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ABSTRACT: We show that the mechanism of cosmological relaxation of the elec-
troweak scale can take place independently of the inflation mechanism, thus relieving
burdens from the original relaxion proposal. What eventually stops the (fast-rolling)
relaxion field during its cosmological evolution is the production of particles whose
mass is controlled by the Higgs vacuum expectation value. We first show that Higgs
particle production does not work for that purpose as the Higgs field does not track
the minimum of its potential in the regime where Higgs particles get efficiently pro-
duced through their coupling to the relaxion. We then focus on gauge boson pro-
duction. We provide a detailed analysis of the scanning and stopping mechanism
and determine the parameter space for which the relaxion mechanism can take place
after inflation, while being compatible with cosmological constraints, such as the re-
laxion dark matter overabundance and Big Bang Nucleosynthesis. We find that the
cutoff scale can be as high as two hundreds of TeV. In this approach, the relaxion
sector is responsible for reheating the visible sector. The stopping barriers of the
periodic potential are large and Higgs-independent, facilitating model-building. The
allowed relaxion mass ranges from 200 MeV up to the weak scale. In this scenario,
the relaxion field excursion is many orders of magnitude smaller than in the original
relaxion proposal (subplanckian).
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1 Introduction

Recently, a new mechanism has been proposed to generate a naturally small elec-
troweak scale without relying on new symmetries at the electroweak scale [1]. It
exploits the coupling of the Higgs boson to an axion-like field which induces a long
cosmological evolution of the Higgs mass parameter. This is the so-called relaxion
mechanism. While classically rolling down its potential, the relaxion field scans down
the Higgs mass parameter, starting from a value of the order of the cutoff scale, un-
til a stopping mechanism comes into play precisely when the Higgs mass parameter
approaches zero. This would naturally explain the smallness of the Higgs mass pa-
rameter compared to the cutoff scale of the theory. In this context, there may be no
expectation for the existence of new particles at the TeV scale. Instead, one predicts
at least one very light and very weakly interacting particle.

This very change of paradigm has therefore far-reaching implications for strate-
gies to search for new physics linked to the understanding of the weak scale and has
consequently triggered a large literature: On general model building concerns [2-8|,
on attempts to do this without inflation [9, 10], on issues related to inflation [11-17]
and reheating [18], on UV completions involving supersymmetry [15, 19, 20|, com-
posite Higgs [21-23], two-Higgs-doublet models [24], a mirror copy of the Standard
Model [25], a Nelson-Barr model [26], clockwork axions [27-29|, warped extra di-
mensions [30] or other constructions with multiple axions [31], on phenomenological
aspects and experimental signatures [32-35|, and on alternative implementations of
the mechanism that do not require any barriers [36, 37].

In the original proposal [1] (GKR), the system starts in the symmetric elec-
troweak phase and stopping barriers in the periodic relaxion potential with period f
get generated only once the Higgs mass parameter turns tachyonic. Such mechanism
relies on Higgs-dependent barriers as well as a long period of inflation to guarantee
the slow classical evolution of the relaxion. The slope of the potential along which
the axion-like field is rolling and its coupling to the Higgs field are generated due
to a small effective breaking of a shift symmetry. This can be reconciled with the
pseudo-Nambu-Goldstone (PNGB) boson nature of the relaxion if the slope arises
from a second oscillatory potential with a period much larger than f in the so-called
clockwork axion framework [27-29], in N-site constructions [31] or in warped extra-
dimensional ones [30].!

If the relaxion is the QCD axion (GKR1), the Peccei-Quinn solution to the
strong CP problem can be preserved only if new dynamics is introduced at the end

LA completely different approach for a UV completion was discussed in string compactifications.
It was shown in [8] that UV completions of the relaxion in string theory realizations via axion
monodromy are strongly constrained. The field excursion corresponds to a physical charge carried
by branes or fluxes which backreacts on the ten-dimensional configuration, and can suppress the
barriers generated by strong gauge dynamics. This leads to a “runaway” relaxion, thus ruining the
stopping mechanism.



of inflation. Besides, the cutoff scale cannot be pushed higher than 30 TeV while the
coupling between the Higgs and the relaxion has to be smaller than 1073 (see 38, 39|
for an updated discussion on this model). If instead the relaxion comes from a new
strongly interacting sector (GKR2), the cutoff scale can be pushed up to 10® GeV.
However, this requires new EW scale fermions, generating a coincidence problem.
This problem was solved via a double-scanner mechanism in 2] where the barrier
height depends on an additional extra field. In this context, initial conditions are
very different from GKR1 and GKR2 as the barrier’s height starts large until it gets
cancelled by the additional scanner field. Overall, the maximal cutoff scale that can
be achieved by the relaxion mechanism is ~ 108 GeV. At this scale, it is assumed
that some other mechanism kicks in to protect the Higgs mass against the Planck
scale, either via supersymmetry, compositeness, or other mechanisms.

A successful implementation of the original relaxion proposal requires a low scale
of inflation associated with non-trivial inflation model building. This has tarnished
the appeal of the relaxion mechanism. We are therefore interested to consider in-
stead the possibility that the friction acting on the relaxion is not provided by an
inflation era but instead by particle production during the field classical evolution.
This would enable to decouple the relaxion mechanism from inflation and thus no
further constraint on the number of e-folds or inflation scale would be imposed. A
very interesting framework along these lines was proposed in [10], where the source of
particle production comes from a Chern-Simons coupling between the relaxion and
the Standard Model gauge fields. The back-reaction mechanism is then provided
by electroweak gauge boson production which is triggered when the Higgs vacuum
expectation value (VEV) approaches zero. A motivation of the authors was to avoid
superplanckian field excursions (see also [40, 41]). While the conditions for a suc-
cessful friction mechanism were derived, a full derivation of all phenomenological
constraints and a precise picture of the cosmological history in this context was lack-
ing. This is what we do in this work. In addition, we show explicitly why the relaxion
coupling to the Higgs cannot lead to a friction term from Higgs particle production.
Relying on the relaxion coupling to a combination of SM gauge fields, we suggest that
the relaxion may be responsible for the reheating of the universe, thus connecting
reheating and the Higgs sector. We also stress that the relaxion is heavier than in
the original GKR proposal and its mass can be as large as O(100) GeV. In Ref. [10],
the impact of particle production on the relaxion mechanism was discussed before
inflation, during inflation and at the end of inflation. In our setup, we focus on the
situation where one can ignore the inflaton. The relaxion is dominating the energy
density of the universe during relaxation, although it is not slow-rolling.

In this setup, the main improvements compared to the ‘standard relaxion’ models
are:

e a weak scale relaxation mechanism independent from inflation (no need for a



gigantic number of e-folds N, nor a small Hubble rate during inflation H;);
e sub-Planckian field excursions for the relaxion;

e the barriers of the relaxion periodic potential are independent from the Higgs
vacuum expectation value;

The plan of the paper is the following. In Section 2, we discuss the general condi-
tions for realizing the relaxion mechanism after inflation. In Section 3, we discuss the
conditions for using particle production as friction instead of inflation. We consider
first Higgs particle production and then gauge boson production. In Section 4, we
present the induced relaxion couplings to photons and fermions. Section 5 lists all
requirements and summarizes the result of the combination in terms of constraints
on the cutoff scale and relaxion coupling to the Higgs. The relaxion properties are
presented in Section 6. We then consider in Section 7 the phenomenological, cosmo-
logical (relic abundance and Big Bang nucleosynthesis) and astrophysical constraints
and determine the parameter space where a successful implementation is realised. We
conclude in Section 8. The equations of motion for the Higgs, relaxion and the gauge
bosons are reproduced in Appendix A, with a display of their numerical solutions.

2 General conditions for relaxation after inflation

The scalar potential for the Higgs h and relaxion ¢ fields reads:

V(p,h) = A* — gA®p + % (—A*+ ¢g'Ap) B* + %h4 + A} cos (%) : (2.1)
where A is the cutoff scale up to which we want to solve the hierarchy problem
using the relaxion. The relaxion ¢ is an axion-like field with decay constant f’. The
dimensionless couplings ¢g and ¢’ are assumed to be spurions that quantify the explicit
breaking of the axion shift symmetry, and A; is the scale at which the ¢ periodic
potential is generated. The term A?* cancels the final value of the cosmological
constant and corresponds to the usual tuning of the cosmological constant.

We want the scanning of the Higgs mass parameter to occur when the inflaton
is a subdominant component of the energy of the universe so as to decouple the
relaxation scenario from inflation. For that, a crucial difference with respect to
the original relaxion scenario [1] is that we start in the broken electroweak phase,
where the Higgs mass parameter in the Higgs potential is large and negative [10].
Another important difference is that that the amplitude A} of the cosine potential is
constant and does not depend on the Higgs vacuum expectation value.? We require

2The existence of large barriers was also present in the double scanning mechanism of the CHAIN
model presented in [2].



g = ¢'/(1672) for the stability of the potential (closing the Higgs loop from the third
term in Eq. (2.1) generates the slope ~ g A3¢). In our numerical analysis, we will
take g = ¢'.

The cosmological history is the following. After inflation ends, the universe is
reheated. As soon as the temperature drops below ~ A, the shift symmetry that
protects the relaxion potential breaks and ¢ starts rolling. The scanning of the Higgs
mass parameter starts. The initial condition for ¢ is such that the Higgs field has a
large negative mass term, which corresponds to

—up=-AN+¢gAp <0 . (2.2)

The electroweak symmetry is broken and all gauge bosons coupled to the Higgs have
large masses. The friction is negligible and the relaxion rolls down its potential with
some high speed, overshooting the large barriers. The Higgs mass parameter is thus
scanned as the VEV of the relaxion is increasing. The relaxion evolves towards large
positive values until it approaches the critical point

e =N/g (2.3)

where the Higgs mass term is zero. As the electroweak gauge bosons become light
enough, they can be produced exponentially through their coupling to the relaxion.
As we will discuss in Sec. 3, this particle production is so efficient that it quickly
slows down the relaxion, which has no longer enough kinetic energy to overshoot the
barriers. The relaxion is therefore stopped right before it reaches the critical point
¢, in such a way that the final Higgs VEV is small compared to its initial value set
by A. The use of particle production in relaxion models appeared previously in [10]
(see also [18, 37, 40]).

In the sketch below we show the hierarchy of scales (f', M; > A, Ay > vgw),
where the solid line indicates when the scanning starts and M; is the inflation scale.

time

£ M, A, Ay Vg

A sketch of the relaxion potential and its evolution is shown in Fig. 1.

2.1 Relaxation in a non-inflationary phase and the reheating of the uni-
verse

To realize the relaxation mechanism after the end of inflation, it is crucial to discuss
how the temperature affects the scenario described above. As we shall see in the
following, there are two possibilities for the reheating: (i) the inflaton sector reheats
the SM degrees of freedom, and (ii) the inflaton reheats a hidden sector decoupled
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Figure 1. Sketch of the relaxion field evolution.

from the SM and later the relaxion reheats the visible sector. In what follows we will
discuss these two possibilities, and we will show that the first case can be realized
only in the region of the parameter space corresponding to the smallest values of the
coupling ¢’ in Eq. (2.1).

First, let us assume that, at the end of the inflationary phase, the energy density
of the inflaton field is transferred to the SM sector, initiating the radiation era.
Relaxation starts when the temperature drops below the cutoff A of the theory and
the potential V(¢) is generated. The relaxion then dominates the energy density
until it is stopped and its energy is converted into radiation. A sketch of how the
energy density evolves is shown in the left panel of Fig. 2. During the relaxation era,
the equation of state changes along the evolution, with w = p/p < 0 and close to
w = —1 (cosmological constant) for the lowest values of the coupling ¢'.

An important concern comes from the fact that, if the SM is reheated to a too
high temperature, the negative mass-squared of the Higgs field is turned positive by
a thermal mass term ~ y272. This could spoil the relaxation mechanism, since the
field ¢ would stop in the wrong position as soon as u; + y? T% = 0, where y; ~ 1 is
the top Yukawa. To consider this issue more carefully, we have to compare the time
scales of relaxation with that of the cooling of the universe. Relaxation starts when
the temperature drops below 7" ~ A. Initially, the squared mass term p? and the
Higgs thermal mass are both of order A, and we have to assume that the former is
larger than the latter. As relaxation goes on, both terms will decrease. In order for
the mechanism not to be spoiled by thermal effects, it is necessary that the condition

| 2T (2.4)

holds during the whole process. The validity of condition (2.4) in terms of the
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Figure 2. Sketch of the evolution of the energy density of the universe under two distinct
assumptions about the first reheating stage. Left: The inflaton reheats the visible sector,
and relaxation starts when its temperature drops below A. The period of relaxation is
characterised by a short stage of inflation lasting for a few e-folds as needed to suppress
the thermal mass of the Higgs. A second reheating takes place after relaxation. Right: The
inflaton transfers its energy to a hidden sector, and the visible one is reheated after relax-
ation. In this case, the relaxation phase can be short, and some mechanism to dilute the
dark radiation is needed. For example, a period of kinetic energy domination in the dark
sector or a prolonged reheating phase with a matter-like equation of state can be sufficient
to suppress the dark component with respect to the visible one.

parameters A and ¢’ can be understood as follows. The temperature at the end of
relaxation must be smaller than the electroweak scale Ting < vgw and T ~ A, then

we have a y
ini < EW 25
Qend ~ A 7 ( )
where aiy; = a(t = tin;) and denqg = a(t = tena) and we used that the tempera-

ture scales with the inverse of the scale factor. On the other hand, aini/@ena =
exp (— [ H dt) = ¢, within A/ being the number of e-folds, therefore condition
(2.5) gives

N 2 log (UA ) : (2.6)

implying that the roll-down phase must last for at least a few e-folds. In the approx-
imation of a constant Hubble rate H ~ A%/(v/3Mp)) we get

A A
N ~ HAty ~ ——— > 1o ( ), 2.7
: V39 Mp & Vew 20
where we used that Ab Ay 1
g
At~ 29 2.
trel A R (2.8)



which is obtained in the approximation of negligible Hubble friction. Additionally,
the number of e-folds cannot be too large, in order not to wash out the perturbations
generated during inflation, and therefore we impose that A/ < 20.3 In this way one
gets
S SR
20\/§Mp1 ~ ~ \/gMpl IOg(A/’UEW)

leaving only a small window of parameter space open (imposing a more stringent

(2.9)

bound on the duration of a secondary inflationary stage will reduce the region ac-
cordingly). Note that the lower bound on ¢’ in (2.9) automatically avoids very large
(super-Planckian) field excursions.

To check the validity of this naive estimate, we solved numerically the equation of
motion for the relaxion field rolling down the linear potential, in an universe where
the energy is initially equipartitioned between ¢ and radiation. The top panel of
Fig. 3 shows the bounds in Eq. (2.9) and the comparison with the corresponding
bounds computed numerically by solving the equations of motion. The difference in
the two estimates is due to the assumption of constant Hubble rate in the analytical
one. The other two lower panels show the evolution of the relaxion and radiation
component of the energy density, and their contribution to Higgs mass parameter, for
a benchmark point at A = 10* GeV and ¢’ = 107'?, that corresponds to a relaxation
that lasts for ~ 10 e-folds. We see that the energy density is dominated by the
relaxion, and that the thermal mass term is always subdominant with respect to the
relaxion one, thus not spoiling the mechanism.

The bottomline of this discussion is that, if the SM is reheated to a temperature
larger than the electroweak scale, there is little room for the relaxion mechanism to
take place after reheating, in the radiation era. If instead the reheating temperature
of the universe is below the electroweak scale, the scanning can be finished during
the radiation era without spoiling the mechanism. However, since the scale of in-
flation is larger than A, the relaxation process would start during the last e-folds of
inflation or during the reheating phase. In this case, either relaxation takes place
when the universe is still inflaton dominated [10], and the reheating phase has not
yet started, or one has to worry about the maximal temperature of the SM plasma
during reheating, which can exceed the EW scale.

On the other hand, one can assume that a large fraction of the energy which
is initially stored in the inflaton field is transferred to a hidden sector gas, with
no interaction with the SM, and that the temperature of the SM is much smaller
than A at the time when relaxation starts. In this case, we can consider that the
relaxion mechanism starts while the universe is in a radiation-dominated era and
the temperature of the visible sector 7" is much smaller than the temperature of the

31f the relaxion drives a long period of inflation, it is difficult to match the curvature perturbations
that are generated in this phase with the COBE normalization [17].
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Figure 3.  Top: In the white region, the temperature T' of the visible universe (SM)
is suppressed with respect to the EW scale and the relaxation lasts less than 20 e-folds.
It is obtained by solving numerically the relaxion equation of motion in a universe where
the energy is initially equipartioned between the relaxion and radiation, and the initial
temperature is Tin; = A. The dashed lines indicate the corresponding region obtained using
the approximation Eq. (2.9). The different shades of gray show how the parameter space
opens up if Tini is assumed to be a fraction 107%,1072,1073,107% of the cutoff scale A.
Bottom left: Time evolutions of the relaxion energy density and radiation energy density
for the benchmark point A = 10*GeV, ¢’ = 107°, marked in red in the top panel. Bottom
right: Time evolutions of the Higgs mass term and the Higgs thermal mass for the same
benchmark point.



universe, so that the bound presented in Eq. (2.7) is evaded for Tjy; < |pal-* The
different shadings in the first panel of Fig. 3 show how the parameter space opens
up if the temperature of the SM plasma at the beginning of the relaxation phase is
taken to be a fraction 1071, 1072,1073,10~* of the cutoff A.

In the following, we are going to assume for simplicity that the SM temperature
after reheating is negligible, and all the energy is transferred to a sector decoupled
from the SM. This implies that the upper bound on ¢’ in Eq. (2.9) disappears and
in the following we are simply going to assume the lower bound

A
/
9z O.ZMPI, (2.10)
which results from the numerical solution, and expresses the condition of a short-
enough period of relaxion-driven inflation. Note that in this case Eq. (2.6) does
not apply, and therefore the energy stored in the dark sector is not diluted during
relaxation. In principle, this could be at odds with bounds on dark radiation. In
order to avoid this, one can invoke for example a period of matter domination in the
visible sector during the second reheating phase or a period of kination domination in
the hidden sector after relaxation. This can efficiently dilute away the dark radiation
(see right panel of Fig. 2). Another possibility is to assume that the hidden sector
decays into the SM model after the reheating phase and before the BBN epoch.

In this scenario the role of particle production is two-fold: It stops the relaxion
evolution at the right place and it reheats the visible sector after relaxation. In
addition, ¢ can be responsible for the generation of the primordial curvature pertur-
bations. If the Hubble rate (Hy) 60 e-folds before the end of inflation is larger than
the scale A, then the field ¢ has to be regarded as a free field, which has quantum
fluctuations governed by H;. Then, the relaxion acts as a curvaton field, generating
a sufficient amount of curvature perturbation, that is transferred to the SM dur-
ing the particle production phase. A detailed investigation of this aspect requires a
dedicated study that we leave for future work.

2.2 Relaxion initial velocity

The initial velocity of the relaxion has to be large enough to overcome the barriers in
the periodic potential. One could think that an initially small velocity is allowed for
a generic initial position of ¢, if the height of the barriers is small enough compared
with the average slope of the potential, as it is shown Fig. 4. In the following we esti-
mate under which condition the assumption of large initial velocity is not necessary,
meaning that the field is in an ‘easy rolling’ regime. If the field starts rolling from

4The same could be obtained if the reheating temperature is larger than vgw, but a second
field locks the relaxion at its initial position until the temperature has dropped, with a mechanism
similar to [2, 30, 37]. While one can envisage a model of this kind, we are not going to discuss this
possibility further.

— 10 —



a generic point ¢g, that without loss of generality we assume to be in the interval
0 — 27 f’, it will be able to overcome the first barrier at 27 f" and consequently start
the rolling phase only if V(¢g) > V(2rf’). To quantify the requirement that this
condition is generic, we impose that it holds for all values of ¢ between 0 and 7 f’,
implying V(7 f') > V(2 f'), where

V(rf) =—gAnf + A} cos (%{l) (2.11)
V(2rf') = — gA*2nf + A} cos (2?”) (2.12)

In order for the relaxion to roll down easily, one obtains
A Smg AN f (2.13)

However, once particle production friction slows down the field, the constant periodic
potential needs to cancel the slope, stopping the field evolution, which implies that
the height of the barrier should be at least

Ap = g3 f. (2.14)

Therefore, in order to avoid an initial large velocity, one could in principle saturate
this bound by assuming a coincidence of scales A} ~ gA3f’. Yet, at the end of
the scanning process, the relaxion acquires a speed A% from the slope, and since ¢
has to be able to pass the barriers we have A, < A, that would imply A ~ gf’.
Unfortunately, this is in conflict with the condition on the precision of the Higgs
mass scanning that we will discuss in Sec. 3, which requires Eq.(5.20), and which
would imply A? < m2/(27). We therefore disagree with the statement in [10, 41]
that the relaxion can start at rest by assuming a coincidence of scales A} ~ g A f".
As a result, we have to assume that the initial velocity satisfies

d > A2, (2.15)

Realizing such a velocity as an outcome of a previous inflationary period is relatively
simple. For example, one can introduce a coupling of the relaxion to the inflaton
field, suppressed by a small coupling g, such that during inflation the relaxion obtains
an effective slope —gM3¢. Then imposing that the slow-roll velocity of the relaxion
is larger than A? we obtain g = A?/(M;Mp), which would allow for a rather high
inflationary scale while having a small coupling g. The smallness of the coupling
g is important to guarantee that the shift symmetry is only softly broken, and in

addition to avoid the reheating of the SM after inflation.® Furthermore, a precise

®Assuming a coupling gM?Zo¢, where o is the inflaton, we estimate the decay width of the

— 11 -



Figure 4. Sketch of the relaxion potential assuming a coincidence of scales that may
avoid the requirement of initial large velocity. Here for convenience we set V(¢g) = 0 and

¢o = 0.

statement about the initial velocity requires to know the relaxion interaction with
the hidden sector and also the UV physics that generate these barriers and how fast
they appear. From now, we will assume Eq. (2.15).

A potential worry is if this velocity can be sustained during the relaxation phase,
or whether the Hubble friction generated by the relaxion itself could reduce this
velocity, in particular since the relaxion has to pass a very large number of barriers.
We estimate the condition for this not to happen in the following way. Let us consider
only the first barrier of the potential. The effect of Hubble friction is very small and
we can use the approximate energy conservation to compute the velocity gain when
the field goes from the first to the second peak

Ay =\ ¢+ 4rflghd — . (2.16)

This has to be compared with the velocity loss due to Hubble friction, which is
obtained as A¢y = [3H¢dt ~ 6m f'H. Imposing that A¢, > Ay, one obtains

fl< gA3 . ¢ %ng?’l
9rH? 37H 9rA '’

(2.17)

where the second term was neglected in the last step and to get the last equality we
used ¢ ~ A? and H ~ A%/Mp,. Given Eq. (2.10), condition (2.17) is trivially satisfied
for sub-Planckian values of f’, which as we are going to see in Sec. 5 is always the
case in our setup.

inflaton into SM fields through the mixing with the relaxion as I' ~ g? M3}/ f2, where f is the scale
controlling the coupling of the relaxion to gauge bosons that will be introduced in Sec. 3.2. To
avoid reheating to the SM, one needs I'/H < 1, which can be obtained by taking a small coupling
g, while still satisfying the inequality above.

- 12 —



2.3 Higgs field following its minimum

In the case where the relaxation mechanism starts in the broken EW phase, we have
to make sure that the Higgs field follows the minimum of its potential, to guarantee
that the stopping mechanism is triggered when the Higgs VEV is small. Considering
the potential in Eq. (2.1), the Higgs field has a minimum given by
b= (A2 A ). (2.18)
VA

If the Higgs field does not efficiently track the minimum of the potential, i.e. if it has
a much larger value than the small value at the potential minimum near the critical
value (A2 — ¢’A ¢.) ~ 0, then the relaxion mechanism is spoiled.

The Higgs efficiently follows the minimum of its potential as the mass is being
scanned if the VEV evolves adiabatically, i.e.

0

] <1 (2.19)
Note that mi = 2Av? is the Higgs mass-squared. Therefore, assuming that the
evolution starts with the Higgs field at the minimum, the relation (2.19) tells us that
if the mass is large, the field is kept at the minimum of the correspondingly deep well
in the potential during the scanning process. In the regime where the Higgs follows
its minimum, we can write Eq. (2.19) in terms of the Higgs field,

h2 —=(g'Ad)"?, (2.20)

o=

where we assumed constant velocity ¢ The success of the mechanism requires that
Eq. (2.20) can only be violated when the Higgs field value is below the electroweak
scale, then we impose

~Y

1 .
h o~ ﬁ(g’A ) < vpw (2.21)
At the end of the evolution, the velocity is expected to be
¢~ O(N?) (2.22)

so the bound in Eq. (2.21) shows that we can make the Higgs follow the minimum
of the potential as close as we want by decreasing ¢’ and/or decreasing the cutoff
scale A. As we shall see in Sec. 5, this is an important constraint in our parameter
space. One can obtain the same result given in Eq. (2.21) by studying how efficiently
the field tracks the minimum using the expansion of the Higgs around the tracking
solution as in Ref. [10]. In Fig. 5, we compare the actual evolution of h and v with
the approximation given by Eq. (2.21). These solutions were obtained by solving

— 13 —
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Figure 5. Left: Higgs field h(t) (blue) and its value at the minimum of the potential
v(t) (red) as a function of time ¢ in units of A=!. The black curve indicates when the
tracking stops from the approximation in (2.21) Right: Higgs potential where the blue points
represent the field value and the red ones the value at the minimum. A = 10* GeV, f/ =
105 GeV and Ay = 7 x 10® GeV. Top: ¢’ = 1074, the Higgs is not efficiently tracking the
minimum of its potential (the tracking stops when the value at the minimum is still too
large, v ~ 0.1A). Bottom: ¢’ = 3 x 1079, the Higgs is efficiently following its minimum
(the tracking stops when the value at the minimum is already below the electroweak scale,
v ~ 0.003 7).

numerically the classical equations of motion for the fields. In the plots on the top,
the Higgs does not track the minimum close enough to the critical point. In the plots
on the bottom, the Higgs is efficiently following its minimum.

2.4 Baryogenesis

While we are interested to decouple the relaxion mechanism from inflation, it is im-
portant to note at this point that according to Fig. 2, while relaxation will happen
after the reheating stage in which the inflaton energy density is transferred to an
invisible sector, the relaxion energy density eventually takes over and a second re-
heating stage will follow at the end of relaxation when the energy density of the
relaxion is transferred to the SM. The entropy injected in the plasma will then di-
lute the baryon asymmetry produced in earlier phases with a factor (vgw/A)3. This
affects in particular a possible scenario in which baryogenesis takes place at high
temperature before relaxation and with a very large Higgs VEV. Our relaxion mech-

— 14 —



anism therefore calls for some alternative baryogenesis mechanism taking place at
the end of or after the relaxion mechanism. Electroweak baryogenesis is not option
given that a first-order electroweak phase transition requires new physics at the elec-
troweak scale, which is at odds with the relaxion principle. Other mechanisms will
rely on non-vanishing B — L processes. It might also be possible that the relaxion
itself generates the baryon asymmetry through the ngﬁ coupling with a mechanism
similar to [42, 43]. As this work is being completed, a recent proposal appeared in
[41] that is constrained by the bounds we derive in the following sections.

3 General conditions for relaxation through particle produc-
tion

Particle production was successfully used to trap moduli fields at enhanced symme-
try points [44] or to generate slow-roll inflation with a non-flat potential [45-47].
This mechanism was applied to the relaxion scenario in [10], exploiting the higher-
dimensional anomalous coupling of the relaxion to a combination of electroweak
gauge fields. Here we will discuss this possibility in detail.

Before doing so, we start in the next subsection by considering the much more
minimal possibility of Higgs particle production. This would be very appealing as it
would not require any additional ingredient, exploiting the already existing Higgs-
relaxion coupling. Unfortunately, it will turn out that there is a fundamental obstruc-
tion related to the requirement that the Higgs tracks the minimum of its potential.
We will then turn our attention to the model in which the relaxion couples to the
Chern-Simons term of the SM massive gauge bosons, as considered in [10] and derive
the constraints that this mechanism poses on the parameter space. In Sec. 7, we will
discuss the further cosmological bounds on this model.

3.1 Friction from Higgs particle production

Let us consider the case of production of Higgs particles through the coupling to
the relaxion. We decompose the Higgs field h in a classical background field and a
quantum fluctuation,

h=ho+x . (3.1)

The set of equations of motion for the model in (2.1) can be found in App. A.1. One
can study how a single Fourier mode x;; evolves by looking at the linearized equation
of motion,

(O + K>+ g Ap— A+ 3Ah3) xz = 0. (3.2)
Efficient particle production requires the adiabatic condition to be violated, i.e.

W,
wi

> 1, (3.3)

— 15—



where

we = k2 + (6N — A2 +3ARY) (3.4)

is the frequency of the quantum field xj. If one naively assumes that the field hq
always efficiently tracks its minimum, Eq. (3.3) tells us that, for low momentum &k,
particle creation is efficient when (¢’A ¢. — A?) ~ 0. This implies that v ~ 0 <> w;, &~
0, where v is the Higgs minimum in Eq. (2.18). This behaviour would be exactly
what we are looking for, meaning that particle production friction is large for small v,
then the relaxion could get trapped when the Higgs mass is small. More concretely,
for low momentum k, Eq. (3.3) is satisfied if

(b__

¢ 2 2V2 (g'A)/? ,
g

(3.5)

On the other hand, from Eq. (2.20), we know that the condition for the Higgs field
to track the minimum of its potential is ho > (¢'A¢)/3/v/, leading to

INEL
b— =

¢ < (g'A)Y? p (3.6)

Therefore, in the regime the approximations we use are valid, conditions (3.5) and
(3.6) show that one cannot simultaneously have efficient particle production and the
Higgs field following the minimum of its potential. This result may be expected as
for the potential in Eq. (2.1) the condition (2.19) is basically the opposite of (3.3).
In fact, for the benchmark points in Fig. 5, we find that the maximum of |w;, /w?| are
|k /w? | max ~ 0.6 and |wg /W |max ~ 0.2, respectively for the top and bottom cases in
Fig. 5, showing that the adiabaticity condition is not violated in those cases.

3.2 Stopping the relaxion with gauge bosons production

We are now going to discuss the possibility that the relaxion is coupled to a massive
vector field that becomes tachyonic when the VEV of the Higgs is sufficiently small.
When the tachyonic instability occurs, the field grows exponentially, at the expense
of the kinetic energy of the relaxion field, which decreases until the point gzﬁ ~ gz.ﬁstop <
A? when the relaxion is no more able to overcome the barriers. Here we review
the main ingredients and the constraints that we must impose for the successful
implementation of the mechanism.

Given a generic vector field V,, its equation of motion presents a tachyonic
instability if the field is coupled to the relaxion via a term

%VWT/W , (3.7)

where V¥ = "7V, (notice that this differs from the usual convention by a factor
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of 1/2). In our case, the field V,, should be a massive SM vector, as we want its mass
to be related to the Higgs VEV. It is crucial that the Lagrangian does not contain a
term similar to Eq. (3.7) for the photon, as otherwise the tachyonic instability would
be present during all the evolution, independently of the smallness of the Higgs mass.
One can write the following Lagrangian, invariant under SU(2) x U(1) [10]:

1 1 1
L =5 00 ) + (D, ) DOy — 5Tr[WWWW] — ZBWB‘“’
- % (ggw,;lufm\;aﬂy - g%Bﬁwgﬂy> - V(¢, cI)TH(I)H) (38)

where g; and g, are the U(1) and SU(2) coupling constants, respectively, and D,, is the
usual covariant derivative. The coupling to gauge bosons above prevents the relaxion
to couple to the photon’s F F term and has to be protected by a symmetry in a UV
model containing the SM group. An example of such a UV completion is discussed in
[10], where the coupling structure ¢ (QWWW+ QBBE) with Oy, = —6p is fixed if the
SM is embedded in a left-right symmetric model SU(2)z, x SU(2)g x U(1)p_, (see e.g
[48-51]). In this case, a global symmetry forces the coupling structure as in Eq. (3.8)
and then forbids the relaxion coupling to FF. The coupling structure which prevents
a coupling of the relaxion to the photon also appears in non-minimal composite Higgs
models with coset SO(6)/SO(5) where the interaction of the additional singlet PNGB
arising via anomalies is of the form (3.8) with no coupling to the photon [52-55].°

After EW symmetry breaking, we can rewrite the relevant part of Eq. (3.8) in
terms of the mass eigenstates A,, Z,,, Wf

1
L Dmi (h)yW, W + §mz(h)zZuZ“

—fewmﬂaW*aWﬂr 2 _020,2,0,7, — 271920, 7,0,A 3.9
i Go OV, OpWV (95 91)#1/90 glg?uVPU’()

where the masses of the gauge bosons are my,(h) = goh/2 and mz(h) = /g3 + g?h/2.
The contribution of the WW and of the ZA terms can be safely neglected when dis-
cussing the evolution of the relaxion and the particle production phase. Indeed, we
expect the WW contribution to be suppressed by thermal effects, due to its non-
abelian nature [57-59]. The photon, instead, does not present a tachyonic instability
in its equation of motion, and we expect its behaviour to be oscillatory up to the
critical point when the Z field starts growing. After this point, one of the two com-
ponents of the field will grow following the evolution of the Z, while the other will
decrease. Since this behaviour will only start after the critical point, we expect the
photon to contribute at most with a O(1) factor to our results. From now on we just
consider the tachyonic instability from the Z 7 term.

6This motivates the investigation of UV completions for the relaxation mechanism with particle
production in the context of composite Higgs models [56].
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It is important to stress that shift symmetry breaking terms like ~ ¢’A ¢ h? in
Eq. (2.1) do not respect the global symmetry which forces the coupling structure in
Eq. (3.8), so an anomalous interaction with photons is generated through the small
mixing with the Higgs. Even more important are the contributions to the ¢F F
coupling coming from a W loop through the interaction in Eq. (3.9) [60, 61]. These
contributions are non-zero once the symmetry protecting the PNGB mass is broken
and they disappear in the massless limit (mg5 — 0). There are several reasons why an
anomalous coupling with photons can be dangerous. First, if photon production is
efficient, the corresponding friction term, which is always active, should be included
in the relaxion evolution. Second, these photons may generate a temperature that
is large enough to deconfine the strong sector which is supposed to stop the relaxion
field evolution through the generation of the potential barriers. Finally, if such

temperature is large (T A), we may end up scanning the Higgs thermal mass

>
v o~
instead of the vacuum mass parameter p2. In Sec. 4 we specify the relaxion effective
coupling to photons and discuss the condition one should impose to guarantee that

this coupling is enough suppressed.

A massive vector field V,, can be decomposed in three independent parts: two
transverse components and one longitudinal component. The term VWV”” does not
contain the longitudinal one, whose equation of motion is therefore the usual Klein-
Gordon equation with a positive mass term, plus an additional term that encodes the
variation of the mass. Because this equation does not predict a tachyonic growth,
we can neglect the longitudinal mode in our description. As shown in App. A.2,
absorbing the gauge couplings in the definition of f,

1 2 2
f F
the equations of motion for the relaxion, the Higgs, and the transverse modes of the

vector fields are:

é—gA3+g’Ah2+A—gsm?+i<vf/> =0 (3.11)
fro o Ar '

. 1

h+ (g'A¢ — A*)h + Ah* — 5g§<1/p,X/“>lz =0 (3.12)
S N
Vi + (k +mV:Fk?)Vi =0 (3.13)

where

mi = gyh?, (3.14)
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and we have neglected the spatial fluctuations of h and ¢. We also define

Wi =k 4+ md T k? (3.15)
Notice that, for simplicity, we are working in Minkowski space. This simplification
is well justified, since the particle production process is very fast, as we will see
shortly, and cosmic expansion can be neglected. The quantities in brackets should
be interpreted as the expectation values of the corresponding quantum operators (see

the derivation in App. A.2):

~ 1 0
VV)=— [ dk K= (|V.]> = [V_]). 3.16
VT) = o [ QbR SV = V2P (3.16)
When the Higgs VEV (and consequently the mass of the gauge bosons) decreases,
Eq. (3.13) exhibits a tachyonic instability for the V. polarization, in some range of
k. The first mode k, that becomes tachyonic is the one for which w?, is minimum,

i.e.
0:%(k2+m€—k?)kk:2k*—?:>k*:% (3.17)
Plugging this into the equation of motion we get
@
Vi + (my — 4—]02)1/4r =0 (3.18)
that becomes tachyonic for? ‘ _
02 be=2fmy | (3.19)

We call t. the time when this condition turns true. Initially, the velocity is large
enough that the field jumps over the barriers. At the time ¢ = ¢, the terms (VV)
and (V'V) in the equations of motion grow exponentially. Particle production starts.
The term (VV)/4f comes to dominate the equation of motion of ¢, which slows
down and is captured in the potential wells.® The parameters of the model must
be chosen in such a way that, at t., the relaxion field is as close as possible to
the critical value A/g’, thus generating the hierarchy between the cutoff A and the
electroweak scale. Numerical solutions to the system of equations (3.11, 3.12, 3.13)
are shown for illustration in Fig. 16 in App. A. The plotted time evolution is limited
to a range where numerics is under control (shortly after t., fields are subject to a

"Note that the tachyonic instability should turn on before the relaxion reaches the critical value
A/¢’ which is when the EW symmetry is recovered. To simplify the notation, we do not make a
distinction between A/g" and the point where the first mode becomes tachyonic (given in (3.18)) as
these points are very close to each other compared to the evolution range.

8Notice that the intuition of (V'V) acting as a friction term which is valid in inflationary models
as in [47] does not apply here, since it is derived from the assumption of a constant slow-roll velocity.
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Figure 6. Evolution of the Higgs field during cosmological relaxation intertwined with
gauge boson production.

large oscillatory behaviour). This is enough to see that the relaxion slows down and
¢ stops growing, as soon as

h(t) < ¢/(avf) . (3.20)

which is when some k modes becomes tachyonic (w? + < 0), stabilising the Higgs mass
parameter, while the temporary additional contribution to the Higgs mass parameter
from the gauge field production grows.

A crucial role is played by the evolution of the Higgs field right after particle
production starts. Two main effects should be considered here. First, as the V, field
grows, the (VV) term in Eq. (3.12) induces a positive mass term for the Higgs field,
temporarily restoring the electroweak symmetry. The field A rapidly rolls to zero,
and so does the mass of the vector boson, making the tachyonic growth even faster.
Another effect, which on the other hand is not included in the system (3.11, 3.12,
3.13), is due to the temperature. The produced particles are expected to thermalise,
generating an additional thermal mass term for the Higgs, which adds to the one
mentioned above. After temperature has dropped, the Higgs relaxes to the minimum
of the T' = 0 potential, which is now given by vgyw. Such evolution of the Higgs field
is summarised in Fig. 6.

The thermalisation process and the computation of the reheating temperature
are a topic of study in their own that goes beyond the scope of this paper. On the
other hand, the time scale for particle production in the presence of a thermal bath
can be estimated as follows [10]. The generation of a thermal mass for the Higgs is
not the only effect of thermalisation. The production of gauge bosons will be affected
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by the presence of the thermal plasma, and the dispersion relation for the tachyonic
mode (V) is modified into

w? = k> +mi — k? + Hw, k] (3.21)
where, in a hard thermal loop (i.e. high temperature) limit [62],
wlw 1 w? w+k
Hw,kl=mph— -+ (1——= |1 : 3.22

Here m2, = ¢g2,,7%/6 is the Debye mass of the plasma. In pure QED, it comes from
evaluating an electron loop and it is proportional to the coupling e?. Doing the same
calculation but including all SM fermions (all assumed to be light in this phase), one
gets a factor g2 x ((—1)2x 3+ (2/3)? x 3 x 3+ (—1/3)* x 3 x 3) = (32/9)g?, where g
is the SM hypercharge coupling. This result should be multiplied by sin? fy ~ 0.23
to project the Z onto its abelian component. Taking the value of the SM coupling
g1 ~ 0.5 we get g2, ~ 0.2.

For imaginary frequency w = i) the function II[w, k| is positive, which already
shows that the tachyonic instability is damped by the thermal bath. As we discussed
above, the instability first develops for k ~ ¢/ (2f), and its timescale € is initially
small. For Q/k — 0 we can expand Eq. (3.22) obtaining
€2

B2 (3.23)

II[Q, k)| ~ ;

bo| 3

Plugging this back in Eq. (3.21) and neglecting the bare mass my and O(Q?) terms
we obtain that Q is maximized for k = 2¢/(3f),

8 ¢ 16 ¢
T2t f3m2 T 9mg2, T2f3

Qo (3.24)

Equation (3.24) gives an estimate of the typical timescale for the exponential growth
of the Fourier modes of the vector field V, in the presence of a thermal bath,

L Imgew T2

Aty 16 ¢3

: (3.25)

which we are going to use in the following sections in quantifying the efficiency of
the mechanism.
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4 Effective coupling with photons and fermions

In this section, we discuss the different contributions to the (¢/f,)F F effective cou-
pling, which are generated due to the relaxion-Higgs mixing in Eq. (2.1) or by the
relaxion interaction with the electroweak gauge bosons in Eq. (3.9). Note that the
contribution originated from the mixing with the Higgs is also present in other re-
laxion models. As we show in the following, the effective coupling ¢F F from the
mixing with the Higgs is sufficiently suppressed, and consequently it is harmless to
the particle production mechanism. On the other hand, the contribution resulting
from the leading interaction with the SM gauge bosons in Eq. (3.9) is not negligible
and can constrain part of our parameter space.

First, let us discuss the coupling (¢/f,)F F generated through the mixing with
the Higgs (see Sec. 6.1) which decays into two photons with a CP-violating coupling
that is generated at three loops. It is suppressed by one power of the SM Jarlskog
invariant J = Tm[V;; Vi Vi Vi] ~ 107° [63]. Tts size can be estimated as

(4.1)

where h ~ A is the Higgs VEV during the relaxation process, aey, is the fine-structure
constant, and ay = Qem/ sin? @y, with @y being the SM weak angle. The particle
production rate (see Sec.3.2) should be smaller than the Hubble rate that gives
the dilution of these photons due to cosmic expansion. Given the smallness of the
prefactor in Eq. (4.1), this bound is trivially satisfied.’

In addition to the Higgs-relaxion mixing, the leading interaction with the elec-
troweak gauge bosons (see Eq. (3.9)) also generates a coupling of the relaxion to SM
fermions at one loop and to photons at one and two loops [60, 61]

au¢ - ¢ o
——(VyFvsv) and —FF 4.2
o) and (12)
where
1 3al, [YE, +YE, 3 A? (43)
fr  AF cos* Oy 4sint Oy & 2 '
and . ) NFO?
aem F
— = By ( 4.4
fy  msin QW}" Ba (ww +Z 212 fr (zr), (44)

where NI and Qr are respectively the color multiplicity and the electric charge of

9In addition, as the relaxion mixes with the Higgs, one can generate the term ~
ay /(4m)g' (A/vew)¢/ fF, F* using a fermion loop, which contributes to the vectors’ kinetic term.
Using ¢ ~ A/g’ and f ~ A?/(2mz) (see Eq. (5.3)), one can see that such contribution is sub-
dominant compared to the canonical kinetic term.
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the fermion F' with mass mp, and the z; is defined as z; = 4m?/ mg. The functions
B, 5 are written as follows:

Bi(z) =1 —a[f(z)]? ) - arcsin —= r>1 s
By(z) =1— (z — 1)[f(2)]? f) {g+glogi7¢g x < 1. (45)

In the small mass limit, these functions asymptotically tend to By (zr) — —m7/(12m7.)
and By(ww) — m3/(6m3;) as m3 — 0, such that these contributions to the relaxion-
photon effective coupling are suppressed by the spurion mi and so are absent in the
massless limit. Equation (4.3) assumes that the coupling to fermions vanishes in the
UV, and the logarithm accounts for the 1-loop RG evolution from the UV cutoff A
down to the electroweak scale. Differently from the relaxion-photon coupling, the
coupling to fermions is generated independently of the relaxion mass as it respects
the axion shift symmetry.

From the previous discussion, one concludes that there is an irreducible coupling
to photons (Eq. (4.4)) once the axion shift symmetry is broken regardless of the
absence of an axion-photon coupling in the UV theory. To guarantee that this
coupling is sufficiently suppressed not to spoil the particle production mechanism, we
have to impose that the timescale for photon production is longer than the Hubble
time, i.e.

At, > H™!, (4.6)

where At., ~ T2f§/¢33 as discussed in Sec. 3.2 and H ~ A%/Mp,. In Fig. 7 we show the
scale f, as a function of the relaxion mass for different cutoff scales. The horizontal
lines set the condition in Eq. (4.6) such that above the lines the scale f, is large
enough to suppress the coupling to photons. For instance, for A = 10* GeV (red
line), the condition in Eq. (4.6) is satisfied if mg < O(1) GeV, and for A = 107 GeV
(purple line) the condition is always satisfied for the range showed in the plot.

5 Parameter space for successful relaxation of the EW scale
through gauge bosons production

In the following we list all the constraints imposed to realize the relaxion idea using
gauge bosons production as a stopping mechanism.

1. Higgs field tracking the minimum of its potential: According to the dis-
cussion in Sec. 2.3, the Higgs stops tracking its minimum when h ~ (g’A¢)/3 /v/X
as in Eq. (2.21). We need to guarantee that this condition only breaks down
when the Higgs field value is already below the electroweak scale, i.e. h < vgyw.

’ ,UEW\/X ’
gS( X ) (5.1)

This translates into
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Figure 7. Relaxion effective coupling to photons, (¢/f,)F F, given in Eq. (4.4) as a
function of the relaxion mass for different cutoff scales from A = 10* GeV (lowest, red) to
A = 107 GeV (upmost, purple). The dilution condition (Eq. (4.6)) is satisfied above the
horizontal lines which set the bound for the different the A scales showed in the plot.

where we neglect particle production and assume ¢ ~ A2

2. Prediction for the electroweak scale: To obtain the correct electroweak
scale, the dissipation should be important when the mass of the gauge boson
is close to my

éc ~ 2me7 (52)

where qz'ﬁc is the velocity when particle production becomes efficient (see the
discussion in Sec. 3.2). For the consistency of the effective theory we expect
that ¢ does not exceed A2. Assuming a non-vanishing initial velocity, after
traveling an entire field range A/g’, the velocity would be ¢ ~ A2. Therefore,
we can expect the final mass of the gauge bosons to be

A2

~ 57" (5.3)

mgz

On the other hand, during its rolling phase the field must be able to jump over
the barriers, and therefore ¢ > A?. For this reason we assume

Ay <A (5.4)

3. Stopping condition: Once particle creation slows down the relaxion, the
constant barrier of the cosine potential (~ A} cos (¢/f)) should be able to stop
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the field by cancelling the slope:
AL Z g AR (5.5)

. Scanning precision: the scanning of the Higgs mass should have enough
precision so that we do not overshoot the electroweak scale,

gdANIp =g A2rf) <m?. (5.6)

. Efficient energy dissipation: We need to impose that the kinetic energy
that the relaxion looses due to particle production is larger than the one it
gains by rolling down the potential slope,

Al(rolling 5 AKpp- (57)

We assume that a O(1) fraction of the kinetic energy is dissipated away by
particle creation, meaning that AK,, ~ P /2. The energy gained by rolling
can be estimated as AK,oning ~ %Atpp, where dK/dt = —dV/dt ~ gA3é.
To consider the most stringent bound, we evaluate this condition for ¢?/2 =
2
stop

trapped. We get

/2 ~ A}, the maximum velocity the relaxion can have after it has been

OT Gaw T2f3 < 207

4 = (5.8)

Evaluating the condition at (bc would lead to a similar bound on A, but would
fail at constraining the scenario with A, < A, which, as we will see, is excluded
through Eq. 5.8.

. Small variation of the Higgs mass: When ¢ is loosing its kinetic energy, the
Higgs mass parameter should not vary more than a fraction of the electroweak
scale during the time it takes for the relaxion velocity to become smaller than
the barrier. This can be satisfied if we impose

Am? 1 :
My, m—hg'AgbAtpp < ma, (5.9)

Amh ~
mp,

which, again, we evaluate at ¢ = Qf;stop ~ A? to derive the most stringent bound.

. Shift symmetry not restored: After the relaxion has been trapped, the
temperature may be larger than the condensation scale of the cosine potential.
In this case, the potential barriers would disappear, and the relaxion would
start rolling again until the temperature is redshifted enough for the barriers
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to be generated again. To avoid this scenario, we impose that

This condition only applies when the sector which generates the barriers is in
thermal equilibrium with the SM. Assuming that the barriers are generated
by some QCD-like gauge group coupled to the relaxion as gbGé /f', we naively
estimate the rate for gg <+ ZZ interactions mediated by the relaxion as I' ~
T5/(f%f"), which must be larger than the Hubble rate H ~ A?/Mp.

We now want to combine all the above constraints. To display the allowed region
of parameter space, we make a few simplifying assumptions. First, we assume g = ¢/,
keeping in mind that from the perspective of a UV completion the terms proportional
to ¢’ and g in Eq. (2.1) should be generated in a similar way. Secondly, we assume
that a O(1) fraction of the relaxion kinetic energy is converted into radiation with

temperature given by _

¢ 4

5 "~ 3% Too (5.11)
where g, is the number of relativistic degrees of freedom in the SM at high temper-

ature, and ¢, ~ A2. Finally, from Eq. (5.3) we assume
f=A*/(2my) . (5.12)
Under these assumptions, we are left with four free parameters:

{A7 glvaaf/}v (513)

which are constrained by the relations 1 to 7 together with the condition that the
relaxion does not drive another period of inflation (see Eq. (2.10) in Sec.2.1) and
that the produced photons are diluted by the cosmic expansion (see Eq. (4.6) in
Sec.4). These constraints can be conveniently listed as:

A
9 202— Avoid slow-roll (5.14)
Mp,
3
A
9 < (#) Higgs tracking the minimum (5.15)
1/2

9 g.«
3 > M 2
TN6VE Ry

Photons dilution (5.16)

Ay SA ¢ initially rolls above the barriers (5.17)
A4
g =< A3l}’ The barriers are high enough to stop ¢ (5.18)
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2
my

"< n A Precision of the mass scanning (5.19)
g2 g' A
A >0.1 53 Efficient dissipation (5.20)
* mz
92 g/AQ
A} 20.1 o Small Higgs mass variation (5.21)
g*/2 mhng
Ay < f Consistency of symmetry breaking pattern (5.22)
A< EFT validity (5.23)
gl/2 m3
g STH——% Combining (5.17) and (5.20) (5.24)
Jow A
gl/2 m2ms3
g ST K,) Z Combining (5.17) and (5.21) (5.25)
EW
Mpym? A
f?>12 STZ or Ay 2 —7; No symmetry restoration (5.26)
g« A g

We used Egs. (5.14), (5.15), (5.24) and (5.25) to constrain the parameters A
and ¢’. Note that, while Egs. (5.14) and (5.15) are generic, Eqs. (5.24) and (5.25)
depend on our assumptions on the behaviour of the gauge bosons after thermalisation,
which is a difficult subject that would require a careful treatment beyond our simple
description. Our choice was to maximize the strength of these constraints, therefore
the reader should remember that they could in principle be relaxed.

Despite all these constraints, interestingly, there is a sizeable region of parameter
space that remains open. In Fig. 8 we show the bounds on A and ¢’ that are drawn
from the above inequalities. Although the Eq. (5.16) depends on the relaxion mass
(mg ~ A}/ f") which constrains the other plane A, — f’, there is a region in the ¢’ — A
plane that is excluded by this bound for the whole mass range, which we also show
in Fig. 8. The maximum cutoff that we can obtain in our model is

A~ 3x10°GeV , (5.27)

that can be extended up to A ~ 10° GeV in the case reheating is very inefficient. In
the right plot, we compare this open region with the parameter regions associated
with the original relaxion models implemented during a long inflation era. The
relaxion mechanism relying on gauge boson production as a source of friction is
associated with much larger values of the coupling ¢'.

We also chose five benchmark points within the allowed region, and used Eqs. (5.16)—
(5.23) and (5.26) to constrain the remaining free parameters A, and f’ in each of

— 27 —



10°

T T T TTTTTT T T T TTTTIT T T T TTTTIT T T 1T

N 255
-~
- No trackin
109 R : %
1076 \ % _
- — \l~— £ g E|
o 109 ==~"""op % 100 =" E
k / : —
| C / —zoé,\‘\\m 3
N 12? A ’ .D .E e %/ o ’ G[\@‘Q\\‘!; .
10—15;______::::;:..3_-::-'3:::::: ----- % 10730%»\\\doubles.ca;ll\1é:r 3
R / EC]{ region é
1018 —_ Slow-roll % 10*405 Ry E
103 10* 10° 10° 107 10*5(1)(;3 T E—
A [GeV] A [GeV]
Slow-roll (Eq. 5.14) Small barriers + efficient dissipa-
tion (Eq. 5.24
Untracked minimum (Eq. 5.15) fon (Eq )
@ Unsuppressed ¢F' F coupling Small barriers + small Higgs mass
(Eq. 5.16) variation (Eq. 5.25)

Figure 8. Summary of the available region of parameter space in the ¢’ — A plane consistent
with the relaxion mechanism exploiting particle production instead of inflation. Constraints
come from Eqgs. (5.14)—(5.16), (5.24) and (5.25). The red dots correspond to the five bench-
mark cases of Fig. 9. The dashed lines correspond to the bounds which rely on conservative
assumptions about the thermalisation process. The region between the red dotted lines
corresponds to the one in which the inflaton is allowed to reheat the SM before relaxation
takes place (see Fig. 3). The rectangular hashed region at large A is the one in which
the approximation of instantaneous particle production fails. Right plot: This smaller plot
indicates in comparison the parameter space relevant for the two original relaxion models
(GKR1 for the relaxion being the QCD axion and GKR2 for the model with strong dy-
namics at the weak scale) proposed in [1]) as well as for the double-scanner mechanism of
Ref. |2], which all use inflation as a source of friction.

these cases:

scenario A: A =10 GeV, ¢ =3x10"1

scenario B: A =10*GeV, g =107"°

scenario C: A =2x10*GeV, ¢ =10"" (5.28)
scenario D: A=5x10"GeV, ¢ =3x10""

scenario E: A =10°GeV, ¢ =3x107M,

Figure 9 shows the constraints on the f’ — A, plane for the benchmark cases listed
above. Again, conditions (5.20), (5.21), and (5.26) depend on the details of the
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Figure 9. Constraints on the f’ — A plane from Eqs. (5.16)—(5.23), (5.26) for the five
benchmark cases listed in Eq. (5.28). The dashed lines correspond to the bounds which
rely on conservative assumptions about the thermalisation process.

thermalisation process and should be considered as a pessimistic bound. The results
in Fig. 9 indicate that, in order for the mechanism to work, we need to require
a coincidence of scales A ~ A,, which may be reasonable if those two scales are

generated by a common dynamics.
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On top of these constraints, one should also check that particle production hap-
pens on a timescale shorter than a Hubble time, in order to justify our assumption
of a Minkowski metric. During the whole relaxation process the relaxion dominates
the energy density of the universe, with H ~ A%/Mp;. Therefore we get the relation

97T9§w T2f3 < M

Atpp ~ 16 ég ~ A2

(5.29)

which, for (b ~ A2 is satisfied for A < 7 x 10° GeV. The region where the Minkowski
approximation breaks down is shown in Fig. 8 with a hashed area.

One could wonder whether condition (5.25) can be relaxed by assuming an in-
efficient thermalisation process. By naively setting 7" = 0 and consider the zero
temperature dispersion relation Eq. (3.15) when evaluating the time scale for parti-
cle production, the bounds indicated with dashed lines in Figs. 8 and 9 are relaxed,
and the parameter space opens up to a value of the cutoff A ~ 2 x 10 GeV. The
reason for this is that these bounds descend from upper limits on the time scale for
particle production, which is shorter in the zero temperature case. This does not
apply to the bound in Eq. (4.6), which, on the contrary, gives a lower bound on the
same time scale. As a consequence, the black line in Fig. 8 moves to lower values of
the coupling, thus excluding all the parameter space that would be open by relaxing
the other conditions. Anyway, this argument ignores the fact that, even out of ther-
mal equilibrium, the dispersion relation Eq. (3.15) should be modified to account for
finite density effects when a large number of particles is produced to dissipate the
relaxion’s kinetic energy. Because of this, we consider the results obtained under the
assumption of thermal equilibrium (and consequently the use of the thermal disper-
sion relation Eq. (3.21)) more reliable than the 7" = 0 ones. In our setup, the total
field excursion over the decay constant A¢/f" ~ A/(¢' f') remains typically large,
as shown in Fig. 10, making a possible embedding of this model in string theory
problematic, as discussed in [8].

At this stage, we now need to consider phenomenological constraints and see
whether they limit further the parameter space. For this, we determine the relaxion
mass and lifetime in the next section.

6 Relaxion properties

6.1 Relaxion mass and mixing with the Higgs

After the field ¢ has relaxed at one of the potential’s minima, its mixing angle with
the Higgs is obtained by expanding around the minimum of the potential ¢

V(0.) 5 —gh%+ L[N+ f Moo + G + Jht+ Tmde?, (61)
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Figure 10. Ratio of the total field excursion A¢ ~ A/g" over the decay constant f’, for
the five benchmarks defined in Eq. 5.28. The lines are cut at the allowed values of f’.

where we now call ¢ the field displacement which is smaller than f’. The mass of
the relaxion is

mg ~ A3/ (6.2)

and is obtained by expanding the cosine potential. A contour plot of m, is shown
in Fig. 11. The allowed mass range depends, given the values of A and ¢’, on the
intersection of the conditions displayed above. In particular, the maximal mg is
obtained from Egs. (5.17), (5.22) and (5.23), which imply my < A, consistently with
the fact that A represents the cutoff of the theory. The allowed mass ranges for the
five benchmark points of Eq. (5.28) are approximately given by

scenario A: my € [12eV, 4 GeV]

scenario B: my € [58 MeV, 4 GeV]

scenario C: mg € [83keV, 100 GeV]| (6.3)
scenario D: my € [67keV, 141 GeV]

scenario E: my € [3MeV, 178 GeV].

In our scenario, the barriers do not depend on the Higgs VEV and the scale
where this potential is generated can be as high as the cutoff (A, < A). This implies
that the upper bounds for the mass ranges in (6.3) can be much higher than the ones
obtained in the relaxion models with a Higgs-dependent barrier (see e.g. |2, 33-35]).
Additionally, as we shall see in Sec. 7, most of the lower bounds above are going
to be shifted to higher masses after we consider the cosmological and astrophysical
constraints.

Given the potential in Eq. (6.1), one can compute the mixing angle of the relaxion
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The mixing angle ¢ has a maximum of 7 /4 for my = my, which is a condition that

sin 260 =

(6.4)

can be realized in our model. Apart from a very narrow region (typically fractions of
MeV) around this point, the mixing angle is § < 1, and we can safely approximate
sin 20 with 20. Let us briefly notice here that the VEV of the relaxion field is
automatically smaller than f’ once condition (5.5) is taken into account. Figure 13
shows a plot of the angle sin 26.

Additional contribution to the Higgs-relaxion mixing can be obtained by con-
sidering a diagram in which the bosonic lines of the ¢V‘7 and hZ,Z*" vertices are
connected via a fermion box. The corresponding mixing term can be estimated as
Jgy f72(4m)7°, with J = Im[V;;Vi,V;;V;5] ~ 107° being the Jarlskog invariant [63],
which is suppressed compared to the above contribution in all the relevant parameter
space.

The smallness of the mixing angle and the fact that f is large make collider
searches essentially harmless in our model. As an example, we considered the produc-
tion of ¢ particles at the LHC through its mixing with the Higgs, and its subsequent
decay in the Z~ channel. The predicted cross section turns out to be roughly 10 — 15
orders of magnitude smaller than the limit from [64]. Even taking into account the
couplings of Eq. (4.2), collider limits do not constrain the model. Indeed, for the
relevant parameter space A = 10* GeV, the scale f = A%/(2my) 2 5.5 x 105 GeV.
Using the results for photophobic axion-like particles discussed in [61], which can be
directly applied to our relaxion scenario, we checked that the scale f is high enough
to avoid the constraints from LEP and LHC. On the other hand, astrophysical probes

— 32 —



1078

1076

1077

10% 10* 10°
A [GeV]

Figure 12. Zoom in the left-up corner of Fig. 8 where we show the region where CHARM
(mg € [0.20GeV,0.35GeV]) and SHiP (mgy € [0.20 GeV,4 GeV]) can probe part of the f/'-
Ay parameter space. Such region is constrained by the conditions to obtain a successful
relaxation through particle production as indicated by the gray area.

can be relevant as we discuss in Sec. 7.4.

Furthermore, the relaxion can be produced in rare decays of kaons and B-mesons,
which are constrained by flavor and beam dump experiments. We consider bounds
on the relaxion-Higgs mixing from the CHARM experiment given in [65] which can
probe relaxion masses in the range my € [0.20 GeV, 0.35 GeV]. Similarly, the future
SHiP experiment can probe the relaxion in the range my € [0.20 GeV,4 GeV], as
shown in Fig. 12. This region is however excluded by other requirements (Egs. (5.15),
(5.16), and (5.25)) to get a successful relaxation mechanism of the EW scale using
particle production as it is shown in the gray area in Fig. 12. In addition, we checked
that flavor constraints for the mixing for relaxion masses from MeV to 5 GeV cannot
constrain our parameter space as our mixing angle is below the current bounds [34].
Similar bounds can be set by considering the production of relaxion particles through
the couplings of Eq. (4.2). Again, the bound on f is too weak to constrain the region
of interest for this model [61].

6.2 Relaxion lifetime

Bounds on the properties of the relaxion field can come from its decay to SM particles
after the relaxation mechanism took place. If kinematically allowed, the decay can
proceed through the mixing of ¢ with the Higgs boson (Sec.6.1), by the relaxion
8% leading interaction with the SM gauge bosons (Sec. 3.2), or through the induced
couplings to photons and SM fermions (Sec.4), see App. B. For the decays through
the mixing with the Higgs, given by 'y = 6°T),(my), where [',(my) is the decay
width of a Higgs boson with mass mg, we used the results of [66].

Above my, the Z~ channel opens, followed by the WW and ZZ ones. These
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Figure 13. Relaxion-Higgs mixing angle (left) and relaxion lifetime (right), for scenarios
A-E defined in Eq. (5.28). The solid lines correspond to the mass range allowed in our model
once the constraints discussed previously are applied, see Eq. (6.3). The two horizontal lines
in the right panel correspond to the age of the universe ¢ty and to t,t,, which is the bound
given by the neutrino thermalisation (see Sec.7.3).

decays proceed mostly through the 8% coupling, while at lower masses the decay
proceeds through loop induced processe or it is suppressed by the small mixing angle.
The relaxion lifetime is shown in Fig. 13, for the five benchmark scenarios.

7 Cosmological constraints

After the relaxation process has ended, a population of ¢ particles is left in the
universe that may lead to important cosmological observations. Depending on the
lifetime of the relaxion, it may either lead to overabundance of dark matter in the
universe or ruin the predictions of Big Bang nucleosynthesis. In this section, we
derive the corresponding bounds on the relaxion parameter space.

7.1 Relaxion abundance in the early universe
The population of ¢ particles is generated through two main mechanisms: vacuum
misalignment and thermal production via the Primakoff process.

7.1.1 Vacuum misalignment

After the relaxion has been trapped in one of the minima of the potential, it will
start oscillating with an amplitude that decreases with time due to the cosmological
expansion and to the further production of gauge bosons, at least as far as its velocity
is large enough. When the amplitude falls below a value that we are going to estimate
in the following, the velocity of the field never becomes large enough to ignite particle
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Figure 14. Temperature at the onset of oscillations for the different scenarios. The black
line shows the condition my = 3H(T'), that determines the initial temperature only at very
low masses.

production, and the oscillations are damped only by cosmic expansion. Similarly to
the QCD axion and other generic axion-like particles, during the oscillatory phase,
the relaxion will contribute to the energy density of the universe as a cold dark matter
component. The abundance at the onset of the oscillatory phase is given by [67]

vo _ Lpe_ medi/2 (7.1)
T my s 2m2g, T3, /45

where ¢; is defined as the displacement from the minimum of the periodic potential in
which the field has been trapped and T, is the temperature when oscillations start
as the Hubble rate drops below the value of the thermal mass: m,(Tose) = 3H (Tosc)-
In our case, the maximum temperature of the plasma is T}, ~ A, that is lower than
the value set by the overdamping of the oscillations except for very low masses, as
shown in Fig. 14. In most of our parameter space we can therefore assume an initial
temperature T,s. = T}, ~ A, up to the numerical factors of Eq. 5.11.

The initial amplitude of the oscillations ¢; can be simply estimated as follows.
In the initial stage of oscillations, if the amplitude is large, particle production will
efficiently damp it down until the velocity of the field ¢ is too low to induce the
tachyonic growth. This happens when ¢, ~ 2mf (see Eq. (3.18)), where the mass
of the gauge boson is now given by the measured value mz ~ 90 GeV. From this
moment ¢ will oscillate freely, with an initial amplitude which is obtained by using
energy conservation:

LA, 5

f'fmz
2 12 i )

AV ~
1% A%

1.
§¢§ <2fPm? = ¢ <2 (7.2)
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Using Eq. (5.3), f ~ A?/(2vgw), gives

A my
45 1

-~ 1. (7.3)
A similar bound is obtained by requiring that ¢; < wf’. The two conditions are
numerically similar in the region where A and A, are of the same order.

In principle, this would imply that a very large relaxion population is produced
from vacuum misalignment. On the other hand, this estimate for ¢; is very naive.
As discussed in Sec. 3.2, after the particle production turns on, the Higgs gets a large
thermal mass and then the electroweak symmetry is restored, making mz = 0. In
this way, particle production is active also for low velocities. One can then expect
an initial displacement angle much smaller than the one estimated above, which can
considerably suppress the misalignment contribution to the relaxion abundance. A
precise computation of the initial displacement requires a careful treatment of the
thermalisation process which goes beyond the scope of this paper. In any case, in the
next section, we will show that the thermal contribution to the relaxion abundance
is large. Therefore, independently of the misalignment contribution, the relaxion is
overabundant. This implies that in the absence of a dilution mechanism the relaxion
cannot be dark matter and it must decay way before BBN to avoid bounds from the
primordial abundances of light elements. These constraints are going to be discussed
in the following sections.

7.1.2 Thermal production

A hot population of ¢ particles is produced via the process Z/v+q/l — ¢+q/f. This
is mediated by the ¢V\7 coupling, analogously to the standard QCD axion coupled
to photons, and the role of the photon is played by the massless hypercharge gauge
boson. The abundance due to this process is given by [67]

xr F ,
imvai-on (- [ Lar)] o
1

where z = T,,/T, Yoq = 45¢(3)/(27*¢?) is the equilibrium abundance, and T is the
interaction rate |68|

3

D= g (2log(3/a1) +082) 1y (7.5

9m F

where fp is the scale in £ D 5 e‘“’p"a B, 0,B,, which can be written as fp = (92 A )f
Depending on whether m,, is smaller or larger than the EW scale, the integral above
has a natural cutoff at T ~ vgy or T ~ my, respectively. In the first case, in the
broken electroweak phase, the rate I' is suppressed by powers of T'/my, while in
the second case, at ' < my the relaxion is Boltzmann suppressed. We checked
numerically that, in our parameter space, the integral is always large enough to

— 36 —



suppress the negative exponential, resulting in a final abundance at freeze-in equal
to the thermal value Y.

Below T ~ vgy, the relaxion is kept in thermal equilibrium by processes involving
its couplings to photons and light fermions.

In addition to the process considered above, the relaxion can also be thermally
produced in processes involving the ¢gg and ¢gq couplings that are obtained through
the relaxion-Higgs mixing [34]. In our case, the insertion of the mixing angle makes
this contribution negligible. This is another crucial difference compared to the stan-
dard relaxion scenarios, where the main contribution to the thermal abundance is
proportional to the relaxion-Higgs mixing [34], making the total thermal production
very suppressed.

7.2 Dark matter relic abundance

If the relaxion is stable on cosmological timescales, its relic abundance can contribute
to the present dark matter density, and must therefore not exceed the measured value
of Qcamh? ~ 0.12. The present abundance is given by

SpMg
Perit

Qy = Yy, (7.6)
where peis &~ 4 x 10747 GeV* is the critical density of the universe and sy ~ 2 x
10738 GeV? is the present entropy density. In the region of mg where the relaxion is
cosmologically stable, its relic abundance is too large in our model. The correspond-
ing stability bound is shown in blue in Fig. 15. One interesting possibility is that
the relaxion could constitute the DM. From the results of Fig. 15, this possibility
could be realized only in scenario A, which is the only one in which the stability of ¢
is allowed by the constraints on particle production. Nevertheless, this possibility is
not viable for a number of reasons. First, the stability region is excluded by the SN
1987A bound and, partly, by red giants. Secondly, even assuming some mechanism
to evade the SN 1987A bound, and if the relic abundance is diluted to the correct
value, then one should take into account the bounds on IR radiation, which excludes
lifetime orders of magnitude larger than the age of the Universe [69], making the DM
hypothesis viable only well inside the region excluded by red giants.

7.3 Primordial abundances of light elements

Relaxions decaying after the Big Bang Nuclesynthesis (BBN) epoch are strongly
constrained by bounds on the primordial abundances of light elements. A long-lived
unstable particle which decays into electromagnetic or hadronic particles can affect
the light element abundances by photodissociation, hadrodissociation, and p < n
conversion processes [70]. In our case, the decaying particle dominates the energy
density, thus heavily affecting neutrino thermalisation, which constrains the decay
to happen well before the BBN. Therefore, the abundance of light elements exclude
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the scenario where the relaxion decays after 7, < 2 x 10725 |[71]. The constrained
region is indicated by the orange line in Fig. 15.

7.4 Astrophysical constraints

In the range of interest, A > 10* GeV, red giants and Supernova 1987A observations
impose relevant constraints to our parameter space. Here we consider the study of
photophobic axion-like particles of Ref. [61] which is applied to the relaxion case (see
also [72, 73]). The relaxion coupling to electrons (see Sec.4) is constrained by the
cooling of red giant stars due to presence of additional processes like bremsstrahlung
emission that can delay the helium ignition, implying that the core can grow to
higher masses before the helium ignites. For f < 107 GeV, red giant observations
exclude relaxion masses below my < 107° GeV [61], which constrains scenarios A, B
and C as shown in Fig. 15.

Additionally, using the neutrinos observed from SN 1987A one can constrain
weakly interacting particles as the emission of such new states would be an efficient
energy-loss channel. The relevant colling channel in the relaxion case is through the
nucleon bremsstrahlung process (N + N — N + N + ¢). For f <3 x 107 GeV, the
SN 1987A energy-loss bound rules out relaxion masses below mg < 0.1 GeV [61].
This constrains scenarios A, B, C and D as indicated in Fig. 15. Scenario E is
not constrained by the astrophysical probes discussed here as in this case the scale
f ~5x 107 GeV is large enough to evade these bounds.

7.5 Overview

The combination of constraints is shown in Fig. 15. In the region where the relaxion
is unstable, the strongest bound comes from primordial abundances of light elements,
which is shown in orange in Fig. 15. In our scenario, the relaxion relic abundance is
too large, so the quantity m,Y, is always above the current bound in the region of
the parameter space where the relaxion decays between 74 ~ 107%s and 74 ~ 10'7s.
If instead the relaxion is cosmologically stable, it is overabundant, and therefore we
impose 74 < 10'7s. This corresponds to the exclusion region in blue in Fig. 15.
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Figure 15. Combination of all the cosmological and astrophysical constraints for each of
the five benchmark points in the plane [Ay, f'] defined in Eq. (5.28) and shown in red in
Figure 8. The white area denotes the allowed region shown in Fig. 9. In the gray region
the conditions necessary for particle production are not satisfied (the light gray area refers
to the exclusion bounds which rely on assumptions about the thermalisation process). The
astrophysics bounds (red giants and SN 1987 A) (see Sec. 7.4), the relaxion abundance (see
Sec.7.2) and distortions on the abundance of light elements (see Sec.7.3) set an upper
bound on the scale f’ for a given Ay,.
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Taking into account all the constraints in this section, the allowed mass ranges
for our five benchmarks are approximately given by

scenario A: my € [2m,, 4 GeV]

scenario B: my € [2m,, 4 GeV]

scenario C: mg € [2my,, 100 GeV] (7.7)
scenario D: me € [2m,,, 141 GeV]

scenario E: my € [2m,,, 178 GeV],

where m,, = 106 MeV is the mass of the muon. Comparing the resulting mass ranges
above with the ones in (6.3), we see that all the lower bounds are shifted to higher
masses. The constraints from astrophysical probes (SN 1987A and red giant starts
observations) are also shown in Fig. 15.

8 Summary and Conclusions

In summary, we have investigated in detail the viability of the cosmological relaxation
mechanism of the electroweak scale taking place after inflation [10]. In this case,
the friction needed to stop and prevent the relaxion from running away down its
potential, comes from particle production instead of exponential Hubble expansion.
We showed that Higgs particle production cannot be used for this purpose. Instead,
particle production is sourced by a relaxion coupling to a U(1) electroweak gauge

field of the type
_¢
4F

where g; and g9 are respectively the couplings of U(1)y and SU(2)y, . This particular

(3WW - giBE) (8.1)

combination is crucial since it does not contain the photon. It arises naturally in
some UV completions, for instance PNGBs may inherit such anomalous coupling
structure.

Such coupling induces exponential particle production only when the Higgs VEV
approaches zero and the U(1) gauge field (8.1) becomes nearly massless. Particle
production comes at the expense of kinetic energy of the relaxion. Being slowed down,
it can no longer overcome the large (Higgs-independent) barriers. This stops very
efficiently the relaxion when the Higgs mass parameter approaches its critical value
from above, as illustrated in Fig. 16. In this realisation of the relaxion mechanism,
the universe starts in the broken electroweak phase, with a Higgs VEV of the order of
the cutoff scale A. The universe is initially reheated in a hidden sector, such that the
Standard Model is not thermalised and the Higgs potential receives negligible thermal
corrections. This is the only non-trivial assumption for a successful implementation
of this scenario. Reheating of the Standard Model sector takes place at the end of
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the relaxation mechanism and is induced by the same relaxion coupling (8.1) which
is responsible for the stopping mechanism through gauge boson production. As the
relaxion potential energy is transferred to the Standard Model thermal bath, the
reheat temperature is expected to be close to the cutoff scale A. Interestingly, the
more minimal scenario in which the Standard Model is reheated just after inflation
and the relaxation phase starts after the temperature has been redshifted below the
scale A, is constrained but still viable, see Fig. 3.

The relaxion initial velocity can be obtained either from a coupling with the
hidden sector or through an interaction with the inflation sector. For instance, a
coupling of the relaxion to the inflaton can provide an effective slope, which results
in a large initial velocity.

We determined the parameter space in which such mechanism works and satis-
fies all cosmological constraints. Free parameters are the cutoff scale A, the Higgs-
relaxion coupling ¢’, the height of the barriers A, and the frequency of the periodic
potential f’. Our results are summarised in Figs. 8 and 15. Fig. 8 shows the allowed
region in the plane [¢', A] while Fig. 15 shows the open region in the plane [f’, Ay]
for the five benchmark points of Fig. 8. The cutoff scale A can be as large as ~ 100
TeV. Large couplings ¢’ = 1072 are incompatible with the condition that the Higgs
field tracks the minimum of its potential during the cosmological evolution. This
condition is absent in the relaxion proposal relying on inflation and Higgs-dependent
barriers, although an effectively comparable condition comes from preventing large
quantum corrections induced by the coupling generating the Higgs-dependent bar-
rier. Additionally, the region with ¢’ > 107 is excluded by the loop-induced coupling
with photons. Coupling values smaller than 107! are forbidden in our framework
as they would lead to slow-rolling of the relaxion and therefore inflation induced
by the relaxion field. In comparison, the relaxion-associated-with-inflation proposal
typically has couplings which are smaller by many orders of magnitude (see compar-
ison in right plot of Fig. 8), and are only bounded by the condition that quantum
displacements of the relaxion do not dominate its classical motion.

This mechanism is very difficult to test experimentally, despite the relatively
low cutoff scale and rather large ¢’ values that we are pointing to, as the relaxion
manifests itself either via its mixing with the Higgs, via its coupling to the Z and W
gauge bosons through (8.1) or via the induced couplings with photons and fermions.
The relaxion is heavy compared to the original relaxion proposal. Its mass ranges
values from O(100) MeV up to the EW scale. It cannot be cosmologically stable, as
otherwise it would overclose the universe. The relaxion cannot be dark matter in
this scenario unless invoking an additional dilution mechanism. Thus it has to decay
before BBN.

One further step to probe this mechanism will be to determine in more detail cos-
mological implications of the stopping mechanism, which involves out-of-equilibrium
conditions that may lead to observable imprints. The reheating process in itself
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deserves further investigation. The coupling (8.1) has been used in the context of
inflation as a source of gravitational waves, CMB non-gaussianities or magnetogen-
esis, and its effects in the context of the lower scale relaxion mechanism should be
studied.

Another important insight will come from understanding how the baryon asym-
metry can be explained in this set up. Baryogenesis cannot take place before relax-
ation as it would be diluted away by the entropy injection during reheating coming
from the relaxion decay. As the philosophy of the relaxion mechanism is that no
new physics occurs at the EW scale, we expect the EW phase transition that oc-
curs after reheating and EW symmetry restoration to be standard-like. This forbids
the possibility of standard EW baryogenesis as the requirement of a first-order EW
phase transition typically requires an additional weak scale scalar field. An alter-
native baryogenesis mechanism has to be found. For concrete progress to be made
in this direction, the determination of the reheat temperature is required, and this
work strongly motivates such a dedicated study.

In conclusion, cosmological relaxation of the EW scale rather independently from
inflation is a viable option that opens interesting opportunities and deserves further
investigation.
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A Equations of Motion

A.1 Higgs case

Here we consider the equations of motions for the model given in Eq. (2.1), the Higgs
field h is decomposed as a classical field and quantum fluctuation,

The x field can be expanded in Fourier modes as

— d’k ik-& * —ik-&

X(t, %) :/W (a,; xz(t)e™ —|—a£ Xz(t)e k ) : (A.2)
where the creation and annihilation operator a]%, ay satisfy the usual commutation
relations

[ag.ap) = [abab| =0, [aga}| = (2m)6°(F - R, (A3)

and the normalized y; wave functions satisfy
XeXp — XeXg =1 (A4)

As in our scenario the relaxation dynamics happens after inflation, for simplicity,
here we consider flat space so the equations of motion can be written as

; 1 1 d*k 1 Ay o (¢
& — gA\® + §g’Ah(2) + §QIA/ ok (|X,g]2 — 2—W) + ~Lsin (F) =0 (A.5)

. d*k 1
h + [g’A¢—A2+3)\/W <|X12|2—2—wk>] ho + Ahy =0 (A.6)

(O + K+ g Ao — N +3XhY) xz =0, (A7)

where wy, = /K2 + (¢’¢A — A2 + 3 A h2) is the frequency of the quantum field y;,
with k2 = k - k. Note that we consider the linearized equation of motion for

Xz as higher order terms are sub-dominant. The subtraction in the parentheses

in Egs. (A.5) and (A.6) refers to the first order WKB mode functions XzyKB =
exp(iwg)/+/2wk, which is needed to cancel a divergence in the effective potential

(see e.g. |44, 74]). In addition, we assume that the relaxion field is homogeneous in
space, i.e. ¢(t,Z) = o(t).
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A.2 Gauge bosons case

The aim of this appendix is to derive equations (3.11), (3.12), (3.13) and (3.16) and
display numerical solutions. We start from the gauge invariant Lagrangian

1 1
L= —1FuwF" +50,00" 0+ (D, @) D'dy — %ewpovvaa —~V(¢p, L, ®p) (A8)
where @y is the Higgs doublet and the potential V (¢, @E(I)H) is given in Eq. (2.1).
After gauge symmetry breaking, the Goldstone bosons can be reabsorbed in the field
V., and the Lagrangian reads
1 1 ¢

1 1
L= = FuwF" 50,00" 04 5 0,h0" ht gy VLV = eV Vg =V (6, h) . (A9)

The equations of motion for the h and for ¢ fields are trivial:

ov(o,h) 1

Og + . Evv =0 (A.10)
Oh + % — gV, VPR =0 (A.11)

For the field V,, we get instead
aOve — oro, V" — zeaﬁwaLjfaavﬁ + geh*VFE =0. (A.12)

If we take the divergence of this relation we obtain

a,h
D(RPVM) =0, de 9,V'=— %w (A.13)
which shows that the usual assumption 9,V* = 0 is not consistent in this case.
Assuming for simplicity that the fields ¢ and h are spatially uniform, the equa-

tions of motion simplify to

(- av(¢a h) 1 o
e o VY
h+ ————~ — ¢V, VFh =0
T Ton T . (A.14)
VI 4 0,0V + 200 %vo - er’“?f)‘kw +gph*VI =0
[ (00" + gt )V =V =0

The first two equations in (A.14) reproduce the equations (3.11) and (3.12). After
a Fourier transform, the equation for the V° component becomes a simple algebraic
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equation, and Vj can be expressed in terms of the other components. Projecting the
spatial part onto helicity components we obtain

.

Vi+(k2+gah2)vii§kvizo

1% 2]'1—]€2 Ve + (K> + ¢2h*)V, =0 (A.15)
kW

Vo=—t—5—5—

\ k% + gih?

The first equation above reproduces (3.13).

The terms Vw,f/“” and V,V* in the equations of motion for ¢ and h must be
interpreted as the expectation values of the quantum operators on the in-vacuum
state. Introducing the creation and annihilation operators we write

V,(t,7) = / % ;vﬁ(t, k)eiFa (ag +(a ,;)T) (A.16)

where Vu(’\)(t,—lg) = VH(A)(t, k)* for the reality of the V,(t,Z) field, and the cre-
ation/annihilation operators satisfy the usual commutation relations

(a2 a%,/] = 2r)PMN (k- K, [a,a) = [a',a'] =0. (A.17)

k’

With this we get

Vv = [ G (WGl = Ve = V- = Vi)
A

o[BS RV, a1y

where in the last line we have neglected the contribution of the longitudinal and
time-like components. Similarly, for V'V we get

&k
(27)?

which is equation (3.16). Equations (A.18) and (A.19) must be renormalized by
subtracting the same quantities computed on the first order WKB mode functions
VIVEB = exp(iwp+)/+/2wr+. In Fig. 16, we show numerical solutions of these equa-
tions, as commented in Section 3.2.

1
4

VT) = (0,2, = [ 5 b o (VeP = V) (A.19)
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Figure 16. Solutions of the system of equations (3.11, 3.12, 3.13) (which does not include
thermalisation effects). While time scales will be different, we expect similar qualitative
features when the effect of temperature is taken into account. All quantities are expressed
in units of A. The top panel shows that the transverse polarisation V_ does not feature
any tachyonic instability and is nearly constant, while the other transverse polarization V.
exhibits a tachyonic growth. The operator (Vf/) grows accordingly. The relaxion velocity qﬁ
drops. The Higgs mass parameter ¢’ A¢ — A? stabilises. The contribution to the Higgs mass
parameter from the gauge field quickly grows and restores the EW symmetry. The Higgs vev
stabilizes to a vanishing value (and, for simplicity, we set it to zero after a few oscillations).
The left plot of the bottom panel shows that the time when the frequency squared of one
of the modes wi becomes negative coincides with gauge field particle production.
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B Relaxion Decay Widths

In this appendix, we list the relaxion decay widths through the vV leading inter-
action with the SM gauge bosons (Sec.3.2) and by the loop-induced couplings to
photons and SM fermions (Sec.4). For the decay through the mixing of ¢ with the
Higgs boson we used the results of [66]. In our analysis we only consider 2-body
decays. When kinematically allowed, the decay can proceed through (see e.g. [61]):

1 mj
Lysny = 64—77,](_72’ (B.1)
1/2
1 mym? 4m?
Lyt = 1 - — B.2
d—ll o’r fl2 ( mi ) ( )
1/2
3 m¢mé 4m?9
F¢—>QQ = % fé (1 - mgﬁ > (B?))
2
1 5 3 83a 1
Fd)%hadlrons = %a’sm(ﬁ (1 + . > Z f_q (B4)
q=u,d,s
Ty = 0°Th(my), (B.5)
1
L
1 92 2 2 \3/2
Fooww = (g~ g2 (g = i)™ (B7)
1 242 m2 —m2)°
Fd)_}Zry — 9192 ( o) Z) (B8)

Amf2 (g5 — gi)* mymey +mj)’

where f, for the photons and fr for the fermions are given in Sec.4. The index [
refers to the SM charged leptons, () = ¢, b,t and ¢ = u, d, s are respectively the heavy
and light SM quarks. Note that the decay constants above follow the convention in
Eq. (3.10) where the gauge coupling is absorbed in the definition of f.
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