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Spontaneous CP violation

PHYSICAL REVIEW D VOLUME 8, NUMBER 4 15 AUGUST 1973 First model of Spontaneous
A Theory of Spontaneous 7" Violation* Cp VIOIatlon
T.D. Lee (SCPV)
Deparitment of Physics, Columbia University, New York, New York 1002
¢ (RZceived 11 April 13’9'73) 4 ’ T. D. Lee (-l 973)

A theory of spontaneous T violation is presented. The total Lagrangian is assumed to be
invariant under the time reversal T and a gauge transformation (e.g., the hypercharge

gauge), but the physical solutions are not. In addition to the spin-1 gauge field and the SC p\/ |S O n |y a p pea | | n g If
known matter fields, in its simplest form the theory consists of two complex spin-0 fields. . e o
Through the spontaneous symmetry-breaking mechanism of Goldstone and Higgs, the |t C a n |e a d to non _trIVI al
vacuum expectation values of these two spin-0 fields can be characterized by the shape of a
triangle and their quantum fluctuations by its vibrational modes, just like a triangular 1
molecule. T violations can be produced among the known particles through virtual excita- CPV effeCts I n t h e
tions of the vibrational modes of the triangle which has a built-in T -violating phase angle. .
Examples of both Abelian and non-Abelian gauge groups are discussed. For renormalizable fe r| N |O n Secto r
theories, all spontaneously T-violating effects are finite. It is found that at low energy,
below the threshold of producing these vibrational quanta, T violation is always quite small. (C K M , p M N S’)
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Spontaneous CP violation

CPV in the "light SM sector” via a heavy- o
fermion portal : 5
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CPV + some extra nice things...
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Spontaneous CP violation

A Common Origin for all CP Violations
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A minimal mOd el Wi th natural SupprESion Of We put forward the conjecture that all CP violating phenomena may have a common origin. In

. . order to illustrate our idea, we present a minimal model where CP is spontaneously broken at a

Strong CP Vlolatlon high energy scale, thro ughch phase in the vacuum expectation value of a complex scalar s mglt
This single phase s the origin of both low energy CP violation in the quark and leptonic sectors,

as well as leptogenesis. Wal show that in this framework the strong CP pr blmmayb lvd

. e b b in a simple way through the introduction of a Z4 symmetry which allows for the implementation of
Luis Bento ®*, Gustavo C. Branco °, Paulo A. Parada (he Nalbmmoi B rrelrritam,

(BPR Model) Z, SYMMETRY:
D' — -D S— -8, vy —ivy, ¥ — iy, ) — iek

= PG puy + 0Gaddy + (f,S + f,/S™) DYdy + MDY DY + h.c.
— — - 1
Ly =) Giger + ) Guovy + Svr C(fuS+ +£,5%)vg + he.

V = Vou + (12 + M8"S + A1) (S* + 5™2) + As(S* + 5

(¢°) = 28 = V exp(ia) mmmy CPV in the “light” quark and

V2 neutrino sectors
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Minimal Scoto-Seesaw | (S-STI) model

Barreiros, FR3J, Srivastava & Valle
JHEP 04 (2021) 249
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Generates the atmospheric
neutrino mass scale
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Type-l seesaw contribution

Minkowski77; M. Gell- Mann, P. Ramond and
R. Slansky'79); T. Yanagida'79; S.L. Glashow'80;
Mohapatra and G. Senjanovic'80; Schechter &
Valle'80.
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At the effective level:

V_/ v Y, Y?
Generates the solar =5 T f(Mf,m 0,M O)MfoYf
neutrino mass scale =

N o > Economical framework for

N4 neutrino masses and mixing
’7," \‘\” (one massless neutrino)
/ \

{ s | > Scalar or fermion DM

E f ! b
> New LFV contributions

Scotogenic contribution

Tao, PRD 54 (1996) 5693; Ma, PRD 73 (2006)
077301

mediated by dark
fermions/scalars
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Minimal S-STI model with SCPV Barreiros, PR, Siivastava & valle

Scoto-seesaw + SCPV from a scalar singlet (o) = ue'? it ;T
1 1 \\ /'/
E(yRU‘F §rO")VRVE + E(ny‘F yfa*)ffc + H.c. v i o
|
i B YVYZW L o, o L
M, = _v2ei9s 9R)m + .7-'(|Mf|,m,7R,mm)|Mf|YfY3:
0] . /<I>
SR
2 - - Aot e
Jp — Ynl ) sin(20 ‘ : I
an(0; — 65) Sy{yR yad 7) (~ ) AT
yrYs + Jr¥s + (yrY; + y£ig) cos(26) L | L
Minimal scoto-seesaw Minimal model that leads to
Tvp +1 redictions in the neutrino sector:
R
(too many parameters, no predictions in the)
+ Zg flavour symmetry + 2 vy +1f
Abelian Flavour symmetries e
l (o) = ue
Two massless neutrinos and/or Z>, DM symmetry

vanishing mixing angles
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Minimal S-STI

model with SCPV

Barreiros, FRJ, Srivastava & Valle
JHEP 04 (2021) 249

Lowest-order Flavour Structures:
contributions
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Flavour and DM in the S-ST2 model
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Barreiros, Camara, Felipe and FR3J,
JHEP 08 (2022) 030
- Fields | SUQ2), ®@U(l)y | 25 =2, | 287 > 2, | 287 > 2,
% = PUBLISHED FOR SISSA BY &) SPRINGER berser | (2,-1/2),(1,-1) 1=+ 1=+ w? =+
B Formions | ebkR | (2,-1/2),(1,-1) wh = + w? =+ 11—+
Flavour and dark matter in a scoto/type-ll seesaw brr | (212,021 | @t Wk W o
f (1,0) wd = — wd = - wd = —
model o (2,1/2) 1—+
A (3,1) 1—-+
Scalars o (1,0) w? = +
D.M. Barreiros, H.B. Camara and F.R. Joaquim m (2,1/2) w3 = —
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Very restricted flavour structure for the effective neutrino mass texture
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Flavour and DM in the S-ST2 model Bareitos, Camara Felipe and FR)
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Flavour and DM in the S-ST2 model

Barreiros, Camara, Felipe and FR3J,
JHEP 08 (2022) 030

Best present limit from
KamLAND-Zen

mgs < 0.036 — 0.156

Abe et al;; PRL 130 (2023) 051801
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Flavour and DM in the S-ST2 model Bareitos, Camara Felipe and FR)
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Flavour and DM in the S-ST2 model Bareitos, Camara Felipe and FR)
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Flavour and DM in the S-ST2 model Bareitos, Camara Felipe and FR)
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Dark-seeded solution to the SCP problem gy,

PHYSICAL REVIEW D 108, 095003 (2023) Fields Gsm 23 — 29
Fermions qr (3,2,1/6) w?— +
UR (3,1,2/3) W — +

Dark-sector seeded solution to the strong CP problem

H.B. Camara®,"” E.R. Joaquim®,"" and J. W.E. Valle®**

1Depan‘amento de Fisica and CFTP, Instituto Superior Técnico, Universidade de Lisboa, Lisboa, Portugal dR (3, 1, -1 / 3) (.4.)2 — +
2AHEP Group, Institut de Fisica Corpuscular—CSIC/Universitat de Valencia, 6

Parc Cientific de Paterna. C/ Catedrdtico José Beltrdn, 2 E-46980 Paterna (Valencia), Spain BL,R (3, 1, -1 / 3) w’ — +

® (Received 13 March 2023; accepted 27 September 2023; published 2 November 2023) D 1L1R ( 3, 1, -1 / 3) (.U7 - —

i Doror  (3,1,-1/3) w® — —

—Lyuwx OYuqrPur + YaqrPdr Scalars ® (1,2,1/2) 1+
* 2

+ Y§D2LdR£ + YXDlLdRX + H.c. o (1,1,0) w” — +

X (1’ 1, 0) W — —

o o %
—Lyu DYy BrDarx + yeBrDigé 3 (1,1,0) w— —

+ y;(D—gLBRX* + y'éD—lLBRﬁ + H.c.
@ one loop: M, = M((io) + AMy

—Luass = mpBrBg + mp,,D12.D12r + H.c.

0 0
AMY) = < )
Tree-level quark mass matrix d AMp; Amgp
M(O) _ My 0 In terms of operators:
d 0 mp 0 0
1) _

] AMy = 5 («2 B, t®). Br 2
0 = arg[det(M,)] + arg[det(My)] =0 Brdgro By Bg(2'®), BLBg|o|

and CKM is real
COMPLEX AMp; )y COMPLEX CKM!
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Cémara, FRJ and Valle,

PRD 108 (2023) 9, 095003

Dark-seeded solution to the SCP problem

6 = arg[det(M,)] + arg[det(My)] = 0 @ one loop

g ol o o ONE-LOOP CONTRIBUTIONS TO AMgy:
\ / \ /
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X7£% \5 » X X5 {/ \\ X C
I/ \\ // \\\ . ’ug vz
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O S SO SR ¥ Y POt ST S
dr Dy o1 Disr  Bp dp  Dior  Disr  B; T m¢ mg
) -  MAME,AMpMZ
LIGHT-QUARK MASSES: Mlight ~ Mde — >
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109§,!> T "'>'l ">'| n->--!g F T '| . . . .
108 r:i i: vf; "i :1 1 _ BR(h— inv) > 0.19 ~ (/
107k p 24 pit -
106;_; Tk : : E:_ z
I A B ! 1 :
S\D 10 ;: = : - < : :_ = |
~ 4:.\\ ~ < N 41‘10(; + ] bf
S 10! ! ! Gey 1]
S L ~Jd - o - ¥
10°E! i~ 3 290 Gey i
'kl\ >y \I -~ | = - o § 3
! -4 s o I
10"k = ~ i~y ] 3
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Singlet-assisted Leptogenesis with SCPV Sz g Feieesmarm

% f:E PUBLISHED FOR SISSA BY €) SPRINGER CPV neec;led for Lep'Fogenesis
== to work is communicated to
Scalar-singlet assisted leptogenesis with CP violation the RH neutrino sector at high

scales through the VEVs of

from the vacuum scalar singlets:

D. M. Barreiros,” H. B. Camara,” R. G. Felipe”® and F. R. Joaquim® u’l, > ALeptog. >> v
1 0 .
HEAVY SCALAR SINGLETS: Sy = % (ure'™ + Sri + 1Sw)
2
b 1 V26 O
LIGHT SCALAR DOUBLETS: ¢, = 0] = ——= ; 0 . 0
¢a \/§ Vo€ Yo + ¢Ra + 7’¢Ia

_ _ 5 1
—Lyux. =L Yy®eer + YL PoVR + 5 VR (MY, + Y5S, + YESH v+ Hec.

" In the N
Mp = M}, + Tk (YRe™ + Yie ) n— Y0 NS, : Y* = VY5 UR
2 mass basis
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Singlet-assisted Leptogenesis with SCPV Sz g Feieesmarm

A simple realisation with high-energy SCPV

Fields | SU(2), ® U(1), ¢ zp T
ler, (2,-1/2) Wb W’ W
lur (2,-1/2) W’ Wb Wb
lrr, (2,-1/2) Wb W W’
Fermions R (1,-1) w! W W
IR (1,-1) W’ wt wt
R (1,-1) Wt Wb W’
VR, (1,0) Wb W W
Vi, (1,0) 1 1 1
T(N; > ®ota) — T(N; = 01Z,) B, (2,1/2) 1
el = Scalars D, (2,1/2) w
S peeinr Tt [T(; > Bytg) +T(N; - @]Z5)] s 1.0) 2

Fukujita & Yanagida'86; Covi, Roulet Vissani'9c;

Only one case compatible with neutrino data: Zé‘

lo N; ‘.
e N\ N A I;l vy 0 0 0 0 0 0
N AN Yq)b i g / \\ G Y% - 0 0 0, Y? =10 y3 0], Y1D = 0 01,
AN o e S s, G 0 0 wy 0 0 0 yp, 0
lo “ hi S
, ad 0 O 0
‘ /// MO — , /12 — yRS
N; - oy // hi N; Lo p . mR . 0
¢ R
RN : . .
S S R In this minimal setup, only the new wavefunction
; diagrams are relevant
) 2n [F(N s B lohy) — (Ni = @Lzahk)] ] N .
€ia = “

- D B Dbt [F(Ni — Bplp) + F(Nz‘ - @}l ﬁ)]

or
=2
E

M. Le Dall and A. Ritz, PRD 90 (2014) \ 4 \
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Singlet-assisted Leptogenesis with SCPV

Barreiros, Camara, Felipe and FR3J,
JHEP 01 (2023) 010

» Best-fit neutrino parameters for 1O

0 0 0 ;
Case 32 33 33 é/m | afm "6 ms | 2im

©) | )] ©) (meV) | (meV) | (meV)

Zg‘(IO) 35.48 | 8.60 | 49.62 | 1.88 | 0.92 | 16.6 49.2 99.7
Case | 0/w Or/m (z,y,z)(meV)

ZMI0) | 1.89 | 7.29 x 1072 | (0.325,32.8, 0.426)

1_0_'|"'|"'|"'|"'|"'|"'_ |||
nB (D + ID)

01 02 03 np <0
MQ/U th/MQ
> The BAU can be obtained for M; /M, > 0.8 Yrg > 4m
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Conclusions

» SCPV is very appealing from the theory point of view.
> In the standard paradigm SCPV comes from doublets.

> SCPV from the Scalar Singlet Portal coupled to a heavy
fermion sector has some nice features:

» Seesaw induced low-energy CPV (e.g. scoto-seesaw)

= Connections with Dark matter and SCP problems

= Singlet-assisted leptogenesis

» Implementation in the framework of low-energy neutrino
mMass generation mechanismes.

Camara and FRJ, JHEP 05 (2021) 021

Thank you!
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Minimal S-STI model with SCPV Barreiros, PR, Siivastava & valle
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