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Abstract: Observing lepton-number violating processes is a decisive step toward establishing the Majorana nature of the neutrino mass. We explore
the prospects searching for Delta L = 2 processes and propose the tests for the three types of the Seesaw mechanisms. Potential signals at the
LHC<br>are studied and correlations to the neutrino oscillation parameters are investigated.
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PRELUDE

We are entering an exciting new era:
LHC will fully explore the Terascale physics.
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PRELUDE

We are entering an exciting new era:
LHC will fully explore the Terascale physics.

The EW symmetry breaking, Higgs-alike (Moriond)
New symmetry principles: SUSY?

New strong dynamics: TC/ETC-alike?

Extended gauge sector and GUTSs?

Origin of the fermion flavors and CP-violation?
Extended space-time, low-scale string/QG?

Pirsa: 12030108

Page 4/72



From the OBSERVATIONAL point of view,

“Burning’ Issues:

Physics (clearly) beyond the Standard Model:
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From the OBSERVATIONAL point of view,

“Burning’’ Issues:

Physics (clearly) beyond the Standard Model:

Neutrino masses and mixing;
Matter-antimatter asymmetry; \

Particle dark matter;

Dark energy?

How can the LHC contribute in those regards?
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From the OBSERVATIONAL point of view,

“Burning’ Issues:

Physics (clearly) beyond the Standard Model:

Neutrino masses and mixing;
Matter-antimatter asymmetry; \

Particle dark matter;

Dark energy?

How can the LHC contribute in those regards?

Today, focus on neutrino issues.
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Outline:

Introduction:
e What we know about neutrinos
e ¥ masses and the Seesaw schemes:
Type I, II, and III
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Neutrinos are massive |

Now we KNnow:

T e S SR 1 N
1
(
= )] -
= ‘ i
{
Zenith angle analysis
| L/E analysis
- ) 85 0.9 0.95 1.0 ( | . . - it |
sin“26
b, ) -
1.9 107~ eV AMGim 3.0 10~ eV
! Y . ¢ )
7.4 107" eV AmZ 8.6 10 eV
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The mass relation and flavor components:*

sin- Y
Bounded by reactor exps. with | I km
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We also know:

There are only three “active” light neutrinos
N, = 2.984 + 0.008, from the Z pole line-shape at LEP-1.
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We also know:

There are only three “active” light neutrinos
N, = 2.984 + 0.008, from the Z pole line-shape at LEP-1.

Direct lab bound: my, < 3 eV
from Tritium 3-body decay kinematics.

Relic neutrinos: >, m,; < 0.4 — 1 eV

from WMAP, SDSS (galaxy/Lya spectra), SNIa.
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We also know:

There are only three “active” light neutrinos
N, = 2.984 + 0.008, from the Z pole line-shape at LEP-1.

Direct lab bound: my, < 3 eV
from Tritium 3-body decay kinematics.

Relic neutrinos: >, m,; < 0.4 — 1 eV

(!

from WMAP, SDSS (galaxy/Lya spectra), SNIa.

The absence of neutrinoless double-beta decay (Ov33)
bound on Majorana mass: (rmee) < 1 €V,

613 ~ 0.08 — 0.017 sizable!
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We also know:

There are only three “active” light neutrinos
N, = 2.984 + 0.008, from the Z pole line-shape at LEP-1.

Direct lab bound: my, < 3 eV
from Tritium 3-body decay kinematics.

Relic neutrinos: >, m,; < 0.4 — 1 eV

from WMAP, SDSS (galaxy/Lya spectra), SNIa.

The absence of neutrinoless double-beta decay (Ov33)
bound on Majorana mass: (rmee) < 1 €V,

613 ~ 0.08 — 0.017 sizable!

Yet to be determined:
Mass (hierarchical) pattern;
Dirac or Majorana,
@13 and other phases (CPvV)...
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Neutrinos are massive |

In the context of the Standard Model:

La= (" ) L a=1,2,3

The leading SM gauge invariant operator is at dim-5:*

: Yy _
A (yy, LH)(y, LH) + h.c. . Y vE .
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Neutrinos are massive |

In the context of the Standard Model:

La=(") , a=1,2,3

The leading SM gauge invariant operator is at dim-5:*

ySve .
yu LH ) (yo LH ) + h.c. > = Vr Upn.
\ ( ! ) A L YH
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Neutrinos are massive |

In the context of the Standard Model:

La= | V2 | . a=1,2,3

The leading SM gauge invariant operator is at dim-5:*

Yy v° .
yo LH ) (yo LH) 4+ h.c. > = vy Uh.
A ( ) A L VR
Impli 11 n 1 D¢ rator indica S a new .fi’W,-'w‘ . Cdalf /\
The See-saw spirit: T wE i o
If m, ~1 eV, then A ~ y2 (1014 GeV). P FRn .

A = J 1014 GeV for y, ~ 1;
’ | 100 GeV for y, ~ 10~ °.
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Implication 2. Majorana neutrino = AL =2

A
x
Y
Moo
| J
f, -
A
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Implication 2. Majorana neutrino = AL =2

.f.ll
I =
- .
w ; L g ii7
A
X
A
W -
- J
1 N

These are the “most wanted” processes to
e Discover Majorana neutrinos
e Access the new mass scale

» Probe the lepton flavor structure y, ~ Uy,
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Implication 2. Majorana neutrino = AL =2

.f.lf
£ d
L 1 '
w ; L > i1'7
A
X
Y
w o ™ L ! -
— /
1 N
£

These are the “most wanted” processes to
e Discover Majorana neutrinos
e Access the new mass scale

o Probe the lepton flavor structure y, ~ Uy,

theoretical models in SUSY, GUTs, SM extensions

n the minimal extension
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Neutrino masses: Dirac or Majorana |

Simplest (renormalizible) extension of the SM:

/ ,'f” hY .
Lar ( ] , a=1,2,3,; Npr, b=1,2,3,..n > 2.

3 g
/_‘.\,' - ‘\,1 \‘ _f;';;-i f,,”fl l'f.\','J/l: { h.c.
( |.‘, 1
3
\‘ ,\, VT, HI:‘,L Vyr + h.c
( L b ]
lead to three generations of Dira utrit
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Neutrino masses: Dirac or Majorana |

Simplest (renormalizible) extension of the SM:

/

Lo, = ( ’j” ) , a=1,2,3; Vop, b=1,2,3,..n =2 2.
/L

Gauge-invariant Yukawa interactions:

But, Np's are 'sterile” !
NoO gauge interactions to be imposed upon. So there you go ...
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f'ype I Seesaw (with Np): [*

With the fermionic singlets N, one can have

then the full neutrino mass terms read

) ! Dy 3 Mpxn Ng

T, X
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f'ype I Seesaw (with Np): [*
With the fermionic singlets N, one can have

\‘ .\"!";;J‘_ % \.‘,;J"‘;; + h.c.

1 1./
00

then the full neutrino mass terms read

’ ! 24 3 Mpxn NR

T, X

Majorana neutrinos:

f’”f_ \__.1 f‘”""’"i/!’-’f/, * \__\r \'.ri.‘;'l’ \,rrl.:l.'!al.‘
f ] m/ 1
\{! . ‘-\!‘ '\” L [ ; \4 ) LI V, !
m ]
f)'.’ | 5 R | -
My ~ . my ~ VI . {1 I (PMNS), Vi .
Hf rri \
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If D~ y,v, my ~1 eV, then my -Ia,r;:,) (li)m GeV)

[ 1014 GeV for y, ~ 1;
| 100 GeV for y, ~ 10°.

{ ~ Visirnvg = O(1 ); Vie, My /T
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If D~ y,v, my ~1 eV, then my J/IW (1()14 GeV)
_ [ 1014 GeV for y, ~ 1;
" | 100 GeV for y, ~ 10,

)

{ {.;,:;' \ \'If‘”\f V.S N (})( 1) \IF“"” ”;’“-"::”} A"
Still, it's possible for much lower Seesaw scales!, and sizable mixing*.

All Uy,,,, &my, are from oscillation experiments.
But, we consider V,,,,, m,, free parameters
— hopefully, experimentally accessible.

The charged currents:

, 0 aerd T €= rrd |
Loc = W N US, vmyH P+ hec.
\/2 f—e =1
4’,’ + T 34n
) ! NC  ~H
f H Z, Z, t’ml ‘Hr* ,)(+/)(
f=e m/'=4

Pirsa: 12030108 Page 30/72



'ype II Seesaw (no Np): [*

With a scalar triplet ® (Y = 2) : ¢+, ¢ .V (many representative models).
Add a gauge invariant/renormalizable term:

Y;; Ll C(iop)®L; + h.c.
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ype II Seesaw (no Np): [*

With a scalar triplet ® (Y = 2) . ¢+, ¢ .V (many representative models).
Add a gauge invariant/renormalizable term:

Y;; Ll C(iop)®L; + h.c.
That leads to the Majorana mass:

M.

1~
ijvi Cvy + h.c.

where

Mi; = Y;(P) = Y0 S 1 eV,

GGV S
Very same gauge invariant/renormalizable term:

;;.u"'(mg)@"/gj + h.c.

V<

predicts v = u x,
3

leading to the Type II Seesaw. [

*
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'ype III Seesaw (no Ny, but some other leptons): [*

With a lepton triplet 7 (Y = 0) : 7t 79 7, add the terms:
Mp(TTT~ 4+ 71°71°/2) + 4 H ioxTL; + h.c.
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l'ype III Seesaw (no Ny, but some other leptons):

With a lepton triplet 77 (Y = 0) : 7t 79 7, add the terms:
Mp(TTT~ 4+ 1°1°/2) + o4 H iopTL; + h.c.

These |lead to the Majorana mass:

2
M = gy |
i~ Yiin g
Demand that My S 1 TeV, M;; S1 eV,
Thus the Yukawa couplings:f
y; S 107°,

making the mixing 79 — ¢+ very weak.
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Type III Seesaw (no Ny, but some other leptons): [*

With a lepton triplet 7 (Y = 0) : 7t 79 7, add the terms:
Mp(TTT~ +71°71°/2) + o4 H ioxTL; + h.c.

These lead to the Majorana mass:

2
M;;: 2 13y .
i~ Yiin
Demand that My S 1 TeV, M;; S1 eV,
Thus the Yukawa couplings:f
y; S 107°,

making the mixing 79 — ¢+ very weak.

Main features:
79 a Majorana neutrino;
Decay via mixing (Yukawa couplings);
17" Pair production via EW gauge interactions.
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AL = 2 Processes at Low Energies

The fundamental diagram:

K-
ty .
- -'r_'
. -
w—
N+
) mes
W~ o -
5 S li
—p—L -
vp) a
Ly
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AL = 2 Processes at Low Energies

The fundamental diagram:

fi
fi o
T
w— L—
U; A
W™ - —_
5 /
—
1 T
2y

~

The transition rates are proportional to

M|?

\\f', Uy ;| for light v

for heavy N;

for resonant N

production.
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AL = 2 Processes at Low Energies |

The fundamental diagram:

fi
_fl .
S
-1 J—
w—
A
I ,H LA
X { ~ [
Y A ) y { 1€ ’\
7 2 s~
.s‘g lf
L ;
5 T
£y
The transition rates are proportional to
{(m): \ \." v U ;| for light v;
SV GV
M|™ x — : for heavy N;
Frl »
(N (N )
| for resonant N production.

Pirsa: 12030108 Page 38/72



One more (accessible) sterile neutrino:

Direct experimental bounds on Vv, and m, compiled: [f

10 | \F"I_ ==y T 1 ]1
\ | NA

I . I

10 L \ i

~ I

~
10 < om e v | N :]
| AN T~ [
\ ~
10 | \, N 71
N ~ 3 ’
I | N\ N —= - =

10 | N\ J |
= ) | |
10 - 1
10" I {

: i {

10 1

10 1

W I 1 ]
106 01 0.1 | 10 100

m, (GeV)

Most stringent bound from Ovr/3/3:

~ |[Ven|® a
L' VI« 5% 1078 Gev~l.
N

s N
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v, production and decay:

v W

| V. 1
tﬁ—‘—/\/\/\/\/\i \/\_/\/\/\/__7__7..-——7—_:— \/ |
( {
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v, production and decay:

v W

| Y4 (A
_‘?‘4:_/\/\/\/\/\“,—1—1’_‘ A
( (

Two-body decays:

va » (M

vy MO,
Three-body decays:
va — vk, (T (CC + NC)

VeVl (NC).
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v, production

v

A VAN

Two-body decays:

Three-body decays:

g

Thus the total width
(':'2/'2 me - .

.~ —FIM™Ma Vo |2

4 e Z{, ¢4l

W

S,
e

and decay:

L' A0

X NN~

va » M

vy MP.

¢ (CC+ NC)
(NO).

V{-["J

VoVl

1073 m (GCV)‘J’ (
{'TO —~ T 5
>2¢ | Veal ma

>

A

200 McV) <
fm
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v, production and decay:

v W Vi I

NN NN X - ANNN A~ A/

Two-body decays: { {

va » M
vy MO,
Three-body decays:

V4 > ;/{.[:‘! (j_ (('( d ‘I— N ( r)

vevivi  (NC).

Thus the total width

GZf3m3 — ., 2 103 m [GeV\> (200 MeV\~
4 ~ ‘ D | Vial > CTO=R i, 2
167 ¢ S { ‘l(-4|

P

ma fm
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Meson decay inputs:*

Mixing element | range of ms(MeV)

Y

decay mode

10

|Vea ) 140 - 493 Kt —etetn >
140 - 1868 DT e+ etn x 10
494 - 1868 DT - etetK x 10
494 - 1967 Dt etet K x 10
140 - 5278 Bt - etetn 1.6 x 10°°
494 - 5278 3t s eteTK 1.0 x 10~
|V,a|? 245 - 388 Kt - ututna 3.0 x 10-°
245 - 1763 DY — ututse 4.8 x 10°°
599 - 1862 Dt - pututK 1.3 x 10-5
245 - 5173 BT - ututnw 1.4 x 10°°
599 - 5173 BT —- uTutK 1.8 x 10°°
|VeaV,a 140 - 493 K ret T 5.5 x 1010
140 - 1868 Dt — etutn 5.0 x 10-5
494 - 1868 Dt - etutK 1.3 x 104
494 - 1967 Df - etutK 6.8 x 10
140 - 5278 BT —weTu'rw 1.3 x 10°°
494 - 5278 Bt - etutK 2.0 x 10-6
VeaVia ' 140 - 1637 r— —etn 1.9 x 106
494 - 1283 r v et KK 3.8 x 10°°
V.aVia 245 - 1637 T TR St 1.9 x 10°°
599 - 1283 7~ = utK K 3.8 x 10°°
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v, production and decay:

v W

| 4 "W
—1*/\/\/\/\/\“/*—:?‘ A
{ {

Two-body decays:

Va4 » 0 MT
vy MP.
Three-body decays:

VeVl (NC).

Thus the total width

CRIm3 <~ o 12 102 m  (GeV)? (200 MeV))?
4 =~ ‘ > |Vial > CTO= ¢, 2
167 : > | Vial

Fa—

ma fm
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Remarks:
We emphasize the search for the genuine AL = 2 processes.
Depending on the unkown parameter |V, 2

BR's can easily reach 10°% — 102,
rva showing up in any one of the channels !
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Remarks:

We emphasize the search for the genuine AL = 2 processes.

Depending on the unkown parameter |V, 2,
BR's can easily reach 107 — 102,
rva Showing up in any one of the channels !

Other processes to ook for:
DT, Bt o ¢tetK*

Bt wrtetym—, +Hutnm—, M

/
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Remarks:

We emphasize the search for the genuine AL = 2 processes.

Depending on the unkown parameter |V, 2,
BR's can easily reach 1079 — 102,
rva showing up in any one of the channels !

Other processes to ook for:
DT, BT o ¢tetK*
Bt s rtetm—, +tutm—, v+t M
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Collider searches for Majorana neutrinos |

At hadron colliders: ¥ pp(p) — 20t x
qi [F

qy

o(pp — pTutWH) ~ o(pp — p=N)Br(N — pTWT)
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Collider searches for Majorana neutrinos |

At hadron colliders: ¥ pp(p) — 20t x
q; /:

qjy

o(pp — pFutWH) ~ o(pp — p=N)Br(N — pTWT)

Factorize out the mixing couplings: |t

o(pp — p*pu~W+) = Sy oo,
-4 D

’ - \.[4‘:\"' - 1;#. N
KU ™ . 2 r2 2
(\'J |\ !'!\‘“ 1+ r.-'\“/1 N

This is verified for cg(my < 3 TeV) = narrow-width approximation valid.

S
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Consider pp (pp) — pu—p”

A very clean channel:
like-sign di-muons plus two jets;
NO MISSiNg energies;

m(j7) = My, m(Jjun) = LUINS

. '“-_‘

H

=53
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Consider pp (pp) — =W+ — pu*u*jj.

A very clean channel:
like-sign di-muons plus two jets;
NO MISsSiNg energies;

m(jj) = My, m(Giu) = my.

Bare cross sections (scaled down by S,.,.)

10’:_ e g -
] AP et 14 TeV LHC :.
10°f 10 TeV LHC " 1
S 10’} TEVATRON ]
— 4 !
10" 1
- 3 {
< 10 |
b 10° ,
10° RESEE
a1
10" L . — . A '_i

10 100 1000
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At the LHC:]

Main backgrounds:
tt — WTb,W~b— bu™, jjcput 4 ERss
pp — WEW= 474,
pp — WEW=+ W+,

up~— 77 and puTe ! 77
10° 1 T — ey 1 10 ' I T ~—
10° | 10°
.; 26 : " 26
10 10
%) 10 5 % 10 5
10 | 10°},7
10 (; . HI)(] ‘ 2(.![) I 1&(1)(} . fi(l)() ‘ 5?)[) 10 (; . If‘]() l 2(J]() l f*}(l)(] I -1(‘]() . 5;]()
m,(GeV) m,(GeV)
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tt in Type II Seesaw at the LHC I

C ,)

Ht+H—— production at hadron colliders:

— T T T T T T
% LHC Production
AN of Triplet Scalars
10 0N
F
0 | H:t :tH
1 H¢+H--
10
MHf'P:MHf___MA
-2
10 '
200 400 600 800 1000
M, (GeV)

» Ht+ H 10% of the DY.

7~
Iy
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Unique decays:

F(¢pTT — 0707 o YiEM,
v"2 M3

ettt - wtwt) o« —,°

"3

with Yo' =~ mwy (eV) = o' ~ 2 x 10”4 GeV the division.

1 — T

L
m

0.8

0.6

M, * =400 GeV \

0.4 \ \\

0.2 f X \
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Unique decays:

F(¢pTT — 0707 x YiEM,
v"2 M3

ettt -wtwt) o« —,°

v

with Yo' =~ mu (eV) = o' ~ 2 x 10”4 GeV the division.

o0 1 f - T
o
N HT o wwe
0.8 N\ Y
A
\
0.6

M, * =400 GeV \

0.4 SN S\

0.2 - \\ ) AN
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H** H¥* decays predicted by the light neutrino spectrum:
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Summarize the discovery modes:

Spectrum Relations
Normal Hierarchy BR(HTT - r+t71), BR(HTT - uTut) > BR(HTT — etet)
(AmZ2, > 0) BR(HTT - ut7rT) >» BR(HTT —w etut), BR(HTY - etrt)
BR(HT — rvt0), BR(HT — u™0) >» BR(HT — etD)
Inverted Hierarchy BR(HTT —etetT) > BR(HTT — utut), BR(HTT — 7T77)
(Am3, < 0) BR(HTT - utrT) » BR(HTT - etrt), BR(HTT — etut)
BR(HY - etp) > BR(HT — uto), BR(HY — 71D)
Quasi-Degenerate BR(HTT —weteT™) ~ BR(H™T - uTu™) ~ BR(HTT - 777T) = 1/3
(m1,m2,m3 > |Amai|) BR(HY — etp) ~BR(HT — u™0) ~BR(HT - 770) = 1/3
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Summarize the discovery modes:

Spectrum Relations
Normal Hierarchy BR(HTT - 1), BR(HTT - uTpt) > BR(HTT — etet)
(AmZ2, > 0) BR(HTT - ut7T) >» BR(HTT —w etut), BR(HTT - etTrT)
BR(HT — ), BR(HT — u™0) >» BR(HT — etD)
Inverted Hierarchy BR(HTT —eteT) > BR(HTT — utut), BR(HTT — 7T77)
(Am3, < 0) BR(HTT - utrt) >» BR(HTT - etrT), BR(HTT - etu™)
BR(HY - etp) > BR(HT - uto), BR(HY — 71D)
Quasi-Degenerate BR(HTT —wete™) ~ BR(H™T - uTu™) ~ BR(HTT - 777T) = 1/3
(m1,m2,m3 > |Ams1|) BR(HY — etp) ~BR(HT — u™0) ~BR(HT - 770) = 1/3
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Sensitivity to H++H—— — ¢t¢t+. ¢—¢— Mode: |t

Nearly background-free.

—~ 05 .,
= Events/300 fo™' /
'5 0.4
c
m
0.3 y
150/ so/ 10,/ 3/
0.2
0.1
0 1 " i P— "
200 400 600 800 1000
M, ++ (GeV)

With 300 fb~ ! integrated luminosity,
a coverage upto M;;4+4 ~ 1 TeV even with BR ~ 40 — 50%.

Possible measurements on BR’s.
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Sensitivity to H++H—— — ¢t¢t+. ¢—¢— Mode: |t

Nearly background-free.

~ 05 .,
- Events/300 fb™' /
'5 0.4
o
m
0.3 y
150/ so/ 10/ 3/
0.2
0.1
0 1 F— i P— i
200 400 600 800 1000
M, ++ (GeV)

With 300 fb~ 1 integrated luminosity,
a coverage upto M, 44 ~ 1 TeV even with BR ~ 40 — 50%.

Possible measurements on BR’s.
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7O, T* in Type III Seesaw at the LHC I
Consider their decay length:

T ->wty) =~ 2r(7T - zZeM) = 2r (7T — he™)

M - :
LS5 il

~ r(]O ,Hf+p + W p+):3

167
(!
Width and Decay Length
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Lepton flavor combination determines the » mass pattern: t

(] y
’}' r‘;)"}/‘{jl‘. 1]’/ fl).,l/‘

A Py '
my ~ BR ~ y7 ~ | .{), NS (sinz, cosz).

M~ R w2
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Lepton flavor correlations for the » mass pattern:
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Production rates at the Tevatron/LHC: f

) ) 10° | | r 1 | 1
10} . 1 . ] |
: Tevatron pp = TT ()\' 1) . LHC
109 = P e (N*=[yl*)
— 10¢
2,
7 Lo €x o ~
) € k’}r- ¥ N’{
B
y 4 10
s i 0
| - o 2 -'"-,_ al “k 7
o-4 | pp - TT (A 1) » 5 220 r-k’y“' ¥
' eyT (A® |yk|‘3)
o | ) o—4 ; ) ]
100 00 100 100 00 200 100 600 80O 1000 1200 1400
M4 (GeV) My (GeV)

Single production 7T+¢+, TUg
Kinematically favored, but highly suppressed by mixing.
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Production rates at the Tevatron/LHC: f

10! ] 102 | .
: Tevatron pp - TT (A®=1) LHC
109 o F e T ()\2 "Uklz)
I]..J-‘- E 10 N
= 7o nlpo egro =
c\j{](J € k'?. ¥ N,(
=] B
103 10
_ , ) eg7o
1o~ pp -+ TT (A%=1) Vet /,'Y’O eprt
' eT (A® |'.Uk|2) 7
i | : 1 (0—4 . . . - 1
100 >00 300 100 500 200 100 800 B0OO 1000 1200 1400
M, (GeV) M, (GeV)

Single production 7+¢+, TV
Kinematically favored, but highly suppressed by mixing.

Pair production with gauge couplings.
Example: T + 70 — ¢+ 2Z(h) + ¢t W— — ¢155(bb) + ¢15.

Low backgrounds.

Pirsa: 12030108 Page 66/72



Reconstruct mass bump: M (£j5)
Sensitivity reach: O(200/800 GeV) at the Tevatron/LHC.

0.06 T T T T T T

0.05

0.04

- (fb/GeV)

0.03

200 GeV

0.02 |
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0
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Summary |

It is of fundamental importance to test the Majorana nature of v's,
AL #= 0 in charged lepton sector is a necessity.
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Summary |

It is of fundamental importance to test the Majorana nature of v's,

AL # 0 in charged lepton sector is a necessity.
For the three active v's,

Ovi33 may be the only hope, IF m, ~ \;.-"J'Az:f.,z, ~ 0.05 eV.
For a sterile neutrino N4 in Type I Seesaw:.
e 7, K, DD, B rare decays sensitive to

140 MeV < mg < 5 GeV, 1072 < [Vpu]? < 1072,
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Summary |

It is of fundamental importance to test the Majorana nature of v's,

AL # 0 in charged lepton sector is a necessity.
For the three active v's,

Ov33 may be the only hope, IF my, ~ \,‘.-"‘;A-.rn.}f ~ 0.05 eV.
For a sterile neutrino N4 in Type I Seesaw:
e 7, K, DD, B rare decays sensitive to

140 MeV < myq < 5 GeV, 1072 < |Vpa|? < 1072;

e Tevatron sensitive: 10 GeV < mg4 < 100 GeV, 10% < |V 4|? < 10™2
e LHC sensitive: 10 GeV < mg4 < 400 GeV, 107° < |V, 4]? < 1072
For a scalar triplet ©** in Type II Seesaw:
e LHC sensitive: M, ~ 600 — 1000 GeV (¢=¢* or WEWT),
e Distinguish I\Iormél/Inverted Hierarchy, Probe Majorana phases.
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Summary |
It is of fundamental importance to test the Majorana nature of v's,
AL # 0 in charged lepton sector is a necessity.
For the three active v's,
Ovi33 may be the only hope, IF m, ~ \.,""‘;A'HI.E ~ 0.05 eV.
For a sterile neutrino N4 in Type I Seesaw:
e 7, K, D, B rare decays sensitive to
140 MeV < mgq < 5 GeV, 1072 < |Vu|? < 1072,
e Tevatron sensitive: 10 GeV < mg4 < 100 GeV, 1074 < |V,;4]? < 1072,
e LHC sensitive: 10 GeV < mg4 < 400 GeV, 107° < |V, 4]? < 1072,
For a scalar triplet ®** in Type II Seesaw:
e LHC sensitive: My ~ 600 — 1000 GeV (£*¢ Eor WEWT).
e Distinguish Normal/Inverted Hierarchy, Probe Majorana phases.
For a lepton triplet 77+, 79 in Type III Seesaw:
e LHC sensitive: My ~ 800 GeV.
e Also distinguish Normal/Inverted Hierarchy.
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Summary |
It is of fundamental importance to test the Majorana nature of v's

AL # 0 in charged lepton sector is a necessity.
For the three active v's,

Ovi3E3 may be the only hope, IF my, ~ \;.--"’A-m}i ~ 0.05 eV.
For a sterile neutrino N4 in Type I Seesaw:.
e 7. K, D, B rare decays sensitive to

140 MeV < mgq < 5 GeV, 1072 < |Vu|? < 1072,
e Tevatron sensitive: 10 GeV <
e LHC sensitive: 10 GeV <

For a scalar triplet ®©*+-

ma < 100 GeV, 1074 < V9.4 2 <1072
ma < 400 GeV, 107° < |V ;4]? < 1072
in Type Il Seesaw:.

e LHC sensitive: My~ 600 — 1000 GeV (¢*¢*
L ]

or WFW=),
Distinguish Normal/Inverted Hierarchy, Probe Majorana phases
For a lepton triplet 77F, 79 in Type III Seesaw:

e LHC sensitive: My ~ 800 GeV.

e Also distinguish Normal/Inverted Hierarchy.
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