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Motivation: Current Situation

® Higgs boson discovered in 2012 with mj, &~ 125 GeV [ATLAS, CMS, 2012].

This implies the electroweak vacuum is metastable [Buttazzo et al, 2012].

Not a problem for our lifetime, but... why so close to absolute stability?
Can stability be excluded?
Could this hint at new physics beyond the Standard Model (BSM)?
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Motivation: Current Situation

® Higgs boson discovered in 2012 with mj, &~ 125 GeV [ATLAS, CMS, 2012].

This implies the electroweak vacuum is metastable [Buttazzo et al, 2012].

Not a problem for our lifetime, but... why so close to absolute stability?
Can stability be excluded?
Could this hint at new physics beyond the Standard Model (BSM)?

Outline:
® Vacuum Stability in the SM
® BSM Opportunities
¢ Singlet Scalar Extensions of the SM
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Higgs Potential: Classical vs Quantum

Classically: V(¢) =—2m?$p> + 1A%,
e Shape determined by m? and A;
m? > 0 gives minimum at ¢ # 0.
e Stable if A > 0.
¢ Unstable if A < 0.

® Metastable state only possible with
other couplings (e.g. ¢3 term)
— not present in SM v
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Higgs Potential: Classical vs Quantum

Classically: V(¢) =—2m?$p> + 1A%,
e Shape determined by m? and A;
m? > 0 gives minimum at ¢ # 0.
e Stable if A > 0.
¢ Unstable if A < 0.

® Metastable state only possible with
other couplings (e.g. ¢3 term)
— not present in SM v

Quantum corrections: A becomes scale-dependent A(u) encoded in RGEs.

= Running A can create an effective deeper minimum at large ¢.
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How do we compute stability in the SM?

1. Experimental Inputs

® Higgs boson mass my,

® Top-quark pole mass m,

® QCD coupling a( )( 7)

® Z-boson mass m

® Fermi constant Gg

® Fine-structure constant a, &
hadronic shift Aa(5) had

® Lepton masses m, , .

e MS light-quark masses: m,(m;),
mc(mc): mu,d,s(2 GCV)

= Newest PDG central values.
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How do we compute stability in the SM?

1. Experimental Inputs 2. Conversion to MS scheme
* Higgs boson mass m, e Matching: > 2-loop electroweak +
® Top-quark pole mass m, 3-loop QCD [Martin, Patel, 2018]
e QCD coupling a{” (my) * Extract running couplings at

reference scale: u..f =200 GeV

e /7-boson mass m
z [Alam, Martin, 2022]

® Fermi constant Gg
® Fine-structure constant a, &
5),had
hadronic shift Aa( yha

® Lepton masses m, , .

e MS light-quark masses: m,(m;),
mc(mc): mu,d,s(2 GCV)

= Newest PDG central values.

3/21


https://arxiv.org/abs/2305.18520
https://arxiv.org/abs/2211.08576
https://arxiv.org/abs/2211.08576

How do we compute stability in the SM?

1. Experimental Inputs 2. Conversion to MS scheme
* Higgs boson mass m, e Matching: > 2-loop electroweak +
® Top-quark pole mass m, 3-loop QCD [Martin, Patel, 2018]
e QCD coupling a{” (my) * Extract running couplings at

reference scale: u..f =200 GeV

e /7-boson mass m
z [Alam, Martin, 2022]

® Fermi constant Gg
e Fine-structure constant a, & 3. Effective Potential Analysis

hadronic shift Aa(5) had e Compute up to 3-loop (4-loop in
QCD) + RG improvement

® Lepton masses m, , .
o [Ford, Jack, Jones, 1992] [Martin, 2013-17]

e MS light-quark masses: m,(m;),
mc(mc): mu,d,s(2 GCV)

= Newest PDG central values.

® ] ocate vacuum extrema/minima
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How do we compute stability in the SM?

1. Experimental Inputs 2. Conversion to MS scheme
* Higgs boson mass m, e Matching: > 2-loop electroweak +
® Top-quark pole mass m, 3-loop QCD [Martin, Patel, 2018]
e QCD coupling a{” (my) * Extract running couplings at

reference scale: u..f =200 GeV

® Z-boson mass m
[Alam, Martin, 2022]

® Fermi constant Gg

° Fine_structure constant ae & 3. Effective POtential AnalySiS
hadronic shift Aa(5) had e Compute up to 3-loop (4-loop in

QCD) + RG improvement

® Lepton masses m, , .
o [Ford, Jack, Jones, 1992] [Martin, 2013-17]

e MS light-quark masses: m,(m;),
mc(mc): mu,d,s(2 GCV)
= Newest PDG central values. 4-Deecay Rate-for-Metastability

® Here: only absolute stability

® ] ocate vacuum extrema/minima
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SM Renormalization Group Evolution

So how does it look for current PDG central Values?

[Hlller Hohne L1t1m Steudtner, 2024]

6 Planck (172 4 +0. 7) GeV 1
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h/GeV
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SM Renormalization Group Evolution

So how does it look for current PDG central Values?
[Hlller Hohne L1t1m Steudtner, 2024]
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= The SM is metastable due to the sign-flip of A(h) at ~ 101! GeV.
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Experimental Inputs and Their Impact

® Z-boson mass my
® Fermi constant Gg

. L had
® Fine-structure constant a, & hadronic shift Aa(es)’ ?

¢ Lepton masses m, ,

MS light-quark masses: mj,(m,), m.(m.), m, 4+(2GeV)

Higgs boson mass m,

Top-quark pole mass m;

QCD coupling a§5)(m 7)
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Experimental Inputs and Their Impact

® Z-boson mass my
® Fermi constant Gg Uncertainty small

. L had
® Fine-structure constant a, & hadronic shift Aa(es)’ ?

¢ Lepton masses m, ,

MS light-quark masses: mj,(m,), m.(m.), m, 4+(2GeV)

Higgs boson mass m,

Top-quark pole mass m;

QCD coupling a§5)(m 7)
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. L had
® Fine-structure constant a, & hadronic shift Aa(es)’ ?

¢ Lepton masses m, ,

MS Impact small
MS light-quark masses: my(m,), m.(m.), m, 4 s(2GeV) } mpact sma

Higgs boson mass my, my, = 125.20(11) GeV

Top-quark pole mass m; m, = 172.40(70) GeV

QCD coupling a{? (my) a®(m) = 0.1180(9)
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Experimental Inputs and Their Impact

® Z-boson mass my
® Fermi constant Gg Uncertainty small

. L had
® Fine-structure constant a, & hadronic shift Aa(es)’ ?

¢ Lepton masses m, ,

MS Impact small
MS light-quark masses: my(m,), m.(m.), m, 4 s(2GeV) } mpact sma

Higgs boson mass my, my, = 125.20(11) GeV

Top-quark pole mass m; m, = 172.40(70) GeV

QCD coupling a{? (my) a®(m) = 0.1180(9)

} Impact large!

5/21



Impact of m, and a, on Stability

0.125
0.120 SM Stability
We are not far off from the
§ 0.115 critical boundary!
~ ¢ Stability sensitive to

—

=2 0.110 m, and a..

® The correlation is crucial.

¢ Stability is roughly 1.2 0
away from current central

values.

0.105

0.100
166 168 170 172 174 176

me/GeV
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The Standard Model and Beyond
Taken from L. Biermann

We still know fairly little about the Higgs potential!

What we do know:

® Ground state of Higgs potential with vy = 246.22
GeV spontaneously breaks the EW symmetry:

SU(2). x U(1)y = U(L)em

® Higgs boson mass mj, ~ 125 GeV.

!’

(D5 = Ve = 246.22 eV
mMy = 125 GeV
Ak = 2
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The Standard Model and Beyond
Taken from L. Biermann

We still know fairly little about the Higgs potential!

What we do know:
® Ground state of Higgs potential with vy = 246.22

GeV spontaneously breaks the EW symmetry:
SU(2),x U(1)y = U(1)em

® Higgs boson mass mj, ~ 125 GeV.
Scalar sector is realized in nature!
= Shape of the potential still unknown...
= Need a precise 1,,, measurement.

= BSM extensions of scalar sector could explain
matter—antimatter asymmetry, dark matter, etc.

V(9)

v SM
[
' BsMm 1
\ | .
\ N
[
\
2 v y 7
. \ €W ‘I ¢
Y } ; >
\ [ -
- I/’/ A
4

!’

(D5 = Ve = 246.22 eV
mMy = 125 GeV
Ak = 2
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Threshold corrections to the Higgs quartic

[Hiller, Hohne, Litim, Steudtner, 2024]

PDG 2024:

m,/GeV | 125.20(11) | 127.85 +24.00
m°/GeV | 172.4(7) | 171.10 — 1.90

a®(my) |0.1180(9) |0.1213 + 3.70

¢ Stability via mj, needs 240 deviation in Higgs mass!
® Can be interpreted as a naive deviation in A from 0.1293 to 0.1348 at EW scale.
® This is only a ~ 4.1% increase in A.
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Threshold corrections to the Higgs quartic

[Hiller, Hohne, Litim, Steudtner, 2024]

PDG 2024:

m,/GeV | 125.20(11) | 127.85 +24.00
m°/GeV | 172.4(7) | 171.10 — 1.90

a®(my) |0.1180(9) |0.1213 + 3.70

¢ Stability via mj, needs 240 deviation in Higgs mass!
® Can be interpreted as a naive deviation in A from 0.1293 to 0.1348 at EW scale.
® This is only a ~ 4.1% increase in A.

= not relevant in the SM but can be achieved in BSM scenarios.

8/21


https://arxiv.org/abs/2305.18520

Threshold corrections to the Higgs quartic

How large does the threshold correction to A need to be to stabilise the potential?

A
;tizz;k5h4‘+’Z&;L alld. 5)'EE —}fi
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Threshold corrections to the Higgs quartic

How large does the threshold correction to A need to be to stabilise the potential?

A
A:ASM+AA and 515%

L — SM
4 oy = 0.025
.. oy = 0.05
¢ For stability up to the Planck scale, we 3t =01 Planck |
need: .
s 2¢
6, ~4.8% atu=200GeV E
Lt I
¢ Expectation: If threshold appears at 0
higher scales, larger &, is needed —
1 n n n L
5 10 15 20 25

log,o(h/GeV)
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Threshold corrections to the Higgs quartic

What is the critical threshold needed at different scales?

0.010 . : : .
0.009 I //_ -
>
>,
0.008 } O
5 0.007 =
0.006 | ¢
: * 6y~ 10.66% g
* &y ~ 100.00%
0.004 : - : -
2 4 6 8 10 12

logo(h/GeV)
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BSM Opportunities

® Plenty of room for BSM physics in scalar sector!
® Many provide DM candidates or baryogenesis mechanisms.

= Baryogenesis (i.e. via EW Baryogenesis) requires a strong 1st order EW phase
transition, directly links to vacuum structure.

* Inflation scenarios, i.e. critical Higgs inflation, also requires an absolutely stable
vacuum.

® Scalar extensions can alter these features simultaneously.

= Example: Real Singlet Model (RxSM)
S. Tentori et al. in prep.
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Stabilising with a scalar portal

Minimal extension: real scalar singlet S with Z,-symmetry

£o>-1m2s? - bagh _2piys?,
® Portal coupling a, modifies f3, positively (at 1-loop):

1
APy ~+——=2a2+...

® Thus A can be kept positive up to high scales if a, is large enough.
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Stabilising with a scalar portal

® Very minimal extension: real scalar singlet S with Z,-symmetry
1

1671

Lo-3m2S?— DSt —2HTHS?, with APy~ +——2a,%+...

1072

Qqy

1073 L

1074 L

1075 L

—— RxSM

10- ' ' ' : '
50 75 100 125 150 175  20.0

logyo(p1/GeV)
12/21



Singlet model with exact Z,-symmetry

® no mixing between S and the SM-like Higgs
® no tree-level threshold correction to A
® one-loop threshold correction can be neglected when matching at y = mg
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Singlet model with exact Z,-symmetry

® no mixing between S and the SM-like Higgs
® no tree-level threshold correction to A
® one-loop threshold correction can be neglected when matching at y = mg
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51072 <
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Singlet model with exact Z,-symmetry

® no mixing between S and the SM-like Higgs
® no tree-level threshold correction to A
® one-loop threshold correction can be neglected when matching at y = mg

10% y T T . . 0.125
S S S
10! A
) Scalar portal / 0.120
107 25
101} Pdlos ~0.115 |
5102 4 =
f / € 0.110 ¢
10°F  SM-like metastability //
-4
10 / 0.105 § -
—5 / =]
10 mg = 300 GeV === ms = 1000GeV O =06
L e B B e i B Y T 2 0.100 i . . ’ '
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a my/GeV
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Singlet model with broken Z,-symmetry

® spontaneously breaking the Z, — mixing between S and the SM-like Higgs
® here we take the limit mg > mj, (vs > v)

® in this limit mixing is small (simultaneously evades experimental bounds
[sinf] < 0.3)
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® here we take the limit mg > mj, (vs > v)

® in this limit mixing is small (simultaneously evades experimental bounds
[sinf] < 0.3)
* integrate out heavy singlet like scalar S
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Singlet model with broken Z,-symmetry

® spontaneously breaking the Z, — mixing between S and the SM-like Higgs
here we take the limit mg > my, (vs > v)

in this limit mixing is small (simultaneously evades experimental bounds
[sinf] < 0.3)
* integrate out heavy singlet like scalar S

A 7’ A 7’
b he' RemN
A 5 /I \H/ A
e f = =
,’I I\\\ , N eff
“h(S) (S) s o s
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Singlet model with broken Z,-symmetry

® spontaneously breaking the Z, — mixing between S and the SM-like Higgs

® here we take the limit mg > mj, (vs > v)

® in this limit mixing is small (simultaneously evades experimental bounds
[sinf] < 0.3)

* integrate out heavy singlet like scalar S

AY d AY e

b he' Rem
Y 5 /I Y e
JESEETr R ¢ = ) = Qe
a LEERN . N

Lo (S) (S) A~

¢ tree-level threshold correction to A at scale u = mg:

2

a
AL = —2
4b,

® can be used to stabilise the potential even for small portal couplings
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Benchmark ‘ AL ‘ mg ‘ ap ‘ by ‘ Stable ‘
[ | 0.008 | 10*GeV | 0.02 | 0.0125
[ | 0.008 | 10°GeV | 0.02 | 0.0125
o 0.008 | 108GeV | 0.12 | 0.45
0.010
0.009 | ]
>
0.008 | 2
5 0.007 el
0.006 Zi
£
0.005 ]
0.004 A A : A
2 4 6 8 10 12
log,o(h/GeV)
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Benchmark ‘ AL ‘ mg ‘ ap ‘ by ‘ Stable ‘
[ | 0.008 | 10*GeV | 0.02 | 0.0125
[ | 0.008 | 10°GeV | 0.02 | 0.0125
= 0.008 | 108GeV | 0.12 | 0.45
0.010 0.10
0.009 ] 0.08}
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0.008 e 0.06} e~ |
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= S 2
0.005 ] 0.00 =—
0.004 ] ‘ ‘ coesme
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Benchmark‘ AL ‘ mg ‘ ap ‘ by ‘Stable‘

[ | 0.008 | 10*GeV | 0.02 | 0.0125 Yes threshold
[ | 0.008 | 10°GeV | 0.02 | 0.0125 No /
= 0.008 | 108GeV | 0.12 | 0.45 Yes | RG + threshold
0.010 , : : : 0.10
0.009 ] 0.08}
3
0.008 } S ] 0.06 =
2 0.007 ;C, ] < 0.04 |
0.006 R~ 0.02}
= S |
0.005 ] 0.00 =— !
0.004 ‘ ‘ ‘ ‘ coesme
2 4 6 8 10 12 002 TS 00 125 150 175 200
logy(h/GeV) log,o(h/GeV)
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Electroweak Phase Transitions

What we neglected!
* Tunneling rate between vacua (metastability can be viable)

® Thermal corrections to the potential (modifies vacuum structure at large T)
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Electroweak Phase Transitions

What we neglected!
* Tunneling rate between vacua (metastability can be viable)

® Thermal corrections to the potential (modifies vacuum structure at large T)

Thermal history of the Higgs potential
® High T: symmetric phase, (H) =0
® Cooling Universe modifies Vg (¢, T)

® Phase transition determined by potential shape
near T,

First-order transition
® Barrier between phases = bubble nucleation

® Necessary for EW baryogenesis
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Electroweak Phase Transitions

What we neglected!
* Tunneling rate between vacua (metastability can be viable)

® Thermal corrections to the potential (modifies vacuum structure at large T)

Thermal history of the Higgs potential How do we compute this?

® High T: symmetric phase, (H) =0 ¢ Perturbative finite- T potential

« Cooling Universe modifies V. (¢, T) (1-loop + daisies, sometimes 2-loop)

¢ Dimensional reduction = 3D EFT

R .\ . .
Phase transition determined by potential shape isolating nonperturbative IR physics

near T,

¢ 3D lattice simulations
First-order transition
. . Key issue: perturbative predictions can be
® Barrier between phases = bubble nucleation P preciene )
gauge-dependent and quantitatively unreliable.

® Necessary for EW baryogenesis
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Non-Z,-symmetric singlet model

General potential:

2
a a u b b,
V(H,S) =—p2 |HI> + AlH|* + 31|H|25+ 32|H|252 + b S+ 7552 + ?353 + 7454
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Non-Z,-symmetric singlet model

General potential:

2
a a u b b,
V(H,S) =—p2 |HI> + AlH|* + 31|H|25+ 32|H|252 + b S+ 7552 + ?353 + 7454

Mixing between S and the SM-like Higgs always present

® Interesting phenomenology: strongly modified self-couplings «3, k4 and couplings
to SM particles suppressed by mixing angle, i.e. gj,>> = cos 6 gEZMZ

Significant phase space with a possible strong first-order EW phase transition +
gravitational wave signatures (i.e. [L. Niemi, T. Tenkanen 2024])

Stability can be achieved via combined RG and threshold/mixing effects
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Phase Transitions in the Singlet Model

mi, = 350GeV, by = 40GeV, by = 0.3 n

2r/ov

10

) 1
0.00 0.05 0.10 0.15 0.20 0.25
sin

non Z, symmetric: phase transition determination via

dimensional reduction to 3D EFT + lattice results
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Phase Transitions in the Singlet Model

my, = 350GeV, by = 40GeV, by = 0.3

4.0

mp, = 350 GeV, b3 =40 Ge\/, b4 =0.3

3.0
g
25
=
2.0
Singlet metastability
15 [ SM-like metastability
[ Landau poles
[ZA SFOPT
0 T T T T 1 1.0 —
0.00 0.05 0.10 0.15 0.20 0.25 00 0.05 0.10 0.15

sin 6 .
sin 6

non Z, symmetric: phase transition determination via UV vacuum stability + Phase Transition

dimensional reduction to 3D EFT + lattice results
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® The measured Higgs mass places the SM near a critical boundary: metastability.
® The fate of the vacuum is extremely sensitive to m, and a, and their correlation.

® Minimal BSM physics (e.g. scalar portal) can stabilise the potential and also offer
links to DM and EW baryogenesis.

® Many open questions remain: why (near-)criticality? what does it tell us about
UV physics?

Ve

Vi
--= SM |
— RxSM u

166 168 170 172 14 176 50 75 100 125 150 17.5 200
my/GeV logyo(1/CeV)
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Backup



Example: parameter space where stability is restored

Real Singlet Model (Zj limit) Real Singlet Model (Z limit)

b K ol / /
10'E / / / N // Poles
10" 1
Scalar portal s
100k 4
4 ) Scalar portal
101k 1249) Zai 4 1078 i
%
5102 A SRU: E
/
1073 q T //< ’ .
SM-like metastability 102k SM-like metastability J
107-1, / 4
h / 1073, 4
1077 A
1, = 300 GeV 4 by =102
—6 " L L L L n n —4 " " " " " " " " " " " " " " " "
1090165 107 107 102 10T 100 10! 10? 10700 10% 10* 109 108 10 102 10 10
[ my, | TeV
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Stability and SFOPT in Singlet Extensions

Key observation:

® The EW phase transition is controlled by the vacuum structure of Vg (¢, S, T).

® The boundary between Higgs-like and singlet-like vacua at T = 0 largely
determines the thermal history.

= Vacuum stability at T = 0 is a prerequisite for a reliable SFOPT analysis.
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Stability and SFOPT in Singlet Extensions

Key observation:
® The EW phase transition is controlled by the vacuum structure of Vg (¢, S, T).

® The boundary between Higgs-like and singlet-like vacua at T = 0 largely
determines the thermal history.

= Vacuum stability at T = 0 is a prerequisite for a reliable SFOPT analysis.

Exact Z, symmetry Broken / non-Z, symmetry
e Stability achievable via RG effects * Mixing effects.
for sizable portal couplings a,. e Typically larger couplings:
® SFOPT possible, but: ® stabilizes SM vacuum almost
® no tree-level barrier, automatically,
® transition driven by thermal loops, ® sizable phenomenological effects.

= metastability relevant. = Landau poles & Perturbativity.
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Stability and SFOPT in Singlet Extensions

Key observation:
® The EW phase transition is controlled by the vacuum structure of Vg (¢, S, T).

® The boundary between Higgs-like and singlet-like vacua at T = 0 largely
determines the thermal history.

= Vacuum stability at T = 0 is a prerequisite for a reliable SFOPT analysis.

Exact Z, symmetry Broken / non-Z, symmetry
e Stability achievable via RG effects * Mixing effects.
for sizable portal couplings a,. e Typically larger couplings:
* SFOPT possible, but: ® stabilizes SM vacuum almost
® no tree-level barrier, automatically,
® transition driven by thermal loops, ® sizable phenomenological effects.
= metastability relevant. = Landau poles & Perturbativity.

Stability, phase transitions, and phenomenology are tightly linked.
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Cosmological connections

® Scalar singlet can be a Dark Matter candidate (i.e. in a Complex Singlet Model).

® Modified scalar potential can allow a strong first-order EW phase transition
(SFOEWPT) — relevant for electroweak baryogenesis.

® Can be probed by modified hZZ-coupling measurements, Higgs self-coupling
measurements, and direct searches for S.
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Cosmological connections

® Can be probed by modified hZZ-coupling measurements, Higgs self-coupling

measurements, and direct searches for S.
Real Singlet Model, m;, € 200, 1000]GeV

107!
current
10—2 b
S
=
=)
= FCC-ce
1073 b
e
==
no Zs
107! ‘ : : : : : :
—-1.0 —0.5 0.0 0.5 1.0 1.5 2.0 2.5
K5O
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