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Flash Introduction to Neutrino Physics
e 1930 : Pauli's hypothesis to explain /-decay

* 1956: Discovered at Los Alamos (Reines andCowan)

 Supposed massless and only LH h

| of EW interactions (approx |
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https://neutrinos.fnal.gov/history/

Flash Introduction to Neutrino Physics
e 1930 : Pauli's hypothesis to explain /-decay

* 1956: Discovered at Los Alamos (Reines andCowan)

 Supposed massless and only LH h

* 1968 : Detection of Solar Neutrinos (Homestake exp.)

| of EW interactions (approx |

Evidences of "f
oscillation inthe
neutrino sector is
incompatible with

massless neutrinos!

* Only 1/3 of electron neutrinos observed...
* 1985 : Detection of Atmospheric Neutrinos (Kamiokande and IMB)

e Smaller ratio of muon neutrinos to electron neutrinos observed

Flavour dynamics

* 1998 : First evidence of Atmospheric Neutrino Oscillations (Super- _ |
|_needs explanations!! |

Kamiokande)
e 2000 : Discovery of Tau neutrino (DONUT collaboration)

[https://neutrinos.fnal.gov/history/]
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Neutrino Mass Generation 5 1
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Neutrino Mass Generation

 Majorana Masses generated via

Weinberg operators

« Common implementation:

Seesaw Mechanism

s 1
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For natural Yukawa size (y ~ O(1)) small
neutrino masses accommodated by

Mp, M, My ~ 0(10° — 10%°) GeV
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Neutrino Mass Generation

 Majorana Masses generated via

Weinberg operators

« Common implementation:

Seesaw Mechanism

e Can we lower the mass scale?

1
OY) = —(LLHH)
YA
(H) (H) N , (H) (H)
I I y’ : l
N, N | | S L
> ¢ O ® < | A > ® O— <@ <
VL / Mp / VL u VL 1 My / VL
=
YA
V2 V2 , V2
~ VE— ~—Y ~ Vi—
Y TR Y
For natural Yukawa size (y ~ O(1)) small
neutrino masses accommodated by
9 15
Mp, My, M5 ~ O(107 — 10°°) GeV
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Inverse SeeSaw (ISS) Framework

_ _ 1 _ e
L= LYpHN + NMysS +—SusS + h.c. = (5, N° )"t (N) a=|ml @ My
S @ Mys g
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Inverse SeeSaw (ISS) Framework

i vy 2] mp, 2)
L. = LY, HNC + NMS + 55’%55 +h.c.= (o, N §) (N) M=|ml @ My
3 @ Mys g
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Inverse SeeSaw (ISS) Framework

: U, QO mp O
&, = LY HN + NMyS + 55%5 +h.c.=(p, N° §) M (NC) M=|mp D Myg
S @ Mys  ps
. U, S
UL MU = M @s) U=|"" _ 1 Ho
( T V) m,, & mp(Myg)! usMysmp' ~ y 2@
0
* Inverse Seesaw (ISS):
(SS) 1) (1)
| I
* Light neutrino masses generated by | |
. : | I
the joint action of My, and small ., . & o X
> 6 > O > O < @ <t 6 <
VLY M 7 M y VL

e U is asmall source of Lepton
Number violation

e = e
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Inverse SeeSaw (ISS) Framework

1%
) ) 1. o L
L= LYpHN + NMysS + S usS +h.c. = (5, K¢ ) %(N) a=|mh @ My
8 @ Mys ps
UT MU = M@ U = (ﬁ v S )
T v

 |Inverse Seesaw (ISS):

* Light neutrino masses generated by
the joint action of My, and small ., .

e U is asmall source of Lepton
Number violation

= e



Inverse SeeSaw (ISS) Framework

i vy %, mp, 2,
F, = LY HNC + NMyS + 55’%55 +h.c.= (g, N° S) (N) M=|m) @ My
> @ Mys  Hg
. U, S
U MU = M) U=|"" _ 1, - Ho
0
In the basis in which charged lepton mass matrix is diagonal, 0 = (1 ) [
U is the (non-unitary) leptonic mixing matrix v ) o
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Inverse SeeSaw (ISS) Framework

| U 0 mp O
S @ Myg g
. U, S
U MU = M 48 U = ( v ) _ 1 Ho
T V m, =~ mD(MNSl T/’tSMNb}le y ZW
0
UI/ — (1 o ;7) UO
S, T describe the mixing of light and sterile neutrinos
(S, T <K U,) = Can induce cLFV processes
! > -
W 1% w % %W
| — < <«
U > ]r/, (4 d ) o o
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In this talk, we:

 Reproduce Neutrino Masses and mixing within an ISS framework equipped with some
Flavour symmetry group

 Show that in such context cLFV processes are predicted, and how future experiment
could probe our parameter space
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Flavour Symmetry Framework:

A(6n%) and CP

e = - . -
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Flavour Symmetry Framework:

~ A(6n°) and CP

T

Charged Leptons: Neutral leptons

S — e - . -
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Flavour Symmetry Framework:

~ A(6n°) and CP

v T

Charged Leptons: Neutral leptons

L, N, § assigned to triplet representations of the flavour group;

Various ways of choosing the residual symmetry are possible
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Flavour Symmetry Framework:
~ A(6n*) and CP

v T

Charged Leptons: Neutral leptons
G, = diag (Z; x Z{**) G,=7Z,XCP

C. Hagedorn, J. Kriewald, J. Orloff, A. M.
Teixeira, 2107.07537

Different choices of A(6n2) representation 10 0 1 0 0
result in different phenomenology: YDzyO@ (() ] ()) My = M, (0 1 O)
Mo \o 0 1 0 0 1
e Option1: L~3 ; N~3 ; S~3
wgp 00
,uS=U§<(95) O pu O UST(HS)
0 0 u
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Flavour Symmetry Framework:
A(6n%) and CP

Charged Leptons: Neutral leptons
G, = diag (Z; x Z{**) G,=7Z,XCP

Different choices of A(6n7) representation 1 0 0 1 0 0

result in different phenomenology: Mye = M, (O 1 O) Hs = Mo (O 0 1)

0 0 1 01 0
yi 00

¢ Option2: L~3 ; N~3 ; §~3 My, = <H>UI()L)*((9L) 0 y, O UI()R)T(QR)
0 0 )y
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Flavour Symmetry Framework:
~ A(6n*) and CP

— T~

Charged Leptons: Neutral leptons
G, = diag (Z; x Z{**) G,=7Z,XCP
NM,S

Different choices of A(6n7) representation v o0 B o0
" . p= Y|0 1 O ps= Ho| O O 1
result in different phenomenology: 00 1 0 1 0

M, 0 O

Mys = U6 0 M, 0 U6
0 0 M,

e = - . -

¢« Option3: L~3 ; N~3 ; §~3 S
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Flavour Symmetry Framework:
A(6n%) and CP

v T

Charged Leptons: Neutral leptons
G, = diag (Z; x Z{**) G,=7Z,XCP

LY, HN®

Different choices of A(6n7) representation
result in different phenomenology:

In this discussion, we focus on Option 2

e Option2: L~3 ; N~3 ; §~3

S —— === S e e
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Option 2

1 V1 0 O 1 0 O V1 0 O
el ve — Mp gy, = <H> U(L)*(QL) 0 y, O UlgR”(eR)(o 0 1) UP@0 v, 0ff U6y
0 0 ¥y 010 0 0 ¥

Heavy neutral states spectrum: Three

Heavy neutral states m matrix: . : .
y StAles MAss matrix approximately degenerate Pseudo-Dirac Pairs

Vo~ @ My ] ]
R\ Mi=a 56~ Mo == Ho  Mi=r89) % Mo+ = o
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Option 2

yi 00 1 00 yi 00

1 Ly (R)T (R) (Li

m, & 77 —mpugn} = <H> U< @[O0 » OJU"O(0 0 1 )UPO[0 y, O] U (6))
0 0 ¥y 010 0 0 ¥

Uy (6,) = Q)R (6))
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Option 2

) V1 0O O 1 0 O Y1 0O O
m, ~ M2 —mpugmy, = (H > V Uy O 10 » OfU I(DR)T(HR) (0 0 1 ) U l()R)(HR) O » Of|U I(DL)T(QL)
0 0 0 y, 01 0 0 0 y,

2(3), €2(3") are unitary
Q(3) Completely fixed by choice of residual symmetry

Q(3")
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Option 2

) V1 0O O 1 0 O Y1 0O O
m, & —mppgmnl = <H> v @) ([0 v, O Ulng(eR)(o 0 1) UP@[0 y, O] UL (6,

v 2
M Ms 0 0 y 0 10 0 0 v,
2(3), €2(3") are unitary
Q(3) Completely fixed by choice of residual symmetry
£2(3 Group theoretical parameters specify the residual

symmetry : n, s, [

E.g.:

un 1 O 0
Q3)(u,v) = e UrgRy5 ( ) 0 e 0
0 .
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Option 2

yl O O 1 O O yl O O

1 Ly (R)T (R) (Lyi

m, & 77 —mpugn} = <H> U< @[O0 » OJU"O(0 0 1 )UPO[0 y, O] U (6))
Mg 0 0 y, 01 0 0 0 y,

2(3), €2(3") are unitary

Uy (0) = Q(3)R;(6;) Completely fixed by choice of residual symmetry
AT
Up”(Or) = 9(3’)Rkl(9R)<P /31) Group theoretical parameters specify the residual

symmetry : n, s, [

R; (0, g) is a rotation on the ij plane

Codifies residual freedom in the choice of £2 matrices
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Option 2

1 V1 0 O 1 0 O V1 0 O
el ve — Mp gy, = <H> U(L)*(QL) 0 y, O Ulng(eR)(o 0 1) UP@0 v, 0ff U6y
0 0 ¥y 010 0 0 ¥

Parameters of the theory:
My, poy 5 i 0p» Og
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yi 0 O yi 0 O
i I 1 0 O I
m mD//iSmD = (H > U YO0 »m OfU l()R) ‘Oplo 0 1)U l()R) OO0 » O||U ;)L)T(HL)
0 0 0 0 y,

* [n our numerical analysis:

M, € [150 GeV; 10 TeV]
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Option 2

yi 0 O vy, 0 O
1 I 1 0 O 1
m, = 2mD,uSmD = (H )—U (L) @)110 y» O UI(DR)T(HR) 0 0 1 Ul()R)(é’R) 0 vy O UI(DL)T(QL)
M3 M;
0 0 ¥y 0 0 ¥

* [n our numerical analysis:

My € [150 GeV, 10 TeV] g € [0.1 keV; 10% keV]
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Option 2

yl O O 1 O O yl O O
1 L) (R)T (R) (L)}
R — Mp gy, = <H> U< @[]0y, 0[UuPTG(0 0 1 |UPGH|0 ¥y, O] UL @)
0 0 ¥y 010 0 0 ¥

* [n our numerical analysis:

M, € [150 GeV; 10 TeV]  uy € [0.1 keV; 10° keV] Oy € [0; 2x]
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Option 2

: (L)* (R)T (R) (L)
m, = IV —mpugmy, = (H >VU @110 » OJUS7 @0 0 1 )U7O0 ¥ O] Us'(6)
’ 0 0 ¥y 0 0 ¥

* [n our numerical analysis:
M, € [150 GeV; 10 TeV]  uy € [0.1 keV; 10° keV] 6, € [0; 27]

* Fixed by fitting LO predictions of the masses to experimental values
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Option 2

) Y1 0O O 1 0 O V1 0O O
R —— Mgy, = <H> U@*(eL) 0y, 0 Ulg“T(eR)(o 0 1) Up @] 0y, O Uy"(6p
0 0 ¥y 0 0 y

* [n our numerical analysis:

M, € [150 GeV; 10 TeV]  uy € [0.1 keV; 10° keV] 6, € [0; 27]

* Fixed by fitting LO predictions of the masses to experimental values

* Fixed by fitting prediction of mixing to lepton mixing data
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y N
H > > > e
cLFV in the ISS s, v S
1 < < < 1
—> > . d
Relevant (approximated) loop functions:
Gﬁa o n @( Yy, ﬂo)
y ~ ﬂaﬂ M, s M,
Yu, mu
Fﬁ“%—2<7 -~ 1o x) + O(—, —
y 12 769570 ) Map (Mo Mo) Only LO in ISS framework
Yug o
Fb%~n . (5—-3logxy) + O(=—=,—)
” sl ) Mo~ Mo Considered degenerate heavy
3a Yuy  Ho ]
FI¢ n — 21,5+ O( MOO, Mog) neutral states, with mass M,

Fiot =2n,, [—4 =1V, ° (F poxl0:Xp) — Fp (X0, Xp) — 4)

Fﬂedd — 2}78/4 1 - ‘ th |2 (FXbox(O’xt) o FXbox(xO’ xt) T 1)

- — = o s = ——— ———
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cLFV in the ISS W .

Relevant (approximated) loop functions:

Ypg ko

Gy R Mo + O 5370)
o0 v Photon Penguins
ba ~ 7 1 Ho 1My
Fle x 2(12 -~ logx0> Nop T @(MO, Mo)
Ba . Yug o
Fy* % g (5 = 3logxp) + O(57.370)

2 2

Ba Yo pg
Fbox ~ znaﬁ+ O( M, M(%)

Fiot =2n,, [—4 =1V, ° (F poxl0:Xp) — Fp (X0, Xp) — 4)

box

Fﬂedd — 2}78/4 1 - ‘ th |2 (FXbox(O’xt) o FXbox(xO’ xt) T 1)

box

P ——— o e —— e
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cLFV in the ISS

Relevant (approximated) loop functions:

Y/’tO Ho )
MO ’ MO

Gfa ~ naﬁ T @(

YIMO muO)
MO , MO

o 7 1
Fyﬁ %—2(12 | 610gx0>77aﬁ+@(

Y
Fga ~ Nop (5 — 31()ng) + O( AZ)a 1/\4/1(;) } Z Penguin
3a Yy g
Fhpn % = 2l + OC M, ’M8)

box

Fiot =2n,, [—4 =1V, ° (F poxl0:Xp) — Fp (X0, Xp) — 4)

Floi = 27]8/4 -] th |2 (FXbox(O’xt) o FXbox(xO’ xt) T 1)

box

e = - . -
e = Emwsasasam= sl S S ==
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cLFV in the ISS . W§

Relevant (approximated) loop functions:

Yo po

Gf“ R Nop + O( = Mo)
Fyﬁ“ ~—2 ( 172 | é logx0> Map + @(Zs, n;Z)O)
FJ* ~ Mg (5 —3logxy) + O( Zs, ;‘2)
Fiod = 21,5+ @(Z’ZO, fj;)
Frow = 2’7e;4 :_4 — [V ‘2 (F pox0:Xp) — Fipp. (X0, X) — 4) Box Diagrams

Fﬂedd — 2}78/4 1 - ‘ th |2 (FXbox(O’xt) _ FXbox(xO’ xt) T 1)

box

S — e - - -
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4 > S
cLFV in the ISS s, v S
y — < <+
— > . d
Relevant (approximated) loop functions:
Rates of the processes are
Map proportional to 7 at LO in ISS
framework
naﬂ
naﬁ
naﬁ
Hey
Hey

e = - - —
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cLFV in the ISS W .

Relevant (approximated) loop functions:

For a particular choice of residual symmetry (Case 2):

My = %;7(’) [2Ay221 — Ays, (1 — COS (2HL) COS ¢, — \/§ (cos (26’L) sin ¢, + i sin (ZHL)>>]

= e — B e
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O

tion 2: Case 2

(u=2s—1t)

BR(u — ey)

(NO) : BR(p—3e)  (NO) le—14

T 1.4
= 1.0
0.6 '

0.0 0.5 1.0 L5 20 00 0.5 1.0 1.5 2.0
Uu Uu
n n
BR(u — ey) <6x107* Meg-Il BR(u — 3e) <20(1)x 1071 Mu4E Phase-I (Il)



Or = 0.785
Or = 0.654
Or= 0.524
Or = 0.393
Or = 0.262
Or = 0.131

BR(u — ey) (NO) BR(u — 3e) (NQ)

Option 2: Case 2

0.00 025 050 075 100 125 150 175 0.00 025 050 075 100 125 150 1.75

u u
n n
BR(u — ey) S6x107%  Meg-ll BR(u — 3e) $20x 1071  Mu4E Phase-I (ll)



Option 2: Case 2

g ~—__1 even
o~ CR(j—e, A (NO)

P e 13—141  .
- v T { ‘ — | . \
% "y S k \'\\} \ 02—\2
2 0.8 ,.

- 1.2

H 1.0

H 0.8

H 0.6

H 0.4
=02
U 0o~

Double Solution for 0,

n

CR(u — e7) < 2.6(2.9) x 1017 COMET Phase-1I (Mu2E)

———e— e s - _ - -
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Option 2: Case 2

[ even
CR(u—e, Al)  (NO) lo-14
S\ 15
0.8 - - 1.2 sin® 615 sin? 613 sin? Go3

n=14; s=t=1 | 0.34 | 0.021(0.022) | 0.559(0.561)

g n=14; s=t=0 | 0.341 0.022 0.5
n=14; s=0;t=1| 0.34 0.022 0.436
n=14; s=1; t =2 | 0.341 0.022 0.5

0, ~ 0.183 (2.959)

u | | Best fit results: ( )(Iq%lix <12)

CR(u — ey) $2.6(29)x 10717 COMET Phase-Il (Mu2E)

—

" EP. Di Meglio
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Option 2: Case 2

{ odd
CR(u—e, Al)  (NO)
]Z. | l- | | b* | | |
e Or = 0.785 0, Shifts best-fit regions upward:
37/4 - m— = 0.654 |
1, | w— (g = (.524 Y;y; cot(20)
0.7514 - e (g = 0.393 tan(oy) = — ——
Q§ /2 1. - , £y " — Or= 0262 | yi T y]
2 =220.50 - -
= sp m— (= 0.131 #
w4 777025 ) |
0.0 . . .
~ Different choices of 0 give
0 T | — T T T T T T : . e
0.00 025 050 075 100 125 150 175 different predictions for cLFV
U
n

CR(u — ey) $2.6x 10717 COMET Phase-Il

S ——————

e e e
—
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CR(u—e, Al)

Option 2: Case 2

(¢) Z Penguin Diagram

(a) Photon Penguin Diagram (b) Z Penguin Diagram

(d) Box Diagram (e) Box Diagram

R. Alonso, M. Dhen, M. B. Gavela, T. Hambye; 1209.2679

CR(u — e, Al) =

2Gia?

mS

w

(4r)2I"

capt

w

4V <2F” + Fge> + 4y <F” + 21356) 4 52

Different solutions for @; (at fixed 5 )
also give different predictions for cLFV

FP.Di Meglio
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CR(u—e, Al)

Option 2: Case 2

10—11 1 1
10—13 ) a”
--~~~~ - -
10-15 F=—tre o7 i
— 9R= 0.654\
[ — = 0.524
10-17 4 = 6= 039 -
()= (0.262
r—mmm ()p = (.131

(¢) Z Penguin Diagram

(a) Photon Penguin Diagram (b) Z Penguin Diagram

(d) Box Diagram (e) Box Diagram

R. Alonso, M. Dhen, M. B. Gavela, T. Hambye; 1209.2679

CR(u — e, Al) =

2.2 .5
2Graym,

(4r)2I"

capt

have different sign due to different

Up and don quark contributions

charge and weak isospin
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CR(u—e, Al)

Option 2: Case 2

¢ 2
04— e — CR(u — e, Al) = ZW” + 52 !
(4r) Leapr 2e
10—13 _ L _~
1015 e e Up and down quark contributions
— = 0.654 5 have different sign due to different
; i Or= 0.1 charge and weak isospin
10 ) (= 0.262
r—mmm ()= (0.131
10719 4+— |
150 10° .
Cancellation only depend on M,
T “ 9y 4 (2 4312 ) _
-y F—s< ) VP —D
A2 3 s T 1% 16e 2
wd e 0 . . . 0 = €P 3 452 3 MW
(a) Photon Penguin Diagram (b) Z Penguin Diagram (¢) Z Penguin Diagram _ V(n) + V(p )
8 3 8
(d) Box Diagram (e) Box Diagram

R. Alonso, M. Dhen, M. B. Gavela, T. Hambye; 1209.2679 "FP. Di Meglio ___ PLANCK2024



Option 2: Case 2

0—7
10710 B
Predictions are bounded by poo N 3
. 3 - th bk Satorbtgnet | )|
both experimental bounds on 2 1 e \ gl [
cLFV processes as by Sl b ‘
bounds on unitarity violation 0 |
—-1.5
10710
i% 10-13
= 107" % R e
1.3x 1073 014 ~
nS11.2x107 1.1 x 107 lo %
9.0x 10™* 5.7x10™ 1.0x107°) _ -
Q: 10—14_:
M. Blennow, E. Fernandez-Martinez, J. X 10-18
Hernandez-Garcia, J. Lépez-Pavén, X., D. g
Naredo-Tuero; 2306.01040 10
R T T T

Mo [GeV] uo [eV] O



https://arxiv.org/search/hep-ph?searchtype=author&query=Blennow,+M
https://arxiv.org/search/hep-ph?searchtype=author&query=Fern%C3%A1ndez-Mart%C3%ADnez,+E
https://arxiv.org/search/hep-ph?searchtype=author&query=Hern%C3%A1ndez-Garc%C3%ADa,+J
https://arxiv.org/search/hep-ph?searchtype=author&query=Hern%C3%A1ndez-Garc%C3%ADa,+J
https://arxiv.org/search/hep-ph?searchtype=author&query=L%C3%B3pez-Pav%C3%B3n,+J
https://arxiv.org/search/hep-ph?searchtype=author&query=Marcano,+X
https://arxiv.org/search/hep-ph?searchtype=author&query=Naredo-Tuero,+D
https://arxiv.org/search/hep-ph?searchtype=author&query=Naredo-Tuero,+D

Option 2: Case 2

10—7 ) MR R e | L Lyl 1 ] 1 1 1 ]

0= Qu s

10713 - I i

2P

BR(i — ey)}

10—16 -

No dependence from 0 o

-22
10-"’ T T T rrry T T T rrrry T 1 1 1 1 1

10_7 ] 1 1 llllll 1 'l 1 llllll l l l l l l

~1.5
10710 - - - - - :

10—]6_

BR(u — 3e)

+ W 4 -l-_{_+ +4+ 4 r# i
: PR - T e TR
' ‘. e _l.r "f ; - ,{::i,; ‘il

1077 19

=22
102"’ T T LN B B B | T T T T rrry T 1 1 1 1 1

O o S O it 10—10 _ B | B | i
1014

Cancellation of
contributions

107"% 5

CR(u—e, A

10—22

10—26

[W—
O-
o
[W—
O
W
[S—
o A
.
[W—
o—
()]
)
)N -
N
(%]
S
[\
)

_— e
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Option 2: Case 2

10—7 ; T A | ) Lol 1 1 1 1 ] 1

o - Q)?‘ 10—13 -
- - 32 TURCR
Modulation in function of 0, 2 |3
10—19_

Cancellation of
contributions

10_26 T 7 L L L L | T T '>""| T T T T T T T T T
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Option 2: Case 2

Predictions are compatible with

future boundson u — €
transitions!

A lower limit for p, can be
extrapolated
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Option 2: Case 2

Modulation in function of 0,

BR(u — ey)

Strong correlation is related
to Z penguin domination! -

BR(u

Cancellation of
contributions

CR(u—e, Al }

1077

10104

10—1() i

10719

10—22 _
1077 -

10—]() a

10713 1

lo—l() i

10719 1

l()—ZZ A
1070

l()—l() i

10—14 i

10718 4

150

LT

BR(u — 3e)

My [GeV]

Case 2), s=r=0 ,NO

071
-
075,
1071
107"
107"
-

10729 -

103

10!_25

IOI—23

IOI—ZI

103

10719
CR(u—e, Al

104 |
Uo [V =

10l—l7

10° 0

IOI—IS

B

Y
¥
1
- .¢.
&
s
- )
i
- ‘s'
,5
w 14
£
- [ =
C ) § ~
—
b o1}
0 O
1 ]
“‘-
E 5
]
T R0
10~ 13 Y
‘V
S 27



10—12 _

10—14 -

10—16 -

10718 ~

Option 2: Case 2
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Binned averages of the scans:

» (,—dependent case predicts

slightly larger rates due to larger
number of contributions to 77,

e Different choices of residual

symmetry can lead to different
predictions
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Option 2: Case 2

T — U and T — e processes are

non-constraining
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Thank You For the Attention!
Questions? Doubts?
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In our theory:

o g, g, T transform under an auxiliary Z;** R R .
Hr — WHR with o = e%
+ L,N,S transform as triplets of G, = A(6n°) T = 0°Tp

« CP acts non trivially on flavour

Symmetry
Breaking

Breaking mechanism is irrelevant. After Breaking:

° eR, //tR, TR tranSfOI’m under Gl — dlag ((23 C A(6n2)> X Zgzux)

« L,N,S transform under G, = (Z2 C A(6n2)) X CP




[0809.0639]

A6n*) ~ (Z, X Z )X S,

In our theory:

* €p, Ug, T transform under an auxiliary Z3**

* Non-abelian subgroup of SU(3)
+ L,N,S transform as triplets of G, = A(6n?) » Spanned by four generators a, b, ¢, d

« CP acts non trivially on flavour

n

at=b"=(ab)*=c"=d"=1

cd = dc
aca”l = c¢71d7! ada ' =d
Symmetry

Brealing beb™' = d~! bsdb™" = ¢!

Breaking mechanism is irrelevant. After Breaking: G ol  of th _ "
* General element o1 tne group IS written.

° eR’ //tR, TR tranSfOI‘m under Gl — dlag ((23 C A(6n2)> X Zgzux)

g =a’b’c’d®  with a,p,y,0 € N

« L,N,S transform under G, = (Z2 C A(6n2)) X CP

 Equipped with a variety of independent
triplet representations

3




In our theory:

* €p, Ug, T transform under an auxiliary Z3**

« LLN,S transform as triplets of Gf = A(6n?)

o CP represented by X(r) that acts on flavour
« CP acts non trivially on flavour

« Consistency requires : X(r) must be an
automorphism of the flavour group:
Symmetry

Breaking for g(r) € Gf = X(r)*g(nX(r) = g'(r) € Gf

Breaking mechanism is irrelevant. After Breaking:  We always choose:

. €p, Up, Tp transform under G; = diag ((Z3 C A(6n2)) X ngx) X(n*X(r) = X(NX(n* =1

« L,N,S transform under G, = (Z2 C A(6n2)) X CP




About Option 2

T
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U6, = Q)R (6,)

N\T
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About Option 2

T

myﬁﬁngﬂstz
y (yy 0 0 1 0 0 (yy 0 0
= (H)7 U 0| [0 32 0 UlgR”(eR)(o 0 1) UP@| 0 v, 0 UPi6))
0 \00y3) 010 \00y3)

U6, = Q)R (6,)

AL : _
Ul()R)(HR) — Q(3,)Rkl(6R) (Pli]l> The Qum?ttrlces.
° nitary

* Depend on the choice of residual symmetry and CP

Parameters:
« Mass scales: M, i,

« Yukawas y;, V5, Y3
« Angles 6;; 65



About Option 2

~ T _
ml/ ~ mD/,tSmD —

Mg

If it is diagonal :

1 0 0 . UI()L)(HL) diagonalises m,,
= (H)=2UP"(6, Ul()R)T(QR)(O 0 1) UR (0 ULig,)
Mo 010 (HY?
Mass eigenvalues are m,; = Ho
L Mg
U(6,) = Q)R (6))
v ]L - If not diagonal:
UpP(6) = Q(3/)Rkl(‘9R)<P 1?1) . Redefinition , — 0, = Ul()L)(HL) diagonalises m,
. ) tan(265)
tan(0; — 0;) = — o
Parameters: _
Mass scales: M, * Mass eigenvalues are :
’ - Vo, Ho
* Yukawas yq, 5, ¥ 2 2
» Angles 0 '16’ o Mij = aag Ho <y"2 _yj2> cos (20) + \/4yi2yf2 T (yi2 —yf) cos” (26;)
L> YR

My = =y
k#L] T o Hok




About Option 2

T

my%ﬁngﬂSsz
y (yy 0 0 1 0 0 (yy 0 0
= <H>V‘;Ug>*<9g 0 y, 0 Ul()R)T(HR)(O 0 1) U (Gg)
0 \O 0 y3) O 1 0

U@, = QO)R;(6;)
N\T
Up?(6r) = Q(3)R,(0p) (P lgl)

Outline of numerical study:

e Varied in ranges:

Parameters: M, € [150 GeV; 10 TeV]  p, € [0.1 keV; 10*> keV] 6, € [0; 27]
« Mass scales: My, Uy

* Yukawas Yy, V5, V3
» Angles 0, Oy



About Option 2

T
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U@, = QO)R;(6;)
N\T
Up?(6r) = Q(3)R,(0p) (P lgl)

Outline of numerical study:

e Varied in ranges:

Parameters: M, € [150 GeV; 10 TeV]  py € [0.1 keV; 10° keV] 65 € [0; 2x]
» Mass scales: M, u,

. Yukawas y;, ¥y, ¥ * Fixed by fitting of LO predictions to experimental value fo the masses

« Angles 0;; 0,



About Option 2

T

my%ﬁngﬂSsz
y vy 0 0} 1 0 0 (v 0 0
= <H>V02UlgL>*(9L) 0 vy O Ul()R)T(HR)(O 0 1> U (Gg)
0 \O 0 y3) O 1 0

U@, = QO)R;(6;)
N\T
Up?(6r) = Q(3)R,(0p) (P lgl)

Outline of numerical study:

e Varied in ranges:

Parameters: M, € [150 GeV; 10 TeV]  py € [0.1 keV; 10° keV] 65 € [0; 2x]
» Mass scales: M, u,

. Yukawas y;, ¥,, ¥ * Fixed by fitting of LO predictions to experimental value fo the masses

» Angles ) Uy  Fixed by fitting of LO predictions to experimental value fo the masses



In the following, we consider only Case 2:

About Option 2

T

m, X~ —=mMplgMy =
_ mg P _ Z(r) = e X(r) = c(r)*d(r)' X,(r)
y (yy 0 0) 1 0 0 (yy 0 0
= <H>V‘;Ug>*<eg 0 y 0 Ul()R)T(QR)(O 0 1) UR@[ 0 », 0] UL @) N1 00
0 0 0 ;) 0 10 0 0y QB)(u,v) = ' UrgRy5 (——) 0 e % 0
I _ 2n .
0O 0 —i
Uy(6,) = QB)R;(6,) s even, { odd: v o
l
A\ T I R £ Tt _E
U})R>(9R)=Q(3')Rkl(9R)(P,§Jl> Q@) (u,v) = e "UpgR3 <Z> 0 s 0
O 0 1
S even, I even: 00
Q(3')(u,v)=UTB O 1 O
0O 0 —1
s odd, 7 even:
i 0 O
Q(3')(u,v)=UTB O 1 0O
0O 0 1
s odd, 7 odd:
-1 0 O
I _3l£ T Y
Q(3")(u,v) = e ""*UrpR;5 <Z> 0O ¢e'% 0
0O O 1




In the following, we consider only Case 2:

About Option 2

T _
m, R ——mpigiy, =

l/% 9)
MO

Z(r) = ()" X(r) = c(r*d(r)' Xy(r)

1 0 O
= <H>%U§L>*(9L UgR”(HR)(o 0 1) U (6r) N BV
0 010 Q(3)(u, V) = €ZTUTBR13 <_Z> 0 e_i% 0

0 0 —i

Uy(6,) = QB)R;(6,) s even, t odd:

U@ = Q3 RG(P]) Q@) ) = U R - <Z

S even, I even:

i 0 O
Not diagonal for ¢ odd! Q@) (u,v) = U (O 1 0 )
0 0 -1

s odd, 7 even:

1 0 0
Q8" (u,v) = Upp (O 1 O)
0 0 1

s odd, 7 odd:

Predictions are independent of 0, ! _;

. 17 T
Q3)(u,v) = e UR,; (Z)




In the following, we consider only Case 2:

About Option 2

T _
m, R ——mpigiy, =
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MO
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U})R>(9R)=Q(3')Rkl(9R)(P,g> Q@) (u,v) = e TUrpR3 <Z> 0 e™'7 0
0 0 1

_,| S even,even:

/

i 0 O
Diagonal for ¢ even! Q3" )(u,v) = Urg (O 1 0
0O 0 —1

s odd, 7 even:
i 0O

9(3')(u,v)=UTB(o 1 0
0 0 1

s odd, 7 odd:

Predictions depend on 0, ! 0

. 17 T
Q3)(u,v) = e UR,; (Z)



