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c/mrgea/ current for /. epZ‘onS
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neulral current for neddrinos
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M@'orana Mass Terns
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Pers /peca‘\/e

SM is an E£Fective Lowoer fnerﬁy 777@0/‘}/
Lo = Loy + L9755 +6£976 + .
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a)e{g/zfea/ 5}/ Iwverse poweré of A\ ( neLo p/lyé 1cs scal e>
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[S. Weinberg, Phys. Rev. Lett. 43, 1566 (1979)] o7 posSible d=s operator
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/‘nZ‘egraZ‘ e owt Zhe /78&\/}/ £lelds

e'Seff — exp {i/d4x Eeﬂ:(x)}

= / DN DN e'® = e!®sm / DN DN e'°N

effective Lagrangian obtained by functional integration over heavy fields

SN[No] : No is the solution of the classical equations of motion for the N-field

,Z—lM — ]\14 | ]\14'2%4-,,, Ferrions
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(9s0) 1

rrunimal Seesaco Lagrangan: only add K necidrinos to SM
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_ — -~ 1
Y = —L@YzR—IﬂI)le\INR— §NRMRN§{—|—h.C.

m,, %sz——. .V

Mg should of the order 10" TeV (10° TeV) for yn=1 (yn=107°)




CP. Minkowskiy, Phys. Let?. B 42, 421 (1925 M. Gell-Mann, P. Kamond and K. Slansky,
Sapergraw'iy Ci929); 7 Yanaﬂio/a, Proc. Workshop on the Un#. Theo. and ¢he Baryon
Nemd. in 2he Univ. (1929 KN. Mohapatra and G . Sepjancvic, PAYS. Kev. Let?. 44, 912
(9s0) 1

rrunimal Seesaco Lagrangan: only add K necidrinos to SM

Lxg =':LPL+:RVPR+1:NrdNg

SM lepton doublets SM lepton singlets

Ly =-L®y,R-L®yl Ny —




See St ﬁfe 7

CA. Broncano, M.B. Gavela and E.€. Jenkins, Phys. Let?d. B 552, 172 ( 2003); Nucel.
PAYS. B 642, 163 (2003 1

onll Y one d=¢ tree /eve/ operdf or

corrections o d=4 KE
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CA. Broncano, M.B. Gavela and E.€. Jenkins, Phys. Let?d. B 552, 172 ( 2003); Nucel.
Phys. B 72, 163 (2003 1

onll Y one d=¢ tree /eve/ operalor

corrections o d=4 KE

5£d:6 — gd:G (E @) Z%(i—‘- L) Q«EJEB lerms of L /epfon\f

gd:ﬁ _ yT 1 1 Vn g
N MT MR Non —-an/z‘czry /o -—energy
quadratically suppressed R
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CM. Magg and C. Wetterich, Phys. Lett. B 94, o1 ( 1950); J. Schechter and T.LJ.F. Valle,
/A\ Phys. Kev. D 22, 2227 (1930); K.N. Mohapadra and G. Sepjancvic, Phys. Kev. D 23, 16s (19511

add SU(2). triplet scalar field A (Y=1)

L L

minimal Lagrangian gauge invariant allows for

LA,(L,(I)) — zyA (53 - &) L+ pua (i)T(O_" - &)T ® + h.c.

coupling to SM lepton doublets coupling fo SM Higgs doublet

~

—

A = (A1, Az, As) where L =120y (L)°
physical fields <AO> — u/\/§ — usz/(\/ﬁ MzA)

22 Majorana Mass
Matrix for light
neutfrinos
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CM. Magg and C. tWetterich, Phys. Lett. B 94, ¢l 1950); J. Schechter and T.LJ.F. Valle,
/A\ Phys. Kev. D 22, 2227 (1930); K.N. Mohapalra and G. Sepjancvic, Phys. Kev. D 23, its (1951

add SU(2). triplet scalar field A (Y=1)

L L

minimal Lagrangian gauge invariant allows for

Lawa)=Lya (3 A) L+ padi(3 A)F @ +he.

coupling to SM lepton doublets coupling to SM Higgs doublet

—

A = (A17 AQ) AS)

physical fields

22 Majorana Mass
Matrix for light
neutfrinos

New Physics Scale
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CA. Abada, C. Biggio, F. Bonnet, M. B. Gavela and 7. Hambye, THEP 12, 061 (20071

tAree d=¢ Cree /eve/ operaZ‘ orS

1 /= _ N
0L, = —= (LyA EL) (L(}’yTA L)

M7%
uar’rlc AD couplmgs|lu ‘2
A

0Lgp = —2()\3 + )\5) M4 ((I)T(I))

sean = 2L (a158) (D,0+) (#150)

Many a/e\//‘aZ‘ rons £ IoYVid SM ﬁ/‘ea//‘CZ‘/‘O/')S

butt no ron —-anffary M/X/ng sl rix !

C&r gels a correction, v gets shiFled, Mz gets a correction etc.]



W Seesaew 7;//9«2 1717

LK. Foot, . Lew, X.G.He and G.C. Joshi, Z. Phys. C 44, 441 (1989); €. Ma, Phys.
Kev. Let?. s1, 1z (1998) 1

add SUL2), Fermion triplet Y. (Y=0)
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LK. Foot, 4. Lew, X.G.He and G.C. Joshi, Z. Phys. C 44, 441 (1989); €. Ma, Phys.
Kev. Let?. s1, 1z (1998) 1

add SUU2), Fermion ¢riplet Y. (Y=0)

= | - 1= - |
Ly =15 PXr — §ZRMZ S 4 S s (BTF L) + hec.

Majorana Mass Term coupling with L and ®

i = (21, 22, 23) D" — ZZQ) ZO — 23
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LK. Foot, 4. Lew, X.G.He and G.C. Joshi, Z. Phys. C 44, 441 (1989); €. Ma, Phys.
Kev. Let?. s1, 1z (1998) 1

add SUU2), Fermion ¢riplet Y. (Y=0)

= | - 1= - |
Ly =15 PXr — 5ZRMZ S 4 S s (BTF L) + hec.

Majorana Mass Term coupling with L and ®

i = (21, 22, 23) D" — 222> ZO — 23

if Ms >> v

Majorana Mass
.V Matrix for light

New Physics Scale neutrinos




P Seesaw Type III

LK. Foot, ¥. Lew, X.GHe and G.C. Joshi, Z. Phys. C 44, 44 (1989); €. Ma, PAYS.
Kev. Let?. s1, 1z (1998) 1

add S 2); Fermion triplet Y. (Y=0)

Ez—ZiRﬂiR— > 3 (i)T(?L)—FhC

L = Majorana Mass Term coupling with L and ®

Majorana Mass
Matrix for light
neutrinos

New Physics Scale
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CA. Abada, C. Biqgio, F. Bonnet, M. B. Gavela and T Hambye, THEP 12, 0l
(2001

onl) Y one d=¢ Cree /eve/ operalor

corrections o d=4 KE

5£d:6 _ gd:6 (E(}) (I)) Z]d ((I)T g L) Y  Zerms of light leptons
EWSB  and their cOap//ng Zo W

d=6 T 1 U’

a)/?ere g T — yz

quadratically suppressed

1
TZ M > y )2 Nnon ——an/z‘ary /oew —enerqy

/ epZ‘on/c /yz/x/ng P %
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CA. Abada, C. Biqgio, F. Bonnet, M. B. Gavela and T Hambye, THEP 12, 0l
(2001

onl) Y one d=¢ Cree /eve/ operaZ‘ or

corrections o d=4 K&

5[,(1:6 _ gd:6 (Ea_» (I)) Z]d ((I)T 5_»L) Y  Zerms of light leptons
EWSB  and 2heir COap/fng o W

1 1 {
d=6 __ _ 1T

quadratically suppressed D

Non —-an/z‘czry / oL —-enerﬂy

/ epZ‘on/c M/‘X/‘/?g P %

j5(0) = Sy" (NNT)2¢

1
2
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o Scale

one—/ oop CLonZ‘r/Aé(Z‘/on o Zhe %/1335 MAS S

-‘- —
YNYN 9 A2
1672 |

[J.A. Casa, J. R. Espinosa and I. Hidalgo, JHEP 11, 057 (2004)]

2

MQA

AZ
MA

1
1672

3)\3 (Az — MZA 10g

> —12|ual® log

[A. Abada, C. Biggio, F. Bonnet, M. B. Gavela and T. Hambye, JHEP 12, 061 (2007)]




4 Aoé(f Z A e SeeSaeo

o Scale

one—/ oop CLonZ‘r/AL(Z‘/on o Zhe %/1335 MAS S

Y&YN i
1672 |

[J.A. Casa, J. R. Espinosa and I. Hidalgo, JHEP 11, 057 (2004)]

2 A? seesaw type I

2

2 > — 12 ‘:UA|2 log
A

A2
MA

1
1672

i A
_3 )\3 (A2 — MZA 10g M

[A. Abada, C. Biggio, F. Bonnet, M. B. Gavela and T. Hambye, JHEP 12, 061 (2007)]




4 Aoé(f Z A e SeeSaeo

o Scale

one—/ oop COnZ‘r/AL(Z‘/on o Zhe %//335 MAS S

Y&YN i
1672 |

[J.A. Casa, J. R. Espinosa and I. Hidalgo, JHEP 11, 057 (2004)]

2 A? seesaw type I

2

2 > — 12 ‘:UA|2 log
A

A2
MA

1
1672

i A
_3 )\3 (A2 — MZA 10g M

[A. Abada, C. Biggio, F. Bonnet, M. B. Gavela and T. Hambye, JHEP 12, 061 (2007)]

seesaw type III




4 Aoaf f/]e Sees I,

o Scale

one—/ oop COnZ‘r/AL(Z‘/on o Zhe Y/zggs MAS S

Y&YN i
1672 |

[J.A. Casa, J. R. Espinosa and I. Hidalgo, JHEP 11, 057 (2004)]

2 A? seesaw type I

seesaw type II
A2
MA .

2

2 > — 12 ‘:UA|2 log
A

1
1672

i A
_3 )\3 (A2 — MZA 10g M

[A. Abada, C. Biggio, F. Bonnet, M. B. Gavela and T. Hambye, JHEP 12, 061 (2007)]

seesaw type III




RADTIATIVE MODELS

LK. S. Babu, £ Ma, Phys. Kev. Let?. ¢ly 674 (1958)]

add only one Ne So only V, 3855 7maSS @ Cree—/eve/

T wo—/. oop orzgfn of neulrino »MasSS

Doaé/y Suppressed Ay GIM = ricssSes foo sS»ralll




PAD THATTIVE MODELS

CA. Zee, Phys. Let?. 938, 359 (1950)1

D, O, = scalar dowblets X = C’//’larﬁea/ scalar Sl‘ng/ef

DO, does not

COap/ e Zo /. epZ‘on\S

lizc

I,
&

0/’78 "‘/ OOP OI‘{?/‘/’? Of neld Z(I‘I‘I?O MASS

(a/ea/—oé(f Ay data ...




RADITATIVE MODELS

CA. Zee, Phys. Let?. Bgs, 359 ( 1950); K. S. Babu, Phys. Lett. B203, 132 ( 1955); J. 7. Peltoniers and T.
W. F. Valle, Phys. Let?. B3p4, 147 (1993)]

Zrilinear coup/ /ng which breaks B-L

,é*‘*: o/oaé/y—c/mrged scalar
A~ = singly-charged scalar

dowble suppressed
Ay leplon mass

Tz:uo —-/ oop ohig/n of nell i no MRS S

Mung ~ ,ufylhylfTVZI
Not et rutled—owt by data ...




RADTIATIVE MODELS

CE Ma Phys. Kev. D23, 027301 (20063

add 3 N, ,e( S + a new Scalar dowblet 1

, ASSUre neww ConServed
S Cofogen/c nell ino \\ 4 Z, Symmetlry
S’ N and 1 odd wunder Z,

SM parz‘/‘C/e\S eVen wnder 2,

One ~/. oop ohig/n of nell i no MRS S

(ve® —1pT)IN ¥ (vn” =" )N &/

Not vet retled—owtd by dada ...



—a

SUSY & R-par

[ Bilinear R-parity violation ]

The general R parity violating superpotential is
1 - 1 - -
EAijkeiejék + )\;jkeindk + EA;;kﬁidjdk + €iH,L;
=> We assume that A = A" = \” = 0. This requires either an additional symmetry or

spontaneous R parity breaking.

The superpotential in bilinear R parity violating models iS Nowakowski,Pilaftis,Joshipura,Valle, Romao,
Grossman, Nir, Nardi, Banks, Nilles, Polonsky, ...

. -

W = eap [hg@?ﬁj H, + h$Q;D; JL;R;Hj — pHiH,+e.L; Af:]
The relevant bilinear terms in the soft supersymmetry breaking sector are

u

Vaote = myy, H Hy +my Hy HG + M} LI*L? — ea (Bp.HZHi—I—B,-e,-E?Hb)

EW SB S e



» sneutrino vev’s contributes to the mixing between neutrinos and neutralinos. In the basis
T = (=N, —iX3, H}, H?, v., v,, v, ) the neutral fermion mass matrix is

|
29702

|
2973

M o mT | %gvl
X
m 0 :|

M [

For |e;| < p we define &€ = m - M;Ol M is approximately

diagonalized by
N L E
~{ ¢ 1 ,

M = —m M ym' = AiAs A2 AjAs

A1A3 AsAs A2

2
M,g? + Myg” ( AT AAr AAj )

4 det(M., o)

with A; = pv; + vge;. This is a low scale see-saw!



ANy AZ AzA3
A1As AsA3 A2

M* = —m M m
X

with A; = pv; + vge;. This is a low scale see-saw!
M exhibits just one massive neutrino at tree level:

M192 + M2g’2 P

tree |A| ] tan 913 =

s T T4 det(M o)

The Inclusion of radiative correction for
the neutral fermion mass matrix gives rise
to masses to the three neutrinos.

= only one massive neutrino @ tree-level
= inclusion of radiative corrections give rise tfo masses to

all 3 neutrinos



B-Ll SPONTHANEOUSLY
BRLOKEN

LY. Chikashige, KN. Mohapadra, K D> Peccel, Phys. Let?. Bes, 265 ( 195D ; PRL 45, 192¢ (1950071

introduce a gauge 5//73/63{ scalar S

L=2
Z a1l NIR 'R, S -+ h.c.

1,1/
<S> QC?A(//‘@S a vev

global g1

v My =aj(S) M@‘orana Mass

v J M@.O/‘O/? ( Goldstone Boson)




Extra Flat Dimensions

[K.R. Dienes et al., Nucl. Phys. B557, 25 (1999); N. Arkani-Hamed et al., Phys. Rev D65, 024032 (2002); G.R. Dvali and
A.XYu. Smirnov, Nucl. Phys. B563, 63 (1999); R. N. Mohapatra et al., Phys. Lett. B 466, 115 (1999); R.N. Mohapatra and
A. Perez-Lorenzana, Nucl. Phys. B576, 466 (2000)]

SM particles propagate in the 3-D brane

3 families of SM singlets propagate in the 4-D bulk

dix dy iveT ;07 U™ +
SM flavor nou’rrmos

4 ey 3
Hru \If
@ (w”“a v+ Aapl Vg couglafngg)’ro—lglil Q)

SM sing&o’r bulk fermion fields

4 : the 5D Dirac Y matrices

L;J =0

One can decompose Y*(x,y) in KK-modes
a = radius of the largest compact extra dimension




Extra Flat Dimensions

[K.R. Dienes et al., Nucl. Phys. B557, 25 (1999); N. Arkani-Hamed et al., Phys. Rev D65, 024032 (2002); G.R. Dvali and
A.XYu. Smirnov, Nucl. Phys. B563, 63 (1999); R. N. Mohapatra et al., Phys. Lett. B 466, 115 (1999); R.N. Mohapatra and
A. Perez-Lorenzana, Nucl. Phys. B576, 466 (2000)]

0) _ (0 (0) _

VaR & 88 Lok = Zxb

Ny g N L
o= 7 (D55 aE5 ") ) o Y ke

mgﬁ = hagv M WAZISE Naturally Small Dirac Mass Term




F/ avor Models

Zry Zo describe the structure of rasSSes

N ' Enforce a (75 Syrmmelry
0.0

2/
o8
q e & rnon-Hbelian ® Jdiscrete
|

4 3/0552/ ® commuete w/ gauge group

® spont aneoaé/y broken @ /7/:9/7 energieé

need to extend the scalar sector (Flavon Fiel/ds)

Gr = Ay, S4, Dn etc.. many models ...

W constrans Yukaoas ¢ the patlern of mass and

/)7/)(//73



wWhat shoeld youl Zdlée

hlorie?




wWhat shoeld you dee

hlorie?

W Newlrinos are the onl % Fnocon particles
¢hat can hae Mgjorana Mass violating L




wWhat should you Zake

hlorie?

W Newlrinos are the onl % knocon particles
¢hat can hae Mgjorana Mass violating L

w (fLfective T)?eory arﬂamenfé 1ndicale Z/’IQZ‘
Y picss 1S due o p/?}/\S 1CS 3eyona/ the SM




wWhat should you Zake

hlorie?

W Newlrinos are the onl v/ .énoa)n parfic/ S
¢hat can hae Mgjorana Mass violating L

= ff f eclive T)’/eory argamenfé /na//caf e f/’laZ‘
Y piacss 1S due Zo Phy5 1CS Beyona/ Zhe SM

. 7778 5&5 1O SeeSatO M@C/’[an/SMS are e/, eﬂan‘

ways Zo /‘Mp/emeni Sma/ / VY MRS SeS 1/ Moa/e/ S

Aeyona/ SM



wWhat shoeld youl Z‘dlée

hlorie?

W Newlrinos are the onl v/ ,énown parz‘/c/ S
ZAhdd can Aave Mq/‘ordnd Mass violat /ng 4

w (fLfective 77730/‘}/ drgamenfé 1ndicale fﬁdf
Y piacss 1S due Zo p/?}/\f 1CS Beyona/ Zhe SM

w T le basic SeesSaw mel lcvnSmS are el egan’é‘

ways Zo /‘Mp/ erntent Sma/ / VY MRS SeS 1/ Moa/e/ S

here e ot her WA/ -



Cons e?aenCeS of VY masses & M/X/ngé

) o Decay YV, =V, YV /’@ppen\f n all models
(/7@/‘/)7/@55 1S 1y < £eww e\/>
> U = e Y hqppens in a/l model/s

(cons Crain models where »7 y 1S of rad. O"’:ﬁ"’»
) 4 Some /y/oa/e/é /7&\/8 NeLo parz“/C/eS ~ £Leww X

100 Ge\/ / LN \/ interactions Thad can Ae
oA\S erved (@ L)*’/C

) o Lepfogeneé 1S 1S POSS 1b/e (next wee,é>




