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Introduction

Yobs
B =

nb − nb̄

s
≃ (8.59 ± 0.08) × 10−11

Planck Collaboration, arXiv:1807.06209

http://irfu.cea.fr/en/Phocea/Vie_des_labos/Ast/ast.php?t=fait_marquant&id_ast=4519
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Sakharov’s conditions

•C and CP violation

A. D. Sakharov, Pisma Zh. Eksp. Teor. Fiz. 5 (1967) 32-35

•B violation

Introduction
Generation of a BAU

•Out-of-equilibrium conditions
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Introduction
Generation of a BAU

CP violation from CKM matrix

 violation from sphaleronsB + L

1  order phase transitionst

Electroweak baryogenesis

Kuzmin, Rubakov & Shaposhnikov, Phys. Lett. 155B (1985) 36

Shaposhnikov, Nucl. Phys B287 (1987)

•C and CP violation

A. D. Sakharov, Pisma Zh. Eksp. Teor. Fiz. 5 (1967) 32-35

•B violation

•Out-of-equilibrium conditions

Sakharov’s conditions
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Introduction
Generation of a BAU

CP violation from CKM matrix

 violation from sphaleronsB + L

1  order phase transitionst

Electroweak baryogenesis

Kuzmin, Rubakov & Shaposhnikov, Phys. Lett. 155B (1985) 36

Shaposhnikov, Nucl. Phys B287 (1987)

K. Fuyuto, Springer 2018
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Introduction
Generation of a BAU

CP violation from CKM matrix

 violation from sphaleronsB + L

1  order phase transitionst

Kuzmin, Rubakov & Shaposhnikov, Phys. Lett. 155B (1985) 36

M. B. Gavela, P. Hernandez, J. Orloff & O. 
Pene, arXiv:hep-ph/9312215

M. B. Gavela, P. Hernandez, J. Orloff, O. Pene 
& C: Quimbay, arXiv:hep-ph/9406289

Shaposhnikov, Nucl. Phys B287 (1987)

K. Fuyuto, Springer 2018

Electroweak baryogenesis
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Introduction
Generation of a BAU

CP violation from CKM matrix

 violation from sphaleronsB + L

1  order phase transitionst

Kuzmin, Rubakov & Shaposhnikov, Phys. Lett. 155B (1985) 36

M. B. Gavela, P. Hernandez, J. Orloff & O. 
Pene, arXiv:hep-ph/9312215

M. B. Gavela, P. Hernandez, J. Orloff, O. Pene 
& C: Quimbay, arXiv:hep-ph/9406289

K. Kajantie, M. Laine, K. Rummukainen, & M. E. 
Shaposhnikov, arXiv:hep-ph/9605288

Shaposhnikov, Nucl. Phys B287 (1987)

K. Fuyuto, Springer 2018

Electroweak baryogenesis M. Laine, arXiv: hep-ph/0010275
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CP violation from CKM matrix

 violation from sphaleronsB + L

1  order phase transitionst

Kuzmin, Rubakov & Shaposhnikov, Phys. Lett. 155B (1985) 36

Electroweak baryogenesis with new physics

New sources of CP violation

Shaposhnikov, Nucl. Phys B287 (1987)

Electroweak baryogenesis



Bounds on new CP violation
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Tight bounds from the electron’s EDM

|de | < 1.1 × 10−29e ⋅ cm

Rely on some dark sector to

introduce new CP violation

ACME Collaboration, Nature 562 (2018)

E. Hall, T. Konstandin, R. McGehee, H. Murayama & 
G. Servant, arXiv: 1910.08068 

M. Carena, M. Quirós & Y. Zhang, arXiv: 1811.09719

G. Panico, M. Riembau, T. Vantalon, arXiv:1712.06337
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Tight bounds from the electron’s EDM

Rely on some dark sector to

introduce new CP violation

E. Hall, T. Konstandin, R. McGehee, H. Murayama & 
G. Servant, arXiv: 1910.08068 

M. Carena, M. Quirós & Y. Zhang, arXiv: 1811.09719

G. Panico, M. Riembau, T. Vantalon, arXiv:1712.06337

’s do not couple to ν γ

|de | < 1.1 × 10−29e ⋅ cm ACME Collaboration, Nature 562 (2018)
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ℒ ⊃ − ν̄LmDNR − N̄LMNR + h . c .After SSB

ℒ ⊃ − L̄LYνH̃NR − N̄LϕYNNR + h . c. − V (ϕ, H†H)
 masses in low-scale seesawsν
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ℒ ⊃ − ν̄LmDNR − N̄LMNR + h . c .After SSB

mν = 0, θ ≡ mDM−1

E. Fernandez-Martinez, J. Hernandez  
& J. Lopez-Pavon, arXiv: 1605.08774

Bounded by EW precision

and flavour observables

ℒ ⊃ − L̄LYνH̃NR − N̄LϕYNNR + h . c. − V (ϕ, H†H)
 masses in low-scale seesawsν
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ℒ ⊃ − ν̄LmDNR − N̄LMNR + h . c .After SSB

mν = 0, θ ≡ mDM−1

E. Fernandez-Martinez, J. Hernandez  
& J. Lopez-Pavon, arXiv: 1605.08774

Bounded by EW precision

and flavour observables

Explain light  masses ν

mν ∼ μLθ2Inverse Seesaw
M. Malinsky et al., arXiv:0506296

ℒ ⊃ − L̄LYνH̃NR − N̄LϕYNNR + h . c. − V (ϕ, H†H)
 masses in low-scale seesawsν



CP violation in low-scale seesaws
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δCP ∝ (M2
1 − M2

2)(M2
2 − M2

3)(M2
3 − M2

1)Im [(θ†θ)12(θ†θ)23(θ†θ)31]

ℒ ⊃ − ν̄LmDNR − N̄LMNR + h . c .

ℒ ⊃ − L̄LYνH̃NR − N̄LϕYNNR + h . c. − V (ϕ, H†H)
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δCP ∝ (M2
1 − M2

2)(M2
2 − M2

3)(M2
3 − M2

1)Im [(θ†θ)12(θ†θ)23(θ†θ)31]

Hierarchical heavy neutrinos

ℒ ⊃ − ν̄LmDNR − N̄LMNR + h . c .

ℒ ⊃ − L̄LYνH̃NR − N̄LϕYNNR + h . c. − V (ϕ, H†H)
CP violation in low-scale seesaws
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δCP ∝ (M2
1 − M2

2)(M2
2 − M2

3)(M2
3 − M2

1)Im [(θ†θ)12(θ†θ)23(θ†θ)31]
Avoid electric dipole

moment bounds

A. Abada & T. Toma, arXiv: 1605.07643
Hierarchical heavy neutrinos

ℒ ⊃ − ν̄LmDNR − N̄LMNR + h . c .

ℒ ⊃ − L̄LYνH̃NR − N̄LϕYNNR + h . c. − V (ϕ, H†H)
CP violation in low-scale seesaws
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Large mixing and CPV 

First proposed in

Trigger strong

1st order 


phase transition

P. Hernandez & N. Rius, 
arXiv: hep-ph/9611227

ℒ ⊃ − L̄LYνH̃NR − N̄LϕYNNR + h . c. − V (ϕ, H†H)

Electroweak baryogenesis and low-scale seesaws
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First proposed in
P. Hernandez & N. Rius, 
arXiv: hep-ph/9611227

ℒ ⊃ − L̄LYνH̃NR − N̄LϕYNNR + h . c. − V (ϕ, H†H)

vH ≠ 0vH = 0

NR

νL

"

Symmetric phase Broken phase

δW

vW

z = δWz = 0
B“Artistic” depiction


of a sphaleron

Electroweak baryogenesis and low-scale seesaws



Flavoured CP asymmetries
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Reflection
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Strong GIM cancellation

when summing over flavours

∑
i

Δℛu (NRi → νLα) ∼ ∫z
∑
i,j,β

f(z)m2
dα

Im (VRiαV*RiβVRjβV*Rjα)



Diffusion equations
Flavoured scenario

Γτ

T
∼ 0.28αWY2

τ ≪
ΓS

T
= 9κα5

W
M. Joyce, T. Prokopec & N. Turok, 

arXiv: hep-ph/9410281

Safe to neglect the wash-out with the τ
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Diffusion equations
Flavoured scenario

Γτ

T
∼ 0.28αWY2

τ ≪
ΓS

T
= 9κα5

W
M. Joyce, T. Prokopec & N. Turok, 

arXiv: hep-ph/9410281

Safe to neglect the wash-out with the τ
ΓNRiνLα

T
∼

1
128π (Y2

t + Y2
b) | (Yν)αi |

2 ∼ 0.0024 |θαi |
2 2M2

i

v2
H

Mi ≳ 200 GeV We need to include the 

wash-out from the RH neutrinos

21
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Larger baryon asymmetry:

• Breaking of GIM cancellation


• Introduction of  asymmetry, 
which diffuse more than 


NR
νL

NR → νL → B

22

Current bound at  on 2σ θ
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δCP ∝ (M2
1 − M2

2)(M2
2 − M2

3)(M2
3 − M2

1)Im [(θ†θ)12(θ†θ)23(θ†θ)31]

Factor ~2 improvement on θ
Reduction of  of 2 
orders of magnitude

YB
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CP violation from CKM matrix

 violation from sphaleronsB + L

1  order phase transitionst

Kuzmin, Rubakov & Shaposhnikov, Phys. Lett. 155B (1985) 36

Electroweak baryogenesis with new physics

Shaposhnikov, Nucl. Phys B287 (1987)

Electroweak baryogenesis

M. Dine, P. Huet, R. L. Sigleton, Jr & L. Susskind, Phys. Lett. B257 (1991) 
J. R. Espinosa, T. Konstandin & F. Riva, arXiv: 1107.5441

Add singlet scalar ϕ



ℒ ⊃ − L̄LYνH̃NR − N̄LϕYNNR + h . c. − V (ϕ, H†H)

Large mixing and CPV 
Trigger strong


1st order 

phase transition

V (ϕ, H†H) = −
1
2

μ2
hH†H +

1
4

λh(H†H)2 +
1
2

μ2
s ϕ2 +

1
4

λsϕ4

+
1
4

μmϕ(H†H) +
1
4

λmϕ2(H†H) + μ3
1ϕ +

1
3

μ3ϕ3
J. R. Espinosa, T. Konstandin & F. Riva, arXiv:11075441 
T. Robens & T. Stefaniak, arXiv:1501.02234 
D. Butazzo, F. Sala & A. Tesi, arXiv:1505.05488 
A. V. Kotwal, J. M. No, M. J. Ramsey-Musolf & P. Winslow, arXiv:1605.06123 
C. Chen, J. Kozaczuk & I. M. Lewis, arXiv:1704.05844 
C. Chiang, Y. Li & E. Senaha, arXiv:1808.01098 
M. Carena, Z. Liu & Y. Wang, arXiv:1911.10206 
J. Kozaczuk, M. J. Ramsey-Musolf & J. Shelton, arXiv:1911.10210 
E. Fuchs, O. Matsedonskyi, I. Savoray & M. Schlaffer, arXiv.2008.12773 
A.Papaefstathiou & G. White, arXiv:2010.00597 
S. Dawson, P. P. Giardino & S. Homiller, arXiv:2102.02823 
M. Carena, J. Kozaczuk, Z. Liu, T. Ou, M. J. Ramsey-Musolf, J. Sherlon, Y. Wang & K. Xie, arXiv:2203.08206

Electroweak baryogenesis and low-scale seesaws



Scalar potential
High-  approximationT

J. R. Espinosa, T. Konstandin & F. Riva, arXiv:11075441 
M. Quiros, arXiv:hep-ph/9901312

VHT (s, h) = −
1
2

μ2
hh2 +

1
4

λhh4 +
1
2

μ2
s s2 +

1
4

λss4 +
1
4

μmsh2+
1
4

λms2h2 + μ3
1s +

1
3

μ3s3

+[ 1
2

chh2 +
1
2

css2 + m3s] (T2 − T2
c )

-dependent correctionT

Critical temperature
VHT(0,0) = VHT(v, w)



Scalar potential
High-  approximationT

J. R. Espinosa, T. Konstandin & F. Riva, arXiv:11075441 
M. Quiros, arXiv:hep-ph/9901312

cs =
1

12 [2λm + 3λs + 2𝒴2
N]

𝒴2
N ≡ tr(Y†

NYN)
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Scalar potential
High-  approximationT

J. R. Espinosa, T. Konstandin & F. Riva, arXiv:11075441 
M. Quiros, arXiv:hep-ph/9901312
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Wish list for a successful phase transition 
• Degenerate minima at 


• Potential barrier between minima

• Correct minimum (  GeV) at 


• Nucleation

Tc

vEW ∼ 246 T = 0
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S. Coleman, Phys. Rev. D (1977) 
A. Amarati, arXiv:2009.14102

Nucleation

Tunneling process
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Bounce solution

Γ/V ∼ e−S3/TN ∼ H(TN)

S3/TN ∼ 140
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Phenomenology
Constraints on scalar mixing

h′ = cos ξh + sin ξs
s′ = − sin ξh + cos ξs

Higgs signal strength

cos ξ = μ ≡
σ ⋅ BR

(σ ⋅ BR)SM

μATLAS = 1.11+0.09
−0.08, μCMS = 1.02+0.07

−0.06
T. Robens & T. Stefaniak, arXiv:1501.02234 
D. Butazzo, F. Sala & A. Tesi, arXiv:1505.05488 
S. Dawson, P. P. Giardino & S. Homiller, arXiv:2102.02823 
ATLAS Collaboration, arXiv:1909.02845 
CMS Collaboration, record/2706103

E. Fernández-Martínez et al., 22XX.XXXXX



Nucelation + constraints on cos ξ
Phenomenology

Successful nucleation greatly

reduces the parameter space

E. Fernández-Martínez et al., 22XX.XXXXX



Nucelation + constraints on cos ξ
Phenomenology

E. Fernández-Martínez et al., 22XX.XXXXX

E. Fernández-Martínez et al., 22XX.XXXXX



Higgs trilinear coupling

κλ ≡
λhhh

λSM
hhh

ATLAS Collaboration, arXiv:1906.02025

−5 ≤ κλ ≤ 12

Phenomenology

Singlet vev controlling 

neutrino masses E. Fernández-Martínez et al., 22XX.XXXXX
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• Low-scale neutrino mass mechanism could help in the generation of the BAU 

• Flavour effects play a crucial role in generating the correct BAU

• Explain the BAU with states with  which significantly mix with 
active neutrinos In reach for colliders 

M ∼ 100 GeV
→
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→

LHCb Collaboration, arXiv:2011.05263
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• Low-scale neutrino mass mechanism could help in the generation of the BAU 

• Flavour effects play a crucial role in generating the correct BAU

• Explain the BAU with states with  which significantly mix with 
active neutrinos In reach for colliders 

M ∼ 100 GeV
→

LHCb Collaboration, arXiv:2011.05263

CMS Collaboration, arXiv:1802.02965

A. Abdullahi et al., arXiv:2203.08039
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• Need extra scalar to have SFOPT. From the scalar potential and a successful

 nucleation the singlet neutrino mass scale is fixed

• We expect deviations up to 10% in the Higgs trilinear coupling

• Interesting interplay and possible searches between fermion and scalar sectors
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• Need extra scalar to have SFOPT. From the scalar potential and a successful

 nucleation the singlet neutrino mass scale is fixed

• We expect deviations up to 10% in the Higgs trilinear coupling

• Interesting interplay and possible searches between fermion and scalar sectors

ATLAS Collaboration, arXiv:1905.09787
A. Caputo, P. Hernández, J. López-Pavón & J. Salvadó, arXiv: 1704.0872

s
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ℒ ⊃ − ν̄LmDNR − N̄LMNR + h . c .

mD ≡ UlmdV†
R

δCP ∝ (M2
1 − M2

2)(M2
2 − M2

3)(M2
3 − M2

1)Im [(θ†θ)12(θ†θ)23(θ†θ)31]

ℒ ⊃ − L̄LYνH̃NR − N̄LϕYNNR + h . c. − V (ϕ, H†H)

Unphysical when neglecting

charged lepton masses

CP violation in low-scale seesaws
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ℒ ⊃ − ν̄LmDNR − N̄LMNR + h . c .

mD ≡ UlmdV†
R

δCP ∝ (M2
1 − M2

2)(M2
2 − M2

3)(M2
3 − M2

1)Im [(θ†θ)12(θ†θ)23(θ†θ)31]
Tr [θθ†] = Tr [m2

dV†
RM−2VR]

ℒ ⊃ − L̄LYνH̃NR − N̄LϕYNNR + h . c. − V (ϕ, H†H)
CP violation in low-scale seesaws
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Reflection Transmission



Diffusion equations
Vanilla scenario
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DB∂2
znB − vW∂znB − 3ΓSℋ(−z)nB − ΓSℋ(−z)nL = 0

DL∂2
znL − vW∂znL − ΓSℋ(−z)nL − 3ΓSℋ(−z)nB = ξL jν∂zδ(z)P. Hernandez & N. Rius, 

arXiv: hep-ph/9611227

M. Joyce, T. Prokopec & N. Turok, 
arXiv: hep-ph/9410281



Diffusion equations
Vanilla scenario
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DB∂2
znB − vW∂znB − 3ΓSℋ(−z)nB − ΓSℋ(−z)nL = 0

DL∂2
znL − vW∂znL − ΓSℋ(−z)nL − 3ΓSℋ(−z)nB = ξL jν∂zδ(z)

Follow the total  and  asymmetries 
and their conversion through sphalerons

B L

P. Hernandez & N. Rius, 
arXiv: hep-ph/9611227

M. Joyce, T. Prokopec & N. Turok, 
arXiv: hep-ph/9410281

jν =
1
γ ∑

i,α
∫

d3p
(2π)3 {Δ𝒯b(Ni → νLα)

|pb
zi |

Eb
i

fb
i (pb

i ) + Δℛu(NRi → νLα)
|pu

zi |
Eu

i
f u
i (pu

i )}



Diffusion equations
Vanilla scenario
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Vev profiles in the bubble wall
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Electroweak baryogenesis and low-scale seesaw
First proposed in
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Diffusion equations
Flavoured scenario
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DB∂2
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1
2 [1 + tanh (ξ

z − (5/ξ) δW /2
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Scalar potential

V (s, h) = −
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1
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μ3s3

J. R. Espinosa, T. Konstandin & F. Riva, arXiv:11075441

Minima located at   and  
separated by tree-level barrier

(⟨h⟩, ⟨s⟩) = (0,0) (v, w)

Analytical conditions to have

V(0,0) ∼ V(v, w)

Tree level
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Scalar potential
One-loop potential

S. R. Coleman & E. J. Weinberg, Phys. Rev. D (1983) 
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Scalar potential
Finite temperature effects
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Scalar potential
High-  approximationT
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-dependent correctionT

Critical temperature
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