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ABSTRACT: We construct a UV completion of the relaxion in a warped extra dimension.
We identify the relaxion with the zero mode of the fifth component of a bulk gauge field
and show how hierarchically different decay constants for this field can be achieved by
different localizations of anomalous terms in the warped space. This framework may also
find applications for other axion-like fields. The cutoff of the relaxion model is identified
as the scale of the IR brane where the Higgs lives, which can be as high as 10° GeV, while
above this scale warping takes over in protecting the Higgs mass.
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1 Introduction

The traditional paradigms to approach the hierarchy problem of the Standard Model require
new physics close to the electroweak scale, attributing the smallness of the Higgs mass
to a symmetry protection (e.g. supersymmetry) or to the lowering of the cutoff of the
theory (e.g. technicolor). This class of solutions has been a guide to model building of
physics beyond the Standard Model for many years and one of the leading motivations
of searches for new physics at the LHC. An alternative possibility does not predict new
physics at the TeV scale, but instead requires multiple vacua with a large range of possible
values of the Higgs mass and a selection mechanism such that we end up in the vacuum
where the Higgs is light. Recently, a new dynamical selection mechanism was proposed,
the cosmological relaxation of the electroweak scale [1] (see also [2-11]). It relies on the
scanning of the Higgs mass parameter by a new field, the relaxion, and a back-reaction
mechanism that is triggered when the vacuum expectation value (VEV) of the Higgs has



reached the electroweak scale, making the relaxion evolution stop.! This is a radical change
of paradigm as it implies that the naturalness problem of the Standard Model ceases to be
a reason to expect new physics close to the TeV scale.

In what follows we review the relaxation mechanism for which an axion-like scalar ¢
is introduced which couples to the Higgs doublet H via the potential

V(p,H) D — (A* — g’A¢) H* + NH* + gA\°¢ + A}(H) cos (?) : (1.1)

Here A is the cutoff which sets the Higgs mass parameter, f the decay constant of the
relaxion, \ the Higgs quartic coupling, g and ¢’ are small dimensionless couplings, and
Af(H) is a scale which depends on the Higgs VEV. Assuming a classical time evolution
with slow-roll conditions, the second-last term in Eq. (1.1) causes the relaxion to move
downwards following its potential. The effective Higgs mass parameter in the ¢ background,
the first term in parenthesis in Eq. (1.1), then varies accordingly. The relaxion is assumed
to start with a VEV such that this mass parameter is initially positive. Due to the evolution
of the relaxion, the mass parameter then eventually turns tachyonic, triggering electroweak
symmetry breaking. In the presence of a Higgs VEV, the oscillatory barrier from the last
term grows, until its slope matches the slope of the linear term. For technically natural
parameters in the potential, this causes the relaxion to stop once the Higgs VEV has reached
the electroweak scale. There must be some mechanism to dissipate the kinetic energy of
the relaxion during its evolution such that the field does not overshoot the barriers. If the
dynamics happens during a period of inflation, Hubble friction can provide the dissipation
necessary to slow down the field [1]. As an alternative to inflation, one can also consider
friction due to particle production as proposed in Ref. [13] or finite temperature effects in
the early universe as in Ref. [14].

Note that the linear terms in ¢ are in conflict with the assumption that the relaxion
is a pseudo-Nambu-Goldstone boson as they explicitly break the axion shift symmetry [3].
This may be reconciled if the linear terms arise from a second oscillatory potential with a
period much larger than f. This is realized if the potential takes the form [15-17]:?

Vg, H) > —A2H? + NH* + A% (H) cos <?> + AZ}(H) cos <jﬁ> , (1.2)

where F' > f is another decay constant and Ap(H) another scale that depends on the Higgs
in such a way as to reproduce the second and fourth term in Eq. (1.1) after expanding in
¢/F. An interesting possibility to obtain this type of potential is the clockwork construction
which was first realized for axion-like fields in Refs. [15, 16] and generalized for applications
other than the relaxion in Ref. [25]. Further developments regarding the 5D continuum
limit of the clockwork can be found in Refs. [26-29]. Besides the clockwork, one can

1See also Nnaturalness [12], where instead of multiple vacua, many copies of the Standard Model are
considered to explain the smallness of the electroweak scale. The way reheating behaves is such that only
the copy with the smallest Higgs mass is efficiently reheated.

2See also Refs. [18-23] for similar earlier ideas in inflation model building. For the viability of the
relaxation mechanism in string theory in the context of axion monodromy, see Ref. [24].



also generate a potential of the form in Eq. (1.2) in realizations inspired by dimensional
deconstruction [30, 31], as in Ref. [17].

In this work, we show how the required potential for the relaxation mechanism to
work can be naturally obtained by embedding the relaxion and Higgs into a warped extra
dimension. We consider a slice of AdS5 space which is bounded by two branes, as in the
Randall-Sundrum model [32]. However, in our setup the IR scale or warped-down AdS
scale is not of order TeV but can be much larger. We introduce a U(1) gauge field in the
bulk of the extra dimension and break the gauge symmetry on the two branes. The 5th
component As of the gauge field then gives rise to one massless scalar mode in 4D which
we identify with the relaxion. In order to generate a potential, we introduce anomalous
couplings of A5 to two non-abelian gauge groups. The wavefunction of the massless mode
from As is exponentially peaked towards the IR brane (see e.g. [33-35]). Depending on
where the anomalous terms are localized, this can yield a large hierarchy between the
decay constants for the couplings of the relaxion to the gauge groups. We assume that
the gauge groups confine at energies below the compactification scale. Instantons then
generate periodic potentials for the relaxion as in Eq. (1.2) with periods given by the decay
constants.> Due to the warping, these periods can thus naturally be hierarchically different
as required. We embed the Higgs at or near the IR brane. Its mass parameter is then
naturally of order the IR scale which we identify with the cutoff of the relaxion theory.
The required Higgs-relaxion couplings can be obtained by introducing fermions on the
IR brane with higher-dimensional or Yukawa couplings to the Higgs. To summarize, the
warping does two things: Firstly, it generates the hierarchy between the decay constants F'
and f in Eq. (1.2) and thereby explains the smallness of the couplings g and ¢’ in Eq. (1.1).
Secondly, it provides a UV completion® for the relaxion. The relaxation mechanism protects
the Higgs up to the IR scale above which warping takes over.’?

We find that for anomalous couplings localized on the UV brane, IR brane and in the
bulk, the decay constants are respectively of order M}?L /A, My, and A with My, and
Az being the Planck and IR scales. This gives three hierarchical combinations of decay
constants: i) F'= M2 /A, f = A, ii) F = My, f=Ayoriii) F=M2/Aw, f= M.
Generating a suitable barrier A;%(H )cos(¢/f) for the relaxion requires some additional
structure. The reason is that this term generically contains a contribution which is inde-
pendent of the Higgs and which could stop the relaxion before the Higgs VEV has reached

3A potential for As is generated perturbatively if the underlying gauge field is coupled to charged bulk
states. In the non-abelian case (see e.g. [33]), this includes the gauge fields themselves due to the non-linear
interactions, while the abelian case requires charged scalars or fermions in the bulk (see e.g. [36]). Here
we consider a U(1) gauge field and do not add charged bulk states as we are interested in generating a
non-perturbative potential for As.

4As a caveat, we should stress that the Randall-Sundrum model itself requires a UV completion. In
particular, near the IR brane gravity becomes strongly coupled at energies not far above the IR scale. Near
that brane, the UV completion therefore needs to kick in at correspondingly low scales. There are known
UV completions to the Randall-Sundrum model in string theory [37, 38].

5See [6, 10, 11] for how the relaxation mechanism can protect the Higgs up to some high supersymmetry-
breaking scale instead. See [39], on the other hand, for a warped model where an accidental form of
supersymmetry protects a (little) hierarchy between the IR scale and the electroweak scale.



the electroweak scale. To avoid this problem, we consider two different options. One em-
ploys a construction from Ref. [1] for which new fermions are introduced which couple to the
Higgs. If the masses of these fermions are near the electroweak scale, the Higgs-independent
barrier can be sufficiently small. The drawback of this construction is a coincidence prob-
lem as it requires to introduce the fermions at a scale which is dynamically generated by
the relaxation mechanism and thus a priori determined by completely different parameters.
An interesting alternative is the so-called double-scanner mechanism of Ref. [2] (see also
[10]). To this end, one introduces another axion-like scalar which dynamically cancels off
the Higgs-independent barrier. We identify this axion-like scalar with the 5th component
of another U(1) gauge field in the bulk of the extra dimension. We then show how the
potential which is required for the double-scanner mechanism can be obtained. This con-
struction is largely independent of the embedding into warped space and can therefore
also be useful for other UV completions of the relaxion. For both options to generate the
barrier, we discuss the relevant theoretical and phenomenological constraints for successful
relaxation. The highest cutoff and IR scale consistent with these constraints in our warped
implementation of the relaxation mechanism is A = Az < 106 GeV and is achieved for the
decay constants being F' = MP?L/AIR and f = Ap.

The plan of this work is as follows. In Sec. 2, we discuss the properties of the As
and show how hierarchical decay constants can be obtained. In Sec. 3, we generate the
desired potential for the relaxation mechanism. We analyse the relevant constraints to
guarantee a successful relaxation of the electroweak scale in Sec. 4. In Sec. 5, we present
our implementation of the double-scanner mechanism and we conclude in Sec. 6. Additional
details are given in two appendices.

2 Hierarchical decay constants from warped space

We will now show how hierarchical decay constants can be obtained from warped space.
These will be used in later sections to generate the relaxion potential. We consider a slice
of AdSs space with metric in conformal coordinates given by

ds* = a*(2) (nudatdz” — dz?), (2.1)

where a(z) = (kz)~! is the warp factor with k being the AdS curvature scale (see e.g. [40]
for a review). The slice is bounded by the UV brane at zy,y = 1/k and the IR brane at
2 = eFL /k. The length L of the extra dimension can be stabilized for example by means
of the Goldberger-Wise mechanism [41]. The effective 4D Planck scale for this space is
given by M2 ~ M3/k, where M, is the 5D Planck scale. We will assume that the Planck
scale and the AdS scale are of the same order of magnitude (and will later often equate
them). For later convenience, let us also define the IR scale Az = ke kL,
Let us consider a U(1) gauge boson in the bulk. Its action is given by

1
Ssp D /d4:cdz\/§ (—ZlngMNFMN> , (2.2)
5



where Fysy is the U(1) field strength, g5 the 5D gauge coupling and /g = a’®(z). In order
to eliminate the mixing between A, and As, we add the gauge fixing term (see e.g. [33, 42])

1 9555 2

S — [d*zdz /g =5 |9" 0, A, — == 05(A : 2.3

0 > = [ateds VG e |00 = ES05(s0(2) (2)

The bulk equations of motion for the 4D component A, and the 5th component A5 then

read

1

o (80 Fuy + 53)\8”140) + a(z)"10s <a(z)n“"€)5Au> —0 (2.4)

0,8, As + €05 (a(z)*lag, (a(z)A5)> — 0. (2.5)

We are interested in obtaining a massless scalar mode from the bulk gauge boson.
To this end, we break the gauge symmetry on both branes by imposing Dirichlet bound-
ary conditions on A,. For consistency, this then requires to impose Neumann boundary
conditions for As. Together the boundary conditions read

Ay

=0,  O5(a()45)|yy = 0- (2.6)

UV,IR

Alternatively we could break the gauge symmetry with Higgs fields on the two branes (see
e.g. [43, 44]). The above boundary conditions are then obtained in the limit of their VEVs
going to infinity. In unitary gauge, & — oo, the bulk equation of motion for As gives

05 (a(z)*lar, (a(z)A5)) —0. (2.7)

Notice that this equation is consistent with the boundary conditions and there is thus one
massless mode from As. Its other Kaluza-Klein modes are all eaten by A,. In particular,
there is no massless mode from A, consistent with the fact that the gauge symmetry is
broken. As usual, the A5 massless mode can be parameterized as

As(z,2) = h(z) o(x), (2.8)

where h(z) is its profile along the extra dimension. From Egs. (2.6) and (2.7), we then
see that h(z) = Ma(z)~!. Demanding canonically normalized kinetic terms for ¢(x), the
normalization constant N of the wavefunction is determined by

2 21
N/ tdE (2.9)

92 Jap a(2)

For kL >> 1, this gives N ~ g4v/2kLe "L where we define the dimensionless coupling
94 = g5/ VL. Altogether, the wavefunction of the massless mode then reads

h(z) ~ gsV2kLe *kz. (2.10)

The wavefunction is thus peaked towards the IR brane (see Fig. 1 for a sketch of the
wavefunction profile in the extra dimension). Furthermore, the fact that N”— 0 for 2z —
oo shows that the As massless mode is indeed localized in the IR.



Figure 1. Sketch of a slice of AdSs space which is bounded by two branes. We identify the relazion
with the 5th component of a U(1) gauge field in the bulk. Its wavefunction is then localized towards
the IR brane. The Higgs is localized on (or near) the IR brane. The UV brane corresponds to the
Planck scale. We draw the IR brane with a dashed contour as a reminder that the IR scale in our
model can be much larger than the usual TeV scale of the Randall-Sundrum model.

Performing a 5D gauge transformation, Ay (x, z) — An(z, 2) +Opal(z, z), we see that
the boundary conditions in Eq. (2.6) remain invariant only for the subset of transformations

a=B22+C (2.11)

with B and C' being independent of x and z. The remaining symmetry in 4D is thus
global, again consistent with the fact that the gauge symmetry is broken. Under this
remnant symmetry, the massless mode transforms as

2B
o = ¢+ Nk (2.12)
At this point, the relaxion is thus an exact Nambu-Goldstone boson which non-linearly
realizes a remnant global U(1). By virtue of the 5D gauge invariance, no 5D local, higher-
dimensional operators can break this shift symmetry (see [45] for a detailed discussion). A
potential for the relaxion could be generated by non-local effects in the presence of bulk
states which are charged under the U(1) but we will assume such states to be absent from
the theory.® Instead we will introduce anomalous couplings of the relaxion to confining non-
abelian gauge groups. A potential then arises from instantons, similar to what happens
for the axion in QCD. These anomalous couplings may be localized on the branes or in
the bulk. In what follows, we show that these possibilities, thanks to the warp factor,
can naturally explain the required hierarchy between the decay constants in the relaxion
potential.

2.1 Anomalous couplings from the bulk

Let us add a non-abelian gauge group in the bulk, whose field strength and coupling we
denote respectively as Gy p and g5. We choose boundary conditions for the gauge field such

S Alternatively, for example for bulk fermions charged under the U(1) it is sufficient if their masses are
somewhat larger than the AdS scale in which case any perturbative contribution to the potential is highly
suppressed (see e.g. [33, 46]).



that the 4D gauge symmetry remains unbroken on the branes. Its tower of Kaluza-Klein
modes then contains one massless mode which is the 4D gauge boson. We next introduce
a Chern-Simons coupling of the U(1) gauge field to this gauge group. Including the kinetic
term, the action reads

Ssp D /d433 dz <\/§2(gg)2Tl" [GMNGMN] + %EMNPQRAMTI‘ [GNPGQR]> ,
(2.13)
where ¢, is a dimensionless constant and the normalization is chosen for later convenience.”
Under a U(1) gauge transformation Aps(z,2z) — Ap(x, 2) + Oz, 2), the action trans-
forms as

Ssp — Ssp — /d4xdz a(x,z)%e’”p”Tr (G Go] (6(z — z0v) — 0(z — 2i)) . (2.14)

2
The Chern-Simons term thus induces an anomaly for the U(1) symmetry on the branes.
This is not a problem, however, since the symmetry is only global on the branes and there
are thus no gauge anomalies.
In the 4D effective theory, this gives rise to an anomalous coupling for ¢. Let us
restrict ourselves to the massless mode of the non-abelian gauge field, whose field strength
we denote as G,,,. Integrating over the extra dimension, Eq. (2.13) then in particular gives

—1 ¢(x)
4 o

Sip D /d x <WTT (G G*] + MGWP Tr [GMVGPU]) ; (2.15)

where g = ¢¢/ V'L is the gauge coupling of the massless mode. The decay constant is given
by [42, 45]

AR - N 2k e~ kL
= [cb/ dz h(z)] = ~ (2.16)
’ Zuv Cbg?, ¢y g4V 2kL

which is of order the IR scale Az and thus warped-down. From Egs. (2.12), (2.14) and
(2.15), we see that ¢ reproduces the anomaly under a transformation o = Bz%. In Ap-
pendix A, we briefly review how Chern-Simons terms can arise from charged bulk fermions.
As we also discuss there, any perturbative contribution from such a fermion to the potential
for As can be sufficiently suppressed. Nevertheless, in the remainder of this paper we will
never assume any charged bulk states and will instead include the Chern-Simons terms
directly into our effective 5D theory.

Note that Eq. (2.13) also yields couplings of ¢ to the higher Kaluza-Klein modes of
the non-abelian gauge field. As Eq. (2.15) for the massless mode, these couplings are
total derivatives (see e.g. Ref. [47]) and therefore do not contribute perturbatively to the
potential for ¢. We will later assume that the non-abelian gauge group confines in order
to generate a non-perturbative potential for ¢. But we will choose the confinement scale
below the IR scale and thus below the Kaluza-Klein masses. The Kaluza-Klein modes of
the non-abelian gauge group therefore do not contribute non-perturbatively to the potential
either.

"Note that a factor of 2 arises from the normalization Tr[TaTb} = %6(1,1, of the generators of the non-
abelian gauge group.



2.2 Anomalous couplings from the branes

We now discuss how one can obtain hierarchical decay constants from localized anomalies.
To this end, we consider an anomalous coupling of As which is localized on the UV brane,
cov As

55 0 T (GG g (2.17)

Ssp D /d4xdz5(z—zw)16ﬂ_2 k:

where cyy is a dimensionless constant and G is the field strength of a non-abelian gauge
field in the bulk (though it could equally well be restricted to the brane). Let us again
restrict ourselves to the massless mode of that gauge field, whose field strength we denote
as Gp. Using the wavefunction of the massless mode of As from Egs. (2.8) and (2.10),

this gives
1 ¢(z)
4 vpo
S4D = /d xﬁ KGM P Tr [G,u,pra'] (218)
with decay constant given by [42]
k k ell
Jov = o~ (2.19)

cov h(zuv) Cuv ga V2kL

or fuv ~ M2 /Ay. We see that a warped-up decay constant, much larger than the cutoff,
appears naturally in this case. This large decay constant can be intuitively understood as
being of order the natural scale My, on the UV brane times an inverse suppression factor
from the wavefunction overlap of As with the UV brane.

The coupling in Eq. (2.17) can, for example, be generated with chiral fermions 7 and n°
localized on the UV brane which are respectively in the fundamental and anti-fundamental
representation of the non-abelian group and couple to As as

Ssp D / d*z dzv/=gov 6(2 — zuv) (17 iDnt+nCilpnct— me s Fyne 4 h.c.) . (2.20)

Here gyy is the determinant of the induced metric on the UV brane, D, = 0, £ iG, the
covariant derivative with plus (minus) corresponding to n (1), G, the gauge field of the
non-abelian group and m ~ k is of order the UV scale. The coupling to As is invariant
under the remnant global symmetry under which As — As + 2Bz (cf. Eq. (2.11)) if the

. _94 2
fermions transform for example as n — e~ 2i8/k

n and n¢ invariant. At the quantum level,
this shift symmetry is anomalous, such that after integrating-out the fermions, the triangle
anomaly leads to the coupling of Eq. (2.17).

Alternatively, we can consider an anomalous coupling of As localized on the IR brane,

A
Ssp D /d4m dzo(z — Zm)%f P Tr (G Gool (2.21)

with ¢z a dimensionless constant. Such a coupling can, for example, arise from fermions
on the IR brane in analogy to what we considered for the UV brane. This then gives

1 ¢(x)
4 nvpo
S4D D /d T 1672 fm € Tr [G,WGpg], (2.22)



with decay constant given by [42]

k k
CIR h‘(ZIR) - CIR g4 V QkL

or fir ~ Mpy. An anomalous coupling on the IR brane thus leads to a decay constant of

fiw = (2.23)

order the Planck scale.

We conclude that a large hierarchy of decay constants is possible, depending on the
localization of the anomalous interactions in the warped space. This scenario allows for
three different hierarchical combinations of decay constants: i) F = MI?L /A, [ = Anr,
i) F' = Mpy, f = A or iii) F = M2 /A, f = Mp.. Note that as the ratios F/f are
proportional to the warp factor, the potential in Eq. (1.2) does not respect a discrete shift
symmetry since, in general, F//f is a non-integer number. This is a consequence of the
non-local nature of the residual symmetry transformation o = Bz%+C in Eq. (2.11) which
explicitly depends on the localization. In the following, we will build an explicit model that
makes use of this toolkit to generate a phenomenologically viable potential in the form of
Eq. (1.2).

3 Generating the relaxion potential

3.1 General setup

Let us next discuss the relaxion parameters in more detail and how they can be understood
in terms of our UV model. Provided that electroweak symmetry remains unbroken in the
confinement phase transition which generates the periodic potentials in Eq. (1.2), Ap ¢(H)
both depend quadratically on the Higgs (plus generically higher even powers of the Higgs
which are, however, not important in the following).® We can then parametrize

H2

AL (H) = Apy (1 + 12 ) : (3.1)
F?f

where Ar ; and My ¢ can be understood as the scales where the periodic terms and higher-

dimensional couplings to the Higgs are generated, respectively. The potential in Eq. (1.2)

then reads

H? H?
V(g H) = —AZHZ 4 \HY + A4 (1 + M%) cos (?)JFA‘} <1 + Mf) cos (?) . (3.2)

For simplicity, we have dropped terms which may be generated at higher loop-order. We
will discuss these terms later in Sec. 4. Assuming that ¢ is in the linear regime of the
low-frequency cosine, ¢ ~ mF'/2 mod 27, we can expand it for ¢ — 7F/2 < F. After the

8As proposed in [1], one can also use the QCD axion as the relaxion. The last term in Eq. (1.1) is
then the usual QCD axion potential which depends linearly on the Higgs (see e.g. [48]). However, barring
additional model building, this spoils the axion solution to the strong C'P problem. See also [49, 50] for
further explorations of such a QCD relaxion.



redefinition ¢ — 7F /2 — ¢, this gives the linear part of the relaxion potential in Eq. (1.1)

with the identifications . .
g = A% g = AL
FA3’ FM%A

(3.3)

up to factors of order one.

The last term in Eq. (3.2) stops the relaxion once the Higgs VEV has reached the
electroweak scale. For this to work, we need to ensure that M; < vgw, otherwise, the
Higgs-independent barrier proportional to cos(¢/f) would stop the relaxion already before
the Higgs VEV has obtained the right value. Note also that the Higgs-independent barrier
receives corrections from closing the Higgs loop in the Higgs-dependent one and will thus
generically be present. We discuss radiative corrections to the potential in more detail
in Sec. 4. But to get a sense of the scales involved, we already note here that radiative
stability of the potential demands that A?c Sdmvpw My and Ap S 4nMp.

To obtain My < vgw requires that the higher-dimensional coupling of the Higgs to
the periodic potential is generated near the electroweak scale. In the next section, we
make use of a construction from Ref. [1] which introduces light fermions for this purpose.
The drawback of this scenario is of course a coincidence problem: one has to assume new
particles at a scale which is dynamically generated by the relaxation mechanism and is thus
determined by a priori completely unrelated parameters. One way around this problem is
the double-scanner mechanism of Ref. [2]. To this end, one introduces another axion-like
field which dynamically cancels off the Higgs-independent barrier in Eq. (3.2). This allows
the relaxation mechanism to work even for My > vpw.? We discuss a UV completion of
this scenario in Sec. 5.

3.2 A warped model

We now build a simple explicit model that successfully generates the needed terms in the
Higgs-relaxion potential at a phenomenologically viable scale, making use of the results
of Sec. 2. We assume that the Higgs is localized on or near the IR brane, so that its
mass is warped down to the IR scale (see Fig. 1). We note that it may also be possible to
implement the relaxation mechanism in a model where the Higgs is instead localized on the
UV brane. As usual, the relaxion can only protect the Higgs up to some cutoff significantly
below the Planck scale. Such a model would therefore require a UV completion above this
cutoff on the UV brane. We leave a study of this possibility to future work. As we find
later, the highest IR scale that we can achieve in our implementation of the relaxation
mechanism (while still solving the hierarchy problem) is below the GUT scale. If the
remaining Standard Model fields are then also localized on the IR brane, higher-dimensional
operators violating baryon number lead to too fast proton decay [51]. In order to suppress
these operators, we assume that the Standard Model instead lives in the bulk. As usual,
the light quarks are localized towards the UV brane, while the top-bottom doublet and
the right-handed top live nearer to the IR brane. This has the added advantage that the
hierarchy of Yukawa couplings can then be generated from the warping too. The IR scale

9 Another proposal for the relaxion that does not require new physics close to the electroweak scale is
the particle-production mechanism of Ref. [13].
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in our model can be high enough, on the other hand, to ensure that oblique corrections and
flavour- and C P-violating processes are sufficiently suppressed without imposing custodial
or flavour symmetries.

We identify the relaxion with the 5th component of a U(1) gauge field in the bulk. In
order to generate a potential for this field, we add two non-abelian gauge groups Gy and
Gr. Generically these live in the bulk too, although in certain cases Gr can be restricted
to the IR brane as we find later. We assume that these gauge groups confine at the scales
Ag, and Ag,,, respectively. In order to ensure that confinement can be discussed using only
the zero-modes of the bulk gauge fields, we take Ag, and Ag, to be below the IR scale.
This can always be arranged by choosing the 5D gauge couplings and ranks of the gauge
groups appropriately (while it is automatic for gauge groups localized on the IR brane).

We assume anomalous couplings of the relaxion ¢ to the field strengths G,]:,, and ny
of the massless 4D gauge fields corresponding to Gy and G, respectively:

Sip O / d%féjigewpa <;Tr [GEGE] + }Tr [ngyag(,D . (3.4)
As we have discussed in Sec. 2, these can arise from Chern-Simons couplings in the bulk
and/or from anomalous couplings of As on the branes. For now, we only assume that
F > f and postpone concrete choices for the decay constants to Sec. 4.

On the IR brane, we add a pair of chiral fermions x and x¢ in the fundamental and
antifundamental representation of Gr, respectively. These fermions transform under a
chiral symmetry which we assume to be broken only by a Dirac mass m,. This allows for
the terms in the action

Ssp D /d4xdz\/%5(Z—ZlR)mx<

2

1+ ) x X + he., (3.5)
Mg,

where gz is the induced metric determinant on the IR brane. We have included a higher-
dimensional coupling to the Higgs which is generically present and which we expect to be
suppressed by a scale near the Planck scale. Note that we will use the symbol H for both
the SU(2)-doublet Higgs field, writing the singlet combination |H|? as H? for simplicity,
and its VEV. It will be clear from context which one is meant. For simplicity, we also
ignore any numerical prefactors for now and set k¥ = Mp,. Similarly, we assume that all
parameters are real. We will reinstate prefactors and phases later on. Performing the
integral over the extra dimension and canonically normalizing the fields gives

H2
Sip D /d4x My <1 + /\2) xx° + he., (3.6)

IR

me — My, e "'H — H, e 3L/2y — y and similarly for

X¢. Note in particular that m, < Az after the redefinition. Let us next perform the field

where we have redefined e—*

redefinition
Y — ei¢>/FX7 (3.7)

while x€ is left invariant. Due to the non-trivial transformation of the path integral measure,
this chiral rotation removes the coupling of ¢ to Tr [GEZ,GEU] in Eq. (3.4) and transforms

- 11 -



X | x¢| N | N¢| L | L¢
G- ojo|-]|-]-]-
¢ |-|-|o|lo|o|ao
SU)y || —| — | — O d
vy == [~ 3]+

Table 1. Matter content on the IR brane with gauge representations for the model with a barrier
at the electroweak scale.

Eq. (3.6) to
H?\ .
Sip — Sip D /d4xmx <1 + /\2) ew’/FXXC 4 h.c.. (3.8)
IR
If my, is below the confinement scale of G (which in turn is below Ayz), this term contributes
to the Higgs-relaxion potential after confinement. Parametrizing'® (xx¢) = Agp, this gives

2
V(g H) D my A?éF (1 + é) cos <?) . (3.9)

This has the same form as the potential with period F' in Eq. (3.2), including the coupling
to the Higgs. We can then make the identifications
AR = my Ay, M3 = A? (3.10)

IR *

Next we need to generate the potentials with smaller period f. To this end, we use
a construction from Ref. [1] and add fermions L and N on the IR brane with the same
Standard Model charges as the lepton doublet and the right-handed neutrino, respectively.
In addition, these fermions are in the fundamental representation of the gauge group Gy.
We also include fermions L¢ and N¢ in the conjugate representations. Together they allow
for the terms in the action

Ssp D /d%dz\/—gm 6(z — zm) <mL LL® + my NN¢ + y HLN® + gHWN) + hec..

(3.11)
Notice that we have not included a higher-dimensional coupling to the Higgs. It could be
present but will be subdominant as we will see momentarily. Performing the integral over
the extra dimension and canonically normalizing the fields gives

Sip D /d4x (mL LL¢ + my NN¢ + y HLN® + gHTLCN) + h.c., (3.12)

where we have redefined e *“m; — my, e "' H — H, e 3¥L/2[, 5 [ and similarly for my,
N and the conjugated fields. Note in particular that mr,my < A after the redefinition.

!0This is thus our definition of the scale Agy.
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Assuming that my < my and restricting to a region in field space where the Higgs VEV
satisfies ygH? < m?2, we can integrate out L and L¢. This gives

~H2
Sip D /d4x <mN — yiz ) NN¢ + he.. (3.13)
L

We can then perform the chiral rotation
N — 9N, (3.14)

while N€¢ is left invariant. This removes the coupling of ¢ to Tr [G{WGZ;-] in Eq. (3.4) and
transforms Eq. (3.13) to

yy H?
mr,

Sip — Sap D /d4x <mN > @/ NN¢ + he.. (3.15)

Provided that m is below the confinement scale of G, this term contributes to the Higgs-
relaxion potential after confinement. Parametrizing (NN€) = A?éf’ this gives

Vg, H) > my AL, <1 L ) cos <¢> | (3.16)

mymr, f

This has the form of the potential with period f in Eq. (3.2), including the coupling to the
Higgs. We can then make the identifications

4 3 2 _ mNmp

For sufficiently small my and mp, this allows for My < vgyw as required in a technically
natural way. Notice that if we had instead relied on the higher-dimensional operator in
Eq. (3.5) to generate the barrier, we would have obtained M ¢~ A > vpw. We discuss
constraints on the parameters of this construction in more detail in Sec. 4. A summary of
the matter content on the IR brane is given in Table 1.

We next reinstate the numerical prefactors and the phases of the parameters which
we have ignored so far. Let us denote the prefactor of the Higgs coupling in Eq. (3.5) as
cyr- We absorb possible phases in the fermionic condensates (xx¢) and (NN¢) and any
(relaxion-independent) ©-terms for Gr and Gy into the mass parameters m, and my,mr,
respectively. Redoing the derivation above then gives

¢ H? ¢
V(¢7 H) ) Q‘mX’ A?éF I:COS <F + bX) + ‘CXH| A712R COS F + bXH
¢ lyy| H* ¢
+ 2 A} |:COS (+b > — ==——cos|=+0b , (3.18

where the complex phases are given by b, = arg(m,), byny = arg(mycym), by = arg(my)
and by = arg(yy/myz). Note that this does generically not match the form of the potential
in Eq. (3.2). Nevertheless the relaxation mechanism can still work. Indeed expanding the
first two terms in the linear part of the cosines again gives the sliding term for the relaxion
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and its linear coupling to the Higgs. In order to ensure that these terms have the same
sign as required, we need to demand that b, ~ byg. As before, the Higgs-independent
barrier in the third term should be too small to stop the relaxion by itself. It is then
negligible for the dynamics and the phase by has no consequences. The phase by g in the
Higgs-dependent barrier in the fourth term, on the other hand, slightly shifts the minimum
where the relaxion eventually stops but has no other consequences either.

To ensure that our calculation of the potentials is applicable, the masses of the fermion
pairs x, x¢ and N, N¢ need to be below their respective condensation scales. This means
that the chiral symmetries under which these fermion pairs transform are only weakly
broken at the confinement scales. We then expect corresponding pseudo-Nambu-Goldstone
bosons in the spectrum of composite states. As we discuss in Appendix B, their contribution
to the potential factorizes from the remaining potential and they can be trivially integrated
out if the spectrum of fermions is doubled.

4 Conditions for successful relaxation

We now discuss various conditions that need to be fulfilled for the relaxation mechanism
to be viable. In Sec. 4.1, we derive general conditions on the parameters in the relaxion
potential in Eq. (3.2). In Sec. 4.2, we then discuss additional conditions that arise in our
warped model with a barrier at the electroweak scale.

4.1 General conditions

We begin our discussion of the evolution of the Higgs and relaxion with the Higgs mass-
squared being positive and of order A2. In order to allow the relaxion to subsequently turn
the Higgs mass tachyonic, its average VEV ¢ during this stage of the evolution needs to
satisfy

10) N AQMI%
COS(F> pe A‘}, . (4.1)

Since the left-hand side is bounded by 1, this in particular implies the condition

AL > AMp. (4.2)

The relaxion stops rolling down its potential when the derivatives of the periodic
terms balance each other. We will find below that Mg > vgyw and the term proportional to
cos(¢/F) is thus dominated by the Higgs-independent part. On the other hand, the term
proportional to cos(¢/f) needs to be dominated by the Higgs-dependent part as discussed
in Sec. 3. The relaxion then stops once the Higgs VEV becomes

A4

2~ 2 L AE 4.3
A (43)
where we have set sin(¢/F) ~ 1. This is a good approximation as long as cos(¢/F) is not
very close to its extrema. The parameters need to be chosen such that the combination
on the right-hand side gives the electroweak scale vgy. In the following, we will use this

relation to trade Ay for vpy.
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Notice that the Higgs-dependent barrier H? cos(¢/f) in the potential contributes to
the Higgs mass. Imposing that this contribution be less than the electroweak scale gives
the constraint (see e.g. Ref. [52])*!

7\ /4
Ap ,S Upw (f) > (4'4)

where we have used Eq. (4.3). Together with Eq. (4.2), this gives the strongest constraint
on the cutoff in our model as we discuss in Sec. 4.2. In order to ensure that the Higgs
mass is scanned with sufficient precision, we need to demand that the change of the Higgs-
dependent term proportional to cos(¢/F') over one period of the barrier, d¢ ~ f, is less
than the electroweak scale. This gives the constraint Ap < (Mp vgy)Y/2(F/ f)Y/* which is
weaker than Eq. (4.4).

Furthermore, there are several requirements on the inflation sector for the relaxation
mechanism to be viable. If the relaxion is not the inflaton, its energy density should be
subdominant compared to the inflaton. The energy density in the minimum where the
relaxion eventually settles needs to be (close to) zero. This requires an additional constant
contribution that is added to the potential and chosen such that the energy density at
the minimum (nearly) vanishes. The tuning that is necessary to achieve this is just a
manifestation of the cosmological constant problem. The contribution of the relaxion to
the energy density relevant for inflation is then determined by how much it changes during
its evolution. Using Eq. (4.1) in the potential of Eq. (3.2) gives the condition

> MpA

Hp 2 ,
MPL

(4.5)

where Hj is the Hubble rate during inflation. In addition, to ensure that our classical
analysis of the field evolution is applicable, quantum fluctuations of the relaxion while it
roles down the potential should be sufficiently small. Over one Hubble time, the relaxion
changes classically by (0¢)class. ~ H I_QdV/ d¢. Its quantum fluctuations, on the other hand,
are (0¢)quant. ~ Hy. This leads to the condition

NG

F

Combining the last two inequalities, we get

A%gﬁ( E ) . (4.7)
MPL

Finally, the number of e-folds of inflation must be sufficiently large to ensure that the
relaxion scans the required field range. Denoting the latter by A¢, this leads to the condi-
tion Ne(00)class. = A¢. Provided that the relaxion is in the linear part of cos(¢/F'), using

" This constraint can be slightly relaxed if one includes the barrier term in the scanning of the Higgs mass
[53]. One then still needs to impose that A} < 47 Mjvgw to ensure that loop corrections to the potential
are small. This gives a similar condition as Eq. (4.4) but with an additional factor v/47 on the right-hand
side.
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Eq. (4.1) this gives ,

N, 2 <Hfi{gFA> | (4.8)
The resulting required number of e-folds can be very large. We will not specify the inflation
sector but will simply assume that it can be arranged to fulfill the conditions in Egs. (4.5),
(4.6) and (4.8). Possible complications in achieving this are discussed e.g. in Ref. [9]. Note
also that the above conditions are somewhat alleviated if the effect of the time evolution
of the Hubble rate during inflation is taken into accout [4].

We also need to ensure that the potential is radiatively stable. The potential is an
effective theory with a cutoff determined by the confinement scales Ag, and Ag, of the
gauge groups that give rise to the periodic terms (assuming they are smaller than the
cutoffs of the theories that generate the H2-terms in the potential). In the region of the
potential where the Higgs mass parameter!?

m%(¢) = Ap cos <§i> — A? (4.9)

is smaller than these cutoffs, the Higgs can give important corrections to the potential.
From the one-loop effective potential, we find

A2 2 ¢) 4 2 A4A2
V(. H) > gq?;é( )+ ”?gi? log (m@@) * 167];2;;? o (?)

AS A4m2 (¢) m2
f 2 (¢ M ¢ 7(9)
e ?cos <f> t 2 cos (f)] log< Aéf ) ., (4.10)

where we have neglected some subdominant terms. In the opposite region m%{(qﬁ) > Aéf

_l’_

or Aép, on the other hand, the corrections are strongly suppressed.'® This ensures that
the term proportional to m%{(qﬁ) cos(¢/f) gives only a small contribution to the Higgs-
independent barrier. In order to guarantee that the other term proportional to cos(¢/f) is
suppressed too, we require that

Ag, S4mMy. (4.11)

~

Provided that Ap < 4wMp the first two terms in Eq. (4.10) give small corrections to the
sliding term for the relaxion and do not affect the dynamics. Finally if A? S Am M popy,
the cos?(¢/ f)-term is negligible compared to the Higgs-dependent barrier when the Higgs
reaches the electroweak scale. Using Eq. (4.3), this translates to the constraint

F 1/4
Ar < VAT vy <f) . (4.12)

This is less stringent than Eq. (4.4).

12Note that the Higgs mass parameter has an additional contribution from the cos(¢/ f)-term. Since it
is subdominant except in a small region of ¢, we define Eq. (4.9) without this contribution.
13See the one-loop effective potential e.g. in Eq. (2.64) of Ref. [54] in the limit U” > AZ.
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4.2 Conditions on the warped model

The Higgs is localized on or near the IR brane in our warped model. Its mass parameter
is then naturally of order A2,. We therefore identify the cutoff of our relaxion model with
the IR scale:

A~ Ag. (4.13)

As we have discussed in Sec. 2, depending on where the anomalous couplings are
localized, the relaxion can have the decay constants fuy & MEL JAm, fir & My or fz = A.
Since F' > f is required, we are left with the three combinations

F = M}?L/AIIU [ =Ar
F = My, f=An (4.14)
F = M}?L/AIR? f = My, .

Note that F' = Mjp; marks the boundary between sub- and super-Planckian decay con-
stants. The former may be constrained by the weak gravity conjecture in theories of
quantum gravity [55] (see also [56-59]) and the latter may thus be preferred.!*

From the conditions in Egs. (4.2) and (4.4) and using that M ~ Az, we obtain upper
bounds on the IR scale in our models. For the first combination in Eq. (4.14), this gives

A S (V3 Mpy)'? ~ 4-10* Tev (4.15)

Note that this is slightly lower than the maximal cutoff found in Ref. [1]. The reason
is that there the bound on the cutoff is partly determined by the requirement of a finite
viable window for the Hubble rate. In our warped model, the corresponding contraint in
Eq. (4.7) is always trivially satisfied as we discuss below. The dominant bound on the cutoff
instead involves the constraint in Eq. (4.2) that the H? cos(¢/F)-term in the potential can
compensate for a Higgs mass near the cutoff. This difference arises because g is a free
parameter in the effective description of Ref. [1], whereas in our warped model g < 1/F is
determined in terms of other parameters. For the second and third combination, we find

Am < 0XPMY ~ 300 Tev . (4.16)

~

We need to ensure that collider and flavour bounds on the KK modes in our warped
model are fulfilled. We have assumed that the Standard Model fields live in the bulk. The
dominant constraints then arise from C P-violation in K — K-mixing and the electric dipole
moment of the neutron. This requires [62, 63]:

A > 10TeV . (4.17)

This also satisfies constraints from electroweak precision tests without imposing a custodial
symmetry [64, 65] and on the radion (for a typical stabilization mechanism).

“However, see e.g. Ref. [60, 61] for a discussion regarding some loopholes in the application of this
conjecture to effective field theories.
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A F | Ap|Mp| £ | Ay | My

A AA%L Ar | Ar | A ﬁ; vew | 10TeV < A <4103 TeV
Aw | Mo | A | A | Au AAE? vew | 185 TeV < Ay < 300 TeV
A | 3| Ay | A | My ﬁ; vew | 10TeV < Ay < 76 TeV

Table 2. Parameters in the potential in Eq. (3.2) in our warped models with an electroweak-scale
barrier for the three combinations of decay constants in Eq. (4.14). The ranges for the IR scale are
allowed by all phenomenological constraints considered in this section.

The potential leads to mixing between the relaxion and the Higgs. This further
constrains the IR scale. We use results from Ref. [52], where bounds on the parameter
AR = A?UUEW /My controlling the mixing have been derived from several experiments (fifth
force, astrophysical and cosmological probes, beam dump, flavor, and collider searches). Us-
ing Eq. (4.3), this translates to limits on Az and thereby on A. For the case F' = M2 /A
and f = A, the most stringent bound comes from the distortion of the diffuse extra-
galactic background light spectrum due to relaxion late decays. This gives the constraint
A < 4-10% TeV. For the combination F = M2 /Ay and f = My, the relevant bound is
due to fifth force experiments, resulting in Az < 76 TeV. Furthermore, bounds from super-
nova 1987A restrict the IR scale for the case F' = My, and f = Az to be Ay = 185 TeV.
However, as pointed out by Ref. [52], this supernova bound should be taken only as an
order-of-magnitude estimate since it is derived using the neutrino energy loss, about whose
treatment there is no consensus in the literature (see for instance Ref. [66, 67]). One should
therefore keep in mind that the lower bound on A, for this case could change but a detailed
investigation is beyond the scope of this work. In Table 2, we summarize the parameters
of the Higgs-relaxion potential and the phenomenologically viable ranges for the IR scale
for the three combinations of decay constants.

We have discussed the confinement of Gy and G in terms of only the massless modes
of the gauge fields in our extra-dimensional model. This is a good approximation provided
that the confinement scales are smaller than the KK mass scale:'

AgvagF ,S AIR . (418)

Since Ap S Ag,, and Mp ~ A according to Eq. (3.10), it then follows from Eq. (4.2) that
Ap ~ Ap is required for successful relaxation. This in turn means that m,,Ag, ~ Ap.
Since the fermions yx, x¢ are localized on the IR brane, the former condition can be nat-
urally fulfilled. In order to discuss the latter condition, let us focus on Gr = SU(N) for
definiteness. If we estimate the confinement scale as the scale where the 4D gauge coupling

151t may be possible to alleviate this condition by including some of the KK modes in the effective theory.
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diverges, we find (see e.g. Ref. [68])!°

2472
AgF ~ ( AIR > 11N(9§)2k
MPL MPL

, (4.19)

where ¢f is the 5D gauge coupling of Gr. From this we see that the confinement scale of
Ag,, is close to the IR scale if 2472 /(11N (g€)?k) ~ 1. This can be achieved for a wide range
of values for g and N but clearly requires a coincidence between two parameters which
are a priori not related. It may be possible to instead trigger the confinement of Gg by
adding states on the IR brane and thereby achieve Ag, ~ A;z without such a coincidence.
We leave a detailed study of this question to future work.

We next consider constraints related to the fermions N, N¢ and L, L€ on the IR brane.
The last two terms in Eq. (3.12) break the chiral symmetry of N, N¢, in addition to their
Dirac mass. Loop corrections then contribute to the Dirac mass (see Fig. 2), leading to the

constraint .
yymer
1672
The Higgs-dependent barrier can only stop the relaxion if My < vgy. Using Eq. (3.17), the

my 2 log(Aw/mp) . (4.20)
loop contribution to my then implies that
AT Uy

mrp < —— .
b V09og(Aw/mr)

The electroweak doublets L, L¢ can thus not be much heavier than the electroweak scale.

(4.21)

On the other hand, due to collider constraints on such particles, they cannot be much
lighter either. This limits their mass to a region near the electroweak scale. The question
why their mass should be near the scale that is dynamically generated via the relaxation
mechanism is the coincidence problem that we have mentioned in Sec. 3. This problem
does not appear in the double-scanner scenario that we discuss in Sec. 5.

Let us briefly pause to count parameters. The potential in Eq. (3.2) has 7 dimen-
sionful parameters. Of these, A, Mr and Ap are of order Az, while My is of order vgy.
Furthermore, Ay is given as a function of the other parameters via Eq. (4.3). For the three
combinations of decay constants in Eq. (4.14), we can then express all parameters (up to
O(1) factors) uniquely in terms of Az (plus My, and vgy). The corresponding relations
are given in Table 2.

Additional loop corrections arise in the effective field theory at energies below Ag,
and Ag, as discussed in Sec. 4.1. Since My ~ vpy, Eq. (4.12) gives a weaker condition on
Ar than Eq. (4.4) which we have used in determining the maximal cutoff. On the other
hand, Eq. (4.11) gives an upper bound on the confinement scale of G;. An additional
constraint arises from the requirement that the mass of the lightest fermion after diagonal-
izing Eq. (3.12) is smaller than the confinement scale (cf. the comment above Eq. (3.16)).
Together this gives

S Agy S AT v, (4.22)

1Brane-localized kinetic terms for the gauge field would give another factor multiplying one side of this
relation. This would change the required relation between g5 and N accordingly.
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Figure 2. Loop correction to my.

where we have used that the largest Higgs VEV of interest is the eletroweak scale (as the
relaxion stops before the Higgs VEV can grow even further). The confinement scale of G
can thus be very low provided that y, 7 and my are sufficiently small. This scale sets the
mass of the bound states. In order to ensure that these bound states do not contribute
to dark radiation during big bang nucleosynthesis, the confinement scale of Gy should be
larger than a few MeV:

Ag

; 2 O(few) - MeV . (4.23)

From Eq. (4.3), it follows that such low Ag, is only possible for the first combination in
Eq. (4.14) and for the IR scale near its lower bound in Eq. (4.17). If Ag, is larger than this,
on the other hand, we need to ensure that the decay of composite states does not destroy
heavy elements during big bang nucleosynthesis. The resulting limits have been worked out
in Ref. [69]. For Ag, = 10 MeV and my, = 500 GeV, it is found that y, 7 2 0.15 is required.
This limit quickly becomes weaker for larger Ag, or smaller my. On the other hand, the
Yukawa couplings must not be too large in order to satisfy bounds on the invisible decay
width of the Higgs. The corresponding limit is y, ¢ < 0.1 for my = 200 GeV and becomes
slightly less stringent for larger my.

Given that the fermions y, x¢, L, L, N and N€¢ are all localized on the IR brane, we
expect higher-dimensional terms in the action. These include

2 2
Sy D /d4x (cXX % (xx°)? + CNNTiV (NN¢)? + cXNmXTN XX NN¢ + h.c.

IR IR IR

(4.24)
The coefficients ¢,,, cyny and ¢,y could be estimated using naive dimensional analysis.
For simplicity, we assume them to be real. After confinement, this gives the additional

terms

AR 2 A% 20 ATAG ¢ ¢
V(g H) D cyy i cos <) + cNN——- cos <) + ¢yN——— cos ( + ) (4.25)
AR F Ay f AR Fof
in the Higgs-relaxion potential. Note that higher-dimensional couplings involving LL¢
either do not directly contribute to the potential as the pair LL¢ does not condense or the
contribution is very suppressed.!” The first term in Eq. (4.25) contributes to the sliding
term for the relaxion. But for c,, <1 as expected from naive dimensional analysis, this is

17A higher-dimensional coupling (xx°)" NN¢ would give a term proportional to cos(¢/F — ¢/f) in the
potential.
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suppressed compared to the sliding term in Eq. (3.2) and can thus be neglected. The second
and third term, on the other hand, give additional contributions to the Higgs-independent
barrier for the relaxion. Again these are suppressed compared to the barrier in Eq. (3.2)
and can be neglected. Adding higher-dimensional couplings to the Higgs in Eq. (4.24) gives
terms which can similarly be neglected.

Finally, we check constraints related to inflation. Due to the temperature and quantum
fluctuations in de-Sitter space, we need to demand that the confinement scales of G; and
Gr are larger than the Hubble rate during inflation:

Hy 5 Agf,AgF. (426)

For both Ag, ~ Ay and Ag, 2 Ay given by Eq. (4.3), this is less stringent than Eq. (4.6)
from requiring that quantum fluctuations of the relaxion are negligible for the dynamics.
Furthermore, for both choices of the decay constant F' in Eq. (4.14), the condition for
having a finite viable window for the inflation scale in Eq. (4.7) is trivially fulfilled. For
both choices the upper limit on the inflation scale in Eq. (4.6) is also significantly smaller
than the IR scale. We will assume that the inflationary sector, which we do not specify
further, is located on the UV brane. Then H; < Az guarantees that the effect of inflation
on the geometry of the extra dimension is negligible [70, 71]. Similarly, for a typical
stabilization mechanism it ensures that the extra dimension is safe from destabilization
during inflation. In order to ensure that the barrier for the relaxion is not removed during
reheating after inflation, we demand that the reheating temperature be below Ag,. This
may require a relatively low reheating temperature. As follows from the discussion below
Eq. (4.23), it can still be sufficiently high to allow for big bang nucleosynthesis though.
Under certain conditions, the reheating temperature may also be higher than Ag, [1] (see
also [72]).

5 Warping the double-scanner mechanism

5.1 A UV completion

As discussed in Sec. 3.1, the Higgs-dependent barrier in the relaxion potential needs to
dominate over the Higgs-independent one once the Higgs VEV has reached the electroweak
scale. This requires that M; < vgw which in turn necessitates to introduce new particles
coupled to the Higgs near the electroweak scale. We now discuss an interesting alternative
presented in Ref. [2]. The idea is to have another axion-like scalar o with couplings in the

potential
2 ¢
Vig,o H) > goh3o + A4 (12 3,2 + 32 + 2 ke 5.1
(¢,0,H) D goA°0 + f( Joy + 9% 7 cos | % (5.1)

and arrange its evolution such that it cancels off the Higgs-independent barrier. Note that
we have also included a term ¢ cos(¢/f) in the potential which will be important. The
remaining terms involving the relaxion are as in Eq. (1.1). Similar to the relaxion, the
shift-symmetry breaking couplings g, and g, of the field o are taken to be very small.
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Let us assume that o begins its evolution at some initial value o > (A + g¢)/go so
that the Higgs-independent term in brackets in Eq. (5.1) is unsuppressed. Provided that
g3 < A‘} /f, the barrier term for the relaxion then dominates over its sliding term and the
relaxion is initially stuck in a local minimum. Meanwhile, the first term in Eq. (5.1) causes
o to slide and it eventually reaches the value o ~ (A + §¢)/g,. This removes the barrier
for the relaxion which can subsequently also slide down the potential. Both ¢ and ¢ then
roll down if they track each other according to the relation o ~ (A 4 g¢)/g,. The resulting
growth of ¢ after a while causes the Higgs mass parameter to turn tachyonic and H begins
to grow too. Shortly afterwards, the Higgs-dependent barrier in Eq. (5.1) then becomes so
big that the relaxion stops again. Provided that ¢ can no longer cancel this barrier, the
relaxion remains stuck. This mechanism works for certain ranges of parameters which we
review below. It then allows the backreaction from the Higgs to stop the relaxion once its
VEV has reached the electroweak scale even if My >> vgy.

We first present a construction to generate the required terms in the potential (see
also [10, 11]). This construction is, in fact, largely independent of the embedding into
warped space and can thus be used in other UV completions of the relaxion as well. It
is meant to serve as a proof of principle, and does not preclude the existence of simpler
or more complete models. Let us introduce an additional U(1) gauge symmetry in the
bulk. We identify the field ¢ with the 5th component of the gauge field after imposing
appropriate boundary conditions. In order to generate the sliding term in Eq. (5.1), we
add an anomalous coupling of ¢ to a non-abelian gauge group Gr, . Since o should not
couple too strongly to the Higgs, we localize coupling and gauge sector on the UV brane,
using the construction in Sec. 2.2. We also introduce two chiral fermions p and p® on the
UV brane, with a Dirac mass m, and in respectively the fundamental and anti-fundamental
representation of Gr . These fermions have no explicit coupling to ¢. Such a coupling is
then generated if we perform a chiral rotation of p or p¢ to remove the anomalous coupling
of o to Gp,. If the gauge group confines at some scale Ag, > m,, this gives rise to the
potential

V(¢,0,H) D 2[my| A}, cos (1;’ +bp> : (5.2)

Here F, > f is the decay constant resulting from the anomalous coupling and b, = arg(m,)
is the phase of the mass term. We again identify A = A;z. Expanding in ¢ around the
linear part of the trigonometric potential gives the sliding term in Eq. (5.1) with

_ |mp|A3Fo

e (53)

up to factors of order one.

Generating the coupling of ¢ to the periodic potential for ¢ is somewhat more involved.
Notice that in Eq. (5.1), the periodic potential for ¢ appears with the same phase in the
last four terms (which for definiteness we have chosen as cos(¢/f)). Having the same phase
to a high precision in these a priori independent terms is in fact necessary for the double-
scanner mechanism to work. Let us assume that o instead couples to sin(¢/f). Keeping
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the phases for the other periodic terms fixed, the barrier in Eq. (5.1) then reads

o H?
V(g,0,H) D A;lc (1 - goK tan (;é) + §% + W) cos (?) . (5.4)

Even if o can then initially cancel off the Higgs-independent terms (which depending on
the initial value for ¢ may require o > A/g,), this cancellation is generically irreversibly
spoiled once ¢ starts rolling. The same holds for a phase difference less than 7, if the other
periodic terms have different phases or if the decay constants in the periodic terms differ
from each other (in all cases down to values which are determined by the small couplings
in the potential).

In order to ensure the required phase and period structure, we extend the gauge sym-
metry Gy in the bulk from Sec. 3.2 to the product group Gy, x Gy, X G, X Gy,. In addition,
we impose discrete symmetries Zo and Z), that interchange the groups as follows:

Z
gf1 = gfz

’21 IZ’Z (5.5)

9 > 9n-
2

This in particular imposes that the underlying groups (e.g. SU(N)) are the same for
Gr,G1,,G, and Gy,. We then couple the 5D gauge field Ay that gives rise to ¢ to the
gauge field strengths of these four groups via Chern-Simons terms as in Sec. 2.1. Further-
more, we impose that ¢ transforms as ¢ <> —¢ under Zo, while it is even under Z). The
Chern-Simons terms then lead to the anomalous couplings

Sup O / d*z 1617#? oo (Te |GGl | - T [GlGh| + T [clhah] - Tr[clal)) |

(5.6)
where the decay constant f ~ Ay is equal for all the gauge groups by virtue of the
symmetries. We also add anomalous couplings of o to Gy, and Gy, on the UV brane,
using the construction in Sec. 2.2. We choose o to be even under Zy. This gives

Sip O / d%FieW” (Tr [Gl{?,Glff;] 4 Tr [Gﬁ@@;ﬁg}) , (5.7)
g

where the decay constant F, > f is equal for the two gauge groups by virtue of the Zs.

We do not add corresponding couplings to Gy, and Gy, though. This explicitly breaks the

Z!, on the UV brane.

On the IR brane, we next introduce four pairs of chiral fermions 71, 7§, 12,15, 13,15
and 74,74 in the fundamental and anti-fundamental representation of Gy, Gy,, Gy, and
Gy, respectively. The fermion pairs interchange under Zy consistent with Eq. (5.5) but we
choose Z, to be explicitly broken on the IR brane too. Including Dirac masses for the pairs
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of chiral fermions and higher-dimensional couplings to the Higgs, this gives

H2
Sip O / d'z <mm [+ 723 <1 + 0mA2>

IR

C C H2
+ Mg 305 + 1anf (1 + 6"31\2> + h.c.> , (5.8)
IR

< Ar. The coefficients

~

where the fields are already canonically normalized and m,,, my,
¢y, and ¢;, are a priori different from each other and could be of order 1 or be suppressed
by a loop factor. We can now perform the chiral rotations

) )
53 —i5
m —elm Ne — e T
iSi-Z —i%4i-z (5.9)
Ny — e’ Fong ny — e I Fony

while leaving 7§, 15, n§ and 7§ invariant. This moves ¢ and o from Egs. (5.6) and (5.7)
into Eq. (5.8). We assume that the gauge groups confine at energies below the IR scale.
By virtue of the Zo which is unbroken everywhere, the confinement scales of G and
Gy, are identical, as are those of G, and Gy,. The condensates then are pairwise equal,
(mng) = (mns) = A?éfl and (n3n5) = (mng) = A?éfs' The resulting potential at low energies
reads

H2
V(v ) S |83, cos (%) [coston) + lenlcostan) |
IR

3 ¢ o o H?
+ 4my,| Ag,, cos (f) |:COS (F’ + b773) + |cy,| cos <F + dn3> ‘/XI2R:| , (5.10)

o oz

where by, = arg(my, ), dy, = arg(my,cy, ), by, = arg(my,) and d,, = arg(my,c,,) are given
by the complex phases of the parameters. We have kept track of the phases in order to show
that all terms are proportional to cos(¢/f) as required. This is guaranteed by the Zs under
which ¢ — —¢ and the potential is invariant. Note, however, that we have tacitly assumed
that the fermionic condensates are real. As we have discussed at the end of Sec. 3.2 and in
Appendix B, these phases are pion-like fields and thus dynamical. Doubling the spectrum
in order to ensure that the potential for these pions factorizes from the remaining potential
then fixes their phases to the same value for all four condensates and leads to an additional
overall minus sign in Eq. (5.10).

On the other hand, the decay constants that appear in cos(¢/f) between the first and
second line of Eq. (5.10) are the same due to the Z, in the bulk. Note, however, that this
symmetry is broken on the UV brane by the couplings for o in Eq. (5.7). Nevertheless we
expect that this does not affect the decay constants for ¢ in Eq. (5.10) by virtue of the
non-renomalization properties of anomalous couplings (see e.g. Ref. [73]). Also any such
effect would be strongly suppressed since F, > f. We leave a detailed study of this for
future work. Furthermore, we have allowed for the masses m,, and m,, being different
which breaks the Z) also on the IR brane. This generically leads to a different running
of the gauge couplings of Gy, and Gy, compared to those of Gy, and Gy, and accordingly
different confinement scales Ag, and Ag s,- However, it does not affect the decay constants
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a. l-1-1-1-1-1-1-1-1o]o

Table 3. Matter content on the IR brane with gauge representations for the double-scanner model.

for ¢ in Eq. (5.10) either as these are defined not involving the gauge couplings of the
underlying gauge groups (cf. Egs. (2.15) and (2.16)). As follows from Egs. (3.7) to (3.9),
it is precisely the decay constants defined in this way which determine the period of the
periodic potentials. These periods are thus not affected by the differing running of the
gauge couplings. Note also that the resulting difference between the confinement scales
can be made arbitrarily small for example by increasing the number of colours of the gauge
groups.

We can match with the potential in Eq. (5.1) after expanding both Egs. (5.2) and (5.10)
in o/ F,, around regions where the corresponding trigonometric potentials are linear. Both
trigonometric potentials can be in the linear part simultaneously for example for F, ~ F,
and b, — by, ~ m. This also ensures that the right signs in the potential are obtained. In
addition to Eq. (5.3), we can then identify (the last one up to factors of order one)

3
A ~ ’m”3|Agf3 ANIR . (5.11)

_ IR Jo =
V |C771’ 7 7 ’mnl‘Agfl Fy

Notice that Eq. (5.10) contains a term cos(¢/f)cos(c/F,)H? which is not included in
Eq. (5.1). However, provided that |c,,| is somewhat suppressed compared to |c;,|, this

4 3
Af = ’mnl‘Agh’ Mf =

only gives a small correction to the Higgs-dependent barrier and therefore does not affect
the dynamics. Note that this would not be possible if m,, and m,, were equal which is
why we have allowed them to be unequal.

As in Sec. 3.2, we next introduce fermions x and x° in the fundamental and anti-
fundamental representation of a non-abelian gauge symmetry Gr to generate the sliding
term for the relaxion and its coupling to the Higgs. These fermions then also allow us to
generate the term ¢ cos(¢/f) in Eq. (5.1). To this end, we consider the higher-dimensional
operator

mym.
Sip D /d4a: (CX77 X4 Bxx® (mnf + mens) + h.c.) (5.12)
IR

which we expect to be present since the relevant fermions live on the IR brane. The fields

are already canonically normalized and m,,m,, < Ar. The coefficient c,,, is again of order

~

1 or suppressed by a loop factor. Performing the chiral rotations in Egs. (3.7) and (5.9),
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we find below the confinement scales

|mx’A§; |mn1|A?g) ) )
Sip D /d4x4|cx,7| Z?R 1 cos <F +bxn> cos (f) , (5.13)

where by, = arg(cy,m,my,, ). Expanding the trigonometric function of ¢/F around its

linear part, we can identify
|”l ’A o
XI14G

g = lexyl R (5.14)
IR

up to factors of order one. A summary of the matter content on the IR brane is given in
Table 3.

5.2 Constraints

We have now generated all terms in the potential of Eq. (5.1) as well as the sliding term
and coupling to the Higgs of the relaxion. In order to see if the potential parameters in
Egs. (5.3), (5.11) and (5.14) (plus Egs. (3.3) and (3.10) for g and ¢’) can take on values which
allow the double-scanner mechanism to work, we next discuss various constraints. We again
need to ensure that the conditions discussed in Sec. 4.1 are fulfilled. In particular, the Higgs
VEV once the relaxion stops is given by Eq. (4.3). One difference between the potential
parameters for the electroweak-scale barrier and the double scanner is that My ~ vgy in the
former and My ~ Ay in the latter (cf. Eq. (5.11)). But in both scenarios, by construction
the Higgs-independent barrier plays no role and therefore only the combination A? JMjy is
relevant for the dynamics of the relaxion and Higgs. Using Eq. (4.3) to fix the Higgs VEV,
we can express this combination in terms of the decay constants and Ap. Constraints
on these parameters therefore apply for both the electroweak-scale barrier and the double
scanner. We then conclude that the allowed ranges of IR scales for the three combinations of
decay constants in Eq. (4.14) are again given by Table 2. Note that Ay and My are different
from those given in the table but the combination Afc /My and the other parameters in the
table agree for both scenarios. In particular, we again find that Ap ~ Ag, ~ my ~ A is
required. On the other hand, from Eq. (4.3) we conclude that Ag, = 10MeV (where the
inequality is saturated for F' ~ M2 /A, f ~ Ay and Ay ~ 10 TeV). We therefore expect
that big bang nucleosynthesis is generically not affect by the composite states associated
with G and Gy, to Gy,. Similarly, one can check that Eq. (4.26) is again fulfilled and that
inflation does not destabilize the extra dimension.

There are new conditions that are specific to the double-scanner mechanism: The fields
¢ and o track each other according to the relation o ~ (A + §¢)/g, once the barrier is
sufficiently small provided that [2]

99 2 9o9o (5.15)

where g is given by Eqgs. (3.3) and (3.10). On the other hand, ¢ can no longer cancel the
barrier that the Higgs generates once it obtains a VEV if [2]

g (é - %) S 9000 (5.16)
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with A being the Higgs quartic coupling. Comparing Egs. (3.3) and (5.14), we see that
G & |cynlg. On the other hand, the couplings g, and g, can be a priori quite different.
Recall that the gauge group Gr, that gives rise to the sliding term for o can be localized
on the UV brane. Nevertheless we should still demand that its confinement scale is below
the IR scale to ensure that the effective description for ¢ is valid at the energy scale
where the potential is generated. In addition, we need to impose that |m,| < Ag, . In
order to study one concrete example, let us consider the case F' =~ F, =~ F, (which is
automatic if the corresponding anomalous couplings all arise from the UV brane) and
|my, \Agh ~ \mn3|Agf3 (corresponding to Zf being only weakly broken). This gives g, ~ g
and g 2 go. The conditions in Egs. (5.15) and (5.16) then simplify to

1
lcanlg 2 9o s (chnl - 2)\> < Yo (5.17)

This can be fulfilled for a wide range of g, if |cyn| S 1/(2A). This example shows that the
conditions for the double-scanner mechanism to work can be easily satisfied.

Finally, let us consider loop corrections to the potential. The double-scanner mecha-
nism cannot remove barriers from terms like cos?(¢/f) [2]. Therefore these must be smaller
than the Higgs-dependent barrier when the Higgs reaches the electroweak scale. For loop
corrections from the Higgs, this translates to the condition Aff < 4mMyvgy and in turn to
Eq. (4.12) which is fulfilled for the entire range of IR scales in Table 2. This is also not
affected by the additional terms in the potential involving ¢. Furthermore, in addition to
Eq. (5.12) we expect higher-dimensional operators like

2 2 2
S d4 mX c\2 m771 c\2 c\2 m771 c c h
4D | exx gz OX) + Cnum g [ (mn5)” + (1202)7 | + Cpumy i 1205 + hec.

IR IR IR
(5.18)
and similar terms involving 13, 75, 74, n§ since the relevant fermions are all localized on the
IR brane. The coefficients are again of order 1 or suppressed by a loop factor and are
partly determined by the Zs. Assuming all parameters to be real for simplicity, below the
confinement scales this gives

A8 2 A} 2
Vig,H) D QCXXA% cos <Zf> + 4cmmAf4fcos <J?> . (5.19)
IR IR

The first term gives a correction to the sliding term for the relaxion which is negligible for
cyxy S 1. The second term, on the other hand, gives another type of barrier that cannot be
cancelled by the double-scanner mechanism. It is sufficiently suppressed compared to the
Higgs-dependent barrier provided that Afc < vswAR /(Mg /Grrmy)- This in turn leads to a
condition which for a typical ¢, is less stringent than Eq. (4.12) and which is therefore
again fulfilled for the entire range of IR scales in Table 2.

6 Conclusions

We have implemented the cosmological relaxation mechanism in a warped extra dimension.
The relaxion potential trades the hierarchy between the Planck and electroweak scale for
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a technically natural hierarchy of decay constants. Warped extra dimensions are then a
natural choice for its UV completion as they can generate a large hierarchy of scales purely
from geometry. In our construction, the relaxion is identified with the scalar component of
an abelian gauge field in the bulk, whose profile automatically has a small overlap with the
UV brane. The warping generates the hierarchy from the Planck scale down to the scale
of the IR brane, which is then identified with the cutoff A of the relaxion potential. From
there onwards, the Higgs mass is relaxed down to its physical value.

In Sec. 2, we have presented a model-building toolkit for generating anomalous cou-
plings of the relaxion to new, strong sectors. Depending on the localization of the anomalous
terms in the warped interval, hierarchically different decay constants for these couplings
may be obtained, including decay constants which are super-Planckian. A benchmark
model coupling the relaxion to the Higgs was constructed in Sec. 3. The sliding term is
coupled to the Higgs through a Dirac pair of SM singlet fermions that live on the IR brane
and condense by the same strong interactions responsible for generating it. The barrier
term is generated close to the electroweak scale, by the condensation of strongly interact-
ing vector-like fermions with the same quantum numbers as one generation of SM leptons.
These are also localized at the IR brane, and have masses near or below the weak scale,
but are a priori unrelated to it, leading to the well-known coincidence problem. In order
to avoid this and achieve a larger scale for the barrier term, a more elaborate construction
is required. In Sec. 5, we have presented a warped UV completion for one such scenario,
the double-scanner mechanism of Ref. [2].

The constraints for the model, both in general and those specific to the construction
of Sec. 3, were discussed thoroughly in Sec. 4, as well as the stability of the potential under
radiative corrections. The requirement of obtaining the correct Higgs VEV may be used to
fix the scale where the barrier term is generated in terms of the other parameters. Then,
we have found that the scale where the sliding and scanning terms are generated needs to
be of order the IR scale. Since the SM fields live in the bulk, standard flavor constraints
of Randall-Sundrum models push the minimum value of the IR scale to A = 10 TeV. The
maximum cutoff that we can achieve depends on the choice for the decay constants. We
have found that A < 4-10% GeV for F = M2 /A and f = A to ensure that all theoretical and
phenomenological constraints are fulfilled and A < 76 TeV when F = M2 /A and f = M.
For the combination F' = My, and f = A with at most Planckian decay constants, on the
other hand, the mixing between the relaxion and the Higgs gives strong constraints and
only the window 185 TeV < A < 300 TeV remains allowed.

In this work, we have focused on inflation to provide a friction term for the slow-roll
of the relaxion, but interesting alternatives such as the particle production mechanism
of Ref. [13] exist. It would be interesting to explore how such constructions may be im-
plemented in warped space. The framework that we have described naturally allows for
hierarchical decay constants for axion-like fields to be generated. As such it presents many
further opportunities for model building, not limited to relaxion models, such as appli-
cations to inflation or dark matter. Another interesting possibility for generating this
hierarchy is to consider a more general geometry with more than one AdSs throat [74].
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A Chern-Simons terms from bulk fermions

In this appendix, we briefly review how charged bulk fermions can give rise to Chern-
Simons terms. We consider a bulk fermion ¥ which couples to both the non-abelian gauge
group and the U(1) from Sec. 2.1. The action reads

Ssp D /d4a:dz\/§ (Vi)W + myPV) , (A1)

where the covariant derivative is Dy = 0y — iGyr — 1Ay with Gy being the non-abelian
gauge field (and Ajs the U(1) gauge field). In order to see that this gives the same anomaly
as a Chern-Simons term, we can perform a field redefinition [75, 76]

4
U — exp [i/diAg,(m,E)} U, (A.2)
20
where the constant zg can be chosen according to convenience. However, the field redefini-
tion is anomalous on the branes'® and transforms the action into (see [77-80])
z eHvpo

Ssp — Ssp + /d4mdz </d2A5(x, 2)> MTr GG o) (aUV(S(z — Zyy) + ard(z — zIR)).

B (A.3)
The coefficients ayy and oz depend on the boundary conditions on the two branes for the
left-handed component ¥y, of the bulk fermion (which in turn fixes the boundary conditions
of the right-handed component Wg). If ¥y is even (odd) on a given brane, a = 1(—1).
Let us first assume apy = —agr in which case ¥ does not have a massless mode. From
Eq. (A.3), we then get the anomalous coupling of ¢ in Eq. (2.15) with
QR

. (A.4)

Cp =

Notice that this is independent of zy. In the opposite case ayy = ayg, on the other hand,
cp depends on zg. But then ¥ has a massless mode which contributes to the anomaly

8We note that, e.g. for SU(N), there is an additional SU(N)? anomaly. It can be canceled by adding
another bulk fermion, uncharged under U(1), with opposite boundary conditions from .
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and which cancels the dependence on zy. If the Chern-Simons term arises from such a
bulk fermion, any perturbative contribution to the potential for As can be sufficiently
suppressed by making the bulk mass of the fermion somewhat larger than the AdS scale
(see e.g. [33, 46]).

B Pion-like fields in the relaxion potential

In this appendix, we include the pion-like fields which arise from the condensing fermions on
the IR brane and which contribute to the potential. Let us focus on y, x¢ for definiteness.
As usual, we can parametrize the pseudo-Nambu-Goldstone boson corresponding to the
breaking of the chiral symmetry of x,x¢ by the o-model field U = exp(im,/f,) with a
decay constant of order f, ~ Ag,. After confinement then (xx¢) = A?Q’FU . From Eq. (3.8),
this gives ,

V(g, H) D my A, <1 + ZQR) cos (? + j’i) : (B.1)
where for simplicity we again ignore phases and prefactors. Since F' > f,, generically
7y settles into its minimum W;(mn = fym — fy¢/F first after which the potential becomes
independent of ¢. This problem is remedied for example by introducing another pair of
chiral fermions yx¢ with the same quantum numbers. Instead of Eq. (3.6) we then have

H2
Sip D /d4x (1 + A12R) [my xx© + mg xx°| + hec.. (B.2)
Similar to the up and down quark in the Standard Model, the fermions transform under
an approximate SU(2); x SU(2)r symmetry which is spontaneously broken to a diago-
nal SU(2)y by the condensates and explicitly but weakly broken by their masses. The
corresponding pseudo-Nambu-Goldstone bosons are parametrized as

0 +
, 2
U = e/ fx with IL, = 7TX7 \fﬂox . (B.3)
\/§7rx Ty
We next perform the chiral rotation
e PO e Y (B.4)

with x¢ and x¢ left invariant to remove the coupling of ¢ to Tr [GEZ,GZ,] in Eq. (3.4).
For this choice of chiral rotation, no kinetic mixing between the relaxion and the pions is
induced (see Ref. [81]). Choosing m,, = my for simplicity, from Eq. (B.2) we get below the
confinement scale

H2
V(p,H) D my, AgF <1 + A12R> cos (;}) cos (;;‘) , (B.5)

where m, = /(79)% + 2m¥ 7y . The potential for the pions and relaxion thus factorizes and
no longer vanishes once the pions settle into their minimum. This is similar to what happens
for the axion and the pion of the Standard Model, see Ref. [48]. For the generalization of
the potential to the case m, # myg, see also Ref. [48]. The potential after minimization
with respect to the pion then still leads to a nonvanishing potential for the relaxion but
the latter is no longer a simple cosine.

— 30 —



References

[1]

2]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

P. W. Graham, D. E. Kaplan, and S. Rajendran, Cosmological Relazation of the Electroweak
Scale, Phys. Rev. Lett. 115 (2015), no. 22 221801, [arXiv:1504.07551].

J. R. Espinosa, C. Grojean, G. Panico, A. Pomarol, O. Pujolas, and G. Servant, Cosmological
Higgs-Axion Interplay for a Naturally Small Electroweak Scale, arXiv:1506.09217.

R. S. Gupta, Z. Komargodski, G. Perez, and L. Ubaldi, Is the Relaxion an Axion?,
arXiv:1509.00047.

S. P. Patil and P. Schwaller, Relazing the Electroweak Scale: the Role of Broken dS
Symmetry, arXiv:1507.08649.

J. Jaeckel, V. M. Mehta, and L. T. Witkowski, Musings on cosmological relaxation and the
hierarchy problem, Phys. Rev. D93 (2016), no. 6 063522, [arXiv:1508.03321].

B. Batell, G. F. Giudice, and M. McCullough, Natural Heavy Supersymmetry, JHEP 12
(2015) 162, [arXiv:1509.00834].

O. Matsedonskyi, Mirror Cosmological Relazation of the Electroweak Scale, JHEP 01 (2016)
063, [arXiv:1509.03583].

L. Marzola and M. Raidal, Natural relazation, Mod. Phys. Lett. A31 (2016) 1650215,
[arXiv:1510.00710].

S. Di Chiara, K. Kannike, L. Marzola, A. Racioppi, M. Raidal, and C. Spethmann, Relazion
Cosmology and the Price of Fine-Tuning, Phys. Rev. D93 (2016), no. 10 103527,
[arXiv:1511.02858].

J. L. Evans, T. Gherghetta, N. Nagata, and Z. Thomas, Naturalizing Supersymmetry with a
Two-Field Relaxion Mechanism, JHEP 09 (2016) 150, [arXiv:1602.04812].

J. L. Evans, T. Gherghetta, N. Nagata, and M. Peloso, Low-scale D -term inflation and the
relazion mechanism, Phys. Rev. D95 (2017), no. 11 115027, [arXiv:1704.03695].

N. Arkani-Hamed, T. Cohen, R. T. D’Agnolo, A. Hook, H. D. Kim, and D. Pinner, Solving
the Hierarchy Problem at Reheating with a Large Number of Degrees of Freedom, Phys. Rev.
Lett. 117 (2016), no. 25 251801, [arXiv:1607.06821].

A. Hook and G. Marques-Tavares, Relazation from particle production, JHEP 12 (2016) 101,
[arXiv:1607.01786].

E. Hardy, Electroweak relazation from finite temperature, JHEP 11 (2015) 077,
[arXiv:1507.07525].

K. Choi and S. H. Im, Realizing the relazion from multiple axions and its UV completion
with high scale supersymmetry, JHEP 01 (2016) 149, [arXiv:1511.00132].

D. E. Kaplan and R. Rattazzi, Large field excursions and approximate discrete symmetries
from a clockwork axzion, Phys. Rev. D93 (2016), no. 8 085007, [arXiv:1511.01827].

N. Fonseca, L. de Lima, C. S. Machado, and R. D. Matheus, Large field excursions from a
few site relaxion model, Phys. Rev. D94 (2016), no. 1 015010, [arXiv:1601.07183].

J. E. Kim, H. P. Nilles, and M. Peloso, Completing natural inflation, JCAP 0501 (2005) 005,
[hep-ph/0409138].

K. Harigaya and M. Ibe, Simple realization of inflaton potential on a Riemann surface, Phys.
Lett. B738 (2014) 301-304, [arXiv:1404.3511].

~31 -


http://arxiv.org/abs/1504.07551
http://arxiv.org/abs/1506.09217
http://arxiv.org/abs/1509.00047
http://arxiv.org/abs/1507.08649
http://arxiv.org/abs/1508.03321
http://arxiv.org/abs/1509.00834
http://arxiv.org/abs/1509.03583
http://arxiv.org/abs/1510.00710
http://arxiv.org/abs/1511.02858
http://arxiv.org/abs/1602.04812
http://arxiv.org/abs/1704.03695
http://arxiv.org/abs/1607.06821
http://arxiv.org/abs/1607.01786
http://arxiv.org/abs/1507.07525
http://arxiv.org/abs/1511.00132
http://arxiv.org/abs/1511.01827
http://arxiv.org/abs/1601.07183
http://arxiv.org/abs/hep-ph/0409138
http://arxiv.org/abs/1404.3511

[20]

[21]

[22]

[23]

[24]

32]

[33]

[34]

[35]

K. Choi, H. Kim, and S. Yun, Natural inflation with multiple sub-Planckian azions, Phys.
Rev. D90 (2014) 023545, [arXiv:1404.6209].

T. Higaki and F. Takahashi, Natural and Multi-Natural Inflation in Axion Landscape, JHEP
07 (2014) 074, [arXiv:1404.6923].

K. Harigaya and M. Ibe, Phase Locked Inflation — Effectively Trans-Planckian Natural
Inflation, JHEP 11 (2014) 147, [arXiv:1407.4893].

M. Peloso and C. Unal, Trajectories with suppressed tensor-to-scalar ratio in Aligned Natural
Inflation, JCAP 1506 (2015), no. 06 040, [arXiv:1504.02784].

L. McAllister, P. Schwaller, G. Servant, J. Stout, and A. Westphal, Runaway Relazion
Monodromy, arXiv:1610.05320.

G. F. Giudice and M. McCullough, A Clockwork Theory, JHEP 02 (2017) 036,
[arXiv:1610.07962].

A. Ahmed and B. M. Dillon, Clockwork Goldstone Bosons, arXiv:1612.04011.

N. Craig, I. Garcia Garcia, and D. Sutherland, Disassembling the Clockwork Mechanism,
arXiv:1704.07831.

G. F. Giudice and M. McCullough, Comment on “Disassembling the Clockwork Mechanism”,
arXiv:1705.10162.

K. Choi, S. H. Im, and C. S. Shin, General Continuum Clockwork, arXiv:1711.06228.

C. T. Hill, S. Pokorski, and J. Wang, Gauge invariant effective Lagrangian for Kaluza-Klein
modes, Phys. Rev. D64 (2001) 105005, [hep-th/0104035].

N. Arkani-Hamed, A. G. Cohen, and H. Georgi, (De)constructing dimensions, Phys. Rev.
Lett. 86 (2001) 4757-4761, [hep-th/0104005].

L. Randall and R. Sundrum, A Large mass hierarchy from a small extra dimension, Phys.
Rev. Lett. 83 (1999) 3370-3373, [hep-ph/9905221].

R. Contino, Y. Nomura, and A. Pomarol, Higgs as a holographic pseudoGoldstone boson,
Nucl. Phys. B671 (2003) 148-174, [hep-ph/0306259].

Y. Hosotani and M. Mabe, Higgs boson mass and electroweak-gravity hierarchy from
dynamical gauge-Higgs unification in the warped spacetime, Phys. Lett. B615 (2005)
257-265, [hep-ph/0503020].

A. Falkowski, About the holographic pseudo-Goldstone boson, Phys. Rev. D75 (2007) 025017,
[hep-ph/0610336].

N. Arkani-Hamed, H.-C. Cheng, P. Creminelli, and L. Randall, Eztra natural inflation, Phys.
Rev. Lett. 90 (2003) 221302, [hep-th/0301218].

I. R. Klebanov and M. J. Strassler, Supergravity and a confining gauge theory: Duality
cascades and chi SB resolution of naked singularities, JHEP 08 (2000) 052,
[hep-th/0007191].

S. B. Giddings, S. Kachru, and J. Polchinski, Hierarchies from fluzes in string
compactifications, Phys. Rev. D66 (2002) 106006, [hep-th/0105097].

T. Gherghetta, B. von Harling, and N. Setzer, A natural little hierarchy for RS from
accidental SUSY, JHEP 07 (2011) 011, [arXiv:1104.3171].

~32 -


http://arxiv.org/abs/1404.6209
http://arxiv.org/abs/1404.6923
http://arxiv.org/abs/1407.4893
http://arxiv.org/abs/1504.02784
http://arxiv.org/abs/1610.05320
http://arxiv.org/abs/1610.07962
http://arxiv.org/abs/1612.04011
http://arxiv.org/abs/1704.07831
http://arxiv.org/abs/1705.10162
http://arxiv.org/abs/1711.06228
http://arxiv.org/abs/hep-th/0104035
http://arxiv.org/abs/hep-th/0104005
http://arxiv.org/abs/hep-ph/9905221
http://arxiv.org/abs/hep-ph/0306259
http://arxiv.org/abs/hep-ph/0503020
http://arxiv.org/abs/hep-ph/0610336
http://arxiv.org/abs/hep-th/0301218
http://arxiv.org/abs/hep-th/0007191
http://arxiv.org/abs/hep-th/0105097
http://arxiv.org/abs/1104.3171

[40]

[51]

[52]

[53]

T. Gherghetta, A Holographic View of Beyond the Standard Model Physics, in Physics of the
large and the small, TASI 09, proceedings of the Theoretical Advanced Study Institute in
Elementary Particle Physics, Boulder, Colorado, USA, 1-26 June 2009, pp. 165232, 2011.
arXiv:1008.2570.

W. D. Goldberger and M. B. Wise, Modulus stabilization with bulk fields, Phys. Rev. Lett. 83
(1999) 4922-4925, [hep-ph/9907447].

T. Flacke, B. Gripaios, J. March-Russell, and D. Maybury, Warped axions, JHEP 01 (2007)
061, [hep-ph/0611278].

C. Csaki, J. Hubisz, and P. Meade, TASI lectures on electroweak symmetry breaking from
extra dimensions, in Physics in D >= j. Proceedings, Theoretical Advanced Study Institute
in elementary particle physics, TASI 2004, Boulder, USA, June 6-July 2, 2004, pp. 703-776,
2005. hep-ph/0510275.

G. Cacciapaglia, C. Csaki, C. Grojean, M. Reece, and J. Terning, Top and bottom: A Brane
of their own, Phys. Rev. D72 (2005) 095018, [hep-ph/0505001].

K.-w. Choi, A QCD azion from higher dimensional gauge field, Phys. Rev. Lett. 92 (2004)
101602, [hep-ph/0308024].

L. Pilo, D. A. J. Rayner, and A. Riotto, Gauge quintessence, Phys. Rev. D68 (2003) 043503,
[hep-ph/0302087].

B. Grzadkowski and J. Wudka, Note on the strong CP problem from a 5-dimensional
perspective, Phys. Rev. D77 (2008) 096004, [arXiv:0705.4307].

G. Grilli di Cortona, E. Hardy, J. Pardo Vega, and G. Villadoro, The QCD axion, precisely,
JHEP 01 (2016) 034, [arXiv:1511.02867].

A. Nelson and C. Prescod-Weinstein, The Relazion: A Landscape Without Anthropics,
arXiv:1708.00010.

O. Davidi, R. S. Gupta, G. Perez, D. Redigolo, and A. Shalit, The Nelson-Barr Relaxion,
arXiv:1711.00858.

T. Gherghetta and A. Pomarol, Bulk fields and supersymmetry in a slice of AdS, Nucl. Phys.
B586 (2000) 141-162, [hep-ph/0003129].

T. Flacke, C. Frugiuele, E. Fuchs, R. S. Gupta, and G. Perez, Phenomenology of
relaxzion-Higgs mizing, JHEP 06 (2017) 050, [arXiv:1610.02025].

K. Choi and S. H. Im, Constraints on Relazion Windows, JHEP 12 (2016) 093,
[arXiv:1610.00680].

M. Sher, FElectroweak Higgs Potentials and Vacuum Stability, Phys. Rept. 179 (1989)
273-418.

N. Arkani-Hamed, L. Motl, A. Nicolis, and C. Vafa, The String landscape, black holes and
gravity as the weakest force, JHEP 06 (2007) 060, [hep-th/0601001].

A. Hebecker, F. Rompineve, and A. Westphal, Azion Monodromy and the Weak Gravity
Conjecture, arXiv:1512.03768.

L. E. Ibanez, M. Montero, A. Uranga, and 1. Valenzuela, Relaxion Monodromy and the Weak
Gravity Conjecture, arXiv:1512.00025.

B. Heidenreich, M. Reece, and T. Rudelius, Weak Gravity Strongly Constrains Large-Field
Axion Inflation, arXiv:1506.03447.

— 33 —


http://arxiv.org/abs/1008.2570
http://arxiv.org/abs/hep-ph/9907447
http://arxiv.org/abs/hep-ph/0611278
http://arxiv.org/abs/hep-ph/0510275
http://arxiv.org/abs/hep-ph/0505001
http://arxiv.org/abs/hep-ph/0308024
http://arxiv.org/abs/hep-ph/0302087
http://arxiv.org/abs/0705.4307
http://arxiv.org/abs/1511.02867
http://arxiv.org/abs/1708.00010
http://arxiv.org/abs/1711.00858
http://arxiv.org/abs/hep-ph/0003129
http://arxiv.org/abs/1610.02025
http://arxiv.org/abs/1610.00680
http://arxiv.org/abs/hep-th/0601001
http://arxiv.org/abs/1512.03768
http://arxiv.org/abs/1512.00025
http://arxiv.org/abs/1506.03447

[59] B. Heidenreich, M. Reece, and T. Rudelius, Sharpening the Weak Gravity Conjecture with
Dimensional Reduction, arXiv:1509.06374.

[60] P. Saraswat, Weak gravity conjecture and effective field theory, Phys. Rev. D95 (2017), no. 2
025013, [arXiv:1608.06951).

[61] L. E. Ibanez and M. Montero, A Note on the WGC, Effective Field Theory and Clockwork
within String Theory, arXiv:1709.02392.

[62] K. Agashe, G. Perez, and A. Soni, Flavor structure of warped extra dimension models, Phys.
Rev. D71 (2005) 016002, [hep-ph/0408134].

[63] C. Csaki, A. Falkowski, and A. Weiler, The Flavor of the Composite Pseudo-Goldstone Higgs,
JHEP 09 (2008) 008, [arXiv:0804.1954].

[64] S. Casagrande, F. Goertz, U. Haisch, M. Neubert, and T. Pfoh, Flavor Physics in the
Randall-Sundrum Model: 1. Theoretical Setup and Electroweak Precision Tests, JHEP 10
(2008) 094, [arXiv:0807.4937).

[65] M. Bauer, S. Casagrande, U. Haisch, and M. Neubert, Flavor Physics in the
Randall-Sundrum Model: II. Tree-Level Weak-Interaction Processes, JHEP 09 (2010) 017,
[arXiv:0912.1625].

[66] K. Blum and D. Kushnir, Neutrino Signal of Collapse-induced Thermonuclear Supernovae:
the Case for Prompt Black Hole Formation in SN1987A, Astrophys. J. 828 (2016), no. 1 31,
[arXiv:1601.03422].

[67] G. Galanti, M. Roncadelli, and R. Turolla, No azion-like particles from core-collapse
supernovae?, arXiv:1712.06205.

[68] C. Csaki, J. Hubisz, and S. J. Lee, Radion phenomenology in realistic warped space models,
Phys. Rev. D76 (2007) 125015, [arXiv:0705.3844].

[69] H. Beauchesne, E. Bertuzzo, and G. Grilli di Cortona, Constraints on the relaxion mechanism
with strongly interacting vector-fermions, JHEP 08 (2017) 093, [arXiv:1705.06325].

[70] S. H. Im, H. P. Nilles, and A. Trautner, Ezploring extra dimensions through inflationary
tensor modes, arXiv:1707.03830.

[71] G. F. Giudice, E. W. Kolb, J. Lesgourgues, and A. Riotto, Transdimensional physics and
inflation, Phys. Rev. D66 (2002) 083512, [hep-ph/0207145].

[72] K. Choi, H. Kim, and T. Sekiguchi, Dynamics of the cosmological relazation after reheating,
Phys. Rev. D95 (2017), no. 7 075008, [arXiv:1611.08569].

[73] A. Eichhorn, H. Gies, and D. Roscher, Renormalization Flow of Axion Electrodynamics,
Phys. Rev. D86 (2012) 125014, [arXiv:1208.0014].

[74] N. Fonseca, B. von Harling, L. de Lima, and C. S. Machado, in preparation, .

[75] C. Csaki, J. Heinonen, J. Hubisz, and Y. Shirman, Odd Decays from Even Anomalies: Gauge
Mediation Signatures Without SUSY, Phys. Rev. D79 (2009) 105016, [arXiv:0901.2933].

[76] D. Bunk and J. Hubisz, Revealing Randall-Sundrum Hidden Valleys, Phys. Rev. D81 (2010)
125009, [arXiv:1002.3160).

[77] T. Hirayama and K. Yoshioka, Anomalies and Fayet-Iliopoulos terms on warped orbifolds and
large hierarchies, JHEP 01 (2004) 032, [hep-th/0311233].

— 34 -


http://arxiv.org/abs/1509.06374
http://arxiv.org/abs/1608.06951
http://arxiv.org/abs/1709.02392
http://arxiv.org/abs/hep-ph/0408134
http://arxiv.org/abs/0804.1954
http://arxiv.org/abs/0807.4937
http://arxiv.org/abs/0912.1625
http://arxiv.org/abs/1601.03422
http://arxiv.org/abs/1712.06205
http://arxiv.org/abs/0705.3844
http://arxiv.org/abs/1705.06325
http://arxiv.org/abs/1707.03830
http://arxiv.org/abs/hep-ph/0207145
http://arxiv.org/abs/1611.08569
http://arxiv.org/abs/1208.0014
http://arxiv.org/abs/0901.2933
http://arxiv.org/abs/1002.3160
http://arxiv.org/abs/hep-th/0311233

[78] N. Arkani-Hamed, A. G. Cohen, and H. Georgi, Anomalies on orbifolds, Phys. Lett. B516
(2001) 395-402, [hep-th/0103135].

[79] C. A. Scrucca, M. Serone, L. Silvestrini, and F. Zwirner, Anomalies in orbifold field theories,
Phys. Lett. B525 (2002) 169-174, [hep-th/0110073].

[80] B. Gripaios and S. M. West, Anomaly holography, Nucl. Phys. B789 (2008) 362-381,
[arXiv:0704.3981].

[81] H. Georgi, D. B. Kaplan, and L. Randall, Manifesting the Invisible Azion at Low-energies,
Phys. Lett. 169B (1986) 73-78.

— 35 —


http://arxiv.org/abs/hep-th/0103135
http://arxiv.org/abs/hep-th/0110073
http://arxiv.org/abs/0704.3981

	1 Introduction
	2 Hierarchical decay constants from warped space
	2.1 Anomalous couplings from the bulk
	2.2 Anomalous couplings from the branes

	3 Generating the relaxion potential
	3.1 General setup
	3.2 A warped model

	4 Conditions for successful relaxation
	4.1 General conditions
	4.2 Conditions on the warped model

	5 Warping the double-scanner mechanism 
	5.1 A UV completion
	5.2 Constraints

	6 Conclusions
	A Chern-Simons terms from bulk fermions
	B Pion-like fields in the relaxion potential

