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We investigate an scenario where a non-minimally-coupled-to-gravity spectator Higgs field is re-
sponsible for reheating the Universe after inflation through a period of kinetic domination. The
minimal reheating temperature at the onset of radiation and the stability of the EW vacuum im-
pose restrictions on the allowed parameter space associated to the Standard Model Higgs field
potential. In this work, we explore the impact of new physics through the inclusion of a sixth order
operator in the Higgs effective potential and the subsequent new scenarios arising. We analyze the
constraints on the new allowed parameter space and make a comparison with the standard case.
Employing 341-dimensional classical lattice simulations with CosmoLattice, we compute the main
cosmological observables to determine whether the previous results are robust under the inclusion
of the sixth order operator or whether it introduces relevant new physics contributions.

I. INTRODUCTION

The energy scale in which the Standard Model (SM)
becomes theoretically inconsistent is not fully deter-
mined. It is clear that physics beyond the Standard
Model (BSM) must appear at energies above Planck scale
(~ 108 GeV) due to the presence of Landau poles [1] and
the possible increasing influence of gravity [2]. However,
there is no evidence that SM is a complete theory for any
energy scale below.

Particularly, the Higgs sector has been experimentally
explored at energies up to ~TeV [3]. Theoretical inconsis-
tencies arise at energies below Planck mass when consid-
ering the stability of the electroweak (EW) vacuum where
the Higgs field resides today. This is caused by the run-
ning of the SM renormalized Higgs self-coupling A(u). It
depends on several parameters of the model, specially on
the top quark Yukawa coupling [4]. For a plausible range
of their values, it might become negative at energies of
order ~ 10! GeV [5]. This would lead to a two minimum
Higgs potential where the EW vacuum is metastable and
a phase transition to the true vacuum at higher energies
would be possible. As this phase transition is clearly not
observed today, the lifetime of the unstable vacuum must
be longer than the lifetime of the Universe. One may con-
sider whether the parameter space is restricted to values
for which this condition holds, or whether new physics
emerge at these scales. The latter would enforce the con-
dition or even restore the convexity of the potential and
stability of the EW vacuum.

The distance from the already experimentally explored
energy range and reasonable inflationary scales (~ 10%°
GeV) is orders of magnitude long. Together with the lim-
ited understanding of the Higgs boson behaviour and in-
teractions at high energies, this makes us wonder whether
physics BSM may have described the Higgs boson role in
the early Universe. Different possibilities emerge: there
are theoretical models where the Higgs field dominates
and is responsible for inflation [6] and others exist where
it is energetically subdominant. In particular, in the
present work, we are going to focus on the second case,

considering a spectator Higgs field in a Universe where
a period of kinetic domination follows inflation. This
scenario is typical of quintessential inflation models [7],
whose main idea is considering that the inflaton field
also acts as dark energy in the late Universe. Usual
quintessential models introduce a stiff expansion era (ki-
nation) after the slow-roll phase. In this regime, the en-
ergy density of the inflaton field redshifts as ps o a6,
until radiation, scaling as p, o< a~*, becomes dominant.
Inflation models where the inflaton field oscillates around
a minimum of potential generically propose reheating
mechanisms based on parametric resonance [8]. Instead,
quintessential inflation models suggest a reheating phase
originated by gravitational production of particles. A de-
scription of this mechanism is provided in Ref. [9], where
particle production occurs because of the transition be-
tween a quasi-de Sitter space in inflation to a Robertson-
Walker Universe.

Here, we will consider the spectator Higgs field non-
minimally coupled to gravity. Such a coupling is gener-
ically generated by renormalization in curved spacetime
and it is therefore expected to be present [10]. As shown
in Ref. [11], this non-minimal coupling to the Ricci scalar,
together with a kination era after inflation, can trigger
a Hubble-induced phase transition: a change of the sign
of the Ricci scalar results in an effective tachyonic mass
that leads to large vacuum expectation field values. The
field reaches the minimum and oscillates around it until
the symmetry is restored. This allows the Higgs scalar
field to transfer its energy to the SM particles and, as
presented in Ref. [12], ultimately to be responsible for
reheating the Universe. The feasibility of this scenario is
determined by the stability of the EW vacuum, the ful-
fillment of the lower bound restriction on the reheating
temperature at the onset of radiation domination, and
the validity of all approximations used. The Universe
must ultimately reside in the EW vacuum, since it is the
observed state today. This imposes some constraints on
the allowed parameter space of the model, which have
been investigated in Ref. [13] assuming no new physics
are present at the energies considered. This limitation



sets an upper bound on the temperature at the onset of

radiation era. If the reheating temperature were sufficently

high, thermal corrections to the potential could restore
the stability of the EW vacuum [14]. However, the up-
per bound on the reheating temperature in this model
prevents this phenomenon from occurring.

One may wonder whether including new physics at
high energies may relax the previously mentioned con-
straints on the parameter space and whether this would
allow higher reheating temperatures. In the present
work, we will consider the previous scenario with an ef-
fective extension of the SM close to the Planck scale by
including a sixth order operator. Among all operators
allowed by SM gauge symmetries, we restrict ourselves
to the purely Higgs-sector operator (H'H)?3 where H is
the Higgs doublet. This operator can be viewed as a min-
imal proxy for new physics effects that modify the Higgs
potential, neglecting operators involving derivatives or
couplings to other SM fields.

New scenarios arise when considering the stability of
the EW vacuum. A study of the allowed parameter space
is needed to determine whether the constraints on the
conditions at the onset of radiation change from the stan-
dard case. Such an analysis would reveal whether, oth-
erwise, the model is robust under the introduction of the
sixth order operator in the Higgs effective potential.

In this work, an extensive semi-analytical scanning of
the parameter space will be carried out. We aim to pro-
vide a description of all the possible cosmological scenar-
ios emerging from the inclusion of this operator in the ef-
fective theory. One of the main objectives is to character-
ize the regions in the parameter space leading to each sce-
nario and to determine their cosmological viability: only
those where the Universe ends up in the EW vacuum will
be valid. We can already expect that an analytical treat-
ment will not be sufficient, since the non-linearity of the
field dynamics prevents us from analytically solving the
equations of motion. For this purpose, 3+1-dimensional
classical lattice simulations will be performed. Moreover,
we aim to understand the impact of this sextic operator
of the effective theory on the reheating process, which
will require lattice simulations. One may anticipate that
the broadening of the parameter space caused by the in-
clusion of this term could relax the upper bound on the
reheating temperature. A new scanning of the parame-
ter space will be carried out to determine whether the
previous intuition is correct, computing afterwards this
reheating temperature.

The work is structured as follows. In section II, we in-
troduce the Lagrangian of the model and the main equa-
tions governing the evolution of the Higgs field. We also
review the main results obtained in the absence of the
sixth order operator. In section III, we present an ex-
haustive study of the parameter space and the scenarios
its different regions lead to. Finally, in section IV, we
perform lattice simulations to analyze the Higgs field dy-
namics and other cosmological observables of the model.
The codes used may be found in GitHub.

II. THEORETICAL FRAMEWORK
A. Lagrangian

We are considering an early Universe where the SM
particles reside in the EW vacuum, the Higgs doublet
H is energetically subdominant and non-minimally cou-
pled to gravity and there is a dominating inflaton scalar
field ¢ non-coupled to SM particles or the Higgs dou-
blet. The Higgs effective potential includes its usual SM
self-coupling term ~ (HTH)? and a BSM sextic term
~ (H[Té{)s supressed at low energies. A is the new physics
scale and cutoff of the effective field theory, above which
the effective description ceases to be valid. This term cor-
responds to one of the dimension-six operators allowed
by the SM gauge symmetries in the effective field the-
ory expansion. The effective Lagrangian of this model
is L= MT*%’R—i— Lsm + Ly + L, where Mp is the Planck
mass, Lgv the SM Lagrangian without Higgs sector, L4
the inflaton Lagrangian and Ly the Higgs Lagrangian
given by

Ly =¢" (D, H) (D,H) — ¢H HR—
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Here, vgw is the value of the EW vacuum, R the Ricci
scalar, £ the non-minimal-coupling constant, A\ the renor-
malized SM self-coupling constant and g2 a perturbative
sextic self-coupling. The last coupling is chosen positive
since, in the absence of higher order self-interaction terms
in the effective Lagrangian, a negative value of this cou-
pling would lead to the appearance of a new minimum at
super-Planckian field values, which would subsequently
drive the potential towards arbitrarily large negative val-
ues. In the unitary gauge, H = (0,h/v/2)", assuming we
are interested in energies much higher than the EW scale,
h > 246 GeV, the Higgs Lagrangian can be written as
Ah4 92 h6
4 8 A2’

Using the zero-temperature renormalisation group, the
renormalised Higgs quartic self-interaction A depends on
the scale p given by u? = h? + H?2. The largest Yukawa
coupling of the Higgs field to SM particles is the one
to the top quark. This leads to a strong dependence
of the running of A on the top quark mass, while con-
tributions from couplings to other SM particles remain
subdominant. To parametrize this dependence, we will
use the fitting formula (2) derived in Ref. [13] for the
three-loop MS running, valid for u € [10*GeV, 1023GeV].
myp, = 125.20 £ 0.11GeV and a; = 0,1180 are fixed due
to the small error they introduce.

Ly, ~ 0,hd"h — ERR? —
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The dependence of the coefficients with the top quark
mass m; is given in Ref. [13]. It should be noted that
this mass is not the top mass reconstructed using Mon-
teCarlo, but the pole mass, whose value can differ from
the former by O(1-2) GeV [15].

The Higgs effective mass depends on the Ricci
scalar. In an expanding Friedmann-Lemaitre-Robertson-
Walker (FLRW) Universe dominated by ¢ it is
R =3(1 — 3wy)H?, with H the Hubble parameter and
wg the equation of state parameter of the fluid ¢. We
will suppose the transition from inflation to kination to
be instantaneous. During inflation, assuming the acceler-
ated expansion takes place in a quasi-de Sitter Universe,
wg ~ —1, and the curvature term contributes as a large
mass with R ~ 12H2. When kination begins, wg = 1,
and the Ricci scalar becomes negative, R = —6H?2. This
results in a tachyonic mass term that triggers the sponta-
neous breaking of Zs symmetry: h = 0 becomes a maxi-
mum and a time-dependent minimum appears at

2A2 642
2 _
h _/\@ <1+ 1A2>\2§R>, (3)
if g # 0 and, for g = 0, at Ay = %&R The former

2
is precisely the expression obtained assuming A% > £ )\ER

(which is natural if A is close to the Plank scale).

This leads to a second-order phase transition for the
Higgs field, a Hubble-induced phase transition, forcing
its evolution towards large expectation values. If no new
physics take place, the allowed parameter space should
be restricted to the region where the Higgs field resides
in this minimum, even if the running of A\ causes the
appearance of another one. The time dependence of
this vacuum expectation value ensures that the minimum
shifts to smaller field values as the Hubble parameter de-
creases with time. It gradually approaches zero, until
the symmetry is fully restored at the onset of radiation-
dominated era, when w, = 1/3 implies R = 0. During
the process described above, particle production is re-
quired to fulfill the reheating temperature lower bound
at the onset of radiation = 5 MeV, imposed by Big Bang
Nucleosyntesis. In the next section, we discuss more in
detail the dynamics of the Higgs field, the reheating pro-
cess and the symmetry restoration.

B. Evolution of the Higgs field

Defining g, the time at the onset of radiation,
akin = A(thin), Hiin = H(tgin), hkin = htpin) =
V6EH};, and under the assumption of instantaneous
transition between inflation and kination, the evolution
of the Hubble parameter is

Hkin

= , - (4)
1 + 3szn (t - tkzn)

It is useful to introduce the change of coordinates

a h _ - .
Y = 20t = apinhkind, 2 = kinhkinT, wWith 7

H(t)

the conformal time. The equation of motion for Y is
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where M?(z) = vold (412

= Gror = — 1)H? is the mass term,

with the definition v = \/3—25 and where the conformal

Hubble parameter is

1

In Ref. [16], the previous equation without the term ~ Y®
and A = cte > 0 is extensively studied. In what follows,
some useful results are summarized. A first approach
is made neglecting the non linear term and obtaining
the exact solution for the homogeneous equation. This
linear regime is a valid approximation immediately af-
ter the beggining of kination. It allows to derive an
approximated expression for the time evolution of the
enhaced scalar modes amplitude and occupation num-
ber. As quantum fluctuations grow, the non-linear term
begins to dominate the evolution and the linear approx-
imation ceases to be valid. The backreaction time zp, is
defined as the first time where Y” = 0. It is stimated
to coincide with the moment the quartic term starts to
play an important role, slightly before the minimum is
reached by the field. This backreaction time satisfies

K2+ 2Y 2 (2,) = M (2,), (7)

with k., = 24/2v + 1H related to the two point correla-
tion function obtained through the linear regime analysis.
A fitting formula for the energy of the spectator field at
that moment is also derived,

pbr()‘v V) = 16H13m eXp(ﬂ1 + 62’/ + 63 In V)a (8)

with B1(A) = —7.03 + 0.56log ), B2(A) =
0.041log A, B3(N\) = 7.15 — 1.101og A.

At the time zp,., the field has not reached the scales
at which the sextic term becomes non-neglectable, so the
previous expressions will be particularly relevant for the
model considered in this work.

In the absence of sixth order contribution, a positive
quartic self-interaction stabilizes the tachyonic potential.
This marks the end of the exponential growth of fluctua-
tions and the beginning of an oscillatory phase around
the minimum of the effective potential. The oscilla-
tions persist as the Higgs field asymptotically approaches
radiation-like equation of state. During this stage, the in-
flaton energy density decreases as p, o a~¢ until radia-
tion, evolving as p, o< a~4, starts to dominate the energy
budget of the Universe. This marks the onset of the ra-
diation era. The radiation-dominated equation of state
parameter, w = 1/3, results in a vanishing Ricci scalar
R = 0. This restores the symmetry of the potential by
removing the curvature-induced tachyonic mass term and

—0.06 +



ultimately drives the field back towards the EW vacuum.
The temperature at the onset of radiation is

30 1/4
T = (2”“) : 9)

ht
TGy

and is called the reheating temperature. Here, ¢t =
106.75 is the SM number of relativistic degrees of freedom
at energies 2 100 GeV and pp: is the Higgs field energy
density at zp¢, which coincides with the inflaton energy
density at that time. The vast majority of particle pro-
duction occurs in the tachyonic instability phase, while
contribution of the oscillatory regime remains subdomi-
nant. This is the reason why the highest temperatures
are reached for small A and large H or v values. For these
parameter values, the minimum h,,,;, is located at larger
field values, and tachyonic instability regime lasts longer.

When the sextic term and the running of A are in-
troduced, different scenarios arise after back-reaction
time and the following oscillatory regime is not ensured.
This range of situations, which depend on the parameter
space, has to be analyzed. Only the regions where this
oscillatory phase around the time-dependent minimum,
leading to radiation era, is guaranteed, can be regarded
as viable descriptions for the history of our Universe.

III. CLASSIFICATION OF SCENARIOS
A. Higgs potential scenarios

In this section, we carry out a semi-analytic study of
the parameter space. As mentioned previously, the A(u)
running (2) may become negative at high energies for
some values of the top quark mass. Ignoring the sixth
order effects, this triggers the appearance of a barrier in
the Higgs potential. The barrier is followed by a deeper
stable vacuum, thereby making the time-dependent vac-
uum at lower energies metastable. If the Universe were to
overcome the barrier, either classically or through quan-
tum tunneling, it would end up trapped in this high en-
ergy vacuum, which is incompatible with the observed
state of our Universe. At some point, quantum effects
should be taken into account, as tunneling to the deep
vacuum could be problematic [5]. To ensure the Uni-
verse resides today in the EW vacuum, lifetime of the
metastable EW vacuum has to be longer than lifetime
of the Universe. However, in this work, we will focus
on characterizing the classical evolution of the field. We
consider to be phenomenologically valid those scenarios
where, either the EW vacuum is stable, or it is metastable
but the Universe classically ends up there. We leave for
future investigation the inclusion of quantum tunneling
to evaluate the the stability of the classically-allowed pa-
rameter space.

We now consider the new possibilities for potential
shapes arising when the sextic term is included. If its ef-
fects become significant before A turns negative, this new

term would restore the full convexity of the potential, re-
covering the scenario discussed in the previous section.

Conversely, if the sixth order contribution becomes
dominant at higher energies, the potential still develops
a new high energy vacuum, but the new term will shift
it towards lower energies. Moreover, it could even re-
duce its depth. In the first case, one might conclude that
all configurations in which the Higgs field overcomes the
barrier should be discarded. However, it is worth ana-
lyzing whether thermal effects, taking into account the
temperature of the Universe at this stage and the new
vacuum scales, could significantly decrease the depth of
the high energy vacuum. This could potentially restore
the stability of the EW vacuum, allowing the Universe
to tunnel back to it or even to return classically. For
all these scenarios, estimating the reheating temperature
will be crucial, not only for the consistency of the model
itself but also to determine whether this region of the pa-
rameter space is physically valid. If the sextic term itself
reduced the depth of the high energy minimum to the
point of making it metastable, the Universe could return
to the EW stable vacuum.

All these possible scenarios are illustrated in Fig. 1. Six
different shapes of the Higgs potential are obtained by
modifying my;, Hy;n and g, while keeping A and v fixed.
It is also set H = Hp;,, so the potentials correspond
to the beginning of kination. This is not a restriction
in the sense that no other possibilities of shapes arise
with the evolution of H. Nevertheless, when considering
whether a given set of initial parameters is viable, it has
to be taken into account that z,,. ~ O(10) and therefore
H(zp,) may be up to an order of magnitude smaller than
Hy;iy. Consequently, the shape of the potential at that
time can be completely different from the initial one.

80 1
— my=171.1, g=1, Hyp=9.0e + 10
601 my=171.1, g=5, Hjn = 1.0e + 11 /
— m=1711,g=3.33, Hp=1le+1l ¥ |
40{ — m:=171.1,9=0, Hyp=12e+11
EE my=171.2, g =0, Hijn=1.0e + 11
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—
>
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)
c
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FIG. 1: Higgs potential at the onset of kination depending on
me, g and Hyin. A = 107 GeV and v = 10 are fixed in all
cases. The values of myop and Hyiy, are given in GeV

It should be noted that, for g ~ 1, perturbation theory
ceases to be valid. However, any change in ¢ is equivalent
to a rescaling of A, which is not fixed as long as A is up to



a few orders of magnitude below Planck scale. Therefore,
we will allow non-perturbative values of g. The reason
behind this choice is purely practical, as it is more con-
venient to work with small changes in g than in A.

If the potentials represented above were those gov-
erning the dynamics at zp., the different possible sce-
narios determine whether the sets of parameters are
phenomenologically feasible. Regarding those in which
g = 0, where there is no sixth order contribution, we have
already analyzed both cases. It is clear that the trajec-
tory without barrier (pink) is going to run towards arbi-
trarily negative values and is therefore forbidden. Mean-
while, the case in which the barrier exists but the second
minimum is unbounded (blue) will depend on whether
the field overcomes the barrier or not. Alternatively, the
scenario in which g # 0 derives in the existence of only
one minimum (orange) will always be valid in our set
up. The one with a second bounded but stable minimum
(red) will also depend on the overcoming of the barrier.
Even if it happened, thermal contributions to its depth
could be studied. Finally, in the case where the second
minimum is metastable (green) and is reached by the
field, quantum tunneling to the true vacuum should be
analyzed. However, one may anticipate that the latter
case is very fine-tuned just by observing the shape of the
potential. The sextic contribution is so stiff that domi-
nates nearly the moment it stops being negligible. This
provokes the abrupt reduction of the width of the min-
imum when its depth decreases. It could strongly con-
strain the range of configurations where the Higgs field
not only reaches the minimum but also gets trapped in it.
This will be analyzed later through lattice simulations.

B. Analysis of the parameter space

As we have discussed above, it is crucial to understand
the shape of the potential at the time 2z, to qualitatively
analyze the parameter space. To this end, we can evalu-
ate the number of local extrema the potential presents at
zpr Tor each set of parameters. In the cases with two min-
ima, we will also evaluate if the field can classically cross
the barrier. To archieve this, we compute its energy den-
sity at back-reaction time using Eq. (8) and compare it to
the height of the barrier. The time zj, is numerically ob-
tained by a consistent algorithm using the implicit equa-
tion (7), along with Eq (6) and Eq. (5), neglecting in the
last one the term ~ Y. This is valid since the sextic
term should not play any role in the dynamics at zy,..

Figures 2 and 3 show parameter scannings obtained
by fixing three parameters in each case while varying
the others. In those cases in which two vacua coexist
and the first one is deeper than the second one, we dis-
tingiiish two scenarios: those where the potential in the
second minimum (V3) is positive from the ones where it
lies at negative values. The explanation for this choice
comes from the fact that, as the first vacuum evolves to-
wards 0, its depth decreases. Consequently, if the second

minimum is negative, it eventually becomes stable and
the field may be trapped there unless tunneling happens
before. Therefore, those configurations with V5 > 0 are
always valid for our set up. Meanwhile, those with V5 < 0
need further investigation on tunneling probabilities and
lifetimes involved to ensure the whole Universe ends up
in the correct vacuum.

10

1 minimum
B Deep second minimum, p > h
Bm Deep second minimum, p<h
2 minima: V,>Vy, V,>0,p>h
2 minima: Vo> Vy, V,>0, p<h
. 2 minima:V, >V, Vo =0
2 minima Vo< Vy, p>h
2 minima Vo<V, p<h
B No minima

8.0008
801
2 8.0004

8.0002

0000
17116424 17116425 171164

0
171.00 171.05 171.10 171.15 171.20 171.25 171.30
Meop [GeV]

FIG. 2: Potential shape (myop,g) plane. The other parameters
are fixed to: Hyin = 10 GeV, A = 107 Gev, v = 10
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FIG. 3: Potential shape in (mtop,Hkin) plane. The other
parameters are fixed to: g =1, A = 10'7 Gev, v = 10

It can be seen that the region with a high energy
metastable vacuum and low energy stable one is relatively
narrow. Nevertheless, the field overcomes the barrier in
a part of it, so, for these sets of parameters, quantum
tunneling to the EW vacuum seems to be possible. This
would be a BSM scenario, which could never occur with-
out the introduction of the sixth order operator to the
effective Lagrangian. As we mentioned before, the ex-
istence of this region in the parameter space does not
imply the feasibility of this scenario, since the time de-
pendence of the Hubble parameter might lead the po-
tential to evolve to another case before tunneling takes
place. However, Fig. 3 shows that, once A, g and v are
fixed, the my,, values for which the previous scenario
occurs depend very weakly on Hy;,. Together with the
fact that the time dependence of the potential shape is



entirely encoded in the time dependence of H, this raises
the question of how long such a configuration can per-
sist. Figure 4 shows the evolution of the potential for
parameters from the region of interest at different times.
We can conclude that, if the field were to get trapped
in the metastable minimum, it would remain there and
quantum tunneling would need to be studied. The issue
of whether it is possible for the field to get trapped will
be analyzed in greater detail in the next section.
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FIG. 4: Higgs potential at different times for ¢ = 1, v = 10,
Hpin = 10" GeV, A = 107 GeV, miop = 171.036 GeV

It can also be observed in Figs. 2 and 3 that the region
in which the second minimum takes negative values is
extremely fine-tuned and will therefore not be regarded
as a physically relevant scenario. Apart from this, we
recover the different configurations discussed.

To summarize, those scenarios where the EW vacuum
is stable or all those where it is not but the barrier is not
crossed are valid in our set up, as they lead the Universe
to reside in the EW vacuum and ultimately to the Uni-
verse we observe today. In the last case, quantum tun-
nelling could make them invalid if lifetime of the EW vac-
uum were not long enough. These correspond to a broad
area in the figures (light blue, orange and dark purple).
Although these scenarios are all considered acceptable
possibilities for our Universe, their phenomenological im-
plications differ from one another. Physical magnitudes
such as reheating temperature, number of e-folds of ki-
nation or even gravitational wave background will not be
the same for a Universe which is not energetic enough
to overcome the barrier than for one which reaches a
metastable high-energy vacuum and tunnels back.

Conversely, those scenarios where the high energy vac-
uum is stable and the barrier is crossed are not generically
valid in our set up. However, the possibility of thermal
corrections recovering the stability of the EW vacuum for
some cases remains open. Furthermore, exceptions with-
out taking this into account might still exist: the fact
that the barrier is crossed does not necessarily imply it
will not be crossed backwards. As we will illustrate later
with an example, there are cases where the EW vacuum
at zp, is metastable but it turns stable with time. These
correspond to points in the light purple region in Figs. 2

and 3 which are close to the orange area.

This analysis of the parameter space allows us to quali-
tatively comprehend the scenarios each region might lead
to. Nonetheless, as previously mentioned, the model is
not so simple and we cannot precisely classify every pos-
sible situation. Moreover, it is required to derive the
field dynamics from the equation of motion in order to
compute physical magnitudes that differ from one valid
scenario to another. However, the non-linearity of the
dinamics prevent the equations of motion from being an-
alytically solvable. Consequently, to study the field dy-
namics, we perform classiccal lattice simulations, which
provide a way of introducing statistical fluctuations in
the dynamics.

IV. LATTICE SIMULATIONS

In this section, we focus on analyzing the dynamics
of the Higgs field and the reheating temperature that
our model allows the Universe to reach. This is car-
ried out through 3+1-dimensional classical lattice sim-
ulations. The main objective is to determine whether
the introduction of the sextic term produces significant
effects on the cosmological observables or whether the
model remains otherwise robust under the new physics
considered here. For this purpose, we use the code
CosmoLattice, implementing an effective potential with
the Higgs spectator field evolving in an expanding back-
ground with equation-of-state parameter w = 1. Re-
garding the numerical variables, the number of lattice
points per spacial dimension is set to N = 128, so the
length of a lattice cell is dz = 4”7” = 0.9817 for v = 10.
The time step is set to 0t = 0.01 to ensure stability
(6t/6x < 1/4/3). The smallest amplified momentum in
the tachyonic band is &min = Hgin[11], while the largest
IS Kmaz = V4v% — 1H . Therefore, the lattice param-
eter krp is set as Hyin, while kyy = 7/dx > kyy to
guarantee the relevant amplified modes are within the
lattice range. The initial conditions for the field are sta-
blished as h(0) = h’'(0) = 0 and gaussian fluctuations.

A. Field distributions

In order to analyze whether the field evolves towards
the second minimum or remains at the EW vacuum,
we obtain snapshots of the lattice field configurations
and construct the corresponding field value histograms.
These allow us to identify whether the barrier is crossed
in any region of the lattice. We perform, for a fixed
value of my,p, a scan in Hy,, across the orange region in
Fig. 3 through simulations. The former is precisely the
region where the high energy minimum is metastable.
The purpose of this analysis is to determine whether
the scenario in which part of the Universe resides in
this metastable vacuum is physically viable. We take
Myop = 171.036 GeV. The reason behind this choice re-
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sides in the fact that the second minimum is metastable
for lower Hy;,, values within those used for Fig.3, whereas
it becomes stable by increasing Hy;y, .

In Fig. 5 we observe histograms (in logarithmic
scale) corresponding to values of Hy;,, ranging from
5-10'" GeV to 1.1-10'2 GeV in steps of 10 GeV, at
z = 30. The plot reveals that the barrier has not been
crossed for Hyi, < 10'2 GeV, while a part of the field
overcomes the barrier for Hy;, = 1.1-10'2 GeV. This
conclusion is not drawn exclusively from this specific time
but from an analysis of histograms from various times.
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FIG. 5: Field distribution histograms for ¢ = 1,

Miop = 171.036 GeV, v = 10 and A = 10*" GeV at z = 30

Once we have determined that the barrier is crossed
for values of Hy;, above 1.1-10'2 GeV, we can study if
the field gets trapped in the high energy vacuum. Fig-
ures 6, 7 and 8 show histograms for Hy;,, = 1.2-10'2 GeV
at times z = 70, 100 and 300 respectively. The potential
at the corresponding time is also displayed and we calcu-
late the field value at which the barrier is located by ob-
taining the maximum of the potential. Subsequently, we
compute the percentage of the lattice points on each side
of the barrier, which is shown in the legend. At z = 70
(Fig. 6), we find that the field has overcome the barrier
at a considerable portion of the lattice and the high en-
ergy minimum is stable. However, at z = 100 (Fig. 7), it
has become metastable, while part of the lattice is still
trapped in it. Finally, at z = 300 (Fig. 8), the field has
returned to the EW vacuum. In this latter situation, the
potential still presents a second minimum. Nonetheless,
it is so shallow that the field, which is oscillating, returns
classically to the EW vacuum.

This also represents an example of an scenario whose
description at zp,. does not allow to predict whether it
is physically viable or not. The stability of the high en-
ergy minimum at that time and the field overcoming the
barrier do not imply the field ends up trapped there.
Therefore, the analysis made in the previous section to
characterize the parameter space is not completely pre-
cise. Moreover, it cannot be carried out analytically,
since cases like the former can only be classified as vi-
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FIG. 6: Field distribution histogram (left y-axis) and Higgs
potential (right y-axis) for ¢ = 1, miop = 171.036 GeV,
v =10, A = 10'7 GeV and Hyin = 1.2-10'2 GeV at z = 70
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able or non-viable through their study on the lattice.

The previous analysis can be carried out for different
values of Hy;y,. If the field is more energetic at 2y, (larger
Hyy), its oscillations amplitude are broader and there-
fore it can be expected a greater probability of returning
to the EW vacuum. However, when considering smaller
values of Hy;,, we could also expect the existence of an
interval in which the field is sufficiently energetic to over-
come the barrier but not enough to go back.

By repeating the process with values of Hy;, be-
tween 10'2 GeV and Hp;, = 1.1-10'2 GeV, in steps of
10'° GeV, we obtain the same results: for values above
Hpin = 1.07-10'2 GeV part of the lattice overcomes the
barrier but the totality of it returns, whereas values be-
low do not allow the field to cross the barrier anywhere.
We may conclude that, if the field resides in a high energy
metastable minimum for a set of parameters, the region
corresponding to this scenario is extremely narrow. Nev-
ertheless, the possibility of first-order phase transition
through quantum tunneling to the EW vacuum in scenar-
ios such as the one presented in Fig. 7 remains of interest.
Although the field escapes classicaly the metastable vac-
uum within a finite time, quantum tunnelig could occur
before this happens. Its study, which is left for future in-
vestigations, would require a comparison between quan-
tum tunneling lifetimes and the timescales associated to
its classical return to the EW vacuum. This purely new-
physics scenario could entail a significant production of
gravitational waves, which would distinguish it observa-
tionally from other viable scenarios.

B. Energy densities and reheating temperature

We previously mentioned the importance of obtaining
the temperature at the onset of radiation era that our
model allows the Universe to reach. It is given by (9).
Since the majority of particle production takes place in
the tachyonic instability phase, the highest temperatures
are archived for those sets of parameters that make this
phase last longer. In particular, larger values of My, v,
Hyin, A and lower values of g lead to potentials with the
first minimum at higher field values. The weakest depen-
dence is on v and any variation of A can be encoded in a
modification of g. Therefore, we will work for fixed val-
ues v = 10 and A = 1017 GeV, and analyze the reheating
temperature in the (g, myop, Hiin) space.

However, for fixed values of g and A, a limit to the
increase of myep, v and Hy;y, exists, since the field even-
tually crosses the barrier and becomes trapped in the
high-energy stable vacuum. To determine the highest
possible temperatures in those scenarios where the field
classically settles in the EW vacuum, we perform a pa-
rameter scanning in (Myep, Hiin) plane, computing the
position of the minimum A, at zp..

For each point, we run 341 dimensional classical lattice
simulations while varying g to identify the smallest value

for which the field ends up in the correct vacuum. Once
the corresponding value of g has been determined for a
given pair (m¢op, Hyin ), we compute Ry, for that set of
parameters. The results are shown in Fig. 9. The g scan
is performed with resolutions dg = 0.1, dmy,, = 0.01
GeV and 6Hy;, = 10 GeV. For intermediate points,
we use the g value associated to the nearest point at
larger (miop, Hyin), ensuring that all the configurations
used remain physically viable. These values of the sextic
coupling are indicated on the figure. Each one is valid
for the line on top of them and the space below and the
left part, where no lines are shown, corresponds to g = 0.

10
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1013

Hiin [GeV]

FIG. 9: Scanning of hmin in (Miop, Hrin) plane for the mini-
mum physically viable value of g.

This scan enables us to draw an important conclusion:
the introduction of the sextic term increases the maxi-
mum reheating temperature attainable within our model.

The strongest dependence of this temperature is the
one on the value of Hy;, and consequently, for a fixed
Myop value, this new term broadens the allowed Hy;,, in-
terval, leading to higher temperatures. For a given top
quark mass, we find an essentially constant g, except for
the point closest to the limit in some cases. We observe
an abrupt change in the value of h,,;,, which does not
take place directly when entering the region g # 0 but af-
terwards. This can be explained considering the shape of
the potential. For the lowest Hy;, that needs g # 0, the
quartic term produces a barrier which is overcome by the
field. Meanwhile, the sixth order term only reduces the
width of the high energy minimum, which allows the field
to cross the barrier backwards. Conversely, when Hy;,
continues increasing, the barrier disappears at a certain
point. Whereas the minimum from the first case is deter-
mined by the quartic term, in the second case it is set by
the sextic term and the quartic term contributes to the
tachyonic mass. Together with the fact that the change
in the shape of the potential is rather sharp within the
variation of Hy;,, this explains the abrupt change alter-
ation of the location of the minimum. Once we enter
the second region, this minimum, and therefore, the re-
heating temperature, becomes independent of Hy;, and



strongly dependent on g. Larger top quark masses re-
quire larger values of g, while the direct dependence on
Myop is weaker. Consequently, the highest temperatures
are reached for smaller values of myqp.

Having established the general behavior of the param-
eter space, we now turn to a more detailed analysis of the
reheating temperature. We do this by performing long
lattice simulations for specific parameter choices. The
spectator field approximation does not allow us to ob-
tain the energy density at reheating directly from the
lattice. However, the Higgs field behaves asymptotically
as radiation and we can definine z,,4 as the time after
which we consider equation-of-state parameter for the
Higgs field wg ~ 1/3. Then, it is straightforward to
compute the reheating temperature. The criteria used
to fix zpqq is similar to the one employed in Ref. [16].
We define V. = 2ht + L8 G = L(Vh)?2, K = Ln2,
I = 3¢HA? + 66HRN — G%V2h’. Here, K constitutes the
kinetic energy density, V the potential without curvature
term, G the gradient energy density and I the energy den-
sity interaction component associated to the curvature
term of the potential. They verify K +V + G+ I = py,.
The radiation-like asymptotic behaviour reflects in the
energy configuration as a supression of the interaction
term. This leads to an energy density p ~ K +V 4+ G
and pression p ~ K — %G — V. Therefore, the condition
wp, & 1/3 is equivalent to K =~ G + 2V. The oscillatory
nature of the regime motivates us to impose the following

criteria for z,.qq4: <%> = 140.05, where we
ra ra t

average over several oscillations around 1. Lattice sim-
ulations provide a direct value of p};ad = pn(zrad). We
can derive from this value the scale factor at the onset of

radiation domination, a,p, and prn, = pp(zrn) = pe(2rn).

Since pgy a5, pp o a™* and P (Akin) = 3M7P2H,3
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From this figure, we can already observe what we ex-
pected from the previous study of the parameter-space:
the total energy density increases with the inclusion of
the sextic term, therby making it possible to have larger
values of Hp;,. The reheating temperature obtained
from (10) for Hpip = 1.2 - 101 GeV and g = 0 is
T, = 2.69 - 101" GeV, while for Hy;,, = 1.8 - 101! GeV
and ¢ = 0.8 we have T,, = 2.30 - 10'2GeV. The sec-
ond which is almost an order of magnitude above the
first one. Consequently, new physics introduced as a
sixth order contribution to the Higgs potential allow the
model to reach higher reheating temperatures compared
to the SM Higgs potential. These temperatures are at
least of order O(10'! GeV). However, a deeper analysis
of the parameter space through long lattice simulations
would be necessary to establish an upper bound. Figure
10 shows the evolution of (p)a*, where (-) denotes the
spatial average over the lattice. It is displayed for the
value my,p, = 171.02 GeV and three different choices of

Hy;n, using in each case the minimum value of g deter-
mined from the analysis made in Fig.9. The asymptotic
radiation-like behaviour results in (p)a* asymptotically
approaching a constant value.

(p)a*
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FIG. 10: Evolution of the energy density for my.p, = 171.02
GeV, v =10, A = 107 GeV, three different values of Hy;n
and their associated minimum physically viable value of g

Once estimated the order of magnitude of the reheating
temperature, we can approach the issue of whether ther-
mal corrections to the potential could reduce the depth
of the high energy stable vacuum. These thermal correc-
tions can be parametrized as AV (h,T) =~ 0.06h2T2e~ 3T
[14] and then exponentially supressed at scales above
2xT. Since the high energy vacuum is located, in all
relevant cases, above O(10'%) GeV, we can conclude that
the temperatures attainable within the model are not suffi-
cently high to have this effect on the Higgs potential. It
is worth mentioning that the reheating temperature can
only be computed through (9) in those scenarios where
the field ends up in the EW vacuum. However, those sit-
uations of interest for thermal corrections imply the field
trapped in the wrong vacuum. In these cases, the pro-
cess to obtain thermal corrections is not straightforward,
since the system is out of thermal equilibrium.

V. CONCLUSIONS

In this work, we have introduced a model based on a
non-minimally-coupled-to-gravity Higgs field acting as a
spectator field in a kinetic dominated era following the
slow-roll phase of inflation. During a tachyonic instabil-
ity phase at the onset of kination, the Higgs field is re-
sponsible for reheating the Universe. The main purpose
was to study the impact of the inclusion of a sixth order
operator ~ (HTH)? in the Higgs SM effective potential.

We have first established the different scenarios that
emerge when considering this sextic contribution, study-
ing their physical feasibility with the aim of determining
the restrictions we should impose to the model parame-
ters. By performing a scan of the parameter space, we



have essentially found different situations depending on
the number of vacua and the stability of the EW vacuum
at the back-reaction time z;,.. We have classified them as
cosmologically viable scenarios if the Higgs field classi-
cally ends up in the EW vacuum, since it is the observed
state of the Universe today. This is the case of potentials
with only one minimum at z;, and all those others where
a second exists but the barrier is not classically crossed.
A particular case corresponding to a narrow region of
the parameter space has also been found to be physi-
cally viable. It is a purely new physics scenario with a
high energy metastable vacuum. It could show different
cosmological properties than other viable scenarios, since
quantum tunneling to the EW vacuum could occur and
thereby produce graviational waves.

Other scenarios have been found which we cannot
establish as cosmologically viable set ups. These cor-
respond to all the cases where the EW vacuum is
metastable and the field overcomes the barrier, getting
trapped in a high-energy stable vacuum. However, we
have determined these cases are not so easily classified:
the sixth order contribution may allow scenarios where
the field reaches this high-energy stable vacuum and re-
turns classically to the EW one.

Motivated by the imposibility of further analysis with-
out the study of field dynamics, we have carried out 3+1-
dimensional classical lattice simulations, using the code
CosmoLattice. These simulations were aimed at two pur-
poses: first, to refine the previuos analysis of the scenar-
ios across the parameter space, and second, to study the
reheating process. In the first case, the evaluation of the
posibility of the field trapped in a metastable high en-
ergy vacuum has shown it is a highly fine-tuned situation.
The cases analyzed reveal a non-neglectable probability
for the field to reach the high energy vacuum but also
that it returns classically to the EW vacuum. However,
this study has shown the existence of scenarios where the
high energy vacuum is stable at zp,- but turns metastable.
In those cases, the field classically returns to the EW
vacuum. Consequently, the parameter space cannot be
scanned analytically with sufficient precision, and lattice
simulations are necessary.

Regarding the reheating process, we finally have inves-
tigated the impact that the inclusion of the sextic term
may have on the reheating temperature of the Universe.
By performing an extensive parameter scanning, we con-
cluded that the sixth order contribution allows the model
to reach higher temperatures than the ones attainable
with the SM Lagrangian. In particular, we have carried
out long lattice simulations for a specific choice parame-
ters. We have found out that the sixth order contribution
may lead to temperatures at least an order of magnitude
above the standard case.

This work provides several directions for future re-
search. One important aspect is to investigate the new
restrictions that quantum tunneling may impose on the
classically-allowed parameter space. The classical char-
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acterization performed in this work does not ensure quan-
tum tunneling from the EW vacuum to the high-energy
stable one cannot occur. To this end, it is required to
compute the lifetime of the EW vacuum and impose that
it must be longer than the lifetime of the Universe. An-
other natural step would be to analyze in greater detail
the case with a high energy metastable vacuum and the
probability of a first order phase transition to the EW
vacuum before the field returns classically. Regarding
this scenario, it would also be worth assessing its contri-
bution to the gravitational wave background.
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