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© Mechanism for maximal CP violation in lepton mixing
© Model building: charged-lepton sector
© Model building: neutrino sector—model |
© Model building: neutrino sector—model |l
© Predictions for neutrino masses and lepton mixing

Q@ Conclusions
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Mechanism for maximal CP violation

Notation:

= 1
Liass = —LLMelg + 5 vy Fcm wi +H.c.

UgMgMgUg = dlag(m mi,mz)

U,;’-M,,Ul, = diag(my, mp, m3)

Mixing matrix | U = UgU,,
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Mechanism for maximal CP violation

Observation 1: Harrison, Scott (2002)

cos fp3 = sin bz = %

Uil = |Uxj Vji=123 = :
() [Upsl = [Uzj| ¥ {s|n913cos<5=0

sin 013 75 0 = Or3 = 450, 6 = £90°

Compatible with global fits at 20 (30)

Observation 2:

If Uy = U, and U, real then U = UJU,, has property ()

w =
2
w2 w

5l

1 1 1
1 w w?
1
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Mechanism for maximal CP violation

Proof: U, = (Rjx) with Rj real =
1
Uy = ( UJ;R)M' = ﬁ (le + W2R2j + WR2J')
1
Uj = (UR), = 7 (Rij + wRyj + w?Ryj)

Therefore, it follows that U;; = U:j.
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Charged-lepton sector

010 1 0 0 10 0
E=lo0oo01], A=[0 -1 0 ], c=[0 w o0
100 0 0 -1 00 w?

[0lr]lg = o1lir + d2laor + P3l3R,
[plr]y, = ¢1lir + whalor + wWd3lar,
[plr], = ¢1l1r + W’ Palar + whslar,

S: (g — Alg, ¢ — A
T: (g— Elg, ¢ — E¢

S, T generate 3-dimensional irrep of Ay
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Charged-lepton sector

Transformation property of bilinears: A

[plR]; o [9Lr];
[plR]; - [pLR];

Yukawa Lagrangian of charged leptons:

Y = Z h;Djr [¢¢R];_, + H.c.

j=1

T: D, — C?D,

Charged-lepton Yukawa Lagrangian looks very similar to the one of
some As-based models, however, roles of D; and /g reversed!
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Charged-lepton sector

Mass matrix of the charged leptons: VEVs v; = <gbj-)>0

M, = diag (hy, hs, hs) (\/§Uw) diag (v1, va, v3)

UJJI\/Ig diagonal if hy = hy = h3

Our model: equality of Yukawa couplings
Usual A4 models: equality of VEVs

The equality of the h; is achieved by assuming invariance of ng)
under

T, . DL — EDL, €R — C€R

Therefore, in the following we shall use

hi=hy=hs=h, USM;=+/3hdiag(v1,v2,v3)
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Charged-lepton sector

No VEV alignment of Higgs doublets!

me = V3 |hv|
my = V3 |hv|
m. = V3 |hv|

Fine-tuning of VEVs:

vi| i |va| @ |vs| = me :my, - m;
w
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Charged-lepton sector

Side remark:
Basis transformation D; = U,D;| =

[,(e Z h D’ kL Pk Lkr + H.c.

k=e,u,T

Yukawa couplings flavour-diagonal!
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Neutrino sector—model |

symmetry | D; fr ¢ vg 1 ¢,
S 1 A A 1 1 1
T C2 E E C? C? 1
T E C 1 E E 1

Multiplets of model | and their transformation properties
Same field content as in A; model of He, Keum, Volkas (2006)

Yukawa Lagrangian of the neutrinos: Type | seesaw model
() _
ﬁy -
_ . 1 <
DR+ 5y Z nivirC ik
j=1

+y' (1/27;?(:_11/3,?771 + 1/3:’;?C_11/1R772 + yl-’;?C_lz/ang,) + H.c.
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Neutrino sector—model |

Neutrino mass matrix: (1;)o = sj = Mg determined by VEVs s;

Mp x 1

M1 has typical form of A(27) models (Ma (2006)):

Ca ¢ b
M= c (b a with (*=y/y
b a (c
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Neutrino sector—model |

Symmetry group of the model:

Neutrino sector: A(27) generated by E, C

Charged-leptons: Aq + T’

Column with ¢g in table:

suggests AC to be a generator of the symmetry group, has sixth
root of unity —w? in its diagonal

Might naively guess A(108) = A(3 x 62) to be the symmetry
group. However, beyond the symmetries listed in the table, the
model possesses an accidental 2 <+ 3 interchange symmetry:

Doy <+ D3y, lop <> l3r, @2 <> @3, VoR <> V3R, M2 4+ 13

Therefore, the full symmetry group is A(216) = A(6 x 62).
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Neutrino sector—model |

Generalized CP: need real M, for real U,

. Dy — iCD}, (g — iSCls, vgp — iCUf,
¢ — So*, ¢ — ¢y, n— 1",

1 00
S=1001
010

Renders Yukawa couplings, in particular {* = y/y’, real!
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Neutrino sector—model |

VEVs of the scalar gauge singlets: (nj)o = s;

Vo = 37 (P + 20 l*) + 2 (el + sl + Inams )
j=1

+My (nmams +H.c.) + Mo (77{’ +m s+ H.c.)
+Xs3 (nfznzm + 1157 + 15 M + H.c.>
Need reals VEVs s;!

At minimum of V: args; = wP with p; integer,
p1+ p2 + p3 = 0mod 3
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Neutrino sector—Model I

Model I1: type |l seesaw

AT/V2 AT >

Scalar gauge triplets: A = ( AO AT/

3
A 1. T ~—
4y (D2TLC—15AlD3L + D] CYeAyDyy + DlTLc—lgAg,DzL) +Hc

Neutrino mass matrix: (A%)g = ¢;

yor y'o3 ¥ Ga c b
M,/ = )7/53 )752 )7/51 = C Cb a Ma (2006)
Vo2 ¥'o1 yd3 b a (c
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Predictions for v masses and lepton mixing

For definiteness, discussion of model I:

Weak basis: M(VW) = UgTMVUg with U, = U,

i, GGz b

M@ =UMUs = e (b 3
b 3 (e

33 = ((—-1)(a+b+¢)

3b = (¢(-1)(a+w?b+we)

3¢ = (¢(-1)(a+wb+wic)

- +2

¢ =

a, b, ¢, ( real = 3, E real, c = B*

Same mechanism in Mohapatra, Nishi (2012)
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Predictions for v masses and lepton mixing

Theorem: Grimus, Lavoura (2003)

*

. Xy y
MW=y z w with x and w real
w)=1. . .

Then M;, is diagonalized by

uq u» us
U = Wi Wy ws with u; € R

and

-1 1 1
UTMM) U™ = dia < iy > with p; = e;m;, € = £1
v E\in 2 s Hi= ST €
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Consequences of the theorem:
Q Uyl =1UrjI ¥i=1,2,3
@ The ¢; correspond to the Majorana phase factors

Effective mass in (53)o, decay:
3 3
Mpgp = ‘Zj:l Ufﬂj‘ = ‘Zj:l “j2€jmj
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Predictions for v masses and lepton mixing

Counting of parameters and predictions:

-1
4 real parameters in M(VW)

9 physical quantities: three masses, mixing angles, phases =

9 — 4 = 5 predictions:

5223 =1/2, 6 = £7/2, Majorana phases 0 or 7

Extra relation from

(MET), (M), = Gab = (7)) , (M),

Only equality of moduli of both sides physically meaningful!
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Predictions for v masses and lepton mixing
Abbreviation: U; = u? = |Ug|?

Extra relation

20, Uy Ui (1—U)) U;Uj
Z J; 1t zjj 2m? J%: 1t

_ Z(l—(;j)erZ—lJrUﬂrUﬂJrUjUj'
~ 4

A= UP  ~1-U-Up+ 4bs
> +
2 .
F 4dm*

g j<j' 2/‘L.//‘LJ/

U3 = sin2 913, U2 = COS2 913 sin2 912, U1 = COS2 913 COS2 912
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Predictions for v masses and lepton mixing

100

S

S
[

Lightest neutrino mass [eV]

10-3 L 1 L
0.29 0.3 0.31 0.32 0.33 0.34 0.35

L2
sin“84,

Model I: Lightest neutrino mass as a function of sin? 65
blue: = normal, red = inverted
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Predictions for v masses and lepton mixing

10° -

102} s E
-
-3 L |
10
107 102 107" 100

Lightest neutrino mass [eV]

Model I: mgg versus lightest neutrino mass
blue = normal, red = inverted
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Predictions for v masses and lepton mixing

Lightest neutrino mass [eV]

0.29 0.3 0.31 0.32 0.33 0.34 0.35
sin®0;,

Model II: Lightest neutrino mass as a function of sin? 65
blue = normal, red = inverted
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Predictions for v masses and lepton mixing

100

Mgg [€V]
\\

108 -
107 102

107! 10°
Lightest neutrino mass [eV]

Model II: mgg versus lightest neutrino mass
blue = normal, red = inverted

Walter Grimus (University of Vienna)

Maximal CP Violation in Lepton Mixing



Conclusions

000600 O

Observation: U, = U, U, real =

Uil = Urj|  Vj=1,2,3

Predictions: § = £90°, 6»3 = 45°, Majorana phases 0 or 7
Models: Seesaw type | or type Il

Minimal VEV alignment: real VEVs of gauge singlet scalars
No FCNI

Neutrino sector has A(27) symmetry

One additional prediction from that symmetry:
Lightest v mass as function of 615, 613, Amgl, Am%1
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