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The SM predicts       
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* Ideas of underlying dynamics : self-organised criticality
PerBak, ChaoTang, and KurtWiesenfeld, `87

G. F. Giudice, M. McCullough, and T. You, “Self-organised localisation,”   arXiv:2105.08617
Often based on cosmological dynamics: 

J. Khoury, “Accessibility Measure for Eternal Inflation: Dynamical Criticality and Higgs Metastability¨  arXiv:1912.06706

J. Khoury and O. Parrikar, “Search Optimization, Funnel Topography, and Dynamical Criticality on the String Landscape, arXiv:1907.07603

G. Kartvelishvili, J. Khoury, and A. Sharma, “The Self-Organized Critical Multiverse, arXiv:2003.12594

J. Khoury and S. S. C. Wong, “Early-time measure in eternal inflation”, arXiv:2106.12590,

 is a property of some dynamical systems that have a critical point as 
an attractor —> macroscopic behaviour alike to phase transitions  
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Naturalness approach:
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Even ignoring the 
dynamics, the hypothesis 
has testable consequences

Which consequences?
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Higgs metastability bound

The instability scale    , defined by  µI �e↵ (µI) = 0

arXiv:2503.03825 
[Buttazo et al 1307.3536]

Metastability possible only if
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h < |��(µI)|e�3/2µ2
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Higgs metastability bound

The instability scale    , defined by  
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µH < µcrit
µH º µcrit

µH > µcrit

[Detering et al, 2503.22787]

    IR vacuum 
only for small 
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Metastability possible only if

15[Buttazo et al 1307.3536]
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Higgs metastability bound

The instability scale    , defined by  

In the SM �! weak bound m2
h . 1010 GeV

Many BSM extensions�! stronger bound

n

µI �e↵ (µI) = 0

arXiv:2503.03825 

Metastability possible only if

102 104 106 108 1010 1012 1014 1016 1018 1020

-0.04

-0.02

0.00

0.02

0.04

0.06

0.08

0.10

RGE scale m in GeV

H
ig

gs
qu

ar
tic

co
up

lin
g
l

3s bands in
Mt = 173.3 ± 0.8 GeV HgrayL
a3HMZL = 0.1184 ± 0.0007HredL
Mh = 125.1 ± 0.2 GeV HblueL

Mt = 171.1 GeV

asHMZL = 0.1163

asHMZL = 0.1205

Mt = 175.6 GeV

µSM
I ⇠ 1011 GeV

[Buttazo et al 1307.3536]

m2
h < |��(µI)|e�3/2µ2

I

16



Higgs metastability bound

The instability scale    , defined by  

In the SM �! weak bound m2
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h . TeV
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Can we achieve e.g.            ?m2
h . TeV

BSM Higgs metastability

Adding fermions generically lowers µI

arXiv:2503.03825 
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Can we achieve e.g.            ?m2
h . TeV

BSM Higgs metastability

However, smaller           shorter vacuum lifetime   =)
In general,                                          age of the universe                µI ⇠ O(TeV) =) <

Adding fermions generically lowers 

⌧

⌧

µI

µI

arXiv:2503.03825 19



Can we achieve e.g.            ?m2
h . TeV

BSM Higgs metastability

Adding new bosons stabilizes the vacuum

Adding fermions generically lowers µI

arXiv:2503.03825 
mh
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Suggests a scale hierarchy
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Can we achieve e.g.            ?m2
h . TeV

BSM Higgs metastability

Adding new bosons stabilizes the vacuum

Adding fermions generically lowers µI

arXiv:2503.03825 
mh µI

n
Vector-like fermions 

Heavy neutral leptons

[2105.08617, 2502.07876, 2408.10297]

[VE, B. Gavela, T. Steingasser, 2503.03825]
[2108.09315]

n
ALPs [2412.03542]

[VE, Gavela, Steingasser,
2503.03825]

MbMf
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The Majoron model

The Majoron model



The low-scale Majoron model…
…contains just the right ingredients:

arXiv:2503.03825 
mh µI

Higgs near-criticality at future colliders [2503.03825]

Mb

B. Gavela T. Steingasser
Mf

22

+ well motivated

• Type-I Seesaw mechanism

• Strong coupling with SM allowed

fermions + scalar
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The low-scale Majoron model
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H

V
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)

µH < µcrit
µH º µcrit

µH > µcrit

EW vacuum 
generated by 1-loop 
Coleman-Weinberg

The low-scale Majoron model
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Experimental limits
Neutrino space
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[Urquía-Cardelon et al, 2409.13412]

[Antusch et al, 1612.02728]

Excluded regions: 
• Missing energy at the Z-pole
• PMNS unitarity + flavor violation

Prospects:

[Blennow et al, 2306.01040]

Theoretical:
• Perturbative unitarity

[DELPHI Collaboration, Z. Phys. C 74 (1997) 57–71]

• Flavor sensitive limits -> assume ⌧



   
   

   
   

  

Scalar space
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One-loop analysis:

Le↵ �
CH

⇤2
OH +

CH⇤
⇤2

OH⇤ +
CHD

⇤2
OHD

OH ⌘
�
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†
H
�3

,

OH⇤ ⌘
�
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†
H
�
⇤
�
H

†
H
�
,

OHD ⌘
�
H

†
D

µ
H
�⇤ �

H
†
DµH

�

C(0)
H

= 0 ,

C(0)
H⇤ = � 2

4�S

,

C(0)
HD

= 0

Tree level:Operators:

Trilinear coupling:

Experimental limits
• SMEFT operator analysis
[Jiang, Craig, Shuterland, 1811.08878] 

Theoretical grounds:

• + pseudo-observable scheme
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Y⌫ = 1.8
MN = 5.1TeV

                         Ms (GeV)
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Results
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Lowered by BSM

Summary
m2

h < |��(µI)|e�3/2µ2
IThe metastability bound is ⌧ ⇤2

UV

Stability of the EW vacuum can be spoiled

In the Majaron model: • RHNs.    

• Scalar.   

    FCC-ee

     FCC-hh
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Thank you for your attention!
victor.enguita@uam.es
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arXiv:2503.03825 

J. Khoury and T. Steingasser, “Gauge hierarchy from electroweak vacuum metastability”,  arXiv:2108.09315

32

* Ideas of underlying dynamics : dynamical criticality 
on the landscape

• Multiple vacua + tunneling ———>  network of vacua

• Eternal observer “explores’’ the network

• Accessibility measure —> efficient when ⌧ideal ⇠ ⌧Page ⇠ M
2
Pl

H
3
0

' 10130 years

J. Khoury and O. Parrikar, “Search Optimization, Funnel Topography, and Dynamical Criticality on the String Landscape”,  arXiv:1907.07693

S. Benevedes, T. Steingasser, and S. Trifinopoulos, “Spontaneous symmetry breaking, gauge hierarchy, and electroweak vacuum metastability”, arXiv:2408.10297

J. Khoury, Accessibility Measure for Eternal Inflation: Dynamical Criticality and Higgs Metastability”,  arXiv:1912.06706
J. Khoury and S. S. C. Wong, “Bayesian reasoning in eternal inflation: A solution to the measure problem”,  arXiv:2205.11524

string theory + eternal inflation

• Implied hierarchy between        and    m2
e↵ µI



At leading-log, around    :                                    

Higgs metastability bound: proof

The instability scale    , defined by  

Metastability possible only if

µI �e↵ (µI) = 0

arXiv:2503.03825 

Proof:

µI

@Ve↵(H)

@|H| = |H|
⇥
�2m2

e↵ � �
2
m + |H|2 (4�e↵ + ��)

⇤
= 0Stat. point condition is 

�!
0

=)

=) solutions only if m2
e↵  m2

crit ⌘ ���|µI
e�3/2µ2

I =
����|µI

�� e�3/2µ2
I

m2
h < |��(µI)|e�3/2µ2

I

Metastability possible only if

m2
h < |��(µI)|e�3/2µ2

I
[Buttazo et al 1307.3536]

[Steingasser, Khoury, 2108.09315]
[Steingasser, Kaiser, 2307.10361]


2�e↵(µI) +

��(µI)

2

�
v02 = m2

e↵�e↵ ' �e↵ (µI) + �� ln
v0

µI

33



…contains just the right ingredients
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The low-scale Majoron model…
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Fermion content: RHNs
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…contains just the right ingredients

mh µI
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Generates masses for the RHNs

L⌫R � �1

2

X

i,j

Y ij
RS⌫

c
Ri
⌫Rj + h.c.

Mb

The low-scale Majoron model…

Fermion content: RHNs Scalar content: a complex singlet
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Fermion content: RHNs Symmetry Protected Seesaw Scenario (SPSS)
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V (H,S) = �m
2
H
|H|2

�m2
S |S|2+�S |S|4

Implies a two-field potential

+|H|2|S|2
+�H |H|4

The low-scale Majoron model…

Fermion content: RHNs Scalar content: a complex singlet
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Implies a two-field potential
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Scalar content: a complex singlet
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Implies a two-field potential

The low-scale Majoron model…
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Scalar content: a complex singlet
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H
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(H

)

µH < µcrit
µH º µcrit

µH > µcrit

EW vacuum 
generated by 1-loop 
Coleman-Weinberg

The low-scale Majoron model
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Tunneling rate
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Phase IV

L� =
1

2
@µ⌘@

µ⌘ � V�(⌘),

Tunneling rate calculated in 1-d effective potential

computed through gradient descend
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Tunneling rate
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Phase IV

L� =
1

2
@µ⌘@

µ⌘ � V�(⌘),

Tunneling rate calculated in 1-d effective potential

computed through gradient descend
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V = − m2
H |H |2 + λH |H |4 − m2

S |S |2 + λS |S |4 + κ |H |2 |S |2

Compute the Euclidean action of the two-field instanton (HI, SI)

O(4)-symmetric ansatz

Approximate

where ηI(ρ) is the instant in the effect. potential Vγ  

Tunneling rate
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• SMEFT operator analysis
[Jiang, Craig, Shuterland, 1811.08878] 

One-loop analysis:

Le↵ �
CH

⇤2
OH +

CH⇤
⇤2

OH⇤ +
CHD

⇤2
OHD

Theoretical grounds:

Experimental limits

• + pseudo-observable scheme
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One-loop analysis:
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Tree level:Operators:

Trilinear coupling:

Le↵ �
CH

⇤2
OH +

CH⇤
⇤2

OH⇤ +
CHD

⇤2
OHD

Experimental limits
• SMEFT operator analysis
[Jiang, Craig, Shuterland, 1811.08878] 

Theoretical grounds:

• + pseudo-observable scheme
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Theoretical grounds:
• SMEFT operator analysis
[Jiang, Craig, Shuterland, 1811.08878] 

One-loop analysis:

Excluded + HL-LHC + FCC-ee:
• Used results from SMEFT global fit
[Celada et al. 2404.12809] 
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Theoretical grounds:
• SMEFT operator analysis

[Mangano et al, 2004.03505] 

FCC-hh:
• O(3%) prosp. sensitivity on � =

�3

�3(SM)
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Tree level:Operators:

Trilinear coupling:

[Jiang, Craig, Shuterland, 1811.08878] 

Experimental limits



An altogether different model :  SM+ ALPs:  instability scale lowered by only scalars

m2
h ≤ m2

crit = − βλ(μI)e−3/2μ2
I +

v2A2 sin2 δ
m2

a

m2
a f2 (1 − cos(

a
f

)) −
1
2

A f (H2 −  v2) cos ( a
f

− δ)
[Detering-You, 2412.03542]

Other models: ALPs
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Other models: ALPs
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Other models: ALPs

ALP mass in MeV - GeV range: H → aa, Zaa vertex, rare decays, CMB ...
Again the entire range to be covered at FCC-ee for GeV 
ALPs, and rare decays and/or CMB for MeV ALPs 53



Other models: vector-like quarks
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We worked in the ``Majoron scheme’’ 

with physical inputs:
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V = − m2
H |H |2 + λH |H |4 − m2

S |S |2 + λS |S |4 + κ |H |2 |S |2

Tree-level analysis:

 [2503.03825]

(V. Enguita, B. Gavela, 


T. Steingasser) 
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d=5:

d=6:
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SM:

For a given vacuum decay rate per unit volume, the lifetime of the vacuum is defined as the time after which the 
probability that a vacuum bubble has nucleated within the past lightcone of any observer is ~1

Lower bound on the euclidean action: 
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