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Proton Decay (or lack therof)
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However, natural new physics extensions tend to predict proton decay, e.g. 
GUTs, Gravity, SMEFT ( ), …
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!GUT ↭ 1016GeV

Other modes: 
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Babu, Kearns, et al '13
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Can the proton be absolutely stable? 
?τp → ∞
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What is this talk about
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Purely academic: What if the proton is absolutely stable? 

A model for 
proton stability

Davighi, Greljo, Thomsen '22

see also previous work

Babu, Gogoladze, Wang ‘03

https://arxiv.org/abs/2202.05275
https://arxiv.org/abs/hep-ph/0306003
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A model for 
proton stability
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see also previous work
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Neutrino masses 
& mixing

Nu-fit 6.0, '24

<latexit sha1_base64="3UIYroYeiaOvkkffuDooir9qX7M="></latexit>

!m2
21 → 7.49↑ 10→5 eV2 ,

!m2
31 → 2.5↑ 10→3 eV2

matter-antimatter 
asymmetry

<latexit sha1_base64="nwWk48W+gt43ogttjrtWhQBHpjQ="></latexit>nb → nb̄

nω
= (6.12± 0.04)↑ 10→10

Planck 2018

Dark Matter
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!CDMh2 = 0.1200 ± 0.0012

Planck 2018

Empirical evidence of BSMGreljo, XPD, Thomsen '25

https://arxiv.org/abs/2202.05275
https://arxiv.org/abs/hep-ph/0306003
https://arxiv.org/abs/1807.06209
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1. Introduction 

2.  A model for Proton Stability 

3.  Neutrino masses, mixing and a prediction 

4.  Leptogenesis 

5.  Cold Dark Matter 

6. Conclusions
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Outline of the talk
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A model for proton stability
The idea:

Such that proton decay is forbidden in the 
SMEFT to all orders

Gauge
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U(1)Xp

→ω↑↓→H↑
→→→→↑ Zk

Davighi, Greljo, Thomsen '22

https://arxiv.org/abs/2202.05275
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Scalar charges:

Davighi, Greljo, Thomsen '22

https://arxiv.org/abs/2202.05275
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→ω1,2↑↓=0→→→→→↑ ! ↓=

{
ZB
9 , for n ↔ 2Z + 1
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2 , for n ↔ 2Z
,
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https://arxiv.org/abs/2202.05275
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9

<latexit sha1_base64="9A0OaR3nn8oIBX3hWxHofAoz6ZQ="></latexit>

Fields U(1)Xp Z9 → !

Quarks qi, ui, di m 1

Specific leptons ωp, ep, Np ↑2n↑ 3m 0

Common leptons (q ↓= p) ωq, eq, Nq n↑ 3m 0

Higgs H 0 0

New scalars ε1 6m+ n 0

ε2 6m↑ 2n 0

<latexit sha1_base64="dODvtHjSzSVSGx9kIs4AScmoJvg="></latexit>

k = gcd([ω1]Xp , [ω2]Xp) = 9gcd(n, 2)

<latexit sha1_base64="A/6vWn4d/buQMr4hr/ycMJzL+TY="></latexit>q

<latexit sha1_base64="A/6vWn4d/buQMr4hr/ycMJzL+TY="></latexit>q

<latexit sha1_base64="A/6vWn4d/buQMr4hr/ycMJzL+TY="></latexit>q

<latexit sha1_base64="A/6vWn4d/buQMr4hr/ycMJzL+TY="></latexit>q <latexit sha1_base64="A/6vWn4d/buQMr4hr/ycMJzL+TY="></latexit>q
<latexit sha1_base64="A/6vWn4d/buQMr4hr/ycMJzL+TY="></latexit>q
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<latexit sha1_base64="A/6vWn4d/buQMr4hr/ycMJzL+TY="></latexit>q
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q

Exact discrete gauge symmetry unbroken in the IR
<latexit sha1_base64="odjF0RzaFGc4vyQWLPWTQra5VfI="></latexit>

ZB
9 -singlet : (qqq)(qqq)(qqq)

SMEFT selection rule
<latexit sha1_base64="wfoUydSfY1Zx3DJAsVWZ2Yj6XIA="></latexit>

!B = 0 (mod 3)

singletsℤB
9−

Davighi, Greljo, Thomsen '22

https://arxiv.org/abs/2202.05275
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<latexit sha1_base64="A/6vWn4d/buQMr4hr/ycMJzL+TY="></latexit>q <latexit sha1_base64="A/6vWn4d/buQMr4hr/ycMJzL+TY="></latexit>q
<latexit sha1_base64="A/6vWn4d/buQMr4hr/ycMJzL+TY="></latexit>q

<latexit sha1_base64="A/6vWn4d/buQMr4hr/ycMJzL+TY="></latexit>q

<latexit sha1_base64="A/6vWn4d/buQMr4hr/ycMJzL+TY="></latexit>q

<latexit sha1_base64="vk82t6tO8b9cYQQkantXPHU7rMo="></latexit>

q

Exact discrete gauge symmetry unbroken in the IR
<latexit sha1_base64="odjF0RzaFGc4vyQWLPWTQra5VfI="></latexit>

ZB
9 -singlet : (qqq)(qqq)(qqq)

SMEFT selection rule
<latexit sha1_base64="wfoUydSfY1Zx3DJAsVWZ2Yj6XIA="></latexit>

!B = 0 (mod 3)
<latexit sha1_base64="RwO1/yVUsT3U6joObdsebnTU54k="></latexit>

(q̄cq)(q̄cq)(q̄cq)
neutron-antineutron 
oscillations

<latexit sha1_base64="odsZ4z4FMWOFv1GohJwI7iof4QU="></latexit>

!B = 2

<latexit sha1_base64="jcV5qcjnOBuHQBJ6Fe+hreBJPq0="></latexit>

qqql, l̄dddH, . . .proton decay
<latexit sha1_base64="GyR3PHvIhhpeHiTTX3Gvv6w4hXw="></latexit>

!B = 1

singletsℤB
9−

Davighi, Greljo, Thomsen '22

https://arxiv.org/abs/2202.05275
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A model for proton stability

<latexit sha1_base64="8gYgpWHDVGy7zyR4K3RgsT8+l8w="></latexit>

ZB
9

<latexit sha1_base64="s+tCOedmRF10z8si4KHw4Jfr0D4="></latexit>

U(1)Xp

→ω1↑,→ω2↑↓=0

→→→→↑ ZB
9

<latexit sha1_base64="9A0OaR3nn8oIBX3hWxHofAoz6ZQ="></latexit>

Fields U(1)Xp Z9 → !

Quarks qi, ui, di m 1

Specific leptons ωp, ep, Np ↑2n↑ 3m 0

Common leptons (q ↓= p) ωq, eq, Nq n↑ 3m 0

Higgs H 0 0

New scalars ε1 6m+ n 0

ε2 6m↑ 2n 0

<latexit sha1_base64="dODvtHjSzSVSGx9kIs4AScmoJvg="></latexit>

k = gcd([ω1]Xp , [ω2]Xp) = 9gcd(n, 2)
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<latexit sha1_base64="RwO1/yVUsT3U6joObdsebnTU54k="></latexit>
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!B = 2

<latexit sha1_base64="jcV5qcjnOBuHQBJ6Fe+hreBJPq0="></latexit>

qqql, l̄dddH, . . .proton decay
<latexit sha1_base64="GyR3PHvIhhpeHiTTX3Gvv6w4hXw="></latexit>

!B = 1

Sphalerons
<latexit sha1_base64="OYbkHA4dhgufNwR+JnHO28609GE="></latexit>

ω̄eω̄µω̄ω → uLdLdLcLbLdLtLbLbL
<latexit sha1_base64="GicRjsv1cN9dkrsfvPbh4j0Kl1A="></latexit>

!B = 3

singletsℤB
9−

Davighi, Greljo, Thomsen '22

https://arxiv.org/abs/2202.05275
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Neutrino Masses

9

<latexit sha1_base64="6YIXOh6XoaF+QNAiSIKHNCWH7nk="></latexit>

MN → ↑ω1↓




0 → →
→ 0 0
→ 0 0



+ ↑ω2↓




0 0 0
0 → →
0 → →





+ p-permutations

<latexit sha1_base64="ka9BQ5MY6KLMt7nEhg8cLBGpAbg="></latexit>

mω = →↑H↓2Y →
ω M

↑1
N Y

†
ω = U

→
m̂ωU

The seesaw

majorana phases

<latexit sha1_base64="3kDTqxWBK8yZ1izdjMOFoODegC8="></latexit>

U = VPMNSdiag(e
iω/2, eiε/2, 1)

<latexit sha1_base64="vfhfHY5u2ZJJIZnLKnvMihhnd7M="></latexit>

YN →




→ 0 0
0 → →
0 → →





Minkowski '77, Gell-Mann, Ramond, Slansky '79, Yanagida '80, 
Mohapatra, Senjanovic '80, Schechter, Valle '80
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<latexit sha1_base64="6YIXOh6XoaF+QNAiSIKHNCWH7nk="></latexit>
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mω = →↑H↓2Y →
ω M

↑1
N Y

†
ω = U

→
m̂ωU

The seesaw

majorana phases

<latexit sha1_base64="3kDTqxWBK8yZ1izdjMOFoODegC8="></latexit>

U = VPMNSdiag(e
iω/2, eiε/2, 1)

The flavour-specific local symmetry imposes the following tree-level condition:

<latexit sha1_base64="vkSmiANaEOlZGvG/LgsdoNvpXfY="></latexit>

m22
ω →m33

ω ↑ (m23
ω )2 = 0The p-minor = 0

<latexit sha1_base64="ZQUxjKtFn3VZ12QBMCvUGzmeBXE="></latexit>

=→ 0 =
1

m3
s213 +

ei(ω+2εCP)

m2
s212c

2
13 +

ei(ϑ+2εCP)

m1
c212c

2
13e-specific case

Greljo, XPD, Thomsen '25

<latexit sha1_base64="vfhfHY5u2ZJJIZnLKnvMihhnd7M="></latexit>

YN →




→ 0 0
0 → →
0 → →





Minkowski '77, Gell-Mann, Ramond, Slansky '79, Yanagida '80, 
Mohapatra, Senjanovic '80, Schechter, Valle '80

https://arxiv.org/abs/2505.18259


Xavier Ponce Díaz  Cosmic origin of matter from proton stability|

Neutrino Masses

9

<latexit sha1_base64="6YIXOh6XoaF+QNAiSIKHNCWH7nk="></latexit>
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†
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The seesaw

majorana phases

<latexit sha1_base64="3kDTqxWBK8yZ1izdjMOFoODegC8="></latexit>

U = VPMNSdiag(e
iω/2, eiε/2, 1)

The flavour-specific local symmetry imposes the following tree-level condition:

<latexit sha1_base64="vkSmiANaEOlZGvG/LgsdoNvpXfY="></latexit>

m22
ω →m33

ω ↑ (m23
ω )2 = 0The p-minor = 0

<latexit sha1_base64="ZQUxjKtFn3VZ12QBMCvUGzmeBXE="></latexit>

=→ 0 =
1

m3
s213 +

ei(ω+2εCP)

m2
s212c

2
13 +

ei(ϑ+2εCP)

m1
c212c

2
13e-specific case

Greljo, XPD, Thomsen '25

• Triangle equation in the complex plane 

• Triangle inequality  lower limit on 
the lightest neutrino

⇒ <latexit sha1_base64="zQW3gOCFIEXcuDvxj8SxZLlZc7w="></latexit>

|s13|2

m3
→ |s212c213|

m2
+

|c212c213|
m1

e-specific case

<latexit sha1_base64="vfhfHY5u2ZJJIZnLKnvMihhnd7M="></latexit>

YN →




→ 0 0
0 → →
0 → →





Minkowski '77, Gell-Mann, Ramond, Slansky '79, Yanagida '80, 
Mohapatra, Senjanovic '80, Schechter, Valle '80

https://arxiv.org/abs/2505.18259
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Neutrino Masses
<latexit sha1_base64="ZQUxjKtFn3VZ12QBMCvUGzmeBXE="></latexit>

=→ 0 =
1

m3
s213 +

ei(ω+2εCP)

m2
s212c

2
13 +

ei(ϑ+2εCP)

m1
c212c

2
13e-specific case

Six scenarios:  + two orderings, but only three are consistent 
with experimental data:

p = e, μ, τ

- -specific IO 
- -specific NO 

- -specific NO 

e
μ
τ

<latexit sha1_base64="8b6W9XMnnKJ1UC0HaFt1k8G4uAM="></latexit>

m̂3
<latexit sha1_base64="clzPREZf0WnHU21xkOe1WdBix/A="></latexit>

m̂2
<latexit sha1_base64="HeUHDfIGG5w0UbHKtdjWE0fHEKY="></latexit>

m̂1

NO

<latexit sha1_base64="clzPREZf0WnHU21xkOe1WdBix/A="></latexit>

m̂2
<latexit sha1_base64="HeUHDfIGG5w0UbHKtdjWE0fHEKY="></latexit>

m̂1
<latexit sha1_base64="8b6W9XMnnKJ1UC0HaFt1k8G4uAM="></latexit>

m̂3

IO

If  and  are known we can make a prediction on the Majorana phasesmν δCP

*Complex triangle equations have a second conjugate solution
<latexit sha1_base64="BD4E0z6XonMjFCpmdykW699kRBg="></latexit>

ω → ↑ω↑ arg c1

ε → ↑ε ↑ arg c2
: the sides of the trianglec1, c2
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Greljo, XPD, Thomsen '25

https://arxiv.org/abs/2505.18259
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10°3 10°2 10°1
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10°4
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10°1

|m
Ø
Ø
|[
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]

ßm∫ cosmology
Excluded !

CUORE "

GERDA "

KamLAND-Zen "

Neutrino Masses
The future neutrino program is crucial!

Given  we can predict as a function of δCP |mββ | mν

Two solutions to the 
triangle equations

Models clearly 
distinguishable if the Dirac 

phase is known to δCP ∼ 50∘

Greljo, XPD, Thomsen '25

https://arxiv.org/abs/2505.18259
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The origin of matter: Leptogenesis

13

<latexit sha1_base64="5BV9bWnab18vNAtAN+Kh7NMzP7g="></latexit>

Z →, N2,3, ω2
<latexit sha1_base64="4SSH/pPr6lCdTCZAzk/K+bcANK8="></latexit>

→ω2↑

<latexit sha1_base64="9Am5bBMdmkT6/5qW3PHbgIohsXg="></latexit>ω1

<latexit sha1_base64="Bx2116/HkSCicdBgu+Hq+kQEcmo="></latexit>

MN1

<latexit sha1_base64="AK1hw9Cr6WtrKCHXQQWhIj0uDRw="></latexit>

→ω1↑
<latexit sha1_base64="T3HCZol1OfK4xReDlVd1LqGPouc="></latexit>

→ω1↑2

→ω2↑

<latexit sha1_base64="6YIXOh6XoaF+QNAiSIKHNCWH7nk="></latexit>

MN → ↑ω1↓




0 → →
→ 0 0
→ 0 0



+ ↑ω2↓




0 0 0
0 → →
0 → →





Assuming λ ∼ yN ∼ gX ∼ 𝒪(1)

If ⟨ϕ1⟩ ≪ ⟨ϕ2⟩ → MN1
≪ MN2,3

Seesaw structure for RH 
neutrinos 
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Assuming λ ∼ yN ∼ gX ∼ 𝒪(1)
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Seesaw structure for RH 
neutrinos 
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°
/H

m = °8, n = 3, gX = 0.02

MN = 1010 GeV MZ = 1010 GeV

MN = 1010 GeV MZ = 1012 GeV

MN = 1010 GeV MZ = 1013 GeV

MN = 109 GeV MZ = 1011 GeV

MN = 1011 GeV MZ = 109 GeV

 Interactions must decouple at 

, for  to decay out of 

equilibrium

Z′￼

Γ < H |T=MN1
N1

<latexit sha1_base64="k2QarsrbxkSoFA5SMQ5J9PR04xA="></latexit>

MZ→ ↭ 102MN1

*analogous to light neutrinos in the SM 
and EW interactions
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14

Baryogenesis via minimal thermal leptogenesis

Leptogenesis happens only via  (  decay in equilibrium due to  )N1 N2,3 Z′￼

UV scan of parameters which fit neutrino mass splittings and mixings

Giudice, Notari, Raidal, Riotto, 
Strumia '03

Triangle inequalities 

 lower bound 
neutrino mass  

 Strong-washout 
regime

⇒

⇒

<latexit sha1_base64="BONjANmN/KUDfHe06Fk2eU6OpNQ="></latexit>

m̃1 = v2EW

(Y †
NYN )11
MN1

The origin of matter: Leptogenesis

Greljo, XPD, Thomsen '25

https://arxiv.org/abs/hep-ph/0310123
https://arxiv.org/abs/hep-ph/0310123
https://arxiv.org/abs/2505.18259
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Two scalars- one local U(1)Xp
Z′￼One massive gauge boson

The origin of matter: Dark Matter

15

<latexit sha1_base64="OftpRmj233QGkJLG/LMiLJK9nzg="></latexit>

ω1, ω2
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The origin of matter: Dark Matter

15

<latexit sha1_base64="OftpRmj233QGkJLG/LMiLJK9nzg="></latexit>

ω1, ω2

An accidental global 
symmetry in the potential

U(1)
A goldstone boson a
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Two scalars- one local U(1)Xp
Z′￼One massive gauge boson

The origin of matter: Dark Matter

15

<latexit sha1_base64="OftpRmj233QGkJLG/LMiLJK9nzg="></latexit>

ω1, ω2

An accidental global 
symmetry in the potential

U(1)
A goldstone boson a

pseudo-Nambu Goldstone Boson 

 majoron⇒
<latexit sha1_base64="Kr1zXZ+yrhZMKQPjGK0iL2px+B4="></latexit>

Vgrav. = (4ω)2
ε

M |s|+|t|→4
Pl

ϑ[s]
1 ϑ[t]

2 + h.c.

<latexit sha1_base64="O5vJoY2d+cE1z8hB2noezOdVF2k="></latexit>

b
-5 -4 -3 -2 -1 0 1 2 3 4 5

-5 15 17 19 23
-4 7 6 13 7 15 8 17 9 19 10
-3 11 9 11 13 15
-2 7 11 4 3 7 4 9 13 8
-1 11 5 7 13

a 0 7 11 4 5 7 5 13 8
1 11 7 5 7 13
2 13 6 11 5 9 4 5 13 8
3 17 13 11 13
4 11 21 10 19 9 17 8 15 7 8
5 25 23 21 19 17

*colors see backup

Leading Planck-suppressed operator min( |s | + | t | )
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*colors see backup

Leading Planck-suppressed operator min( |s | + | t | )

Majoron 
DM

Babu, Rothstein, Seckel '93

Class of models of

If ⟨ϕ1⟩ ≪ ⟨ϕ2⟩

a ≃ a1, fa ≃ v1

Correct relic abundance + stable for a high-scale  ⟨ϕ1⟩

https://arxiv.org/abs/hep-ph/9301213
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The origin of matter: Dark Matter
Post-inflationary scenario

<latexit sha1_base64="54/G0znxwo+fJvRiFqCcttodx/w="></latexit>

TRH > →ω2↑ ↓ →ω1↑

Majoron thermalizes via RH neutrinos, in thermal equilibrium via Z′￼

<latexit sha1_base64="3iEwCEaizSJPhpZM6Plgvmh8HKk="></latexit>

L → a

v1
MNN cN
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The origin of matter: Dark Matter
Post-inflationary scenario

<latexit sha1_base64="54/G0znxwo+fJvRiFqCcttodx/w="></latexit>

TRH > →ω2↑ ↓ →ω1↑

Majoron thermalizes via RH neutrinos, in thermal equilibrium via Z′￼
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Greljo, XPD, Thomsen '25

https://arxiv.org/abs/2505.18259
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Post-inflationary scenario
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Testable! ΔNeff = 0.027 [CMB-S4 sensitivity 0.0156]
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MNN cN

Greljo, XPD, Thomsen '25

http://arxiv.org/abs/1610.02743
https://arxiv.org/abs/2505.18259
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The origin of matter: Dark Matter
Pre-inflationary scenario: symmetry never restored
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θi = 0.01

Greljo, XPD, Thomsen '25

https://arxiv.org/abs/2505.18259
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The origin of matter: Dark Matter
Pre-inflationary scenario: symmetry never restored
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Freeze-in via RH neutrinos

+ misalignment

 can take any valueθi
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v1/v2 = 0.001, 0.01 , 0.1

Effective Yukawa: MN1
/v1 = v1/v2

θi = 0.01

Greljo, XPD, Thomsen '25

https://arxiv.org/abs/2505.18259
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v1/v2 = 0.001, 0.01 , 0.1

Effective Yukawa: MN1
/v1 = v1/v2

θi = 0.01

Neutrino telescope searches
Garcia-Cely, Heeck '17, 

Akita, Niibo '22

Future experiments: JUNO & HKGreljo, XPD, Thomsen '25

https://arxiv.org/abs/1701.07209
https://arxiv.org/abs/2304.04430
https://arxiv.org/abs/2505.18259
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Dark Matter Searches
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Future  and ray telescopes are sensitive to further test this scenarioγ− X−

Electron and photon DM searches constrain the model to lower masses
<latexit sha1_base64="SGmGVWgquuwxUu5vbxYM1aHbTlM="></latexit>

ma ↭ 0.1MeV

<latexit sha1_base64="2kLCic6a5pDeLjpnruFZHIxEYPM=">AAACAXicbVDLSgNBEJz1GeMr6tHLYBC8GHYlqMegF48JmAckS5id9CZDZmaXmVlhXQKCR6/6Ed7Eq1/iN/gTTh4Hk1jQUFR1090VxJxp47rfzsrq2vrGZm4rv72zu7dfODhs6ChRFOo04pFqBUQDZxLqhhkOrVgBEQGHZjC8HfvNB1CaRfLepDH4gvQlCxklxko10i0U3ZI7AV4m3owU0QzVbuGn04toIkAayonWbc+NjZ8RZRjlMMp3Eg0xoUPSh7alkgjQfjY5dIRPrdLDYaRsSYMn6t+JjAitUxHYTkHMQC96Y/E/r52Y8NrPmIwTA5JOF4UJxybC469xjymghqeWEKqYvRXTAVGEGpvN3BbDho/nIaRSEDmy6XiLWSyTxkXJuyyVa+Vi5eZpmlMOHaMTdIY8dIUq6A5VUR1RBOgFvaI359l5dz6cz2nrijPL9gjNwfn6Bc7rmE4=</latexit>a
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4m2
f

)
aF F̃<latexit sha1_base64="2kLCic6a5pDeLjpnruFZHIxEYPM=">AAACAXicbVDLSgNBEJz1GeMr6tHLYBC8GHYlqMegF48JmAckS5id9CZDZmaXmVlhXQKCR6/6Ed7Eq1/iN/gTTh4Hk1jQUFR1090VxJxp47rfzsrq2vrGZm4rv72zu7dfODhs6ChRFOo04pFqBUQDZxLqhhkOrVgBEQGHZjC8HfvNB1CaRfLepDH4gvQlCxklxko10i0U3ZI7AV4m3owU0QzVbuGn04toIkAayonWbc+NjZ8RZRjlMMp3Eg0xoUPSh7alkgjQfjY5dIRPrdLDYaRsSYMn6t+JjAitUxHYTkHMQC96Y/E/r52Y8NrPmIwTA5JOF4UJxybC469xjymghqeWEKqYvRXTAVGEGpvN3BbDho/nIaRSEDmy6XiLWSyTxkXJuyyVa+Vi5eZpmlMOHaMTdIY8dIUq6A5VUR1RBOgFvaI359l5dz6cz2nrijPL9gjNwfn6Bc7rmE4=</latexit>a

<latexit sha1_base64="w6mHNtLmn4/HNEsney0yPhc1Eyk="></latexit>

L → me

16ωv1
a ēε5e

Greljo, XPD, Thomsen '25

Heeck, Patel '19

https://arxiv.org/abs/2505.18259
https://arxiv.org/abs/1909.02029
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A model of exact proton stability
<latexit sha1_base64="s+tCOedmRF10z8si4KHw4Jfr0D4="></latexit>

U(1)Xp

→ω1↑,→ω2↑↓=0

→→→→↑ ZB
9

<latexit sha1_base64="TSBq5KPyf1/ESJ1SlhWHA/a4KxQ="></latexit>

U(1)Xp → Xp = 3m(B ↑ L)↑ n(3Lp ↑ L)

Davighi, Greljo, Thomsen '22

https://arxiv.org/abs/2202.05275
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9

<latexit sha1_base64="TSBq5KPyf1/ESJ1SlhWHA/a4KxQ="></latexit>

U(1)Xp → Xp = 3m(B ↑ L)↑ n(3Lp ↑ L)

 known  lower limit 
neutrino mass

δCP →

1) Neutrino masses: via a 
high-scale type-I seesaw.

Complex triangle equations:
<latexit sha1_base64="ueFBtMkX15ZtyGA+ttNbP2KUw5Q="></latexit>

(mω , ωCP) → |mεε |

Lepton-flavour non-universal 
<latexit sha1_base64="qH2W5YbeCSQHCNBRfaXpP8n1D6M="></latexit>

U(1)Xp

predicted!

Greljo, XPD, Thomsen '25

Davighi, Greljo, Thomsen '22

https://arxiv.org/abs/2505.18259
https://arxiv.org/abs/2202.05275
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2) Matter-antimatter 
asymmetry

minimal thermal 
leptogenesis 

<latexit sha1_base64="1MeGFP72tzjD2JNKjvLuGuSgb+8="></latexit>

→ω1↑ ↓ →ω2↑

MN1 ↔ →ω1↑2

→ω2↑
↓ MN2,3 ↔ Z →

Strong washout regime

<latexit sha1_base64="cCfpXekyOIkJzcx0MRmbqP+jIEs="></latexit>

N1 thermalizes

Davighi, Greljo, Thomsen '22

https://arxiv.org/abs/2505.18259
https://arxiv.org/abs/2202.05275
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Complex triangle equations:
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Lepton-flavour non-universal 
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Strong washout regime

<latexit sha1_base64="cCfpXekyOIkJzcx0MRmbqP+jIEs="></latexit>

N1 thermalizes

3) Dark Matter

Accidental global symmetry

Majoron

Dark-matter via 

misalignment ma ≤ 1 eV

+ freeze in 
<latexit sha1_base64="7sSxTpcMFafyxXTHuuffzvWr4A8="></latexit>

ma → 0.1MeV

bounded by DM searches

Davighi, Greljo, Thomsen '22

https://arxiv.org/abs/2505.18259
https://arxiv.org/abs/2202.05275
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Parameter Scan
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Triangle equations
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<latexit sha1_base64="s+X9pzh6S2cUG9vrFPLxVWv/RCk="></latexit>
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<latexit sha1_base64="QFpH0UmftnWFOf1xi+4D01FMpkI="></latexit>
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)
<latexit sha1_base64="xBv/MjcAw/WGA4/EgbtCCLKhNnQ="></latexit>

t = log
(√

MN2MN3/MN1

)

<latexit sha1_base64="fUkU4lwpaVxzsWYU3xsjU909sgY="></latexit>

|[mω ]pp|
?

↭ 0.01 ·
{
m2m3 (NO)

m1m2 (IO)
.Numerical estimate

EW-running of the Weinberg operator

Different scenarios: p = {e, μ, τ}
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One-loop correction
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?

↭ 0.01 ·
{
m2m3 (NO)

m1m2 (IO)
.
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Freeze-in majoron
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10°4 10°3 10°2 10°1 100 101 102

z = MN1/T

10°7

10°5

10°3

10°1

101

°
/H

10°2 10°1 100 101 102

z = MN1/T

10°8

10°7

10°6

10°5

10°4

10°3

Y
=

n
a
/s

v1 = 109 GeV

v1 = 1010 GeV

v1 = 1011 GeV

v1 = 1012 GeV

v1 = 1013 GeV

Reach thermal equilibrium, and 
freezes-out relativistically

<latexit sha1_base64="7xXbK+Adm8eQCWHKvHxFtt1tSB0="></latexit>

!foh
2 =

ω(3)gs(T0)maT 3
0

ε2gs(Tdec)ϑc
h2 = 0.12

ma

166.62 eV

106.75

gs(Tdec)
,

<latexit sha1_base64="ZefSQ2Ly7Kdlr1jt5gJhKzRD/tQ="></latexit>

ωann. = Na
T

64ε4

∫ →

4M2
N

ds ϑ̂(s)
→
sK1

(→
s

T

)

<latexit sha1_base64="TPPBLfg3e9t11DIFATE6b23czlU="></latexit>

ω̂(a b → 1 2) =
gagb
cab

2
[(
(s↑m2

a ↑m2
b)

2 ↑ 4m2
am

2
b

)]

s
ω(s)

<latexit sha1_base64="14OInV93rZh6elGOUobevZPlAtU="></latexit>

t→ channel : N1N1 ↑ aa

Gu, Sarkar'09, 
Hambye, Frigerio, Masso '11 

Boulebnane, Heeck, Nguyen, Teresi '17

<latexit sha1_base64="/coUMQJWfyyidj/7IFSs2y/XJfk="></latexit>

zHs
dY

dz
= ωann

(
1→ Y

2

Y 2
eq

)
Freeze-in:

https://arxiv.org/abs/0909.5468
https://arxiv.org/abs/1107.4564
https://arxiv.org/abs/1709.07283
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Cosmological History
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T

⟨ϕ1⟩

⟨ϕ2⟩

MN1

<latexit sha1_base64="DD5SjCsJMw2VCnP5e3k+J3JANBw="></latexit>

T →
√
MPlma

<latexit sha1_base64="XSOywOW3LP5FPGSV5vsUmkrA+ZA="></latexit>

ma → H(T )

Leptogenesis

Local strings

Global strings

Misalignment & 
Domain wall-
string network

TRH > ⟨ϕ2⟩

TRH > ⟨ϕ1⟩

Local + global strings DW

Global strings DW

⟨ϕ1⟩ ≳ TRH

Post-inflationary

Bounds from 
isocurvature

Pre-inflationary

U(1)B−L → ℤN

<latexit sha1_base64="kU0E5qxGtFWo7Q2QaMAnm3tlg24="></latexit>

Vgrav = |ω|(4εM2
Pl)

2 →
(

v1↑
2MPl

)|s| ( v2↑
2MPl

)|t|
cos

(
ϑω ↓ 9

st

kb

a

fa

)
,

Domain Wall Problem?
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Domain Wall Problem?
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<latexit sha1_base64="T82uPEVOreOLRfWXoJGB6AAzDdo="></latexit>

Ekin → |w1X2 ↑ w2X1| = min
w→Z

|wX2 ↑ w2X1| ↓ |sw1 + tw2| = min
w→Z

|sw + tw2|

<latexit sha1_base64="lBpHC6Y+PwAI5ODtNPwgoPD/w5E="></latexit>

Ekin →
∫
d2x |ωiε̄→

1|2 with ε̄→
1(ϑ) → 1↑

2
v1e

iω(w1↓w2X1/X2)

Winding numbers of the strings

scalar charges

<latexit sha1_base64="/8o+0kFfpwDlRLQ8doiisLPdOg4="></latexit>

Vgrav.(ω̄1, ω̄2) → Vgrav.(v1, v2) cos(sw1 ε + tw2 ε) .

<latexit sha1_base64="4B7Z86AbFOCwj5c4k+z9Lx58SG8="></latexit>

NW =
∣∣sw1 + tw2

∣∣
<latexit sha1_base64="ukvAHKQnQXDfwEZvxGsYLIVkTas="></latexit>

• local strings: NW = minw→Z |sw + t|,

• global strings: NW = |s|.

Automatic solution if NW = 1
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Domain Wall Problem?
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<latexit sha1_base64="4B7Z86AbFOCwj5c4k+z9Lx58SG8="></latexit>

NW =
∣∣sw1 + tw2

∣∣ <latexit sha1_base64="ukvAHKQnQXDfwEZvxGsYLIVkTas="></latexit>

• local strings: NW = minw→Z |sw + t|,

• global strings: NW = |s|.Automatic solution if NW = 1

<latexit sha1_base64="O5vJoY2d+cE1z8hB2noezOdVF2k="></latexit>

b
-5 -4 -3 -2 -1 0 1 2 3 4 5

-5 15 17 19 23
-4 7 6 13 7 15 8 17 9 19 10
-3 11 9 11 13 15
-2 7 11 4 3 7 4 9 13 8
-1 11 5 7 13

a 0 7 11 4 5 7 5 13 8
1 11 7 5 7 13
2 13 6 11 5 9 4 5 13 8
3 17 13 11 13
4 11 21 10 19 9 17 8 15 7 8
5 25 23 21 19 17

Green: |s | = 1

Blue: NW = minw∈ℤ |sw + t |

Automatic solution of a Domain Wall problem via the charges of the model 
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A Unification Path
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Davighi, Greljo, Thomsen '22

Tentative flavour-gauge unification

<latexit sha1_base64="JEDUKiBUqn4U/B59X8DnwfdUVlA="></latexit>

!L → (12, 2, 1) !R → (12, 1, 2)

https://arxiv.org/abs/2202.05275

