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Neutrino masses

Weyl fermions any field in ur irreducible representation

of the horentz group will be a Weyl fermion

Xt Yc O X 0,42

two component spinors which obey
ich deuxe O Gu LI 6
i In dux O 6 a C G

Xt and X hare different chiralities
Xt left handed
X right handed



Neutrino masses
Dirac fermions

io m 4 0 4 four component spinor

4 4 42 PLY PRY Pee 121
Pr 121

In chiral representation Is diagonal d 4 has the following form

4 141 4 4 42 4 E
EI in massless limit m 0 show that

two independent Weyl equations or obeyed



Neutrino masses
Majorana fermions Majorana fermions obey the Majorana condition

4 4C CFT

C is the charge conjugation matrix Ct i808 t i 82080 in
ijoyz

C a c an magma
C JMC JMT C i8082 08082

Cta Ct
matrix

C can be defined in any basis butit has the rep C i8082
Majorana condition is equivalent tosaying aparticle is its own antiparticle



Neutrino masses
4C C YT

n

E C E C xx Tro

cry Errol CEPaulimatrices

it Ii use chiral representation 82 Q to

if Yt if x f it x
i ta XT

Xt i text X its Xt
x it litix enix x

4 Et



Neutrino masses
Majorana fermion only has two degreesof freedom asingle
Weyl spinor You can see this for computing

4L CERT 4r CELT

4 Hit 4 C

44 fadBaw I cusp f e'P t us p as e ip

s I

n b Dirac held world also contain v spinor not just u



Neutrino masses

m 54 m Fu Yat Ink
Diracmass

map yay a p flavourindex
Majoranamass

M Ty M 4,4 MTRY
M 4E 4L t h c

LMap 424ps
Map complex symmetric Mati ie Map Mpa

1Map454ps I Mar CET Yp LMap42CYp

I Map 4 a C as 4 is
Map 4ps b C 1 as ta a Fettes
I Map Yp Iba Yala

IM Ba E 4



Neutrino masses
Dirac fermion charged undera V4 will transform

4 Heil recall how we couldrephrasethe chargedleptost
remove 3phases from Nmatrix

Dirac mass

MEY my y

Majorana ma

MT4 me
Zia Tye

Majorana mass term violates UCI symmetry explicitly

any parade with a Ucl change cannot have a Majorana mass

accidental symmetries of the SM impotently L or B L
can be violated in a model with Majorana neutrinos



Neutrino masses
Togofrom flavor to man basis we must diagondie the non diagonal
man math For a complex symmetric matrix leg'oranaman
matrix this require some care as it is not a normal matrix ie
it dos not commute win hermitian conjugate
We recap on sub single rate decomposition

M square complex math I SVD factorisations t

M U Dut
D diagonal matrix with REAL entries Dii O fi

U V unitary ie Utu Unt Lt
Vtv Vrt I



Neutrino masses
We can compute Uav by diagnosing the herniation
matrix

Itch Mt U D2 Ut Mtm V D2

If M is complex symmetric relationship between Uav

M UTDU

Utu Ult It Takagi factorisation



Neutrino masses
Application to mass matrices

Dirac mass math Map is an arbitrary complex matrix

Lm map T 4
we can act on left a night feeds independently

42 ya 41
unitary

4 re V54
s

Lm Utm VITTI 4k
Dii T YE

Tor majorana man Map we donot havethe freedomto wide the two fieldsin
re man term independently Lm Map I 4p

UTMU Yj
Dii T 4j


