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1 Introduction

The combination of the Planck 2018 and the BICEP2/Keck Array BK14 data give a tight
upper bound on the tensor-to-scalar ratio r (at the pivot scale k = 0.002 Mpc~1) [1]

r<0.064 (95%CL). (1.1)

Recently, the BICEP2 and Keck Array Collaborations have published an equivalent upper
bound on r at the pivot scale of k = 0.05 Mpc™! [2]

r<0.06 (95%CL). (1.2)

The amplitude of the tensor mode power spectrum is of paramount importance in cosmology
since it is directly proportional to the vacuum energy density driving inflation (see e.g. ref. [3]).
In terms of the Hubble rate H during inflation [1]
H

— =1.06 x 107472, 1.3

Vo (1.3)
(where Mp is the reduced Planck mass) the limits in egs. (1.1)—(1.2) translate into the upper
bound

H <6 x 10 GeV. (1.4)

Future observational efforts will be focused on detecting the primordial tensor modes through
the B-mode polarisation of the CMB anisotropies and both the US S3/S4 ground-based
program [4] and the LiteBIRD satellite [5] are expected to deliver results at the end of the
next decade. Forecasts for the measurement of the tensor-to-scalar ratio r indicate that
detection of the primordial B-mode polarisation is possible only if

r>5x1071, (1.5)

which corresponds to
H>6x102GeV. (1.6)



The value in (1.5) is admittedly optimistic and takes into account noise sensitivity only. Once
polarised dust is taken into consideration, the estimate on the reach in r weakens by a factor
of two [6]. It has been suggested [7] that the intensity pattern of 21-cm radiation from the
dark ages could provide a much more sensitive probe of the tensor-to-scalar ratio, in principle
down to values as small as 10~°. However, due to the low frequency of the signal, such a
formidable sensitivity requires a very futuristic experiment. An interferometer with a few
hundred kilometer baseline would constrain r to the level of 1073 [8], while r ~ 107% could
be reachable with an array extending over a large fraction of the Moon’s surface.

Limiting ourselves to optimistic (but realistic) prospects for the near future, we will
consider (1.5) as the range of experimental sensitivity. This leads to a window of opportu-
nity of about one order of magnitude for determining the Hubble rate during inflation H
through detection of primordial gravitational waves: 6 x 10'2GeV < H < 6 x 1013 GeV. If
a positive detection is made in the future, the result can be used to derive useful constraints
on Standard Model (SM) parameters, under the assumption that no new physics modifies
the Higgs potential up to high scales. The derivation of these constraints and the discussion
of their theoretical uncertainties is the subject of this paper.

These constraints originate from the observation that the SM Higgs potential develops
an instability at large field values which, for the current central values of the Higgs and
top masses and the strong coupling constant, occurs around 102 GeV [9-21]. At that scale,
the Higgs quartic coupling A changes sign, suddenly driving the Higgs potential to become
negative. As a consequence, the SM electroweak vacuum does not correspond to minimum
energy, but to a metastable state.

While our current SM electroweak vacuum is safe against both quantum tunnelling
in flat spacetime [18-20, 22] and thermal fluctuations in the early universe [23], the same
may not be concluded for a period of primordial inflation. Even accepting the optimistic
assumption that the inflationary stage starts with the SM Higgs sitting close to the origin,
unavoidable quantum excitations of the Higgs itself will move its classical value away from its
initial position. By performing a random walk caused by kicks of size +=H /27 at each Hubble
time, the classical value of the Higgs can reach the top of the SM potential and fall deep
into the unstable region [23-33]. If so, when inflation ends, the universe will be populated
by anti-de Sitter (AdS) patches which are lethal for our universe as they grow at the speed
of light engulfing our observable universe [34].

The value of the Hubble rate plays a critical role in the dynamics of the SM Higgs during
inflation, as it determines the size of field fluctuations. This provides the exciting connection
between the existence of tensor modes and the fate of the electroweak vacuum, which is
at the core of the constraints on SM parameters derived in this paper. This connection
allows us to ask questions such as: will a future detection of tensor modes tell us that our
current electroweak vacuum is unstable under inflation? What is the range of SM parameters
that can avoid the AdS catastrophe? Is the stability of the SM incompatible with a future
detection of tensor modes?

By addressing these questions, we will show that the measurement of r leads to a
combined bound on the top mass and the strong coupling constant. This bound has only a
weak dependence on the Higgs mass, but is critically sensitive to the Higgs-curvature coupling
and the reheating temperature after inflation. Because of the relatively narrow range of H
that can be explored experimentally (6 x 10'2 GeV < H < 6 x 10'3 GeV) and the slow
(logarithmic) evolution of A with the field value, the actual measured value of r does not
influence significantly the numerical bound on the SM parameters. Positive evidence for r is
all that matters for establishing quantitatively the bounds.



The paper is organised as follows. In section 2 we discuss the Higgs potential during
inflation, while in section 3 we describe the procedure to calculate the Higgs survival proba-
bility taking into account the post-inflationary evolution. Section 4 contains our results, and
our conclusions are given in section 5.

2 The Higgs potential during inflation

The first ingredient needed for our analysis is the Higgs potential during inflation. For the
contribution in flat space, we employ the SM Higgs effective potential given in ref. [20],
containing up to two-loop corrections in Landau gauge with the SM parameters evolved to
large energies with full three-loop RGE precision. We focus on observables that are gauge
independent [35, 36], giving us the freedom to choose the gauge-fixing parameters of the
effective action [21, 34]. Moreover, the renormalisation scale will be taken as

i~ 2+ 12H2, (2.1)

(h being the value of the Higgs field) which represents the best choice when dealing with the
ultraviolet contribution of the quantum degrees of freedom coupled to the SM Higgs in de
Sitter space [37].

The leading terms of the Higgs potential during inflation are given by [34, 37]

Von(hogn) = M0t GR2 ()M 00n? 1 o) (2.2)

Here A(p) is the running Higgs quartic coupling at NNLO precision (in the accuracy of our
analysis), and I" is the (integral of the) gauge-dependent anomalous dimension of the Higgs
field, related to the wave-function e?', which multiplies the kinetic term of the Higgs in
the effective action expanded in derivatives [34]. Moreover, ¢ is the Higgs-curvature coupling
(defined such that & = —1/6 corresponds to a conformally-invariant coupling), whose running
is shown in figure 1. The third term in eq. (2.2) describes the effect of higher-curvature
interactions in de Sitter space with a coupling constant (), whose RG flow is given by [37]

dae 1
dlnp 1672

<288 £2496¢ — 1751) . (2.3)
30

Note from eq. (2.3) that « is renormalised additively and therefore its boundary condition at

a given scale jug contributes to the potential only with a field-independent constant a(pg) H*.

Thus, the physically relevant contribution from « is fully described by the value of £ and

does not introduce any additional free parameter.

The potential (2.2) is augmented with a contribution from the real top quarks that are
unavoidably created during inflation, generating a non-vanishing condensate (¢t) [38]. This
is the quantity which appears in the equations of motion for the Higgs field and is relevant
for us, therefore we compute it directly and insert it in the equations of motion. A more
detailed procedure to compute the full fermion effective potential in de Sitter space can be
found in [39-41]. In practice, this contribution to the Higgs potential turns out to be always
largely subodminant, so that we do not need a very refined estimate. The top condensate
(tt), which is time-independent since de Sitter is a maximally symmetric spacetime with no
preferred coordinates, can be written as (we include the color factor neglected in ref. [38])

3 me
(tt) ~ 12/ (3733 \/%WQF- (2.4)
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Figure 1. Left: running of £(u) with different initial conditions at p = m; and for the central values
of the SM parameters. Right: running of {(u) for £(m;) = —0.045 varying the SM parameters as
indicated in the figure.

Here q(t) = k/a(t) is the physical momentum (k being the comoving momentum), m(h) =
y: h/+/2 is the top mass in the Higgs background (y; being the top Yukawa coupling) and 3,
is the Bogoliubov coefficient which can be approximated by [42]

1 t mt(h) q H —92; ¢ At /g2 2
1)~ = At A =2 A mi(h) 2.5

If the phase of the exponential in eq. (2.5) is of order unity or larger, then the oscillatory
behaviour will damp ;. Its final magnitude depends therefore on the size of ¢ with respect
to the rate of change of the rest of the integrand, which is given by |¢/q| = H (the rate
of change of the Hubble rate and the Higgs field are negligible). Consider first the produc-
tion of relativistic particles, with ¢ = my. In this case the frequency of the oscillations is
approximately equal to the physical momentum and particle production is (exponentially)
suppressed for ¢ 2 H, while remains unsuppressed for ¢ < H (which requires m; < H).
Therefore, in the relativistic case, we find

1 (kmeda) mH 1
%/ /a e a’27<1—@). (2.6)
rel 2 k/H oH k 2 H

In the non-relativistic case, ¢ < my, the frequency of the oscillations is approximately equal
to the mass m; and, again, the non-oscillatory part of the integrand is H. Particle production
is unsuppressed for m; < H and we find

1 (> dd kH 1
2 / a4 ~ —, (2.7)
non-rel 2 k/mi adH a’mt 2

Bq(t)

All in all, in the regime m; < H, the largest contribution to the top condensate comes from
the relativistic infra-red modes during inflation with ¢ < H

- d3q my(h)  3my H 3myH?
(tt>:12/(2w)3 1q o~ 2772/ dqq:?, (2.8)

me

while the contribution from the non-relativistic modes gives a top condensate which scales
like m;}.



Including the exponential suppression that occurs in the regime m; > H and extrapolat-
ing the overall coefficient from the numerical results of ref. [43], we end up with the following
analytical estimate for the contribution to the effective potential due to top quanta

Viop(hy 1) = my (Tt) =~ 3 x 1073 H2 m2(h) 2L (W) —me(h)/H] (2.9)

for my(h) 2 0.1 H. This is analogous to the corrections to the SM Higgs potential in a thermal
plasma. Contrary to what found in ref. [38], the condensate is exponentially suppressed at
high masses as the arguments above show. This is confirmed both analytically, by applying
the stationary phase method [44], or numerically [43].

Analogous considerations can be applied to the contribution from gauge bosons. Trans-
verse degrees of freedom behave like conformally coupled scalar fields and their production
is, like for fermions, proportional to their mass. We find

Vo (R, ) =~ 1073 H22T W) [4m‘2,v(h)e*2mW(h)/H + QmQZ(h)e*QmZ(h)/H} , (2.10)

where m#, (h) = g?h?/4, m%(h) = (¢* + ¢’*)h?/4, with g and ¢’ being the gauge couplings of
SUL(2) and Uy (1), respectively.

Longitudinal degrees of freedom behave like minimally coupled scalar fields [43] and
their contribution to the potential comes from their variance, proportional to (taking, as an
example, the case of W-bosons)

<§T>2/dlnk <Z>3_2yw, = \/m. (2.11)

This gives rise to a contribution to the Higgs potential of the form m¥, H?/47?(3 — 2vy) for
mw (h) < 3H/2 and exponentially suppressed otherwise. Since the survival condition imposes
H to be smaller than h,.x, we expect the contribution of the longitudinal gauge bosons to
be negligible in the field region of interest. Notice, moreover, that the contribution from
gravitationally produced tops and gauge bosons is typically subdominant to the contribution
from non-minimal Higgs coupling to gravity, which cannot be set to zero at all scales, since
¢ = 0 is not stable under RG evolution.

3 The Higgs survival probability

3.1 Inflationary dynamics

The next ingredient of our analysis is the calculation of the Higgs survival probability, defined
as the probability that the Higgs does not end up in the AdS region at the end of inflation.
Taking a constant Hubble rate H during inflation and trading time with the number of e-folds
(AN = Hdt), we can write the gauge-independent Langevin equation of motion [45] of the
long wavelength modes of the Higgs field [21, 34]

-
ORI VAL)

aN T3E an W (3.1)

This equation is valid as long as the effective Higgs mass is smaller than 3H /2. Indeed, the
solution to the Klein-Gordon equation in de Sitter depends on the mass only through the
quantity (9/4 —m?/H?), so that the effect of the mass is negligible if it is smaller than 3H /2.



The possible effect of a small mass in the power spectrum of the perturbations and therefore
in the noise of the Langevin equation is to provide an IR cut-off to the perturbations, an effect
which is well captured in the distribution probability for the Higgs (see for instance [34]).
In particular, for the Higgs mass coming from the non-minimal gravitational coupling, see
eq. (2.2), this is negligible with respect to 3H/2 for £ > —3/16. Smaller values of £ lead to
a complete damping of Higgs fluctuations and the field remains frozen near the origin. The
Higgs mass induced by its self-coupling is equal to 3\h?, and is negligible for h < H+/3/(4)),
a condition which is well satisfied in the range of Higgs excursions and Hubble rates we
consider. Accounting for the wave-function renormalisation (i.e. the el factors) in eq. (3.1)
allows for a significant reduction in the gauge dependence of hyax.! Finally, 1 is a Gaussian
random noise with

H2

2
V) = (5 ) 8oy = ) (32

Once the Langevin equation (3.1) is solved for many stochastic realisations, we can construct
the probability P(h, N) that the Higgs is at a given value h at a given number of e-folds N.
From this, we can compute the survival probability Py (i.e. the probability that the Higgs
does not surmount the barrier)

hend
Pouv(N) = / dh P(h,N). (3.3)
—henda

Notice that this quantity is gauge-independent [21, 34]. Here hepq is defined to be the
largest value of the Higgs field at the end of inflation for which, during the subsequent post-
inflationary evolution, the Higgs field has time enough to roll down to the safe region h < A,
being A the location of the maximum of the current Higgs potential A(h)h*/4. Since there
are ~ 3V (N ~ 60 being the number of e-folds till the end of inflation corresponding to our
current horizon) causally independent regions that are generated during inflation and end up
in our observable universe today, we will impose the condition that the probability for the
Higgs to remain trapped in the AdS region is less than e 3" or, equivalently,

1 — Poure (N = 60) < e 0~ 10778, (3.4)

Here we have (optimistically) assumed that the Higgs is sitting at the current electroweak
vacuum about 60 e-folds before the end of inflation.? Given that the Higgs undergoes a
stochastic motion with steps H /2, its precise initial condition is not important, as long as
the Higgs starts below the instability scale.

3.2 DPost-inflationary dynamics

The survival probability depends on the Higgs value ho,q. We suppose that, after the end
of inflation, the universe enters a matter-dominated phase during which the inflaton field

'Here and in the following we define hmax as the value of the Higgs at the maximum of the full potential
during inflation, see discussion below. We warn the reader that this definition differs from ref. [34], where
hmax indicates the value of the Higgs at the maximum of the present-day potential [21, 34]. We will call such
a value A.

2The fact that after N e-folds one obtains the relation (h(Z)h(%)) ~ (h*(Z)) over a volume of the order
of H~3e3Y [46] might give the impression that the condition (3.4) is too restrictive and that the Higgs has a
common value over patches much larger than a single Hubble volume. However, such relation only says that
over a volume of order of H 33" one can find any value of the Higgs field between 0 and the square root of
the variance in any Hubble volume H 3. The condition (3.4) is therefore the correct criterion to assure that,
in regions of Hubble volume H ™3, the Higgs is not in AdS.



responsible for inflation oscillates around the minimum of its potential. The Hubble rate
therefore scales like Hy,, = H/a3/?, where a is the scale factor and we have assumed the end
of inflation to be at a = 1. Meanwhile, the inflaton field decays and the universe becomes
more and more filled with relativistic degrees of freedom. The corresponding temperature
has the following behaviour [47]

T(a) ~ 1.3 Thax a”>/3(1 — a=%/?)1/4, (3.5)
where
HMp T2y A
Trnax ~ 0.54 e : (3.6)

Tru is the reheating temperature and g, the effective number of relativistic degrees of free-
dom. Within a Hubble time, the temperature raises up from zero to a maximum value Ti,ax
and then decreases as a~%/8. During this stage, entropy from the decay of the inflaton field is
released. When the age of the universe becomes comparable to the lifetime of the inflaton, the
temperature reaches the value Try. At this stage the universe becomes radiation-dominated
and the temperature starts scaling as a ™.

During this phase, the Higgs potential acquires additional corrections due to thermal

effects: 2
Vp(h) ~ & T? ?e_h/(%T), K~ 0.12, (3.7)

This approximate expression is obtained within the high temperature limit (hence the ex-
ponential factor), and the prefactor is computed with a numerical fit which is accurate for
h < 10T and includes the effect of ring resummation [48].

Our strategy to determine henq is the following. At the end of inflation, during the
matter-dominated phase, but before reheating is completed, the equation of motion of the
Higgs is ,

d*h 5 dh a

@—i—%@—%ﬁV =0. (3.8)
The solution of this equation is h(a) = hepqf(a), such that f(a = 1) = 1. Keeping only the
mass terms and neglecting the quartic coupling we take

3 T2\ h?
V ~ Va(h,a) = (—&§H2+ﬁa374> 5 (3.9)

Both the potential and the Higgs are decreasing with time and one has to insure that at the
scale factor amax at which

‘/Q(Au amax) = )\(4A)A4, (310)

the Higgs has already passed the value h = A. This provides the relation
hend S A (@max)- (3.11)

It is intuitive to understand that, if T .x is large enough, values of hepq larger than hpax
during inflation may be rescued as long as they are smaller than the value of the Higgs field
ha ~ (—=3/27\)Y/3H above which the classical dynamics dominates over the quantum one.
Indeed, if this is not the case, the Higgs would have rolled down towards the instability even
during inflation.



4 Results

The calculation of Ps,v depends on the Hubble rate during inflation H, the reheating tem-
perature Tgryy, the Higgs-curvature coupling &, and the three most relevant SM parameters:
my (the top quark mass), my, (the Higgs mass), a (the strong coupling constant). Thus, the
survival condition in eq. (3.4) can be read as a bound on these parameters.

The value of H can be traded with the tensor-to-scalar ratio r through eq. (1.3). The
Higgs-curvature coupling ¢ will be treated as a free parameter and, in all our plots and
numerical considerations, it is evaluated at the renormalisation scale 6 x 1013 GeV, corre-
sponding to the typical Hubble rate during inflation in case of a detection of r, see eq. (1.4).
For the Higgs mass and the strong coupling constant we use my, = (125.18 £ 0.16) GeV and
as(mz) = 0.1181 £ 0.0011 [49].

One of the major sources of uncertainties in our analysis is associated with m;. The
top quark mass can be extracted from hadron collider measurements by fitting m;-dependent
kinematic distributions to Monte Carlo simulations, using full or partial reconstruction of the
tt decay products. These are usually called “direct measurements” and the PDG [49] quotes
a world average of m; = 173.0 + 0.4 GeV, while it gives m; = 173.1 + 0.9 GeV for the “pole
mass” extracted from cross-section measurements. Recent combinations of different LHC
channels [50, 51] give m; = 172.8 £ 0.7 GeV (ATLAS) and m; = 172.4 £ 0.5 GeV (CMS).
Aside from the experimental error of these results, the main issue for us is how to relate the
value of the top mass measured at the LHC with the parameter m; that enters our calculation
of the Higgs potential, which is defined as the pole top mass, related in perturbation theory to
the MS running mass. (For a recent discussion of these issues, see ref. [52].) For a comparison
with data, we will take an average of the recent ATLAS and CMS combinations and inflate
the error to take into account the theoretical uncertainty on the value of m; that enters our
calculation. Thus, we use m; = 172.6 £ 0.8 GeV. We want to emphasise that this choice
does not affect our results, but matters only for the visual comparison in the plots between
the theoretical prediction and the experimental data. We also remark that this source of
theoretical uncertainty could be bypassed in the future by using the direct measurement of
the top Yukawa coupling y; from Higgs production in association with a top pair, since y;
is the relevant parameter for the calculation of the Higgs potential and its extraction from
data is free from any non-perturbative ambiguity. Present LHC measurements of y; are not
sufficiently precise to be competitive with the direct measurements of m;, but at a future
100 TeV collider a precision of 1% or below is foreseeable [53].

To study the evolution of the Higgs field, for each set of the relevant six parameters (m;,
mp, s, 7, TR, €), we have solved 10 independent realisations of the Langevin equation for
N = 60 e-folds to construct the survival probability and calculated the bound in eq. (3.4).
We will present our result by identifying three regions in the plots.

e Green. This is the region allowed by the current bound on the tensor-to-scalar ratio
r in eq. (1.1) and which will remain allowed independently of any future detection.

e Red. This is the region that will be ruled out if future experiments detect r.

This is the band that describes the bound on the underlying parameters,
assuming detection of the tensor-to-scalar ratio somewhere in the range 5 x 1074 < r <
6.4 x 1072

It is convenient to separate the discussion into three parts, corresponding to different ranges
of ¢ and different physical situations.
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Figure 2. Left: the three regions discussed in the text, in the m;—{ plane, where ¢ is the Higgs-
curvature coupling evaluated at the scale 6 x 10 GeV. The figure illustrates the low Try regime,
corresponding to the most stringent bounds. Dashed and dotted lines show how the region boundaries
change with variations of as. The Higgs mass is fixed at its central value. Right: zoom over the orange
band, fixing « to its central value. The different lines show the bounds corresponding to different
measurements of the tensor-to-scalar ratio r.

4.1 Case £ < —3/16

In this case the Higgs perturbations are damped since the Higgs mass squared at the origin
during inflation is larger than 9H2/4. The Higgs field remains frozen at the origin and
inflation does not trigger any Higgs instability.

4.2 Case —3/16 < ¢ <0.1

In this range the stochastic fluctuations of the Higgs are active and may destabilise the Higgs
vacuum. The upper end of the range of £ (~ 0.1) comes from the following considerations.
For positive values of &, the origin of the Higgs potential is destabilised during inflation.
Disregarding for the moment the running of the couplings, a new minimum is created at
(hy ~ H+\/12&/), if the corresponding Higgs value is below the instability scale. (We will
discuss in section 4.3 the condition for this to happen.) At this minimum, the Higgs squared
mass is about 24 ¢ H2. Therefore, for ¢ > 3/32, the Higgs field during inflation is frozen at the
new minimum and quantum fluctuations are ineffective. In fact, we have checked numerically
that the critical value of &, when accounting for the running of the couplings, is (10-30)%
larger than 3/32 and therefore we have taken £ ~ 0.1 as a benchmark value. Here we discuss
the case £ < 0.1, in which the Higgs field undergoes a stochastic motion during inflation, and
we leave the opposite case for section 4.3.

In figures 2 and 3 we show the bound coming from a hypothetical measurement of r
in the plane m;—¢ for three choices of oy, the central value of my and various choices of
Tru- The larger the value of the measured r, the more stringent the bound, as shown in the
zoomed region in the right plot in figure 2. For low values of Try (see figure 2), the bound
on m; becomes very strong. Notice that the bound on m; is present for either signs of &.
For ¢ < 0, one could expect its positive contribution to the Higgs mass squared to sensibly
alleviate the instability issue. However, in such a case the maximum of the Higgs potential
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Figure 3. As in figure 2, for different values of Try.
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Figure 4. As in figure 2, but showing the dependence on the Higgs mass my, while fixing o, to its
central value and the Higgs-curvature coupling (evaluated at the scale 6 x 1013 GeV) to & = 0.

is shifted towards values larger than A and therefore the Higgs fluctuations may push the
Higgs to values between A and the new maximum during inflation. During preheating, the
Higgs field might not successfully roll down to the safe region of the potential after inflation.

As shown in figure 3, the bound gets weaker as Try increases since thermal effects
are able to rescue the Higgs field, driving it away from the instability region and effectively
increasing the value of heng. The temperature effect saturates around Ty ~ 10 GeV.
For larger reheating temperatures, the bound is practically independent of Try since heng
converges to hg.

In figure 4 we show how the upper bound from Higgs stability is affected by varying
myp. Changing the Higgs mass by 20 is equivalent to a change in m; of about 0.30. This
means that the present experimental determination of my, is so precise that we can safely fix
the Higgs mass to its central value and neglect the uncertainty associated with my,.

Another consideration is that the orange band in figures 2 and 3, in spite of our generous
range of detectability (5 x 1074 < r < 6.4 x 1072), is fairly narrow. This means that the
bound does not depend significantly on the actual measurement of r, but only on a positive
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Figure 5. Bounds on my, ag, £ from a positive detection of the tensor-to-scalar ratio r (here r is
taken equal to 0.064, but the bounds are largely insensitive to the value of r within detection reach).
The figure corresponds to the high Ty regime (Trg > 10'2 GeV), which gives the most conservative
bounds. For values of & 2 0.02 the lines overlap and become indistinguishable. The figure can be
read in two ways. (i) For given m; and «y, the lines show the corresponding upper bound on &. (i)
For a given &, the corresponding line shows the bound on m; and «,, with the region to the right of
the line excluded by the measurement of r.

detection. For this reason, in figure 5 we fix a typical value of the tensor-to-scalar ratio to the
current experimental bound (r = 0.064) and show contour lines of the corresponding upper
bound on ¢ in the plane m;—as(myz). We have chosen a large value of TRy, which corresponds
to the most conservative situation to set upper bounds on £. Any other assumption on Tgry
will make the bound on ¢ stronger. Figure 5 shows that, even under the most conservative
assumption on TRy, a measurement of r will provide a significant constraint on £. The bound
critically depends on m; and «g, and any experimental improvement on their determination
will carry important information. Alternatively, figure 5 can be read as a bound on m; and
as, for a given assumption on the value of £&: a measurement of r would rule out the region
to the right of the line corresponding to the chosen value of £. The lines overlap and become
indistinguishable for any value of £ larger than about 0.02 (but still £ < 0.1). In this range
the bound from Higgs stability is fairly independent of the values of £ and Tgry (see figure 3)
and affects only the SM parameters.

For positive values of £ < 0.1, the Higgs potential acquires a local minimum driven by
the negative contribution to the effective squared mass from the &-term, but the stochastic
fluctuations are still active, in contrast to what we discuss in the next section. The location
of the barrier of the Higgs potential and its value at the maximum are also not significantly
affected. As a result, the dynamics does not depend much on the value of . In figure 6 we
show how the regions are distributed for the special value £ = 0, as a function of as and my.

4.3 Case £ 2 0.1

As we already mentioned, for £ 2 0.1, a new minimum (see figures 7a and 7b) is created
such that the Higgs mass squared around it is large enough to damp the Higgs fluctuations.
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Figure 6. As in figure 5, for the special value & = 0. The bound corresponds to the high Try regime
(Try > 1013 GeV), which gives the most conservative result. The right panel shows a zoom over the
orange region, indicating how the bounds change with the measured value of r.

Therefore, the Higgs field during inflation is frozen at the new minimum. At the end of infla-
tion, the Higgs is driven back towards the origin, without causing any concern for electroweak
stability. However, if the quartic coupling A becomes negative before the Higgs reaches the
new minimum (as in figures 7c and 7d), then the Higgs potential is always negative and the
classical evolution drives the Higgs field towards the dangerous AdS region.

Therefore, for & = 0.1, the Higgs evolution is essentially classical and the stability
condition is obtained simply by imposing that a minimum exists. In figure 8 we plot, for
¢ 2 0.1, the bound coming from a hypothetical measurement of r on the plane (my, ). Given
the weak sensitivity on &, in figure 9 we fix { = 1 and show the bound on m; and as(myz).
The result is approximately valid within a wide range of £, as long as £ = 0.1. A good
numerical fit parametrising the behaviour of figures 8 and 9 is given by

s — 0.1181 r 3
< R, - R
my < 171.2 GeV+0.4( 00T ) 0.1 [1og10 (1072) + logg (101)} . (1)

The bound is quite significant and can rule out a vast portion of SM parameters. It is
independent of Tryy and it becomes (logarithmically) stronger with &.

The parametric behaviour of eq. (4.1) can be understood through a simple estimate.
The Higgs stability condition corresponds to the requirement that the new local minimum
at (h) ~ Hy/12&/)\ is developed before the instability scale is reached. Identifying, for
simplicity, the instability scale with A, the Higgs stability condition becomes H+/12£/X < A.
Using a simple analytical estimate of the scale A

A m;/GeV — 172.6 as —0.1181
1ogo <@> ~12-14 ( t/ 03 ) +0.6 <W> , (4.2)

we reproduce the parametric behaviour in eq. (4.1).

For large positive values of £ the green region extends vertically without significant
changes, following the mild logarithmic dependence. However, for values of £ larger than
~ 107, the potential becomes always unstable when H > 6 x 1012 GeV since the instability is
given by the dominant negative quadratic term in the potential up to (at least) the Planck
scale. These considerations are independent of the reheating temperature.
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Figure 7. The Higgs potential during inflation (black line) and its separate contributions (coloured
lines) for different choices of m; and H. We have fixed m;, and «; to their central values and the
Higgs-curvature coupling (evaluated at the scale 6 x 102 GeV) to the value ¢ = 0.0049. Dashed lines
indicate that the corresponding term in the Higgs potential is negative.
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Figure 8. As in figure 2, for £ > 0.1. The results are independent of Try.
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Figure 9. Left: as in figure 6, for £ = 1. The results are independent of Try and relatively robust
against the (logarithmic) variation of £, valid whenever £ 2 0.1. Right: zoom over the orange region,
indicating how the bounds change with the measured value of r.

Finally, we have checked that all our results are robust against modifying the num-
ber of e-folds (e.g. taking N = 50) or changing the normalisation scale (2.1) (e.g. taking
wu =~ \/h?+ H?). Note that the choice of the renormalisation scale in eq. (2.1) may consider-
ably change the shape of the potential with respect to the choice u ~ h, since the running
of the quartic coupling A(u) and of £(u) are frozen for h < H. One can see this effect by
comparing figures 7c and 7d, where the only difference in the parameters is the choice of the
Hubble rate. Furthermore, figure 7 shows that the contributions to the effective potential
from infrared tops and gauge bosons produced during inflation is much smaller than the
quadratic piece proportional to the non-minimal £-coupling to gravity.

5 Conclusions

The detection of inflationary tensor modes in future experiments measuring the B-mode
polarisation would have paramount implications for our understanding of the early history of
the universe. It would act as a powerful discriminator for inflationary models and establish
the occurrence of super-Planckian field excursions during inflation [54]. It would exclude most
models where the Peccei-Quinn symmetry is broken during inflation, because of unacceptable
axion isocurvature fluctuations [55, 56]. It would also quantify the relation between the
reheating temperature after inflation (defined in terms of the inflaton decay width I'y) and
Tinax, the maximum temperature attained by the thermal bath originating from the inflaton
decay process:

Tiax ro\4 15
T = (10_2> 1.6 x 10'5 GeV (5.1)

(where the numerical coefficient assumes SM degrees of freedom in the thermal bath).?

3As a side remark, note that finding Tmax > Tru would not impact the bounds on dangerous thermal
relics. Even after properly taking into account the detailed reheating dynamics [47], the limits on gravitino
thermal production [57] or on the viability of leptogenesis [58] depend only on Tru, and not on Thax. The
reason is that, during the initial reheating phase when the temperature can be larger than Tgru, there is a
large injection of entropy that dilutes the relative abundance of new particles. In other words, the effective
energy density available during reheating is I‘iMlgl, and not H>M3,.
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In this paper we have discussed another interesting consequence of the measurement of
primordial tensor modes: the constraints on SM parameters coming from the requirement
that inflation does not destabilise the electroweak vacuum, under the assumption that the
SM is valid up to the instability scale. The basic observation is that a measure of the tensor-
to-scalar ratio will pin down the value of the energy scale during primordial inflation, which
is the crucial parameter in assessing if Higgs stochastic fluctuations are lethal in the early
stages of the evolution of the universe. We have used state-of-the-art results as ingredients of
our calculation: the Higgs potential is evaluated at NNLO precision [20]; one-loop curvature
correction in de Sitter space are included and an optimal choice for the renormalisation scale
is made, see eq. (2.1) [37]; we include the effect of gravitational production of top quarks [38]
and gauge bosons during inflation (although the effect is quantitatively negligible); we follow
numerically the evolution of the Higgs field during and after inflation, thus making our results
robust against any particular choice for analytic criteria defining “conditions for safeness”.

Our results can be summarised as follows. Under the assumption that the SM can
be extrapolated up to very high energies, a detection of the tensor-to-scalar ratio r implies
a bound on SM parameters. Because of the relatively narrow window of opportunity for
detection (5 x 107* < r < 6 x 1072), the bound on SM parameters does not depend much on
the measured value of . The bound is also fairly insensitive to the Higgs mass, given the high
precision with which this parameter is known today. Thus, the bound involves the following
four parameters: the top mass my, the strong coupling «,, the Higgs-curvature coupling &,
and the reheating temperature Try. Schematically, the bound can be characterised by three
cases, which correspond to different physical situations.

e Case £ < —3/16. No bound is obtained, since Higgs fluctuations during inflation are
efficiently dumped.

e Case —3/16 < & < 0.1. The bound on m; and «a; gets progressively weaker as TRy is
raised, as shown in figures 2-3. For Ty > 10! GeV, the bound saturates and becomes
independent of TRry;. In this case, the results are shown in figure 5, which can be viewed
as an upper bound on &, for given m; and ag, or as a bound on the SM parameters,
for any given £&. The bounds shown in figure 5 are valid for any Try, and only become
stronger by assuming a low reheating temperature.

e Case £ 2 0.1. The Higgs dynamics is dominated by classical evolution. Either the
Higgs is frozen during inflation at a new minimum and protected from quantum fluc-
tuations, or is driven classically to the dangerous AdS region. The corresponding
condition discriminating between these two cases and establishing Higgs stability is
shown in figures 8 and 9. The bound on SM parameters is insensitive to Ty and has
only a logarithmic dependence on £. The resulting constraint on m; and «; (shown in
figure 9) is quite stringent and the survival of the electroweak vacuum can be obtained
only for fairly low values of m; and/or high values of as.
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