing Solutions

01/0y =01/03,  019/03 = —03/012
ol Joh = —a2/01, 03 =0
Thus the mass matrices of the neurrines and charged leptons can be reexpressed as
3%3% iclsls% 51C989
M, = mq | ic18153 —cis8 icicass
§1€289 1C1C989 c%s%

+m] ((e2 > —s2) ) +mf ((c1 & =51, c2=0)

wnid

100 [ 358 0 s1989
My=my|010|+mg| 0 cfs3 0
001 |sjc983 0 cBs?

+mg ((c2 &> —s2) ) +mf ((e1 & =81, ©a=0)
with
81 = sin 91 = 0'1/0‘12, 89 = 8in 92 = 5‘13/0‘

and

019 = -Jcr%—f-crg, g = Jo‘%g-i-o‘g
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It is remarkable thut the three misss motrices fn M, can be simultaneously disgonalized
by & unitary matrix U, via D, = U} MU}

| 1C1 —81 0

Ug = | 98] —1C1C) —89

| 5182 —ic1s2 ¢

with
(me=-mf 0 0 )
Dy = 0 my=mj 0
x 0 0 Ms =My

The neutrino mass matrix fs diagonalized by an orthogonal matrix O, via O M, 0,

cy 08y
Oy= O | 0
__3y 0 Cy)

tan 26, = 26_ sin 205/(A4 — A—s?)

Thus the CIKM-type lepton mixing matrix Upgp appearing in the interaction Ly =
& Uygpry W, + e, is given by Upge = U0,
1C1Cy —81 1C18y
ULEP = | 981Cy + 898y —1C1CY €818y — S9Cy
8189Cy — €28y —1C182 81828y + CoCy |

B
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NEARLY BI-MAXIMAL MIXING

Notice that at the minimizing point, the Higgs potential is given by
| 12 T,
Vielmin = —0*(A + '€ + )¢
+ 2k1€ + 2618 + 2K7€E") /4

with o™ = €o? and ¢"% = &o®., When requiring the model to have a
global minimum potential energy Vi |min . we arrive at the relations
Ji o \/_‘51: 0"5 = VE52: Ué . “\E@B:
= e, of =~ Y =0,
3-—-0‘1+0'Q—-20'1 =0 /2
0 =0y = 7/4
In this case, the VEVs are completely determined by the Higgs potentiall
The mass matrices of the neutrinos and charged leptons are greatly simplified

to the following nice forms

¥ —
2 2 0
q m

*—7 ‘%ﬁ’& 1
/ 1 3
I 735_
My = ﬁ'ﬂy 0 1 0
L & A
k7§5_ 01+ A.ﬂj

with #, = m,(1 + A,), 6. = §_/(14 A,) and &. = A_/(1+ A,). Here Ay =
(8 £ 8s) /2, 8y = mij/my and di = (mg & my)/2m, .

[- = =8

=
_:“'i
|
|3
"'E_E_."'mt-t
l BT
W =
o, =
e
|3
s
ul“mr_
o - R
|
=
=y £

and
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It is of interest to note that the mass matrix M, is now diagonalized by

a unitary bi-maximal mixing matrix U, via D, = UIM,U; with

2% TR \ * Bonger
V2 Ty v o M
U'|'__ 1 ""’f——l— weller
i
v e T2 VB ;

The CKM-type lepron mlxlug matrix is simplified to be

C - 18
v o
ULEP = Q‘Cp - 73;; —E‘E 7281; Tr'y
kzc*’ 7-Su —93 gSy = Tﬂv
The three neutrino masses are found to be

my, = Ml — (A2 +282 —A_)/2]

My, = My
My, = [l + A+ (JA2 4262 = A)/2 ).

The similarity between the Higgs triplets (o) and ¢'(x) naturally motivates us to consider

an approximate permutation symmetry between them, which implies that

mg =~ mp, |0—| << 1, oz)+ @' (x)
28y ~ tan 20, = V26_/A_ << 1
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NEUTRINO OSCILLATIONS

To a good approximation, the mass-squared differences are given by

vV

AmieEmQ —m,% ﬁﬁfaﬁﬁ (5 /A )2
Amgur‘tmz mf, ~ mEA_(2+ A-) .

Vr

which leads to the following approximate relation

AmEE N o
~VIA_

The fitted range of the ratio is
Amﬁe 1071 ~107*  MSW - LMA
Amz, — 107~ 107> MSW — LOW

with the fitted result for Am?, feom atmospherie neutrino oscillations

Am?mL ~ 3 x 1073 eV/?

2
] o~ sf, = 2|U}33|2 il .

which implios that

Vg = 0.2 ~ 0.09 MSW — LMA
e3l = 0.02~0002 MSW —LOW

A28 =~ 0.055 eV
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DOUBLE  DECAYS & HOT DARK MATTER

When going back to the weak gauge and charged-lepton mass basis, the neutino mass

matriy gets the following interesting form

0 L L 5 0 —pi e . O 0 0O
M, 15;71? i 0- | _1, 1 75 s2=1g 1 =
ﬁly_ 71? 21 li ¥ :75 :
i W » 01 s
As
(My)ee =

Thus the neutrinoless double beta decay is forbiden in the model
and the neutrino masses can be approximately degenerate and
large enough !

mye — m;;p — my,r = 'ﬁ’lp s— O(l)ev

The relation between the total neutrino mass m(v) and the fraction €, of eritical density

that nentrines contribute is

20 0.6\
= O'Oﬁ{zev,, ( h]
mg ) r0.6]2
2¢V/) \ h
The almost degenerate neutrino masses allow to be

large enough to play a significant cosmological role in
this bi-maximal mixing scenario.

~ 0.18(
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SO(3)r GAUGE INTERACTIONS

The mass matrix of gauge fields Af is found to be
o (26:+€) 0~V
M} =—*= 0 3.+¢ 0
3 _ 1
- —V2E 0 3+,

with

3 _q. 2.2 B
my =3g50°/8 , &x=(1£§)/2
This mass matrix is diagonalized by an orthogonal matrix Op via OTM}Op. Denoting

the physical gatge fields as Ff we then have 4), = OFF}, e,

g Cr 0 —=8F F;
Ay 01 0 ||F;
A'3 \sp 0 cp FE

with
sp=sinfp, tan20p =2v26_/(&. - ()
Massies of the three physical gauge bosons F are given by
mE, = mb(564 + 3¢ — (€4 — &) + 8L )/6
my, = my(€s +£/3)
mb, = mp(56, +3€ + /(6 — &) + 82 )/6

11
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In the physieal mass basis, the gauge interactions are given by

! : ]
L =2F: (0,0 Oy vy, + &1Viv"er — &rV,"v"ex)

= 5 L
with V) = UWL,0%. Explicitly, we find
([ cp i%SF i%‘&f‘
71 —iior 1 | 1
Ve = ist ECF?’?ESF 1 2CF
\ 158F ECF 50}:‘ — 7§3F
2 ff 5
-1 i1 0
\ "2 R
([ —sp 1 i%-cyl —iker
g S S | 4 &
\ 1'72'6}? —§81:" —§3F - ﬁﬂ}f‘ |

The aproxirhate permutistion symmetry & « &' tmplies that
E-1—-¢<<1, sinfp<<li

Thus
mp <mg, <= Mg,

12
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LEPTON FLAVOR VIOLATIONS & GAUGE BOSON MASS

The SO(3)F gauge interactions allow lepton flavor violating process

= 3e

ite branch ratio is found
| ot = (2! 262
Briu—+36) = (0} mervene, —o—ap
o ('UV’E’?EI 595}4 32
"\ V2o ) [2v2(36, + &) — é_tan26p)
with v = 246GeV. Once
o~ 10% Jtan 205 /2

The branch ratio could be very close to the present experimental upper bound

Br(u — 3¢) < 1x 1071

Thus for
/ . -4
g3~ gw , sinfp~10

i.e. taking the coupling constant g} for the SO(3)r gauge bosons to be at the same ordet
of magnitude as those for the electroweak gauge bosons, and the mixing angle 85 o be

small, we have
c~1TeV, mp <mp, <= Mmp <1TeV

which could be detectable at LHC or LC.
13
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CONCLUSIONS

e 3 LIGHT NEUTRINOS
¢ SO(3) GAUGE SYMMETRY

¢ 3 HIGGS TRIPLETS

¢ GLOBAL MINIMAL POTENTIAL ENERGY
¢ APPROX. PERMUTATION SYMMETRY

NEARLY BI-MAXIMAL MIXING
IN NEUTRINO OSCILLATIONS
&
LEPTON-FLAVOR VIOLATING
GAUGE INTERACTIONS

GENERALIZED STANDARD MODEL

SO@B)p x U(l)y x SU(2)1, x SU(3),
TeV SCALE NEW PHYSICS
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