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Motivation

In the leptonic sector there are
in general a large number of
phases.

Not all are physical. J

CP violation
o High energy: Leptogenesis

@ Low energy: Dirac and/or
Majorana
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The scalar potential

Zi: S-S, ¢—ip, DA, DA,
VCPXz4:V5+V¢+ Va + Vsy + Vsa + Voa + Vsen

Vs =1 (S + S™) + m3 S*S + Ng (S* + §™)
+ N25*S(S% 4 5*2) 4+ A5 (S7S)?,
Via =Y [64(6'0)Tr (A14,) + & (¢'A1A,0)]
+ (1Mo Do+ H.c.)
Vssn =0T A1¢ (M S + N, S*) + H.c.
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The scalar potential

Vs =p2 (82 + S™2) + m: S*S + N (S* 4+ S*) + NES*S(S? + S*2)
+As(S*S)?,  (S) = vse®

Besides the trivial solution vs = 0, which leads to V, = 0, there are
other three possible solutions to the above system of equations:

(i)
(ii

2 2
2 mys + 25
Ve = — , a=0,+m,;
5 2(As + 2N 4+ 2)%)
2 2 2
Vg: ms_|/— Hs T Oé::l:z,
—2\ 2 PV 2 2 PV 2
Vg = /SmS +/2 5!”’5”2 ’ COS(QOz) = _/“LS _'_/ SZVS ’
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The scalar potential

Vs =p2 (S2 4+ S2) + m2 S*S + N5 (§* + S**) + N.S5*S(S% 4 5*2) J

+As(S*S)*, (S) = vse'®

Besides the trivial solution vs = 0, which leads to V, = 0, there are
other three possible solutions to the above system of equations:

2 2
N2 my + 24
= — =0, £m;
0 vs =50 2N +oxny TN
2 2
. 2 —m + 2u T
(i) vs 2(0hs + 2N —2x) " T )
—2\ 2 PV 2 2 PV 2
(i) V2= Isms "‘/2 s/is”2 . cos(2a) = _M ,
Spontaneous CP violation
FLASY-2012
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The mOdel <CD> = (r7070) ) <W> = (57575)

Field | L erprTr D1 Dy O S o v
A 3 1,1,17 1 1 1 1 3

Zo X Zs (i) (=i,i) (1,

L1(=11) (i1) (=1, -1)(,1)(1,-1)
SUQ) x Uy [(2,-1/2) (1,-1) (3,1

) (3,1)(2,1/2) (1,0) (1,0) (1,0)

Y 7 Yie (7 vi T
L :Ke (LP), per + = (L), dur + 7 (L), ¢7r

A A
1
+ 728y (LTLW), + £ A1 (LTL); (1S +41S7) + Hec..
Ve 0 0 100 2 1 -1
ve=[0 y, 0], Y=y {0 0 1),y Ll2( 3 o _g|,
0 0 y 010 3\ -1 2

with

d o Y2
Yeur = Kyf%ﬂ Yo, = N (yle +yle ) ya, = Ks'
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Low-energy phenomenology

Mass matrix
(2)

m, = mz(/l) +my 7,

m, = U*d, UT,

with mf,a):2uaYAa and u,

du - dlag (|ZleiB + Z2|7zl7 |Zlei/3 — Z2|)

pyv? /M,

Za — 2|UayAa b

| 8 =arg(uya,).

CP phase

Sk

U = e—io’1/2 —_

shs-

Normal hierarchy (7/2 < 8 < 37/2)

1 AmZ,
2cos 3 2

71 =~

, Zp X~

AmZ,
2
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Vacuum-alignment perturbations ... v v we comy

T2K and MINOS: sin® 15 = 0.013%5:50¢ (*5:953) [5:522] ]
Case A (charged leptons): (®) = r(1, €, €)
Ye  YrEL Yue2 U =UjUrsu
Yi=|yea yu yeer
Yu€1  Ye€2  Yr sin® 015 =~ % [1 — 2(61 = 62)]
Neutr.ino masses not ach?cted sin2 63 =~ 1 (1 4 2¢;)
No Dirac-type CP-violation . 2 (e1—€2)?
0.20 —— T Sin 013 ~ B —
Z;: Sin2 913 ~ (4Sin2 923_83c°52 012)2
:ZZ o 0v23 decay |mee|
-0.10 |- - 1 —9j
015 ] 5 |2m1(1+51 +€2)—|—m26 2’71‘

-0.20 L L L L L L L
-020 -0.15 -0.10 -0.05 0.00 0.05 0.10 0.15 0.20
€

1

v
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Vacuum-alignment perturbations

Case B (Neutrinos): (V) =5s(1,1+¢,1 + €)

Y22 = 5 . 1 Sil’]2 912 ~ % + %(61 -+ 62)
—1—& —1—£& ) ~ 1 1 .
Yol _1-e 2425 -1 Sin” b3 = 3 + g(l — )
o 29 ~ (e1—€2)?
SIn™ 013 = 72 cos? 3

Dirac-type CP-violation

JCP = Im[U11U22UI2U;1]
~ 2251 tan f3

Neutrino masses suffers small
corrections

i ¢
020 -015 -0.10 -0.05 0.00 005 010 015 020
€
1
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Vacuum-alignment perturbations

Daya Bay: sin?(26;3) = 0.092 & 0.016(stat) % 0.005(syst), 5.20 )

Only case B (Neutrinos) survives:

0253 4.0
38 "E
0. Sin?(2613)=0.092+0.021 §in(2019)=0.092+0.021 3
@ 36 5
—
Y X 34 §
&)
=32 g
0.1 dn
30 g
a
-0.2! 2.8
<02 0.1 e Sn/4 31/2
&1 »B

Predicts: %W <pB< %7‘(‘ with 0.03 < |Jep| < 0.04.
Neutrino spectrum near degenerated.
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Ma, Sarkar, PRL (1998)

L 0
Aa—»—< A==
Ly o
Tree-level decay

BiTa, =) T(A; = Ly +L5)_
a,B

Leptogenesis

M,
BITa, =T(85 = 6+ ¢) = ¢ 2lml?,

T YAaTyAa

One-loop decay

FA + FA*

op _oT(A3 = Lo+ Lg) —T(A, = Lo + L)
€sr =2 _
a CO[,B {

2—0ap (A3,A37)

+
B 1 (ah)
b* Xp (1—xp
_ 8(x) CapIm{p3pY oY oh] g(x) = Yy +((rA /)Ma)
b
2r T YRYE)
Hambye, Raidal, Strumia, PLB (2006)
Dorsner, Fileviez Perez, Gonzalez Felipe, NPB (2006)
Branco, Gonzalez Fellpe Joaquim, (2011)
v



Leptogenesis

In the hierarchical limit M, < M,

s Ma(BE BV CopTm[mBomy 5] My(BLBY)Y? Tm[Trm(’m]]
a 47rv2 [Trm(a)T I(ja)]l/Q re T 47rv2 [Trm(a)T I(ja)]l/Q

’

1 z,2p|u,|*> M2 sin 3
8 _ a o0 0 __ a<4b|Ya a _ _
e =c3P2s¢ €, = — ti =3,t,=2
a aB TapCas a 37TZ§taV4+4|Ua|4M§’ (1 , L2 )
Case A:
(1) —2(14¢1 + &) €1 — €2 €2 — €1
P"ZT €1 — €2 4(ex+eryl/y?) 1+e1+e .
€2 —¢€1 1+e +e —4 (g1 +€2J/M/YT)
Case B:
2 0 0
1 viz2(e1 +&5)
P?=(—1)? |2 +0p—2 "2/ 0 0 11,
V75 + 218M2ud + 9vA 22 o 1 o
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Leptogenesis
Maximizing €2 with respect to the VEV of the decaying scalar triplet

Unflavoured leptogenesis
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Conclusion

@ Model with spontaneous CP violation
@ Single phase responsible for low and high energy CP violation

@ Flavon vev corrections allow for the new Daya Bay results
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