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e Mass matrices consistent with current data



0 Structure of neutrino mass matrix



Majorana mass matrix: symmetric

@ Single flavour:

1 — 1
Ly = _EmM voy = EmM I/TCTVl

Operations of 1 and T in spinor space (indices p, g, r, S)

Ly = my [V]p [C'lpg [V]q
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Majorana mass matrix: symmetric

@ Single flavour:

1 — 1
Ly = _EmM voy = EmM v Cty

Operations of 1 and T in spinor space (indices p, g, r, S)

Ly = my [V]p [C'lpg [V]q

@ Three flavours (indices i, j, k)

Ly = [Mulj [V]io [C']pq [V]jq



Majorana mass matrix: symmetric

@ Single flavour:

1 — 1
Ly = _EmM voy = EmM v Cty

Operations of 1 and T in spinor space (indices p, g, r, S)

Ly = my [V]p [C'lpg [V]q

@ Three flavours (indices i, J, k)

Ly = [Mulj [V]io [C']pq [V]jq

@ Majorana mass matrix My, symmetric (in flavour indices 1/, j)
(Need not be real / Hermitian)



Majorana mass matrix: symmetric

@ Single flavour:

1 — 1
Ly = _EmM vey = EmM v Cly

Operations of 1 and T in spinor space (indices p, g, r, S)

Ly = my [V]p [C'lpg [V]q

@ Three flavours (indices i, J, k)

Ly = [Mulj [V]io [C']pq [V]jq

@ Majorana mass matrix My, symmetric (in flavour indices 1/, j)
(Need not be real / Hermitian)

@ Suppress spinor indices: £ = [v]; [Mu]j [v]; = v [Mu] v



Majorana mass matrix: symmetric

@ Single flavour:

1 — 1
Ly = _EmM voy = EmM v Cty

Operations of 1 and T in spinor space (indices p, g, r, S)

Ly = my [V]p [C'lpg [V]q

@ Three flavours (indices i, J, k)

Ly = [Mulj [V]io [C']pq [V]jq

@ Majorana mass matrix My, symmetric (in flavour indices 1/, j)
(Need not be real / Hermitian)

@ Suppress spinor indices: £ = [v]; [Mu]j [v]; = v [Mu] v
@ Dirac mass matrix Mp: no such condition



Mass matrix from Seesaw Type |

Three v, flavours, n right-handed neutrinos:

tu=— (Pl [, )< [/E/(r)[]f]xg Wﬁ}"‘ ) ( [[Zga: )

nx3



Mass matrix from Seesaw Type |

Three v, flavours, n right-handed neutrinos:

tu=— (Pl [, )< [/E/(r)[]f]xg Wﬁ}"‘ ) ( [[Zga: )

nx3

o ( 0 MD>
ff —
’ Mp Mg (2% (3+R)
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Mass matrix from Seesaw Type |

Three v, flavours, n right-handed neutrinos:

=4 (W [, ) ([T, Woloen ) (Ll )
Metr = ( /\(4)5 %2 >

Block-diagonalize:

My 0
U™ U:MB:<[ 113x3 >
eff 0 [M21n><n
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Mass matrix from Seesaw Type |

Three v, flavours, n right-handed neutrinos:

o3 18,002, B ) (1)

nx3 [VR]nx1

0o M
Meff: ( Mg MZ >

Block-diagonalize:

U Mot = MB = < (Milsxa 0 )

0 [Mo] 2
nxn o my
T pp—1 M= 'y
My = —Mp Mg" Mp
yN
Mostly (normal) hierarchical neutrino masses O~ —=

Me
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Mass matrix from Seesaw Type | +

Three v, flavours, n right-handed neutrinos:

tw=—5 (brhes [8],, ) ( i e ) (e )

nx3

M M
Meff_(Mg— Mg)



Mass matrix from Seesaw Type | +

Three v, flavours, n right-handed neutrinos:

tw=—5 (P 2], ) ( et Wﬂiiﬂ)(%ii)

M M
Meff_(Mg— Mg)

Block-diagonalize:

Mi] 0
U™ uzMB:<[13XS )
e 0 [MZ]nxn



Mass matrix from Seesaw Type | +

Three v, flavours, n right-handed neutrinos:

tw=—5 (P 2], ) ( et Wﬂiiﬂ)(%ii)

M M
Meff_(Mg— Mg)

Block-diagonalize:

Mi] 0
U™ uzMB:<[13XS )
e 0 [MZ]nxn

My = M, — M} Mz' Mp

Quasi-degenerate masses possible



Diagonalizing Majorana mass matrix

My: Symmetric matrix (My, = M; for seesaw mechanisms)



Diagonalizing Majorana mass matrix

My: Symmetric matrix (My, = M, for seesaw mechanisms)

Diagonalization:

mH 0 0
UIIMNS My Upyns = MD = 0 m O



Diagonalizing Majorana mass matrix

My: Symmetric matrix (My, = M, for seesaw mechanisms)

Diagonalization:

mH 0 0
UIIMNS My Upyns = MP = 0 m O
0 0 ms

Reconstructing mass matrix My, from masses and Upyns:

* D
My = UPMNS M UIT?MNS



Diagonalization of My, and Hg

Neutrinos with momentum p:

MMy
2p

Hor = (P + MiyM)' = p +



Diagonalization of My, and Hg

Neutrinos with momentum p:

MMy
2p

Hor = (P + MiyM)' = p +

My symmetric = ULynsMumUpyins = MP

M"Mia—n = Ubyns(MyMu) Upins

= Ubuns(Mip) Upnins Ubins(Mir) Upmins
= (MP) (MP)
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Diagonalization of My, and Hg

Neutrinos with momentum p:

MMy
2p

Hor = (P + MiyM)' = p +

My symmetric = UbynsMuUpyns = MP
M},My Hermitian = UL,,s(M},Mu) Upiins
= Upus(Miy) Upns Ubuns (M) Upms
= (MP)T (MP)

Upmins diagonalizes My, through U™ MU =
Upuins diagonalizes Heg through Ut Heg U




Reconstruction of neutrino mass matrix

My = UpynsM®Ubyns
= &(—x1, —x2, —x3)R23(023) U13(013, —0) R12(012)
(=1, —2,0) MP &(—¢1, —¢2,0)R{5(012)
Ui3(013, —0) Ra(023)®(—X1, — X2, —X3)



Reconstruction of neutrino mass matrix

My = UpynsM®Ubyns
= &(—x1,—x2, —x3)R23(023) U13(013, —0) R12(612)
(=1, —2,0) MP &(—¢1, —¢2,0)R{5(012)
Ui3(013, —0) Ra(023)®(—X1, — X2, —X3)

+
Sty = mpm

MMy = Upus (M°Mp) Ubys
= ®(x1, X2, x3) R23(023) U13(013, 6) Ri2(612)
O(d1,62,0) (MOTMP) D(—¢1, =2, 0)R{5(612)
Ufs(613, —0) R33(023)®(—x1, — X2, — X3)

H
Independent of Majorana phases ¢1, ¢» — e
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e Mass matrices consistent with current data



Masses: ordering and hierarchy

Masses

@ Eigenvalues: my, mo, ms

o [mpl? —|m2 = Am?

o |mg|2 — |my2 = +AM2,,

@ Normal vs. Inverted mass ordering v

@ Normal hierarchy, Inverted hierarchy, Quasi-degeneracy
\/
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Mixing angles: some “aesthetic” values

Mixing angles

912%320, 923%450, 913%0

@ Bimaximal mixing:
Sinfip = 1/V2 ,sinfos = 1/v2 ,sinfi3 =0 >
@ Trimaximal mixing:
sinfyo = 1/v3 ,sinflps = 1/v/3 ,sinfy3 = 1/v3 X
@ Tri-bimaximal mixing:
Sinfip — 1/v/3 ,sinfos = 1/V2 sinfig =0  OK

@ Quark-lepton complementarity (one of the scenarios)

brag O

;023 ~ 45° — O3 , 013 ~ —=

V2

0129

010 ~ 45° —
12 NG
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Tri-bimaximal mixing and mass matrix

Ursm

®(0,0,7) Ras(m/4)R13(0)Riz(arcsin
A
3 3
_\/g \/g - % ¢(¢17¢2a0)
1

1/3) ®(¢1, ¢2,0)



Tri-bimaximal mixing and mass matrix

Uy = @(0,0,7) H23(7r/4)R13(0)R12(arcsin 1/3) ®(¢1, ¢2,0)

— 1 1 1

~\/8 3 —\/2 d)‘l ¢27

RCRCRE

My = UpynsM®Upyns
A B K g
= J(A+B+D) J(A+B-D)
S(A+ B+ D)
where
A

§(2 m e—2i961 +mze—2iq’)2) . B — (m2e 2ipo —my e—2l<‘>1)

OD\—'-

s D=ms.
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Some possible symmetries of neutrino mass matrix

u—7 exchange symmetry

Mee Mgy, Mgy,
My= | Mep My, my,

Mey, Myr My,




Some possible symmetries of neutrino mass matrix

u—7 exchange symmetry

Mee Mgy, Mgy,
My= | Mep My, my,

Mey, Myr My,

(] 023 = 450,013 =0




Some possible symmetries of neutrino mass matrix

u—7 exchange symmetry

Mee Mgy, Mgy,
My= | Mep My, my,

(] 923 = 450,(913 =0

Le — L, — L, symmetry

0 mey, Mer
My= | mMe, O M@
Mer M O

\
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Some possible symmetries of neutrino mass matrix

u—7 exchange symmetry

Mee Mgy, Mgy,
My= | Mep My, my,

(] 923 = 450,(913 =0

Le — L, — L, symmetry

@ (o3 = 45°
@ Inverted mass ordering
e Am2 =0

\
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More models for neutrino mass matrix...

@ Textures
@ Extra U(1) gauge symmetries
@ Extra discrete symmetries
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