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Motivation

» Higgs discovery in 2012 [ATLAS,CMS 2012] — Metastability [Buttazzo et al, 2013]
» Not necessarily a problem — But why so close to stability?
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Motivation 1

» Higgs discovery in 2012 [ATLAS,CMS 2012] — Metastability [Buttazzo et al, 2013]
» Not necessarily a problem — But why so close to stability?

» Guidance for building SM extensions?
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Motivation 1

» Higgs discovery in 2012 [ATLAS,CMS 2012] — Metastability [Buttazzo et al, 2013]
» Not necessarily a problem — But why so close to stability?

» Guidance for building SM extensions?
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Motivation 1

» Higgs discovery in 2012 [ATLAS,CMS 2012] — Metastability [Buttazzo et al, 2013]
» Not necessarily a problem — But why so close to stability?

» Guidance for building SM extensions? A v
» Can Stability be excluded? eff

Outline

» Stability in the SM — An update
» BSM solutions
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How to compute vacuum stability

1. Observables
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How to compute vacuum stability

1. Observables
— Higgs mass Mj,

— Top mass M,
— Strong coupling ag5) (Mz)
~Zmass My

— Fermi constant GG i
— Fine structure & hadronzic
threshold ., Aa!?)h?

— Lepton masses M, ,, »

— Light quark MS masses
my(mp), me(me), My q.s(2GeV)

— e
e

PDG 2024
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How to compute vacuum stability

1. Observables 2. Matching Observables to MS
~ Higgs mass M}, at least 2L + 3L QCD [Martin, Patel, 2018]
— running couplings at a referce scale v (fiyef)

— Top mass M, eet = 200 GoV

— Strong coupling 04(85) (Mz)
~Zmass My

— Fermi constant GG i
— Fine structure & hadrck)lnzic
threshold ., Aa!?)h?

— Lepton masses M, ,, »
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my(mp), me(me), My q.s(2GeV)
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How to compute vacuum stability

1. Observables 2. Matching Observables to MS
~ Higgs mass M}, at least 2L + 3L QCD [Martin, Patel, 2018]
— running couplings at a referce scale v (fiyef)

— Top mass M, eet = 200 GoV

— Strong coupling 04(85) (Mz)

—Zmass My 3. Compute Effective Potential
3L (4L QCD) with RG improvement

— Fine structure & hadronic [Ford, Jack, Jones, 1992] [Martin, 2013-17]
threshold a, Aa((f)ahad — minima
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— Fermi constant GG i
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How to compute vacuum stability

1. Observables 2. Matching Observables to MS
~ Higgs mass M}, at least 2L + 3L QCD [Martin, Patel, 2018]
— running couplings at a referce scale v (fiyef)

— Top mass M, eet = 200 GoV

— Strong coupling 04(85) (Mz)

—Zmass My 3. Compute Effective Potential
3L (4L QCD) with RG improvement

— Fine structure & hadronic [Ford, Jack, Jones, 1992] [Martin, 2013-17]
threshold a, Aaé5)’had — minima

— Lepton masses M, ,, »

— Fermi constant GG i

4. Compute Decay Rate for Metastability

— Light quark MS masses
my(mp), me(me), My q.s(2GeV)
PDG 2024
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How to compute vacuum stability

1. Observables 2. Matching Observables to MS
— Higgs mass Mj, at least 2L + 3L QCD [Martin, Patel, 2018]

— running couplings at a referce scale v (fiyef)

— Top mass M, eet = 200 GoV

— Strong coupling 04(85) (Mz)

—Zmass My 3. Compute Effective Potential
3L (4L QCD) with RG improvement

[Ford, Jack, Jones, 1992] [Martin, 2013-17]
— minima

— Fermi constant GG i
— Fine structure & hadrck)lnzic
threshold ., Aa!?)h?

— Lepton masses M, ,, » A ko Pronas

(D Avvnast o T Dot Lo NA oL 2120
I. \/uuleuu, U\,\,a_y iI\natitce 191 1V1CLCLDLCLUJ.11L>’

— Light quark MS masses only interested in absolute stability
my(mp), me(me), My q.s(2GeV)
PDG 2024
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How to compute vacuum stability

A Vest

h
log — = log 10%7
Href
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— use RG for resummation
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Effective Potential

— pontential of classical field h & quantum effects, RG invariant, physical extrema

Vet (h, 1) = $A(0)R* + O(a?)
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Effective Potential

— pontential of classical field h & quantum effects, RG invariant, physical extrema

‘/veﬂ'(h’ Iu) — i)\(u)hél + O(a2) — i)\eﬁ(h)eélf(hﬁo)hél — stability: Aeg > 0
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Effective Potential

— pontential of classical field h & quantum effects, RG invariant, physical extrema
Veg(h, i) = i)\(u)h‘l + O(a?) = i)\eﬁ(h)eéf(hﬁo)hél — stability: Aeg > 0

— match at field value hy o< u.or against fixed-order computations at 3L + 4L QCD
[Ford, Jack, Jones, 1992] [Martin, 2013-17]

‘/eff(hOa :uref) — i)\eﬂ“(h())hal
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Effective Potential

— pontential of classical field h & quantum effects, RG invariant, physical extrema
Veg(h, i) = i)\(u)h‘l + O(a?) = i)\eﬁ(h)eéf(hﬁo)hél — stability: Aeg > 0

— match at field value hy o< u.or against fixed-order computations at 3L + 4L QCD
[Ford, Jack, Jones, 1992] [Martin, 2013-17]

1 4 Aef(ho) = A
Vest(ho, firet) = 3 Aefi(ho)hg ert{Fo) (Mrf) W3 3\ 3 [, g3k} 5
+4)\ <1n N?ef — 5) + §92 (hl 4M§ef - 6)
39 20 M AR 4 % _3
+16(gl + ¢2) <1n TN : zf:nyf In T
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Effective Potential

— pontential of classical field h & quantum effects, RG invariant, physical extrema
Veg(h, i) = i)\(u)h‘l + O(a?) = i)\eﬁ(h)eéf(hﬁo)hél — stability: Aeg > 0

— match at field value hy o< u.or against fixed-order computations at 3L + 4L QCD
[Ford, Jack, Jones, 1992] [Martin, 2013-17]

‘/eff(hm ,uref) — i)\eﬂ“(hO)hal )\eﬁ(ho) - )\(,uref) ONLZ 3 3 212 5
+4\?2 <1n 5 0 _ —) + g5 (111 g220 — —)
Kot 2 8 4luref 6

39 9y (97 +93)hg 5 4 yihs 3
+E(91+92) <1n—_5 —zf:nyf lnﬁ_i

4M?ef ref
+...
— use RG-invariance: resum h around h by defining effective couplings &;(h)
_ 3 () = Quh) _ Bi(@) — /h dn’ ~(a)
i(ho) = a;(fhre i = — - r h,h = -
%ilho) = i{jtrer) PO =Bk = Tr (@) Bho) = | T (@)
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Effective Potential

— pontential of classical field h & quantum effects, RG invariant, physical extrema
Veg(h, i) = iA(u)h‘l + O(a?) = i)\eﬁ(h)eéf(h»ho)hél — stability: Aeg > 0

— match at field value hy o< u.or against fixed-order computations at 3L + 4L QCD
[Ford, Jack, Jones, 1992] [Martin, 2013-17]

‘/eff(h(), ,uref) = i)\eff(ho)hg )‘eff(hO) = )‘(Nref)

2\hZ 3\ 3 gsht 5
4N? (1 O )4+ 2431 -
R Ot I G )

ref

3 92 + g2)h? y2h? 3
+16(91 +93)° <1 % Znyf L )

4luref ref
+...
— use RG-invariance: resum h around b by defining effective couplings &;(h)
] 2o _dai(h) _ pia) - /h dh'  ~(@)
7 ho) = i\ Mre ) = — _ I h; ho) = —
@ilho) = ailprer) )= = Th (@) o) = | TH (@)
— evolve Aeg to h > hg 4L gauge (+ 5L QCD)
dn/ [Davies,Herren,Poole,Steinhauser, Thomsen, 2019]
Aet(h) = Aegt(ho) + / Z ﬁl et (h /) [Baikov et al., 2016][Herzog et al. 2017][Luthe et al. 2017]
ho

3L Yukawa, Quartic ( + 4L QCD & 4L top)
[Chetyrkin, Zoller, 2013-16] [Bednyakov et al., 2012-14]
[TS, 2025]
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Effective Potential

— pontential of classical field h & quantum effects, RG invariant, physical extrema
Veg(h, i) = iA(u)h‘l + O(a?) = i)\eﬁ(h)eéf(h»ho)hél — stability: Aeg > 0

— match at field value hy o< u.or against fixed-order computations at 3L + 4L QCD
[Ford, Jack, Jones, 1992] [Martin, 2013-17]

‘/eff(h(), ,uref) = i)\eff(ho)hg )\ef-f(ho) = )‘(Nref)

22k 3\ 3 2h 5
4N? (1 O )4+ 2431 -
i (n Hrot 2>+892<H4M2 6)

ref

3 g3 + g3 )h? yrho 3
+16(91 +93)° <1 % Znyf L )

4luref ref
+...
— use RG-invariance: resum h around b by defining effective couplings &;(h)
i 5oy a(h) _ Bi(@) F /h dn'_4(@)

i(ho) = a(fire i = — — r h; ho) = —

— evolve Aegf to h > Ry 4L gauge (+ 5L QCD)

dh/ [Davies,Herren,Poole,Steinhauser, Thomsen, 2019]
Aet(h) = Aegt(ho) + / Z BZ et (R) [Baikov et al., 2016][Herzog et al. 2017][Luthe et al. 2017]
ho

3L Yukawa, Quartic ( + 4L QCD & 4L top)
[Chetyrkin, Zoller, 2013-16] [Bednyakov et al., 2012-14]

— completely resum all logs In h ¢ [TS, 2025]
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What Observables impact vacuum stability?

1. Observables
— Higgs mass

— Strong coupling

— Top mass

~Zmass My

— Fermi constant GG g

— Fine structure & hadronic
threshold e, Aoz((;’)’had

~ Lepton masses M, ,, -

~ Light quark MS masses
my(mp), me(me), My q.5(2GeV)
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What Observables impact vacuum stability?

1. Observables

— Higgs mass

— Strong coupling

— Top mass

7]‘ | | | ] | | | ] | | | ] l
_ Z mass MZ 10 T T T T T 1 T T T T T T T T T T T T T T T T T T T T T T T I T T T T T T
— Fermi constant G 10-2 T
— Fine structure & hadronic 1073 L )

threshold e, Aa((f),had
107

~ Lepton masses M, ,, - 10-5 -

— Light quark MS masses

—6
my(mp), me(me), My q.5(2GeV) 10

103 10° 10 10%
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What Observables impact vacuum stability?

1. Observables

— Higgs mass

— Strong coupling

— Top mass
-1 | | ] ] |
_ Z mass MZ 10 I T T T
— Fermi constant GG i 1072 \(i
— Fine structure & hadronic 3 [ g ——m———
(5),had 10
threshold ., Aa’” a1

1074 -

ton masses M ,, - 105 .

Impact small

— Light qua 10-6 .

my), mc(mc)7 May.d,s

103 10° 101
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What Observables impact vacuum stability?

1. Observables

— Higgs mass

— Strong coupling

— Top mass
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What Observables impact vacuum stability?

1. Observables PDG 2024

— Higgs mass M, = 125,20(11) GeV Uncertainty small  +24 ¢
— Strong coupling
— Top mass
10! A
_ Planck
1072 . 1
\\
10—3 1 ) e I
a1
107% I
107° - I
Impact small
].0_6 ! ] — 1 T S E—— 1 —— —— T —
103 109 1015 1021 1027 1033 1039
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What Observables impact vacuum stability?

1. Observables PDG 2024
- Higgs mass M, = 125.20(11) GeV Uncertainty small  +24 ¢
— Strong coupling ag5)(MZ) = 0.1180(9) +3.70
— Top mass

1071 4 — : : M R S— | it
_9 Planck
10721 . 1
\___’-_;
10—3 1 o) i —
a1

1074 -

107° -

Impact small

1079 4 o

103 10° 10 10%
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What Observables impact vacuum stability?

1. Observables PDG 2024
- Higgs mass M, = 125.20(11) GeV Uncertainty small  +24 ¢
— Strong coupling ag5)(MZ) = 0.1180(9) +3.70
- o __ .
Topmass M7 = 172.40(70) GeV which one? 1.9 o
MM =172.57(29) GeV 510
1071 4 : | : ———— : } : : : :
_ Planck
1072 . 1
3 M;T'”
_ N B
107 L o il
1074 - i
107° - .
Impact small
]-0_6 I ! T ! I I I L | ! ! | L : 1 ! ! II ! | ! | L I ! 1
103 10° 10% 10% 10%° 103 10%
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What Observables impact vacuum stability?

1. Observables PDG 2024
- Higgs mass M, = 125.20(11) GeV Uncertainty small  +24 ¢
— Strong coupling ag5)(MZ) = 0.1180(9) +3.70
- o __ .
Topmass M7 = 172.40(70) GeV which one? 1.9 o
MM =172.57(29) GeV 510
interpretation?
1071 4 : : : it : } : : : :
_ Planck
1072 . 1
3 o
_ Ny ——
107 + o i
107% - I
107° - i
Impact small
]-0_6 I : I : I I I ! I ! . I ! ! 1 ! ! II ! I ! I ! I ! T
10° 10° 10" 10*! 10%7 10% 10%
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What Observables impact vacuum stability?

1. Observables
— Higgs mass

— Top mass

PDG 2024

M, = 125.20(11) GeV Uncertainty small ~ +24 ¢
— Strong coupling ag5)(MZ) = 0.1180(9) +3.70
g __ —_
M7 = 172.40(70) GeV which one? 1.90o
MM =172.57(29) GeV +05 Gev ~5.10
interpretation? MC modeling
107! : } : | : :
Uncertainty small 1072 + (3 Planck +
s o
107 + o >l
107 1 .
107° 1 :
Impact small
].0_6 I : 1 : I I I ! I —! I — 1 — II — I —! I ! I : I
10° 107 10" 10! 107 10% 10%
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What Observables impact vacuum stability?

1. Observables
— Higgs mass

— Top mass

PDG 2024
M, = 125.20(11) GeV Uncertainty small  +24 ¢
— Strong coupling ag5)(MZ) = 0.1180(9) +3.70
MU =172.4 . —19 0 1 : -
¢ = 17240(70) GeV whichone? peniatos oot
M = 172.57(29) GeV +0.5 Gev 5.1 o +Aqen
interpretation? MC modeling
107! : | :
Uncertainty small 1072 + (3 Planci +
M
10—3 1 ) T—— i

a1

1074 -

107° 1
Impact small

1079 4

103 10°
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Planck M, = (172.4 == 07) GeV

EffectivePotential 1 | | | | L I R T B 1[

—2 e
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10% -y ept
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Effective Potential 4

Planck
3t 1
2 1 4
5
<
S 14 {
S
0
—1+ =20 M, = (172.40 & 0.70)GeV
M, = (172.57 &+ 0.29)GeV
—2 e
103 10? 1015 1021 1027 1033 1039
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ag vs. M,
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ag vs. M,
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Stability is still within reach / not excluded!

How to stabilise the Higgs potential?

» Scalar Portal [Hiller, Hohne, Litim, TS 2024]
» Gauge Portal [Hiller, Hohne, Litim, TS 2022]

» Yukawa Portal [Hiller, Hohne, Litim, TS 2022]
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Scalar Portal

» Scalar Portal: Additional scalar fields (uncharged)
[Hiller, Hohne, Litim, TS 2024]
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Scalar Portal

» Scalar Portal: Additional scalar fields (uncharged)
[Hiller, Hohne, Litim, TS 2024]

Vs =MNHH)?+0(HH)(STS) + v (STS)?
Portal coupling

Bx = BM + N
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Scalar Portal )

» Scalar Portal: Additional scalar fields (uncharged)
[Hiller, Hohne, Litim, TS 2024] 1073

Vs =MNHH)?+0(HH)(STS) + v (STS)?

Portal coupling 1074
SM 2 [
Br= B> + N Ns =1 o
(M, = 1TeV g 2
10—5 PR I U RN S [ AU RS SR L1
10° 105 107 10° 10'" 10 10 107 101
u/GeV

Tom Steudtner (TU Dortmund) 16.09.2025



Scalar Portal )

» Scalar Portal: Additional scalar fields (uncharged)
[Hiller, Hohne, Litim, TS 2024] 1073

Vs =MNHH)?+0(HH)(STS) + v (STS)?

Portal coupling 1074
SM 2 :
By =B\ + N [ N5 =1 "
BSM ixing with SM Hi [ M1 TV N
: leln 1 1 10— L 1 L 1 " 1 PR W A 1 " 1 " 1 L 1
» Bovlvev g wit 885 ATLAS 1900.02505) @ 10 107 107 10T 10T 105 07 107
— signal strength measurement ‘sm B| < 0.2 : 1/GeV

[CMS PAS HIG-19-005]
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Scalar Portal )

» Scalar Portal: Additional scalar fields (uncharged)

[Hiller, Hohne, Litim, TS 2024] 10-3
Vi,s = A(HTH)? + 0 (HTH)(STS) + v (ST S)?
Portal coupling 104}
Bx = BaM + N2 [N =1 .
[ M, =1TeV N
» BSM vev: mixing with SM Higgs T T
— signal strength measurement |sin 3| < (0.2 [ATLAS 1909.02845] LGV

[CMS PAS HIG-19-005]
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Gauge Portal

» Stabilisation through RG effects, no new scalars required
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Gauge Portal

» Stabilisation through RG effects, no new scalars required

» BSM fermions: VLL
10—2E

1073¢

107°

1076

1074

- (0,2,1)

- Np=5

K MF: 1TeV
I

| | |

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

104 10 10%® 10'° 10'2 10 10'¢ 10'® 10%°
w1/ GeV
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Gauge Portal

» Stabilisation through RG effects, no new scalars required
» BSM fermions: VLL

1072¢

107°

1076

1073}

1074

104 10% 10%® 10'° 10'2 10™ 1016 10!® 1020
w1/ GeV
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Gauge Portal
» VLQ

1072
1073}

1074

107°

1076

-------
pmmm =TT TR ~
-

3 (0,1,3) VS
- Np =2 \

I
I
1
]
I

! MF:].TGV :
I

[ 1 | - | l | | I | | I |

104 105 10% 10'° 10'%2 10™ 106 1018 1020
u/GeV
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Gauge Portal
» VLOQ

1072

10761 1 1 1 N R T TN N N Y TR (N A

104 105 10% 109 10'2 10' 10'6 1018 1020
wu/GeV

1 102 10 10° 10 10%
Mz/TeV
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Gauge Portal
» VLOQ

1072

10761 1 1 1 N R T TN N N Y TR (N A

104 105 10% 109 10'2 10' 10'6 1018 1020
wu/GeV

1 102 10 10° 10 10%
Mz/TeV

» VLF searches, oblique corrections
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Yukawa Portal?

» new Yukawa with SM Higgs and VLF

Kij &ZLHCDJ + h.c.
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Yukawa Portal?

» new Yukawa with SM Higgs and VLF Kij izzLH ‘D7 + h.c.
» destabilising for small BSM Yukawas

» intermediate BSM Yukawas: opportunity beyond gauge portals Landau poles
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Yukawa Portal?

» new Yukawa with SM Higgs and VLF Kij izzLH ‘D7 + h.c.
» destabilising for small BSM Yukawas

» intermediate BSM Yukawas: opportunity beyond gauge portals Landau poles
l¢ ; T ” T T T T T

1 3 I % I i T

100 105 107 10° 100 108 105 107 100
u/GeV
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Yukawa Portal?

» new Yukawa with SM Higgs and VLF Kij izzLH ‘D7 + h.c.
» destabilising for small BSM Yukawas

» intermediate BSM Yukawas: opportunity beyond gauge portals Landau poles
l¢ ; T ” T T T T T

1 3 I % I i T

< walking regime

» requires higher loops to confirm

100 105 107 10° 100 108 105 107 100
u/GeV
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Summary 16

» evidence for metastability of SM persists
» more precision measurements of a{%(Mz) and M; necessary to exlude stability at 5¢

» understanding of MC Top mass required
» instability is RG dominated
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Summary 16

» evidence for metastability of SM persists
» more precision measurements of a{%(Mz) and M; necessary to exlude stability at 5¢

» understanding of MC Top mass required
» instability is RG dominated

» many BSM approaches to address SM instability

» can be valid until Planck scale
» testable at current and future colliders

Tom Steudtner (TU Dortmund) 16.09.2025
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