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ABSTRACT: In implementations of the electroweak scale cosmological relaxation
mechanism proposed so far, the effect of the quantum fluctuations of the homo-
geneous relaxion field has been ignored. We show that they can grow during the
classical cosmological evolution of the relaxion field passing through its many poten-
tial barriers. The resulting production of relaxion particles can act as an efficient
stopping mechanism for the relaxion. We revisit the original relaxion proposal and
determine under which conditions inflation may no longer be needed as a source of
friction. We review alternative stopping mechanisms and determine in detail the
allowed parameter space for each of them (whether happening before, during and
after inflation), also considering and severely constraining the case of friction from
electroweak gauge boson production in models with large and Higgs-independent
barriers.
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1 Introduction

As data from the LHC have magnified the Higgs naturalness problem by enlarging the
gap between the electroweak (EW) scale and the scale of new physics, a new approach
has been pursued in the last few years to address the origin of the EW scale as the
result of a cosmological process. The relaxation mechanism by Graham-Kaplan—-
Rajendran [1] is a new mechanism to solve the Higgs naturalness problem through the
cosmological evolution of an axion-like field coupled to the Higgs, called the relaxion.
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, until a stopping
mechanism comes into play precisely when the Higgs mass parameter approaches
zero. Such proposal implies a radically new strategy to tackle experimentally the
hierarchy problem. While the original model [1] still requires the addition of new
fermions at the weak scale, it was shown in Ref. [2] that the relaxion mechanism can
be implemented without requiring any new physics at the weak scale and the only
signature of the weak scale stabilisation mechanism is the existence of very light and
weakly coupled axion-like particles with no effect at future colliders. Similarly, the
alternative implementation in Ref. [3, 4] is also very challenging as far as detection
is concerned, as the relaxion is the only predicted new physics manifestation.

While this proposal has been followed-up by a large literature addressing a va-
riety of questions (see e.g. [4] for an almost complete list of references), there are
still many open interrogations and directions for future exploration of this scenario.
Strangely enough, none of the previous works considered the effect of relaxion quan-
tum fluctuations. In fact, only the evolution of the homogeneous zero-mode has been
considered. The purpose of this work is to work out the implications of relaxion par-
ticle production on the relaxion mechanism. Our conclusions are based on the results
of a companion paper [5] that is general and applies to any axion-like particle in the
early universe subject to rolling along a potential which also features a large num-
ber of wiggles, as ubiquitous in string axion monodromy models for instance. If the
field fast-rolls and overpasses many barriers, it can produce an exponentially large
number of its quanta which backreact on the homogeneous field. We call this effect
axion fragmentation. An important question is whether this can be efficient enough
to stop the relaxion so that inflation is no longer needed as a source of friction.

In Section 2, we summarise the main results of [5]. Concretely, the only inputs
from [5] which we use in this analysis are the expression for the time scale of efficient
relaxion fragmentation Atg,e, the field excursion during this time A¢yp,g, and the
conditions on the Hubble expansion rate and on the potential slope which allow
efficient relaxion fragmentation. In Section 3, we take the original relaxion proposal
where the barriers of the relaxion periodic potential are generated by a new (non-
QCD) strongly interacting sector and are Higgs-dependent. We review all conditions
to be imposed on the mechanism and work out in detail the open region of parameter



space. We treat three cases:

e Section 3.1: The relaxation mechanism occurs during inflation, like in the
original proposal [1], and the relaxion is a subdominant component of the total
energy density of the universe. We outline three different stopping mechanisms
in this case.

(i) through Hubble friction like in [1]
(ii) because of large barriers (and low Hubble friction)

(iii) through axion fragmentation (and low Hubble friction)

e Section 3.2: The relaxation mechanism occurs without inflation (self-stopping
relaxion), while the relaxion can dominate the energy density of the universe
and is fast-rolling. The relaxion stops because of relaxion particle production.

e Section 3.3: The relaxation mechanism occurs during an inflation era driven by
the relaxion itself. The relaxion stops because of relaxion particle production.

In Section 4, we examine the consequences of relaxion fragmentation on a second
interesting class of relaxion model |3, 4], where the stopping mechanism comes from
the production of EW gauge bosons. In this case, barriers of the relaxion potential
are large and Higgs-independent while the relaxion has a significant coupling to EW
gauge bosons. The universe starts in the broken EW phase where the Higgs vacuum
expectation value is large and of the order of the cutoff scale. When their mass
becomes small, EW gauge bosons can be abundantly produced and, at the same time,
they take away the relaxion kinetic energy. In this context, we show that relaxion
particle production is very efficient and very severely constrains this model. We
summarise our findings in Section 5. In Appendix A, we recap the origin of the Higgs-
dependent barrier in the models discussed in Section 3. In Appendix B, we clarify
the relaxion stopping condition used in [1|. All the detailed constraints are presented
in Appendix E. Note that the case of Higgs particle production during relaxation
was studied earlier and it was shown that it cannot be used as a stopping mechanism
for the relaxion [4]. Alternative sources of friction were considered elsewhere in the
literature. Finite temperature effects are used in [6]. In [7]| the necessary friction
is provided by parametric resonance of the Higgs zero mode. In [8] a potential
instability is introduced to stop the field. Finally, friction from the production of
dark fermions is discussed in [9].

2 Relaxion fragmentation

The Higgs-relaxion potential is of the form:

1 A
V(p,h) = A" — g\3¢ + 5(A2 — g AP)R* + Zh"‘ + A} cos ? , (2.1)



where A is the cutoff of the effective theory, and ¢,¢" < 1 should be thought as
spurions parametrizing the breaking of the relaxion shift-symmetry, A\ is the Higgs
quartic coupling, and A, is the scale related to the non-perturbative dynamics which
generates the periodic potential. For the moment, we will neglect the dependence of
the barriers amplitude on the Higgs VEV. Electroweak symmetry breaking happens
for =~ A/g’. One of the key points of our discussion will be to understand the mech-
anism responsible for stopping the evolution of the relaxion field and, consequently,
of the Higgs field. Our goal is to work out the implications of relaxion particle pro-
duction on the relaxion mechanism. This effect is studied in detail in Ref. [5] and is
relevant in the regime where the relaxion initial velocity is large enough to overpass
the potential barriers. We summarise the main results in this section. Ref. [5] shows
that (in general for any rolling axion-like field) the dynamics of axion fluctuations
accompanying the evolution of the axion zero-mode rolling down its potential while
passing through a large number of wiggles can be described by the Mathieu equation,
at least in the limit of constant velocity. Solutions of this equation have instabil-
ity bands where quantum fluctuations grow exponentially. The homogeneous mode
gradually looses kinetic energy as more energy goes into fluctuations. We found that
this back reaction effect can be large enough as to stop the relaxion.

Let us start by decomposing the relaxion field into a homogeneous mode plus
small fluctuations:

o(z,t) = o(t) + dp(x,t) = o(t) + </ %akuk(t)eikx + h.c.> (2.2)

where aj are the usual annihilation operators with [ay, al,] = (27)26%(k — k). The
initial conditions for the mode functions u; at t — —oo are

o—ilk/a)t

av2k

The equations of motion for the zero mode ¢(t) and for the mode functions wuy, are

ui(t) = (2.3)

given by
7 y / 1 " d*k _
6 +319+ V() +5V"(0) [ sl =0, (2.4
2
Uy + 3Huy, + {% + V”(gb)} u = 0. (2.5)

The dependence of Eq. (2.4) on the mode functions is such that, when u;, grow, the
evolution of the zero mode ¢ is slowed down, consistently with energy conservation.
For the moment we will work in Minkowski space, neglecting cosmic expansion.



Equation 2.5 reads

i —l—(kz—A—gcos?)u =0 (2.6)
In the limit of constant velocity ¢, Eq. (2.6) can be read as a Mathieu equation [10],
which is well known e.g. in the context of preheating [11]. Depending on its param-
eters, solutions of the Mathieu equation can be unstable and grow exponentially. In
the above notation, this happens if k falls in some specific bands around nng/ (21),
for integer n > 1. For n > 2 the instability bands have small width and the expo-
nential growth of the corresponding solutions is slow. Modes that fall in the n =1
instability band instead grow faster, and the width of the band is larger, thus they

are the principal source of friction that decelerate the relaxion.
For ¢2/2 > A} the first instability band can be written as |k — k| < 0ker, With
ke = L2 , Oker = A—?’l. ) (2.7)

2f 2fo

The asymptotic behaviour of u, at large t is

U ~ /{:;1/2 exp (\/(5kor)2 — (k — kcr)zt) sin ke, t. (2.8)

The number of exponentially growing modes per unit volume is ~ k20k.. As long
as ¢ is constant, the energy density of the fluctuations within the instability band
grows as

Priuc(t) ~ k26ke X |t |* ~ k2 ke exp(20ket). (2.9)

Energy conservation implies that the same amount is subtracted from the kinetic
energy of the zero mode, which thus slows down. Because of this back reaction, the
instability band moves towards smaller k’s. The growth of the modes around k.,
stops when this goes out of the instability band. This happens when the critical
mode has decreased by the amount 0k, and consequently, the kinetic energy of the
zero-mode is reduced by

kcr ’
where we used the definition of k., as in Eq. (2.7). From Egs. (2.9) and (2.10), we
can estimate the timescale dt,,, a given mode k., spends inside the instability band:

M(z%éﬁ“hf—ﬂhf—(&ﬁﬂ%—AP&Jhﬁz—é (2.10)

oy Ok 1 ¢
Piine & —0K ~ ¢* x = Olamp = log e

ker 20k,

(2.11)




Therefore, the evolution of the kinetic is approximately given by 0K /0ty

d (1.,\ 0K A} 1654\~
i (07) i~ 7 () e

which can be integrated exactly to estimate the time it takes Atg,e and the field

excursion Aggae from the beginning of particle production until the relaxion stops.
Notice that in general Atp,e can be much larger than 6¢,m,p: the latter is the time
spent by a single mode inside the instability band, while the former is the total
integrated time of the fragmentation process, from the initial condition until the
field is trapped in the potential barriers.

A more rigorous calculation involves a WKB approximation and is performed
in [5]. The time scale of relaxion particle production in terms of the parameters of
the relaxion potential is

298, 32m2f!
Atfrag ~ 1 - 2.13
and the corresponding field excursion
[ ., 327
APprae ™~ 1 . 2.14
Pos = a8 08 (2.14)

where ¢ is the initial velocity of the relaxion, before fragmentation starts. This
result agrees, up to O(1) factors, with the one obtained by integrating Eq. (2.12).
Equations (2.13) and (2.14) were derived neglecting Hubble friction and the
slope —gA3¢ of the potential in Eq. (2.1). The effect of Hubble friction on the
growth of perturbation is double. The dominant effect is that the friction term 3H 4y
in Eq. (2.5) suppresses the growth of wu,. Secondarily, the physical wave number
k/a corresponding to a given comoving mode k decreases as the scale factor a(t)
grows. While the zero mode ¢ decelerates, the instability band moves towards smaller
physical modes too, thus cosmic expansion prolongs the time that each given mode
spends inside the instability band. As for the slope term —gA3¢, it enters in Eq. (2.5)
instead only through the evolution of the zero mode: if the slope is large, the field
accelerates and the instability band moves to the UV.! As a result, both a large
Hubble friction and a large slope suppress the growth of the relaxion fluctuation, thus
making fragmentation ineffective. The actual conditions under which these terms can
be neglected depend on the initial velocity of the zero-mode. The following equation,
which relates the slope 2, the Hubble friction H and the height of the wiggles A,

LAn interesting case is the one in which the acceleration due to the slope and the friction from
fragmentation exactly cancel each other, leading to a slow roll regime even in the presence of a steep
potential [5], similarly to what happens in axion inflation with a coupling to dark photons [12] and
in trapped inflation [13]. We leave this scenario for future study.



must be satisfied in order for fragmentation to be efficient [5]:

: AP 32m2 4\ \

it < 2Héo + L (W0< ”.Qf )) , (2.15)
2f 95 ePp

where Wy is the 0-th branch of the product logarithm function (also known as the

Lambert W function). Intuitively, this equation express the fact that the slope can

not be too large, otherwise its acceleration would be stronger than the slow down
due to fragmentation. Here we will be interested in two special cases of condition
(2.15):

1. During inflation, which corresponds to the case where the initial velocity is the
slow-roll velocity, ¢o = ¢sg = gA3/(3H), fragmentation is effective for

1
H@p < 72—?? (Wo <3j;§f4>) . (2.16)
SR

2. When éo < gbgR instead, which includes the case of negligible Hubble expansion,
fragmentation is active for

A 3272 A\
gA® < ;f—d;% (WO( ;;gf >) . (2.17)

In summary, the results of [5| show that the evolution of the relaxion can be
stopped by the growth of its own perturbations, once certain conditions are satisfied.
In the following, we will use this result, and in particular Egs. (2.13), (2.14), (2.16)
and (2.17) to determine the stopping point of the relaxion evolution. Depending
on the model, fragmentation can offer an alternative stopping mechanism for the
relaxion, thus offering new possibilities such as realizing the relaxion mechanism after
inflation. On the other hand, fragmentation is a serious concern in models in which
it is active at all times, which correspond to the scenarios where constant and sizable
wiggles are present during the scanning of the Higgs mass parameter |3, 4, 14]. This
feature makes these scenarios more constrained than the ones in which the barriers
only appear at the critical point where the EW symmetry is broken. These two
options will be analysed in Sec. 3 and 4, respectively.

A last comment should be spent on the validity of the perturbative expansion
that leads to Eqgs. (2.4) and (2.5). The issue of perturbativity arises when d¢ ~ f,
which is the case in the last phases of fragmentation. This is not a problem, though,
because we are only interested here in the time scale for stopping, and not on the
precise dynamics of the relaxion fluctuations. During their growth, the fluctuations
are, for most of the time, perturbative, and only at the end of the evolution they



become of order d¢ ~ f, without growing more than this (at least not as long as the
relaxion keeps rolling with ¢ > ﬁﬁ). Thus, we expect non-perturbative dyvnamics not
to change the picture dramatically, entering Eqs. (2.13) and (2.14) only as an O(1)
normalization factor. It would be valuable to check this statement with a proper
numerical simulation, which we postpone for future work.

2.1 Comparison of relaxion stopping mechanisms

In the rest of the paper, we will analyse the implications of relaxion fragmentation.
As we will extensively discuss and as summarised in Fig. 1, there are two key quan-
tities controlling the effective stopping mechanism. First is the time scale for the
relaxion to roll over a distance 2w f, denoted At;, and second is the initial relaxion
velocity ¢op. Depending on these two values, the relaxion may stop either because
of Hubble friction, of large barriers, or of particle production. There are two main
types of relavion madale thaee with Hicoedanendent and Hicoeindenendent harriers

respectively vely.

At,

natural velocity
in abzence
of inflation

Figure 1. Sketch of relaxion stopping mechanisms. The initial velocity ¢y is either the
relaxion velocity before the barriers appear in models with Higgs-dependent barriers, or
the velocity before particle production starts in models where relaxion stops due to particle
production (either relaxion particles or EW gauge bosons). Af; is the time scale it takes for
the relaxion to roll over a distance 27 f, to be compared to the Hubble time H ~!. The final
size of the barriers is Ay while the cutoff scale is A. In our notation (see Eq. (3.1)), Ay is the
size of the barriers when the relaxion stops at (h) = vgw. In the red region, corresponding
to the ‘large barriers’ case of Sec. 3.1, the relaxion stops when the barriers amplitude equals
the initial kinetic energy. Thus, for ég/2 < A}, the final value of the Higgs vev would be
lower than the measured one (light red region).



3 Consequences I: Relaxation with Higgs-dependent barriers

We consider the original relaxion model, which was first introduced in [1| and later
studied in a large literature. In the non-QCD model in [1], the relaxion potential
features Higgs-dependent barriers that scale as?

4 3 Lo 2, A 4 {h)? ¢
V(p,h) =N —gN°p+ = (A — ¢g'Ap)h” + —h" + Ay —— cos =, (3.1)

2 y 2, T
and the initial conditions are such that the EW symmetry is initially not broken. For
the stability of the potential (3.1), the spurions should satisfy g 2 ¢'/(4m) since the
term ~ ¢g'A3¢ is generated by closing the Higgs loop in the third term in Eq.(3.1).
The initial condition must be such that ui} = (A* — ¢’A¢) ~ A?, and we assume
$o > 0. Electroweak symmetry breaking happens for ¢ ~ A /g'. After this point, the

Higgs VEV (h) grows up to its final value vgy.

Loop effects generate a Higgs-independent amplitude for the cosine, such that
there are small constant wiggles during the whole field excursion (see for details
App. A). In this paper we work in the regime in which the potential has local minima.
We postpone the study of fragmentation from wiggles that do not generate local
minima to future investigation.

List of conditions

There are a number of conditions that we will need to assume for a successful relax-
ation mechanism. We start by listing the ones that do not depend on the embedding
of the mechanism in the cosmological history, which we will discuss later.

e Initial conditions and total field excursion: First of all, to avoid fine-
tuning in the initial conditions, the total field excursion of the relaxion must
be larger than A/¢’, so that the Higgs mass can scan the range from the cut-off
down to the EW scale. For definiteness, we assume that initially ¢ = 0, so that

A

e Precision of the mass scanning: In order not to overshoot its measured

value m?, the scanning of the Higgs mass should happen with enough precision.

2This notation does not coincide with the one of [1], where the barriers are denoted by A* cos ¢/ f
with A o< (h)™, nor with [2], which writes eAZ2="(h)™. The notation (3.1) makes it clear that the
barriers are proportional to (h)? and that A, is the size of the barrier once the Higgs has reached
its stopping point with (h) = vgw. Thus, Ay is not the confinement scale nor a parameter of the
Lagrangian. It is determined by the dynamics of the stopping mechanism, and it depends on the
initial relaxion velocity and on the measured value of vgw. Ay is one of the parameters we are
scanning over in our various contour plots.



Thus we impose

gA2rf) < mT%L (3.3)

Large barriers: After the Higgs has grown to wvgyw, the barriers should be
large enough to prevent the field from further rolling down, despite the slope
—gA3. Tmposing that V' > 0 for some values of ¢ > A/g" we get
4
Ay > gA3. (3.4)
f
Symmetry breaking pattern: In the Lagrangian of Eq. (2.1), the scale f
should be thought as the scale of spontaneous breaking of a global symmetry,
whose Goldstone boson is the relaxion. The spurious ¢ and ¢’ control the
explicit breaking of the residual shift symmetry, as well as the Higgs mass
parameter. For the consistency of this picture, we impose

f>A. (3.5)

Microscopic origin of the barriers: The last term in Eq. (2.1) must orig-
inate from the interaction of some field charged under the Standard Model
gauge group and under the relaxion global symmetry. Explicit examples of
such a kind were proposed in [1] and [15]. A general feature of these construc-
tions is that the term Af(h?)/v2, cos¢/f is accompanied by the similar term
A¢h? Jvk,, cos ¢/ f by which the Higgs interacts with ¢. Closing a Higgs loop, a
constant term is generated, which must be subdominant compared to the pre-
vious one. The actual size of this term is model dependent, and we will here
assume that the model discussed in Appendix A is realized. Thus we impose

Ay < VATugy . (3.6)

Notice that this condition will turn out to be important in determining the
upper bound on the cut-off of new physics, and thus weakening it will result
in a larger allowed parameter space. Nonetheless, in the simplest explicit UV
constructions, Eq. (3.6) has the correct numerical coefficient up to O(1) factors.

Higgs field tracking the minimum of its potential: After EW symmetry
breaking, the evolution of the Higgs field should follow closely the minimum
of the potential, otherwise after the relaxion stops the Higgs would continue
growing. If we denote by v the minimum of the potential during the relaxion’s
evolution, we want (h) = v. This happens if the evolution of v is adiabatic, i.e.

— 10 —



g'A

v
— 1= —— <1 .
5 < VN < (3.7)

V=UEW
Equation (3.7) guarantees that, as the Higgs potential changes due to the
relaxion’s evolution, the Higgs field has enough time to adapt and follow closely
the minimum. A more detailed analysis can be performed by expanding the
Higgs field h = v + x, solving the equation of motion of # and imposing that
the solution does not grow [3|. The resulting condition differs from the above
for just a factor O(1) (see also the discussion in Ref. [4] and Fig. 5 therein).

Sub-Planckian decay constant: We assume that the relaxion U(1) symme-
try is broken below the Planck scale,

[ < Mp,. (3.8)

Since the relaxion is a pseudo-Nambu-Goldstone boson, the linear terms in ¢
in the potential Eq.(2.1) should arise from the expansion of a second oscillatory
potential, besides the A} cos(¢/f), with a much larger period, implying that
F > f. The effective decay constant F' needs to be at least as large as the
relaxion field excursion, F' > A/¢’, which in turn can have trans-Planckian
field values. There are different frameworks to generate hierarchical decay
constants such as multi-axion alignment and mixing in the axion moduli space
(see e.g. |16, 17]). Therefore, the condition in Eq. (3.8) can be seen as a choice
of simplicity, to avoid additional model building which would be necessary
in order to embed a scenario with multiple effective super-Planckian decay
constants.

No shift-symmetry restoration after reheating: After reheating, if the
temperature is larger than the confinement scale at which the barrier term in
the potential is generated, we expect that this term is erased by thermal fluc-
tuations, and the relaxion starts rolling again. To avoid this possibility, we
impose a lower bound on this scale assuming that this is not smaller than the
minimal reheating temperature required for a successful Big Bang nucleosyn-
thesis, ~ 10 MeV. We expect the scale A, to be related to the confinement
scale by some small couplings. Thus, we impose

Ay >1 MeV. (3.9)

We should anyway note three points. First, the correct bound of Eq. (3.9)
is model dependent, and can be easily made weaker assuming small Yukawa
couplings. Second, as we will see in the following, Eq. (3.9) does not lead to
important constraints on the parameter space, so that determining the actual

- 11 -



limit has no relevant consequences on our study. Third, if this condition is
violated and the shift symmetry is restored after reheating, a very interesting
scenario opens up, in which the relaxion starts rolling again and is stopped
a second time when the Universe cools down and the barriers appear again.
We will not discuss this scenario here for simplicity, but we refer the reader
to Refs. [18-20] in which this scenario is analysed and many consequences are
discussed.

Parameter space

The mechanism can be described in terms of 7 free quantities:
9.9, A Ay, f, H, o . (3.10)
In addition, we define the quantity my:

A

My = I (3.11)
which is related to the relaxion mass in a way that depends on the actual realization
of the mechanism, as we will detail in the next section. To simplify the problem, we
will assume a fixed ratio g/¢’, which we will take equal 1 unless otherwise specified.
Moreover, we will relate f and (ﬁo to the other parameters using the fact that the final
Higgs VEV should match the observed value, and choosing a sensible value for the
field velocity. Thus, the parameter space has dimension 4, and can be characterized
by ¢, A, Ay and one among H or f. To constrain the parameter space we adopt the
following logic. We will combine all the constraints in order to eliminate the variables
Ay, H or f, and derive all the equations that constrain the variables ¢’, A only. In
other words, this is equivalent to projecting the 4 dimensional hypersurface to the ¢,
A plane. Then, we will present contours in this plane for the other free quantities,
as well as the constraints on the other variables for a few selected benchmarks.

3.1 Relaxation during inflation

We first consider the case in which relaxation happens during inflation. This is the
scenario proposed in [1], and the most studied in the literature (see Fig. 34 in App. F
for a sketch of the energy density of the universe during relaxation). We define the
slow-roll velocity

gA’®

sl 3.12
= (3.12)

¢SR =
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During inflation, the relaxion slow-rolls thanks to the large inflationary Hubble fric-
tion, which is dominated by some sector other than the relaxion. We thus assume

A2
\/gMPl .

Moreover, the symmetry breaking pattern that leads to the Lagrangian Eq. (2.1)

H >

(3.13)

requires

H<f, (3.14)

and
H<A. (3.15)

Finally, the evolution should be dominated by the classical rolling of the relaxion
field and not by the quantum fluctuations:

s _ H

T 9 (3.16)

After EW symmetry breaking, wiggles turn on in the relaxion potential and the

relaxion stops as soon as the relaxion’s kinetic energy is smaller than the potential
barriers. Under the slow-roll assumption, one neglects the first term ¢ in Eq. (2.4),
and therefore, if the effect of quantum fluctuations is small, the relaxion stops as soon
as V' = 0, which requires sufficiently large barriers after EW symmetry breaking.
This is the stopping condition used in [1]. There is an underlying assumption behind
this reasoning, which is that the time scale to roll over one wiggle is much larger than
a Hubble time. As we discuss here, there are actually more stopping possibilities.
Depending on the strength of Hubble friction and on the velocity of the relaxion
field, the relaxion can stop at three different times corresponding to three different
stopping conditions and three separate regions in parameter space, whose projection
in the (A, ¢’) plane is shown in Fig. 2. For each benchmark point a, b, ¢, d, the
constraints in the (Ay, Hy), (Ay, f) and (my, f) planes are shown in Fig. 4. We define
these regions below:

1. Hubble friction (GKR): If Hubble friction is strong, and in particular if it takes
longer than about a Hubble time for the relaxion to roll a distance between two
consecutive maxima of the potential, i.e At; > H~ !, where At; is the time to
cross one wiggle, then the slow-roll approximation is always valid. However,
the velocity is not well approximated by the average slow-roll velocity defined
in (3.12) but by the instantaneous slow-roll velocity

—V'/(3H).

Physically, this happens because Hubble friction has enough time to modify the
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field velocity as the slope of the potential varies. In this case, an arbitrarily-
small barrier is sufficient to stop the relaxion (except for quantum fluctuations),
in other words, the field stops as soon as V' = 0, i.e. for gA® ~ A}/f (see
Appendix B for more details).We label this case as Hubble friction or GKR as
this is the case discussed in [1]. It is characterized by

1
At =L (3.17)
osn H
Ay
_ N 1
=2 3.15)

The parameter space consistent with this scenario appears in green in Figs. 2,
3 and 4. The precise origin of the limits of each region is depicted in Figs. 13
and 14 in App. E. In the following, we will only be interested in the constraints
that arise from a successful implementation of the relaxion mechanism itself.
Additional constraints may be derived from colliders and other particle physics
experiments, as well as cosmology and astrophysics. We refer the reader to
Refs. [15, 21-24] for an overview of these constraints.

As noted in Ref. [1], quantum effects should be taken into account to define the
stopping point of the relaxion. We can distinguish two regimes. Firstly, before
the classical stopping point, the slope is small and the condition in Eq. 3.16
breaks down. Quantum fluctuations with a typical size H/(27) dominate at
this point over the classical rolling of the zero mode. Secondly, after the clas-
sical stopping point, the potential has classically stable minima, which can be
overcome by quantum tunnelling. This process is only stopped when the bar-
riers grow large enough to make the lifetime of the relaxion’s minima larger
that the age of the Universe. These two regimes are studied, respectively, in
Appendices C and D. We find that the region in which the classical descrip-
tion is not applicable is very small, thus the classical estimate of the stopping
condition is reliable.

. Large barriers: If, on the other hand, friction is weak, i.e. for At; < H~!, the
field no longer tracks the slow-roll velocity. After traversing a large number of
wiggles, the field is stopped by friction when the size of the wiggles A? is larger
than the average velocity ¢sr = gA3/(3H), and wiggles dominate the potential
slope, A}/f > gA® (see Appendix B). In this case we impose

Aty = Zr—f < % (3.19)
SR
1-
Ab =50k (3.20)
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The choice ¢?/2 = A} in the ‘large barrier’ case is not a tuning in the initial
conditions, but rather a consequence of our definition of A, as the amplitude
of the barriers once the relaxion has stopped and the Higgs vev has reached its
measured value.

The corresponding parameter space is shown in red in Figs. 2, 3 and 4. Con-
straints on this case are shown in Figs. 15 and 16 in App. E.

Before proceeding to the last case, in which the relaxion is stopped purely due to
the effect of fragmentation, we want to stress the role played by fragmentation
in the ‘large barriers’ scenario. If Eq. (2.16) is satisfied, fragmentation will also
act as a secondary source of friction. In this case, the estimate ¢?/2 = A} will be
less reliable depending on the efficiency of fragmentation, even though it is clear
that the relaxion evolution will be stopped. We highlight the corresponding
region with black lines in Fig. 4. These regions interpolate between the ‘large
barriers’ scenario discussed here and the ‘relaxion fragmentation’ one discussed
below. The exact boundary is difficult to compute due to the presence of two
effects. On the contrary, in the solid red regions of Fig. 4, Eq. (2.16) is violated,
fragmentation is absent and Eq. (3.20) gives the correct stopping condition.

. Relazion fragmentation: The last case is the one in which we are most interested
here. Again, we assume Aj/f > gA3. If the velocity is large such that

Aty < H! (3.21)
5 > (3.22)

the relaxion evolution can still be stopped by transferring its kinetic energy
into the fluctuations. For ¢y = dsr, fragmentation is efficient when Eq. (2.16)
is satisfied. The field range needed to slow down the relaxion evolution is given
by Eq. (2.14). This must correspond to a final value of the Higgs VEV equal to
vgw. Thus we can use Eq. (2.14) to relate the scale f to the other parameters

{A7 g, Aln éO}:

1 21\ AS 12 o2 FA\\
Av? = Zg'A Adgag = [ = ﬂ-)\—szW (log (3 7T2f )) : (3.23)
A gA o5 ¢0

Notice that Eq. (2.14) was obtained assuming a constant barriers’ amplitude.

The effect of growing barriers can not be included in our analytical treatment,
but we expect it not to modify the time needed to stop the field by more than
an O(1) factor, because the full efficiency of fragmentation is recovered as soon
as the barriers grow close to their final value, thus rapidly stopping the field.
In the following, we will drop the logarithmic dependence and approximate
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log (3212 f*/$2) ~ 50. The allowed parameter space for this case is shown blue
in the (A, ¢’) plane in Fig. 2, 3 and in other planes are shown in Fig. 4 and in
Figs. 17-24 in App. E.

Note that the relaxion mass can significantly differ from the value naively ob-
tained when only considering the potential barrier, given by m, defined in Eq. (3.11).
This is clear if we examine the ‘Hubble friction’ stopping mechanism described previ-
ously, as in this scenario V" & A*/f2,/1 — (gA3 f/A})? with \/1 — (gA3 f/A})2 < 1.3
On the other hand, for the other stopping mechanisms with large barrier’s height, the

mass is only slightly different from m, such that this is not a relevant modification
for our discussion. In the following, we simply consider the quantity m, having in
mind that Eq. (3.11) is a good approximation of the relaxion mass for the ‘Large
barriers’ and ‘Relaxion Fragmentation’ stopping mechanisms.

In Fig. 3 and in first plot of Fig. 4, we see that stopping relaxation with frag-
mentation during inflation requires a much smaller number of efolds N, than in the
original proposal as well as a much smaller inflation scale. This means that relax-
ation could therefore happen during a second short (i.e. N, ~ O(10)) late stage
of inflation in our cosmological history, that is not necessarily responsible for the
cosmological perturbations, but induced by some late supercooled phase transition
for instance. This brings a new theoretical framework for relaxation that is free from
usual inflation constraints and the associated model building. It is thus possible to
solve the little hierarchy problem up to a cutoff scale O(20) TeV, from a minimal
relaxion model, during a short innocuous phase of inflation, as generic in strongly
first-order confining phase transitions [25]. The N, contours in the full relevant pa-
rameter space in the case where the relaxion stops because of axion fragmentation
are shown in Fig. 24.

3We thank Hyungjin Kim for pointing this out.
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Figure 2. Parameter space projected in the A, ¢’ plane of the relaxion mechanism taking
place with Higgs-dependent barriers, during inflation, where the relaxion is a subdominant
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Figure 4. Parameter space of the relaxion mechanism taking place with Higgs-dependent
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density of the universe (non-QCD case of [1]), as described in Section 3.1. Same color code
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3.2 Relaxation without inflation: self-stopping relaxion

Depending on its efficiency, the growth of fluctuations can stop the evolution of
the relaxion even if its initial velocity is very large. This opens up an interesting
possibility: the relaxion can be stopped even without assuming slow-roll, and in fact
without an inflationary background at all. This has important consequences, as the
large number of e-folds required for relaxation during inflation is one of the main
criticisms raised against this mechanism.

In this subsection, we will discuss how to realize the relaxion mechanism after
or before inflation. The relaxion may or may not dominate the energy density of
the Universe. The Hubble rate H can be eliminated from the equations, the only
condition is

A2
\/gM Pl

All our results presented in Fig. 5 and Figs. 25, 26, and 27 in App. E, do not depend on

H > (3.24)

whether the relaxion dominates or not the energy density of the universe at the time
of relaxation. However, as we will discuss in subsection 3.2.1, the relic abundance
of the relaxion crucially depends on this assumption. Moreover, we assume that the
relaxion does not slow-roll. In this case, it is reasonable to expect that the velocity is
of order of the cut-off of the theory. Indeed, if the field is free to roll down a potential
with slope —gA3¢ for a field range A¢ = A/g’, starting from rest its final velocity
will be

do = 2—/9A2. (3.25)

g

Such an estimate is reliable as long as this value is smaller than the slow roll velocity,
otherwise the field would be slowed down by Hubble friction. Therefore, we also
impose that

3

Po < Psr = g%. (3.26)

Provided H < H?, the case in which ¢y = ¢sg with the relaxion dominating the
energy density would lead to an inflationary period driven by the relaxion, which
we will discuss in Sec. (3.3) below. As we discussed in Sec.2, in the case ¢y <
éSR, Hubble friction can be neglected and fragmentation is effective if Eq. (2.17) is
satisfied. In this case, the relaxion stops its evolution after a field range Ay ,g, given
in Eq. (2.14). This must correspond to a final value of the Higgs VEV equal to vgy.
Therefore, as in the previous section, we can use Eq. (2.14) to relate the scale f to

the other parameters {A, g, Ay, (150}:

8 2 2 r4 -1
Av? = %g'A Abtrag = [ = % (log (SQ;ZQJC >) : (3.27)
g 0 0

In the following, we will approximate log (3272 f*/$2) ~ 50 and drop the logarithmic
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dependence. The difference compared to Sec. 3.1 is that here {bo is not the slow-
roll velocity. The parameter space consistent with this scenario for three different
velocities is presented in Fig. 5. For each of these cases we consider one benchmark:

Benchmark e: A=8TeV, ¢ =2x10"",
Benchmark f: A =15TeV, ¢ =107"2, (3.28)
Benchmark g: A=60TeV, ¢ =3x10""

In the appendix E we explore in detail the parameter space for the benchmarks in
(3.28). In Fig. 25 we specify the constraints on the plane ¢’, A and in Fig. 26 we show
the contours for the minimal allowed value of the scale A, and maximal value of the
decay constant f. The maximal A, and minimum f saturate to the extreme allowed
values for all the three different velocities, such that Aymax = V47T vpw (Eq. (3.6))
and fuin = A (Eq. (3.5)). The allowed ranges of my in Eq. (3.11) for the benchmarks

above are:

Benchmark e: my € [139, 169 GeV]
Benchmark f: my € [14, 37 GeV]
Benchmark g: mg € [3, 9 GeV] (3.29)

The contours of my for the allowed range of f and A, are shown in Fig. 27 in App. (E).

The summary is that the relaxion can stop itself without the need for inflation.
We find that for natural values of the initial velocity ¢ ~ O(A?), this can be achieved
for a cutoff of O(10) TeV. The fragmentation stopping mechanism can in principle
be effective also for much higher cutoff, O(100) TeV, however, this would require
tuning the initial velocity. In the corresponding parameter space, the relaxion mass
is rather large, from a few GeV up to the EW scale. For the largest cutoff, the value
of fis ~ 10— 100 TeV.

3.2.1 Cosmological History and relaxion abundance

In this subsection we discuss the cosmological consequences in the scenarios in which
relaxation is realized without inflation, which can happen before or after an infla-
tionary period, see also Appendix F. In the case the relaxation dynamics happens
before inflation, the imprints from this period are diluted away due to the expansion.
This implies that the details about how the equation of state of the universe evolves
during relaxation are not important for the dynamics after inflation. In the scenario
in which the scanning of the Higgs mass parameter is realized after inflation, we have
to investigate the relaxion relic abundance. The scanning ends when most of the re-
laxion’s kinetic energy is transferred to relaxion fluctuations through fragmentation,
which then red-shifts as radiation. Assuming that the dominant contribution to the
energy density in the fluctuations comes from the mode with ke ~ ¢o/f (see Sec. 2),
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Figure 5. Parameter space in the plane ¢, A for the scenarios in which relaxation happens
without inflation.

we can estimate the relaxion number density just after particle production as

. —1
ng ~ Oy (%) , (3.30)

where we used that the energy density of the relaxion field is ~ ¢3 and that the
typical energy carried by a particle is O(k.,). Therefore, using my ~ my = A}/ f,
the relaxion energy density in the fluctuations is

3

Pp,0 ~ gzj—%/\gﬁbo‘ (3.31)
Here Ty = 2.7 K is the current CMB temperature and g5o = 43/11 is the effective
degrees of freedom which contribute to entropy density. T, and g, are the tempera-
ture and the effective degrees of freedom of the thermal plasma after the relaxation.
In deriving Eq. (3.31) we used the fact that, today, the relaxion particles are non-
relativistic. Indeed, their initial momentum is peaked around k¢, ~ qb/ f~A/f <A
Since relaxation must take place before BBN, this momentum will be redshifted
at least by a factor Ty/Tspy ~ 1K/10 MeV ~ 107!' making the relaxion non-
relativistic in our scenario. Note that once the energy density has red-shifted enough,
relaxion coherent oscillations will contribute to the total energy density as matter,
with 3% ~ (Ay/f?)f?. We will neglect this contribution since p3* is very suppressed
compared (3.31). Therefore, by assuming ¢, ~ A?, one can estimate the relaxion
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abundance as

A 2 A 2 Gou -1 T -3
Quh? ~ 6 x 10* b o - . 32
o” ~ 610 (10 Ge\/) (10 Te\/') (100) (10 TeV) (3:32)

The result in Eq. (3.32) shows that, if the relaxion dominates the energy density of

the universe at the time of relaxation and in the absence of a dilution mechanism, the
relaxion is overabundant in the allowed parameter space. Under these assumptions,
in the scenarios where the Higgs mass scanning happens after inflation, the relaxion
has to be unstable to avoid overclosing the universe. The relaxion can decay to the
Standard Model particles via its mixing with the Higgs. The mixing angle can be
computed from Eq. (3.1) as

4gA3

, (3.33)
(mj, — cos 0 m3)?v2,, + 16g2AS

sin 20, ~

where 0y = ¢min/ f is the position of the minimum at which the ¢ field stops, and

f

1 !
P(QA?’ — —g'Av2). (3.34)
b

sin@o = — 5

In the case under study, in which the field stops due to fragmentation, we assume
A}/f > gA3, thus we can take cosfy ~ 1 in Eq. (3.33). In the ‘GKR’ scenario,
instead, A}/f ~ gA3, and sinfy ~ 1.*

We checked that the mixing angle 84 ), is large enough to make the relaxion decay
before Big Bang Nucleosynthesis (BBN) in the benchmarks (e) and (f) of Eq. (3.28).
If the relaxion is still too long-lived, as it is the case for benchmark (g), in order to
be consistent with BBN bounds one can add a coupling between the relaxion and

the Standard Model photon

Lo iFﬁ (3.35)

4f,

which then turns out to be the dominant decay channel of ¢ into Standard Model
particles. This sets an upper bound on f,, allowing relaxion lifetime to be shorter

than 7, < 1sec for
Mg

£<10" (1o

In general, such a term will receive a contribution from the relaxion-Higgs mixing.

3/2
) QeV. (3.36)

1For A}/f ~ gA3, and assuming my < my, g = ¢’ and gA® < viy,, the mixing angle can be

approximated as
4
sin 0¢,h ~ 3 sin 90 5
f myVew

which matches the expressions given in Refs. [15, 22].
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Such a contribution will be suppressed by both the mixing angle 64, and the SM
Jarlskog invariant J ~ 107°, which appears when the CP-violating hF F term is
generated at the loop level.

Since the relaxion mass is typically larger than O(1) GeV (see Eq. (3.29)), our
scenario evades astrophysical and experimental constraints, see e.g. [22, 26-28].
The relaxion will also contribute to the electric-dipole moment (EDM) of light SM
fermions, through its coupling to photons of Eq. (3.35) and its mixing with the
Higgs (see e.g. [22]). Existing bounds on fermions EDMs do not constrain our model
further, due to the smallness of the mixing angle and the large allowed value of f,.

Once the relaxion rolls down its potential, photons can be produced via the cou-
pling in Eq. (3.35) due to a tachyonic instability in the equation of motion of the
photon A, (see e.g. [12]). These photons produce a thermal bath which modifies
the dispersion relation of the A, vector, making particle production less efficient.
Taking this effect into account, the timescale for photon production is estimated to
be At, ~ T2f3/(¢%) [29]. For simplicity, we want to assure that the production
of photons during the relaxation dynamics does not interfere in our stopping mech-
anism. To this end, the timescale for photon production should be longer than a
Hubble time

At, > H™!, (3.37)

which is equivalent to require that particle creation is slow compared to the dilution
given by cosmic expansion. From Eq. (3.37) we can derive a lower bound on the scale
f, using the fact that relaxion does not slow roll (Eq. (3.26)) and that ¢ ~ A2, im-
plying f, 2 A/g'/3. In the cases in Fig. 37 in App. F, ¢ dominates the energy density
such that H ~ A?/(v/3Mpy). Therefore, the condition (3.37) simply translates to
fy 2 (A*Mpy)'/2.

One should notice that the coupling in (3.35) introduces another portal between
the relaxion sector and the SM besides the Higgs mixing. If the temperature of the
thermal plasma, at the end of relaxation, is larger than the confinement scale of the
non-abelian gauge group that gives rise to the cosine potential, then the barriers
can disappear allowing the relaxion to roll down once again. This additional ¢
displacement may ruin the mechanism as the field can move away from the correct
value of the EW scale. On the other hand, such situation can be avoided if the sector
that generates the period potential does not enter in equilibrium with the Standard
Model bath. To this end, we can impose that the interaction rate of the strong
sector with the photons I' ~ T°/(f*f2) is small compared to the Hubble expansion,
resulting in another condition the scale f, should fulfill, f, > (A3Mp)Y/2/f.

We stress again that all the above discussion is relevant if H = A%/ V3 Mp; when
relaxation starts. If on the other hand the hidden sector radiation dominates the
energy density of the universe during relaxation, the relaxion abundance can be
accordingly diluted and subdominant.
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3.3 Relaxion inflating the Universe

As a last possibility, we consider the one in which the relaxion dominates the energy
density (as most of the cases above) but, instead of Eq. (3.25), we assume that the
relaxion slow rolls, thus driving a period of inflation

A3 A?

. . g .
= = —_—, Wlth H = .
o = Osr Y 30

(3.38)

Note that to be consistent with the effective field approach, %R has to satisfy
Ly 4
§¢SR < A°. (3.39)

In Fig. 39 in App. F we illustrate an example of such a case and the parameter
space consistent with this scenario in the ¢’, A plane is depicted in Fig. 6, where we
assume g = ¢’. The benchmark point corresponds to

Benchmark h: A =100 TeV, ¢ =3x107'° (3.40)
The allowed m, range for such benchmark is given by
Benchmark h: mg € 0.2, 3 GeV]. (3.41)

We refer to Appendix E.3 for more details about the parameter space.

Comparing the parameter space in Fig. 6 with the case without inflation in
Fig. 5, we see that this case allows for a larger cutoff, while constraining much more
the range of the coupling ¢’. This scenario has similarities with the third case relazion
fragmentation discussed in section 3.1.

A scenario in which the relaxion is the inflaton was discussed in Ref. [30]. At
least two non-trivial additions were required. First, in [30], a Chern-Simons coupling
between the relaxion and a dark photon is included. The dark photons carry very
low momentum at the end of inflation such that the particles cannot be thermalized
through perturbative scatterings. On the other hand, such low momentum photons
have large occupation number generating a strong electromagnetic field, which then
allows for the vacuum production of electron-positron pairs via the Schwinger effect.
In order to reheat the universe at temperatures above the electron mass using the
mechanism in [30], it is crucial to couple the relaxion to a dark photon, which in turn
has a kinetic mixing with the Standard Model photon. Second, the curvature pertur-
bations in the simplest model are suppressed. Therefore, the relaxion only addresses
the horizon and flatness problems but not the origin of cosmological perturbations
and the addition of a curvaton field is necessary. In our case, we simply assume that
the relaxion-driven inflation precedes the inflationary period that ends with the Big
Bang Nucleosynthesis and originates the cosmic microwave background curvature
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Figure 6. Allowed parameter space for self-stopping relaxion in the case where the

relaxion dominates the energy density of the universe and slow-rolls during relaxation.

perturbations. As shown in Fig. 28 the corresponding number of efolds varies from
O(1) to O(10°) depending on the cutoff scale A and coupling ¢’. Alternatively, if the
number of efolds is smaller than O(10), the period of relaxion-driven inflation can
take place after reheating.

4 Consequences II: relaxation with vector boson production

We now examine another class of relaxion models which has triggered interest. The
stopping mechanism is qualitatively different as the potential barriers are Higgs-
independent and relaxation starts in the EW broken phase. The idea of using the
tachyonic production of Standard Model gauge boson as a source of friction to slow
down and stop the relaxion evolution was introduced in [3], and further studied in
various aspects in [4, 14, 27, 31]. Here we will only summarize the model and its
constraints, referring the reader to [3, 4] for further details. As we will see, relaxion
fragmentation poses a serious threat to this scenario: Instead of being active only
close to the critical point, thus helping the stopping of the relaxion, the growth of
perturbations happens at all times, and can stop the evolution at a position such that
the EW scale is closer to the cut-off of the theory. In order to avoid this possibility we
will impose that the fragmentation does not take place. This requirement excludes
the setup in which the relaxation happens after inflation, which was studied in details
in [4]. On the contrary, relaxation during inflation is still allowed, and the relaxion
dark matter model of [14] is not affected.
The model can be characterized by the following Lagrangian:
¢

1 a N(l v D v
£ = Loy +50,60"6 — 1 (g%WWW W _ B, B ) V(e k) (41)
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with
V(p,h) = A* — gA®p + % (—A*+ ¢g'Ap) B* + %h4 + A} cos <%> , (4.2)
where ¢; and ¢ are the U(1) and SU(2) coupling constants, respectively. The
coupling to gauge bosons above forbids the coupling of the relaxion to the pho-
ton’s Fwﬁ " term at tree level. The initial conditions are such that, initially,
(=A% + ¢g'A¢) < 0, thus the Higgs has a large VEV of order A. The barriers are
now independent on the Higgs VEV.
In the EW broken phase, the relevant part of Eq. (4.1) can be rewritten in terms

of the mass eigenstates A, Z,,, Wf

1
L DOmi (h)yW, W + §mZZ(h)ZMZ“

- .;ii—éwpa (2g§8HW;8ij +(93 — 91)0,2,0,Z5 + 291g2auZV8pAa) , (43)

where the masses of the gauge bosons are myy (h) = goh/2 and myz(h) = /g5 + gih/2.
We will neglect the contribution of the W and of the ZA terms, and concentrate
on the Z dependent one. The coupling to photons ¢F; Wﬁ # is generated through the
small mixing with the Higgs, controlled by the small parameter ¢', and also from a
W loop through the interaction in Eq. (4.3) [26, 27]. We will discuss below how this
coupling is harmful for the model, and what are the conditions to make it ineffective.
Absorbing the gauge couplings in the definition of the scale F,
1 (95—9g)

=, (4.4)

the equations of motion for the relaxion zero mode and the transverse modes of the
Z field are:

¢ — g3+ g'AR? + A sin & + L<ZZ> =0 (4.5)
f o f  4F ’
Zi+ (K2 4+ m%F k%)Zi =0. (4.6)

When the Higgs VEV (and consequently the mass of the gauge bosons) decreases,
Eq. (4.6) exhibits a tachyonic instability for the Z, polarization (assuming ¢ > 0),
which starts as soon as my < ¢/(2F). After this point (which we call t.), the kinetic
energy of the relaxion’s zero mode is converted into the helical Z field in a timescale
~ mgl. 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/¢’, thus generating the
hierarchy between the cutoff A and the EW scale.®

5An important caveat to this discussion would come from the inclusion of SM fermions. In the
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After particle production starts, the Higgs field potential is altered in the pres-
ence of the thermal bath of vector bosons, and EW symmetry is temporarily restored,
making the tachyonic growth even faster. On the other hand, the presence of the
thermal bath modifies the dispersion relation of the Z boson, making the process
less efficient. Once this effect is included, the timescale for particle production can

be estimated as
97rgfjw T?F3

foe ~ 6 Pr

(4.7)

where g2, = 0.2 and T is the temperature of the plasma. The temperature of the

plasma can be estimated by using energy conservation. Assuming all the kinetic

energy of the relaxion is transferred to the thermal plasma, we have
2R

0 g T" = 5 (4.8)

A very important caveat to the above discussion comes from the coupling to pho-
tons (¢/F,)F, Wﬁ #v This coupling must be suppressed for this mechanism to work,
for at least three reasons. First, if photon production is efficient, the corresponding
friction term is always active and could slow down the relaxion evolution irrespec-
tively of the value of the Higgs VEV. Second, if these photons thermalize they could
deconfine the strong sector which generates the potential barriers. Finally, thermal
corrections to the Higgs potential will make the relaxion scanning the Higgs thermal
mass instead of the vacuum mass parameter 7. Neglecting the contribution sup-
pressed by the mixing with the Higgs, such a coupling arises at one and two loops
from the Lagrangian in Eq. (4.3), accompanied by a coupling to the Standard Model
fermions |26, 27

a,LL¢ n o ¢ -
—_ d —F,F" 4.9
where ) ) ) ,
i _ 3aem Y"/)L + Y¢R . 3 10g A (4 10)
Fy 4AF | cos*Oy  4sin‘éy m3,’ ‘
and , NYQ?
1 8y 20em N "
— = B — B 4.11
F’y SiIl2 QWF 2 (xW) + Z 7TF1/) 1 (1'1/1) ) ( )

Y

where NY and @, are respectively the color multiplicity and the electric charge of
the fermion ¢ with mass my, and the z; is defined as z; = 4m?/m,. The functions

background of strong hypercharge fields, SM fermions are copiously produced, and backreact on the
gauge fields themself [32]. As a result, the amplification of the Z and of the photon fields can be
suppressed, depending on the coupling of the axion field to gauge bosons, the velocity of the field
and the Hubble rate. This effect would possibly change the parameter space discussed here and in
Refs. [3, 4]. A detailed analysis, that takes into account the evolution of the gauge and fermion
fields, together with the varying velocity of the ¢ field, is beyond the scope of this work.
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B 5 are written as follows:

Bi(z) =1 — z[b(z)]? arcsin —= x>1
b(z) = Ve 4.12
B(a:): ~ (= Dlb(a))? . { R

These functions tend to Bi(zy) — —m3/(12m3) and By(zw) — m3/(6myg,) for
mg, — 0. These contributions to the effective coupling to photons are suppressed by
the spurion mi) and are absent in the massless limit.

Following the same logic as in Sec. 3, we list here the conditions that the model
should satisfy to guarantee a successful relaxation of the EW scale. Additional
conditions will be introduced below, when discussing the realization of this model
during or after inflation.

e Prediction for the EW scale: As we discussed above, dissipation starts
when

o
2F

Imposing that mz matches the measured value of 91 GeV, we will use Eq. (4.13)

(4.13)

mz =

to relate the scale F' to the other parameters of the model.

e Size of the barriers: During its rolling phase, the relaxion must be able to
jump over the barriers, thus ¢?/2 > A{. On the other hand, for the validity of
the EFT we will always assume ¢?/2 < A%, and therefore

Ay < A (4.14)

e Overcome the wiggles: The field must be able to overcome many wiggles
before stopping, thus

1.
Egbg > A} (4.15)
2
Aty = ;f < (4.16)
0

e Efficient energy dissipation: The energy lost by the relaxion due to particle
production must be larger than the one gained by rolling down the potential
slope,

AKrolling < AKpp. (417)

Using AK,, ~ ¢?/2 and AK,ging ~ AL, with dK/dt = —dV/dt ~ gA3,

dt
we get

gA3¢StopAtpp < §¢§t0p . (418)
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To obtain the most stringent bound, we evaluate this condition for <;52 /2 =
(2
stop

trapped.

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

Small variation of the Higgs mass: The particle production phase must
be fast enough, so that the variation of the Higgs mass during this time is less
than a fraction of the EW scale:

Am? 1 -
Th m—hg'AngAtpp < my,, (4.19)

Amh ~
mp

which, again, we evaluate at ¢ = éstop ~ 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.
To avoid this scenario, we impose that

This condition applies when the sector generating the barriers is in equilibrium
with the Standard Model. Assuming that the former interacts with the relaxion
through a term ¢G’ G / f, we naively estimate the rate for gg <> ZZ interactions
as I' ~ T°/(F?f?), which must be larger than the Hubble rate H. Thus, we
impose

T < max { Ay, (HF?f*)'/°} . (4.21)

As already noted above, this constraint can be avoided in a scenario in which,
after reheating, the barriers disappear and the relaxion rolls for a short amount
of time, not overshooting the value of the Higgs VEV (see Refs. [18-20].)

Particle production faster than Hubble expansion: Our analysis was
conducted in Minkowski space. A large Hubble rate would suppress the pro-
duction of gauge boson. Thus we impose that

At,, < H™'. (4.22)

Suppressed coupling to photons: Contrarily to the production of massive
bosons, we assume that the photons are efficiently diluted away, .e.

At, > H™!, (4.23)
where At, ~ T2F3/¢?.

Hierarchy of the effective scales: For the validity of the EFT we assume
that the scale F', which controls the coupling of the relaxion to the SM fields,
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is larger than the cut-off scale:
F > A, (4.24)

where F is given in Eq. (4.4).

e Finally, we list here some conditions that are identical to those imposed in

Sec. 3, referring the reader to it for their discussion: °

fon g'Ad , : .
— <1l e < 1 Higgs tracking the minimum (4.25)
b ly=vgw 209201
s _ M .
gh\° < 7 Large barriers (4.26)
: mj, iy .
gA27f) < > Precision of the mass scanning (4.27)
f>A Consistency of the EFT  (4.28)
f < Mp Sub-Planckian decay constant (4.29)
A
Agp = 7 Field range (4.30)

To constrain the parameter space, we will apply the same reasoning as in Sec. 3.
The free parameters are {A, g,q', Ay, f, F, o, H }. Unless otherwise specified, we as-
sume g = ¢’, and we use Eq. (4.13) to fix the scale f in terms of the other parameters
of the model.

4.1 Relaxation after inflation

Let us first consider the possibility of relaxation after inflation with the tachyonic
production of Standard Model gauge bosons, which was discussed in [3] and, in
greater details, in [4]. In addition to Eqs. (4.13)-(4.30), we assume that the relaxion
dominates the energy density )
H= 2
V3 Mp,

Moreover, we assume that the relaxion does not drive a secondary period of inflation,

(4.31)

in which the curvature perturbations generated during inflation would be erased.
Thus we impose [4]

A

where the numerical factor comes from requiring that, if a short period of relaxion-
driven inflation takes place, this does not exceed 20 efolds. A similar bound can
be obtained by imposing that the velocity A? is smaller than the slow-roll velocity

In order to avoid fine-tuning of the initial conditions, the relaxion field excursion has to be
larger than A/¢’. Similarly to Sec. 3, here we assume for definiteness that initially ¢ = 0, then the
total field range is given as in Eq. (4.30).
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gA3/(3H), with H as in Eq. (4.31). Under this condition, it is safe to neglect Hubble
in the equation of motion for the relaxion field and its fluctuations.

Due to the constant barriers A} cos ¢/ f, relaxion fragmentation is always active
in this construction, and it can slow down the field evolution at a position which
is not related to the Higgs VEV. To avoid this scenario, we assume that either the
effect of fragmentation is subdominant compared to the acceleration due to the large
slope, or that, if present, the fragmentation time-scale is longer than the time needed
to complete a full field excursion A/g":

A8 o2 4 -1
gA? > (9N )max = ; ; Q.;; (Wo (3 7;; )) (4.33)
0 € o
or
3 3 . fﬂ‘ﬁg 327T2f4
g\ < (gA?)max and AP < Adprag = 27TA§ log < gb% , (4.34)

where the upper bound for the slope gA3 is given in Eq. (2.17) and the excursion
Aprae s written in Eq. (2.14). Once Hubble friction is neglected, the velocity of the
relaxion after it travels a field range starting from rest is A = A /g is ¢ = 1/2¢'/gA>.
Assuming g = ¢/, the first and second inequalities in 4.34 become incompatible, i.e.
if fragmentation takes place then it always happens within a short time. Thus we
apply Eq. (4.33), and combine it with Eqs. (4.13)-(4.30) to obtain bounds in the
plane A, ¢'.

Fig. 7 and 8 show the relaxion parameter space including the new exclusion due
to relaxion fragmentation in red. The choice of benchmarks for Fig. 8 is the same as
in Ref. [4]. In Fig. 8 we also show the upper bound on f derived in [4]. The purple
and green lines are derived from Red Giants and SN 1987 A; the blue line excludes
the region in which the relaxion (which is always overabundant in this model) is
cosmologically stable and overcloses the universe, and the orange line excludes the
case in which relaxion decays during or after Big-Bang nucleosynthesis, distorting
the abundance of light elements. The above constraints are derived using the decay
widths listed in [4, 27| and the mixing angle of [4], which differs in this case from the
one of Eq. (3.33) because here the barriers are independent of the Higgs:

/
oo, = vl (4.35)
\/(mh —m3)? + 49?03 A2

An additional constrain comes from the electric dipole moment of light SM fermions,
which is generated through the ¢Z% coupling and the ¢ — h mixing. We checked
that the relaxion contribution to the EDMs is always smaller than the experimental
bound, hence there is no relevant constraint on the relaxion parameter space. As

— 31 —



it can be seen in Fig. 8, astrophysical and cosmological constraints are very severe
and thus exclude all these benchmarks. Despite the impression that there is some
space open in the plane (A, ¢’) in Fig. 7, it seems this scenario is essentially ruled
out due to the other constraints in the plane (A, f) in Fig. 8. We therefore conclude
that, if no new element is added to modify the late-time evolution of the relaxion
population, this realization of the relaxion mechanism is excluded.

Note that this conclusion remains unchanged if we relax equation (4.31) and
instead impose H > A?/ V/3Mp,, assuming that the relaxion energy density is sub-
dominant compared to hidden sector radiation (which eventually decays into the SM
before BBN). The only conditions which depend on the precise value of the Hub-
ble rate are (4.21), (4.22) and (4.23). The conditions (4.22) and (4.23) affect the
constraints in the plane (A, ¢’). The condition (4.23) depends on the relaxion mass
indirectly, so also affects the (Ay, f). By increasing H, Eq. (4.23) becomes easier to
satisfy, then we could reopen a region in the (A, ¢’) plane which could be probed by
SHiP/CHARM. However, the whole parameter space is still excluded in the (Ay, f)
plane. While the BBN constraints can be evaded since the relaxion abundance would
now be diluted, the astrophysical bounds are still excluding the full region. The only
way to save the ‘relaxion after inflation’ scenario in models with Higgs-independent
barriers would require to question the application of supernovae bounds to axions,
following for instance [33]. Alternatively, one can try to combine this construction
with the double scanner mechanism presented in Ref. [2|, where a second scalar field
scans the barriers’s amplitude. In order to suppress the fragmentation effect, this
extra scanner field would have to cancel the amplitude of the cosine potential during
the scanning of the Higgs mass parameter. Here we do not pursue this possibility
further and leave these studies for future work.

4.2 Relaxation during inflation

We now consider the case in which the relaxion slowly rolls down its potential during
inflation, with a velocity ¢ = ¢sg = gA3/(3H). As before, we assume that the
following conditions hold:

A2
H > Inflaton dominates the energy density (4.36)
V3Mp)
H<f Relaxion present during inflation (4.37)
H <A Shift-symmetry broken during inflation (4.38)
: a
% > o Classical evolution (4.39)

We assume that either fragmentation is suppressed by Hubble friction, or that, if
present, its time-scale is longer than the time needed to complete a full field excursion
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Figure 7.  Case of relaxation AFTER inflation with EW gauge boson production as
described in Section 4.1. White region is the allowed region that was derived in Ref. [14]
without including the effect of relaxion fragmentation. The red region is the new exclusion
due to relaxion fragmentation.

Ag": X
. A3 3272F4\
3 H > b [y [ 22 4.40
SR 2\ \ ez (4.40)
or, if Eq. (4.40) is violated,
foin 3212 f4
AP < Apprag = —= log . ) (4.41)
& 21AS b

where Eq. (4.40) comes from violating Eq. (2.16), A¢ = A/¢’ as usual, and we neglect
the logarithmic dependence taking Wy(...) & log(...) ~ 50. The above conditions
can be rewritten in a compact form as

1 (2fg*A° 12 4 fgtg Al 1/4

The allowed parameter space for this scenario is shown in Fig. 9. The contours in
the plane (Ay, f) do not depend on any choice of H, and they are obtained by using
the conditions of the form H < ... and those H > ... to get inequalities independent
of H. Details on the origin of the constraints delimitating the allowed regions are
provided in Figs. 31-33 of Appendix E.4. Fig. 9 shows the relaxion parameter space
including the new exclusion due to relaxion fragmentation in red.
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Figure 8. Case of relaxation AFTER inflation with EW gauge boson production as
described in Section 4.1. Pale regions were the allowed region derived in Ref. [4] without
including the effect of relaxion fragmentation. The red region is the new exclusion due to
relaxion fragmentation, which rules out everything under the assumption that the relaxion

dominates the energy density of the universe during relaxation (Eq. 4.31).
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Figure 9. Relaxation with EW gauge boson production during inflation. White region
is the would-be allowed region that was derived in Ref. [14], not including the effect of
relaxion fragmentation. The red region is the new exclusion due to relaxion fragmentation.
For more details on the delimitating lines, see Figs. 31, 32, 33 in Appendix E.4.

4.2.1 Relaxion Dark Matter

As it was discussed in Ref. [14], after inflation has ended the relaxion is produced
from scattering with the thermal Standard Model plasma, and its relic abundance
can match the observed DM one (see [19] for a different construction in which the
relaxion constitutes the DM component of the universe in the GKR model). The
main production channel is Compton scattering off electrons v + e <+ ¢ + e, which
is active until electrons become non-relativistic. Imposing that the relaxion is stable
on cosmological timescales, enough long-lived to avoid indirect detection constraints
on decaying DM, and heavy enough to avoid the Ly-a constraints on hot DM, the
relaxion is a viable DM candidate for mg ~ 2 — 17 keV. We repeated the analysis
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of [14], imposing the additional constraint of Eq. (4.42), and we found that the
conditions on the relaxion’s lifetime are always stronger than Eq. (4.42). In other
words, fragmentation is never efficient in the parameter space of relaxion DM, and
the results of [14] are unchanged.

Fragmentation opens up another interesting possibility for relaxion DM. If relax-
ation takes place after inflation, and the relaxion is only a subdominant component
of the energy density at that time, the relaxion particles produced by fragmentation
can in principle have the correct relic abundance to represent a good warm DM can-
didate, similarly to Ref. [34]. We postpone the study of this effect and of the details
of the relaxion cool down to a future work.

Irrespectively of fragmentation, the computation of the relic abundance per-
formed in [14] could be used to look for regions of parameter space in which the
relaxion is overabundant. Such regions, if they exist, would then be excluded, unless
the cosmological history is modified including a phase of dilution, or additional decay
channels are added to make the relaxion unstable. This would affect the parameter
space displayed in Fig. 9. We do not pursue this aspect any further here.

5 Summary and outlook

The production of relaxion particles during the evolution of the homogeneous relaxion
field while rolling down its potential had so far been ignored in the relaxion literature.
Technical details about this effect, dubbed axion fragmentation, are presented in a
companion paper [5]. Here we showed that axion fragmentation can act as an efficient
source of friction and eventually stop the relaxion field. This opens parameter space
for the relaxion mechanism, especially in the original implementation of the relaxion
mechanism of Ref. [1] (referred as GKR). This can also severely reduce the parameter
space in the second class of models [3, 4] where the potential barriers are Higgs-
independent and relaxation starts in the EW broken phase. The parameter space
comprises the cutoff scale A, the relaxion coupling ¢’, the size of the periodic potential
barrier Ay, and, in the case where we invoke inflation, the value of the Hubble scale
during inflation H;. These parameters can also be traded for A, ¢', m, and My,
where my is the relaxion mass and M is the scale of inflation.

We have worked out in detail the precise regions of parameter space when the
relaxion mechanism is successful. In particular, an important question is whether
cosmological relaxation of the EW scale can occur without inflation, as this clearly
modifies the perspectives and constraints for model building. We have shown that
this is possible in the case of Higgs-dependent barriers.

For given values of the cutoff scale A and the relaxion coupling ¢’, Ay, there are
three ways by which a relaxion with Higgs-dependent barriers can be stopped during
an inflation era: From Hubble friction (as in [1]), from large barriers and low Hubble
friction, from relaxion particle production and low Hubble friction. These last two
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cases were not considered in Ref. [1]. They correspond to distinct values of H; and
A, (equivalently of M; and my). This is summarised in Fig. 2 and 4. If instead
the relaxion has Higgs-independent barriers and an additional coupling to EW gauge
bosons ¢WW and ¢BB, it can still be stopped during inflation, as shown in Fig. 9.
Our results are summarised in the points below.

e Relaxation via Higgs-dependent barriers [1]:

— During inflationary stage not driven by the relaxion (Section 3.1, bench-
mark points a, b, c,d). Cutoff scale can be as high as 10° GeV as in the
original proposal. Interestingly, relaxion fragmentation opens the parame-
ter space towards smaller inflationary scale O(100) TeV and heavier relax-
ion O(1) GeV. The inflationary stage can be much shorter, O(10) e-folds,
and therefore does not have to be tied to the inflationary stage responsible
for cosmological perturbations. Besides, a larger range of barrier sizes A,
are now allowed, up to a TeV. In this new parameter space, the cutoff
scale can be as high as several hundreds of TeV and the field excursion is
mostly subplanckian. The relaxation can also be stopped simply because
of larger barriers. In this case, the relaxion mass is also larger than in the
original proposal.

— Without inflation (either before or after), the relaxion may dominate or
not the energy density of the universe (Section 3.2, benchmark points
e, f, g). Interestingly, the relaxion can stop without the need for inflation,
only from the fragmentation effect! Our analysis shows that the cut-off
scale A cannot be pushed very high. The main obstacle comes from the
initial velocity of the relaxion ¢y. If it is slightly lower than the cutoff scale
squared, the fragmentation effect can very efficiently stop the relaxion
and relaxation without inflation can work even for large cutoff values A.
However, the natural value expected for the relaxion initial velocity is of
order A? and in this case, the cutoff scale can be pushed to ~ 20 TeV.

— During an inflationary stage driven by the relaxion (Section 3.3, bench-
mark point h). Another economical relaxion model does not require any
other scalar field driving inflation. The relaxion itself could trigger an
inflationary stage and then self-stops because of fragmentation. Interest-
ingly, the cutoff scale can be pushed to ~ 300 TeV in this case. The
associated number of efolds varies between O(10) to O(10°) depending on
the cutoff scale.

e Relaxation via Higgs-independent barriers and EW gauge boson production
3, 4]:
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— After inflation (Section 4.1, benchmark points A, B, C, D, E'). While Ref.[4]
had stressed the possibility to achieve relaxation without inflation, the
present work shows that the effect of fragmentation is actually so efficient
in this scenario that it completely kills it. In fact, the relaxion always
stops too early before it reaches the correct EW scale.

— During inflation (Section 4.2, benchmark points F, G, H). We showed that
the only way to save the mechanism of [3] is to have it happen during
inflation.

In all cases where relaxion fragmentation is responsible for stopping the relaxion,
we predict a relaxion mass heavier than in GKR, mg 2 O(1) GeV. The various
scenarios we have looked at are compiled in Tables 1 and 2. They would deserve some
further attention. In each case, there are specific cosmological histories (summarized
in Appendix F) and it remains to look in more details at the model building and
phenomenological aspects of each of them. In particular, it will be interesting to
revisit the scenario of relaxion dark matter.

In this paper we have discussed two main classes of relaxion models. One may
wonder whether relaxion fragmentation has any implication for the QCD axion model
discussed first in [1]. In this case, the Higgs-dependent barrier is much smaller,
Ay ~ A}epmy. Then, from Eq. (3.23) where f scales as A§, it is clear that for
fragmentation to effectively stop the relaxion without inflation, we would need an
unacceptably small value for f unless the initial relaxion velocity is tuned to be
somewhat smaller than A?. So there are no implications for the QCD relaxion model.
The non-QCD model with Higgs-dependent barriers requires the introduction of new
weak scale fermions charged under SU(2), see equation (A.7) in Appendix A. This
is good from the point of view of testability [23], as future high energy colliders can
in principle test this scenario. However, a compelling possibility would be that the
relaxion mechanism does not require the introduction of the weak scale by hand. In
fact, such ‘coincidence’ problem was solved in [2], which showed that the relaxion
mechanism does not require any new weak scale physics and thus does not predict
any signals at collider experiments. The new physics responsible for solving the
hierarchy problem may instead only feature very weakly coupled and light axion-like
particles. In [2], the weak scale is generated dynamically though a double-scanner-
field mechanism. It would be interesting to investigate the implications of relaxion
fragmentation on the parameter space of this scenario. Further phenomenological
aspects of relaxion particle production such as dark matter and gravitational waves
remain to be investigated. Besides, another potential signature in our framework
could come from domain walls. We leave these topics for future work.

To conclude, the fragmentation of the relaxion is a generic effect present in
all relaxion constructions, even beyond the scenarios discussed above, and should be
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taken into account in all future relaxion implementations as this can alter predictions

substantially.

(Secs. 3.2, 4.1)

Inflationary a la GKR bo = dsr TS Ay | Aty > H!
(Sec. 3.1.1)

Inflationary with large barriers do = dsr %gbg =A | Aty < H!
(Sec. 3.1.2)

Inflationary with particle production | ¢o = dgr %(ﬁg > A} | Aty < H!
(Secs. 3.1.3, 3.3, 4.2)

Non-inflationary G0~ O(A?) < gsp | 102 > A} | Aty < H!

Table 1. Comparison of relaxion models examined in this paper, in terms of the initial
relaxion velocity compared to the slow-roll velocity, the initial kinetic energy compared to
the final potential barriers and the 1-period rolling time compared to the Hubble time. We
stress that the choice <b(2) /2 = Ag in the ‘large barrier’ case is not a tuning in the initial
conditions, but rather a consequence of our a posteriori definition of A, as the amplitude
of the barriers when the relaxion stops and the Higgs vev reaches its measured value (see

the comments around Eq. (3.1).
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Relaxion model

Stopping mechanism
and corresponding
benchmark points

Relevant sections
and figures

During inflation with

General overview:

Sec. 3.1 and Figs. 1-4

Higgs-dependent barriers |[a]: Fragmentation: Figs. 1723
and subdominant p [a], @ : Large barriers: Figs. 15,16
(non-QCD model of [1]) | [al],[b],[¢],|d]: Hubble friction: | Fig. 14
After or before inflation,

Higgs-dependent barriers | [e], , @: Fragmentation: Sec. 3.2

ps can dominate
(non-QCD model of [1])

Figs. 5 and 25-27, 37-36

During inflation with
Higgs-dependent barriers

ps dominating
(non-QCD model of [1])

: Fragmentation:

Sec. 3.3
Figs. 6 and 28-30, 39

After inflation with

Higgs-INdependent , , , @l, : Sec. 4.1

barriers, ps dominating Fragmentation excludes Figs. 7,8
(model of [3, 4]) the model

During inflation,

Higgs-INdependent , , : Sec. 4.2

barriers, py sub-dominant
(model of [3, 4])

EW gauge boson production

Figs.9 and 31-33

Table 2. Summary of relaxion models examined in this paper with their benchmark points

analysed in the respective figures.
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A Origin of the backreaction term

Here we discuss the simple UV completion which leads to Higgs-dependent barriers
for the relaxion potential used in Section 3. Let us assume that the relaxion couples
to the field strengths GG of a new strongly interacting gauge group, and that new
fermions L, L¢, N, N¢ are charged under this group. Under the Standard Model gauge
group, the fermions L, L¢ have the same quantum numbers as left- and right-handed
leptons respectively, while N, N¢ are singlet. The Lagrangian of this model is:

L= -myNN®—myLL° + yHLN® + jH'L°N + ?Gé +he (A.1)

With a chiral rotation of the new fermion phases, the last term can be cancelled and
the field ¢ appears as a phase in the mass terms. Let us assume that m; > 4n f, >
my, where f is the confinement scale. Integrating out the L fermions one gets

2
Ez—(mNnLyﬂ’H’ )NNCCOS?. (A.2)
mr f

Below the confinement scale, one can replace NN¢ with (NN¢) = 4 f3. After EW
symmetry breaking, the Higgs can be expanded as H = (h) + h, where we denote by
(h) the Higgs VEV. Hence

h)? h? 2(h)h
e (mxr g e nos? A
myp, mrp, myr, /
The mass my contains a tree level term and a loop correction,
0 vy A
my —mN—l—Wleogm—L. (A4)

— 41 —



The key point is that the third term in (A.3) generates, when closing the Higgs loop,
a contribution to the relaxion potential. This loop has a natural cut-off at 47 f,. The
potential is then

Yy A (h)?

_ ¢
log —
Ton2 108 -+ uy

) (4m f2) cos 7 (A.5)

Finally, we impose that the wiggles are dominated by the term proportional to the
Higgs VEV (h)2. The tree level mass m% can be set to 0, while comparison with the

N yy (4 fr)?

V= {mj
(mN+ my 1672 mp

other terms give

fr <(h) (A.6)
my < 47T—<h> (A?)
log(A/my)

The scale f; must be below the EW scale, while m; can go up to the TeV. This
strongly constrains the model, because the N, L fermions (or at least one of them)
are charged under the Standard Model, and cannot be too light. On the other hand,
this feature makes the model testable. Experimental bounds on this model have been
discussed in [23]. The backreaction term thus reads Vi, = AZ (h)? cos ¢/ f with

Aby =~ T4 f2) < i f2 < yivdy < 167y (A8)
mr,
or, using our notation A} (h)?/viy cosd/f,

A} < 4mvgy. (A.9)

B Stopping condition for Higgs-dependent wiggles

In this Appendix, we discuss the stopping condition of the relaxion in the case of
Higgs-dependent barriers and negligible particle production. For this, let us solve
the following equation of motion:

1 ¢ _
f Y

We consider the evolution from the time when EW symmetry gets broken and we

¢+ 3Hd — ~AX()sin A® = 0. (B.1)

assume that the Higgs field always tracks its VEV at the minimum of its potential
such that Af(¢) = A*(¢ — A/g’). The initial condition is ¢(0) = A/g’, $(0) =
g\3/3H = ¢sr. Let us define the dimensionless variables and parameters:

A sk 0= P _ sk b_g_/\?’
’ CgNf BHS A
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Here a controls the size of the Hubble friction. Small (large) a means strong (weak)
Hubble friction. b controls the shape of the potential. The first local minimum
appears around ¢ — A/g’ ~ bf. In the UV completion described in Appendix A, b is
calculated as

g A A%my,
gy AmfE

(B.3)

f= should be below the EW scale while m should be above O(100) GeV because of
collider constraints. Hence, b > A%/viy, > 1if g ~ ¢’. Eq. (B.1) can be rewritten as

0 1 (db 1
(= 1) — —f@sinfh = 0. B.4
i (dT ) 3 ome =0 (B-4)

which we solve numerically. The initial condition is 6(0) = 0, ¢'(0) = 1. The
numerical value of lim,_,, #(7) is shown in Fig. 10. We can see 0(oc0) = (1/f)(¢(c0)—
A/g') becomes constant if a = bsp/3Hf < 1, and 6(o0) becomes proportional to a
ifa > 1.

In the case a < 1 (psg < 3Hf), ¢ always tracks V’//3H because the friction
term 3H¢ is much larger than ¢ ~ ¢/At;, where Aty ~ f/¢sr is the time scale to
traverse on one wiggle and HAt; > 1. As a result, the relaxion stops immediately
when V’ = 0 is satisfied. The terminal value of 6 is lim,_,., 6(7) ~ a. In the language

of ¢,

A3
w I

E (B.5)

Jim o(t) = f
This means the rolling of ¢ stops immediately when Af(¢) = gA3f is satisfied, i.e.,
the relaxion stops immediately when the first local minimum appears. This is the
stopping condition which is discussed in the original paper [1| and labelled as 'GKR’
in the main text.

On the other hand, in the case of a >> 1 (¢sg > 3Hf), ¢ does not track V'/3H
because HAt; < 1. Hubble friction is inefficient during one wiggle and the energy
is almost conserved. However, the Hubble friction reduces the energy of the relaxion
after traversing a large number of wiggles. Thus, we can define ¢-dependent “energy”
£(¢) and ¢ can be written as

b= \/2€(¢) — 2A{(9) cos ?, (B.6)

After traversing on a large number of wiggles, £(¢) is set to cancel to the Hubble
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@ () @ ()

9 = 6 =
(o0} = = (c0) = =
500+ 5000
200+ 2000¢
100 == ‘ b 1000 — ‘ b
0.1 05 1 5 10 3Hf 0.1 05 1 5 10 3Hf

Figure 10. lim,_,, 0(7) of the solution of Eq. (B.4). We take b = 100 in the left panel,
and 1000 in the right panel. The black dashed line shows 6(7) = b, and the green dashed
line shows 0(7) = (72/16)ab.

friction and the acceleration by the slope during the time to traverse on one wiggle:

3H /%f d5¢\/25(¢) —2A{(9) Cosd%b = g\® x 21 f. (B.7)
0

There is no solution for ¢ with ¢ > (72/16)abf in the above equation. Thus, the
relaxion is stopped at

) w2 2 gﬁ%R
At this point, the height of the barrier is roughly equal to the kinetic energy with the
slow roll velocity ¢ /2. This stopping condition has not been discussed in Ref. [1].

C Effect of quantum fluctuations

Reference [1]| (see Fig. (2) and the text) points out that, before actually stopping,
there is a short phase in which the relaxion dynamics is dominated by quantum
jumps of order H/(2m). Referring to the notation in that figure, we distinguish 4
periods:

A: Classical rolling dominates

B: Classically unstable, large quantum fluctuations
C: Classically stable, large quantum fluctuations
D

. Classically stable and suppressed quantum fluctuations (lifetime larger than
the age of the Universe)
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Appendix. D shows that period C is extremely short. Here we estimate the duration
of period B. To simplify the discussion, we approximate the potential with discrete
steps, as in Fig. 11. In region 1, the velocity of the field is ¢ = (gA® + A/ f)/(3H),
while in region 2, it is

- A+ A
by = o o1 (C.1)
We impose ¢, = H/(27), and using A} = M2h? we obtain
3 3 773 3 173
» gNf -5 HY o, st
hB = M2 = VUgw 1— W (CQ)

where the second term in the parenthesis is < 1 because of the condition of classical
rolling.

B

Figure 11. Simplified potential

D Bounce action for the relaxion

Because of the slope term, the vacuum is metastable in the relaxion potential. The
lifetime of the vacuum should be sufficiently longer than the age of the universe.
In this appendix, we discuss the bounce action for the quantum tunneling to lower
vacuum. For simplicity, we assume the height of the barrier is constant and take the
following potential:

V() = A} cos? — gA\?¢. (D.1)

The local minima of this potential are at

¢»=(2n—1)nf — farcsink, (D.2)
Here & is defined as
gh?
= ) D.
5= a7 (D.3)
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r should satisfy |k| < 1 to have local minima. In this note, we assume & is positive.
The bounce equation for the vacuum decay is
d*¢ 3dp A} . ¢

W‘i‘;%—f—?bﬁn?‘f‘g/\g:o' (D4>

The boundary conditions for ¢ are

lim ¢(z) = f(—m + arcsin k), dé

r—00 dr

= 0. (D.5)

r=0

The bounce action is given as

e8] 2
Sp = 27T2/ dr 1° [1 (@> + A} cos $_ Ao — [Aé Cos $(o0) _ 9A3¢(oo)]
0

2 \ dr f f
(D.6)
For later convenience, let us define dimensionless parameters 6 and z:
A2
0= ?, p= b (D.7)
f f
By using Egs. (D.4, D.5), we obtain the EOM and the boundary condition for 6:
d*0  3do .
@+;£+Sln9+/€:0, (D8)
. . de
lim 6(z) = —m + arcsin k, — = 0. (D.9)
Z—00 dz 2=0

The bounce action Eq. (D.6) can be rewritten by using 6(z):
o2t [ 1 (do?
Sp = WA—ﬁf/o dz 2° [5 (E) + cosf — kO — [cos B(oc0) — 50(00)]] , (D.10)
D.1 Large barrier limit (k < 1)

Let us discuss the case with k < 1, i.e., the case with large barrier. In this case, we
can use thin wall approximation for the bounce calculation.
Let us assume there is a wall at z = 2. Then, the bounce action is

Ay
272 f4

1 T d
~ —Zzg X 2Tk + ZS’/ do—.

S
B . dz

1
= _Zzé X 2K + 825, (D.11)
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Here we used “energy conservation law” around the wall:

1 /do\°
The solution is
do 0
Fi = 2cos 3" (D.13)

The bounce action Sg given in Eq. (D.11) is extremized at

12

= —. D.14
S - ( )
Thus, the Euclidean action is given as
6912 f4
Sgp = —. D.15
B s A ( )

D.2 Small barrier limit (x ~ 1)

Let us discuss the case with kK ~ 1, i.e., the case with small barrier. This situation
is realized in the original GKR scenario 1] which is discussed in Section 3.1. In this
case, we can expand the potential around the local minimum.

1 1
cos — kO ~ cos by — Kby + 5\/1 — k2(0 — 0p)* — 6(8 — ), (D.16)

where 6y = —m + arcsin k. Let us define 660 = 6 — 6. Then, the bounce action Sg
given in Eq. (D.11) is

or2ft = . [1 [dse -
SENA—?)/O dz z 5((12) \/1-%59 =

o2 - d¢ 1
- A_gm / dw w [— (d—) + 25 —653] : (D.17)

Here ¢ = (1 — x2)7Y260 and w = (1 — x*)"/*z. Then, by using Eqs. (D.4, D.5), we
obtain the EOM and the boundary condition for &:

BE 3 de 1,

RN D.1

dw? +wdw £+2£ 0, (D.18)
d§

li =0 — =0. D.19

wl_rgof ’ dw 0 ( )
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By using the above equations, the integral in Eq. (D.17) can be evaluated numerically:

fe'e) 2
/0 dw w? [% (%) + %52 — 253] =414. (D.20)

Therefore, the bounce action with the small barrier is given as

27T2f4
Sp =~ VI = #% x 4L, (D.21)
b

D.3 Numerical estimation of a lowerbound on f/A,

For given k, the bounce action Sg is determined by the value of f/A;,. The lifetime
of our vacuum should be longer than the age of the universe, and this can be realized
if Sp 2 400. This condition gives a lowerbound on f/A, as a function of x. Fig. 12
show the numerical results on the lowerbound on f/A. For f/A, = 10, the lifetime
of the false vacuum is longer than the age of the universe if 1 — x > 1.2 x 107°. For
larger f/Ay, this constraint on k becomes weaker. Thus, we can see that the vacuum
is stable enough if there is a mild hierarchy between f and A, unless k is extremely
close to 1.

f
bound on —
Np

141
1.2?—
1.0}
o.sf
o.ef
04f

02f

an’
L L L L L L L L L L L L L Il
0.2 0.4 0.6 0.8 1.0 A*/f

f
bound on —
Np

LS
‘ ‘ ‘ ‘ -
10-9 107 10°5 10-3 Aot [F

Figure 12. The lowerbound on f/A; as a function of k = gA3/(A}/f). The lower panel
shows the lowerbound on f/A; for k ~ 1.
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E Plots for the relaxion with Higgs-dependent barriers

E.1 Relaxation during Inflation

10°

1075 F
10—10
10—15
10—20

Yoo 1075
10—30
10—35
10740 F
1074

10—50 E
103

10 107 108 10°

A [GeV]

10°

10%

1010

@ Symmetry breaking pattern
Eq. (3.5) and microscopic origin of
the barriers Eq. (3.6)

® Classical rolling Eq. (3.16) and re-
laxion subdominant with respect to
the inflaton Eq. (3.13)

® Reheating Eq. (3.9) and sub-
Planckian decay constant Eq. (3.8)

® Eq. (3.5) and precision of the Higgs
mass scanning Eq. (3.3)

Figure 13. Details of the origin of the constraints delimitating the green region presented
in Section 3.1 and Fig. 2 corresponding to the case where relaxation happens through
Higgs-dependent barriers, during a stage of inflation, where the relaxion is a subdominant
component of the energy density of the universe and where the relaxion stops because of

Hubble friction (so-called GKR case).
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[a]: A=10"GeV, g = 107" [b]: A=10°GeV, g =107%

10°

— 1078 — 1073
2 2
< <
T q0-6 T g6
107° 1070
1073 10° 10° 10°
Ay [GeV] Ay [GeV]
tA=10°GeV, g’ = 1077 [d]: A=10°GeV, g =107
100 100 -
— 1073 — 107°F
2 Z
< <
T 107° T 10-° F
1070 1077
1073 10° 10° 1073 10° 10°
Ap [GeV] Ay [GeV]
@ Going over 1 wiggle in more than 1 Microscopic origin of the barriers
Hubble time Eq. (3.17) Eq. (3.6)
® Symmetry breaking pattern @ Precision of the Higgs mass scan-
Eq. (3.5) ning Eq. (3.3)
® Classical rolling Eq. (3.16) @ Sub-Planckian  decay  constant
. : . Eq. (3.8)
® Relaxion subdominant with respect
to the inflaton Eq. (3.13) ® Reheating Eq. (3.9)

Figure 14. Details of the origin of the constraints delimitating the green regions presented
in Section 3.1 and Fig. 4, for each benchmark point a, b, ¢, d, corresponding to the case
where relaxation happens through Higgs-dependent barriers, during a stage of inflation,
where the relaxion is a subdominant component of the energy density of the universe and
where the relaxion stops because of Hubble friction (so-called GKR case).
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@ Symmetry breaking pattern

0
v Eq. (3.5), going over 1 wiggle in
10°F less than 1 Hubble time Eq. (3.19)
1610 and microscopic origin of the
barriers Eq. (3.6)
10—15
o w Eq. (3.5), large barriers Eq. (3.4)
1020 and Eq. (3.6)
102 F ® Eq. (3.5), Eq. (3.19) and relaxion
wof subdominant with respect to infla-
107 ton Eq. (3.13)
1055 :
103 108 10° 100 107 108 Eq. (3.5), large barriers Eq. (3.4)

A [GeV] and Eq. (3.13)

® Eq. (3.5) and precision of the Higgs mass scanning Eq. (3.3)

® Reheating Eq. (3.9) and Eq. (3.13)

Figure 15. Details of the origin of the constraints delimitating the red region presented
in Section 3.1 and Fig. 2 corresponding to the case where relaxation happens through
Higgs-dependent barriers, during a stage of inflation, where the relaxion is a subdominant
component of the energy density of the universe and where the relaxion stops because of
large barriers.
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[a]: A=10"GeV, g = 1072 [b]: A=10°GeV, g =107

10" 102
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/ /
107 | y / 10° g
Z 4 %
~ / -~ ,
106 / 106 - 4 7
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W7 W Wi
10t 10 100 102 10° 10t 100 100 102 108
Ay [GeV] A, [GeV]
® Symmetry breaking Eq. (3.5) Going over 1 wiggle in more than 1
Hubble time Eq. (3.17)
® Microscopic origin of the barriers ® Precision of the Higgs mass scan-

Eq. (3.6) ning Eq. (3.3)

Relaxion subdominant with respect
® Large barriers Eq. (3.4) to inflaton Eq. (3.13)

Figure 16. Details of the origin of the constraints delimitating the red regions presented
in Section 3.1 and Fig. 4, for benchmark points a, and b, corresponding to the case where
relaxation happens through Higgs-dependent barriers, during a stage of inflation, where the
relaxion is a subdominant component of the energy density of the universe and where the
relaxion stops because of large barriers.
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1073

106 @ Symmetry breaking pattern
Eq. (3.5) and large velocity
10 Eq. (3.22)
0 ® Eq. (3.5), efficient fragmentation
10712 Eq. (2.16) and microscopic origin of
the barriers Eq. (3.6)
—15
10 | ® Relaxion subdominant with respect
- to inflaton Eq. (3.13) and Eq. (2.16)
10—18
103

A [GeV]

Figure 17. Details of the origin of the constraints delimitating the blue region presented
in Section 3.1 and Fig. 2 corresponding to the case where relaxation happens through
Higgs-dependent barriers, during a stage of inflation, where the relaxion is a subdominant
component of the energy density of the universe and where the relaxion stops because of
fragmentation.

[a]: A =10"GeV, g =107"

107°¢ T
N N
107k @ Efficient fragmentation Eq. (2.16)
% : ® Symmetry breaking Eq. (3.5)
S . ® Microscopic origin of the barriers
107°E 3
E \ 3 Eq. (36)
10—9 L P S L \
10? 10°

Ap [GeV]

Figure 18. Details of the origin of the constraints delimitating the blue regions presented in
Section 3.1 and Fig. 4, for benchmark points a, corresponding to the case where relaxation
happens through Higgs-dependent barriers, during a stage of inflation, where the relaxion
is a subdominant component of the energy density of the universe and where the relaxion
stops because of fragmentation.
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[a]: A=10"GeV, g =107"

=y
10° . .
@ Efficient fragmentation Eq. (2.16)
E I ® Symmetry breaking Eq. (3.5)
= q00F ® Microscopic origin of the barriers
1 Eq. (3.6)
103 1 1 1 Lo L 1
10? 10°
Ay [GeV]
Figure 19. Same as Fig. 18 (fragmentation during inflation) but in the (A, f) plane.
1073 ¢ > 1073
1076 10~6
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“eo
10—12 10—12
10715 10715 B
10718 10718
10° 10°
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Figure 20. Same region as in Fig. 17 (fragmentation during inflation) where we show the
contours of the minimum (left) and maximum (right) values of the inflationary scale M7 in

GeV.
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1o 10* 10° 100
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Figure 21. Same region as in Fig. 17 (fragmentation during inflation) where we show
the contours of the maximum value of the scale f in GeV. The minimal value of f is, in
the region of interest, always equal to the cut-off scale A, as required by the condition in
Eq. (3.5) on the consistency of the symmetry breaking pattern.
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10715 -

10—18 1“'1A11111H ; T My
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Figure 22. Same region as in Fig. 17 (fragmentation during inflation) where we show the
contours of the minimum (left) and maximum (right) values of the scale Ay in GeV. The
maximal value of Ay is, in the region of interest, always equal to v4mwvgw, as required by
Eq. (3.6).
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Figure 23. Same region as in Fig. 17 (fragmentation during inflation) where we show
the contours of the minimum (left) and maximum (right) values of the relaxion mass m,
in GeV.
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Figure 24. Same region as in Fig. 17 (fragmentation during inflation) where we show the
contours of the minimum (left) and maximum (right) values of the number of e-folds N,
required for a successful relaxation.
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E.2 Self-stopping relaxion without inflation
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® Microscopic origin of the barriers Velocity larger than A? and Sym-
Eq.(3.6) and Symmetry breaking metry breaking pattern Eq. (3.5)
pattern Eq. (3.5)
® No slow-roll Eq. (3.26) ® Slope can be neglected Eq. (2.17)

Figure 25. Details of the origin of the constraints delimitating the regions presented in
Section 3.2 and Fig. 5, for benchmark points e, f and g, corresponding to the case where
relaxation happens through Higgs-dependent barriers, NOT during a stage of inflation,
where the relaxion stops because of fragmentation. Top: d)o = 1/2¢g/g’ A? within g/¢' = 1
(left) and g/¢' = 1/(4)? (right). Bottom: ¢ = 1072A2,
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Figure 26.
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Velocity larger than A? and Sym-
metry breaking pattern Eq. (3.5)

® Slope can be neglected Eq. 2.17

Same regions as in Fig. 25 (self-stopping relaxion NOT during inflation)

where we show the contours of log;q(fmax) (left) and log;(Apmin) (right) in GeV. From
top to bottom: ¢g = +/2g/¢g' A2 with g/¢ =1, dg = \/29/¢' A% with g/g’ = 1/(47)?, and
gz'ﬁo = 1072A2. Contours for Apmax and fuin are trivial as they saturate their respective
maximal and minimal allowed values, i.e., Ay max = VAT Vg and frin = A.
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Figure 27. Contours of my, as defined in Eq. (3.11), in the allowed range of f and A,
for the three benchmark points e, f, g in Fig. 5 corresponding to the case of self-stopping
relaxion NOT during inflation discussed in Sec. 3.2.
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E.3 Self-stopping relaxion triggering a stage of inflation
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® Microscopic origin of the barriers Velocity larger than A? and Sym-
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@ Slow roll velocity smaller than the
® Slope can be neglected Eq. (2.17) cutoff Eq. (3.39)

Figure 28. Allowed parameter space in the plane ¢’, A for the case discussed in Sec. 3.3,
of a self-stopping relaxion, where the relaxion dominates the energy density of the universe
during relaxation and drives an inflationary period. The dotted lines are the contours of
number of efolds of inflation, log;,(Nefolds)-
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Figure 29. Same region as Fig. 28 where we show the contours of log;(fmax) (left) and
log1(Apmin) (right). The values of Apmax and fmin saturate to Apmax = V47 Vgw and
fmin = A, respectively.

log,o(f [GeV])

5.0

270 2.75 2.80 2.85 290 295 3.00
log,o(Ap [GeV])

Figure 30. Contours of my, as defined in Eq. (3.11), in the allowed range of f and A,
for the benchmark point h in Fig. 6, discussed in Sec. 3.3, corresponding to the scenario
of a self-stopping relaxion, where the relaxion dominates the energy density of the universe
during relaxation and drives an inflationary period.
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E.4 Relaxation through EW gauge boson production during inflation

100
1073 @ Small variation of the Higgs mass
Eq. (4.19), consistency of the
106 EFT Eq. (4.24) and large velocity
Eq. (4.15)
= 107
® Symmetry breaking pattern
10-12 Eq. (4.28) and precision of the
Higgs mass scanning Eq. (4.27)
-1
10 @ Relaxion subdominant with respect
1018 to inflaton Eq. (4.36) and Eq. (4.24)
10° 10 10° 10° 107 10% 10°
A [GeV]
Figure 31. Details of the origin of the constraints delimitating the allowed regions

presented in Section 4.2 and Fig. 9, corresponding to the case where relaxation happens
through Higgs-INdependent barriers, during a stage of inflation, where the relaxion is a
subdominant component of the energy density of the universe and where the relaxion stops
because of EW gauge boson production.
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Efficient energy dissipation @ Precision of the Higgs mass scan-
Eq. (4.18) and consistency of the ning Eq. (4.27)
EFT Eq. (4.24)
® Symmetry breaking pattern
® Small variation of the Higgs mass Eq. (4.28)
Eq. (4.19) and large velocity
Eq. (4.15) @ No restoration of the shift symme-

Relaxion subdominant with respect try Eq. (4.21) and Eq. (4.24)

to inflaton Eq. (4.36) and Eq. (4.15) .
@ Suppressed coupling to photons

® Large barriers Eq. (4.26) Eq. (4.23)

Figure 32. Same as Fig. 31 (EW gauge boson production during inflation) but in the
(Ap, f) plane, for each benchmark point F'; G, H. Here we only show the contours that do
not depend on fragmentation. The new exclusion lines due to relaxion fragmentation are
shown in Fig. 33.
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Figure 33. Same as Fig. 32 (EW gauge boson production during inflation). The gray
region is the envelope of the contours shown in Fig. 33. The coloured contours are obtained
by imposing that fragmentation is not efficient (see Sec. 4 in the main text for further
explanation)
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F Cosmological histories

In this appendix, we illustrate and comment on the possible cosmological scenarios
that could arise in the various cases we have discussed.

First, in the case of relaxation with Higgs-dependent barriers which happens dur-
ing inflation (Section 3.1), we assume the energy density of the universe is dominated
by the inflaton, and the relaxion is a subdominant component (see Fig. 34). The
universe is eventually reheated from the inflaton energy density and cosmological
perturbations are inherited from the inflaton. Generally, the energy density stored
in relaxion oscillations is subdominant, see e.g. [2]. One has nevertheless to make
sure that the relaxion vacuum energy density does not eventually take over, so it
should decay (for instance by introducing a new coupling to gauge bosons) or the
corresponding cosmological constant should be cancelled. In the new scenario that
we have discussed where the relaxion stops because of fragmentation (section 3.1.3),
most of the relaxion kinetic energy goes into relaxion particles which behave as hid-
den radiation that gets diluted away by inflation. Note also that in this case, the
number of efolds and the inflation scale can be small (see Fig. 4 and Fig. 3), this
means even a short late stage of inflation is enough for relaxation of the EW scale,
and we do not have to impose necessarily that this stage of inflation is responsible
for cosmological perturbations.

In the case of relaxation before inflation with axion fragmentation (section 3.2),
there is no concern and standard big bang cosmology can proceed. This case is shown
in Fig. 35.

We now discuss the case where relaxation takes place after inflation, while the
universe has been reheated into some hidden radiation, and ends because of axion
fragmentation (Sec. 3.2). Fig. 36 shows the situation where the relaxion is a subdom-
inant component of the energy density during relaxation, for which there is no need
to worry about overclosure of the universe by the relaxion. The underlying assump-

ptot(a’)

M4 inflation
I

A4

Figure 34. Sketch of the energy density of the universe as a function of the scale factor
in the scenario discussed in Sec. 3.1 where relaxation happens when the energy universe is
dominated by the inflaton potential.
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relaxation

inflation

pr x a2

» a

Figure 35. Sketch of the energy density of the universe as a function of the scale factor
when relaxation happens before inflation and ends because of axion fragmentation.

tion is that the relaxion potential emerges from a sector independent from the one
dominating the energy density. In contrast, Fig. 37 corresponds to the case where
the relaxion potential emerges due to coupling to the hidden radiation and therefore
relaxation starts when the relaxion energy density dominates. In this case, we need
to introduce a coupling to photons as discussed in Sec. 3.2.1 to avoid that the relax-
ion energy density takes over eventually and overclose the universe. The evolution of
the equation of state of the universe until fragmentation starts is shown in Fig. 38.
In the cases (a-b-c) of Fig. 37, we need to assume that the relaxion eventually decays
into photons to recover a standard radiation era. In case (d), we assume a stage of
kination domination may enable hidden radiation to dominate after relaxation.

Finally, there is the case where the relaxion drives a stage of inflation as discussed
in Sec. 3.3. This is illustrated in Fig. 39. At the end of relaxation, the energy
density of the universe is in relaxion radiation. This should be followed by a stage
of standard inflation and then by reheating (we know that the relaxion cannot lead
to the correct size of perturbations [30]). Alternatively, this period can follow the
standard inflationary epoch in which curvature perturbations are generated, provided
that it lasts for less than O(10) efolds.
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Figure 36. Sketch of the energy density of the universe as a function of the scale factor
in the case where relaxation takes place after inflation and when the energy density of the
universe is dominated by a hidden sector that later decays into the SM.

Prot(a) Proc(a)
4 inflation 4 inflation
MI 4 MI Ph X a—3(1+wh)
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4 relaxation
A4 - relaxation A 777777 <
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Prot(@) Prot(a)
M4 inflation M4 inflation
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relaxation

4 -3
AL 0 J . Py Xa

Figure 37. Sketch of the energy density of the universe as a function of the scale factor
for cases where relaxation happens after inflation when the energy density is dominated
by the relaxion field, i.e. H ~ A?/(v/3Mpi). (a): Hidden sector red-shifts as radiation,
which makes this scenario very constrained by dark radiation bounds; (b): Hidden sector
red-shifts faster than radiation wy > 1/3 (as a kination-like period); (¢): There is a period
of matter domination after relaxation. (d): Hidden sector red-shifts as radiation and at the
end of relaxation wy > 1/3 (kination-like). At late times the hidden sector decays into the
Standard Model particles.
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Figure 38. Equation of state of the universe in model with self-stopping relaxion, for
Ap =800 GeV, A =8 TeV, g = 2 x 1074, and f is determined by the stopping condition.
This corresponds to the cases in Fig. 37 where the relaxion dominates the energy density.
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Figure 39. Sketch of the energy density of the universe as a function of the scale factor
in the scenario where the relaxion drives an inflationary period.
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