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Motivation

The Standard Model cannot explain:
« Neutrino flavour oscillations (imply existence of neutrino masses and lepton mixing)

* Observed Baryon Asymmetry of the Universe
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Our approach:

Complex scalar singlet extension of type-I seesaw model

Can CP be spontaneously broken by the complex VEV of complex scalar singlets and explain CP
violation both at the leptogenesis scale and electroweak scale?

Débora Barreiros — FLASY 22 — June 28, 2022



Scalar singlet extended Type-I Seesaw Model

Add to the SM ny RH neutrinos, ny scalar doublets and ng complex scalar singlets:

- _ . 1
—Lvak. = LY Paer + Y Pavr+SVR (MY, + YRSk + Y§S)) vy, +Hee.
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+ assume the Lagrangian to be CP symmetric (all parameters are real)

Scalar singlets acquire VEV at T > vgw

UL 0k

V2

Heavy-neutrino mass generation

(Sk) =

My = MY + 25 (Yhei® + e )

CP violation is dynamically generated from the
vacuum and transmitted to the heavy-neutrino mass
matrix at high energies
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+ assume the Lagrangian to be CP symmetric (all parameters are real)

Scalar doublets acquire VEV at the EW scale

v
Py = =
(29) = %
Charged-lepton and light-neutrino mass
generation
M, = 22ye M, = —U—EYDMlYT

CP violation is communicated to leptonic sector at low
energies
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+ assume the Lagrangian to be CP symmetric (all parameters are real)

Scalar doublets acquire VEV at the EW scale

v
Py = =
(29) = %
Charged-lepton and light-neutrino mass
generation
M, = 22ye M, = —U—EYDMlYT

CP violation is communicated to leptonic sector at low
energies

SCPV is the source of CP violation both at high energies (¢cp # 0 at leptogenesis scale) and low
energies (non-trivial Dirac and Majorana phases at the EW scale)
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New Interactions

Complex scalar singlet extension of the Type-l Seesaw:

Yukawa and mass terms Scalar interactions

_ - 1 *
(YD ,vp + 5@ (MY, +Y5S, + YES;) vg + He. fab i (PL®L)S; + 1141555 Sk + 11315057k + H.c.
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_ - 1 *
(YD ,vp + 5@ (MY, +Y5S, + YES;) vg + He. fab i (PL®L)S; + 1141555 Sk + 11315057k + H.c.

using:
S = % (ur € + Spk +iSw)
VIM,Vy = diag (m., m,, m,)
U]LR Mpr U}, = diag (My, -+ , M,,,,)
VTM%V = dlag(mil’ e 7T?L22ns)

— ~ M; — — ~ ~
ELaYgiPR(I’aN@' + 7N¢Nf + N; (Af:,,PL -+ AjjkPR) Njc hk + H.c. Mab,p(q);raq)b)hp + /’Lﬂpthhphq
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_ - 1 *
(YD ,vp + 5@ (MY, +Y5S, + YES;) vg + He. fab i (PL®L)S; + 1141555 Sk + 11315057k + H.c.
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VEMEVR = diag (me, My, M)
Ul Mgz U%, = diag (My, -+, M, )
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_ - M; — ~ z :
700 Y PrbyN; + 7NiNf + N, (A%PL 4+ Az‘jf“PR) N5 hy + H.c. fiab,p(PL )Ry + fipghihphy

~ Usual \

gLo:
N; .
N
N
. ®a <

Y*=VY}Ug
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New Interactions

Complex scalar singlet extension of the Type-l Seesaw:

Yukawa and mass terms

o & 1
(LY h®uvr + 5VR (MY, + Y5Se + YhSy) vi, + Hee.

Scalar interactions

fiab,i(PLPy)Si + i SF Sy Sk + 117,555k + Hec.

using:
Sk = % (ur € + Sri +iSk)
VEMEVR = diag (me, my, m;)

Ul Mgz U%, = diag (My, -+, M, )

VIMIV = diag(mj, -

2
,mhzns)

_ - M, — _ _ ~
lraY o, PR®oN; + 7N¢Nf + N; (A%PL + AE‘}“PR) N5 hy + H.c. fiab,p(PLPs) hy + flupghihphy

Y*=VY}Ug
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Leptogenesis assisted by complex scalar singlet

Lepton asymmetry is dynamically generated via out-of-equilibrium decays of the heavy neutrinos

added to the SM, and later transformed into baryon asymmetry via sphaleron processes

Yanagida, Fukugita (1986)

Key ingredients for Leptogenesis

/ l \Saliharov (1967)

Departure from thermal
equilibrium

! ! !

Lepton to baryon asymmetry
conversion factor from (B+L)-violating CP asymmetry Efficiency factors
sphaleron transitions

Baryon number violation CP Violation

_ _ . Ty A 5
B 24+dny €, = LN = Paba) = TN = Pola) — Lfp=Cle
Gph = BT T 66T 130 > 5 3y [T(N: = ®yls) + T(N; — )is)
— —
o~

New complex scalar singlet

contributions : ] .
Sierra, Tortola, Valle, Vicente (2014), Le Dall,

Ritz (2014), Alanne, Huggle, Platscher (2019)
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CP asymmetries

P(Nl — (Daga) - F(Nz — (I)jtza) with e’ B =e,u,T

Flavoured CP asymmetry:  &j, = -
525 30 |[T(N: = ®46s) + T(N; - @}5)] ob—
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CP asymmetries

_ 1 =1, M
) D(N; — ®yl,) — D(N; — ®17,) " F
Flavoured CP asymmetry: Eiey = - wi a,f=euT
282 [F(Nz' — ®yl5) + T'(N; — ‘I’b%)} ab=1-.ny

Contributions:

Tree level One-loop level
g(k
Type-| b 4 N
seesaw Ni <
\\

D,
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CP asymmetries

_ 1 =1, M
) D(N; — ®yl,) — D(N; — ®17,) " F
Flavoured CP asymmetry: Eiey = - wi a,f=euT
282 [F(Nz' — ®yl5) + T'(N; — ‘I’b%)} ab=1-.ny

Contributions:

Tree level One-loop level

Type-|
seesaw

~, b ~, Se - ~ o -
O(Yji) A ” O(YA) A O(Y2A2) o o -~

et =e? (type-l) + &2 (3-body decay) + €% (wave) + ¢ (vertex)
N—— —
——
Presence of new scalar singlets Le Dall, Ritz (2014)
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Unflavoured Boltzmann equations

Consideringng = 2 and M, > M;:

dN 1 Neq e e e e e
d; = —(D:1 + N—quDm +S1)(Nny, — N3t) + Doy (N, — Nyt ) = S11[(Nay)? = (N3)?] = S12(Nn, N, — Nyt Nt )
1
dNN2 o eq N]E\?g eq 2 eq 2 €q nreq
7, = (D24 Doy + 52)(Nn, = Ny, ) + req Do1(Nny = Ny ) = S22[(Nv,)” = (V)] = S12(Nwv, Niv, — Ny, Ny;)
N
dNp_rp,
7 :_Zez (Nn, — ) WNp_p,
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Unflavoured Boltzmann equations

Consideringng = 2 and M, > M;:

dN 1 Neq e e e e e
d; = —(D1 + —Ngé Doy + S1)(Nn, — Ny') 4 Da1(Nn, — Nyt) = Su[(Nw, )? — (N3 )?] = S12(Nn, Ny, — Nyt Nyt)
Ny
dNN2 o eq N]E\?g eq 2 eq 2 €q nreq
o —(D2 + D21 + S2)(Nn, — Nyb) + ~ed Do1(Nn, — Nyt ) — S22[(Nn,)™ — (Nt )*] = S12(Nn, Ny, — Nyt Nyt )
N

ELOA
AL =1 N,
decays —

(Dy) RN

Débora Barreiros — FLASY 22 — June 28, 2022
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\
(Dy) R
(I)a
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_ N_/
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(Dij) AN
\
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Unflavoured Boltzmann equations

Consideringng = 2 and M, > M;:

dN 1 Neq e e e € €
d; =—(D1 + N—quDm + 81)(Nn, = Nyt ) + Dai1(Nn, — N3t ) — S11[(Nn,)? — (Nj\%)z] — S12(Nn, NN, — Ny Nyt)
1
NN _ (Dy 4 Dy + S) (N — N NK%D Ny, — N Soo[(Nn.)? — (NS9)2] — S1o(Ny, Ny, — N4 N&d
7, — —(D2+ Do+ 52)(Nn, — N2)+N—R;q 21(Nn, — Ny ) — 522[(Nwv, )™ — (N )7] — S12(Nw, N, — Ny, Ny,)
2
dN _ N; qL . .
de L __ ZEZ'D@'(NNZ- — Ny') —WNp_ \ 1 1 . — " . o .
i=1 >_ — _< Ao, Ao,
I I
/ tr tr B qr qr tr
AL =1 gLoz AL = 1 N; D, N, ¢, i e, e
= = ’ —_—— _————
decays N_/ scatterings _ _‘f:__/ L \\_/ j'n
(Dy) R (S:) N L N | e
(O3 0 ) I P hi, I ! ° - R, b,
AL =0 N
_ N_/
decays
(Dij) \\\
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Unflavoured Boltzmann equations

Consideringng = 2 and M, > M;:

dNN Ny,
dzl - —(D1+N—eq2D21+51)(NN1 N3 ) 4 Da1(Nn, — Nyb) = S1a[(Nw,)? — (Ny')?] = S12(Nw, N, — Ny Nyt)
Ny
eq
NN _ (Dy 4 Dy + S) (N — N %D Ny, — N3 — Sos[(Nn,)? — (N9 — S1o(Ny, Ny, — NSO Ned
7, = ~(D2+ Da1 + 52)(Nn, — Ny, ) + wreq Da1(Nn, — Nyy) = S22[(Nvz)” = (V)] = S12(Nwv, Niv, — Ny, Ny;)
N
2
dN _ N qL -
dB L = _ZEZD%(NNz —NE?)—WNBfL : \"—lq—[" v —Id—[
I I
‘. tr tr — qr qL tr
g Lo N; D, N ¢ N; £a N
AL =1 o AL =1 / R v N -
decays i scatterings _ ﬂ__/ ko \ N f N,
\ \ 4
(Dy) < (S0) \ N L —— -
@a ; \ b D, hy I ® hi. P
N' N, ) 1 N i A h
AL =0 N, ! B v \ /h /’ y
decays . v, v | R IR
(D) D N 17) B N A \ N\

\ r AT
N N; [y . \
hk, N ! f” ' E “‘\'J by, ;\i: h];
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An illustrative model

Extending the SM with 2 RH neutrinos, 1 scalar doublet and 1 scalar singlet along with a discrete flavour
symmetry to minimize the number of free parameters

Fields | SU(2), @ U(1)y | 25 | 20 | 22
ler, (2,—-1/2) w® | W | WO
Cur (2,—-1/2) w' | W | W
lrr (2,-1/2) wl | Wl | W°
g €R (1,-1) wt | W] W
.qg) IR (1,-1) w' | wt | w?
H TR (1,-1) Wl | Wb | W
VR, (1,0) Wi | Wb | Wt
v, (1,0) 1|1 |1
o | @ (2,1/2) 1
s | (2,1/2) w
n S (1,0) w?
(89) = 2, (89) = 25, () = =
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An illustrative model

Extending the SM with 2 RH neutrinos, 1 scalar doublet and 1 scalar singlet along with a discrete flavour
symmetry to minimize the number of free parameters

Fields | SU(2), @ U(1)y | 2§ | 28 | 2% Ly, =LY §Puep +0.YE O g + %VR (M% + Y5ES: + Y§S)) vi+He.
ler, (2,—-1/2) w® | W | Wb
Cur (2,—-1/2) w' | W | WP
lrr (2,-1/2) wb | Wl | W°
g €R (1,-1) wt | W] W ’
% IR (1,-1) w' | wt | w?
H TR (1,-1) Wl | Wb | W
VR, (1,0) Wi | Wb | Wt
v, (1,0) 1|1 |1
o | D 2,1/2) 1
s | (2,1/2) w
n S (1,0) w?
i0
(60 = 2, (69) = B, () = uet
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An illustrative model

Extending the SM with 2 RH neutrinos, 1 scalar doublet and 1 scalar singlet along with a discrete flavour
symmetry to minimize the number of free parameters

Pields | SU(2), ® U)y | 25 | 25 | %5 ~Cyae = B Poen + T Bovn-t 570 (M + YhSi + YAS) v+ He

ber, (2,-1/2) w® | W | WP

EHL (27 _1/2) w’ w? w®

lrr, (2,-1/2) Wb | Wb | W
S | ex (1,-1) W | W | Wb |
.qg) MR (1,-1) wo| wt | wt
. TR (1,-1) w8 | Wb | W

VR, (1,0) W8 | Wb | Wh

L 1.9 : ! ! At the effective level (charged-lepton mass basis):
% d, (2,1/2) 1 | ) | Z Z |
g (22 (?11(/)?) w2 —e’ﬂ@y\/; sin(20r,) + zs% emy\/;cos(QHL) - sin(20,) e iycp, — Jazse,

) w
Do =% G- | oy oo 2+ Vi
' T
’U_SmRy%)B - v3 YD, YDs

Y=
2 yfas V2u  YRs

2
Uf MRYD,

2 2
u yRS

u
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An illustrative model

Extending the SM with 2 RH neutrinos, 1 scalar doublet and 1 scalar singlet along with a discrete flavour
symmetry to minimize the number of free parameters

- o 1_ ) e e o
Fields SU(2)L * U(]')Y 286 Zg Zg —Lvuk. = (LY?‘I’”FR + fﬁILY%+‘I)(_t,I/R —+ 51/}% (M%, + Y;‘%:S}.]; + Y%‘SA) ij?. +H.c.
ler, (2,—-1/2) w® | W | Wb
Cur (2,—-1/2) w' | W | WP
lrr (2,-1/2) wb | Wb | W
_g €R (1,-1) wt | W' | Wh ’
% KR (1,-1) w' | wt | wt
H TR (1,-1) Wl | Wb | W
VR, (1,0) Wi | Wb | Wt
v 1.0 1 1 1 i .
e (1,0) At the effective level (charged-lepton mass basis):
» P, (2,1/2) 1
o ; z . . z z . .
S P2 (2,1/2) W —e Wy, [ = sin(201) + 252 emy\/jcos(QHL) —3 sin(20r) e Yycp — rzsy
o S 1,0 w? t r
€0 i6 M, = . e 0y i sin(201) + zc? e Pys; + zzer
(@) = 2% . (@) = % . () =7 ’ )
1= Ve \P20 = 5 vz . .
. . . . ’U% mRy% bg YD, YD,
« CP is spontaneously broken by the complex VEV of S and is successfully transmitted to the leptonic sector T= T Ly = 7 e
+ A minimal scalar potential which allows to implement SCPV must contain a phase sensitive term of the type $* + H.c. Yis u YRs
* New Zg discrete symmetry leads to low-energy constrains for neutrino masses and lepton mixing Branco et al. (1999, 2003) - ﬁmﬁ:y%2
* Phase 0 is source of CPV at low-energies and leads to non-zero CP asymmetries in the early Universe u? y%s
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Neutrino sector predictions

High-energy parameters

—e 0y = sin(26,) + 252 e_wy\/?cos(QﬁL) — ;sin(QHL) e Oycy — /28]
V z T

M, = _ _ .
. e_zgy\/E sin(20,) + zc2 e~ Pysr + zzer
T
. T
matching
Low-energy parameters
M, = U*diag(m1, ma, mz)UT
C12€C13 _ 512C13 _ $13 1 821 0
U = | —s19c03 — c12523813€%  c1aca3 — S12893513€°  Sazci3e® 0 e 0
id id id ;231
S$12823 — C12C23513€ —C12523 — S12C23513€ C23C13€ 0 0 e 2
Rodejohann, Valle (2011)
Using the global fit of neutrino oscillation data: Salas et al. (2021)
Case 0/m O /7 (z,y,2) (meV) Oz (°) | 0/ | /7 | mpg (meV) | mg (meV) | >°.m; (meV)
Zg (IO0) | 0.11 | 7.29 x 102 (0.325, 32.8,0.426) 49.62 1.88 | 0.92 16.6 19.9 90.7
27 (10) | 1.92 | 6.36 x 10~2 (0.431,37.8,0.321) 48.64 | 1.08 | 1.04 12.6 ' '

* Only cases Z’; and Z§ are compatible with neutrino oscillation data at the 3o level and only for inverted ordering (10)
« SCPV phase 6 is fixed by low-energy parameters due to the constraints imposed by the underlying Zg symmetry
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CP asymmetry contributions

Reconstructed Yukawa couplings (in the charged-lepton and heavy-neutrino mass basis for case Z3):
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CP asymmetry contributions

Reconstructed Yukawa couplings (in the charged-lepton and heavy-neutrino mass basis for case Z3): M,
12 = J\/_fz
lLa —sre? —WsLew Y (1-— \/@) cr, Y (1-\/ri2) e
N; yi_ VaVML V2 e imene® |, Y? = vayMy V2 v Y
S o T L 12CL ; Ve T | o (1—/r12) s¢ - (1—/r12) s
N @(L O O 829 \4/@629
N;
N, 1 My Y2 (=22 1—\/r12)) _ies—0) 2 _ Al
A = e ., A= —1A
N U 1—|—1/T’12 ' 2\4/7112
N
N
I,
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CP asymmetry contributions

Reconstructed Yukawa couplings (in the charged-lepton and heavy-neutrino mass basis for case Z3): M,
T2 = J\/_ffz
fLa —spe?  — 4rigspet? Y (1—/r2)cr . (1—y/r2) e
ol v VAVIL V2 [ | g VAV V2| z
\« vy m L 12CL ) o m 5 (1 — ?"12) SL —5 (1 — ’!’12) SL
* @(L O O 819 4,"7,126?:9
N. Usual type-l seesaw
J diagrams do not
N; / Al — My Va2 (=292 1= e—i0s=0) A2 __ Al contribute to £cp!
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CP asymmetry contributions

Reconstructed Yukawa couplings (in the charged-lepton and heavy-neutrino mass basis for case Z3): M,
T2 = J\/_ffz
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A Y = VaVIL V2 cre’? riacp e’ Y? = VeV V2 § g
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* @(L O O 819 4,"7,126?:9
N. Usual type-l seesaw
J diagrams do not
N; / Al — My Vo —2ym2 1= re e—i0s=0) A2 __ Al contribute to &cp!
N u 1+ /T2 : 23/r12 ’
N
N
i K o
hp /( hfl 4
+ Zg symmetry forbids cubic couplings and thus, fig,x = 0 and f;,, =0 == ==X RN
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ob hq
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CP asymmetry contributions

Reconstructed Yukawa couplings (in the charged-lepton and heavy-neutrino mass basis for case Z3): M,
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CP asymmetry contributions

Reconstructed Yukawa couplings (in the charged-lepton and heavy-neutrino mass basis for case Z3): M,
T2 = J\/_ffz
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N. Usual type-l seesaw
J diagrams do not
N; / Al — My Va2 (=292 1= e—i0s=0) A2 __ Al contribute to £cp!
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N
N
i K ,
hy ~ hy et New 3-body decay and
+ Zg symmetry forbids cubic couplings and thus, fig,x = 0 and f;,, =0 == ==X RN vertex diagrams do not
\\ AN contribute to &¢p!
ob hq

Only contributions to the CP asymmetry:
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CP asymmetry contributions

Reconstructed Yukawa couplings (in the charged-lepton and heavy-neutrino mass basis for case Z3): M,
, 12 = J\/_ffz
L« i0 i 1 Y
—Ssre —Yrie8r.€ - (1 — \/7‘12) cr, —— (1 - \/7"12) CL
al Y! = Ve, V2 cre'? o/r1ac et? Y? = Vv M V2 § g
\ @(L O O 819 4/—7,1263,9
N. Usual type-l seesaw
J diagrams do not
N; / Al — My Vo —2ym2 1= re e—i0s=0) A2 __ Al contribute to &cp!
N u 1+ /T2 : 23/r12 ’
N
N
i K ,
hy ~ hy et New 3-body decay and
+ Zg symmetry forbids cubic couplings and thus, fig,x = 0 and f;,, =0 == ==X -t <\ vertex diagrams do not
\\ AN contribute to &¢p!
ob hq

Only contributions to the CP asymmetry:
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CP asymmetry contributions

Reconstructed Yukawa couplings (in the charged-lepton and heavy-neutrino mass basis for case Z3): M,
T2 = J\/_ffz
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Only contributions to the CP asymmetry:
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Scalar mixing: 0s = f(mp,, my,, 0)
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CP asymmetry contributions

Reconstructed Yukawa couplings (in the charged-lepton and heavy-neutrino mass basis for case Z3): M,
T2 = J\/_ffz
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+ Zg symmetry forbids cubic couplings and thus, fig,x = 0 and f;,, =0 == ==X -t <\ vertex diagrams do not
\\ AN contribute to &¢p!
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Only contributions to the CP asymmetry:

1 M3 712 [1 — ,/’rlg} [Uf(l — JT12)%y? — v3 friaz? — v2 7"12:1:2]

. M ta 0 = = 8T u? 27,2 2 2 2,2 2
N [1 + 1/?"12] [’Ul’r’lgﬂf} + vi(y/ri2 — 1)%y% + ’027"12332]
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Scalar mixing: 0s = f(mp,, my,, 0)
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CP asymmetry results (preliminary)

1 M27rip |1 — /riz] [v3(1 — /r12)%y? — v2/rigx? — v2/riaxz| |
cop = - 22 - [ ] [ i 12)Y 1 2v 12 } sin[2(fs — 0)] [f\ilﬂ% ]:\%1%}1% ]_—21RL +]:2121]
oo [ + /712 ] [?)1?“12372 +v3(y/r12 — 1)292 + v3 'rlgazz
Case Z35 (10) ]
Constraints: Preliminary results

* Kinematics: M, > M; + my, 1 A M

Perturbativity: T My < My + my,
. y: lyp,l, |}’RS|» |4 < 4m 0.9- i i —ecp
« Constraints from requiring the scalar '

potential to be bounded from below 0.- I i 1072
* Neutrino low-energy parameters are . '

fixed to the model’s best-fit value = 104
c v, = v, =246 GeV, u = 1012 GeV < 0.71 i 1

Mhy —4
« — =10 6

Mh, 10™

0.61 B y
Results:
_10—8

- Case Z4 predicts gcp > 0 (for 6 ~ 0.11 1) My, /My = 0.05 My /u =6
. T : ~ (0.5l s

Case Z§ predicts gcp < 0 (for 8 ~ 1.92 m) 101 1 10 102 101

Mg/u mhz/M2
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BAU results (preliminary)

The results for the BAU are obtained by numerically solving the B = n, ~ 940 x 107" Np_,

BEs in the unflavoured temperature regime (T = 102 GeV) .
n% = (6.12 4 0.04) x 10~1°

. Planck Collaboration (2018)
Constraints:

T
* Kinematics: M, > M; + my, [ el 25 (10) ]
« Perturbativity: |yp,|, |yg,|, |4 < 47 Preliminary results
 Constraints from requiring the scalar P — o
potential to be bounded from below My < My + my,
* Neutrino low-energy parameters are 0.9k i ne
fixed to the model’s best-fit value '
« v, =V, =246 GeV, u = 10'? GeV 10-8
o 1 _ 404 0.8 ) 10-10
Mhy ) 12
» Only decays and inverse decays are = i ) 10
included in the analysis so far = 0.7 107
- 10—16
Results: 0.6- | -10718
+ Case Zg predicts ng < 0 (for 6 ~ 0.11 n) .
and thus excluded P
» Case Zg predicts ng > 0 (for 6 ~ 1.92 ) and th/MQ B OOSI . - B

the observed abundance is achieved for : 10-1 | 1 10
M, =072M,, My =2u,my =2x107%*M
1 2, M3 hy 2 Mg/u
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Concluding remarks

*  We explore the possibility for spontaneously CP violation in the complex scalar extension of the type-l seesaw
model to be the source of both Dirac and Majorana CP violation, at the electroweak scale, and high-energy CP

violation, at the leptogenesis scale
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Concluding remarks

*  We explore the possibility for spontaneously CP violation in the complex scalar extension of the type-l seesaw
model to be the source of both Dirac and Majorana CP violation, at the electroweak scale, and high-energy CP
violation, at the leptogenesis scale

« We generalise CP asymmetry calculation for arbitrary number of RH neutrinos, complex scalars and scalar
doublets added to the SM
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Concluding remarks

*  We explore the possibility for spontaneously CP violation in the complex scalar extension of the type-l seesaw
model to be the source of both Dirac and Majorana CP violation, at the electroweak scale, and high-energy CP
violation, at the leptogenesis scale

« We generalise CP asymmetry calculation for arbitrary number of RH neutrinos, complex scalars and scalar
doublets added to the SM

* For illustration, we study an extension of the SM with one complex singlet, two RH neutrinos and a new scalar
doublet, where the parameters in the Lagrangian are constrained by the presence of a Zg flavour symmetry

- The Zg symmetry highly constrains the neutrino parameter space and leads to a direct relation between the
low-energy parameters and the SCPV phase

- The only allowed CP asymmetry contribution comes from the h;, scalar mediated wave diagram, being
the usual type-l seesaw diagrams, and new 3-body decay and vertex contributions forbidden

- After solving the BEs by considering the effects of decays and inverse decays, we achieve the observed
BAU for My 2 0.72 My, My 2 2 u, my, 2 2 X 1072 M,

- Next steps: complete our analysis by including scattering terms in the BEs
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Concluding remarks

*  We explore the possibility for spontaneously CP violation in the complex scalar extension of the type-l seesaw
model to be the source of both Dirac and Majorana CP violation, at the electroweak scale, and high-energy CP
violation, at the leptogenesis scale

« We generalise CP asymmetry calculation for arbitrary number of RH neutrinos, complex scalars and scalar
doublets added to the SM

* For illustration, we study an extension of the SM with one complex singlet, two RH neutrinos and a new scalar
doublet, where the parameters in the Lagrangian are constrained by the presence of a Zg flavour symmetry

- The Zg symmetry highly constrains the neutrino parameter space and leads to a direct relation between the
low-energy parameters and the SCPV phase

- The only allowed CP asymmetry contribution comes from the h;, scalar mediated wave diagram, being
the usual type-l seesaw diagrams, and new 3-body decay and vertex contributions forbidden

- After solving the BEs by considering the effects of decays and inverse decays, we achieve the observed
BAU for My 2 0.72 My, My 2 2 u, my, 2 2 X 1072 M,
- Next steps: complete our analysis by including scattering terms in the BEs Thank yOU!
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Spontaneous CP Violation

Fields | SU(2), ® U(1)y | 2§ | 28 | 22
s | P (2,1/2) w
@ S (1,0) w?

p Scalar Potential .

. A A
V(®1, B2, S) = m3(®1®y) + m3(DLds) + m?, [(‘ﬂ@z) + (@5@1)} + 71(‘:@?;@1)2 + 72(@5@2)2 + A3(D1 ) (DI By) + Ay (B Do) (BLD)

A
s (@101)|S]2 4 Ao (@ ®2)|S|2 + m2[S|? + mls? (32 + 5*2) + S21SIH + X (54 n 3*4)

ue'?

ﬂ From the minimisation conditions for

CP violating solution:

u? m
ms = = (As —4Xg) , cos(26) = _2u2b;\’

corresponds to the global minimum for (mY" — 4u*A\§?) /(4Xs) > 0

Existence of non-zero vacuum phase at the
potential global minimum = 0 # k « is allowed!
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