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The stability analysis of the EW vacuum is usually presented with the help of a phase diagram
in the My — M plane. It has been recently shown that new physics interactions, even if they
live at very high energy scales, can strongly affect the stability diagram. This result has
far reaching theoretical and phenomenological consequences. In particular, despite claims
to the contrary, higher precision measurements of the Higgs and top masses, My and M;,
will not tell us whether our universe is in a stable or in a metastable vacuum, nor if we
live at the “edge of stability”. Moreover, the strong sensitivity to new physics casts serious
doubts on speculations and models based on the so called “criticality”, the observation that
the experimental (Mg, M) point lies close to the critical line, the line separating the stability
from the instability region in the My — M, plane. In fact, new physics can significantly change
the position of the critical line, thus making quite unlikely for our universe to live at the edge
of stability. Finally, these results also show that candidate UV completions of the SM need
to pass a sort of “stability test”: only a model where the EW vacuum is stable or metastable,
but with a lifetime larger than the age of the universe, can be considered as a viable UV
completion of the SM.

1 Stability diagram: the usual analysis.

For our understanding of physics beyond the Standard Model (BSM), the knowledge of the sta-
bility condition of the electroweak (EW) vacuum is of the greatest importance. It is well known
that due to the loop corrections coming from the quark top, the Higgs potential V' (¢) turns over

for values of ¢ > v, where v ~ 246 GeV is the location of the EW minimum, and develops a

second minimum at a very large value ¢7(2n When the usual stability analysis is performed,

the potential V (¢) is obtained by considering SM interactions only®%7:8%19 Depending on the
values of the Higgs and top masses, My and My, the second minimum can be higher or lower
than (or at the the same height of) the EW minimum.

When V((bm ) < V(v), the EW vacuum is a metastable state, a false vacuum, and we

min
have to consider its lifetime 7, i.e. the tunneling time from the false vacuum (v) to the true

(2)

vacuum (¢, ;). At a certain ¢ = ¢ine, the potential reaches the same value it has at ¢ = v,

%based on work done in collaboration with E. Messina A. Platania, M. Sher 1234
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Figure 1 — The stability phase diagram as it results from the usual analysis, i.e. assuming that the presence of
new physics interactions at high energy scales can be ignored. The Mg — M; plane is divided in three sectors,
stability, metastability, and instability regions (see text). The dot indicates My ~ 125.09 GeV and M; ~ 173.34
GeV. The ellipses give the one, two and three sigma errors.

V(pinst) = V(v), successively taking lower values: for ¢ > ¢inst, V() < V(v). The scale ¢ipnst
is then the scale where the potential becomes unstable, the instability scale for short.

The stability analysis is usually presented with the help of a phase diagram in the Mg — M;
plane. In fig. 1, the stability diagram for the usual analysis is presented. For those values of My
and M; such that V(v) < V(¢£§3n)7 the EW vacuum is the absolute minimum of the potential,
and we have the stability region. The instability region is obtained for V(d)gzn) < V(v) and
T < Ty, where Ty is the age of the Universe. Finally, the so called metastability region is for
V(62 ) < V(v), but 7> Ty

It is worth to know that, for the central experimental values My ~ 125.09 GeV!'! and
M, ~ 173.34 GeV'2, ¢ine ~ 1011GeV >> v, the second minimum is at (;553271 ~ 10%0 GeV,
and 7 is much larger than Ty. Naturally, new physics interactions are expected to have an
effect long before the scale qbfil)-n ~ 103° GeV is reached. Although we do not know where
new physics appears, we certainly expect that, at least at very high energy scales (maybe the
Planck scale Mp, if not before) new physics shows up. However, despite the presence of these
new interactions, it is believed that 7 can be calculated with the potential obtained with SM
interactions only®>®. It is argued, in fact, that the relevant scale for tunneling is the instability
scale ¢inst ~ 101 GeV, and that the contribution to 7 coming from very high (Planck) scale
physics should be suppressed (decoupling)®.

Contrary to these expectations, it has been shown that the presence of new physics at
very high energy scales can strongly modify the stability condition of the EW vacuum'?3. The
analysis presented in these works, however, is realized by parametrizing new physics interactions
in terms of few higher order (non-renormalizable) operators. Some people then considered these
results with a certain skepticism, suggesting that when the infinite tower higher dimensional
operators of the renormalizable UV completion of the SM is taken into account, this effect
should disappear, thus recovering the expected decoupling. Actually, the suspect is that this
effect takes place above the physical cutoff, where the control of the theory is lost 3.

The introduction of few higher order operators, however, is just a convenient and efficient
way of mimicking the presence of new physics, not a (clearly illegitimate) truncation of the
UV completion of the SM?. Nevertheless, it is understandable that the parametrization of new
physics in terms of higher order operators can be the source of a certain confusion and mislead
the reader. The effect has nothing to do with this parametrization.

In the following, we investigate the impact of a fully renormalizable (toy) UV completion
of the SM on the stability condition of the EW vacuum, when new physics interactions live at
scales much higher than the instability scale ¢;,s. According to the usual arguments5’6, the

®Naturally, if we consider the expansion of the potential V(¢) in powers of ¢, and we want to use this expansion
up to very high energies, we have to take into account the whole tower of terms.



stability diagram should not be altered by this very high energy modification of the SM. In the
following we show that this is not the case and discuss the origin and the consequences of this
apparently unexpected effect.

2 A renormalizable toy UV completion of the Standard Model
The classical potential for the scalar sector of the SM is:
2
U@) =m?(of- ) + A (af- @), (1)

where @ is the Higgs doublet

1 —i(G1 — iG2)
b= — . , 2
V2 ( ¢+ 1G3 2)
¢ the Higgs field and G; the Goldstones.
The renormalizable (toy) UV completion of the SM that we use for our analysis is the
following. We consider a new scalar field S and a new fermion field i that interact in a simple

way with ®, and have masses Mg and M well above the instability scale ¢inst: Mg, Mg >> @it
To the SM Lagrangian we add the mass and interaction terms:

M? A ; y 0 )
AL= 7552 + ZSS4 + 295 ((I)T(I)) S%+ My (Yrvor + UrvL) + V2gy (lqu} YR+ YR (I)T\PL) )

(together with the S and 1 kinetic terms), where Ag is the self-coupling of the new scalar S, gs
the coupling between ® and S, ¢y and ¥ the left and right components of the Dirac field 1
with mass My, Uy, the left-handed SU(2) fermion doublet ¥, = (0,11)T (we are not considering
additional neutrinos), and g¢ the Yukawa coupling between ¥ and the Higgs doublet.

For our purposes, it is useful to write the Lagrangian in Eq. (3) as:

M A _ _
AL = =287+ SISt 4 gsS? + My + grpu0t +gs (G + G5 + G3) S
ST(1+ (1-
+ ngng 275)“( 275”1/;. (4)

In fact, as we confine ourselves to consider the impact of these additional terms on the Higgs
effective potential only at the one-loop level, in the following we do not need to consider further
the second and the third lines in the above equation. The one-loop contribution to V(¢) from
the terms in A L is:

2
 (MBr2gsen)? [ (MEa2gse?\ 3] (Mi+eidd) [ (Mi+gie’\
Vi(0) = 0 S ] BT e "\ (5)

2 2

According to the decoupling argument®, these new physics interactions that live at very high
energy scales (Mg, My >> Pingt ~ 10" GeV) should have no impact on the stability diagram of
fig. 1. We now proceed with the analysis of the SM with the potential modified by the presence
of the term (5), so to verify or disprove this expectation.

3 Stability analysis of the UV completed SM

The tunneling rate ', inverse lifetime time 7, is given by!%1® (for the sake of simplicity, we write

the formula with the contribution of the scalar sector of the SM only, the inclusion of the other
contributions being straightforward. A more complete expression is given in Ref. 3):

—-1/2
1 Slonl? [det! <02 + V()] [ =St

b
===
U 4n? | det[-92 + V" (v)]

(6)



where ¢y(r) is the O(4) bounce solution to the euclidean equation of motion, r = |/zZ,, is
the radial coordinate in four euclidean dimensions, S[¢p] is the action for the bounce, and
[—02 + V"(¢p)] is the fluctuation operator around the bounce (V” is the second derivative of V

S[es)?

with respect to ¢). The prime in the det’ means that the zero modes are excluded, and =

comes from the translational zero modes.

Before we proceed with the calculation of 7 for our UV completed SM, it is worth to consider
the corresponding one when the presence of new physics interactions is ignored. For the present
central values of My and M; (Mg = 125.09 GeV and M; = 173.34 GeV) it gives:

7~ 1007y . (7)

This result is the basis for the so called metastability scenario. From Eq. (7), in fact, we
would conclude that, although the EW minimum is a metastable state (and then a false vacuum),
as its lifetime turns out to be much larger than the age of the universe, we may well live in such a
state. In fig.1, we have presented the analysis in the whole My — M; plane, performed under the
assumption (usually considered in the literature) that new physics interactions at scales >> ¢jn st
have no impact on the stability condition of the EW vacuum®®. The black dot corresponds to
the tunneling time of Eq. (7). The ellipses give the one, two and three sigma errors.

We move now to the computation of the EW vacuum lifetime for our model with new physics
at high energy scales, and consider two examples. By starting with taking Mg = 1.2 -10'® GeV,
My = 0.6 -10'" GeV, As = 0.5, g5 = 0.97, g7 = 0.48, A = A(u = Ms) = —0.015 (where X is the
usual quartic coupling), we find that the Higgs potential V' (¢) develops a new minimum, lower
than the EW one, at ¢(2) ~ 0.4-10' GeV. To study the stability condition of the EW vacuum,

min
we have then to calculate the EW vacuum lifetime 7. For the present central experimental values

of the Higgs and top masses (My = 125.09 GeV and M; = 173.34 GeV) we find:
7~ 10807y . (8)

This result has to be compared with the tunneling time of Eq.(7), obtained by considering
the SM potential alone (no new physics included). Although for the example considered here
the tunneling time is still much higher than the age of the Universe, Eq. (8) gives a result that
is greatly different from the one of Eq.(7).

If we now consider another example, namely we take Mg = 1.2 - 10'® GeV, My=24- 10
GeV, A\g = 0.5, g5 = 0.97, gj% = 0.48, and A = A(u = Mg) = —0.015, by considering the same
values for My and M; we find:

T~ 107% Ty (9)

In this case, the situation is more dramatic than in the previous example: the tunneling time
turns out to be much smaller than the age of the Universe. If realistic, the model with these
values of the parameters could not be considered as a viable UV completion of the SM.

The lesson from Egs. (7), (8), and (9) is clear. The expectation that the tunneling time
should be insensitive to physics that lives at energies higher than the instability scale, in other
words that the result in Eq. (7) should not be modified by the presence of new physics at high
energies, is not fulfilled.

The question is then: why the decoupling argument is not operating? The reason is that the
decoupling theorem applies when we calculate scattering amplitudes at energies F lower than Mg
and M. In these cases, the contributions from high energy new physics is suppressed by factors
as E/Mg and E /My to some appropriate power. In our case, however, we are computing the
tunneling time. Tunneling is a non-perturbative phenomenon, and no decoupling applies: in the
calculation of 7, no naive suppression factor, ¢inst/Mg or ¢inst/My, appears. More specifically,
the tunneling time 7 is essentially given by the exponential e5l?! (see Eq.(6)). If the Higgs
potential is modified by the presence of terms as the one in Eq. (5), the new bounce turns out to
be different from the one obtained when this term is absent. The action S[¢] is then modified.
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Figure 2 — Left panel: The stability phase diagram for the toy UV completed SM considered in the text and for
the following values of the parameters: Ms = 1.2 -10'® GeV, M; = 0.6 -10'7 GeV, As = 0.5, g5 = 0.97, g? = 0.48,
A(p = Ms) = —0.015. As in fig. 1, the My — M, plane is divided in three sectors: stability, metastability, and
instability regions. However, compared to the fig. 1 case, the stability and instability lines have moved downwards.
Right panel: the same as the left panel, but for different values of the parameters (see text). These two pictures,
together with fig. 1, clearly show the main point of the present work, namely that the stability diagram strongly
depends on new physics, even when the latter lives at very high energy scales.

Once exponentiated, it gives rise to a value for 7 that can be greatly different from the result
obtained when new physics is not considered.

We go on now with our analysis. In fig.1 we have shown the stability diagram in the
My — M; plane obtained under the assumption that the stability analysis should not depend on
new physics that lives at high energy scales. The examples that we have just considered, with
the results (7), (8) and (9), indicate that we should on the contrary expect that the stability
phase diagram depends on new physics, even if the latter lives at very high energy scales. Still
referring to fig.1, we point out that the dashed and the dashed-dotted lines are respectively
named the stability line and the instability line. The first one is obtained for those couples of
values of My and M; such that the two minima are at the same height, the latter is obtained
for the case when V(gf)gzn) <V(v)and 7 =Typ.

Let us repeat this stability analysis when the term (3), i.e. our toy UV completion of the SM,
is added to the SM Lagrangian, so that the term (5) is added to the Higgs effective potential.
In fig.2 (left panel), the analysis is performed for the values of the parameters considered in
our first example, namely Mg = 1.2 - 1018 GeV, M; = 0.6 - 1017 GeV, A\g = 0.5, gs = 0.97,
g} = 0.48, A = A(u = Mg) = —0.015.

We first note that the instability line moves downwards. This result had to be expected
from the previous results for the tunneling time (see Egs. (7) and (8)). In fact, we obtained
7 ~ 101897y, for the UV completed Higgs potential and 7 ~ 109907, for the SM Higgs potential.
In the case of the UV completed potential, the black dot (experimental point) must be closer to
the instability line than in the case of the unmodified potential. The grey lines in fig. 2 are the
old instability and stability lines obtained in the case of the unmodified Higgs potential (fig. 1).

Another important result is that even the stability line moves downwards (see fig. 2). When
the stability diagram of fig.1 was thought to be universal (i.e. when it was thought that a
decoupling effect assured that new physics at high scales could not modify this diagram), many
speculations were triggered by the fact that the experimental point (black dot in the figure),
My ~ 125.09 GeV and M; ~ 173.34 GeV, lies (within 3 sigma) “close” to the stability line.
In this respect, it was thought that more refined measurements of My and My should allow
to determine wether the EW vacuum is a stable or a metastable state. Some authors even
considered this closeness of the experimental point to the stability line as the most important
message from LHC!Y, speculating on this closeness and elaborating on it for model building!3.

The results that we have just presented show that the stability condition of the EW vacuum
is much more sensitive to high energy new physics than to the values of the Higgs and top
masses. Therefore, more refined measurements of M; and My, that are certainly very important
for several other reasons, will not allow to determine the stability condition of the EW vacuum.



Speculations and model building based on the so called “criticality condition” seem to be founded
on a very unstable result. New physics at high energies actually changes (for the worse) the
distance between the experimental point and the critical line, thus greatly weakening (if not
excluding) arguments based on this supposed criticality.

In fig. 2 (right panel), the stability diagram for our model with the values of the parameters
considered in our second example (Mg = 1.2 - 10'® GeV, My =24 - 10 GeV, Ag = 0.5,
gs = 0.97, gj% = 048, A = AM(p = Mg) = —0.015) is presented. The instability and stability
lines move downwards as for the previous case. In this case, however, the tunneling time for
the experimental point is much shorter than the age of the Universe, see Eq. (9), and in fact we
see that the experimental point is now inside the instability region. This means that the model
with these values of the parameters cannot be considered as a viable UV completion of the SM.

This result also contains another important lesson. We have seen that he stability condition
of the EW vacuum is strongly sensitive to high energy new physics. Therefore, as we cannot
rely on any high energy decoupling, candidate UV completions of the SM models have to pass a
sort of stability test: only models with a stable or metastable (but with 7 > Ty ) EW vacuum
can be considered as viable UV completions of the SM.

4 Conclusions

By considering a fully renormalizable (toy) UV completion of the SM, we have definitely shown
that new physics interactions, even if they live at very high energy scales, can strongly affect
the stability diagram of the SM. This result has far reaching theoretical and phenomenological
consequences.

Despite claims to the contrary, it shows that higher precision measurements of M; and My
will never tell us whether our universe lives in a stable or in a metastable vacuum, or at the
“edge of stability” (near the critical line).

Moreover, as very high energy new physics can significantly modify the position of the critical
line, it is quite unlikely that our universe lives at the “edge of stability”, i.e. near the critical
line. This strongly weakens (if not invalidates) speculations and model building based on this
so called “criticality”.

Finally, this result shows that candidate UV completions of the SM need to pass a sort of
“stability test”. Only models with a stable or metastable (but with 7 > Tyy) vacuum can be
considered as viable UV completions of the SM.
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