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Neutrino Mass beyond the SM

SM: effective low energy theory with non-renormalizable terms

Mw

new physics effects suppressed by powers of small parameter 1

neutrino masses generated by dim-§ operators

Aij a1} v?
Vi I‘II‘ILzL‘7 == m, = )\ijﬁ

Aij are dimensionless couplings;, M 1s some high scale

my small: non-renormalizable terms (M is high)

lowest higher dimensional operator that probes high scale physics

total lepton number and family lepton numbers broken
= lepton mixing and CP violation expected

= |1 —>ey; TNy ; T—eydecays; pu-e conversion

See: Talk by A. de Gouvea




Current Status of Oscillation Parameters

. . .1 : 2
e oscillation probability: G (AN e TGy s S (A;E% L)

* 3 neutrinos global analysis: {solar+KamLAND+CHOOZ+atmospheric
+K2K+Minos} Maltoni, Schwetz, Tortola, Valle (updated Sep 2007)

sin?fy3 = 0.5 (0.38 — 0.64), sin?6#13 =0 (< 0.028)  sin®615 = 0.30 (0.25

Am32; = (2.38702,) x 1073 eV?, Am?2, = (8.140.6) x 107° eV?

e indication of non-zero O13:

Sin2 013 = 0.016 + 0.010 (10-) Fogli, Lisi, Marrone, Palazzo, Rotunno, June 2008

® 'Tri-bimaximal Neutrino Mixing: Sin? Oatm. TBM = 1/2  sin 613 tepm = 0.
73 1/v3 0 sin? 0o, TBM = 1/3 tan? 0o, TBM = 1/2
Urem = | —/1/6 1/v/3 —1/\/2 tan? 0o.exp = 0.429 /

VI8 V3 13

new KamLAND result; tan #?

_ +0.06
G®,exp 0'47—0.05

Discovery phase into precision phase for some oscillation parameters




Neutrino Mass Spectrum

® scarch for absolute mass scale:
® end point kinematic of tritium beta decays:
Thitium' s Hed 4 e L 7, Mainz: my < 2.2 eV
KATRIN: increase sensitivity ~ 0.2 eV
e WMAP + 2dFRGS + Lya: »(my,) <(0.7-1.2) eV
neutrinoless double beta decay
current bound: | <m > | < (0.19 —0.68) eV (CUORICINO, Feb 2008)
Ve V.” Neutrino Mass Spectrum The known unknowns:
normal hierarchy: inverted hierarchy: PY HOW Sma” |S e|3?
|Ues[>?7?
V3é|:— v, . ° 03> T1/4, 023 < /4, 0.3 = i/4?
., | v, i . . 2 )
2 e, || 2 * Neutrino mass hierarchy (Am3) !
Am-~,,
y |Uss 222 e CP violation in neutrino oscillations?
B s — v
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Need for Precision Measurements

® current data post two challenges:
® why my << muyd,|
® why lepton mixing large while quark mixing small

® To answer the first question => Seesaw mechanism: most

appealing scenario

® Seesaw: not sufficient to explain the whole mass matrix with mass
hierarchy and two large and one small mixing angles

) neutrino anarchy: no parametrically small numbers
[Hall, Murayama, Weiner, ‘00; Haba, Murayama, ‘01; de Gouvea, Murayama, ‘04]

* flavor symmetry: there is a structure

» Possible symmetries show up only in the lepton sector
» Connection between quark and lepton sectors (GUT

symmetry)

® These scenarios have drastically different predictions
® To tell these models apart: Precision measurements important







Vil [t

i%

Inverted Amiy
| m13|
-




Leptonic p - T Family Symmetry

e two possibilities

e o o e 1 1
* 1 1|=normal hierarchy 1 ¢ <= inverted hierarchy
e 1 1 1] o o

(D) normal hierarchy

* 1 1| == [Am3; =0, 0,;=0, O;=m/4 b12=0
« 11

to have Ami2? # 0 in p - T symmetric limit:

’Amz ce de de 013=0, Op3=m/4
M, = M lde 1+e -1 i 2‘\/561’

2 o ki
de -1 1l+¢ tan 201 (I-c¢)

2
E.Ma (‘02) e 4 ,Amsol 1
2
Ay 1+c+\/(c—1)2+8a,’2




Leptonic p - T Family Symmetry

o breaking of W -t symmetry

o breaking in the e-sector: a=1, b=d

o breaking in the n -t sector: a=1, b=d
R. N. Mohapatra (‘04)

2, 2




Leptonic Le - Ly - L; Family Symmetry

e (ID Inverted hierarchy case: enhanced (Lc - L, - L) symmetry

Z sinf cosf

> M. = Am?2 ino d | xyd<<l Barbieri, Hall, Smith,
v | S y Pass Strumia, Weiner (‘98)

e 11
1] o o
1 o o

cos6 d X

e exact (Le - Ly - Ly limit:

* sinf cosH Amszol =0, 04 = ﬂ, sin? 20, = sin”? 26
M, =+Am?, |sinf o . —_— 4
cost . . (913 =0
e soft breaking of (Lc - L, - L) symmetry: R, N, Mohapatra (‘04)
d = 0 [ am2,
X,y,a # sin2 20, = _( ms;)l _Z) correlations not as strong
AAm gy, as in normal hierarchy case

e breaking of n-t symmetry:

2
Am sol

2
atm

(i) cosf = sinf=—=, x=y: 913=%(x—y), —2x+y+z+d)

V2

(i) cosO =sin0, x=y: 0;3=-d cos20

Am




Seesaw Mechanism

Minkowski, 1977; Gell-mann, Ramond, Slansky, 1981;
Yanagida, 1979; Mohapatra, Senjanovic, 198

e Introduce right-handed neutrinos, which are SM gauge singlets
[predicted in many GUTs, e.g. SO(10)}

o integrating out RH neutrinos: effective mass matrix

0 mp
mg MR

L ‘ L
. 60 - ') .
MSSM

Mgysy =My

¢ ] mp r .
light neutrino mass: m, ~ —mp > mp 10 - s

Mpg -

heavy neutrino mass: M ~ Mg 20 - -
O . | I ‘ I I ‘ | I ‘ \E\ 1| ]
X 0 5 10 15 = 20

my, ~ 1/ Ams,.. ~ 0.05eV, mp ~m; ~ 172 GeV tog,, Gafcery

= Mg ~ 10%Gev ~ Maut Mcur~10"¢ GeV




SOGo) GUT

16=(3,2,1/6) ~ [u u u]

e RH neutrino accommodated in the model ddd

il +(3%1,-2/3 )~ (uc ue ue)
1625—|—10+@ + (31, 1/3) ~(de de do)

+(1,2,-1/2) ~ (v
/ [e]

+(1,1,1) ~ e

14
It +(1,1,0) ~ ve

o Natural for seesaw: offer both ingredients, i.e. RH neutrino & heavy
scale neutrino oscillation strongly support SO 0o)!!

e Quark & Leptons reside in the same GUT multiplets
e One set of Yukawa coupling for a given GUT multiplet
= SOGo0) relates quarks and leptons (intra-family relations)

m reduce # of parameters in Yukawa sector




Mass spectrum of elementary particles
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<4—— normal hierarchy

<4—— inverted hierarchy

<4—— nearly degenerate
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CKM Matrix < PMNS Matrix

e (Quark mixings are small

0.9745-0.9757 0.219-0.224 0.002 -0.005
Verr ~1 0.218-0.224  0.9736-0.9750  0.036 -0.046
0.004 -0.014 0.034 -0.046  0.9989 -0.9993

e Lepton mixings are large

0.79-0.86 0.50-0.61 0.0-0.16
Uyns ~|024-052 0.44-0.69 0.63-0.79
0.26-0.52 0.47-0.71 0.60-0.77

* How to realize this when quarks and leptons are unified??

e family symmetries — flavor structure

e two sources of large neutrino mixing {7 uns = U j UL

either UL
or Uy,L (RH neutrino sector)




Up-type quarks < Dirac neutrinos

Down-type quarks < charged leptons

oles ¢

a )¢ o0 2
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Perfect Geometric Solids & Family Symmetries

solid faces | vert. Plato Hindu | sym.
tetrahedron 4 4 fire Agni Ay
octahedron 8 6 air Vayu | Sy
cube 6 8 earth Prithvi | S,
icosahedron 20 12 water Jal As
dodecahedron | 12 20 | quintessence | Akasha | As

From E. Ma, talk at
WHEPP-9, Bangalore




Tri-bimaximal Neutrino Mixing

e neutrino oscillation parameters  Malconi, Schwetz, Tortola, Valle (updated Sep 2007)

sin a3 = 0.5 (0.38 — 0.64), sin®#13 = 0 (< 0.028) sin? 615 = 0.30 (0.25

tan? Ooexp = 0.429

® tl‘i‘bimaXimal neutrino miXing Harrison, Perkins, Scott, 1999

2/3 1/v/3 0 $in% Qatm, TBM = 1/2  sinfy3 M = 0.
UreM = | —+/1/6 1/4/3 —1//2 sin29@,TBM

VIS VB 13

tan2 9®,TBM == 1/2

e new KamLAND result: tan#6? .,, = 0.47750¢

e indication for non-zero 013:

sin” 613 = 0.016 + 0.010 (10)

Fogli, Lisi, Marrone, Palazzo, Rotunno, June 2008

Parametrizing deviations from TBM = Talk by Werner Rodejohan




Tri-bimaximal Neutrino Mixing

e Neutrino mass matrices:

A BIVB
MZ(B C D) e Sin22(923:] 013 = 0
B D C

solar mixing angle NOT fixed
® 83 Mohapatra, Nasri, Yu, 2000; ...

° D4 Grimus, Lavoura, 2003; ...

® U-T Symmetry Fukuyama, Nishiura, ‘97; Mohapatra, Nussinov, ‘99; Ma, Raidal, ‘or; ...

e if AB=C+D =—3 tan’6y=1/2 TBM pattern

o A 4 Ma, ‘o4; Altarelli, Feruglio, ‘06; .....
° Z3 $ Z7 Luhn, Nasri, Ramond, 2007

[Other discrete groups: Hagedorn, Lindner, Plentinger; Chen, Frigerio, Ma;
and many others...}

recent claim: S4 unique group for TBM {[C.S. Lam, 2008}




Non-abelian Finite Family Symmetry

TBM mixing matrix: can be realized in finite group family
symmetry based on A4 Ma & Rajasekaran, ‘0l

even permutations of 4 objects
o (1234) —(4321) o
o (1234) — (2314)
invariance group of Tetrahedron

orbifold compactification: Altarelli, Feruglio, ‘06

6D = 4D on'T2/7Z2

four in-equivalent representations: 1, 1’,1",3
Tri-bimaximal mixing arise: Ma, ‘04; Altarelli, Feruglio, ‘06; .....
o three families of lepton doublets ~ 3

e RH charged leptons~ 1, 1', 1”




Non-abelian Finite Family Symmetry

® fermion charge assignments:

1
2
(ez) ~3, er~1, pr~1", TR~V E~3, n~l1 (& =& |1
&)y 1

® SM Higgs ~ singlet under 9T

T i

® operator for neutrino masses: HHLL (&) ()
Wi A

e TBM neutrino mixing from A4 CG coefhcients

2

413 260,31 @ 11 w601 48 Fndh VVTMVVV = diag(u + 380, u, —u + 350);)4—1;
M, = ML —& 26 u—¢& |
@ V273 1/v3 0 -- no adjustable parameters
ARt V,, = Urnu = (\/176 1/v¥3 -1/v2 | = -- neutrino mixing from CG
~V1/6 1/V3 1/v2 coefficients!

Form diagonalizable!

1
o charged lepton mass matrix: diagonal  (¢)=eo o)

e no quark CKM mixing]!




The Double Tetrahedral (9T Symmetry

® consider double covering of A4

® C(lassified as a candidate family symmetry that can arise from
Frampton, Kaphart, 1995, 2001

Type-Il B String theories

e can account for quark sector: Carr, Frampton, 2007;
Feruglio, Hedgedorn, Lin, Merlo, 2007

existinAq4: 1, 1, 17,3 =—3 | TBM for neutrinos

notin A4: 2, 2, 2" —» (2 +| assignments for quarks

e Combined with GUT: (9T x SU(5) GUT  M-C.C&KT. Mahanthappa

Phys. Lett. B652, 34 (2007)

o only 9 operators allowed: highly predictive model




SU(5) x 9T Model

M.-C.C & K. T. Mahanthappa

e CKM mixing matrix Phys. Lett. B652, 34 (2007)
iog R 0 0 (1+i)doty O
Mus| 3968 45+ (1-3)4 %‘ Vil Mg = | —(1—i)pothg YoNo 0 | ywvago,

0 Yoo 1 Veb b0y o
0. ~ ‘\/ md/ms 71 eio{‘\/ mu/mc ‘ ~ N/ Mgq/Mg, Vb

Georgi-Jarlskog relations = V4 # |

A 19 T
e MNS matrix: SU(5) = Mdq = (Me)
= corrections to TBM related to O.

0 —(1 =90ty oty
Me = | (1+9)¢oth ~3oNo Gotly | wvady D> i) me 1 fma 1,
0 0 G 27V m, 3y m, " 3°°

2/3  1//3 0 )

SOGB4 12

1 —-6./3 =
Umns = Vj’LUTBM e o8 1 *
* /16 1/v3 1/v2

* 1

‘913 = 00/3\/§

1|
tan? gk tan? 0o TBM — 500 cos B_

| leptonic CPV

GJ relations in SU(5) = new QLC relation!




Quark-Lepton Complementarity

lepton mixing quark mixing

parameter | Best-fit value 30 range parameter | Best-fit value 30 range
q&lg ) 33.2° 28.7° — 38.1° 12.88° 12.75° — 13.01°
623 45° 35.7° — 55.6° 2.36° 2.25° — 2.48°
613 2.6° 0— 12,52 0.21° 0.17° — 0.25°
quark-lepton complementarity relation
{) gl = 450 Raidal, ‘04; Smirnov &
e i Minakata, '04

quark-lepton unification?

more generally:

012 + 0c ( ~

RG effects: AO. ~ 0.4
MSSM:  normal hierarchy ABi2 < 0.1°  schmidt & Smirnov, 06

See: Talk by Walter Winter

NE

Plentinger, Seidl, Winter, 08; Frampton, Matsuzaki, 08;
King 05; King Antusch, 05

Motivate measurements of neutrino mixing angles to at least the
accuracy of the measured quark mixing angles




Neutrino Mass Sum Rule

sum rule among three neutrino masses: ,,,. _ ;. — 9,

including CP violation:

my = up+ 3&e”
3 il 0 + 30 Am2, = |ms|® — |mi]* = —12u&o cosd

22 iy Uou |30 AmZ = |ma|® — [mi]? = —9&5 — 6ueéy cos b
et tEad taaniL) 0

leads to sum rule

1 .
Am2, = —9¢2 + §Am2tm E Am2, >0 normal hierarchy

predicted!!

constraint on Majorana phases:

3

0 > cosf > _ 3%

) U

neutrino-less double beta decay:
& = 3G -nand,
it = Am2[Am? | (mee) |2 = _1+47n_|_ 1 A2
1 Amym i H Sl (Fiat e, 9 8(1 — 2r) cos? Matm

piatenere (3-r)




Models with Tri-bimaximal Neutrino Mixing

0.25 0.08
0.2
0.06
(0] & Ak
> >
a3 5 0.04 1
0.1
mj +My +ImM3 0.02
0.05 Mee
0.01
=8 0= 01575/ =0%1511=0 £2I5 =1 =057 511 =051511=0< 2|5
Cos A Cos A
1
disfavoured by 0v23
experimen‘r* iy A d
_ e 4 pprox. degeneracy
?vaem‘ed hierarchy Na s TESTABLE
is TESTABLE _ '
= o =
¥ | =
5 £
cosmal §
Normal hierarchy is-1o-3 1s
NOT TESTABLE E
90% CL (1 dof)! g
10 1
1074 1073 1072 107! 1

lightest neutrino mass in eV

from: F. Feruglio, A. Strumia, F. Vissani ('02)

For A4: Altarelli et al, 2006

prediction in
A4 and 9T models

LFVinA4 =
Talk by Luca Merlo




TBM <«—> Leptogenesis

See: Talk by M. Plumacher

e TBM mixing arises from underlying broken discrete symmetries
(A47 Z7 X Z3) thr OUgh t}’Pe‘I S€csaw E. Jenkins, A. Manohar, 2008

= cxact TBM mixing

sinf;3 =0 = Jgg x sinf;3 =0

CP violation through Majorana phases: asy, asq
= no leptogenesis as  Im(ypyh) =0
= true even when flavor effects included

e corrections to TBM pattern due to high dim operators

small symmetry breaking parameter n < 1 :
sinfi3 ~ 1~ 1072, € ~ 107° can be generated
e type-II seesaw contribution in S3 R.N. Mohapatra, H.B. Yu, 2006

o exact TBM limit: ;3 miMssing,

~ — : @1 : one of the Majorana phases
{ 8t v2sin?p




Number of Models

12

11

10

Distinguishing Models

Nufact

+—>

beta beam

>

_> Reactor, conventional beam

superbeam

I Current limit

FAA%%%  anarchy
E== texture zero
SO(3)
S A,
i Sy S,
mmmn  LL,L
SRND
SO(10) lopsided ——
EE=E SO(10) symmetric/asym
0.001 0.01 0.1
. 26
Sin 13
sin?20 sinf),
current limit 10! 0.16
reactor 102 0.05
Conventional beam 102 0.05
superbeam 3 x1073 2.7x102
Neutrino factory (5-50) x10-° (3.5-11) x103

Number of Models

w b
[

w

Number of Models

54
n

C. Albright & M.-C.C, 2006

Models with Normal Hierarchy

A T T T T
[ (s anarchy ]
I |EE= texture zero s -
L i0(3) //:/;/: 4
L . _
[ |z SyS i
= L37L47L E —
(LA B b
I |EEEm SRND o -
r SO(10) lopsided v T
[ |E==2 SO(10) symmetric/asym G ]
[ ;/// -
L T S SSRTTTT, 4
L e 797 Ry ]
[ |, ;/;/ ]
A
7 7Y 4
L % %$ % ]
[ B R ]
NSNS .
1le-05 0.0001 0.001 0.01 0.1
.2
s 6,
Models with Inverted Hierarchy
T T T T T

[ |E5%59  anarchy ]
L |E== texture zero ]
[ S0(3) N
|- S A4 4
L |z S, S, _
(ST 111111111 LC-L_‘L-Lt 4
— |EEEE SRND -
. SO(10) lopsided B
— |EE= SO(10) symmetric/asym —
- 7 /4 —

////4
[ b
- _
L ez |
| e e N
I 77 a2 ]

7

- . 1
[ o 1

le-05 0.0001 0.001 0.01 0.1




LLEV Rare Processes

predictions for LFV processes in five viable SUSY SO(10) models:

C. Albright & M.-C.C, 2008

-- assuming MSUGRA boundary conditions
-- including Dark Matter constraints from WMAP

le‘lo T T TTTTT T T TTTTT T TTTTTT T TTTTTT T TTTTTT T TTTTTT T |||||||| T TTTTTT T TTTIT
le—llE

|
|
|
|
E |
F——— T T oo T oo == ———==
= |
le-12 E — AB model 1
~ F — CMmodel (AL0=0) :
E — CY model
le-1 I
+ ¢ 35? DR model I
A C — GK model |
1 | .
£ le-ld | M-e conversion could be
= I . g .9 9 9
;1 N I powerful in distinguishing
2 “VF | different models
C |
le-16 E :
E |
C |
le-17 :
E |
L |

ﬁ 1e_18 Il IIIIIII| IIIIIII| Il IIIIIII| Il IIIIIII| Il IIIIIII| Il IIIIIII| Il IIIIIII|| Il IIIIIII| L L1
le-18 le-17 le-16 le-15 le-14 le-13 le-12 le-11 le-10 1e-09
BR(u-> e+ y)
sensitivity of proposed
MECO-type exp reach at MEG




TeV Scale Seesaw

M.-C.C, A.de Gouvea, B. Dobrescu, 2007
SM x U(na +3 Vr: charged under U()na symmetry, broken by <¢>

U()na forbids usual dim-4 Dirac operator and dim-5 Majorana

operator
HHLL
> M~ 10 GeV

ITVTp s

neutrino masses generated by very high dimensional operators

PHHLL
mry ~ (%) % — M ~ TeV, for large p % ~ not too small

anomaly cancellations: charge of different families of fermions related
=> predict flavor mixing

Through couplings to Z’: can probe neutrino sector at colliders

Type III seesaw at LHC =Talk by Roberto Franceschini




Non-anomalous v.s. Anomalous U(1)

anomaly cancellations: relating charges of different fermions
e [U(1)]? condition generally difficult to solve
e Green-Schwarz mechanism [anomalous U(1)]
e exotic fields in addition to RH neutrinos
most models utilized anomalous U(1):

e carlier claim that U(1) has to be anomalous to be compatible with
SU(5) while giving rise to realistic fermion mass and mixing

patterns LE. Ibanez, G.G. Ross 1994

non-anomalous U(1) can be compatible with SUSY SU(5) while giving

rise to realistic fermion mass and mixing patterns
e no exotics other than 3 RH neutrinos

e U() also forbids Higgs-mediated proton decay
M.-C.C, D.R.T.Jones, A.Rajaraman, H.B.Yu, 2008




Conclusion

finite group family symmetry: group theoretical origin for mixing
Predictions of existing models for 013: 0 - current bound

Precision measurements for the 013 and mass hierarchy can tell
different scenarios apart:

® leptonic family symmetry vs GUT
® inverted hierarchy, small 1-3 mixing => lepton symmetry

® Jlarge 1-3 mixing => inconclusive

deviation from maximal 623 may tell how symmetry is broken
May probe other interesting relations: e.g.

® quark-lepton complementarity: 6;5 + 6. = 45°

® new quark-lepton complementarity: tan®6q = tan® 6 ram — %90 cos 3

LFV rare processes can be a robust test e




