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Neilrinos, they are very Small.

77ley Aave ro c/zarge and Ahave no mass,
And do not interact a all.

The earth is just a silly ball

7o them, ¢ Arough which they simply pass
Like dird maids down a draf 2y Aall,

Or photons through a sheet of glass.
They snué the most exguisite gas,

Ignore Che »oSt s wbstantial eall,

Cold showlder stee/ and \5oana//n3 brass,

Insult the stallion in fvs stall,
And y S cOrn/ng barriers of class )
Infiltrate you and me! Like Zall
And painless guillstines, they fal/
Doewon CArough our Aeads into Che
3ra§ S.

A n{g/’lz‘ y Lhey enter Frorm Nepa/
And pierce the /over and Ans /ass
Fron wnderneath the bed. You call
IZ wonderful; I call it crass.
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Dis CO\/ery of the First

M ea z(,‘ /‘no Che electron newdrino
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1956 : Fred Reines & Clyde Cowan

C.L. Cowan Jr, et al. Science 124, 103 (1956)
F. Reines and C.L. Cowan Jr, Nature 178, 446 (1956)

“We are happy to inform you that we have definitely detected neutrinos ...”



Dis CO\/ery of ZAhe

Second Nectdrino

1962 : Steinberger, Lederman &
Schwartz
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Dis Covery o Zhe T Hird

M ea Zr /‘no Che Cawt necdrino
2000 : DONUT Collaboration
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SU3, x S22 x Ly

£/ ecfrowedé Symmefry 6/‘04(/9

d SU(Z)L: wea,é I‘SOSPI‘/? éroa/? Generdlors: Ia (d = l,2,3>
with CZ, 7,1 =18 34 L.

eqg. in 2D repreéenfaf 1on Ia * 7 Cz/ 2

e U(l)Y . ﬁyperC/’ldrge Groap Generator: Y
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7T hHe Standard Mode/

A epres entalions of the Ferrnon fields (which lead
lo Che correct p/?enomeno/ Oﬂ}» 1S

Jef Y —~tanded (L) chiral Components: coeak 1S =N dowb/ets




7T hHe Standard Mode/

A epres entalions of the Ferrnon fields (which lead
lo Che correct p/?enomeno/ Oﬂ}» 1S

r{g/ﬂ‘ ~handed () e hiral Components: coeak 1sos 2147 5/'/73/@2‘5

uvaRatR
CRYMRY TR Uy = (1,2/3)
Ea - (1,—1) A = wuc

dR7SR7bR

el Do = (1,-1/3)

a = d,s5,6
not pre\ﬁenf in Che SM




Standard Mode/

favor diaaoral
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Since L and X COmponenZ‘\S of the Ferrion fie/ds
Zransfors in different Ly ZA e PresSencCe of a Aare

MASS et

Lmass X f.f — foR = fRfL

in Che SM /.agrdnﬁfdn IS Fordbidden Ay Sl 2) s x L l>y

S y/y/meZ‘ry = Fer/y//on MNASSeS 38/73/‘&5 ed Ay ¢ e
WITGGS MECHANTISM
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7T hHe Standard Mode/

fernrnon masSSes ariSe From Yukawoa interactions

— Ly =y%5Q,®Ds +y25Q, ® Ug +yisLa ®Eg + h.c.

P (x) = ( ((II);((;)) ) =(2,1/2) <i>(x) = i ®(x)" = (2,—-1/2)

v @)= () e— - (,h)

%ﬁgé dCfa/reé a vev

A n/‘Z‘dry 6@%33

Since we do not V g Aave no rass @Clree—/eve/

ALZZ( C.ah f/78y QC?L(//‘e MaAS S Ay / oop correclions 7




Can we Aave » v Z0 1n CAhe

SM ?

A / oop CLorreCZ‘/on COL(/ d /na/é(Ce an e,f /’ eCZ‘/\/e MRS S

Zerr //‘,ée LZﬁ(I)(I)L Lﬁ

vV

But the SM has an accidental global
SyMMeZ‘ry
GSM — U(].)B X U(]-)Le X U<1)Lu X U(]-)LT

No ' Newdrinos Aave no »ass in Zhe SM/!




Can we Aave » v 0 1n CAhe

SM ?

a/l ocop correction cowld induce an efFfective »asSs

Zerm //‘,ée Ygg dPI, L@

v
/S Lerm violales ég,v/

But the SM has an accidenta/ 3/ obal
SyMMeZ‘ry
GSM — U(].)B X U(]-)Le X U(]')Lu X U(]-)LT

No ' Newdrinos have no »ass in Zhe SM/!




LEPTON NUMBER
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conservation of each lepton nuumber Ly related 7 /7ro¢13/7 Noether s Theoresr 2o

Zhe invariance of Zhe Lagrangian wUnder a 3/oéa/ L) Hranstorsiadion

10 Y associaled o a conServed current
4 a — €77 ¢ o) aﬂj =0
and the conserved charqge L,
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M@‘orana N Dirac VY

Dirac S p/nor
U =P U+ PpU =V, +Up 4 ndependent corponernts

Dirac e?aaf 1on
i%c‘?“\I!L — m\I!R
ima“\IfR — m\IfL




M@‘orana N Dirac VY

Dirac S p/nor
U =P U+ PpU =V, +Up 4 ndependent corponernts

Dirac e?aaz‘/on Wey! (1929)

Z‘W.u 8“\1111 — m\PR 1 s = 0 Q—COmponenZ‘ Spl‘nor 1S
i/YMaM\IJR =mW¥p enoaﬂ/’} (W, or qj()

Pact/i (1933) rc%/'ecf ed 2HS Idea becauSe leads o Parity
\/;O/ QZ( /‘O/?
Landaet, Z.ee—-Yang, Salanrr (1952) propose Co describe the

introduced in the SM
in Che i.10) ‘5

mMasSlesSs rnectlrino éy Zi A)ey/ S p/nor vy



M@‘orana N Dirac VY

Can e also describe a »asSsSive Fferrsrion USing a

2 "COMPO/‘)&/?Z( S p/‘nol‘ 7 (& Majorana, 1932)




M@‘orana N Dirac VY

Can e also describe a »asSsSive Fferrsrion USing a

2 —Componehz( S PI‘I?O/‘ 7 (& Majorana, 1932)

Pe = o L.I_j’f' Cl/?Qrge CLOIC)/'A(gaZ‘e £ie/d

(W) = (W), (W) = (WO,

c/mrﬁe cO/C;/aﬁczZ‘/on chdnﬁe chiral 2y

i7,0" (VL) =m(Vr)" <& i7,0"(VR)"=m(¥)°

qj[_),(E E (qj()[_>c = E Cil}()[_f

E | /0/7d§ e faclor



M@‘orana N Dirac VY

Can e also describe a »asSsSive Fferrsrion USing a

2"COMPO/‘)€/‘)Z( S PI‘I?O/‘ 4 Ye\S ./ (€£. M@‘orana, 1932)

g /S an/o/zys /‘CCZ/ - Can Ae e/, /‘M/‘ndZ‘ ed Ay l‘epﬁd\f //?3
M@'o/‘dnd Condition: W= (W >C parz‘/c/ e = dnz(/pd/‘f/‘C/ e

M@bﬁdn& Freld: Y = Lp[_ -+ ‘P(= ‘P[_ -+ (LIJL>C

Mg/'orana E?aaz‘/on :




M@‘orana N Dirac VY

Can e also describe a »asSsSive Fferrsrion USing a

2"COMPO/7€/7Z( S PI‘I?O/‘ 4 Ye\S ./ (€£. M@‘orana, 1932)

g /S anp/zys /‘CCZ/ — can Ae e/, /‘M/‘ndZ‘ ed Ay l‘epﬁd\f /‘/?3
M@'o/‘dnd Condition: W= (W >C pd/‘Z‘/C/ e = dnf/pd/‘f/‘C/ e

M@bfdnd Freld: Y = qu_ -+ ‘P(= ‘P[_ -+ (LIJL>C

Mg/'orana E?aaz‘/on :

eM. CuU rrent \/d/?/‘\f /]e\f necitral particle

WUAHT = Bl Pc = —\IITCJW“CET — OCT+ 1"l = — U * I




Sore p/‘operZ‘/‘eS

yoyH =yt yo
C7T =t == O

O y,u — —-)/UT O

)

Pe = (¢ yoWP*) yo=YW7 yortyo =7

CT y b7 o*=(_c )Yy 7T (™) = C y 7T o

g CT'}/”TC*-:—-CC"' y = yH



M@‘orana N Dirac VY

D/‘rac ]

A A B %,—_.
V(W EVZ -DE V(B - D T -

LY necitrino (A =) K antinecdrine ( A=—+1)

M. @‘ordnd :
A

D
VWLV S V(B DS v -

A A

7”

L% neettrino ( /7=-—-l> ( % neettrino ( /7=+l>

interactions involVe on Z.)f/ fie/ds

. / a/eéz‘royé LY nectdrino ‘D rac

Credtes ( >z/ anlinetlrino

des Z‘/‘OyS K antinectdrino
V ya creates LY nectdrino



M@‘orana N Dirac VY

D/‘rac ]

A A B %,—_.
V(W EVZ -DE V(B - D T -

LY necitrino (A =) K antinecdrine ( A=—+1)

M. @‘ordnd :
A

D
VWLV S V(B DS v -

A A

7”

L% neettrino ( /7=-—-l> ( % neettrino ( /7=+l>

interactions involVe on Z.)f/ fie/ds

. / a/eéz‘royé LY nectdrino
creates K necdrino

M. @'ordnd

a/eSZ‘royS r's >// nedlino
V ya creates LY nectdrino
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@ ’ Poor ridas ‘5 ) exlension of The SM

Symmelrize 2he model, offers no explandation Co the sSmallness of 727y

La = (2,-1/2) Ea = (1,-1) N¢ = (1,0)

— Ly = ygﬁaa P Dy +y§56a (i)Ug +y£5fa ® Es + h.c.

+ Yaps L, ®Nj + h.c.

LIS B Dl‘,‘ac MQSS Téf‘/)?

Hiqgs acouires a vev el — 11l ﬂL UR “F h.c.




@ ’ Poor r»iar \5 ) exlension of The SM

_ﬁY:(

v+ h

V2

)

Ly  fr+ Ny Ny

o

Lt d/‘y Ml MCesS

+ h.c.

real posSitive

naméeré

14 14
yozﬁ =~ Ya 50&5

rec/ poS /Zive

naMAerS

ygﬁ :}’25&6




@ ’ Poor r»iar \5 ) exlension of The SM

C’//W:?J 7(’&'"/*‘0 RS
MES SesS

neLo

Fle/ds
L.R

LR=| B NLr =

T /LR e,

Ya(awaé have Zo be Fine—Cwuned to exp/ an Smallness of newlrino rasses

Ok. But what happens Zo the CC
and NC 7




@ ’ Poor r»iar \5 ) exlension of The SM

CL/’Ial‘gea/ current for /. epZ‘onS

27 A*Pre, =27 el ¢ :2N/117“€’L

ch ral Flavor a//aﬁond/ interaction

5 N—Lw lp — 2 7L

M/X/nﬁ Mddrix (Pontecorvo, Maki, Sakata, Nak dgdwd>

define LY Flavor necdrinos as

VoL, = Uai ViLL

/V//x/nﬂ = Faruly Leplon Neember (Lol L ) violated
but Tota/ Z.epz“ on Number (L) conserved




@ ’ Poor »ias \5 ) extension of The SM

newlral current for neddrinos

c/7/ra/ £7 / avor a//‘aﬁond/ /‘nZ‘erQCf/‘on

No M/x/ng here !

NC is the same (GIM Mec hran'ss»1)
CS.L.Glashoew, J. Tlicpolos, L. Maan, Phys. Kev. D 2, 1255 ( 19220)]

YV o 15 Sterile !




L o \//o/ at /ng ProcessSes

Dirac mass term allows for M K, ¥z

processes such asi U = et Y or T 7 et et e

=

g

T = ot § * - GIM Mec hamis
eg. 98 e Y U,uer.] — 0 an' S r7
J

2
30em | SM : B < 107%°

BX oy < 2.4 X 1077

SuUppres Siron




Phases of U

o//l, L >k
Jw L = 2L U,i 7" eaL

i . io; ..
Can re-—p/m5e €L, — € Pa € L Vi, — € Vil

~i(d1—de) g—i(di—b1) gi(da—de) TJ*

olLl, L /.,lz
JWL _zyiLe ai) €al
’ | N = | N = |

| + AN = 2N phases can be aréitrarily
chosen

N= 3= 5 ﬁhd\feé Can Ae e/ i ncted £rorr 74

only | physical phase



Basic Points

W L oe need o introduce 5//73/ et 2 newtrinoe fields (Y ,(>

= oe Ma,ée wUse of the SM )f/tﬂgé Mec /rapn S r7

UL VR)

Loy Ly, L are violaled

L /s consServed ( exact 3/ oéd/ S ymmez‘ry at A e
classical level, just like B)

33/73/‘&2‘ eSS A M/X/nﬁ P 1 X ana/ 0304(5 Zo \/CKM




@ +C/ever extensions of The SM

” gorane Pt

1 £ we introduce Ve we can Aave

M@'orana Mass Terr

L /s vio/ aled

. by 2 wumts

Ppvg = vy 2hHis IS invarian?  wnder SUL2); %)y




Dirac — M@' orana

MD +M — O (M b ) L cOmp/ex Symmez‘r/c
MP MR i

M IS a 3xm Ccomplex malrix Me is a rxrm Symmelric matrix

(d> ,MaSS eigewvalues of M( 2 v= f’rdmeworlé of’

9
SeeSaww melhanS»m Sterile newdrinos /nZ‘egraZ( ed ouwt &
3ef A /oo energy efFective Z‘/’}eo/‘y a.)/f/? 3/ /:9/75 ac?ive

M@'orand neddtrinos

(8 s ome MasSS e{gen\/d/ wues of MF < v = more Chan 3
lig/t Majorana nectdrinos

(c) MF = e?a/\/a/enz‘ o impose [ conservation, »1=3
and e can 1denti~ v Che 3 5 Zerile newtrinos ¢,/ K4
Components of Che LY fields (Dirac Mecdrinos)




@ +C/ever extensions of The SM

” gorane Pt

£ e dont introduce VY e we can Aave

M@'orana Mass Terr

L /s vio/ aled

éy 2 wunmtds

but ot inwvarian? wnder SUL 2 % Uy
need o extend the SM ...

cC C




M@'orana Mass Ternrs

we can write a Majorana mass Zerm with only V

Cor V ,e>

Pruv = vy ;
Ve =v = v =1 +1f = LT :—EmLﬁyL%—h.C.

1M ass

the |/ 2 factor avords dowble COL(/?Z‘/hg Since YV ,yand V ©

are not 1ndependent

1
ML _ 5 L1 P, + UL g yﬁi VL + ULyg))

111 aSS

m
Lol — 71‘ (VE C' v, + V£ CVE)




Basic Pownts:

W o rneed o introduce 5//73/ et Z flelds (VY (>

T

w uSe vr — v =Crp and v =1°

v=uv,+vr =1 +Cop,

‘Ci\n/gjss — _E(Vﬁ VL + hC)

need >z//ﬁ95 Z‘r/p/eZ‘ (Y=l> o form a 54/(2>/_® é/(l>y
ivariant Zerm (LAL)

[.e, /.u, Z.-L— are violaled

L 15 a/so violated A}/ 2 wum?s
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Dirac —-M@‘orana Mass Tern

L:D—I—M _ L:D 4+ L:ML 4 [:MR

I aSS I aSS IMNass I ass

Dirac Mass 7T err

Majorana Mass Tern

Majorana Mass Tern




£D+M —

mass

1

M. /x/ng rn (Feneral

/
VR

N T CTMPM N} + he. MPHM = (

/
C
V1R

/
C
UN.R

ML
MD

(MP)*
MR

- Diagona//zaz‘}on of Zhe D/rac-—Mg/‘orana Mass Tern = Massive M@'orana

Ne el rinos
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entire spectrum region close to endpoint

rel. rate [a.u.]
.o\
o0}

rel. decay -amplitude
°
(o]

o
n

| | | | i
2 6 10 14 18

Electron-energy E [keV]

4. Sore Conée?aenCeS of Masses and

M. /‘X/‘n\gS




S/‘ng/ e ﬁ —Decay — FfFective Ve Mass

H —° He+e™ + 1, Q = My — Mye — m. = 18.58 keV

al
dT

< [MF(E)pE(Q = T)\/(Q = T) = m,
Ketrie p/ ot

k() = J@-T)@-T7 - m

mp_ — mg

oMy, < 2.2eV
” Troitsk & Manz (2002)

—

—

- ‘—-:f:::..._._‘_::?‘--- 3
..-"""-j:fff_j-~--___. i _ 2
00eV ST~ . mpg = g mi ‘Uei‘z
1 L1 1 1 I T | : L1 ‘-1-"‘— - ) /\ i: 1
f .3 f O, I & {

18,2
()

Foitere KATETIN sensitividy 0.2 eV




72)0 /\/ el ino Do&(é/ e ,8 Decay

AL =0

NA,Z) - NA, Z+2)+e +e + .+ e

Second order ceak interaction process




/\/ el rinoless Doaé/ e ,8 Decay

AL = 2

1~ Mg/‘orana particle

(Tlo/VQ)_1 = G0V|MOV‘2|mﬁ5‘2

Sensitive Zo p/’]dS esS

NA,Z) - NA, Z+2)4+e +e” \

effective Mgorana mass [MBE = Z U mi
k




5. &ffective Lagrangian Approach and

SeesS 77, MeC/’lan/S Vedi




E£fective Ldgﬁd@‘dn
e

SM is an E£Fective Lowoer fnergy 777@0/‘}/
Lo = Loy + L9755 +6£976 + .

/

non-renormalizable /7/:5/76_# —dimension operators inwariant wnder SU (2); X Dy
made of SM Ffie/ds active @ /ow enerﬂfe\f oith coefficients (mode/ a/epena/eni )
we{g/zzlea/ 5}/ Iwverse poa)eré of A\ ( neLo p/lyé s scal e>

§5LA=5 — % (LT 0,®) CT (#T 0, L) + h.c.

[S. Weinberg, Phys. Rev. Lett. 43, 1566 (1979)] o7 posSible d=s operator

YT —s S vir Cup, + h.c.

EWSB Meajorana Mass




77‘@3 —/eve/ ( ea/ 1 Zal i ons

CE Ma, Phys. Kev. Let?. g1, iz (1998)]




7T ree—leve! Kealizddions

CE Ma, Phys. Kev. Let?. g1, iz (1998)]

fermion singlets




7T ree—leve! Kealizddions

CE Ma, Phys. Kev. Let?. g1, iz (1998)]
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fermion singlets Ty

A scalar triplet
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CE Ma, Phys. Kev. Let?. g1, iz (1998)]

P

/
\\ILLA/
N\ /

Y

A scalar triplet

fermion triplet




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

rrnimal Seesaco Lagrangian: only add K necidrinos to SM




SeeSaeo 7’;/?3 yA

CP. Minkowskiy, Phys. Let?. B 42, 421 (1925 M. Gell-Mann, P. Kamond and K. Slansky,
Sapergra\//fy ( 1979>)' A Yanaﬁfo/a, Proc.. ﬂ)o/‘fé/?op on the Unf. Theo. and Zhe Baryon
Nembd. in 2he Univ. (1929 ; KN. Mohapatra and G. Sepjancvic, Phys. Kev. Let?. 44, 912
(9s0) 1

runimal SeeSato quranq/dn : onl) % add K newutrinos ¢o SM

LKkE = ZEJZL -+ ZEJZR—l— ZNRﬂNR

SM lepton doublets SM lepton singlets R neutrino singlets New Physics Scale

_ o~ |
Ly =-L®y,R-L®y\ Ny — > Nr Mg Nf; +hc.




SeeSaeo 7’;/?3

CP. Minkowskiy, Phys. Let?. B 42, 421 (1925 M. Gell-Mann, P. Kamond and K. Slansky,
Sapergra\//iy ( 1979>)' > Yanaﬁfa/a, Proc. Nohéé/?op on the Unif. Theo. and Zhe Baryon
Nembd. in 2he Univ. (1929 ; KN. Mohapatra and G. Sepjancvic, Phys. Kev. Let?. 44, 912
(9s0) 1

runimal SeeSato quranq/dn : onl) % add K newtrinos ¢o SM

LKkE = ZEJZL -+ ZEJZR—I— ZNRﬂNR

SM lepton doublets SM lepton singlets R neutrino singlets New Physics Scale

_ o~ 1 __
Y:_L(I)YKR_L(I)}’TNNR—ENRMR (f{—l—hc

m,, %sz——. .V




SeeSaeo 7’;/?3

CP. Minkowskiy, Phys. Let?. B 42, 421 (1925 M. Gell-Mann, P. Kamond and K. Slansky,
Sapergra\//fy ( 1979>)' A Yanaﬁfo/a, Proc.. ﬂ)o/‘fé/?op on the Unf. Theo. and Zhe Baryon
Nembd. in 2he Univ. (1929 ; KN. Mohapatra and G. Sepjancvic, Phys. Kev. Let?. 44, 912
(9s0) 1

runimal SeeSato quranq/dn : onl) % add K newutrinos ¢o SM

LKkE = ZEJZL -+ ZEJZR—l— ZNRﬂNR

SM lepton doublets SM lepton singlets R neutrino singlets New Physics Scale

_ _ -~ 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°)




| Seesaco Type IZ

CM. Magg and C. Wetterich, Phys. Let. B 94, i ( 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 CT)T(O_" - &)T ® + h.c.

coupling to SM lepton doublets coupling fo SM Higgs doublet

~
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A = (A1, Az, As) where L =120y (L)°
physical fields <AO> — u/\/§ — ILLAV2/(\/§ MzA)

22 Majorana Mass
Matrix for light
neutfrinos
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LK. Foot, 4. Lew, X.GHe 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, #. Lew, X.G.He and G.C. Joshi, Z. Phys. C 44, 441 (1959 ; £ Ma, Phys.

Kev. Let?. s1, 1z (1998) 1

add SUU2), Fermion ¢riplet Y. (Y=0)

Ly :Zi_RﬂiR_

i — (217 227 23)

1=

Majorana Mass Term coupling with L and @

> 1Y) XY =35

5ZRME S 4 S s (BTF L) + hec.
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LK. Foot, #. Lew, X.G.He and G.C. Joshi, Z. Phys. C 44, 441 (1959 ; £ Ma, Phys.
Kev. Let?. s1, 1z (1998) 1

add SUU2), Fermion ¢riplet Y. (Y=0)

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

Majorana Mass Term coupling with L and @

i = (21, 22, 23) D" — 222) ZO — 23

Majorana Mass
.V Matrix for light

New Physics Scale neutrinos




propo\S ed p/‘oé/ ernsS:

G Shoew eXp/ 1t/ (Vi w/[y e need |/ 2 in the M@'orana MaSS

Zelrrr

S/zow Z‘/?df Z‘/?e oSt 3enerd/ PMasSS Cerr» Ldﬁrdngl‘an £or A

4/—-Componenf £lel/d
»CD—I—M — —mD\IJ_L\IJR — CL\IJE v, — b\If% Ve + hc

o/eécr/‘éeé feoo M@'ordnd ﬁd/‘f/‘C/ eS wwilh different rassSes.
DISCuUSS 1h whdt lirut Che 4-cormponent Dirac For,alisr
can be recovered.

Yoo mMarn/ p/7y§ ical prhases Chere are 1n The M/X/ng Pl 1 X

1~ el rinos are M@‘orana parz‘/c/es 7




propo\S ed p/‘oé/ ernsS:

Shoeo that a M@‘orana MassS malrix 1S ) N 3enerd/ y A
complex Symmelric malrix CAad can be diagonalized by an

orz‘/logond/ Pl 1.

Shoew Chal necttrinoless dowdble bela o/ecay /‘Mp/ 1eS 1h

M@'orana newlrinos. Can e dirs z‘/ngafs A M@'orana £ror

Dirac «s //73 nellrino interactions?

Consider he Zwo 5oa’y decay T — WtV B al rest.
Calculate Che rmomenturm p; and enerqgy £ of mass r;

as a function of the masses of Che pion, The ruon and
m;,. ESlimate, o #£irsSt non-zero order in m; Che difference

betroeen & and 7, Can we assume lhe neculrinos produced

7 Z‘/?/‘S a/ecay /7&\/8, Z‘/?e Sae erne)r y or morernlurt?



