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Conventions

natural units : C=£= 1

1 = ONE ( LotSEVEN )

7  = SEVEN ( not ONE )

m = cursive N

m = cursive M

Bi = work out tee steps (suggested exercise )



Lecture 1 - Introduction
,

0 masses

÷
ntw : a) sources of V

b) Status and prospects of V physics

-Massive
m S

.

M
.

- Dirac 0 , Majoiana 0
,

See - Saw mechanism

-
The V mixing mat



Introduction : 0 sources
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V physics today : status

. Discovery of V flavor oscillations

-
J are massive

.

- mass - flavor mixing . flavor  non - conservation

. Parameter measurement :

Dmiij  ± mii - my ( mass
2

splitting s )

Udj d=e,µ ,
= ( flavor - mass mixing )

j = 1
, 2,3



The flavor - mass mixing :

U = U ( 92,92 } , Q } ,
8

, Yn

:
Maj oiama phases , 4. , yz = 0 here )

Cij  
= us iij ,

Sis
.

 
= Sim %j



The mass spectrum : possibilities % ve
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Measurements / constraints :

( from PDG )

Dm2=4m2n+om3z ) ,z , om2{>°
 mound hierarchy

< o inverted hierarchy

Qz , 923
"
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" ( ~#14 ){Q }
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Next goals :

÷
ass hierarchy

. 8 ( Phase  of Ue } ) → CP symmetry violation ?

. V mass ( mu E EV )

. Dirac or Majoiana ( are neutrinos their oun antiparticle ?)

. V and physics beyond SM

. D in cosmology

. J astronomy



Massive 0 : spin 42 fermions fields

- recall : Dirac equation

CIO- m ) 4=0

4 4 - Component vector
,

4 degrees of freedom

- recall : chinality and chive fields :

R=¥'
5

, Pr = 1t¥

R4=% . Pry = Yr → 4=14 + YR



D in the Standard Model

- brief recap : SM lepton content
, SUCZZStmctuu
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The SM : lepton .c weak chargedcurrent.

. BasisKIDinterim"KID
quantum numbers as in table

,
but not definite mass

. Weak charged current :

jsw ,l= 2985 li = 2 Z Jsljs l
'

LL
a- e.

:
Notation : l 'eL= e 's

,
etc. )



Mass terms in tee SM :

.

generic
m

a MTY = m( Tier )( Kok )

=m(k4r+5r4i )
Big



Higgs . lepton Yukawa couplings : ( 2 ,P=et
.

-

/

Higgs doublet
Lit ,i=

- 2Ydltplaoliprth
. c

.

413 e- ( th )

(
v=<

00 > )
In  matrix form :

Lµr= - ¥1 LILY 'll 'r ] +

:
no V mass term ! ( No VR )

.



Extending tee SM : V masses and

mixi.Dirac V :

÷UR singlet -> IVR terms

. price : unnaturally small Yuraua coupling ( mu E 156 me )

Lµr= . ¥+1 ILY 'll 'r+JiYnJr ]+h . c
.

jsw ,L= 2985 li ( unchanged )



Find mass eigenstates : bi - unitary transformations

÷
'

YVVL = Yu ( diagonal )

Vltyevr
=

Yl
( diagonal )

ut et el

menu '.=Hgl )h=kei=(m )
TL

of R

mr=kuk=(Ygr) entire'r=(need )
r r

↳
L ,µ=

- fEI[ Iiyler +KYmr] the .



Mass eigeustates : Dirac fermions

÷
µ=

- III [ Iiyler +KYmr] the .

= . . . . . . - Fz ( nitnr )Y°( mltmr ) =

= . . . . . . .  - §,
[ Yjj

"
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¥ g- #

Dirac fermion : 4 degrees of freedom ( L and Rindependent



Weak current in mass basis : V flavor definition

-
w

, ,
=2Ti8 li =zmiVY+8 vie . =

znivitv
±J

L

=
2 JLYS lie

→

T.tn
of Ufleuor states :

VL = Vd+V[ me = U me U=Vd+vY



.

Theflavor . mass mixingmatrix

h = Vive m
,

= um -
U=u+ve

- U depends only on
" left

"

matrices
,

VC
. Vd

↳ due to chiral structure of weak interaction !

- charged leptons lg ,
are

defied
as  mass cigars Tates ( mass is

measureddirect
→ V flavor state % is defined as coupling only to la , lepton



Parameterization ( L subscript  omitted )

u :c :tEeEIHI
Three angles ,

1 measurable phase ( Divac ) : On , 013,923 ,
J

Useful : U = Vis Wi } Yz

n=Hnlk:L waffle. !!!) "it:&:#
Cij  = WSQJ Sij  

= Sin Qj



Full expression : MNS ( or PMNS ) matrix :

PMNS = Pontewzw
,

Maki
, Nakagawa ,

Sakata



2) Majoiana V : the Majouma  mass term
.

Introduction to Majoiana fermions :

÷
call particle - antiparticle conjugation :

C=i8g÷
s 4

-

= CUTT=B•iy2y*.

particle Tntip article
.



- Useful properties :

e. C+=CT= C-
'

= - C
,

C 8^5 '= - jnt

e. ( 44=4 uT=4tc , 4I4i=4i4 , , Iraq =uT( ( Atc ' ' )4iNye: 4 - 4- flips all charges and hireling :

er ( 4L

)¥
4k ,

(4r5±4
:



Majounafemiot
f =

XL
+z(

XD
'

=

XL+zXiz=ei4
( generic phase )

Properties : -only one  independent chiral field : 2 degrees of freedom

Br

- Pty( up to a phase ) : 4
'

= 2*4

to
Tide

:
0 only candidate in SM !



Majovma mass term vs.Dire

.

Lm a

m@DWLth.c.LD
a MJLUR th .c .

nw
- independent

= mVhV< the . =  mhtctv th .c .

L

~

not  independent

- Lm violates Uci ) symmetries by 2 units

↳ lepton number violation !

h→ei4v< : Lm - ei4Lm



Majolana masses and new physics

. a JDVD
'

term not possible in SM

. Can arise from dimension d }5 operators from men

physics at high energy scale

. New physics can also give heavy VR



Dirac + Majorana lagrangian :

÷
R .

all possible mass terms
.

For 1 generation :

LM+ , , =£muYC+h - MDJRVL ttzmrurctvr th .c
.

= t -

W
Majovma Dirac Majoiana

Reunite  in matrix form :mL=€gc) = (th)
- :

[
m

,

B. Lmtd = 'znEC+Mm< + le
. M= (p m

,
) ( real matrix )



Diagonal .ze M :

.

Xu = WSSUL  
- Simek

a use Sino

( v :):(sino use )(F) { x. .
. sinoutwsoo :

tan2s=*tB.

¥,=#2+mE÷MR - M
- Mn

,
2 =

( can be  negative ! )



Mass eigenstatos :

Lm⇒ = I(m×IC+×n + mzXEC+X<if + h
.

c
.

Ba- - ( 1ms ) FX ,

+|myIzXz
) lmnl , lmzl >o

physical masses

Physical ,
massive fields :÷- Xu + ZNHID

.

{
×z= Xzizfxuja

e. %
 = {

2 it mi >o

- I if mi < o

e. Satisfy Majowna condition : ( Xi }= Xi ( up to  a phase )
.



Conclusion :

. Dirac + Majoiana ⇒ 2 Majoiana particles

§
check : court degrees of freedom ( 4 01.0

. f.)

. Physical masses are positive ( as slowed be )

e. . Dirac limit : for me =  Mr = 0 → 1 Dirac

part
4 d. o

. f. )



T_ytfw.mn

to
. MD < < Mr

e. o - Tyr < < s

{
Msl - Ten . < mis

/Mz/
~ MR

Xz is

¥, mostlyactive : Xn ,
= OL

{ Xz i lay, mosigstaid Xu = (°R5

→ Naturalness :

-

New physics scale M - MR Causes

small 0 masses !

0•
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Generalization to  m generations :

.m⇒ = 'znEC+Mm< + l
. c

.

✓1L

ML = 02L + m m Xm

-

Helmetta 'Eti'¥m

e. Diagealization yew " Ing€8aTg } Majovma fields



Mixing matrix for Majovma neutrinos :

Same as Dirac
, except for 2 extra observable phases :÷ e o o

U= Vies Wi }Yz D
,

D= ( o 1 °

g- o o e- ilk)



Majovma phenomenology :  neutrino - less double beta  decay

. Lepton number - conserving ( observed ! )
c- )

( A ,Z) -> ( A ,Z±2) + 2E +2 Ve

of U

> >

uteJe

w #
# a



. Lepton  member
- violating ( oL=±2

,
not observed )

( A

,Z
) -> ( A

,Z±
2) + 2

E
=) requires Majovma 0

↳ path toikswve
d U

> >whoVL)°×\M€. Chivlity man - conservation :

mediated by

mass
term

✓: >- 5 ↳ path to measure m !nu
u
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. Rate a / ? Ueimi /
"

→ depends on Majeure phases !

>
d

>
Uwh¥€enjfmin: )i=i inaXI


