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Motivation

Higgs Potential: V. () = — fﬁ\H\z + /leff\H\4

/

Hierarchy problem ...If there is a scale A%V

2 2
meff < AUV

Why is the Higgs so light?

Tuning™ problem
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Motivation

Higgs Potential: V. () = — mgff\H\z + /leff\H\4

/

Hierarchy problem ...If there is a scale A%V

2 2
m eff < AUV

Traditional path: Naturalness = symmetry justification

This has (yet) led nowhere —> near-criticality alternative?



Motivation: The two parameters of the Higgs potential take near critical values
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Motivation: The two parameters of the Higgs potential take near critical values

SM phase diagram
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Figure 1: Standard Model phase diagram in the plane spanned by the top Yukawa cou-
pling and Higgs quartic coupling, renormalised at the top mass scale. The measured SM
values are shown with a 3-0 ellipse on the left and with 1-, 2-, and 3-0 contours on the
right. The uncertainties are given in Eq. (D.2) and include the experimental uncertainty
only. The SM values for the top Yukawa and gauge couplings are given in Eq. (D.2).

Recent updated drawing by Detering-You

“stable vacuum”=never decays

“metastable vacuum”="decays, but with a lifetime
longer than the current age of the Universe”

“unstable vacuum

should have decayed already”



Motivation: The two parameters of the Higgs potential take near critical values

SM phase diagram
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Figure 1: Standard Model phase diagram in the plane spanned by the top Yukawa cou-
pling and Higgs quartic coupling, renormalised at the top mass scale. The measured SM
values are shown with a 3-0 ellipse on the left and with 1-, 2-, and 3-0 contours on the
right. The uncertainties are given in Eq. (D.2) and include the experimental uncertainty
only. The SM values for the top Yukawa and gauge couplings are given in Eq. (D.2).

Recent updated drawing by Detering-You
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Near-criticality in the SM

Higgs Potential:  V_ {(H) = — gﬁ\H\z + /leff\H\4

close to transition | “SSB’e«<»" N0 SSB”

close to transition | “stable”«»’unstable”

X

“Critical values” “Quantum phase transitions”

~~_ /

Dynamical explanation?




Near-criticality in the SM

Near-criticality alternative = assumption

that some unknown underlying dynamics forces the two parameters of
the SM potential to take near-critical values

The - which dynamics ??7? & 2



* |dea of underlying dynamics : self-organised criticality

PerBak. ChaoTana. and KurtWiesenfeld. " 87

IS a property of some dynamical systems that have a critical point as
an attractor —> macroscopic behaviour alike to phase transitions

Sometimes based on cosmological dynamics:
G. F. Giudice, M. McCullough, and T. You, “Self-organised localisation,” arXiv:2105.08617
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,
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Near-criticality in the SM

Near-criticality alternative = assumption

that some unknown underlying dynamics forces the two parameters of
the SM potential to take near-critical values

The . which dynamics ?7?7? & 2B W

Even ignoring the dynamics, the hypothesis has testable consequences

— > Metastability bounds on the Higgs mass



There is an upper bound to the Higgs mass in the SM

Higgs Potential: V. () = — mgff\H\z + /leff\H\4
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There is an upper bound to the Higgs mass in the SM

SM Higgs Potential: Ver(H) = — esz‘le T /lefle|4
OVeii(H)
S = H[=2mE = B+ | HP (it )] = 0

Staying at leading-log, and expanding around the instability scale pi

MU
/leff — ;teff(:ul) + ﬁ/l In //t_ _> mesz — (ln /4_ T ) 'BMm
I I

O
This equation only has solutions with an IR minimum if
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Mt < M = ﬁM,u, — ‘ﬁ/”ﬂ]‘ € My

2 ~3/2 2
D. Buttazzo et al. 1307.3536 my, < | Pyl e

Khoury, Steingasser, 2108.09315
Detering, You ,2412.03542



There is an upper bound to the Higgs mass in the SM

[1307.3536] M m<m?,
(D. Buttazzo et al)
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There is an upper bound to the Higgs mass in the SM
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There is an upper bound to the Higgs mass in the SM

[1307.3536] M m<m?,
(D. Buttazzo et al)
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Metastability bound - motivation —> BSM

I
0 e—12 1] » = pl/4
n / 15 Essence of metastability bounds: existence of two minima
(one IR, one true vacuum at higher |H|)
and a maximum in-between

—> Higgs mass bound

1/4 N/ 11

r = €



Can you lower the instability scale? —> BSM

| |
Higgs Potential: Ven(H) = — 2 H|? +Z/Ieff\H\4 + ...
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Can you lower the instability scale? —> BSM

| |
Higgs Potential: Veq(H) = — ZIH|” + Zﬂeff\H\“

m2 S ‘ﬁ,l(ﬂ]) |/41 < A%]V

1

lowered by BSM physics?

/ “UV-complete
V| Fs / model”
V. Enguita, B. Gavela,

[2105.08617] T. Steingasser
[2502.07876] Al Ps Majoron
2408.10297 '

| I Sparticles | ., 0acam| | [2503.03825

[2502.07876] 2506.06426



Can you lower the instability scale? —> BSM

“UV-complete
model”

V. Enguita, B. Gavela,
T. Steingasser

Majoron

Victor Enguita Thomas Steingasser

2503.03825]




Can you lower the instability scale? —> BSM

. . 1 1
Higgs Potential:  V «(H) = - 5 gff\H\z + Z/Iefle\4 +Type-l seesaw

1.1x101F

Very easy: e.g.
heavy neutrinos

5x 1014+

Voe(h) in GeV?

104 GeV



Can you lower the instability scale? —> BSM
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Can you lower the instability scale? —> BSM

. . 1 1
Higgs Potential:  V «(H) = - 5 gff\H\z + Z/Iefle\4 +Type-l seesaw
1

LN, = NrR@dNr — (.Y, H Ny — 5 Ni Yr My N + hec.

1.1x101F

Very easy: e.g.
heavy neutrinos

5x 1014+
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low-scale Type-l seesaw model
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Metastability bound @FCC - Heavy sterile neutrinos

1072

A IYV |2 — 871'/90 (from perturbative unitarity J=1)
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Metastability bound @FCC - Heavy sterile neutrinos

1072
A IYV |2 — 871'/90 (from perturbative unitarity J=1)
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Metastability bound @FCC - Heavy sterile neutrinos
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Metastability bound @FCC-ee Heavy sterile neutrinos
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Metastability bounds - BSM features for fermion path

(General: Smaller 4; = Shorter lifetime

u; ~ O(TeV) = lifetime < age of the universe



Metastability bounds - BSM features for fermion path

(General: Smaller 4; = Shorter lifetime

u; ~ O(TeV) = lifetime < age of the universe

Note that, iIn general;
* Fermions destabilise (casas etal. 2000

* ScalarS Stabilise (Elias-Miro et al. 2012)



Metastability bounds - BSM features for fermion path

(General: Smaller 4; = Shorter lifetime

u; ~ O(TeV) = lifetime < age of the universe

=P bosons to partially stabilize
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Metastability bounds - BSM features for fermion path

(General: Smaller 4; = Shorter lifetime

u; ~ O(TeV) = lifetime < age of the universe

=P bosons to partially stabilize

m "
We contend that fermion

[2503.03825]

(V. Enguita, B. Gavela, \ FCC_ee

T. Steingasser)




Metastability bounds - BSM features for fermion path

Important subtleties:

» specific ordering of scales?

m, mfe mion 17 Mhoson
e |ifetime of vacuum??

* Why IS running necessary?

my < piy <
Heavy sterile Heavy radial
neutrino masses Scalar mass

The Majcron model (Chikashige, R. N. Mohapatra, and R. D. Peccei) naturally implements thiS,
with all scales close

[2503.03825]
(V. Enguita, B. Gavela, T, Steingasser)



Metastablility bounds - Majoron model 5 = ISW%\

pGB: Majoron J

= Vlajoron model:[2503.03825] —
(V. Enguita, B. Gavela, T. Steingasser) my, — Mfermion K Mhoson

V=—mgHI"+ 2y | H|" =m| SI> + 45| S |* + k| H|*| S|

- Mg = /25(S)




Metastablility bounds - Majoron model 5 = \S\el%\

pGB: Majoron J

= Vlajoron model:[2503.03825] —
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Metastablility bounds - Majoron model 5 = \S\el%\
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Metastability bounds - BSM features
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Metastability bounds - BSM features
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Metastability bounds - BSM features
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Metastability bounds - BSM features
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Metastability bounds - BSM features

Tree-level analysis: At one-loop:
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Metastability bounds - Scalar sector of Majoron model

V=—m2|H|*+ Ay |H|* = m2|S|*+ | S|*+ x| H|*|S|?

assuming
SSB

running effects \
calculate

necessary! tunneling

rates!

[2503.03825]
(V. Enguita, B. Gavela,
T. Steingasser)



Metastability bounds - Scalar sector of Majoron model

V=—-m2|H|"+ Ay H|* —m2|S|"+ A|S|* + x| H|*| S|’

Tree-level analysis:

3 — 5 7 9
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Tree-level analysis:

P=(<H>,<§>)
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(a) Phase I (b) Phase II (c) Phase IT’

I o] _

| osf :
o L : o L : [}
S 06/ { 2 06! 1 3
2] 1) | &

0.4{ 0.4}

0.2f 0.2}

0l L 0.0l -» |
00 02 04 06 08 10 00 02 04 06 08 10 0. 04 0.8 1.2 16
" . H|/v H|/v Hl|/v
Tree-level analysis: Hl/vo Hl/vo Hl/v
(d) Phase II” (e) Phase III (f) Phase IID’

P=(<H>,<$§>)
0.8} | 08}
S 5 osf} § 0.6

= = =

0.4f4 0.4

0.2} 0.2

True vac

e
il

00H -

0.0

:UJH/(2 /\H)1/27 O) 9

00 02 04 06 08 : 10 00 02 04 06 08 10
[ H|/vo [ H| /o
_ 1/2 EW
P2 — O’ IU'S/(2 )\S) ) ? (h) Phase IV’ (i) Phase V

----------------------

1004

08

4)\H )\S — K2 4)\1_] )‘S — K2 06 0.6} 0.6

( 2% As — pE Kk | 2p% g — pE K oo (i | ool

|S1/wo
|51 /wo

0.4 17 04} 0.4

|51 /wo

0.2} 1 02} 0.2

[2503.03825] 0.0k 0.0 1 00

(V. Enguita, B. Gavela, 00 02 04 06 08 10 00 02 04 06 08 10 00 02 04 06 08 10
T. Steingasser) |H|/vg |H|/vg |H| /v



(a) Phase I (b) Phase II (c) Phase IT’
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Metastability bounds - Scalar sector of Majoron model

V=—m2|H|>+ Ay |H|* = m2|S|> + Ag|S|* + x| H|*| S|
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Metastability bounds - Scalar sector of Majoron model

V=—m2|H|>+ Ay |H|* = m2|S|> + Ag|S|* + x| H|*| S|
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Metastability bounds - Scalar sector of Majoron model

V=—-m2|H|"+ Ay H|* —m2|S|"+ A|S|* + x| H|*| S|’
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Metastability bounds - Scalar sector of Majoron model

V=—-m2|H|"+ Ay H|* —m2|S|"+ A|S|* + x| H|*| S|’
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Metastability bounds - Scalar sector of Majoron model
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Metastability bounds - Scalar sector of Majoron model

V=—m2|H|>+ Ay |H|* = m2|S|> + Ag|S|* + x| H|*| S|
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Metastability bounds - Scalar sector of Majoron model
V=—m2|H|*+ Ay |H|* = m2|S|*+ | S|*+ x| H|*|S|?

my < pur < M .

Heavy sterile Heavy radial
neutrino masses Scalar mass

[2503.03825]
(V. Enguita, B. Gavela,
T. Steingasser)



Metastability bounds - Scalar sector of Majoron model
V=—m2|H|*+ Ay |H|* = m2|S|*+ | S|*+ x| H|*|S|?

my < pur < M .

Heavy sterile Heavy radial
neutrino masses Scalar mass

—> for FCC energies, you can integrate out S

12503.03825 We worked in the "Majoron scheme” {tem. Gr,mz.mp, My, M, k,Y,, \s}
, ) . . . i N—— _———  —  p—
(V- Enguita, B. Gavela, with phySICaI IHDUtS- Z-scheme Majoron model

T. Steingasser)



Metastability bounds - Scalar sector of Majoron model
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Low-scale Majoron @FCC-ee and @FCC-hh

@ My = 6.15 TeV, Y, = 2.2
My = 8.0 TeV,Y, = 1.8
@ My =51 TeV,Y, =1.8

Y, =Tr(Y,Y,)"
w

4
R

1 i
P FCC-hh ¢/
HL-LHC/ 4
P 1072 S
102 10° 10* 10° 10° 10
[2503.03825] .
(V.. Enguita, B. Gavela, M N (GCV) my < uyr < M .

T. Steingasser)



Low-scale Majoron @FCC-ee and @FCC-hh

4 IYHZ = 87/

< ® My = 6.15 TeV, Y, = 2.2 L
2 Tenvosa 1, —1e IS 100 PO
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HL-LHC

| 1072 ?
102 103 10% 10° 10 103

[2503.03825] |
(V. Enguita, B. Gavela, My (GeV) my < pur < Mg

T. Steingasser)



Metastability bound @FCC - hh Majoron scalar sector

My =8.TeV, Y, =18 (my < 5.2 TeV)

M, (GeV) M, (GeV) M, (GeV)
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Summary of Majoron

Metastability bound: m? < |8,(4)) \/412 < A%]v

1

lowered by BSM physics (heavy sterile neutrinos)

— check vacuum stability =% additional constraints

Majoron model: ¢ Heavy neutrinos in FCC-ee
» Scalar plausibly in FCC-hh



Summary of Majoron model

Metastability bound: m,f S 0 \/412 < A%]v

1

lowered by BSM physics (heavy sterile neutrinos)

— check vacuum stability =% additional constraints

FCC-ee and FCC-hh are complementary to test Higgs criticality

-
m m - m
We contend that| = fermion K boson

[2503.03825]

(V. Enguita, B. Gavela, \ FCC-ee \ FCC-hh

T. Steingasser)




Can you lower the instability scale? —> BSM

* The ALP path : |



Metastability bounds - ALPS

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

Detering-You 2024

Higgs-ALP potential:
1 1 | \ 1 ' |
V(H,S) = —Sm3 H? + SN + mZf° (1 _ cos(%)) - SAS(H? = ) cos (% _ 5))

Jeong, Jun, Shin 2018
Harigaya, Wang, 2022

[2503.03825]
(V. Enguita, B. Gavela,
T. Steingasser)



Metastability bounds - ALPS

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

Detering-You 2024
Higgs-ALP potential:

1 1 | N1 L\
V(H,S) = —Sm3 H? + SN + mZf° (1 _ cos(%)) - SAS(H? = ) cos (% _ 5))

vZAZ2sin? S

m;

—3/2 2

1 A% sin® 6
N = Ay — Sin

2
2 mj;

[2503.03825]
(V. Enguita, B. Gavela,
T. Steingasser)



Metastability bounds - ALPS

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

Detering-You 2024
Higgs-ALP potential:

1 1 | N1 L\
V(H,S) = —Sm3 H? + SN + mZf° (1 _ cos(ﬁ)> — _Af(H? = \2) cos (ﬁ _ 5))

)2 f
DA 22
- V A~ sIn“ o
Ny 1 A%sin A

It Is an important threshold correction



Metastability bounds - ALPS

0.151 A = A sind

Logqo (L/GeV)

22
—=0.1




Metastability bounds - ALPS
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Figure 2: Critical value of the Higgs mass parameter in the Axion-Higgs model. The
contours of the remaining hierarchy between the observed Higgs mass parameter in the
Axion-Higgs model and the metastability bound are shown from red (small hierarchy)
to green (large hierarchy). Existing constraints on the parameter space are shaded and
projected experimental sensitivities are indicated by dashed and dotted lines. [9]



Metastability bounds - ALPS
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—— - Al P 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



Can you lower the instability scale? —> BSM

* The ALP path : I



Can you lower the instability scale? —> BSM

* Hold on! : in the Majoron model we also had an ALP that we
disregarded = the Majoron pGB J



Can you lower the instability scale? —> BSM

* Hold on! : in the Majoron model we also had an ALP that we
disregarded = the Majoron pGB J

SE\S\e’%

let us look at its possible potential



Metastability bounds - Majoron model with pGB J

V(H,S)

— i3 | H? = p3]S1? + A [H|*+ As 18" + £ |HP ISP + Vy
S = \S\el%

. 2J
e.9.Vy(H,S,J) = ;e S?|H|> +h.c. =2X\;|H|*|S| cos( 5)

Frigerio, Hambye, Masso 2011

V. Enguita, B. Gavela,
T. Steingasser)

f



Metastability bounds - ALPS

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

Detering-You 2024
Higgs-ALP potential:

1 1 | N1 L\
V(H,S) = —Sm3 H? + SN + mZf° (1 _ cos(%)) - SAS(H? = ) cos (% _ 5))

vZAZ2sin? S

m;

—3/2 2

1 A% sin® 6
N = Ay — Sin

2
2 mj;

[2503.03825]
(V. Enguita, B. Gavela,
T. Steingasser)



Metastability bounds - Majoron model with pGB J

V(H,S)

— i3 | H? = p3]S1? + A [H|*+ As 18" + £ |HP ISP + Vy
S = \S\el%

. 2J
e.9.Vy(H,S,J) = ;e S?|H|> +h.c. =2X\;|H|*|S| cos( 5)

Frigerio, Hambye, Masso 2011

V. Enguita, B. Gavela,
T. Steingasser)

f



Metastability bounds - Majoron model with pGB J

V(H,S) = —pz|HI? — p3|S1? + Mg [H|*+ As|SI* + s [HIP|S]* + Vy
S = ‘S‘ei%
—120 Q2 2 5 0 2.]
e.q.Vy(H,S,J) =X S°|H|” +h.c. =2\;|H|"|S|* cos 7 P
' /12 5
2 — 2 m— K . (Kz_|_2)\J)
e MM T T T

d O

Negligible correction for e.g. low my. relevant for larger my ? “*f*@

X\d

V. Enguita, B. Gavela,

nguita, B Gav under construction



Can you lower the instability scale? —> BSM

* The ALP path : lli



Metastability and the ALP-SMEFT connection

* The ALP path : lli

The ALP-SMEFT Interference and near-criticality

Galda-Neubert 2025



Metastability and the ALP-SMEFT connection

1014
D<6 a Q A puv A 1.4 x 10*} a— ng/f
LsNsaLp = CGG f ar -G, , G . Cup/f
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Qy a = 3
+ CBB B;u/ B - — T —— rvves
I l/) Cr N L/) i 1010
| FCF ju%F

f | —2 —1 0 1 2
F . -1
ALP coupling C;/f at A [TeV "]

Galda-Neubert 2025

Figure 5.1: Instability scale of the electroweak vacuum in the presence of nonzero
ALP-SM couplings. The solid lines show the result for m, = 100 GeV, while the
dashed lines assume a vanishing ALP mass.
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Galda-Neubert 2025

RGE Scale 1 |GeV]

Figure 6.1: Scale evolution of A for the case Cyw /f = 12 TeV_l, m, = 20GeV.
The red solid line shows the ALP + SM running until A = 47 TeV. Above this scale,

the dashec

' red line i1s obtained by taking only SM effects into account above this

scale, while the brown dotted line employs ALP effects on the running up to the

Planck scale. The orange line shows the pure SM case (no ALP) for comparison.



Metastability and the ALP-SMEFT connection

Galda-Neubert 2025
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Conclusions

If the low value of the Higgs mass is due to near-criticality
of the Higgs potential,

sighals must be seen Iin the next round of experiments

27?7



Probably this idea Is wrong,
But only those who wager can win

W. Pauli
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Metastability bounds - Scalar sector of Majoron model

> 4 2 4 21 12
V=—mg|H|"+ Ay|H|" —mg| S|+ | S|"+c|H|"| S|
My < B < M,

K
_ 2 2 2 _ 2
Tree-level analysis: My — My A = A=my— Ay




Metastability bounds - Scalar sector of Majoron model
V=—m2|H|*+ Ay |H|* = m2|S|*+ | S|*+ x| H|*|S|?

My < E < M,

0
Y Y K

K
2 _ 2
Tree-level analysis: My — My 5 A = A=my— Ay
Ag 2Ag

Oy =(H'H)?, Oyn=HH)OHTH), Oup=(H'D'H)*(H'D,H)

Ghhh = 1 |

o =0, i =0,

Jhhhh — 1




Metastability bounds - Scalar sector of Majoron model
V=—m2|H|*+ Ay |H|* = m2|S|*+ | S|*+ x| H|*|S|?

Oy = (H'H)? Ouw = (H'H)W S, W
One-loop analysis: Opyo = (HTH) (HTH) Opp — (HTH) By, B*
Jiang, Craig, Li, Sutherland) OHD _ (HTD“H)*(HTD#H) OHWB _ (HT aH) a B;u/
Oun = (H'H)(quH) Ope = (H'i D uH)(é”r“e)
My < B < Ms 045 = (H'H)(gdH) O) = (H'i D, H)(qv"q)
O.y = (HTH)(leH) Og; = (H': EZ H)(gy"o“q)
Onu = (H'i D, HY(ay"u) %) = (H'i D, H)(y"0)
Owa = (H'i D pH)(dy"d)  OP) = (H'i D H)(Ty"0%0)
[2503.03825] + ...

(V. Enguita, B. Gavela,
T. Steingasser)



Metastability bound @FCC-ee Heavy sterile neutrinos

1072

4 Y, |* = 87 /¢

Q @ My = 6.15 TeV, Y, = 2.2 3
N | @ My=80 TeV,Y, =18 [ 107 F
f_—; @ My =51 TeV,Y, =18 O,' ........
= 3
= 104
" i
>~ D
5 ~
: 107>
1 P 10-6
P2 3 4 5 6 107~/ '
10 10 10 10 10 102 103 104 10°
[2503.03825] ,
(V. Enguita, B. Gavela, A[}V (G(‘V) M N (GeV)

T. Steingasser)



Metastability bound @FCC-ee Heavy sterile neutrinos

1072

Excluded (unitarity)

4 !YL|2 = 87 /¢

d @ My = 6.15 TeV, Y, = 2.2 3
~\ | ® My =8.0 TeV,Y, = 1.8 O 10
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[2503.03825] ) | |
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T. Steingasser)



By ~ X\ + M7 — gauge terms) — y; + gauge terms

By, ~ —yi(gauge terms — y7)






Heavy scalar sector



(1)_.274,922 9 4 2 9
Bl = +oo501 + 550703 + 203 + Mg — =0 A — 993N + 24N}, + 122y +4)\HTr(Y,,Yj) 6y

9Ty (YVYJY,,YJ) | (C1)




Metastability bounds - Scalar sector of Majoron model

> 4 2 4 21 12
V=—mg|H|"+ Ay|H|" —mg| S|+ | S|"+c|H|"| S|
My < B < M,

K
_ 2 2 2 _ 2
Tree-level analysis: My — My A = A=my— Ay




Metastability bounds - Scalar sector of Majoron model
V=—m2|H|*+ Ay |H|* = m2|S|*+ | S|*+ x| H|*|S|?

My < E < M,

0
Y Y K

K
2 _ 2
Tree-level analysis: My — My 5 A = A=my— Ay
Ag 2Ag

Oy =(H'H)?, Oyn=HH)OHTH), Oup=(H'D'H)*(H'D,H)

Ghhh = 1 |

o =0, i =0,

Jhhhh — 1




2
o =0, o = - =0, G
4 \g

where the superscript (0) signals tree-level quantities. In addition, the term quadratic
term |H| and the Higgs self-coupling in Eq. (4) also receive tree-level corrections:

K K2

— . 2
2)\5, )\H—>)\ )\H 4)\5 (3 )

U — Wy

®For the SM couplings, we will use as initial conditions their values at the top mass scale as given in
Ref. [71] and integrate their beta functions at three-loop accuracy, including the most important four-
loop term for the strong gauge coupling g,. At © = My, we additionally take into account the threshold
corrections given in Ref. |72].



I 11 II’ r’ |I1II11IP |1V |[IV’| V
MAXIMA | Py Py — - Po| — |Po| — | —
. MINIMA P1,P2 P3 P3 P3 P2 Pz P1 P1 P()
Py = (0,0) , SADDLES| Ps |PL. P | Po.Ps | Po. P | P | Po | Ps| Po | —
Py = (\sienli ). 0)
FQ — <O7 \/Slgn[:u%) )
_ Qg (Ns — 1)
P — sion |12
Qs (N — 1)
: 2
1o
¢Sg [/‘LS] QHQS_I
where
2.\ 2.\
H S
QHEQ'M—f-—, and QSEQ'M—I;-—. | A, Ag >0, for k >0,
Hg R Hs K

,{2

)\H,>\S>O and )\5)\H>Z, for k < 0.
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This equation shows that the requirements of a small
Higgs mass and a negative quartic coupling in the
intermediate energy region imply

,LL%I Z iu% and K,Q > 4)\H/\S- (37)

In terms of the parameters 2y and (g, this corre-
sponds to

<1l, Q¢=21 and k>0, (38)

see Egs. (13)-(15). The conditions in Eq. (38) elim-
inate two of the three vacuum configurations identi-

fied as a prior: suitable in Sec. 11: the first and third
condition are not simultaneously satisfied by phase

11, while the last one is not satisfied by phase 1I’,
see Fig. 2. This leaves IV as the optimal tree-level

conficuration.



Metastability bounds - Scalar sector of Majoron model

V=—m2|H|*+ Ay |H|* = m2|S|*+ | S|*+ x| H|*|S|?

Compute the Euclidean action of the two-field instanton (H,, S)) |
d? 3 d
——(Hy, Sp) 4 Hy,Sp) = V(H;p, S 1.2
dp2( 1,57) pdp( 1,51) =VusV(Hy, Sr)
O(4)-symmetric ansatz p? = t2 + x2 o
’ i 0.8+
Approximate (Hy(p), S1(p) = Hy(n1(p)), Sy (n1(p))) =
where ni(p) is the instanton in the effect. potential V, 0.4
d’ 3 d d = ~\7 -
—— 1 = —V. | . Y
0. 1 — 1
1. 1

| H | /v



Hence, it is necessary to compute the Euclidean action of the two-field instanton
(Hy,S7) connecting the metastable vacuum near P, with the basin surrounding the true
vacuum P;. Using the standard Ansatz of an O(4)-symmetric solution, i.e., H;(p) and
St(p) with p* = t* + x*, the Euclidean equations of motion can be interpreted as the
motion of a point particle in the inverted two-dimensional potential while subject to a
time-dependent friction,

dQHS'SdHS VysV(H;, S
d—pz( 1,57) pdp( 1,51) = VsV (Hp, Sr). (58)

We can now simplify this system of equations by recalling that the true and false vac-
uum are connected through a steep valley ~, which translates to a narrow ridge in
the imaginary-time picture. It is now easy to see that the only path along which the
“particle” can roll towards the true vacuum needs to be close to v, as it would oth-
erwise develop some runaway behavior away from the false vacuum, see Fig. 8. This
suggests that, to leading order, we can approximate the shape of the instanton by
(Hi(p),Si(p) = H,(n:1(p)), Sy (n1(p))), where n;(p) is the instanton in the effective poten-
tial V., [§],

d? 3 d d

— 1)1 = —V .
danI pdpm dn L (1) (59)

The Euclidean action along this contour is then defined through

i 1
S = [ dta i + 31Vl + V(). (60)



r 872

= .o~ PE ~ 4 . ,—SE SM: S = .
y o Ae T s "7 3 us)|

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

1rv/d4;1;£
I~ V

0.15 163 —4
Vp = 1A = 2.2-10""°(GeV )™=,
Lower bound on the euclidean action: Sg > 367.104 +4 1In ((';5\'/)
e



Metastability and the ALP-SMEFT connection
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Galda-Neubert 2025



Heavy fermion sector



An example of U(1).- protected low-scale seesaw

0 0 O 0 Yio O
Yr,=10 0 Yr |. Y, =10 Yoo O |.e. only the second RHN couples to the SM
0 Yr O 0 Y3 0




ECL. |4U]. 111 tne latter, tne approximarte symimetry eniorces a vanlsningly simaill value 1or
the combination of matrices in Eq. (20), while the individual entries in the Y, matrix
can be O(1). The main results of our paper will hold irrespective of the specific choice
of low-scale Majoron model. In practice, for the numerical analyses we will use a version
of the SPSS where the approximate U (1), symmetry is displayed by the choice:

0 0 0 0 Yo O
Ye=10 0 Yp |, Y,=| 0 Yy 0 |. (21)
0 YR 0 0 Y32 0

in which only vg, . couple to the SM and receive heavy degenerate masses,

YRw
22

while vg, remains secluded as well as massless. This choice leads to very simple analytical
expressions, because the RG analysis is only sensitive to the combinations [10]

(22)

Y'Y, Y'Y, =Te(Y Y, =|V,|*. (23)
where
Yo" = [Yiof* + [Yao* + [Yao| (24)

In turn, the vi, — v, ’s mixing is then characterized by the following mixing angles:

*@2
01 _ Y " v

— and 0,%= Q4 . 25
e o T an O, 2@:\ e (25)



voMEFT My < E < M,

d=5: Ong = N;NfH'H + h.c.
C(O) MN
ith NH _ _9y/92
wi y or: 13
d=0: ONN:(NNC)(NNC),
C(O) M2
with Y _ — 24 )‘S

A? M?%



Metastability bound —> BSM

2105.08617] [2108.09315]

(G. Giudice, M. McCullough,

T. You) (J. Khoury, TS)
“Self-organiz& Atastability
localisation” +SSB”
mr S B | i < Afyy

Landscape

. Landscape
+crunching
[1907.07693]
[25()2_()7876] (J. Khoury, O. Parrikar)

(S. Benevedes, A. Ismail, TS)



Metastability bound @FCC - hh Majoron scalar sector

My = 8. TeV, Y, = 1.8 (my < 5.2 TeV) my < pr < Ms
' strong destabilization

v

strong stabilization

:

large k or “small” Mq

:

strong signal:
K2

Aeg = 0.5
1072 R
10
[2503.03825]

(V. Enguita, B. Gavela,
T. Steingasser)

Lo = HI*O|H|?

- 4AM



Metastability bounds - BSM features for fermion path

(General: Smaller 4; = Shorter lifetime

u; ~ O(TeV) = lifetime < age of the universe

Ingredients for a strong Higgs bound and viable universe:

* Heavy fermions to lower y; to u; ~ O(TeV)

* Some scalar input to stabilise the vacuum enough



Can you lower the instability scale? —> BSM
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