Neutrino Mixing and
Quark-Lepton Complemefft@rity
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Number of Events

v oscillatory behavior has been seen!
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Mysterious relation between quark and
lepton mixing angles

0.+0,,, = 45.10+/- 2.4°(1c)

> 26, and 20, are

complementary => QLC

Thanks to all the solar & 1. N
KamLAND experiments ==> ma

‘ <=Really maximal? I
36.8° <0, <53.2°(90% CL)

2.3°<0,.4< 2.5°(90% CL)
9,820 = 47.4°+/-\8138 (998626 )
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Naturally point to “new” bimaximal

mixing
e Old bimaximal mixing
esdar = Gatm = 4ho Vissani, Barger et al.,
Baltz et al., Georgi-
Glashow, .....

» New bimaximal mixing |A.Smimov in NOVE03 I
+ — /o m Bi-large or large-maximal
eC esolar 45 mmng baj‘ween ﬂ&ig_hbﬂring.

Qatm(or @23(1 +eatm) = AKo families (1- 2) (2- 3):
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Pedagogical bimaximal mixing

3 . 0
2 ;.;2
2 = 1 1
Ubimax — 2 2 2
= 1 Tl
U, diagim1,m2,m3J U, *=
ml + md ml = mZ ml
2 2 732 242 2/
ml_ _ _m2 ml , m2 , m3 ml
2 .?.;2 22 d 4 4
ml_ _ m2 ml , m2 _m3 ml
¢ 242 242 4 4 2 1
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Simplification; normal vs. inverted hierarchies

Normal §, g ¢ 0 [ 0 0 0
0 m3 _ 3
.0 0 m3 w 2 2
Inverted1 m?2 " 0 m2 0 0
0 m2 0| @ |0 F &
0 0 O N
‘Inverted2 I - 5 s
[ m2 0 0 vz Wz
0 -m2 u] :> = 0 0
. 0 0 0, %“3— 0 0
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Perturbative QL C correction;
varying scenarios

Normalized mass matrix zero term solar mass correction QLC correction g
e — ol —0oLC Figenvalues
Mp’ My M:,.r MU
00 0 b e = (=i 0 0] Bin}
normal hierarchy 0 % _% % —vi,i % % = B A X ’1’}‘
B = A : i e X ¥
2 32 N z v v
I e o g - 7
inverted hierarchy 100 1 vZ /2 —-2x 0 0 (1, (1+7),0)
with same CP parities 011l = —% % % 1 0 % X i 22 fé
o 11 T i ) 9 %A i
R i 2 3 7 L. 14 L
i Famely 1 Tiran o o 1
inverted hierarchy . v2 V2 iﬁ 21 21 v (1,—(147),0)
with opposite CP parities 75 0 0 vl’i 3 55 ~ s 0 —A, —Ay !,.}, N }F;E?
1 1 1 1 l o
Lm0 ol | 3 HamslllLY s

Relative size of correction different I

 Perturbative mass generation:

° — am 4 solar 4 QLC
MV MV MV MV ‘ Ferrandis-Pakvasa 04 I
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QL C asindication of quark-lepton
unification?

Raidal, HM-Smirnov 04

QLC

—)

* Quarks and leptons are
unified in such away
that QLC is satisfied”

. . . Research Conte
If true, tremendous implications to T e
unification of forces!
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QLC embedded into GUTs
Upns=Y

i Uv VCKM=Vu i Vdown

lepton

o Lepton-induced bimaximal

i = If’T <= GUTs => r
v CKM _I Vie = Veru

E.’Tiemc-n = Ubi-r.rmﬂmﬂi <= Lopsided I Lfrri-:-u-ﬂ — |
 Neutrino-induced bimaximal

Uy = Ubimarimal Seesaw enhance? vﬂp — [
Ulepton = Voxm <= GUTs => II":iuum = Veokwm
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Predictions of various scenarios
o Lepton-induced bimaximal

UMN.S‘ - REEFJRTEI’ISHM*
e Neutrino-induced bimaximal

Lrj’lrﬂ".i’.‘_i-' — I’IEII{AEIP*FE@;RT}E —

R 4R, (/4 — 95KM) RE‘I{M’r r:;fmﬁ

KM KM KM
R M R M R M T R R,

Asin® 6, sin“20y3 | Doz = 1 — s34 Jrep/ SIN G
Scenarios

neutrino bi-maximal (27) 0.051 0.10 £ 0.032 0.025 1.5x 1073

lepton bi-maximal (41) —6 x 1074 A 0.035* 55107
hybrid bi-maximal (52) 1.4x107* 33 x107* 0.047 25107
neutrino max-large (58) | 0.057 & 0.023 | 0.10 + 0.032 SK bound <6.8x 1073
lepton max+large (67) —6 x 1074 2 x 1073 SK bound LH% I
hybrid max+large 1.4 x 10~ 3.3 x 1074 SK bound <21x1073
single maximal (72) 0.015 0.034 0.06 —0.16 9.15.10-3
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Renormalization group effect

e QLC at GUT scale does not
necessarily mean QLC at low

energies ‘

 RG stahility required

dﬁllg CU,.? |???_1€i¢'1 -+ 1’]’12I‘:'fi'c'1'hﬂ|EI
— o ——T gin 28, sin®

dt 32m? = = Ami :
C'y? ] 03. 14 sM 0s
3272~ | 0.3-107%(1 +tan*3), MSSM

‘ Antusch et al 03, 05 I o N
‘ RG stability seems OK I "
0 0005 001 0015 002 0025 003

my [eV]
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There are problems, ...
e Neutrino-induced

bimaximal Ulepton = Vdown = VCKM but
U|ept0n - Vdown = VCKM but me/m - (1/1 O) md/ms
me/mu ~ (1/10) md/ms Example given by
Ferrandis-Pakvasa 04
Suppose

.  [mg G::: = 0 Mg
sin fc = V E = [ Mg Mg }

Me Ifm
sin Hys = - sm B

> Hsdﬂr
Hierarchical vs. not-so-hierarchical masses I
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Model realization & stability of QLC etc.

e A n(?élurglal\l_vagltpf e More generic
moael realiZation stability mechanism

e At zeroth-order: of QLC?
UI\/INS:Ubimax’ VCKM:]'

e First-order correction —"
brings common

rotation to U, and ACCident

VCKM:

Uuins=UbimaX V ckm-tike -

VCKM:1 X VCKM-Iike ‘ <=Frampton-Mohapatra 04 I
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New parametrization of MNS matrix

e QLC ansatz UninsVery = Uimazimal

or Univvs = Uimazimat Vi u
may be generalized to

- Unins = Uimazimat (Ve scar—tige)’
with CKM-like matrix

V’ oy Which can be NS e
: . MNS matrix !
parametrized with

“Wolfenstaein form”
Many references => next page I
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Are there
ways for
testing QL C’?

N,

|

W
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Present accuracy of determination of
mixing angles

Tﬂ EIIIIIIII

(am_,, Am_ } [eV]

A

L

BRI ER NI

‘ Maltoni et al., NJP 04 I
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Measurement of 0.,

6x10° - KamLAND+Solar fluxes
[ B2
99% CL

[ Bl e 7a%CL

* solar best fit ® KamLAND best fit W global best fit
L Lol Lol L 7794 1 L T U SV ST S SR S R
10" 1 10 02 03 04 0.5 06 07 08

tan® 8 tan’ 8
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More precise measurement of 0,, How?

Our knowledge of 6., in quark and lepton sectors are not balanced:

5(sin20.) = 1.4% (90%CL) <--> &(sin?A..) = 10-20%

Reactor 0
12
experi-
Future low energy solar neutrino experiments ments
experiment |reaction detector
LENS v 15In—e115Sn.e;y |60 tons In-loaded scintillator HM, Nunokawa, Teves,
Zukanovich-Funchal,
MOON v, 100Mo—e1%T¢(p) | 3.3 ton %Mo foil + plastic scintillator hep-ph/0407326
Lithium v./Li—e "Be Radiochemical, 10 ton lithium
BOREXINO | ve—wve- 100 ton Liquid scintillator (Be only) SADO = ] .
Several-tenth of km Antineutrino DetectOr
KAMLAND | ve—ve: 1000 ton Liquid scintillator ("Be only)
XMASS ve—sve: 10 ton Liguid Xe (pp, 'Be) See also, Bandyopadhyay et a .
HERON ve—ve 10 ton super-fluid He (pp, "Be) '
CLEAN ve—ve: 10 ton Ligquid Ne (pp, 7Be) L .
TPC type ve—ve Tracking electron in gas target (pp, "Be)
SNO Ve —ve 1000 ton Liquid scintillator (pep, CNO)
(Lig.scint.)

CC exp. (v, only) ve scattering exp. (ve+ a(v, +v,)




Low-E solar v survival rate measures 0.,

0.8 ~ ﬂ sin?(8) | Am?(eV?)

: 1| 028 | 7.2x10°%
022 | 7.2x10°5
036 | 7.2x10°5

) ) =
0 28 85x 10
L -

Solar & KamLAND

AmZin 10%eV?
L L L B LI
|

028 | 6.0x10% L Ve 85%CL)

0.2 03 , 04
sin“(8)

= SADO (60 k)
e SADO (50 km)

n.zi— : ?1
04} ‘Nakahata NOONO4 I ; o |

D16_1 : : ......1| : ' IIH”1I0 : 0.8
Neutrino energy (MeV) o

Reactor v at oscillation

maximum measures 0., => |
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I i 1
| B Eoome > 2.6 MeV _.-30 GWop KLy
0.4 _ ol °
0.3
l .
2 ! ' ... >009MeVwithvy,, ]
1 1 4
! 'l E...>09MeVwiov,, :
D‘I TP IR NP [ S NS IS U U RS S R R ™Y
1-' B i Falh TR
Systematic Emmor = 4%
0.9
0.8 : °
07 Am' |, = 7.9x107 eV {Input}
0.38 T T
[ =nfzeg,=0.29 (opun [ SADO., 10
D_E...l.l.l.l.l b EADO . 35
Eﬂ ‘4{] ED BU 034 - mﬂ_ i -
[ SADO__, 30
03z L
H +
w'l:!- L
= o
W 03
0.28 :
0.28
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Reactor measurement of 0., at ~60km

Modest requirement on
systematic error of 4%
<= 6.5% of KL

Feasible if no spectrum
cut at E=2.6 MeV

Geo-neutrino “BG”
must be taken care of

HM, Nunokawa, Teves,
Zukanovich-Funchal 04




Solar+KL and SADO are good competitors, but..

e B A R
- 1 o allowed regions B SAD0 10 WKty ] ‘ <= NOWO05 Proc. I
SADO 20 GW: kt-yr _
m; N SADO EDGWﬂ;kt-yr__ o HSADO" haS |
i @ | better sensitivity
S : 1 withlong-run
= : | because tuning
.5 P 7 L ispowerful
...... S+K3yr+[Be]  +5%
[ +[p-pl, 3% 1 2% (15) in sin20,,
s +| []E'l-li*]rr_E Ii ll%l ¢ e reachable!
0.3 0.4 0.5 0.6

‘ Bahcall-Pena-Garay Itanzﬂm
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Deviation from maximal 6.,;
already seen?

(Pt P —1 = Fir el = 1) . If 0,, < 45°=>enhancement of e-
screening factor for low energy v (r~2) like events

~0 if (.‘-052323 =05 {sinz E"-'a =05 ° Explanation of e-excess at low
¢ energy?

)
<0 if cos?6,,<0.5 (sin?@,, > 0.5) )
_ ; ‘ Peres-Smirnov 99, 04 I
>0 if cos?0,,>0.5 (sin*6,;,<0.5)
u

sub-GeV zenith angle distribution

Sub-GeV e-like Sub-GeV p-like

400
400

350 ‘+_+__+__F ++ 9 —+ o _+_++“|—
EEEﬁSQ_“_

300 4 wl

Nakayama@Sub-
dominant WS, ICRR,

250

number of events
number of events

200 200
Dec. 04) 150 150
100 100
50 50
E"lrl 08 06 04 02 0 02 04 06 08 1 0—1 08 08 04 02 0 02 04 08 08 1
cosb cos
—+— Data —— sin®B,, =04 —+— Data —— sin’0,, =04
——— 2 flavor (full-mixing) —— :;in’ia\23 =05 === 2 flavor (full-mixing) s'mgam =0.5
§in’t,, = 0.6 —— 2 flavor (sin20,,=0.96) — sin’0,, = 0.6
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Two different results (why?)

‘ Concha-Maltoni-Smirnov 04 I SK (Subdominant WS,
ICRR, Dec.04)

70 L

i 4 ¥ 9

s ) NH 8

65 = 7

Z . 6

§ E : 5

“d 60 | ] "

- 2 3

3 3 2

i - 1

SE e e N e e 0 ‘*

0 0.25 0.5 0.75 I 0.3 04 0.5 06 0.7
sjn2 EEE - wlo 1-2 parameters Sin2923

— wl/ 1-2 parameters
(Am’,, = 8.3x10° €7, sin’26,,, = 0.825)
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Future accelerator or atmospheric v?

AM=3.0x10(eV?), sin°2075=0.1, 0,5=5%., 0, ac=10%

02 XAS

0S X XS

0.12 . r
1 3-flavar {a) 5 iy m
01t J-Havol + app. ==--= | B C r
3-flavor + reactor - - -+ L [ [l
R ] — E ) g ?
0.08 @ C . b
i a I b [
% 006 | =l E 3
b TET - - -
004 r i " & -
0.02 __..—4/ 5 B C
0 . . . > - -
03 04 05 06 0.7 @ 5 & C
G e 5 3
Am?=3.0x107(eV?), 5in2695°'20.02, 0,,,,=5%, 0,,5=10% T 2t o -
0.12 . . = = B : E - ;
{b} - J-ﬂﬂ"fﬂ" 1 L i | ' C | H [ i:
01} 3-flavor + _Jlélaéiﬁl 03 04 05 06 07 03 04 05 06 0.7 03 04 05 06 07
FlaVO]  — P o= Lo
sin“ 8 sin” 8, sin“ a8
0.08 | 23 23 23
o8 006 | . .
= ‘ Concha-Maltoni-Smirnov 04 I
0.04
o Not blem
 Not an easy proble
D 1 1
0.3 04 05 06 0.7

5. ® @ for both methods!

HM-Sonoyama-Sugiyama, Antusch et al. 04 I
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Conclusion
 QLC, if not accidental, gives a new insight
to unification of quarks and leptons

e QLCrasesnontrivial issuesif it isto be
Implemented into the unified model

mmm) model realization? (next talk)
e Experimental testing of QLC highly

nontrivial ‘

0,,: “SADQO” and/or solar pp promising

0,,. LBL+atm. and/or LBL+reactor (to
which level do they reach?)
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Lopsided |epton mass matrix (explanatory sheet)

« Consider SU(5) GUT e MMmdt=5m2S
oF = [dc, (V’ e)L] ° UMNS:S(Iepton) + S(v)
10 =[uw, (u, d), €] ] _ : a
 Quark mass LB JUBVIST
m =10 5*<H> mdown _ : 2l mdnﬁn(mﬂnw}izﬂz 15 ) )2
o Charged lepton mass
m, Jeron= 5% . 10<H,> y z 1 XA
==> mlepton — (mdown)T k -
==> |opsided structure; |eft- Py oy Ny 2
handed mixing of meton= lepton . leptonyt _ 2 ) 5
right-handed mixing of mETEEY = e 2
mdown ’!H‘)tiﬂ y 1

A=0.2, x, y, z=0O(1)==> Large lepton
mixing arises from quark mass
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