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• Extensions/modifications of the Higgs sector remain as motivated as ever 

• The Higgs boson: possibly as crucial for cosmology as it is for particle physics 

• Could play a role in solving some of the main problems in cosmology  

• Even the Standard Model Higgs, without any modifications, can play an 
important role in the early Universe 

• Could give rise to distinct observable cosmological phenomena 

• High energy colliders can play a crucial role in unraveling Higgs cosmology

MAIN TAKEAWAY MESSAGES
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THE HIGGS: AT THE HEART OF EVERYTHING
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Consider a generic dark matter candidate in a dark sector, 
with no direct couplings to the SM

A portal mixing between dark and SM Higgs always allowed; 
provides a link between the SM and dark sectors

HIGGS AND DARK MATTER

Massive and stable: most likely involves a dark Higgs mechanism

Higgs Portal Dark Matter
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Consider a generic dark matter candidate in a dark sector, 
with no direct couplings to the SM

A portal mixing between dark and SM Higgs always allowed; 
provides a link between the SM and dark sectors

HIGGS AND DARK MATTER

Massive and stable: most likely involves a dark Higgs mechanism

P. Barnes, Z. Johnson, A. Pierce, B. Shakya, 2106.09740 

Higgs Portal Dark Matter

Strength of  indirect detection signals 
suppressed by the cascade decay nature 

(hidden WIMPs essentially unconstrained)

Thermal target largely within reach of future 
experiments (Cherenkov Telescope Array)
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Consider a generic dark matter candidate in a dark sector, 
with no direct couplings to the SM

A portal mixing between dark and SM Higgs always allowed; 
provides a link between the SM and dark sectors

HIGGS AND DARK MATTER

Massive and stable: most likely involves a dark Higgs mechanism

P. Barnes, Z. Johnson, A. Pierce, B. Shakya, 2106.09740 

Strength of  indirect detection signals 
suppressed by the cascade decay nature 

(hidden WIMPs essentially unconstrained)

WIMP miracle provides an energy scale at 
which to expect new states coupled to the 

Higgs, within reach of HE colliders!

Thermal target largely within reach of future 
experiments (Cherenkov Telescope Array)

Higgs Portal Dark Matter
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Electroweak Baryogenesis

If the electroweak phase transition is first order 
(occurs through nucleation, expansion, and 

percolation of bubbles of electroweak vacuum), 
a baryon asymmetry can be produced across 

the bubble walls separating the two phases 

HIGGS AND THE BARYON ASYMMETRY
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Recent research in this direction has focused on:

If the electroweak phase transition is first order 
(occurs through nucleation, expansion, and 

percolation of bubbles of electroweak vacuum), 
a baryon asymmetry can be produced across 

the bubble walls separating the two phases 

HIGGS AND THE BARYON ASYMMETRY

• Model building efforts to generate a first order phase transition                                                   
(in the SM, the transition is a smooth crossover)  

• Better calculation of bubble wall velocity (important for calculating the amount of asymmetry) 

• Improving the calculation of scattering rates by including higher order corrections

Predicts new physics coupling to the Higgs at the EW scale,  
gravitational waves from the phase transition

Electroweak Baryogenesis
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Inflation can be realized through vacuum domination with a scalar field - 
the inflaton - that undergoes “slow roll”

HIGGS AND INFLATION

The Higgs can couple to the inflaton field (higgs portal)

The Higgs itself can be the inflaton: 
Higgs Inflation

Requires modification of the Higgs potential: 
non minimal coupling to gravity

Possible tension with curvature power 
spectrum (requires large nonminimal couplings, 

possible unitarity violation)
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Type-I seesaw mechanism
• Explains the small neutrino masses 

• RHN can be dark matter (generally considered at keV scale) 

• RHN decays can produce a lepton asymmetry, later converted 
to a baryon asymmetry: leptogenesis

The Higgs can couple left- and right- handed neutrinos 
(RHN), analogous to other SM fermions

HIGGS AND NEUTRINOS

Recent research directions:

• keV RHN production mechanism through mixing no longer viable; new production 
mechanisms needed 

• With new production mechanisms for sterile neutrino DM, keV scale no longer needed; 
broader mass range possible 

• No observable signals of high scale leptogenesis; embed leptogenesis in scenarios, e.g. 
first order phase transitions, that can yield gravitational wave signals 

on the RHN mass, i.e. MN . 1013 GeV, since at higher temperatures �L = 2 washout
scatterings are in equilibrium, hence RHN decays cannot produce the desired asymmetry.

In this paper we propose a testable non-thermal realization of leptogenesis from the
dynamics of a first order phase transition (FOPT). FOTPs have been extensively studied
in the literature ( []): they are generally predicted in many extensions of the Standard
Model and their bubble dynamics can be a promising source of both gravitational wave
(GWs) and particle production. In particular, we focus on the production mechanism of
RHNs via bubble collisions, which can produce extremely heavy particles much heavier
than the scale of the phase transition or the temperature of the plasma when the bubble
walls achieve runaway behavior. This provides a natural setting for achieving the out-of-
equilibrium Sakharov condition necessary for generating a baryon asymmetry. The idea of
producing heavy particles in a FOPT whose decays can generate the BAU was first explored
in [?], which considered particle production via bubble collisions, realizing a low-temperature
baryogenesis and mainly using results from [?]. The idea was revisited more recently in [?,
?,?], which investigated baryogenesis/leptogenesis scenarios considering particle production
via bubble expansion due to the sudden mass gain of particles when they cross into bubbles
of true vacuum. [Discuss other related papers e.g. [?]...there are many others that consider
baryogenesis from particles suddenly getting massive and going out of equilibrium].

Our framework di↵ers from the work in [?,?,?] in two main aspects: since we do not
require the RHNs to gain mass from the FOPT, this allows us to consider more generic dark
FOPTs (unrelated to gauging B�L), and RHNs several orders of magnitude heavier than the
scale of the phase transition, opening up new parameter space. Moreover, the natural scale
(with O(1) couplings) for neutrino mass generation with type-I seesaw is MN ⇡ 1014 GeV.
While no other existing mechanism in the literature can successfully realize leptogenesis at
this mass scale, our framework can achieve this naturally, as we will see below.

2 Framework

In this section we illustrate our framework, consisting of a generic FOPT driven by a dark
scalar � and a simple neutrino portal setup (later we discuss a scalar portal scenario in
Sect.2.4). Some useful FOPT phenomenological parameters are introduced and features
of a runaway phase transition are presented. Eventually, we illustrate the mechanism of
production of heavy particles from bubble collisions.

2.1 Neutrino Portal Setup

In this setup, the RHNs N act as the portal between the dark sector undergoing the FOPT
and the SM sector. In addition to the scalar �, consider a dark sector fermion � such that
�� is a gauge singlet under the symmetry broken by the � vev. This enables us to write the
following Lagrangian for the RHNs (for more details of such models, see [?,?,?,?,?,?])

L � yD ��N + y⌫ LH N +MNNN (2)

The first term gives the coupling of N to the dark sector, whereas the second term gives its
coupling to the SM sector (L and H are the SM lepton and Higgs doublets respectively). We
consider the mass of the RHN, MN , to be much higher than the scale of the phase transition
v� and the temperature of the bath.

3
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THE STANDARD MODEL HIGGS AND COSMOLOGY

One of the most striking 
implications of current 

measurements of the Higgs 
properties: 

the electroweak vacuum of the 
Standard Model, in its current 
form, is likely metastable

From Valerie Lang’s talk this morning

Important cosmological 
implications+signatures!
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THE STANDARD MODEL HIGGS POTENTIAL
EXTENDED TO HIGHER ENERGIES:

2

the Higgs potential can be written as

V (h) ⇡ �
�

4
h
4
. (1)

We can approximate � ⇡ 0.01 for our purposes. Note that
the (field-dependent) Higgs mass in this regime is tachy-
onic:

m
2
e↵(h) = Vhh = �3�h2

⇡ �(0.17h)2 < 0 . (2)

The inflaton potential is

V� =
3

8⇡
H

2
M

2
P
, (3)

where MP is the Planck scale, and H is the Hubble scale
during inflation, which we take to be constant.

The evolution of the Higgs field in this setup has been
studied in detail in several previous works [1–8]. For small
Higgs field values, the dynamics is dominated by quantum
fluctuations of size ⇠

H

2⇡ induced by inflation, resulting
in random coherent “jumps” of the Higgs field within en-
tire Hubble patches. Quantum fluctuations remain domi-
nant until the Higgs reaches h ⇡ (3/2⇡�)1/3H ⇡ 3.6H, at
which point classical evolution driven by the Higgs poten-
tial takes over. Beyond this, the equation of motion of the
Higgs field is

ḧ+ 3Hḣ =
dV

dh
. (4)

We will solve this classical evolution equation with initial
conditions h = 3.6H and ḣ = 0 to obtain the classical
Higgs field value as a function of time, h(t). In the early
stages of this regime, Hubble friction causes the Higgs field
to slow-roll for several e-folds of inflation, until it reaches

h ⇠ hsr ⌘ (3/�)1/2H ⇡ 17.3H (exit from slow roll) (5)

Beyond this point, Hubble friction becomes negligible, and
the Higgs field diverges quickly to very large values in less
than a single e-fold.

Note that the inflation energy density dominates over
the Higgs potential energy until

h ⇠ hI ⌘

✓
3

2⇡�

◆1/4p
HMP (exit from inflation) (6)

For this paper, we take the scale of inflation to be the same
as the Higgs instability scale, H = ⇤I ; then the inflaton
energy density dominates until h & hI ⇠ 104H. If the
Higgs gets to this point in a Hubble patch, this terminates
inflation locally, and the region rapidly collapses into anti-
de Sitter space. Moreover, these collapsing regions grow
to engulf the remain spacetime after inflation has ended
globally [6]. Hence the existence of even a single Hubble
patch where the Higgs field extends beyond the slow-roll
regime is posited to be catastrophic for the existence of a
Universe like ours [5, 6, 21]. However, as we will see below,
it is precisely in this brief window beyond slow-roll, hsr <

h < hI , that particle production becomes important.

III. PARTICLE PRODUCTION AND
TACHYONIC GROWTH

We now consider particle production from the evolv-
ing Higgs field in the regime hsr < h < hI . It is
well known that particle production during inflation re-
quires non-adiabatic evolution. Beyond the Higgs slow-
roll regime h & 17.3H, the Higgs mass indeed changes
non-adiabatically, ṁe↵/m

2
e↵ ⇠ 1, as can be verified nu-

merically using Eq. 2 and the numerical solution for Eq. 4.
This non-adiabatic change of the Higgs mass can therefore
excite Higgs particles out of the vacuum.
The standard approach to calculate the number density

of particles produced from a non-adiabatically changing
background is via the computation of Bogoliubov coe�-
cients (see e.g. [22–24]); here, we will first discuss a semi-
analytic estimate, which is numerically simpler and o↵ers
greater intuition, before comparing with numerical solu-
tions of the Bogoliubov coe�cients. In general, for a par-
ticle with a non-adiabatically evolving mass, modes with
momenta k . |me↵| get populated with occupation num-
ber nk = |�k|

2
⇠ 1, where �k is the Bogoliubov coe�cient.

When the mass is tachyonic, the coe�cient gets expo-
nentially enhanced via the tachyonic instability for modes
k < |me↵| as � ⇠ e

�i!t = e
|!|t, where !2 = m

2
e↵ + k

2. The
energy density in Higgs particles as a function of the Higgs
field value can therefore be estimated as 1

⇢P (h) =

Z
meff

H

d
3
k

(2⇡)3
|!(h, k)|nk =

1

2⇡2

Z
meff

H

k
2
dk|!(h, k)|nk

(7)
where !

2 (h, k) = m
2
e↵(h) + k

2
, and the mode occupation

number is evaluated as

nk = |�k|
2
⇡ e

2
R
|!(h,k)|dt

, (8)

where the integrals are taken over all tachyonic regimes,
i.e. over all k and t where !

2
< 0 holds.

For particle production during inflation, two additional
considerations must be taken into account:

• Inflation redshifts momenta and dilutes number den-
sities exponentially fast: k ! k/a ⇡ ke

�Ht, and
nk ! nke

�3Ht.

• The amplitude of modes larger than the horizon size
during inflation, ie k < H, get frozen, and cannot
grow.

Thus, exponential growth can only take place for modes
in the window H < k < |me↵|, which sets the limits of the
integral in Eq. 8. Since momenta are exponentially red-
shifted, it might naively appear that modes have no time

1 Strictly speaking, the interpretation of nk as the number of parti-
cles with energy |!k| is robust only at a stable point of the theory,
not in the unstable regime while the background field is evolving;
nevertheless we will adopt this interpretation here, as is also done,
e.g. in the preheating literature.

1307.3536 [hep-ph]

Higgs quartic coupling runs 
to negative values
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The Standard Model Higgs becomes tachyonic at high scales according to current measurements.
This unstable regime of the Higgs potential can be realized in the early Universe during high scale
inflation, potentially with catastrophic consequences. This letter studies a crucial inherent feature
of such configurations: during inflation, the rapidly evolving Higgs field can excite particles out of
vacuum, and this particle abundance gets exponentially enhanced due to the tachyonic instability.
Such explosive particle production can rapidly drain energy away from the Higgs field, sustaining
a large density of Higgs particles even during inflation. Consequently, such regions exit inflation
into a preheated state with positive vacuum energy rather than into collapsing anti-de Sitter space.
The Standard Model Higgs could therefore initiate a qualitatively di↵erent form of preheating in
parts of the post-inflationary Universe, and possibly, without any nonminimal modifications, cure
the catastrophic aspects of its instability. The results here could carry important theoretical and
observational implications for high scale inflation, post-inflationary preheating, observable signals
in the cosmic microwave background and gravitational waves, as well as deeper concepts ranging
from eternal inflation to the metastability of the electroweak vacuum.

I. MOTIVATION

Current measurements indicate that the Standard
Model (SM) Higgs potential is unstable at high scales,
and the electroweak vacuum that our Universe exists in is
metastable, albeit with a decay lifetime significantly longer
than the current age of the Universe. However, the Higgs
could have existed in this unstable regime in the early Uni-
verse due to quantum fluctuations during a period of high
scale inflation. Such configurations have been extensively
studied in the literature [1–8], and the consequences are
believed to be catastrophic: the Higgs rapidly evolves to
regions of negative potential energy that can terminate in-
flation, resulting in anti-de Sitter (AdS) space that grows
to engulf all of spacetime, rendering the existence of a Uni-
verse such as ours impossible. This fate can be avoided in
the presence of nonminimal modifications of the Higgs po-
tential that stabilize it before reaching such regimes (see
e.g. [4, 5, 9, 10] [add more references]). However, in the ab-
sence of such stabilizing corrections, the Standard Model
Higgs appears to be incompatible with high scale inflation.

In this paper, we study the e↵ects of Higgs particle pro-
duction in the tachyonic regime during inflation. It is
well known that the tachyonic instability triggers an ex-
pontential growth of particle number [11, 12]. Some pre-
vious papers [8, 13, 14] that studied particle production
and tachyonic growth of inhomogeneities in this regime
during inflation found such e↵ects to be negligible; how-
ever, these papers only considered Hubble-induced fluc-
tuations or particle production, i.e. those sourced by the
inflationary background. In this paper, we focus on parti-
cle production induced by the dynamics of the Higgs field
itself. It is well known that a non-adiabatically chang-
ing background field can produce particles out of vacuum;
this phenomenon is familiar, for instance, in the context of
the Schwinger mechanism, Hawking radiation from black
holes, or gravitational particle production. Although the
energy density in the Higgs field is subdominant to the in-
flaton energy density in our regime of interest, which might

have led previous studies to ignore this e↵ect, we will see
that particle production induced by the Higgs is an impor-
tant e↵ect, due to the fact that the Higgs can reach field
values significantly larger than Hubble during inflation.

A substantial population of Higgs particles produced out
of the Higgs field during inflation can have several impor-
tant consequences. It can draw energy out of the Higgs
field, slowing its evolution towards catastrophic values, as
well as produce stabilizing thermal corrections to the Higgs
potential. It can terminate inflation locally once its energy
density becomes comparable to the inflaton energy density,
resulting in emergence out of inflation into a preheated
state, much as in warm inflation scenarios [15], rather than
into catastrophic anti-de Sitter space. Such considerations
reopen the possibility of restoring the electroweak vacuum
after reheating, and therefore making high scale inflation
compatible with the Higgs instability. The presence of
a large density of particles in some Hubble patches also
raises the prospects of observables signals of such inhomo-
geneities, such as imprints in the cosmic microwave back-
ground (CMB) [16–18], gravitational waves [19, 20], and
primordial black holes [14, 18].

Section II describes the framework for our study. Sec-
tion III presents the calculation of particle production from
Higgs evolution and tachyonic instability during inflation.
Backreaction e↵ects of particle production are addressed in
Section IV, followed by discussions of the post-inflationary
evolution of such regions (Section V) and observable sig-
nals of such configurations (Section VI). Section VII is de-
voted to a discussion of open questions and broader impli-
cations.

II. FRAMEWORK: HIGGS EVOLUTION

The Standard Model Higgs potential develops an insta-
bility scale at ⇤I ⇠ 1011 GeV due to the Higgs quartic
coupling running to negative values. Beyond this scale, 2

the Higgs potential can be written as

V (h) ⇡ �
�

4
h
4
. (1)

We can approximate � ⇡ 0.01 for our purposes. Note that
the (field-dependent) Higgs mass in this regime is tachy-
onic:

m
2
e↵(h) = Vhh = �3�h2

⇡ �(0.17h)2 < 0 . (2)

The inflaton potential is

V� =
3

8⇡
H

2
M

2
P
, (3)

where MP is the Planck scale, and H is the Hubble scale
during inflation, which we take to be constant.

The evolution of the Higgs field in this setup has been
studied in detail in several previous works [1–8]. For small
Higgs field values, the dynamics is dominated by quantum
fluctuations of size ⇠

H

2⇡ induced by inflation, resulting
in random coherent “jumps” of the Higgs field within en-
tire Hubble patches. Quantum fluctuations remain domi-
nant until the Higgs reaches h ⇡ (3/2⇡�)1/3H ⇡ 3.6H, at
which point classical evolution driven by the Higgs poten-
tial takes over. Beyond this, the equation of motion of the
Higgs field is

ḧ+ 3Hḣ =
dV

dh
. (4)

We will solve this classical evolution equation with initial
conditions h = 3.6H and ḣ = 0 to obtain the classical
Higgs field value as a function of time, h(t). In the early
stages of this regime, Hubble friction causes the Higgs field
to slow-roll for several e-folds of inflation, until it reaches

h ⇠ hsr ⌘ (3/�)1/2H ⇡ 17.3H (exit from slow roll) (5)

Beyond this point, Hubble friction becomes negligible, and
the Higgs field diverges quickly to very large values in less
than a single e-fold.

Note that the inflation energy density dominates over
the Higgs potential energy until

h ⇠ hI ⌘

✓
3

2⇡�

◆1/4p
HMP (exit from inflation) (6)

For this paper, we take the scale of inflation to be the same
as the Higgs instability scale, H = ⇤I ; then the inflaton
energy density dominates until h & hI ⇠ 104H. If the
Higgs gets to this point in a Hubble patch, this terminates
inflation locally, and the region rapidly collapses into anti-
de Sitter space. Moreover, these collapsing regions grow
to engulf the remain spacetime after inflation has ended
globally [6]. Hence the existence of even a single Hubble
patch where the Higgs field extends beyond the slow-roll
regime is posited to be catastrophic for the existence of a
Universe like ours [5, 6, 21]. However, as we will see below,
it is precisely in this brief window beyond slow-roll, hsr <

h < hI , that particle production becomes important.

III. PARTICLE PRODUCTION AND
TACHYONIC GROWTH

We now consider particle production from the evolv-
ing Higgs field in the regime hsr < h < hI . It is
well known that particle production during inflation re-
quires non-adiabatic evolution. Beyond the Higgs slow-
roll regime h & 17.3H, the Higgs mass indeed changes
non-adiabatically, ṁe↵/m

2
e↵ ⇠ 1, as can be verified nu-

merically using Eq. 2 and the numerical solution for Eq. 4.
This non-adiabatic change of the Higgs mass can therefore
excite Higgs particles out of the vacuum.
The standard approach to calculate the number density

of particles produced from a non-adiabatically changing
background is via the computation of Bogoliubov coe�-
cients (see e.g. [22–24]); here, we will first discuss a semi-
analytic estimate, which is numerically simpler and o↵ers
greater intuition, before comparing with numerical solu-
tions of the Bogoliubov coe�cients. In general, for a par-
ticle with a non-adiabatically evolving mass, modes with
momenta k . |me↵| get populated with occupation num-
ber nk = |�k|

2
⇠ 1, where �k is the Bogoliubov coe�cient.

When the mass is tachyonic, the coe�cient gets expo-
nentially enhanced via the tachyonic instability for modes
k < |me↵| as � ⇠ e

�i!t = e
|!|t, where !2 = m

2
e↵ + k

2. The
energy density in Higgs particles as a function of the Higgs
field value can therefore be estimated as 1

⇢P (h) =

Z
meff

H

d
3
k

(2⇡)3
|!(h, k)|nk =

1

2⇡2

Z
meff

H

k
2
dk|!(h, k)|nk

(7)
where !

2 (h, k) = m
2
e↵(h) + k

2
, and the mode occupation

number is evaluated as

nk = |�k|
2
⇡ e

2
R
|!(h,k)|dt

, (8)

where the integrals are taken over all tachyonic regimes,
i.e. over all k and t where !

2
< 0 holds.

For particle production during inflation, two additional
considerations must be taken into account:

• Inflation redshifts momenta and dilutes number den-
sities exponentially fast: k ! k/a ⇡ ke

�Ht, and
nk ! nke

�3Ht.

• The amplitude of modes larger than the horizon size
during inflation, ie k < H, get frozen, and cannot
grow.

Thus, exponential growth can only take place for modes
in the window H < k < |me↵|, which sets the limits of the
integral in Eq. 8. Since momenta are exponentially red-
shifted, it might naively appear that modes have no time

1 Strictly speaking, the interpretation of nk as the number of parti-
cles with energy |!k| is robust only at a stable point of the theory,
not in the unstable regime while the background field is evolving;
nevertheless we will adopt this interpretation here, as is also done,
e.g. in the preheating literature.

at high scales A deeper true minimum somewhere
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HIGGS DURING INFLATION
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The Standard Model Higgs becomes tachyonic at high scales according to current measurements.
This unstable regime of the Higgs potential can be realized in the early Universe during high scale
inflation, potentially with catastrophic consequences. This letter studies a crucial inherent feature
of such configurations: during inflation, the rapidly evolving Higgs field can excite particles out of
vacuum, and this particle abundance gets exponentially enhanced due to the tachyonic instability.
Such explosive particle production can rapidly drain energy away from the Higgs field, sustaining
a large density of Higgs particles even during inflation. Consequently, such regions exit inflation
into a preheated state with positive vacuum energy rather than into collapsing anti-de Sitter space.
The Standard Model Higgs could therefore initiate a qualitatively di↵erent form of preheating in
parts of the post-inflationary Universe, and possibly, without any nonminimal modifications, cure
the catastrophic aspects of its instability. The results here could carry important theoretical and
observational implications for high scale inflation, post-inflationary preheating, observable signals
in the cosmic microwave background and gravitational waves, as well as deeper concepts ranging
from eternal inflation to the metastability of the electroweak vacuum.

I. MOTIVATION

Current measurements indicate that the Standard
Model (SM) Higgs potential is unstable at high scales,
and the electroweak vacuum that our Universe exists in is
metastable, albeit with a decay lifetime significantly longer
than the current age of the Universe. However, the Higgs
could have existed in this unstable regime in the early Uni-
verse due to quantum fluctuations during a period of high
scale inflation. Such configurations have been extensively
studied in the literature [1–8], and the consequences are
believed to be catastrophic: the Higgs rapidly evolves to
regions of negative potential energy that can terminate in-
flation, resulting in anti-de Sitter (AdS) space that grows
to engulf all of spacetime, rendering the existence of a Uni-
verse such as ours impossible. This fate can be avoided in
the presence of nonminimal modifications of the Higgs po-
tential that stabilize it before reaching such regimes (see
e.g. [4, 5, 9, 10] [add more references]). However, in the ab-
sence of such stabilizing corrections, the Standard Model
Higgs appears to be incompatible with high scale inflation.

In this paper, we study the e↵ects of Higgs particle pro-
duction in the tachyonic regime during inflation. It is
well known that the tachyonic instability triggers an ex-
pontential growth of particle number [11, 12]. Some pre-
vious papers [8, 13, 14] that studied particle production
and tachyonic growth of inhomogeneities in this regime
during inflation found such e↵ects to be negligible; how-
ever, these papers only considered Hubble-induced fluc-
tuations or particle production, i.e. those sourced by the
inflationary background. In this paper, we focus on parti-
cle production induced by the dynamics of the Higgs field
itself. It is well known that a non-adiabatically chang-
ing background field can produce particles out of vacuum;
this phenomenon is familiar, for instance, in the context of
the Schwinger mechanism, Hawking radiation from black
holes, or gravitational particle production. Although the
energy density in the Higgs field is subdominant to the in-
flaton energy density in our regime of interest, which might

have led previous studies to ignore this e↵ect, we will see
that particle production induced by the Higgs is an impor-
tant e↵ect, due to the fact that the Higgs can reach field
values significantly larger than Hubble during inflation.

A substantial population of Higgs particles produced out
of the Higgs field during inflation can have several impor-
tant consequences. It can draw energy out of the Higgs
field, slowing its evolution towards catastrophic values, as
well as produce stabilizing thermal corrections to the Higgs
potential. It can terminate inflation locally once its energy
density becomes comparable to the inflaton energy density,
resulting in emergence out of inflation into a preheated
state, much as in warm inflation scenarios [15], rather than
into catastrophic anti-de Sitter space. Such considerations
reopen the possibility of restoring the electroweak vacuum
after reheating, and therefore making high scale inflation
compatible with the Higgs instability. The presence of
a large density of particles in some Hubble patches also
raises the prospects of observables signals of such inhomo-
geneities, such as imprints in the cosmic microwave back-
ground (CMB) [16–18], gravitational waves [19, 20], and
primordial black holes [14, 18].

Section II describes the framework for our study. Sec-
tion III presents the calculation of particle production from
Higgs evolution and tachyonic instability during inflation.
Backreaction e↵ects of particle production are addressed in
Section IV, followed by discussions of the post-inflationary
evolution of such regions (Section V) and observable sig-
nals of such configurations (Section VI). Section VII is de-
voted to a discussion of open questions and broader impli-
cations.

II. FRAMEWORK: HIGGS EVOLUTION

The Standard Model Higgs potential develops an insta-
bility scale at ⇤I ⇠ 1011 GeV due to the Higgs quartic
coupling running to negative values. Beyond this scale,
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The Standard Model Higgs becomes tachyonic at high scales according to current measurements.
This unstable regime of the Higgs potential can be realized in the early Universe during high scale
inflation, potentially with catastrophic consequences. This letter studies a crucial inherent feature
of such configurations: during inflation, the rapidly evolving Higgs field can excite particles out of
vacuum, and this particle abundance gets exponentially enhanced due to the tachyonic instability.
Such explosive particle production can rapidly drain energy away from the Higgs field, sustaining
a large density of Higgs particles even during inflation. Consequently, such regions exit inflation
into a preheated state with positive vacuum energy rather than into collapsing anti-de Sitter space.
The Standard Model Higgs could therefore initiate a qualitatively di↵erent form of preheating in
parts of the post-inflationary Universe, and possibly, without any nonminimal modifications, cure
the catastrophic aspects of its instability. The results here could carry important theoretical and
observational implications for high scale inflation, post-inflationary preheating, observable signals
in the cosmic microwave background and gravitational waves, as well as deeper concepts ranging
from eternal inflation to the metastability of the electroweak vacuum.

I. MOTIVATION

Current measurements indicate that the Standard
Model (SM) Higgs potential is unstable at high scales,
and the electroweak vacuum that our Universe exists in is
metastable, albeit with a decay lifetime significantly longer
than the current age of the Universe. However, the Higgs
could have existed in this unstable regime in the early Uni-
verse due to quantum fluctuations during a period of high
scale inflation. Such configurations have been extensively
studied in the literature [1–8], and the consequences are
believed to be catastrophic: the Higgs rapidly evolves to
regions of negative potential energy that can terminate in-
flation, resulting in anti-de Sitter (AdS) space that grows
to engulf all of spacetime, rendering the existence of a Uni-
verse such as ours impossible. This fate can be avoided in
the presence of nonminimal modifications of the Higgs po-
tential that stabilize it before reaching such regimes (see
e.g. [4, 5, 9, 10] [add more references]). However, in the ab-
sence of such stabilizing corrections, the Standard Model
Higgs appears to be incompatible with high scale inflation.

In this paper, we study the e↵ects of Higgs particle pro-
duction in the tachyonic regime during inflation. It is
well known that the tachyonic instability triggers an ex-
pontential growth of particle number [11, 12]. Some pre-
vious papers [8, 13, 14] that studied particle production
and tachyonic growth of inhomogeneities in this regime
during inflation found such e↵ects to be negligible; how-
ever, these papers only considered Hubble-induced fluc-
tuations or particle production, i.e. those sourced by the
inflationary background. In this paper, we focus on parti-
cle production induced by the dynamics of the Higgs field
itself. It is well known that a non-adiabatically chang-
ing background field can produce particles out of vacuum;
this phenomenon is familiar, for instance, in the context of
the Schwinger mechanism, Hawking radiation from black
holes, or gravitational particle production. Although the
energy density in the Higgs field is subdominant to the in-
flaton energy density in our regime of interest, which might

have led previous studies to ignore this e↵ect, we will see
that particle production induced by the Higgs is an impor-
tant e↵ect, due to the fact that the Higgs can reach field
values significantly larger than Hubble during inflation.

A substantial population of Higgs particles produced out
of the Higgs field during inflation can have several impor-
tant consequences. It can draw energy out of the Higgs
field, slowing its evolution towards catastrophic values, as
well as produce stabilizing thermal corrections to the Higgs
potential. It can terminate inflation locally once its energy
density becomes comparable to the inflaton energy density,
resulting in emergence out of inflation into a preheated
state, much as in warm inflation scenarios [15], rather than
into catastrophic anti-de Sitter space. Such considerations
reopen the possibility of restoring the electroweak vacuum
after reheating, and therefore making high scale inflation
compatible with the Higgs instability. The presence of
a large density of particles in some Hubble patches also
raises the prospects of observables signals of such inhomo-
geneities, such as imprints in the cosmic microwave back-
ground (CMB) [16–18], gravitational waves [19, 20], and
primordial black holes [14, 18].

Section II describes the framework for our study. Sec-
tion III presents the calculation of particle production from
Higgs evolution and tachyonic instability during inflation.
Backreaction e↵ects of particle production are addressed in
Section IV, followed by discussions of the post-inflationary
evolution of such regions (Section V) and observable sig-
nals of such configurations (Section VI). Section VII is de-
voted to a discussion of open questions and broader impli-
cations.

II. FRAMEWORK: HIGGS EVOLUTION

The Standard Model Higgs potential develops an insta-
bility scale at ⇤I ⇠ 1011 GeV due to the Higgs quartic
coupling running to negative values. Beyond this scale,
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the Higgs potential can be written as
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We can approximate � ⇡ 0.01 for our purposes. Note that
the (field-dependent) Higgs mass in this regime is tachy-
onic:
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The inflaton potential is
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where MP is the Planck scale, and H is the Hubble scale
during inflation, which we take to be constant.

The evolution of the Higgs field in this setup has been
studied in detail in several previous works [1–8]. For small
Higgs field values, the dynamics is dominated by quantum
fluctuations of size ⇠

H

2⇡ induced by inflation, resulting
in random coherent “jumps” of the Higgs field within en-
tire Hubble patches. Quantum fluctuations remain domi-
nant until the Higgs reaches h ⇡ (3/2⇡�)1/3H ⇡ 3.6H, at
which point classical evolution driven by the Higgs poten-
tial takes over. Beyond this, the equation of motion of the
Higgs field is

ḧ+ 3Hḣ =
dV

dh
. (4)

We will solve this classical evolution equation with initial
conditions h = 3.6H and ḣ = 0 to obtain the classical
Higgs field value as a function of time, h(t). In the early
stages of this regime, Hubble friction causes the Higgs field
to slow-roll for several e-folds of inflation, until it reaches

h ⇠ hsr ⌘ (3/�)1/2H ⇡ 17.3H (exit from slow roll) (5)

Beyond this point, Hubble friction becomes negligible, and
the Higgs field diverges quickly to very large values in less
than a single e-fold.

Note that the inflation energy density dominates over
the Higgs potential energy until

h ⇠ hI ⌘
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For this paper, we take the scale of inflation to be the same
as the Higgs instability scale, H = ⇤I ; then the inflaton
energy density dominates until h & hI ⇠ 104H. If the
Higgs gets to this point in a Hubble patch, this terminates
inflation locally, and the region rapidly collapses into anti-
de Sitter space. Moreover, these collapsing regions grow
to engulf the remain spacetime after inflation has ended
globally [6]. Hence the existence of even a single Hubble
patch where the Higgs field extends beyond the slow-roll
regime is posited to be catastrophic for the existence of a
Universe like ours [5, 6, 21]. However, as we will see below,
it is precisely in this brief window beyond slow-roll, hsr <

h < hI , that particle production becomes important.

III. PARTICLE PRODUCTION AND
TACHYONIC GROWTH

We now consider particle production from the evolv-
ing Higgs field in the regime hsr < h < hI . It is
well known that particle production during inflation re-
quires non-adiabatic evolution. Beyond the Higgs slow-
roll regime h & 17.3H, the Higgs mass indeed changes
non-adiabatically, ṁe↵/m

2
e↵ ⇠ 1, as can be verified nu-

merically using Eq. 2 and the numerical solution for Eq. 4.
This non-adiabatic change of the Higgs mass can therefore
excite Higgs particles out of the vacuum.
The standard approach to calculate the number density

of particles produced from a non-adiabatically changing
background is via the computation of Bogoliubov coe�-
cients (see e.g. [22–24]); here, we will first discuss a semi-
analytic estimate, which is numerically simpler and o↵ers
greater intuition, before comparing with numerical solu-
tions of the Bogoliubov coe�cients. In general, for a par-
ticle with a non-adiabatically evolving mass, modes with
momenta k . |me↵| get populated with occupation num-
ber nk = |�k|

2
⇠ 1, where �k is the Bogoliubov coe�cient.

When the mass is tachyonic, the coe�cient gets expo-
nentially enhanced via the tachyonic instability for modes
k < |me↵| as � ⇠ e

�i!t = e
|!|t, where !2 = m

2
e↵ + k

2. The
energy density in Higgs particles as a function of the Higgs
field value can therefore be estimated as 1
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number is evaluated as
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where the integrals are taken over all tachyonic regimes,
i.e. over all k and t where !

2
< 0 holds.

For particle production during inflation, two additional
considerations must be taken into account:

• Inflation redshifts momenta and dilutes number den-
sities exponentially fast: k ! k/a ⇡ ke

�Ht, and
nk ! nke

�3Ht.

• The amplitude of modes larger than the horizon size
during inflation, ie k < H, get frozen, and cannot
grow.

Thus, exponential growth can only take place for modes
in the window H < k < |me↵|, which sets the limits of the
integral in Eq. 8. Since momenta are exponentially red-
shifted, it might naively appear that modes have no time

1 Strictly speaking, the interpretation of nk as the number of parti-
cles with energy |!k| is robust only at a stable point of the theory,
not in the unstable regime while the background field is evolving;
nevertheless we will adopt this interpretation here, as is also done,
e.g. in the preheating literature.
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The Standard Model Higgs becomes tachyonic at high scales according to current measurements.
This unstable regime of the Higgs potential can be realized in the early Universe during high scale
inflation, potentially with catastrophic consequences. This letter studies a crucial inherent feature
of such configurations: during inflation, the rapidly evolving Higgs field can excite particles out of
vacuum, and this particle abundance gets exponentially enhanced due to the tachyonic instability.
Such explosive particle production can rapidly drain energy away from the Higgs field, sustaining
a large density of Higgs particles even during inflation. Consequently, such regions exit inflation
into a preheated state with positive vacuum energy rather than into collapsing anti-de Sitter space.
The Standard Model Higgs could therefore initiate a qualitatively di↵erent form of preheating in
parts of the post-inflationary Universe, and possibly, without any nonminimal modifications, cure
the catastrophic aspects of its instability. The results here could carry important theoretical and
observational implications for high scale inflation, post-inflationary preheating, observable signals
in the cosmic microwave background and gravitational waves, as well as deeper concepts ranging
from eternal inflation to the metastability of the electroweak vacuum.

I. MOTIVATION

Current measurements indicate that the Standard
Model (SM) Higgs potential is unstable at high scales,
and the electroweak vacuum that our Universe exists in is
metastable, albeit with a decay lifetime significantly longer
than the current age of the Universe. However, the Higgs
could have existed in this unstable regime in the early Uni-
verse due to quantum fluctuations during a period of high
scale inflation. Such configurations have been extensively
studied in the literature [1–8], and the consequences are
believed to be catastrophic: the Higgs rapidly evolves to
regions of negative potential energy that can terminate in-
flation, resulting in anti-de Sitter (AdS) space that grows
to engulf all of spacetime, rendering the existence of a Uni-
verse such as ours impossible. This fate can be avoided in
the presence of nonminimal modifications of the Higgs po-
tential that stabilize it before reaching such regimes (see
e.g. [4, 5, 9, 10] [add more references]). However, in the ab-
sence of such stabilizing corrections, the Standard Model
Higgs appears to be incompatible with high scale inflation.

In this paper, we study the e↵ects of Higgs particle pro-
duction in the tachyonic regime during inflation. It is
well known that the tachyonic instability triggers an ex-
pontential growth of particle number [11, 12]. Some pre-
vious papers [8, 13, 14] that studied particle production
and tachyonic growth of inhomogeneities in this regime
during inflation found such e↵ects to be negligible; how-
ever, these papers only considered Hubble-induced fluc-
tuations or particle production, i.e. those sourced by the
inflationary background. In this paper, we focus on parti-
cle production induced by the dynamics of the Higgs field
itself. It is well known that a non-adiabatically chang-
ing background field can produce particles out of vacuum;
this phenomenon is familiar, for instance, in the context of
the Schwinger mechanism, Hawking radiation from black
holes, or gravitational particle production. Although the
energy density in the Higgs field is subdominant to the in-
flaton energy density in our regime of interest, which might

have led previous studies to ignore this e↵ect, we will see
that particle production induced by the Higgs is an impor-
tant e↵ect, due to the fact that the Higgs can reach field
values significantly larger than Hubble during inflation.

A substantial population of Higgs particles produced out
of the Higgs field during inflation can have several impor-
tant consequences. It can draw energy out of the Higgs
field, slowing its evolution towards catastrophic values, as
well as produce stabilizing thermal corrections to the Higgs
potential. It can terminate inflation locally once its energy
density becomes comparable to the inflaton energy density,
resulting in emergence out of inflation into a preheated
state, much as in warm inflation scenarios [15], rather than
into catastrophic anti-de Sitter space. Such considerations
reopen the possibility of restoring the electroweak vacuum
after reheating, and therefore making high scale inflation
compatible with the Higgs instability. The presence of
a large density of particles in some Hubble patches also
raises the prospects of observables signals of such inhomo-
geneities, such as imprints in the cosmic microwave back-
ground (CMB) [16–18], gravitational waves [19, 20], and
primordial black holes [14, 18].

Section II describes the framework for our study. Sec-
tion III presents the calculation of particle production from
Higgs evolution and tachyonic instability during inflation.
Backreaction e↵ects of particle production are addressed in
Section IV, followed by discussions of the post-inflationary
evolution of such regions (Section V) and observable sig-
nals of such configurations (Section VI). Section VII is de-
voted to a discussion of open questions and broader impli-
cations.

II. FRAMEWORK: HIGGS EVOLUTION

The Standard Model Higgs potential develops an insta-
bility scale at ⇤I ⇠ 1011 GeV due to the Higgs quartic
coupling running to negative values. Beyond this scale,
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where MP is the Planck scale, and H is the Hubble scale
during inflation, which we take to be constant.

The evolution of the Higgs field in this setup has been
studied in detail in several previous works [1–8]. For small
Higgs field values, the dynamics is dominated by quantum
fluctuations of size ⇠

H

2⇡ induced by inflation, resulting
in random coherent “jumps” of the Higgs field within en-
tire Hubble patches. Quantum fluctuations remain domi-
nant until the Higgs reaches h ⇡ (3/2⇡�)1/3H ⇡ 3.6H, at
which point classical evolution driven by the Higgs poten-
tial takes over. Beyond this, the equation of motion of the
Higgs field is

ḧ+ 3Hḣ =
dV

dh
. (4)

We will solve this classical evolution equation with initial
conditions h = 3.6H and ḣ = 0 to obtain the classical
Higgs field value as a function of time, h(t). In the early
stages of this regime, Hubble friction causes the Higgs field
to slow-roll for several e-folds of inflation, until it reaches

h ⇠ hsr ⌘ (3/�)1/2H ⇡ 17.3H (exit from slow roll) (5)

Beyond this point, Hubble friction becomes negligible, and
the Higgs field diverges quickly to very large values in less
than a single e-fold.

Note that the inflation energy density dominates over
the Higgs potential energy until

h ⇠ hI ⌘
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For this paper, we take the scale of inflation to be the same
as the Higgs instability scale, H = ⇤I ; then the inflaton
energy density dominates until h & hI ⇠ 104H. If the
Higgs gets to this point in a Hubble patch, this terminates
inflation locally, and the region rapidly collapses into anti-
de Sitter space. Moreover, these collapsing regions grow
to engulf the remain spacetime after inflation has ended
globally [6]. Hence the existence of even a single Hubble
patch where the Higgs field extends beyond the slow-roll
regime is posited to be catastrophic for the existence of a
Universe like ours [5, 6, 21]. However, as we will see below,
it is precisely in this brief window beyond slow-roll, hsr <

h < hI , that particle production becomes important.

III. PARTICLE PRODUCTION AND
TACHYONIC GROWTH

We now consider particle production from the evolv-
ing Higgs field in the regime hsr < h < hI . It is
well known that particle production during inflation re-
quires non-adiabatic evolution. Beyond the Higgs slow-
roll regime h & 17.3H, the Higgs mass indeed changes
non-adiabatically, ṁe↵/m

2
e↵ ⇠ 1, as can be verified nu-

merically using Eq. 2 and the numerical solution for Eq. 4.
This non-adiabatic change of the Higgs mass can therefore
excite Higgs particles out of the vacuum.
The standard approach to calculate the number density

of particles produced from a non-adiabatically changing
background is via the computation of Bogoliubov coe�-
cients (see e.g. [22–24]); here, we will first discuss a semi-
analytic estimate, which is numerically simpler and o↵ers
greater intuition, before comparing with numerical solu-
tions of the Bogoliubov coe�cients. In general, for a par-
ticle with a non-adiabatically evolving mass, modes with
momenta k . |me↵| get populated with occupation num-
ber nk = |�k|

2
⇠ 1, where �k is the Bogoliubov coe�cient.

When the mass is tachyonic, the coe�cient gets expo-
nentially enhanced via the tachyonic instability for modes
k < |me↵| as � ⇠ e
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where the integrals are taken over all tachyonic regimes,
i.e. over all k and t where !
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< 0 holds.

For particle production during inflation, two additional
considerations must be taken into account:

• Inflation redshifts momenta and dilutes number den-
sities exponentially fast: k ! k/a ⇡ ke

�Ht, and
nk ! nke

�3Ht.

• The amplitude of modes larger than the horizon size
during inflation, ie k < H, get frozen, and cannot
grow.

Thus, exponential growth can only take place for modes
in the window H < k < |me↵|, which sets the limits of the
integral in Eq. 8. Since momenta are exponentially red-
shifted, it might naively appear that modes have no time

1 Strictly speaking, the interpretation of nk as the number of parti-
cles with energy |!k| is robust only at a stable point of the theory,
not in the unstable regime while the background field is evolving;
nevertheless we will adopt this interpretation here, as is also done,
e.g. in the preheating literature.
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where MP is the Planck scale, and H is the Hubble scale
during inflation, which we take to be constant.

The evolution of the Higgs field in this setup has been
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nant until the Higgs reaches h ⇡ (3/2⇡�)1/3H ⇡ 3.6H, at
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We will solve this classical evolution equation with initial
conditions h = 3.6H and ḣ = 0 to obtain the classical
Higgs field value as a function of time, h(t). In the early
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to slow-roll for several e-folds of inflation, until it reaches
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For this paper, we take the scale of inflation to be the same
as the Higgs instability scale, H = ⇤I ; then the inflaton
energy density dominates until h & hI ⇠ 104H. If the
Higgs gets to this point in a Hubble patch, this terminates
inflation locally, and the region rapidly collapses into anti-
de Sitter space. Moreover, these collapsing regions grow
to engulf the remain spacetime after inflation has ended
globally [6]. Hence the existence of even a single Hubble
patch where the Higgs field extends beyond the slow-roll
regime is posited to be catastrophic for the existence of a
Universe like ours [5, 6, 21]. However, as we will see below,
it is precisely in this brief window beyond slow-roll, hsr <
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background is via the computation of Bogoliubov coe�-
cients (see e.g. [22–24]); here, we will first discuss a semi-
analytic estimate, which is numerically simpler and o↵ers
greater intuition, before comparing with numerical solu-
tions of the Bogoliubov coe�cients. In general, for a par-
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• The amplitude of modes larger than the horizon size
during inflation, ie k < H, get frozen, and cannot
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Thus, exponential growth can only take place for modes
in the window H < k < |me↵|, which sets the limits of the
integral in Eq. 8. Since momenta are exponentially red-
shifted, it might naively appear that modes have no time

1 Strictly speaking, the interpretation of nk as the number of parti-
cles with energy |!k| is robust only at a stable point of the theory,
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nevertheless we will adopt this interpretation here, as is also done,
e.g. in the preheating literature.
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The Standard Model Higgs becomes tachyonic at high scales according to current measurements.
This unstable regime of the Higgs potential can be realized in the early Universe during high scale
inflation, potentially with catastrophic consequences. This letter studies a crucial inherent feature
of such configurations: during inflation, the rapidly evolving Higgs field can excite particles out of
vacuum, and this particle abundance gets exponentially enhanced due to the tachyonic instability.
Such explosive particle production can rapidly drain energy away from the Higgs field, sustaining
a large density of Higgs particles even during inflation. Consequently, such regions exit inflation
into a preheated state with positive vacuum energy rather than into collapsing anti-de Sitter space.
The Standard Model Higgs could therefore initiate a qualitatively di↵erent form of preheating in
parts of the post-inflationary Universe, and possibly, without any nonminimal modifications, cure
the catastrophic aspects of its instability. The results here could carry important theoretical and
observational implications for high scale inflation, post-inflationary preheating, observable signals
in the cosmic microwave background and gravitational waves, as well as deeper concepts ranging
from eternal inflation to the metastability of the electroweak vacuum.

I. MOTIVATION

Current measurements indicate that the Standard
Model (SM) Higgs potential is unstable at high scales,
and the electroweak vacuum that our Universe exists in is
metastable, albeit with a decay lifetime significantly longer
than the current age of the Universe. However, the Higgs
could have existed in this unstable regime in the early Uni-
verse due to quantum fluctuations during a period of high
scale inflation. Such configurations have been extensively
studied in the literature [1–8], and the consequences are
believed to be catastrophic: the Higgs rapidly evolves to
regions of negative potential energy that can terminate in-
flation, resulting in anti-de Sitter (AdS) space that grows
to engulf all of spacetime, rendering the existence of a Uni-
verse such as ours impossible. This fate can be avoided in
the presence of nonminimal modifications of the Higgs po-
tential that stabilize it before reaching such regimes (see
e.g. [4, 5, 9, 10] [add more references]). However, in the ab-
sence of such stabilizing corrections, the Standard Model
Higgs appears to be incompatible with high scale inflation.

In this paper, we study the e↵ects of Higgs particle pro-
duction in the tachyonic regime during inflation. It is
well known that the tachyonic instability triggers an ex-
pontential growth of particle number [11, 12]. Some pre-
vious papers [8, 13, 14] that studied particle production
and tachyonic growth of inhomogeneities in this regime
during inflation found such e↵ects to be negligible; how-
ever, these papers only considered Hubble-induced fluc-
tuations or particle production, i.e. those sourced by the
inflationary background. In this paper, we focus on parti-
cle production induced by the dynamics of the Higgs field
itself. It is well known that a non-adiabatically chang-
ing background field can produce particles out of vacuum;
this phenomenon is familiar, for instance, in the context of
the Schwinger mechanism, Hawking radiation from black
holes, or gravitational particle production. Although the
energy density in the Higgs field is subdominant to the in-
flaton energy density in our regime of interest, which might

have led previous studies to ignore this e↵ect, we will see
that particle production induced by the Higgs is an impor-
tant e↵ect, due to the fact that the Higgs can reach field
values significantly larger than Hubble during inflation.

A substantial population of Higgs particles produced out
of the Higgs field during inflation can have several impor-
tant consequences. It can draw energy out of the Higgs
field, slowing its evolution towards catastrophic values, as
well as produce stabilizing thermal corrections to the Higgs
potential. It can terminate inflation locally once its energy
density becomes comparable to the inflaton energy density,
resulting in emergence out of inflation into a preheated
state, much as in warm inflation scenarios [15], rather than
into catastrophic anti-de Sitter space. Such considerations
reopen the possibility of restoring the electroweak vacuum
after reheating, and therefore making high scale inflation
compatible with the Higgs instability. The presence of
a large density of particles in some Hubble patches also
raises the prospects of observables signals of such inhomo-
geneities, such as imprints in the cosmic microwave back-
ground (CMB) [16–18], gravitational waves [19, 20], and
primordial black holes [14, 18].

Section II describes the framework for our study. Sec-
tion III presents the calculation of particle production from
Higgs evolution and tachyonic instability during inflation.
Backreaction e↵ects of particle production are addressed in
Section IV, followed by discussions of the post-inflationary
evolution of such regions (Section V) and observable sig-
nals of such configurations (Section VI). Section VII is de-
voted to a discussion of open questions and broader impli-
cations.

II. FRAMEWORK: HIGGS EVOLUTION

The Standard Model Higgs potential develops an insta-
bility scale at ⇤I ⇠ 1011 GeV due to the Higgs quartic
coupling running to negative values. Beyond this scale,
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The Standard Model Higgs becomes tachyonic at high scales according to current measurements.
This unstable regime of the Higgs potential can be realized in the early Universe during high scale
inflation, potentially with catastrophic consequences. This letter studies a crucial inherent feature
of such configurations: during inflation, the rapidly evolving Higgs field can excite particles out of
vacuum, and this particle abundance gets exponentially enhanced due to the tachyonic instability.
Such explosive particle production can rapidly drain energy away from the Higgs field, sustaining
a large density of Higgs particles even during inflation. Consequently, such regions exit inflation
into a preheated state with positive vacuum energy rather than into collapsing anti-de Sitter space.
The Standard Model Higgs could therefore initiate a qualitatively di↵erent form of preheating in
parts of the post-inflationary Universe, and possibly, without any nonminimal modifications, cure
the catastrophic aspects of its instability. The results here could carry important theoretical and
observational implications for high scale inflation, post-inflationary preheating, observable signals
in the cosmic microwave background and gravitational waves, as well as deeper concepts ranging
from eternal inflation to the metastability of the electroweak vacuum.
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could have existed in this unstable regime in the early Uni-
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regions of negative potential energy that can terminate in-
flation, resulting in anti-de Sitter (AdS) space that grows
to engulf all of spacetime, rendering the existence of a Uni-
verse such as ours impossible. This fate can be avoided in
the presence of nonminimal modifications of the Higgs po-
tential that stabilize it before reaching such regimes (see
e.g. [4, 5, 9, 10] [add more references]). However, in the ab-
sence of such stabilizing corrections, the Standard Model
Higgs appears to be incompatible with high scale inflation.

In this paper, we study the e↵ects of Higgs particle pro-
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well known that the tachyonic instability triggers an ex-
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ever, these papers only considered Hubble-induced fluc-
tuations or particle production, i.e. those sourced by the
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energy density in the Higgs field is subdominant to the in-
flaton energy density in our regime of interest, which might
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tant e↵ect, due to the fact that the Higgs can reach field
values significantly larger than Hubble during inflation.
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of the Higgs field during inflation can have several impor-
tant consequences. It can draw energy out of the Higgs
field, slowing its evolution towards catastrophic values, as
well as produce stabilizing thermal corrections to the Higgs
potential. It can terminate inflation locally once its energy
density becomes comparable to the inflaton energy density,
resulting in emergence out of inflation into a preheated
state, much as in warm inflation scenarios [15], rather than
into catastrophic anti-de Sitter space. Such considerations
reopen the possibility of restoring the electroweak vacuum
after reheating, and therefore making high scale inflation
compatible with the Higgs instability. The presence of
a large density of particles in some Hubble patches also
raises the prospects of observables signals of such inhomo-
geneities, such as imprints in the cosmic microwave back-
ground (CMB) [16–18], gravitational waves [19, 20], and
primordial black holes [14, 18].

Section II describes the framework for our study. Sec-
tion III presents the calculation of particle production from
Higgs evolution and tachyonic instability during inflation.
Backreaction e↵ects of particle production are addressed in
Section IV, followed by discussions of the post-inflationary
evolution of such regions (Section V) and observable sig-
nals of such configurations (Section VI). Section VII is de-
voted to a discussion of open questions and broader impli-
cations.
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THE STANDARD MODEL HIGGS POTENTIAL
EXTENDED TO HIGHER ENERGIES:

2

the Higgs potential can be written as

V (h) ⇡ �
�

4
h
4
. (1)

We can approximate � ⇡ 0.01 for our purposes. Note that
the (field-dependent) Higgs mass in this regime is tachy-
onic:

m
2
e↵(h) = Vhh = �3�h2

⇡ �(0.17h)2 < 0 . (2)

The inflaton potential is

V� =
3

8⇡
H

2
M

2
P
, (3)

where MP is the Planck scale, and H is the Hubble scale
during inflation, which we take to be constant.

The evolution of the Higgs field in this setup has been
studied in detail in several previous works [1–8]. For small
Higgs field values, the dynamics is dominated by quantum
fluctuations of size ⇠

H

2⇡ induced by inflation, resulting
in random coherent “jumps” of the Higgs field within en-
tire Hubble patches. Quantum fluctuations remain domi-
nant until the Higgs reaches h ⇡ (3/2⇡�)1/3H ⇡ 3.6H, at
which point classical evolution driven by the Higgs poten-
tial takes over. Beyond this, the equation of motion of the
Higgs field is

ḧ+ 3Hḣ =
dV

dh
. (4)

We will solve this classical evolution equation with initial
conditions h = 3.6H and ḣ = 0 to obtain the classical
Higgs field value as a function of time, h(t). In the early
stages of this regime, Hubble friction causes the Higgs field
to slow-roll for several e-folds of inflation, until it reaches

h ⇠ hsr ⌘ (3/�)1/2H ⇡ 17.3H (exit from slow roll) (5)

Beyond this point, Hubble friction becomes negligible, and
the Higgs field diverges quickly to very large values in less
than a single e-fold.

Note that the inflation energy density dominates over
the Higgs potential energy until

h ⇠ hI ⌘

✓
3

2⇡�

◆1/4p
HMP (exit from inflation) (6)

For this paper, we take the scale of inflation to be the same
as the Higgs instability scale, H = ⇤I ; then the inflaton
energy density dominates until h & hI ⇠ 104H. If the
Higgs gets to this point in a Hubble patch, this terminates
inflation locally, and the region rapidly collapses into anti-
de Sitter space. Moreover, these collapsing regions grow
to engulf the remain spacetime after inflation has ended
globally [6]. Hence the existence of even a single Hubble
patch where the Higgs field extends beyond the slow-roll
regime is posited to be catastrophic for the existence of a
Universe like ours [5, 6, 21]. However, as we will see below,
it is precisely in this brief window beyond slow-roll, hsr <

h < hI , that particle production becomes important.

III. PARTICLE PRODUCTION AND
TACHYONIC GROWTH

We now consider particle production from the evolv-
ing Higgs field in the regime hsr < h < hI . It is
well known that particle production during inflation re-
quires non-adiabatic evolution. Beyond the Higgs slow-
roll regime h & 17.3H, the Higgs mass indeed changes
non-adiabatically, ṁe↵/m

2
e↵ ⇠ 1, as can be verified nu-

merically using Eq. 2 and the numerical solution for Eq. 4.
This non-adiabatic change of the Higgs mass can therefore
excite Higgs particles out of the vacuum.
The standard approach to calculate the number density

of particles produced from a non-adiabatically changing
background is via the computation of Bogoliubov coe�-
cients (see e.g. [22–24]); here, we will first discuss a semi-
analytic estimate, which is numerically simpler and o↵ers
greater intuition, before comparing with numerical solu-
tions of the Bogoliubov coe�cients. In general, for a par-
ticle with a non-adiabatically evolving mass, modes with
momenta k . |me↵| get populated with occupation num-
ber nk = |�k|

2
⇠ 1, where �k is the Bogoliubov coe�cient.

When the mass is tachyonic, the coe�cient gets expo-
nentially enhanced via the tachyonic instability for modes
k < |me↵| as � ⇠ e

�i!t = e
|!|t, where !2 = m

2
e↵ + k

2. The
energy density in Higgs particles as a function of the Higgs
field value can therefore be estimated as 1

⇢P (h) =

Z
meff

H

d
3
k

(2⇡)3
|!(h, k)|nk =

1

2⇡2

Z
meff

H

k
2
dk|!(h, k)|nk

(7)
where !

2 (h, k) = m
2
e↵(h) + k

2
, and the mode occupation

number is evaluated as

nk = |�k|
2
⇡ e

2
R
|!(h,k)|dt

, (8)

where the integrals are taken over all tachyonic regimes,
i.e. over all k and t where !

2
< 0 holds.

For particle production during inflation, two additional
considerations must be taken into account:

• Inflation redshifts momenta and dilutes number den-
sities exponentially fast: k ! k/a ⇡ ke

�Ht, and
nk ! nke

�3Ht.

• The amplitude of modes larger than the horizon size
during inflation, ie k < H, get frozen, and cannot
grow.

Thus, exponential growth can only take place for modes
in the window H < k < |me↵|, which sets the limits of the
integral in Eq. 8. Since momenta are exponentially red-
shifted, it might naively appear that modes have no time

1 Strictly speaking, the interpretation of nk as the number of parti-
cles with energy |!k| is robust only at a stable point of the theory,
not in the unstable regime while the background field is evolving;
nevertheless we will adopt this interpretation here, as is also done,
e.g. in the preheating literature.
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Higgs field value as a function of time, h(t). In the early
stages of this regime, Hubble friction causes the Higgs field
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Note that the inflation energy density dominates over
the Higgs potential energy until

h ⇠ hI ⌘

✓
3

2⇡�

◆1/4p
HMP (exit from inflation) (6)

For this paper, we take the scale of inflation to be the same
as the Higgs instability scale, H = ⇤I ; then the inflaton
energy density dominates until h & hI ⇠ 104H. If the
Higgs gets to this point in a Hubble patch, this terminates
inflation locally, and the region rapidly collapses into anti-
de Sitter space. Moreover, these collapsing regions grow
to engulf the remain spacetime after inflation has ended
globally [6]. Hence the existence of even a single Hubble
patch where the Higgs field extends beyond the slow-roll
regime is posited to be catastrophic for the existence of a
Universe like ours [5, 6, 21]. However, as we will see below,
it is precisely in this brief window beyond slow-roll, hsr <

h < hI , that particle production becomes important.

III. PARTICLE PRODUCTION AND
TACHYONIC GROWTH

We now consider particle production from the evolv-
ing Higgs field in the regime hsr < h < hI . It is
well known that particle production during inflation re-
quires non-adiabatic evolution. Beyond the Higgs slow-
roll regime h & 17.3H, the Higgs mass indeed changes
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merically using Eq. 2 and the numerical solution for Eq. 4.
This non-adiabatic change of the Higgs mass can therefore
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The standard approach to calculate the number density
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cients (see e.g. [22–24]); here, we will first discuss a semi-
analytic estimate, which is numerically simpler and o↵ers
greater intuition, before comparing with numerical solu-
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• The amplitude of modes larger than the horizon size
during inflation, ie k < H, get frozen, and cannot
grow.

Thus, exponential growth can only take place for modes
in the window H < k < |me↵|, which sets the limits of the
integral in Eq. 8. Since momenta are exponentially red-
shifted, it might naively appear that modes have no time

1 Strictly speaking, the interpretation of nk as the number of parti-
cles with energy |!k| is robust only at a stable point of the theory,
not in the unstable regime while the background field is evolving;
nevertheless we will adopt this interpretation here, as is also done,
e.g. in the preheating literature.
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conditions h = 3.6H and ḣ = 0 to obtain the classical
Higgs field value as a function of time, h(t). In the early
stages of this regime, Hubble friction causes the Higgs field
to slow-roll for several e-folds of inflation, until it reaches

h ⇠ hsr ⌘ (3/�)1/2H ⇡ 17.3H (exit from slow roll) (5)

Beyond this point, Hubble friction becomes negligible, and
the Higgs field diverges quickly to very large values in less
than a single e-fold.

Note that the inflation energy density dominates over
the Higgs potential energy until

h ⇠ hI ⌘

✓
3

2⇡�

◆1/4p
HMP (exit from inflation) (6)

For this paper, we take the scale of inflation to be the same
as the Higgs instability scale, H = ⇤I ; then the inflaton
energy density dominates until h & hI ⇠ 104H. If the
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to engulf the remain spacetime after inflation has ended
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sities exponentially fast: k ! k/a ⇡ ke
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�3Ht.

• The amplitude of modes larger than the horizon size
during inflation, ie k < H, get frozen, and cannot
grow.

Thus, exponential growth can only take place for modes
in the window H < k < |me↵|, which sets the limits of the
integral in Eq. 8. Since momenta are exponentially red-
shifted, it might naively appear that modes have no time

1 Strictly speaking, the interpretation of nk as the number of parti-
cles with energy |!k| is robust only at a stable point of the theory,
not in the unstable regime while the background field is evolving;
nevertheless we will adopt this interpretation here, as is also done,
e.g. in the preheating literature.
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The Standard Model Higgs becomes tachyonic at high scales according to current measurements.
This unstable regime of the Higgs potential can be realized in the early Universe during high scale
inflation, potentially with catastrophic consequences. This letter studies a crucial inherent feature
of such configurations: during inflation, the rapidly evolving Higgs field can excite particles out of
vacuum, and this particle abundance gets exponentially enhanced due to the tachyonic instability.
Such explosive particle production can rapidly drain energy away from the Higgs field, sustaining
a large density of Higgs particles even during inflation. Consequently, such regions exit inflation
into a preheated state with positive vacuum energy rather than into collapsing anti-de Sitter space.
The Standard Model Higgs could therefore initiate a qualitatively di↵erent form of preheating in
parts of the post-inflationary Universe, and possibly, without any nonminimal modifications, cure
the catastrophic aspects of its instability. The results here could carry important theoretical and
observational implications for high scale inflation, post-inflationary preheating, observable signals
in the cosmic microwave background and gravitational waves, as well as deeper concepts ranging
from eternal inflation to the metastability of the electroweak vacuum.

I. MOTIVATION

Current measurements indicate that the Standard
Model (SM) Higgs potential is unstable at high scales,
and the electroweak vacuum that our Universe exists in is
metastable, albeit with a decay lifetime significantly longer
than the current age of the Universe. However, the Higgs
could have existed in this unstable regime in the early Uni-
verse due to quantum fluctuations during a period of high
scale inflation. Such configurations have been extensively
studied in the literature [1–8], and the consequences are
believed to be catastrophic: the Higgs rapidly evolves to
regions of negative potential energy that can terminate in-
flation, resulting in anti-de Sitter (AdS) space that grows
to engulf all of spacetime, rendering the existence of a Uni-
verse such as ours impossible. This fate can be avoided in
the presence of nonminimal modifications of the Higgs po-
tential that stabilize it before reaching such regimes (see
e.g. [4, 5, 9, 10] [add more references]). However, in the ab-
sence of such stabilizing corrections, the Standard Model
Higgs appears to be incompatible with high scale inflation.

In this paper, we study the e↵ects of Higgs particle pro-
duction in the tachyonic regime during inflation. It is
well known that the tachyonic instability triggers an ex-
pontential growth of particle number [11, 12]. Some pre-
vious papers [8, 13, 14] that studied particle production
and tachyonic growth of inhomogeneities in this regime
during inflation found such e↵ects to be negligible; how-
ever, these papers only considered Hubble-induced fluc-
tuations or particle production, i.e. those sourced by the
inflationary background. In this paper, we focus on parti-
cle production induced by the dynamics of the Higgs field
itself. It is well known that a non-adiabatically chang-
ing background field can produce particles out of vacuum;
this phenomenon is familiar, for instance, in the context of
the Schwinger mechanism, Hawking radiation from black
holes, or gravitational particle production. Although the
energy density in the Higgs field is subdominant to the in-
flaton energy density in our regime of interest, which might

have led previous studies to ignore this e↵ect, we will see
that particle production induced by the Higgs is an impor-
tant e↵ect, due to the fact that the Higgs can reach field
values significantly larger than Hubble during inflation.

A substantial population of Higgs particles produced out
of the Higgs field during inflation can have several impor-
tant consequences. It can draw energy out of the Higgs
field, slowing its evolution towards catastrophic values, as
well as produce stabilizing thermal corrections to the Higgs
potential. It can terminate inflation locally once its energy
density becomes comparable to the inflaton energy density,
resulting in emergence out of inflation into a preheated
state, much as in warm inflation scenarios [15], rather than
into catastrophic anti-de Sitter space. Such considerations
reopen the possibility of restoring the electroweak vacuum
after reheating, and therefore making high scale inflation
compatible with the Higgs instability. The presence of
a large density of particles in some Hubble patches also
raises the prospects of observables signals of such inhomo-
geneities, such as imprints in the cosmic microwave back-
ground (CMB) [16–18], gravitational waves [19, 20], and
primordial black holes [14, 18].

Section II describes the framework for our study. Sec-
tion III presents the calculation of particle production from
Higgs evolution and tachyonic instability during inflation.
Backreaction e↵ects of particle production are addressed in
Section IV, followed by discussions of the post-inflationary
evolution of such regions (Section V) and observable sig-
nals of such configurations (Section VI). Section VII is de-
voted to a discussion of open questions and broader impli-
cations.

II. FRAMEWORK: HIGGS EVOLUTION

The Standard Model Higgs potential develops an insta-
bility scale at ⇤I ⇠ 1011 GeV due to the Higgs quartic
coupling running to negative values. Beyond this scale,
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Consider the mode expansion of a field: 

TACHYONIC INSTABILITY

q̂ =
1p
2!

(â�e�i!t + â
†
e
i!t), (24)

p̂ =

p
!

i
p
2
(â�e�i!t � â

†
e
i!t). (25)

Finally, it is worth noting for later use that it can be shown, using (14) and (15), that
the following commutation relation is true

[Ĥ, â
†
â
�] = 0. (26)

This means that we can measure the value of both the Hamiltonian operator and â
†
â
�

simultaneously and with exact precision, thus we can set up the following eigenvector
equations for an arbitrary state |ni.

Ĥ|ni = En|ni, (27)

â
†
â
�|ni = n|ni, (28)

where En is interpreted as the energy in the field, and the eigenvalue n is interpreted as
the particle number. As a consequence the operator â†â� is known as the particle number
operator. In this subsection we have seen that the process of quantization of a scalar field
is equivalent to the quantization of a infinite collection of simple harmonic oscillators. We
discussed the process of quantization of the simple harmonic oscillator, including defining
creation and annihilation operators, the ground state, and the particle number operator
which will be of importance later. Finally we note that for the quantization of a scalar
field we must have a set of these defined operators, one for each vector k. For example,
the ground state for the scalar field is defined as

â
�
k |0i = 0, (29)

for all k.

2.4 Mode Expansion

In 2.3 we saw how to express a scalar field in terms of its Fourier spatial decomposition (10)
and by substituting this into the Klein-Gordon equation we deduced that the quantization
of a scalar field was equivalent to quantization of a infinite set of harmonic oscillators
(11). From (24) we can write  k as

 ̂k =
1p
2!k

(âk
�
e
�i!kt + â

†
ke

i!kt), (30)

where !k =
p
|k|2 +m2.
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II. FRAMEWORK: HIGGS EVOLUTION

The Standard Model Higgs potential develops an insta-
bility scale at ⇤I ⇠ 1011 GeV due to the Higgs quartic
coupling running to negative values (see e.g. [33]). Above
this scale, the Higgs potential can be written as

V (h) ⇡ �
�

4
h
4
. (1)

We can approximate � ⇡ 0.01 for our purposes. The (field-
dependent) Higgs mass in this regime is tachyonic:

m
2
h
(h) = Vhh = �3�h2

⇡ �(0.17h)2 < 0 . (2)

The inflaton potential is

V� =
3

8⇡
H

2
M

2
P
, (3)

where MP ⇡ 1.2 ⇥ 1019 GeV is the Planck scale, and H

is the Hubble scale during inflation, which we take to be
constant.

The evolution of the Higgs field in this setup has been
studied in detail in several previous works [2, 4, 5, 8–10,
13, 14]. For small (sub-Hubble) Higgs field values, the
dynamics is dominated by quantum fluctuations of size
⇠

H

2⇡ induced by inflation, resulting in random coherent
“jumps” of the Higgs field within entire Hubble patches,
which remains the dominant driving force until the Higgs
reaches h ⇡ (3/2⇡�)1/3H ⇡ 3.6H. Beyond this, classical
evolution driven by the Higgs potential takes over, and the
equation of motion of the Higgs field is

ḧ+ 3Hḣ =
dV

dh
. (4)

We will solve for Higgs evolution in this classical regime,
with initial conditions h = 3.6H and ḣ = 0, to obtain the
Higgs field value as a function of time, h(t). In the early
stages of this regime, Hubble friction causes the Higgs field
to slow-roll for several e-folds of inflation, until it reaches

h ⇠ hsr ⌘ (3/�)1/2H ⇡ 17.3H (end of slow-roll) (5)

Beyond this point, Hubble friction becomes negligible, and
the Higgs field diverges quickly to very large values in less
than a single e-fold.

Note that the inflaton energy density dominates over the
Higgs potential energy until

h ⇠ hI ⌘

✓
3

2⇡�

◆1/4p
HMP (exit from inflation) (6)

For this paper, we take the scale of inflation to be of the
same order as the Higgs instability scale, H ⇠ ⇤I ; then the
inflaton energy density dominates until h & hI ⇠ 104H. If
the Higgs field gets to such large values in a Hubble patch,
this terminates inflation locally, and the region rapidly col-
lapses into AdS. These collapsing regions grow to engulf

the surrounding spacetime after inflation has ended glob-
ally [10]; therefore, the existence of even a single Hubble
patch where the Higgs field extends beyond the slow-roll
regime is posited to be catastrophic for the existence of
our Universe [9, 10, 34]. However, as we will see below, it
is precisely in this window beyond slow-roll, hsr < h < hI ,
that particle production becomes important, and could af-
fect the subsequent evolution.

III. PARTICLE PRODUCTION AND
TACHYONIC GROWTH

We now consider particle production from the evolving
Higgs field in the regime hsr < h < hI . It is well known
that particle production during inflation requires non-
adiabatic conditions. Beyond the Higgs slow-roll regime
h > hsr, the Higgs mass indeed changes non-adiabatically,
|ṁh/m

2
h
| ⇠ 1, as can be verified numerically using Eq. 2

and the numerical solution for Eq. 4. This non-adiabatic
evolution of the Higgs mass can therefore excite Higgs par-
ticles out of the vacuum. 1 The standard approach to cal-
culate the number density of particles produced from a
non-adiabatically changing background is via the compu-
tation of Bogoliubov coe�cients (see e.g. [35–37]). Here,
we first present a semi-analytic estimate that is computa-
tionally simpler and o↵ers greater intuition before compar-
ing with numerical solutions.

When the Higgs mass evolves non-adiabatically, modes
with momenta k . |mh| get populated with occupation
number nk = |�k|

2
⇠ 1, where �k is the Bogoliubov coe�-

cient of a positive frequency mode, corresponding to parti-
cle excitation [35–37]. When the mass is tachyonic, the co-
e�cient gets further enhanced exponentially via the tachy-
onic instability as � ⇠ e

�i!t = e
|!|t, where !

2 = m
2
h
+ k

2,
for modes with !

2
< 0. The Higgs particle energy den-

sity as a function of the Higgs field value can therefore be
estimated as 2

⇢P (h) =

Z
mh

H

d
3
k

(2⇡)3
|!(h, k)|nk =

1

2⇡2

Z
mh

H

k
2
dk|!(h, k)|nk

(7)
where !2 (h, k) = m

2
h
(h)+ k

2
. The mode occupation num-

ber is evaluated as

nk = |�k|
2
⇡ Exp


2

Z
|!(h, k)|dt

�
, (8)

1
All other SM particles that obtain mass from the Higgs mechanism

also have non-adiabatically varying masses and can get excited out

of vacuum in this phase; however, their masses are not tachyonic,

hence the e↵ects of their production are negligible.
2
Strictly speaking, the interpretation of nk as the number of parti-

cles with energy |!k| is robust only at a stable point of the theory,

not in the unstable regime while the background is changing; nev-

ertheless we will adopt this interpretation here, as is commonly

done in the literature.

grows exponentially instead of oscillating 

Tachyonic instability leads to explosive growth of inhomogeneities / particle densities! 

7

geneities, terminating inflation locally; in this sense, the
tachyonic Higgs could act as a regulator of eternal infla-
tion. 5

Several aspects and implications of Higgs particle pro-
duction were only touched upon briefly and qualitatively
here, and require further detailed study. Of paramount
importance is a better understanding of the evolution of
the large particle number densities or inhomogeneities,
which requires lattice studies. It would also be insightful
to study the post-inflationary evolution of patches with
large Higgs number densities within specific models of in-
flation and (p)reheating, to understand the extent to which
large Higgs field values can be saved from collapsing into
AdS. Numerical simulations of the negative potential en-
ergy regimes with a significant particle energy density are
needed to clarify whether such regions can be compati-
ble with the existence of our Universe. Likewise, careful
derivation of the nature of observable signals of the tachy-
onic phase and accompanying particle production, in par-
ticular in the CMB, gravitational waves, and primordial
black holes, will be crucial in making more direct con-
nections with ongoing and future experimental programs.
These aspects will be addressed in greater detail in future
work [50].
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TACHYONIC INSTABILITY

The homogeneous Higgs field becomes 
extremely inhomogeneous very quickly as 
it rolls down its potential 

Two kinds of inhomogeneities: 

1. Earlier inhomogeneities are exponentially 
stretched by inflation, become super horizon 
scale 

2. Late inhomogeneities remain subhorizon, grow 
the fastest

2

II. FRAMEWORK: HIGGS EVOLUTION

The Standard Model Higgs potential develops an insta-
bility scale at ⇤I ⇠ 1011 GeV due to the Higgs quartic
coupling running to negative values (see e.g. [33]). Above
this scale, the Higgs potential can be written as

V (h) ⇡ �
�

4
h
4
. (1)

We can approximate � ⇡ 0.01 for our purposes. The (field-
dependent) Higgs mass in this regime is tachyonic:

m
2
h
(h) = Vhh = �3�h2

⇡ �(0.17h)2 < 0 . (2)

The inflaton potential is

V� =
3
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H

2
M

2
P
, (3)

where MP ⇡ 1.2 ⇥ 1019 GeV is the Planck scale, and H

is the Hubble scale during inflation, which we take to be
constant.

The evolution of the Higgs field in this setup has been
studied in detail in several previous works [2, 4, 5, 8–10,
13, 14]. For small (sub-Hubble) Higgs field values, the
dynamics is dominated by quantum fluctuations of size
⇠

H

2⇡ induced by inflation, resulting in random coherent
“jumps” of the Higgs field within entire Hubble patches,
which remains the dominant driving force until the Higgs
reaches h ⇡ (3/2⇡�)1/3H ⇡ 3.6H. Beyond this, classical
evolution driven by the Higgs potential takes over, and the
equation of motion of the Higgs field is

ḧ+ 3Hḣ =
dV

dh
. (4)

We will solve for Higgs evolution in this classical regime,
with initial conditions h = 3.6H and ḣ = 0, to obtain the
Higgs field value as a function of time, h(t). In the early
stages of this regime, Hubble friction causes the Higgs field
to slow-roll for several e-folds of inflation, until it reaches

h ⇠ hsr ⌘ (3/�)1/2H ⇡ 17.3H (end of slow-roll) (5)

Beyond this point, Hubble friction becomes negligible, and
the Higgs field diverges quickly to very large values in less
than a single e-fold.

Note that the inflaton energy density dominates over the
Higgs potential energy until

h ⇠ hI ⌘

✓
3

2⇡�

◆1/4p
HMP (exit from inflation) (6)

For this paper, we take the scale of inflation to be of the
same order as the Higgs instability scale, H ⇠ ⇤I ; then the
inflaton energy density dominates until h & hI ⇠ 104H. If
the Higgs field gets to such large values in a Hubble patch,
this terminates inflation locally, and the region rapidly col-
lapses into AdS. These collapsing regions grow to engulf

the surrounding spacetime after inflation has ended glob-
ally [10]; therefore, the existence of even a single Hubble
patch where the Higgs field extends beyond the slow-roll
regime is posited to be catastrophic for the existence of
our Universe [9, 10, 34]. However, as we will see below, it
is precisely in this window beyond slow-roll, hsr < h < hI ,
that particle production becomes important, and could af-
fect the subsequent evolution.

III. PARTICLE PRODUCTION AND
TACHYONIC GROWTH

We now consider particle production from the evolving
Higgs field in the regime hsr < h < hI . It is well known
that particle production during inflation requires non-
adiabatic conditions. Beyond the Higgs slow-roll regime
h > hsr, the Higgs mass indeed changes non-adiabatically,
|ṁh/m

2
h
| ⇠ 1, as can be verified numerically using Eq. 2

and the numerical solution for Eq. 4. This non-adiabatic
evolution of the Higgs mass can therefore excite Higgs par-
ticles out of the vacuum. 1 The standard approach to cal-
culate the number density of particles produced from a
non-adiabatically changing background is via the compu-
tation of Bogoliubov coe�cients (see e.g. [35–37]). Here,
we first present a semi-analytic estimate that is computa-
tionally simpler and o↵ers greater intuition before compar-
ing with numerical solutions.

When the Higgs mass evolves non-adiabatically, modes
with momenta k . |mh| get populated with occupation
number nk = |�k|

2
⇠ 1, where �k is the Bogoliubov coe�-

cient of a positive frequency mode, corresponding to parti-
cle excitation [35–37]. When the mass is tachyonic, the co-
e�cient gets further enhanced exponentially via the tachy-
onic instability as � ⇠ e
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estimated as 2
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. The mode occupation num-

ber is evaluated as
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1
All other SM particles that obtain mass from the Higgs mechanism

also have non-adiabatically varying masses and can get excited out

of vacuum in this phase; however, their masses are not tachyonic,

hence the e↵ects of their production are negligible.
2
Strictly speaking, the interpretation of nk as the number of parti-

cles with energy |!k| is robust only at a stable point of the theory,

not in the unstable regime while the background is changing; nev-

ertheless we will adopt this interpretation here, as is commonly

done in the literature.
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1p
2!

(â�e�i!t + â
†
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i!t), (24)

p̂ =

p
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p
2
(â�e�i!t � â

†
e
i!t). (25)

Finally, it is worth noting for later use that it can be shown, using (14) and (15), that
the following commutation relation is true

[Ĥ, â
†
â
�] = 0. (26)

This means that we can measure the value of both the Hamiltonian operator and â
†
â
�

simultaneously and with exact precision, thus we can set up the following eigenvector
equations for an arbitrary state |ni.

Ĥ|ni = En|ni, (27)

â
†
â
�|ni = n|ni, (28)

where En is interpreted as the energy in the field, and the eigenvalue n is interpreted as
the particle number. As a consequence the operator â†â� is known as the particle number
operator. In this subsection we have seen that the process of quantization of a scalar field
is equivalent to the quantization of a infinite collection of simple harmonic oscillators. We
discussed the process of quantization of the simple harmonic oscillator, including defining
creation and annihilation operators, the ground state, and the particle number operator
which will be of importance later. Finally we note that for the quantization of a scalar
field we must have a set of these defined operators, one for each vector k. For example,
the ground state for the scalar field is defined as

â
�
k |0i = 0, (29)

for all k.

2.4 Mode Expansion

In 2.3 we saw how to express a scalar field in terms of its Fourier spatial decomposition (10)
and by substituting this into the Klein-Gordon equation we deduced that the quantization
of a scalar field was equivalent to quantization of a infinite set of harmonic oscillators
(11). From (24) we can write  k as

 ̂k =
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2!k

(âk
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�i!kt + â

†
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i!kt), (30)

where !k =
p
|k|2 +m2.
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(New verified with lattice simulations: A. Chatrchyan, B. Shakya, in preparation)
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OBSERVATIONAL SIGNALS?

If the Higgs did indeed foray into its high energy tachyonic regime during/after 
inflation (without destroying the Universe as we know it), how would we know? 

• Imagine that the Higgs evolves to such 
large values in a small fraction of the 

Hubble patches during inflation; most 
of spacetime remains within the stable 

part of the Higgs potential 

• Large Higgs inhomogeneities/particle 
densities in a small fraction of the 

post-inflationary Universe
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GRAVITATIONAL WAVES

hep-ph 1804.07732
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CMB IMPRINTS

• Modification of power spectrum 

• “Hotspots” in CMB
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PRIMORDIAL BLACK HOLES

These high energy density fluctuations 
eventually collapse into black holes

hep-ph 1710.1196
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SUMMARY
• Extensions/modifications of the Higgs sector remain as motivated as ever 

• The Higgs boson: possibly as crucial for cosmology as it is for particle physics 

• Could play a role in solving some of the main problems in cosmology 
(dark matter, baryon asymmetry, inflation…) 

• Even the Standard Model Higgs, without any modifications, can be an 
important player in the early Universe 

• Could give rise to distinct observable cosmological phenomena 
(gravitational waves, black holes, CMB effects…) 

• High energy colliders can play a crucial role in unraveling Higgs cosmology


