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Stability of the Higgs potential in the Standard Model and beyond
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Abstract

The question of stability of the Higgs potential in the Standard Model is revisited employ-
ing advanced theoretical precision and recent experimental results. We show that the
top mass and strong coupling constants are key observables in order to reach or refute
absolute stability. We highlight new physics scenarios that lead to a decisive stabilisation
of the Higgs sector. These proceedings summarise findings first reported in [1, 2].
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1 Introduction

Ever since the discovery of the Higgs boson, evidence persists that the Higgs potential, schemat-
ically depicted in Fig. 1, is metastable. The electroweak vacuum is not the true ground state,
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Figure 1: Schematic depiction of the effective potential V¢ as a function of the Higgs
field value h in the SM. The electroweak vacuum h = v is marked in green, a global
minimum h > v is shown in orange.

but a deeper minimum of the potential exists, see e.g. [2, 3] for recent works. However, the
tunneling rate into the global minimum is extremely low, such that the lifetime of the elec-
troweak is much larger than the age of the universe [4,5]. Thus, the metastability of the
Standard Model is not necessarily a problem. Nevertheless, the question arises why the Stan-
dard Model is in such a fine-tuned proximity to absolute stability. In particular, it is intrigu-
ing if higher precision in experiment and theory shift this fate more towards stability, or, if
metastability prevails. Moreover, the metastability situation could be understood as handle on
new physics. Extensions of the SM have various motivations and could be settled anywhere
between the electroweak and the Planck scale. The stability of the Higgs potential can be
utilised to constrain the parameter space of SM extensions. In fact, stabilisation of the Higgs
potential can even be promoted to the primary paradigm of new physics model building, and
viable SM extensions derived from it [1,2].

At any rate, each scenario builds upon the question if absolute stability in the SM is still
within a credible uncertainty of experimental inputs and theoretical predictions, or if absolute
stability can be excluded. This will be addressed in Sec. 2 and Sec. 3. BSM scenarios that
stabilise the SM are discussed in Sec. 4.

2 Effective potential

There are several stages to computing the stability of the SM Higgs potential:
1. Measure observables to fix all SM parameters.
2. Translate these observables into running MS couplings.
3. Compute the effective potential and investigate its minima.
4. If necessary, compute the lifetime for approximately degenerate minima.

The first step uses the measured pole masses of the Higgs My, top quark M,, Z boson M,
and charged leptons M, ,, ., the MS masses of the light quarks at various renormalisation scales
mp(my), m(m.), my, 4 (2 GeV), the 5-flavour strong coupling at the Z pole scale ags)(M ~), the

fine structure constant a, and its hadronic threshold correction Aa(es)(M ») as well as the Fermi
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constant Gp. Central values and uncertainties of these observables are taken from the 2024
edition of the PDG [6].

These observables are related to MS couplings employing the fit [7], which utilises high-
loop thresholds corrections and resummations, see [8] for an overview. We obtain the SM
couplings

2 2
8123 Y A

Aoz =", ar = , a,=—-,
P (4ny? T (any ECE

at a reference scale u.; = 200 GeV. Here, f counts over all fermions flavours.

A second minimum of the effective potential may emerge at large field values h > v. Thus,

only the terms quartic in the field values are interesting for the analysis. A suitable ansatz at
the reference scale U = ¢ is

1

1 -
Veff = Zleff(h) €4F(h)h4 . (2)

Absolute stability requires that there is no minimum deeper than the electroweak one, i.e.
avoiding the situations shown in Fig. 1. In good approximation, this is the case when

Aegf(h) > 0, for all field values h > v, 3

as all other factors in (2) are manifestly positive. A.4(h) can be computed to high loop orders,
combining fixed-order calculations of the effective potential with resummations of all large
logarithms logh/u,.;. Details of this procedure and all relevant literature results are found
in [2].

If A.¢(h) becomes only slightly negative, the potential might be metastable as the lifetime
of the electroweak minimum before tunneling into the true vacuum is compatible with the
observed age of the universe. To estimate this, the decay rate between both vacua has to be
computed. As we are only interested in absolute stability, this step is omitted here.

3 Stability analysis

Now, we evaluate the impact of the experimental data on the stability of the Higgs potential.
The focus will be on observables which can push the SM into a regime of absolute stability
within the 50 uncertainty around their central values. As only the couplings a; 5 3 ¢ A(Uref)
are sizable enough to yield non-negligible contributions to the effective potential, the lighter
quark and lepton masses are irrelevant for this discussion. Furthermore, the electroweak ob-
servables determining a; ; have such a small uncertainty that absolute stability cannot be
reached anywhere near the 50 uncertainty. We are left with the couplings a, , 3 and their
corresponding observables: the Higgs and top pole masses and the strong coupling constant.
The PDG values [6], as well as their shift required to stabilise the Higgs potential are listed in
Tab. 1.

While the Higgs pole mass is central to extract a; (u..f), the impact on stability is meager.
The observable has a small uncertainty and gives rise to a coupling a; < as, already small
at the reference scale and almost irrelevant around the Planckian regime. The RG running,
and in turn the resummation of large field values is the driving factor behind the formation
of a second minimum, where each of the couplings a 5 5, is more dominant. As such, an up-
wards shift of the strong coupling by 3.70 would increase a5 sufficiently to stabilise the Higgs
potential. Similarly, a smaller top mass and the corresponding decrease of a; has the same
effect. The PDG curates two values for the top mass, one extracted from cross section mea-
surements M., and one from Monte Carlo template fits, M iV[C. Both have compatible central
values, but their uncertainties are vastly different. M = 172.4(7) GeV is quoted with a more
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Table 1: Strong coupling, Higgs or top mass and their uncertainty from PDG 2024 [6]
edition. For each observable, the shift around the central values required to stabilize
the effective potential before the Planck scale is given. Top masses from cross-section
measurements (M) and Monte-Carlo generators (M iV[C) are distinguished. Table
adopted from [2].

PDG Observables [6] Absolute Stability
M,/GeV  =125.20(11) | > 127.85 +24.00
a®(M;) =0.1180(9) | >0.1213 + 3.70
M?/GeV  =172.4(7) <171.10 — 1.90
MYMC/Gev =172.57(29) — 5.10

conservative uncertainty, which puts stability only 1.90 below the central value. On the other
hand, M i‘”c = 172.57(29) GeV excludes absolute stability as a 5.1c downward shift would
be required. The effective potential for both choices of top masses and their uncertainties is
displayed in Fig. 2. Alternatively, a recent combination of ATLAS and CMS data from run 1 at
the LHC obtains a Monte Carlo mass MEAC’LHC = 172.52(33) GeV [9], which is merely —4.3¢
away from stability. Note that the Monte-Carlo mass M?’IC is not identical to the top pole mass
M,. The difference is due to modelling assumptions of the Monte-Carlo generators and not
quantitatively understood, though [10] estimates |MgvIC — M,| ~ 0.5 GeV, which should be
included on top of the uncertainties quoted on M iV[C. Moreover, the relation between pole and
MS mass includes non-perturbative corrections encoded in the renormalon ambiguity. Thus,
a conservative estimate should also add a theory uncertainty of order Agcp to the MS mass.
Circumventing the pole mass and directly reconstructing the MS mass from experimental data
would eliminate this uncertainty.
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Figure 2: Effective quartic interaction a; (g(h) = Aeg(h)/ (47)? of the quantum-
improved potential as a function of the Higgs field h. Several choices for the top
pole mass are shown, including the PDG central value of M (solid blue) and M?’IC
(solid orange) as well as their respective 20 uncertainty (shaded blue and orange),
and the —50 value of M?’IC (dashed orange). Other observables are taken as PDG
central values [6]. Only potentials that remain above the red line at a . = O for all
values of h are stable.
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Figure 3: Stability region for the SM Higgs effective potential as a function of the
top pole mass M, and the strong coupling constant as(s)(MZ). An absolutely stable
potential is marked in green, while red signifies meta- and rapid instability. Central
values from the PDG [6] are marked with a dot, with 1o uncertainty rings, added in
quadrature, are denoted as rings. We distinguish the top mass M/ from cross-section
measurements (black) and the Monte Carlo mass M}'® (blue). Uncertainty rings for
the Monte Carlo mass uncertainty [9] are drawn as dashed blue lines.

Overall, vacuum stability is placed at the mercy of precision measurements of the top
mass and strong coupling. Fig. 3 indicates how far the SM is away from absolute stability in
terms of these observables when using PDG averages and uncertainties [6]. Using the more
conservative value M/, the top mass is the largest source of uncertainty and stability might
be within a combined 20 of both observables, neglecting correlations between them. If M f’lc
is taken at face value, the uncertainty of a, becomes more dominant, and stability might be
within the combined 40 region. Neither scenario allows to exclude absolute stability at a 5o
significance. On the contrary, the distance to the stability region in terms of the combined
uncertainty might be underestimated as correlation between both observables is neglected.
This view is supported by the older CMS work [11], where the correlation has been taken
into account. As depicted in Fig. 4, the uncertainty is enhanced towards the stability region
compared to the uncorrelated case. Thus, keeping track of correlations is vital in order to
refute stability at 50.

4 New physics portals

There are three approaches how to stabilise already the tree-level Higgs potential with min-
imal extensions of the SM: the gauge-, yukawa- and scalar portal mechanism (see [1,2] and
references therein). They are minimal as only one type of new physics field needs to be intro-
duced and the SM gauge group is maintained. Each one of these mechanisms predicts realistic
new physics models that can be searched for at current and future colliders.

All portals rely on the stabilisation of the RG flow of the Higgs quartic a;(u). The gauge
portal achieves this with charged BSM fields which, mediated by gauge interactions, stabilise
the Higgs at loop level. In principle any new physics fields will do, though BSM scalars come
with their own stability sector intertwining with the Higgs. On the other hand, BSM fermions
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Figure 4: Stability region (green) for the SM Higgs effective potential as a function of
the top pole mass M, and the strong coupling constant aS(S)(M »). PDG central values
(using M t" ) [6] with uncorrelated 10 uncertainties (solid rings) are compared with
the CMS study [11] (dashed uncertainty regions) with a correlation p = 0.31. Figure
adopted from [2].

may not couple to the Higgs directly. Depending on their representations, BSM leptons lift the
RG evolution of a;(u) and/or a,(u), which in turn lifts the running of a;(u) as a two-loop
effect. In addition, BSM quarks cause a generally larger coupling as(u), which accelerates
the decrease of the top Yukawa a,(u) towards higher scales. This as well results in an up-
lift of a;(u) now at three-loop level, though this strong-portal may be just as sizable as the
electroweak portal. In either case, there are constraints on the mass scale, quantity and repre-
sentations of new physics fields which need to be sufficient to stabilise the running of a, (1) but
without introducing sub-planckian Landau poles. A more detailed discussion is found in [1].

Yukawa portals open when the Higgs is coupled to BSM fermions via new Yukawa interac-
tions. At small coupling values, these Yukawa portals act destabilising and are in competition
with gauge portals. At more sizable values, these Yukawas may trigger walking regimes in the
RG flow, where the running of a;, is significantly slowed by the vicinity to pseudo-fixed points
for a wide range of scales, avoiding instabilities [1].

Scalar portals rely on a BSM scalar S in addition to the SM Higgs doublet H. Both scalar
sectors are intertwined via a portal interaction 6 (H'H)(S'S). The running of the Higgs quar-
tic receives an uplift by the manifestly positive contribution 3, = ﬂ;M + N'62 of the portal
coupling. In case the BSM sector also develops a vacuum-expectation value, mixing between
the SM and the BSM Higgs modes arise, leading to modifications of the triple- and quartic
Higgs vertices that are testable at future colliders [2].

Finally, there are also non-minimal models which leverage a blend of these portals. Non-
minimal extensions might also exhibit other mechanisms such as supersymmetry.

5 Conclusion
Using state-of-the-art theoretical tools and experimental input, we have updated the stability

analysis of the Higgs potential in the SM. Evidence suggests that the SM is in a metastable
regime. However, the scenario of absolute stability cannot be excluded decisively. To do so,
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the experimental uncertainty of top mass and strong coupling constant need to be reduced
and their correlation taken into account. As for the top, quantifying the relation and theory
uncertainty between the physical and Monte Carlo mass might offer a significant improvement
of precision.

We have presented several pathways to stabilise the Higgs potential via SM extensions.
They lead to minimal models with new physics as low as the TeV range and signatures testable
at current colliders. Furthermore, such BSM theories are valid for a vast energy range up to
the Planck scale, rendering them candidates for robust and predictive extensions of the SM
rather than a short-lived effective field theories. In that sense, they may account for great
desert scenarios of no additional new physics up to the Planck scale.
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