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First model of Spontaneous
CP Violation

(SCPV)
T. D. Lee (1973)

Scalar 
Sector

SCPV is only appealing if
it can lead to non-trivial 

CPV effects in the
fermion sector 
(CKM, PMNS,...)

SM
Fermion
Sector
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CPV in the

“light” sector 

Scalar 
Sector
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SM
Fermions 

𝜓!

“Heavy”
Fermions

Ψ!

CPV in the ”light SM sector” via a heavy-
fermion portal

CPV + some extra nice things...

★
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Heavy, light, heavy-light Yukawas
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(BPR Model)     SYMMETRY:

CPV in the “light” quark and
neutrino sectors
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At the effective level:

Rojas, 
Srivastava, 

Valle’19

Generates the atmospheric 
neutrino mass scale

Generates the solar 
neutrino mass scale

Minimal Scoto-Seesaw I (S-STI) model Barreiros, FRJ, Srivastava & Valle
JHEP 04 (2021) 249

Ø Economical framework for 
neutrino masses and mixing
(one massless neutrino)

Ø Scalar or fermion DM

Ø New LFV contributions
mediated by dark
fermions/scalars

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

Type-I seesaw contribution
Minkowski’77; M. Gell- Mann, P. Ramond and 
R. Slansky’79); T. Yanagida’79; S.L. Glashow’80; 
Mohapatra and G. Senjanovic’80; Schechter & 
Valle’80.

https://doi.org/10.1007/JHEP04(2021)249
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Scoto-seesaw + SCPV from a scalar singlet

Minimal model that leads to 
predictions in the neutrino sector:

Z8 flavour symmetry + 2 𝜈" + 1 𝑓

Z2 DM symmetry 

Minimal scoto-seesaw 
1 𝜈! + 1 𝑓

(too many parameters, no predictions in the )

+
Abelian Flavour symmetries

Two massless neutrinos and/or 
vanishing mixing angles

Minimal S-STI model with SCPV Barreiros, FRJ, Srivastava & Valle
JHEP 04 (2021) 249

https://doi.org/10.1007/JHEP04(2021)249
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Flavour Structures:Lowest-order 
contributions

Minimal S-STI model with SCPV Barreiros, FRJ, Srivastava & Valle
JHEP 04 (2021) 249
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predicts the octant of the 

atmospheric mixing 
angle

In the remaining cases the model 
does not constrain the mixing 
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Very restricted flavour structure for the effective neutrino mass texture 

Barreiros, Câmara, Felipe and FRJ, 
JHEP 08 (2022) 030Flavour and DM in the S-ST2 model

https://doi.org/10.1007/JHEP08(2022)030
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Barreiros, Câmara, Felipe and FRJ, 
JHEP 08 (2022) 030Flavour and DM in the S-ST2 model
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Ø For the remaining cases, 
the lower bound on the 
lightest neutrino mass in 
tension with bounds from 
cosmology

Ø Case A1 is compatible 
with the current bounds 
coming from cosmology. 
A direct measurement of 
neutrino mass by KATRIN 
would exclude this case.

https://doi.org/10.1007/JHEP08(2022)030
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Barreiros, Câmara, Felipe and FRJ, 
JHEP 08 (2022) 030Flavour and DM in the S-ST2 model
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Abe et al.; PRL 130 (2023) 051801

Best present limit from 
KamLAND-Zen

https://doi.org/10.1007/JHEP08(2022)030
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.130.051801
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The 𝜎 VEV phase is determined by neutrino data !!! LFV radiative and 3-body 
decays

Contributions to LFV 
processes induced by dark 
fields and scalars from the 

triplet

Barreiros, Câmara, Felipe and FRJ, 
JHEP 08 (2022) 030Flavour and DM in the S-ST2 model

https://doi.org/10.1007/JHEP08(2022)030
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The 𝜎 VEV phase is determined by neutrino data !!! LFV radiative and 3-body 
decays

Contributions to LFV 
processes induced by dark 
fields and scalars from the 

triplet

Barreiros, Câmara, Felipe and FRJ, 
JHEP 08 (2022) 030Flavour and DM in the S-ST2 model

https://doi.org/10.1007/JHEP08(2022)030
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Barreiros, Câmara, Felipe and FRJ, 
JHEP 08 (2022) 030Flavour and DM in the S-ST2 model

PandaX – 4T (2024)

https://doi.org/10.1007/JHEP08(2022)030
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Dark-seeded solution to the SCP problem

Tree-level quark mass matrix 

and CKM is real

In terms of operators:

COMPLEX               COMPLEX CKM!               

Câmara, FRJ and Valle, 
PRD 108 (2023) 9, 095003

@ one loop:

https://doi.org/10.1103/PhysRevD.108.095003
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Dark-seeded solution to the SCP problem

dR
×

ξ,χ∗

D1,2RD1,2L

χ, ξ∗

BL

σ(∗)σ(∗)

×

dR D1,2L D1,2R BL

χ, ξ∗

σ/σ∗

ξ∗,χ

σ/σ∗

ξ,χ∗/χ∗, ξ

ONE-LOOP CONTRIBUTIONS TO             : 

LIGHT-QUARK MASSES:               

@ one loop

Câmara, FRJ and Valle, 
PRD 108 (2023) 9, 095003

https://doi.org/10.1103/PhysRevD.108.095003
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HEAVY SCALAR  SINGLETS:

LIGHT SCALAR  DOUBLETS:

CPV needed for Leptogenesis 
to work is communicated to 

the RH neutrino sector at high 
scales through the VEVs of 

scalar singlets:

<latexit sha1_base64="FQPvu0KQPDxp3+apQnlepozPKmw=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0lU1GPRi8cK9gPaUDbbTbt0s4m7E6GE/gkvHhTx6t/x5r9x2+agrQ8GHu/NMDMvSKQw6LrfTmFldW19o7hZ2tre2d0r7x80TZxqxhsslrFuB9RwKRRvoEDJ24nmNAokbwWj26nfeuLaiFg94DjhfkQHSoSCUbRSu4tDjrQ36pUrbtWdgSwTLycVyFHvlb+6/ZilEVfIJDWm47kJ+hnVKJjkk1I3NTyhbEQHvGOpohE3fja7d0JOrNInYaxtKSQz9fdERiNjxlFgOyOKQ7PoTcX/vE6K4bWfCZWkyBWbLwpTSTAm0+dJX2jOUI4toUwLeythQ6opQxtRyYbgLb68TJpnVe+yen5/Uand5HEU4QiO4RQ8uIIa3EEdGsBAwjO8wpvz6Lw4787HvLXg5DOH8AfO5w8n+pAO</latexit>

✓k

In the N

mass basis

Barreiros, Câmara, Felipe and FRJ, 
JHEP 01 (2023) 010Singlet-assisted Leptogenesis with SCPV 

https://doi.org/10.1007/JHEP01(2023)010
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Singlet-assisted Leptogenesis with SCPV 
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A simple realisation with high-energy SCPV
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Only one case compatible with neutrino data:

In this minimal setup, only the new wavefunction 
diagrams are relevant
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Ø Best-fit neutrino parameters for IO
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Ø The BAU can be obtained for 
<latexit sha1_base64="BaBIzy5atqDPXNSCDnBpLGAJJQw=">AAAB/XicbVDLSgMxFM34rPU1PnZugkVwNc6Uol0W3bgpVLAPaIchk2ba0CQzJBmhDsVfceNCEbf+hzv/xrSdhbYeCBzOOZd7c8KEUaVd99taWV1b39gsbBW3d3b39u2Dw5aKU4lJE8cslp0QKcKoIE1NNSOdRBLEQ0ba4ehm6rcfiFQ0Fvd6nBCfo4GgEcVIGymwj+uBd1EPyrA30CbFoetUYWCXXMedAS4TLyclkKMR2F+9foxTToTGDCnV9dxE+xmSmmJGJsVeqkiC8AgNSNdQgThRfja7fgLPjNKHUSzNExrO1N8TGeJKjXlokhzpoVr0puJ/XjfVUdXPqEhSTQSeL4pSBnUMp1XAPpUEazY2BGFJza0QD5FEWJvCiqYEb/HLy6RVdrxLp3JXKdWu8zoK4AScgnPggStQA7egAZoAg0fwDF7Bm/VkvVjv1sc8umLlM0fgD6zPH3Yok04=</latexit>

M1/M2 & 0.8

https://doi.org/10.1007/JHEP01(2023)010
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Conclusions

19

Ø SCPV is very appealing from the theory point of view.

Ø In the standard paradigm SCPV comes from doublets. 

Ø 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 
mass generation mechanisms.

Ø  

Câmara and FRJ, JHEP 05 (2021) 021

Thank you! 

https://doi.org/10.1007/JHEP05(2021)021
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Minimal S-STI model with SCPV

Neutrinoless double beta decay
𝛽𝛽!"

Lower bound on the lightest 
neutrino mass in tension with 

bounds from cosmology

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