
DESY & U.Hamburg 
Géraldine SERVANT

Invisibles workshop, Padova, September 15 2016

Cosmological Higgs-Axion 
Interplay for a Naturally 
Small Electroweak Scale

<H>=
0

<H>≠0

critical line



Cosmological Relaxation 
of the EW scale:

A newborn paradigm following
post-LHC Run I theorists’ depression

“It is in moments of crisis that new ideas develop,” Gian Giudice



2015 Theory 

Highlight
Graham, Kaplan, Rajendran [1504.07551]

The Relaxion

 J.R. Espinosa, C. Grojean, G. Panico, A. 
Pomarol, O. Pujolàs, G. Servant,  [1506.09217]

New approach to tackle the Hierarchy problem in particle physics

Purpose of this talk is to discuss:

-the idea
-explicit models
-drawbacks & reasons for improvement
-experimental consequences



The Hierarchy Problem

If Standard Model is an effective field theory below MPlanck● Where the Electroweak Symmetry Breaking (EWSB) 
                    scale would be expected?

The SM:  an EFT below MP (sets the mass scale)
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The Hierarchy Problem

In high energy completions of the Standard Model where the Higgs 
potential can be computed in  terms of new parameters, α and  β: 

● Where the Electroweak Symmetry Breaking (EWSB) 
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The SM:  an EFT below MP (sets the mass scale)
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Why does the Higgs vacuum reside so close to the critical line separating the phase with 
unbroken (<H>=0) from the phase with broken (<H> ≠0) electroweak symmetry?
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● Where the Electroweak Symmetry Breaking (EWSB) 
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Solution 1:  Critical line is special line with 
enhanced symmetry-> Supersymmetry
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implications: Susy particles expected at the 
weak scale
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New attempt :   α and  β are fields which have 
local minima in the broken phase. Cosmological 

evolution settles them in a minimum close to the 
critical line.
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Key idea: Higgs mass parameter is field-dependent

m2|H|2 ! m2(�)|H|2

Φ can get a value such that m2(�) ⌧ ⇤2

from a dynamical interplay between H and Φ

Field-dependent Higgs mass

possibility that ! gets a value where 

it can arise from a “clever” 
dynamical interplay 
between H and !

Higgs-mass parameter

Another new Idea for the Hierarchy Problem:

!

m2
H(�)|H|2m2

H |H|2

m2
H(�) ⌧ M2

P

!c

m2
H(�)

“Relaxation” mechanism P.W. Graham, D.E. Kaplan, S.Rajendran
arXiv:1504.07551 

must settle 
close to Φc

UV 
cutoff

mH naturally stabilized due to back-reaction of the 
Higgs field after EW symmetry breaking !



Hierarchies are induced/created by the time 
evolution/the age of the Universe

New paradigm:

Dramatic implications for strategy to search for 
new physics explaining the Weak scale



The idea that hierarchies in force scales could have 
something  to do with cosmological evolution goes 

back to Dirac (hypothetizes a relation between 
ratio of universe sizes to ratio of force strengths )

© 1937 Nature Publishing Group
© 1937 Nature Publishing Group
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A MECHANISM FOR REDUCING THE VALUE OF THE COSMOLOGICAL CONSTANT 

L.F. ABBOTT 1 
Physics Department, Brandeis University, Waltham, MA 02254, USA 

Received 30 October 1984 

A mechanism is presented for relaxing an initially large, positive cosmological constant to a value near zero. This is done 
by introducing a scalar field whose vacuum energy compensates for the initial cosmological constant. The compensating sec- 
tor involves small mass scales but no unnatural fine-tuning of parameters. It is not clear how to incorporate this mechanism 
into a realistic cosmology. 

The extremely small observational limits on the val- 
ue of  the cosmological constant indicate that the vacu- 
um energy density in our universe has magnitude less 
than (0.003 eV) 4. The vacuum energy density receives 
contributions proport ional  to the fourth power of  vir- 
tually every mass scale in particle physics. Since each 
of  these terms individually is many orders of magni- 
tude larger than (0.003 eV) 4, mysterious and unnatu- 
ral cancellations must occur in order for their sum to 
produce a sufficiently small total energy density. This 
situation is very different from that of  a naturally 
small mass parameter like the electron mass. The mass 
of  the electron is also small compared to most other 
scales in particle physics but,  because of  a chiral sym- 
metry,  corrections to m e are always proport ional  to 
m e itself and thus are small for any reasonable cut-off 
value. Although we cannot claim to know why the 
electron is so light, the fact that we have a sensible 
low-energy effective theory in which the value of  m e 
does not require miraculous cancellations suggests 
that there may be hope of  achieving a better  under- 
standing in the future using a more complete theory. 
In the case of  the cosmological constant there is little 
reason for similar optimism as long as the low-energy 
theory requires unnatural cancellations. 

The fact that the cosmological constant requires 

1 Supported in part by Department of Energy Contract DE- 
AC03-ER03230 and by an Alfred P. Sloan Foundation 
Fellowship. 

0370-2693/85/$ 03.30 © Elsevier Science Publishers B.V. 
(North-Holland Physics Publishing Division) 

cancellations at the level of  thousandths of  an electron 
volt suggests that modifications must be made in particle 
physics at very low energies. An attractive possibility 
is the existence of  a compensating field whose vacuum 
energy dynamically adjusts itself to cancel the large 
contribution coming from conventional particle phys- 
ics. Any model of  this type is likely to involve small 
mass parameters associated with the compensating 
field theory sector and we must require of  any sensible 
model that these parameters be naturally small. Other- 
wise we are just replacing one unnaturally small mass 
parameter, the cosmological constant, with another. In 
addition, if this idea is to work it seems that the com- 
pensating sector must have a stable or metastable state 
at virtually every value of its own vacuum energy den- 
sity in order that an arbitrary particle physics contri- 
bution can be cancelled. Also, a mechanism must exist 
for insuring that the compensating sector will evolve to 
a state with an acceptably small value of  the total en- 
ergy density. Finally, it must be possible to incorpo- 
rate such a mechanism into a realistic cosmology. 

In this note, I present a model constructed along 
these lines. A compensating sector is introduced which 
can dynamically reduce any initially large, positive 
cosmological constant to a value arbitrarily close to 
zero. The model is a low-energy effective field theory. 
No at tempt is made to incorporate it into a complete 
high-energy theory.  The compensating sector has very 
small mass parameters associated with it, but these are 
protected by symmetries from getting large radiative 
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corrections and therefore they are natural. No fine- 
tuning is required to keep them small. The model pro- 
vides evidence that this type of  approach can work. 
However, it is not clear how the present mechanism 
can be incorporated into a realistic cosmology. 

The model being discussed consists of  a scalar field, 
B, coupled to a gauge theory. The entire compensating 
sector is only coupled to ordinary particles through 
gravity and therefore is only detectable through its 
gravitational effects. For example, all ordinary parti- 
cles are singlets under the gauge group of  the gauge 
theory in the compensating sector. For this reason 1 
call it a phantom gauge theory. The lambda parameter 
which characterizes the coupling strength of  the phan- 
tom gauge theory, Aph is extremely small - less than 
10-34 eV. This may seem like an extraordinarily small 
value, but actually it is quite natural for an isolated 
gauge theory to have a lambda parameter which is 
vastly different from AQC D which sets the scale for 
hadronic masses in our world. If we characterize a 
gauge theory by the value of  its coupling constant at 
the Planck mass for example, then 0~QCD(mpI ) ~ 0.02,  
corresponding to AQC D ~- 100 MeV. If our phantom 
gauge theory is SU(3) with phantom quarks like QCD 
then by requiring that O~ph(mp1 ) ~< 0.006 we find that 
Aph ~< 10 -34 eV. If  the phantom theory is SU(2) with 
six flavors of  phantom quarks then O~ph(mpl ) ~< 0.01 
assures that Aph ~< 10 -34 eV. Thus, with quite con- 
ventional values of  the coupling constant we find ex- 
tremely small values of  the lambda parameter for the 
phantom gauge theory. A small Aph is crucial for 
achieving a sufficiently small final cosmological con- 
stant in this model. 

The couplings of  the scalar field, B, are restricted 
by the symmetry 

B -+B + constant. (1) 

This symmetry may suggest that B is a Goldstone 
boson. However, I will assume that the range of  B goes 
from minus infinity to plus infinity and that the 
lagrangian does not have to be periodic in B. Thus, B 
is not a Goldstone boson associated with a compact 
symmetry group like U(1). It could conceivably be a 
dilaton, or a field associated with one of  the flat direc- 
tions of  the potential in a supersymmetric theory. For 
the purposes of  the present discussion it does not mat- 
ter where B comes from, as long as it possesses the 
symmetry B ~ B + constant. 

The symmetry of  eq. (1) is softly broken in two 
ways to achieve a non-trivial potential for the B field. 
First B, is coupled to the phantom gauge theory 
through the term 

Lin t = (aph/47r)(B/fB) e #v°~# Tr {FuvFc~},  (2) 

where Fur is the phantom gauge field strength tensor. 
The parameter fB is a large mass (perhaps of  order 
mp1 ) associated with the complete high-energy theory. 
Since Tr {FuvFa~ } eUVC~ is a total derivative this term 
respects the symmetry B -~ B + constant up to surface 
terms. However, instantons contribute to these sur- 
face terms and softly break the symmetry. This is 
exactly the type of  coupling used in axion models to 
break the Peccei-Quinn symmetry [t ]. It is well 
known that the coupling (2) leads to a potential for 
theB field of  the form [1] 

4 V 1 (B) = - a p h  cos(B/f  B). (3) 

The gauge coupling of  the B field breaks the sym- 
metry B -~ B + constant but still preserves the symme- 
tries 

B ~ B + 2rrf B and B -~ -B.  (4) 

These are broken, again softly, by introducing a term 

V2(B ) = eB / f  B (5) 

into the potential for B. The linear form in (5) is not 
essential but is chosen for simplicity. All that is re- 
quired is a potential which has no minima over the 
range of  B discussed below. The parameter e is as- 
sumed to be less than A4h but is otherwise arbitrary. 
It is a naturally small parameter because its non-zero 
value breaks the symmetries of  eq. (4). Since it breaks 
a symmetry all radiative corrections to the value of  e 
must be proportional to e. Thus no fine-tuning is re- 
quired to maintain its small value. 

When this compensating sector is added to a stan- 
dard particle physics model, the total vacuum energy 
is given by 

4 V = eB / f  B - Aph cos(B/¢B) + V 0, (6) 

where V 0 represents the vacuum energy density of  all 
the fields other than B. For e ~ Ap4h this potential has 
local minima at 

B ~, 2rrNf B (7) 

for integer N with energy densities 
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Cosmic attractors and gauge hierarchy

Gia Dvali1 and Alexander Vilenkin2
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We suggest a new cosmological scenario which naturally guarantees the smallness of scalar masses
and vacuum expectation values , without invoking supersymmetry or any other (nongravitationally
coupled) new physics at low energies. In our framework, the scalar masses undergo discrete jumps due
to nucleation of closed branes during (eternal) inflation. The crucial point is that the step size of
variation decreases in the direction of decreasing scalar mass. This scenario yields exponentially large
domains with a distribution of scalar masses, which is sharply peaked around a hierarchically small
value of the mass. This value is the ‘‘attractor point’’ of the cosmological evolution.

DOI: 10.1103/PhysRevD.70.063501 PACS numbers: 98.80.Cq

I. GENERAL IDEA

The radiative instability of scalar masses is the key
point of the gauge hierarchy problem. In the effective 4D
field theory, the scalar masses are quadratically sensitive
to the ultraviolet cutoff. The only known exceptions to
this rule are Goldstone bosons. This fact is hard to rec-
oncile with the observed smallness of the weak scale,
relative to the Planck mass Mp ! 1019 GeV. So far su-
persymmetry is the only known symmetry that renders
masses of elementary scalars radiatively stable. The sca-
lar masses are controlled by supersymmetry breaking
scale. Given the fact that we do not understand the origin
of this scale, supersymmetry per se does not really ex-
plain the origin of the weak scale but rather makes the
gauge hierarchy technically natural.

In view of the above, it is crucial to explore other
possible mechanisms of scalar mass stabilization. In the
present paper we suggest an alternative mechanism that
can guarantee zero or very small scalar masses [and
vacuum expectation values (VEVs)] without invoking
supersymmetry or any other nongravitationally coupled
new physics at low energies.

In our scenario, a small scalar mass is selected with
probability one during the cosmological evolution. This
selection works as follows. We construct a simple frame-
work in which scalar masses (and VEVs) undergo discrete
variations due to nucleation of closed domain wall
bubbles (branes) during inflation. Values of the scalar
mass on different sides of the wall differ by a finite
step. The bubbles expand exponentially fast and create
domains of a new vacuum with a new value of the scalar
mass. New bubbles are created within the old, and the
scalar mass changes further. Since inflation is known to
be eternal [1,2], the process of wall nucleation continues
forever, populating the Universe with exponentially large
domains having different values of the scalar mass.
However, not all the values of the scalar mass (VEV) are
equally probable. In our model, in the absence of gravi-
tational backreaction, the probability is sharply peaked

around zero because the step !! decreases towards small
values of the VEV ! faster than ! itself. That is,

!!=! / !n; (1)

where n > 0 is some power. As a result, the density of
states diverges for small VEV (mass) of !.

Thus, in the first approximation, the probability distri-
bution for ! has an infinitely sharp peak at ! " 0. We
will show, however, that infrared effects, such as the
Gibbons-Hawking temperature and quantum fluctuation
of ! during inflation, can shift the most probable value of
the scalar mass (and VEV) away from zero to a small
value and round off the maximum of the peak.

II. COSMIC ATTRACTORS

To introduce our mechanism, we use a simple toy
model. The main ingredients are: (1) a scalar field !;
(2) domain walls (branes) charged under an antisymmet-
ric three-form field A"#$ with the field strength F"#$% "
F&"#$%. These objects are engaged in the following in-
terrelation. The branes are sources for the three-form
field. The value of the brane charge is determined by
the VEV of !. The VEV of ! is in turn determined by
the three-form field strength F.

These couplings result in the following dynamics.
Nucleation of a closed brane changes the value of F.
The step of change (the brane charge) is determined by
!. We construct the model so that an increase in F
decreases !, which in turn decreases the charge of new
branes that can be nucleated. Decrease of the brane
charge diminishes the minimal step of change in F. As
a result, the subsequent decrease of ! requires more steps,
and their number diverges towards small values of !.

Let us discuss this dynamics in more detail. The action
of a free three-form field in 4D can be written as

Z

3#1
F2: (2)

It is invariant under gauge transformations

PHYSICAL REVIEW D, VOLUME 70, 063501
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Higgs (h) and Axion-like (  ) Interplay�

3 terms:

“Kicking” term via mixing with other axions:
K.Choi and S.H.Im 15

D.Kaplan,R.Rattazzi 15
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Higgs (h) & axion-like (") interplay:

1 Introduction

Our understanding of Nature is based on the empirical evidence that natural phenomena

taking place at di↵erent energy/distance scales do not influence each other. At present,

these di↵erent phenomena are described by a succession of e↵ective theories with di↵erent

degrees of freedom manifesting themselves as shorter and shorter distances are probed. The

parameters of the low-energy e↵ective theory are natural if they do not require any special

tuning of the parameters of the theory at higher energies.

Wilson [1] and ’t Hooft [2] gave a quantitative meaning to this naturalness principle

by demanding that all dimensionless parameters controlling the di↵erent e↵ective theories

should be of order unity unless they are associated to the breaking of a symmetry. Numerous

examples of the naturalness principle to understand the necessity of new phenomena have

been extensively discussed in the literature (see for instance [3] and references therein).

The Higgs boson mass and the value of the cosmological constant have been long recog-

nized as two notorious challengers of this naturalness principle, a situation that stimulated

the creativity of physicists in finding extensions of the Standard Model at higher energies.

In most of these e↵orts to explain the smallness of the Higgs mass, such as supersymmetric

and composite Higgs models, new physics is predicted to be present at TeV energies. Re-

cently, however, a radically new approach to the Higgs mass hierarchy problem has been

proposed [4], in reminiscence of the relaxation mechanism of [5] proposed for explaining dy-

namically the smallness of the cosmological constant (see [6, 7] for similar previous ideas).

In principle, in this new approach no new degrees of freedom around the TeV scale are

needed anymore to screen the Higgs mass from large quantum corrections. This has of

course profound implications for the physics agenda of the LHC and beyond.

Technically, the relaxation mechanism of [4] is based on the cosmological interplay be-

tween the Higgs field h and an axion-like field �, arising from the following three terms of

the scalar e↵ective potential:

V (�, h) = ⇤3g�� 1

2
⇤2

✓
1� g�

⇤

◆
h2 + ✏⇤4

c

✓
h

⇤c

◆n

cos(�/f) + · · · , (1)

where ⇤ is the UV cut-o↵ scale of the model, while ⇤c . ⇤ is the scale at which the periodic

cos(�/f)-term originates and n is a positive integer. The first term is needed to force � to

roll-down in time, while the second one corresponds to a Higgs mass-squared term with a

(positive) dependence on � such that di↵erent values of � scan the Higgs mass over a large

range, including the weak scale. Finally, the third term plays the role of a potential barrier

1

P.W. Graham, D.E. Kaplan, S.Rajendran
arXiv:1504.07551 

relaxion rolling 
potential

relaxion-dependent 
Higgs mass

Backreaction 
sector

slope for Φ to move 
forward

Φ scans the Higgs mass barrier stopping  Φ when 
<h> turns on



Note different notation from Graham, Kaplan, Rajendran [1504.07551]:

V (�, h) = gM2�� (M2 � g�)h2
+ ⇤

4
cos(�/f)

: scale of the barrier of the periodic potential

needed to force phi 
to roll-down in time Higgs mass 

depends on phi
potential barrier for 

phi depends on h, 
necessary to stop 
the rolling of phi 

once  EW symmetry 
breaking occursg: spurion that 

breaks 
� ! �+ 2⇡

their g is dimensionfull
M: UV cutoff
⇤
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proposed [4], in reminiscence of the relaxation mechanism of [5] proposed for explaining dy-

namically the smallness of the cosmological constant (see [6, 7] for similar previous ideas).

In principle, in this new approach no new degrees of freedom around the TeV scale are

needed anymore to screen the Higgs mass from large quantum corrections. This has of

course profound implications for the physics agenda of the LHC and beyond.

Technically, the relaxation mechanism of [4] is based on the cosmological interplay be-
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a small dimensionful coupling to the Higgs. This small coupling will help set the weak scale, and will be technically
natural, making the weak scale technically natural and solving the hierarchy problem.

We add to the standard model Lagrangian the following terms:

(�M2 + g�)|h|2 + V (g�) +
1

32⇡2

�

f
G̃µ⌫Gµ⌫ (1)

where M is the cuto↵ of the theory (where SM loops are cuto↵), h is the Higgs doublet, Gµ⌫ is the QCD field strength
(and G̃µ⌫ = ✏µ⌫↵�G↵�), g is our dimensionful coupling, and we have neglected order one numbers. We have set the
mass of the Higgs to be at the cuto↵ M so that it is natural. The field � is like the QCD axion, but can take on field
values much larger than f . However, despite its non-compact nature it has all the properties of the QCD axion with
couplings set by f . Setting g ! 0, the Lagrangian has a shift symmetry � ! �+2⇡f (broken from a continuous shift
symmetry by non-perturbative QCD e↵ects). Thus, g can be treated as a spurion that breaks this symmetry entirely.
This coupling can generate small potential terms for �, and we take the potential with technically natural values by
expanding in powers of g�. Non-perturbative e↵ects of QCD produce an additional potential for �, satisfying the
discrete shift symmetry. Below the QCD scale, our potential becomes

(�M2 + g�)|h|2 +
�
gM2� + g2�2 + · · · � + ⇤4 cos(�/f) (2)

where the ellipsis represents terms higher order in g�/M2, and thus we take the range of validity for � in this e↵ective
field theory to be � . M2/g. We have approximated the periodic potential generated by QCD as a cosine, but in fact
the precise form will not a↵ect our results. Of course ⇤ is very roughly set by QCD, but with important corrections
that we discuss below. Both g and ⇤ break symmetries and it is technically natural for them to be much smaller than
the cuto↵. The parameters g and ⇤ are responsible for the smallness of the weak scale. This model plus inflation
solves the hierarchy problem.
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FIG. 1: Here is a characterization of the �’s potential in the region where the barriers begin to become important. This is the
one-dimensional slice in the field space after the Higgs is integrated out, e↵ectively setting it to its minimum. To the left, the
Higgs vev is essentially zero, and is O(mW) when the barriers become visible. The density of barriers are greatly reduced for
clarity.

We will now examine the dynamics of this model in the early universe. We take an initial value for � such that
the e↵ective mass-squared of the Higgs, m2
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a small dimensionful coupling to the Higgs. This small coupling will help set the weak scale, and will be technically
natural, making the weak scale technically natural and solving the hierarchy problem.

We add to the standard model Lagrangian the following terms:

(�M2 + g�)|h|2 + V (g�) +
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where M is the cuto↵ of the theory (where SM loops are cuto↵), h is the Higgs doublet, Gµ⌫ is the QCD field strength
(and G̃µ⌫ = ✏µ⌫↵�G↵�), g is our dimensionful coupling, and we have neglected order one numbers. We have set the
mass of the Higgs to be at the cuto↵ M so that it is natural. The field � is like the QCD axion, but can take on field
values much larger than f . However, despite its non-compact nature it has all the properties of the QCD axion with
couplings set by f . Setting g ! 0, the Lagrangian has a shift symmetry � ! �+2⇡f (broken from a continuous shift
symmetry by non-perturbative QCD e↵ects). Thus, g can be treated as a spurion that breaks this symmetry entirely.
This coupling can generate small potential terms for �, and we take the potential with technically natural values by
expanding in powers of g�. Non-perturbative e↵ects of QCD produce an additional potential for �, satisfying the
discrete shift symmetry. Below the QCD scale, our potential becomes

(�M2 + g�)|h|2 +
�
gM2� + g2�2 + · · · � + ⇤4 cos(�/f) (2)

where the ellipsis represents terms higher order in g�/M2, and thus we take the range of validity for � in this e↵ective
field theory to be � . M2/g. We have approximated the periodic potential generated by QCD as a cosine, but in fact
the precise form will not a↵ect our results. Of course ⇤ is very roughly set by QCD, but with important corrections
that we discuss below. Both g and ⇤ break symmetries and it is technically natural for them to be much smaller than
the cuto↵. The parameters g and ⇤ are responsible for the smallness of the weak scale. This model plus inflation
solves the hierarchy problem.
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FIG. 1: Here is a characterization of the �’s potential in the region where the barriers begin to become important. This is the
one-dimensional slice in the field space after the Higgs is integrated out, e↵ectively setting it to its minimum. To the left, the
Higgs vev is essentially zero, and is O(mW) when the barriers become visible. The density of barriers are greatly reduced for
clarity.
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a small dimensionful coupling to the Higgs. This small coupling will help set the weak scale, and will be technically
natural, making the weak scale technically natural and solving the hierarchy problem.

We add to the standard model Lagrangian the following terms:
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where M is the cuto↵ of the theory (where SM loops are cuto↵), h is the Higgs doublet, Gµ⌫ is the QCD field strength
(and G̃µ⌫ = ✏µ⌫↵�G↵�), g is our dimensionful coupling, and we have neglected order one numbers. We have set the
mass of the Higgs to be at the cuto↵ M so that it is natural. The field � is like the QCD axion, but can take on field
values much larger than f . However, despite its non-compact nature it has all the properties of the QCD axion with
couplings set by f . Setting g ! 0, the Lagrangian has a shift symmetry � ! �+2⇡f (broken from a continuous shift
symmetry by non-perturbative QCD e↵ects). Thus, g can be treated as a spurion that breaks this symmetry entirely.
This coupling can generate small potential terms for �, and we take the potential with technically natural values by
expanding in powers of g�. Non-perturbative e↵ects of QCD produce an additional potential for �, satisfying the
discrete shift symmetry. Below the QCD scale, our potential becomes

(�M2 + g�)|h|2 +
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gM2� + g2�2 + · · · � + ⇤4 cos(�/f) (2)

where the ellipsis represents terms higher order in g�/M2, and thus we take the range of validity for � in this e↵ective
field theory to be � . M2/g. We have approximated the periodic potential generated by QCD as a cosine, but in fact
the precise form will not a↵ect our results. Of course ⇤ is very roughly set by QCD, but with important corrections
that we discuss below. Both g and ⇤ break symmetries and it is technically natural for them to be much smaller than
the cuto↵. The parameters g and ⇤ are responsible for the smallness of the weak scale. This model plus inflation
solves the hierarchy problem.
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FIG. 1: Here is a characterization of the �’s potential in the region where the barriers begin to become important. This is the
one-dimensional slice in the field space after the Higgs is integrated out, e↵ectively setting it to its minimum. To the left, the
Higgs vev is essentially zero, and is O(mW) when the barriers become visible. The density of barriers are greatly reduced for
clarity.
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a small dimensionful coupling to the Higgs. This small coupling will help set the weak scale, and will be technically
natural, making the weak scale technically natural and solving the hierarchy problem.

We add to the standard model Lagrangian the following terms:
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where M is the cuto↵ of the theory (where SM loops are cuto↵), h is the Higgs doublet, Gµ⌫ is the QCD field strength
(and G̃µ⌫ = ✏µ⌫↵�G↵�), g is our dimensionful coupling, and we have neglected order one numbers. We have set the
mass of the Higgs to be at the cuto↵ M so that it is natural. The field � is like the QCD axion, but can take on field
values much larger than f . However, despite its non-compact nature it has all the properties of the QCD axion with
couplings set by f . Setting g ! 0, the Lagrangian has a shift symmetry � ! �+2⇡f (broken from a continuous shift
symmetry by non-perturbative QCD e↵ects). Thus, g can be treated as a spurion that breaks this symmetry entirely.
This coupling can generate small potential terms for �, and we take the potential with technically natural values by
expanding in powers of g�. Non-perturbative e↵ects of QCD produce an additional potential for �, satisfying the
discrete shift symmetry. Below the QCD scale, our potential becomes

(�M2 + g�)|h|2 +
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gM2� + g2�2 + · · · � + ⇤4 cos(�/f) (2)

where the ellipsis represents terms higher order in g�/M2, and thus we take the range of validity for � in this e↵ective
field theory to be � . M2/g. We have approximated the periodic potential generated by QCD as a cosine, but in fact
the precise form will not a↵ect our results. Of course ⇤ is very roughly set by QCD, but with important corrections
that we discuss below. Both g and ⇤ break symmetries and it is technically natural for them to be much smaller than
the cuto↵. The parameters g and ⇤ are responsible for the smallness of the weak scale. This model plus inflation
solves the hierarchy problem.
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FIG. 1: Here is a characterization of the �’s potential in the region where the barriers begin to become important. This is the
one-dimensional slice in the field space after the Higgs is integrated out, e↵ectively setting it to its minimum. To the left, the
Higgs vev is essentially zero, and is O(mW) when the barriers become visible. The density of barriers are greatly reduced for
clarity.
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ultraviolet (UV) origin of Eq. (1) later on.

At the classical level, the proposed mechanism can be understood in the following way.
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squared becomes zero. From this time on, as � continues slowly rolling down, the Higgs mass
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This equation arises from demanding that the steepness of the linear �-term of the potential,

first term of Eq. (1), equals the steepness of the Higgs barrier, third term of Eq. (1). From

Eq. (2) we see that we can have v ⌧ ⇤ by taking g small enough, which is technically natural
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and composite Higgs models, new physics is predicted to be present at TeV energies. Re-

cently, however, a radically new approach to the Higgs mass hierarchy problem has been
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fluctations, governed by the Fokker-Planck equation, will
give corrections that, however, do not spoil the solution
of the hierarchy problem [7].

III. CONSISTENCY REQUIREMENTS FOR A
SMALL WEAK SCALE

The cosmological evolution of our model can be
broadly described by two external quantities fixed by the
inflaton sector: HI , the value of the Hubble parameter
during inflation, and Ne, the number of e-folds. In order
to provide a natural solution to the hierarchy problem,
we require that

1) Dangerous quantum corrections to the poten-
tial are kept small. Terms like ✏2⇤4 cos2(�/f) or
✏2⇤3g� cos2(�/f) are generated at the quantum level and
their amplitudes cannot be cancelled by � simultaneously
to A cos(�/f). They could give a barrier to � at values
that can be above the critical �c. To make sure that they
remain subdominant to the Higgs barrier of Eq. (2), we
must demand

✏ . v2/⇤2 . (4)

This condition also ensures that the contribution to the
Higgs mass coming from the ✏⇤2|H|2 cos(�/f) term in
the potential is at most of electroweak size and does not
spoil the tracking behaviour.

2) � must be trapped by the Higgs barrier. The nonzero
Higgs field must be responsible for stopping � from slid-
ing any longer. This requirement fixes the electroweak
scale in terms of microscopic parameters:

v2 ' g⇤f

✏
. (5)

3) Inflation is independent of the � and � evolution.
The typical energy density carried by � and � should
remain smaller than the inflation scale MI ⇠

p
HIMP ,

i.e.,

⇤2

MP
. HI , with MP ' 2.4⇥ 1018 GeV . (6)

In addition, the two fields � and � should be slowly-
rolling during inflation, which requires g�⇤, g⇤ . HI .

4) Classical rolling dominates over quantum jumping.
During the cosmological evolution, the quantum fluctu-
ations of the fields, typically of size HI , should remain
smaller than the classical field displacements over one
Hubble time, i.e., for the case of �, [3]

H3
I . g�⇤

3 . (7)

5) Inflation lasts long enough for complete scanning.
The range scanned by � and � during inflation must be
of order or larger than ⇤/g and ⇤/g� respectively. This

FIG. 2. Parameter space for a successful solution of the hi-
erarchy problem ensured by the cosmological evolution of the
fields � and �. We have taken ⇤ = f and g�/g = 0.1.

is ensured by requiring a long enough period of inflation,
namely,
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Combining these various consistency conditions, we
obtain that the couplings g� and g are bounded to the
interval ⇤3/M3

P . g� . g . v4/(f⇤3). Since f cannot
be much smaller than ⇤, as this latter is the scale at
which the cos(�/f) term is generated, we obtain an up-
per bound on the cut-o↵ of our model ⇤ . (v4M3

P )
1/7 '

2⇥ 109 GeV.

IV. COSMOLOGICAL SIGNATURES

The new-physics scale of our model can be as large as
⇤ ⇠ 109 GeV, and therefore we do not expect any new
state around the weak scale. Only the two additional
scalars � and � are lighter than, or at most around, the
weak scale. They are very weakly-coupled to the SM
states and have some phenomenological impact through
astrophysical and cosmological e↵ects only.

A. Properties of � and �

After the slow-rolling process ends and � settles in a
minimum, no cancellation is expected in the A(�,�, H)
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✏ . v2/⇤2 . (4)
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v2 ' g⇤f

✏
. (5)

3) Inflation is independent of the � and � evolution.
The typical energy density carried by � and � should
remain smaller than the inflation scale MI ⇠

p
HIMP ,

i.e.,

⇤2

MP
. HI , with MP ' 2.4⇥ 1018 GeV . (6)

In addition, the two fields � and � should be slowly-
rolling during inflation, which requires g�⇤, g⇤ . HI .

4) Classical rolling dominates over quantum jumping.
During the cosmological evolution, the quantum fluctu-
ations of the fields, typically of size HI , should remain
smaller than the classical field displacements over one
Hubble time, i.e., for the case of �, [3]

H3
I . g�⇤

3 . (7)

5) Inflation lasts long enough for complete scanning.
The range scanned by � and � during inflation must be
of order or larger than ⇤/g and ⇤/g� respectively. This

FIG. 2. Parameter space for a successful solution of the hi-
erarchy problem ensured by the cosmological evolution of the
fields � and �. We have taken ⇤ = f and g�/g = 0.1.

is ensured by requiring a long enough period of inflation,
namely,

Ne &
H2

I

g2�⇤
2
. (8)

Combining these various consistency conditions, we
obtain that the couplings g� and g are bounded to the
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which the cos(�/f) term is generated, we obtain an up-
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P )
1/7 '

2⇥ 109 GeV.

IV. COSMOLOGICAL SIGNATURES

The new-physics scale of our model can be as large as
⇤ ⇠ 109 GeV, and therefore we do not expect any new
state around the weak scale. Only the two additional
scalars � and � are lighter than, or at most around, the
weak scale. They are very weakly-coupled to the SM
states and have some phenomenological impact through
astrophysical and cosmological e↵ects only.

A. Properties of � and �

After the slow-rolling process ends and � settles in a
minimum, no cancellation is expected in the A(�,�, H)

n=2:

Needed to avoid overshooting the 
EW range vacua

ensures that the energy 
density stores in Φ does 

not affect inflation
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a small dimensionful coupling to the Higgs. This small coupling will help set the weak scale, and will be technically
natural, making the weak scale technically natural and solving the hierarchy problem.

We add to the standard model Lagrangian the following terms:

(�M2 + g�)|h|2 + V (g�) +
1

32⇡2

�

f
G̃µ⌫Gµ⌫ (1)

where M is the cuto↵ of the theory (where SM loops are cuto↵), h is the Higgs doublet, Gµ⌫ is the QCD field strength
(and G̃µ⌫ = ✏µ⌫↵�G↵�), g is our dimensionful coupling, and we have neglected order one numbers. We have set the
mass of the Higgs to be at the cuto↵ M so that it is natural. The field � is like the QCD axion, but can take on field
values much larger than f . However, despite its non-compact nature it has all the properties of the QCD axion with
couplings set by f . Setting g ! 0, the Lagrangian has a shift symmetry � ! �+2⇡f (broken from a continuous shift
symmetry by non-perturbative QCD e↵ects). Thus, g can be treated as a spurion that breaks this symmetry entirely.
This coupling can generate small potential terms for �, and we take the potential with technically natural values by
expanding in powers of g�. Non-perturbative e↵ects of QCD produce an additional potential for �, satisfying the
discrete shift symmetry. Below the QCD scale, our potential becomes

(�M2 + g�)|h|2 +
�
gM2� + g2�2 + · · · � + ⇤4 cos(�/f) (2)

where the ellipsis represents terms higher order in g�/M2, and thus we take the range of validity for � in this e↵ective
field theory to be � . M2/g. We have approximated the periodic potential generated by QCD as a cosine, but in fact
the precise form will not a↵ect our results. Of course ⇤ is very roughly set by QCD, but with important corrections
that we discuss below. Both g and ⇤ break symmetries and it is technically natural for them to be much smaller than
the cuto↵. The parameters g and ⇤ are responsible for the smallness of the weak scale. This model plus inflation
solves the hierarchy problem.

�

V (�)

FIG. 1: Here is a characterization of the �’s potential in the region where the barriers begin to become important. This is the
one-dimensional slice in the field space after the Higgs is integrated out, e↵ectively setting it to its minimum. To the left, the
Higgs vev is essentially zero, and is O(mW) when the barriers become visible. The density of barriers are greatly reduced for
clarity.

We will now examine the dynamics of this model in the early universe. We take an initial value for � such that
the e↵ective mass-squared of the Higgs, m2

h, is positive. During inflation � will slow-roll, scanning the physical Higgs

⇤/g
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Under the SU(2)L⇥U(1)Y SM group, L has the quantum numbers of a lepton doublet, while

N is a singlet. We assume that the SU(N) gauge sector becomes strongly-coupled at the

scale ⇤. A key ingredient of the model is the presence of a specific set of mass and interaction

terms for the fermions that break the accidental global symmetries. We assume that the L
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p
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where ⇤ is the UV cut-o↵ scale of the model, while ⇤c . ⇤ is the scale at which the periodic

cos(�/f)-term originates and n is a positive integer. The first term is needed to force � to

roll-down in time, while the second one corresponds to a Higgs mass-squared term with a
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with 0 < g, g�, ✏ ⌧ 1, while ↵, � and c�, c� are O(1) positive coe�cients. We assume that

all terms of Eq. (4) are generated at the cut-o↵ scale ⇤. For simplicity and clarity, we are

only considering linear terms in g�/⇤, but we could have taken a generic function of g�/⇤

with the only requirement that it is monotonically decreasing or increasing in a wide region

of order ⇤/g (and similarly for � with g ! g�).

From Eqs. (4) and (5), we see that � scans the Higgs mass, while � scans A(�, �, H),

the overall amplitude –the envelope– of the oscillating term. This dependence of A(�, �, H)

on � is crucial for our CHAIN mechanism to work, while the other terms in Eq. (5) are

added since, as we said, they are anyway generated at the quantum level (by loops of H).

The potential in Eq. (4) is stable under quantum corrections in the small-coupling limit

(g, g�, ✏ ⌧ 1) we consider. A possible UV origin of the periodic term in Eq. (4) is given in

Appendix A.

We will study the time evolution of �, � and H during the inflationary epoch. Inflation is

needed, as in [4], to provide the friction that makes the fields slow-roll and reach the desired

minimum. The time evolution of � is quite trivial, as for ✏ ⌧ 1, it simply slides down:

�(t) = �0 � g�⇤
3t/(3HI) . (6)

In the cosmological evolution of � we can distinguish four stages, depicted in Fig. 1, that we

qualitatively describe next:

I) At the start of inflation we assume � & ⇤/g and � & ⇤/g� such that the Higgs mass-

squared and the amplitude A are positive. The field � is stuck in some deep minimum

coming from the A cos(�/f) term of Eq. (4), while the Higgs field value is zero.

II) As � evolves down, the amplitude A decreases until the point at which for � the

steepness of A cos(�/f) is smaller than the slope coming from the linear term of Eq. (4),
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II) As � evolves down, the amplitude A decreases until the point at which for � the

steepness of A cos(�/f) is smaller than the slope coming from the linear term of Eq. (4),
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for the case of �. This condition for classical rolling [4] simply reads

H3
I . g�⇤

3 , (17)

for �. Due to Eq. (11), the classical-rolling condition for � is automatically guaranteed

whenever Eq. (17) is fulfilled (we assumed that c� ⇠ c� ⇠ 1).

5. Inflation lasts long enough for complete scanning. In order for the above mecha-

nism to work for generic initial field configurations, it is essential that the range

scanned by � and � during inflation be of order or larger than ⇤/g and ⇤/g� re-

spectively. This is ensured by requiring a long enough period of inflation, namely,

Ne�� ⇠ NeH
�2
I dV/d� & ⇤/g�, which leads to

Ne &
H2

I

g2�⇤
2
. (18)

The typical duration of the di↵erent stages of the cosmological evolution of � is of the

same order, with the exception of stage III, which is much shorter, of order N III
e ⇠

(gf/✏⇤)Ne.

Combining these various consistency conditions, together with Eq. (11), we obtain that the

couplings g� and g are bounded to the interval:

⇤3

M3
P

. g� . g . v4

f⇤3
. (19)

Since f cannot be much smaller than ⇤, as this latter is the scale at which the cos(�/f)

term is generated, we obtain from Eq. (19) an upper bound on the cut-o↵ of our model:

⇤ . (v4M3
P )

1/7 ' 2⇥ 109 GeV . (20)

The bound in Eq. (19) defines the region of the parameter space of the model consistent

with a natural solution to v ⌧ ⇤. This is shown in Fig. 3, where, for concreteness, we have

taken f = ⇤ and g� = 0.1g.

4 Quantum spreading

The discussion of the cosmological evolution in Section 2 was fully classical. As we saw

in more detail in the previous Section, the model parameters can be chosen to ensure that
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Conditions on parameters:

potentially spoil our CHAIN mechanism. For instance, terms like4 ✏2⇤4 cos2(�/f) or

✏2⇤3g� cos2(�/f), depend quadratically on cos(�/f), and therefore their amplitudes

cannot be cancelled by � simultaneously to A cos(�/f). These terms are dangerous

since they give a barrier to � at values that can be above the critical �c. To make sure

that they remain subdominant to the Higgs barrier of Eq. (4), we must demand

✏ . v2/⇤2 . (14)

This condition also ensures that the contribution to the Higgs mass coming from the

✏⇤2|H|2 cos(�/f) term in the potential is at most of electroweak size and does not spoil

the tracking behaviour (see footnote 1).

2. � must be trapped by the Higgs barrier. As in the model of [4], the nonzero Higgs field

must be the only one responsible for stopping � from sliding any longer. This is the

requirement in Eq. (2) that, for our case n = 2 and ⇤ = ⇤c, reads g⇤3 ' ✏⇤2v2/f .

This can be used to obtain the electroweak scale as a prediction from the model in

terms of microscopic parameters:

v2 ' g⇤f

✏
. (15)

We will also use this relation later on to get rid of ✏ in terms of the other parameters

of the model, so that the electroweak scale is reproduced correctly.

3. Inflation is independent of the � and � evolution. We assume for simplicity that

inflation is driven by another field, the inflaton, that does not receive any back-reaction

from the evolution of � and �. This is possible under the condition that the typical

energy density carried by � and � remains smaller than the inflation scale, i.e.,

⇤2

MP

. HI , (16)

where MP is the reduced Planck mass, MP ' 2.4⇥ 1018GeV.

4. Classical rolling dominates over quantum jumping. We are assuming that the cosmo-

logical evolution of � and � is dominated by classical physics. It is therefore essential,

for the consistency of our solution, that during the cosmological evolution of our system

the quantum fluctuations of the fields, typically of size HI , remain smaller than the

4See Appendix A for the possible origin of these terms in a particular UV completion.
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not yet fully solving the hierarchy problem 
 but pushing Λ beyond LHC & future colliders reach !



Phenomenological implications of this minimal model:

Nothing at the LHC

Only BSM below Λ :

Two light and very weakly coupled scalars:

Phenomenological implications:

● Nothing at the LHC to be discovered!

● Only BSM below Λ:   

% & σ:  Light scalars weakly-coupled to the SM  

mσ ~ 10-45 – 10-2 GeV

m% ~ 10-20 – 102 GeV

mixing to the SM through the Higgs:  |H|2 cos %/f ,   g%|H|2

Benchmark values:   Λ~109 GeV   � m% ~ 100 GeV 

                                                                                 θ%h ~ 10-21

                                                                                                         %%hh-coupling ~ 10-14                                   
                                                                                          mσ ~ 10-18 GeV     

                                                                                 θσh ~ 10-50

Couple to the SM through their mixing with the Higgs

Phenomenological implications:

● Nothing at the LHC to be discovered!

● Only BSM below Λ:   

% & σ:  Light scalars weakly-coupled to the SM  

mσ ~ 10-45 – 10-2 GeV

m% ~ 10-20 – 102 GeV

mixing to the SM through the Higgs:  |H|2 cos %/f ,   g%|H|2

Benchmark values:   Λ~109 GeV   � m% ~ 100 GeV 

                                                                                 θ%h ~ 10-21

                                                                                                         %%hh-coupling ~ 10-14                                   
                                                                                          mσ ~ 10-18 GeV     

                                                                                 θσh ~ 10-50

benchmark values:

Experimental tests from cosmological overabundances, 
late decays, Big bang Nucleosynthesis, Gamma-rays, 

Cosmic Microwave Background ...
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amplitude, so that A(�,�, H) ⇠ ✏⇤4. The mass of � is
thus controlled by A cos(�/f) and can be estimated as

m2
� ⇠ ✏⇤4

f2
⇠ g

⇤5

fv2
. v2 . (9)

For � we expect that higher-order terms in g��/⇤, not
shown for simplicity in Eq. (2), give it a mass of order

m2
� ⇠ g2�⇤

2 ⌧ m2
� . (10)

Contours of constant m� and m� are shown in Fig. 2.
These two scalars interact with the SM particles

mainly through a mass mixing with the Higgs. The cor-
responding mixing angles can be estimated as

✓�h ⇠ g⇤v

m2
h

, ✓�� ⇠ g�fv2

⇤3
,

✓�h ⇠ Max

⇢
✓��✓�h ,

g2

16⇡2

g�⇤7

f2v3m2
h

�
.

(11)

The first contribution in ✓�h arises at tree-level, whereas
the second one originates from a �-loop. The scalar po-
tential Eq. (2) also gives rise to interactions between �
and the Higgs, not suppressed by the small mixing angle
✓�h, that are of order

��hh : ✏⇤2/f2 , ��h : ✏v⇤2/f2 , (12)

and will play an important role in the thermal production
of �. The decays of � and � are mediated by the mixing
with the Higgs, and thus the widths are given by

�� ⇠ ✓2�h�h(m�) , �� ⇠ ✓2�h�h(m�) , (13)

where �h(mi) is the SM Higgs width evaluated at mh =
mi [8]. As shown in Fig. 2, there is a sizeable part of
the parameter space in which � is cosmologically unsta-
ble (�� > H0, where H0 is the present Hubble value),
but su�ciently long-lived to decay after Big Bang Nucle-
osynthesis (BBN) (�� < HBBN ⌘ H(T = 1MeV)). This
region of the parameter space can be constrained by cos-
mology. On the other hand, � is cosmologically stable
in most of the relevant parameter space, and can decay
within the age of the universe only in a small corner of
the parameter space.

B. Impact of � and � on cosmology

Abundances of � and � from vacuum misalignment.
If after inflation and reheating (assumed to be taking
place at temperatures above the EWSB scale), the fields
� and � end up displaced from their minima, they will
fall towards them, oscillating around them if their life-
times are large. The energy density stored in the field
oscillations behaves like cold dark matter and can po-
tentially overclose the universe today or dissociate light
elements if the decay takes place during or after BBN.
We expect that during inflation � slowly rolled down

to its global minimum, somewhere in its ⇠ ⇤/g� range,
as this requires a number of e-folds similar to the Ne

estimated in Eq. (8). Because of quantum e↵ects, �
reached the minimum with a spread

p
NeHI . The typ-

ical displacement from the minimum at the end of in-
flation is therefore (��)ini ⇠

p
NeHI , corresponding

to an energy density of the order ⇢�ini ⇠ m2
�(��)2ini &

H4
I ⇠ M8

I /m
4
P . The energy density stored in � oscilla-

tions today, relative to the critical energy density, is then

⌦�
>⇠ (MI/⇤)8

�
4⇥ 10�28/g�

�3/2 ⇥
�
⇤/108 GeV

�13/2
.

The bound to avoid universe overclosure translates into
g� & (MI/⇤)16/34 ⇥ 10�27 ⇥ (⇤/108 GeV)13/3 that we
show in Fig. 2 in the case MI = ⇤. It is interesting that
� can be a good dark matter candidate in certain regions
of the allowed parameter space, in particular at large ⇤.
For certain values of m�, there can be other cosmological
constraints. For example, for ⌦� & ⌦DM/20, the mass
range 10�32 eV . m� . 10�25.5 eV is excluded by struc-
ture formation [9], while masses around m� ⇠ 10�11 eV
may be constrained by Black Hole superradiance [10].
Interestingly, for the particular case m� ⇠ 10�24 eV, �
could be searched for by the SKA pulsar timing array
experiment [11]. There are ways to go around these
bounds, for instance, by assuming a late entropy pro-
duction after � has started to oscillate, as can occur if
reheating is a very slow process such that TRH < T �

osc

(with T i
osc ⇠

p
miMP ) [12].

For �, the initial energy density arising from its dis-
placement due to quantum spreading was at most ⇢�ini ⇠
H4

I , that, since m� � m� and then T�
osc � T �

osc, gives
today a completely negligible e↵ect.
Thermal production of �. Thermal production of �

arises mainly from the ��hh-coupling of Eq. (12), lead-
ing to double-production from the thermal bath via
h+h ! �+�. At T & mh, this double-production cross-
section is estimated to be h�Avi ⇠ ✏2(⇤4/f4)/T 2. This
implies that � can reach thermal equilibrium only for T
in the interval [mh, ✏2MP (⇤/f)4], in which the � produc-
tion rate is faster than the rate of expansion. This region
corresponds roughly to the area above the �� = HBBN

line of Fig. 2, so we conclude that in most of the param-
eter space, � never thermalizes.
The number density of � produced thermally is

Y�(T ) ⇠ 10�4✏2⇤4MP /(f4T ), where Y� = n�/s and s
is the entropy per comoving volume. The � production
is maximal at T ⇠ mh. In the parameter region where
� is cosmologically stable, the contribution of � to dark
matter today is ⌦� ⇠ m�Y�s0/⇢c (s0 is the present en-
tropy density) and it varies from ⌦� . 10�4 along the
line �� = H0 to ⌦� . 10�10 for �� ' 10�10H0.

Constraints from BBN and Gamma-Ray observations.
There is a region of parameter space in which � is not
cosmologically stable and decays after BBN. This is prob-
lematic if the decay of � injects into the thermal bath an
energy per baryon Ep.b & O(MeV), leading to a mod-
ification of the predictions for the abundances of the
light elements. Since Ep.b ⇠ m�Y�n�/nb, this results
in the bound m�Y� . 10�12 GeV, which however could
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to an energy density of the order ⇢�ini ⇠ m2
�(��)2ini &

H4
I ⇠ M8

I /m
4
P . The energy density stored in � oscilla-

tions today, relative to the critical energy density, is then

⌦�
>⇠ (MI/⇤)8

�
4⇥ 10�28/g�

�3/2 ⇥
�
⇤/108 GeV

�13/2
.

The bound to avoid universe overclosure translates into
g� & (MI/⇤)16/34 ⇥ 10�27 ⇥ (⇤/108 GeV)13/3 that we
show in Fig. 2 in the case MI = ⇤. It is interesting that
� can be a good dark matter candidate in certain regions
of the allowed parameter space, in particular at large ⇤.
For certain values of m�, there can be other cosmological
constraints. For example, for ⌦� & ⌦DM/20, the mass
range 10�32 eV . m� . 10�25.5 eV is excluded by struc-
ture formation [9], while masses around m� ⇠ 10�11 eV
may be constrained by Black Hole superradiance [10].
Interestingly, for the particular case m� ⇠ 10�24 eV, �
could be searched for by the SKA pulsar timing array
experiment [11]. There are ways to go around these
bounds, for instance, by assuming a late entropy pro-
duction after � has started to oscillate, as can occur if
reheating is a very slow process such that TRH < T �

osc

(with T i
osc ⇠

p
miMP ) [12].

For �, the initial energy density arising from its dis-
placement due to quantum spreading was at most ⇢�ini ⇠
H4

I , that, since m� � m� and then T�
osc � T �

osc, gives
today a completely negligible e↵ect.
Thermal production of �. Thermal production of �

arises mainly from the ��hh-coupling of Eq. (12), lead-
ing to double-production from the thermal bath via
h+h ! �+�. At T & mh, this double-production cross-
section is estimated to be h�Avi ⇠ ✏2(⇤4/f4)/T 2. This
implies that � can reach thermal equilibrium only for T
in the interval [mh, ✏2MP (⇤/f)4], in which the � produc-
tion rate is faster than the rate of expansion. This region
corresponds roughly to the area above the �� = HBBN

line of Fig. 2, so we conclude that in most of the param-
eter space, � never thermalizes.
The number density of � produced thermally is

Y�(T ) ⇠ 10�4✏2⇤4MP /(f4T ), where Y� = n�/s and s
is the entropy per comoving volume. The � production
is maximal at T ⇠ mh. In the parameter region where
� is cosmologically stable, the contribution of � to dark
matter today is ⌦� ⇠ m�Y�s0/⇢c (s0 is the present en-
tropy density) and it varies from ⌦� . 10�4 along the
line �� = H0 to ⌦� . 10�10 for �� ' 10�10H0.

Constraints from BBN and Gamma-Ray observations.
There is a region of parameter space in which � is not
cosmologically stable and decays after BBN. This is prob-
lematic if the decay of � injects into the thermal bath an
energy per baryon Ep.b & O(MeV), leading to a mod-
ification of the predictions for the abundances of the
light elements. Since Ep.b ⇠ m�Y�n�/nb, this results
in the bound m�Y� . 10�12 GeV, which however could
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● Late decays of !, produced in the early universe, can affect Big Bang 
Nucleosynthesis, CMB or the (extra) galactic diffuse γ-ray background:

!

Higgs boson into massive gauge bosons, which will be discussed later in detail. Using the

equivalence theorem and the Lagrangian eq. (1.58), one can write immediately the partial

decay width of the Higgs boson into two longitudinal Z bosons [or W bosons]

Γ(H → ZZ) ∼ Γ(H → w0w0) =

!
1

2MH

" !
2! M2

H

2v

"2 1

2

!
1

8π

"
→

M3
H

32πv2
(1.165)

where the first parenthesis is for the flux factor, the second for the amplitude squared, the

factor 1
2 is for the two identical final particles, and the last parenthesis is for the phase space

factor. For the decay H → WW , one simply needs to remove the statistical factor to account

for both W± states

Γ(H → W+W−) ≃ 2Γ(H → ZZ) (1.166)

The behavior, ΓH ∝ M3
H , compared to ΓH ∝ MH for decays into fermions for instance, is

due to the longitudinal components that grow with the energy [which is MH in this context].

H
V

V

• •
•

+ + + · · ·

Figure 1.16: Generic diagrams for the one– and two–loop corrections to Higgs boson decays.

Let us have a brief look at these decays when higher–order radiative corrections, involving

the Higgs boson and therefore the quartic coupling λ, are taken into account. Including the

one–loop and two–loop radiative corrections, with some generic Feynman diagrams shown

in Fig. 1.16, the partial Higgs decay width into gauge bosons is given by [121, 122]

Γtot ≃ ΓBorn

#
1 + 3λ̂+ 62λ̂2 + O(λ̂3)

$
(1.167)

with λ̂ = λ/(16π2). If the Higgs boson mass is very large, MH ∼ O(10 TeV), the one loop

term becomes close to the Born term, 3λ̂ ∼ 1, and the perturbative series is therefore not

convergent. Even worse, already for a Higgs boson mass in the TeV range, MH ∼ O(1 TeV),

the two–loop contribution becomes as important as the one–loop contribution, 3λ̂ ∼ 62λ̂2.

Hence, for perturbation theory to hold, MH should be smaller than about 1 TeV.

In addition, the partial decay widths become extremely large for a very heavy Higgs

particle. Indeed, taking into account only W and Z decay modes, the total width is

Γ(H → WW + ZZ) ∼ 500 GeV (MH/1 TeV)3 (1.168)
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● Table-top experiments (fifth-force, EPV) ?  Hopeless at present!

Indirect detection:

0.01 0.1 1 10 102 103 104

1026

1027

1028

mf @MeVD

t
@sec
D

fÆgg

HEAO-1
INTEGRAL
COMPTEL
EGRET
FERMI

FIG. 9. Bounds on the lifetime of a scalar DM, �, decaying to two photons. Regions as in Fig. 2.

Here ⌫
2

⌘ m
2

/m
DM

refers to the mass of the outgoing decay partner, in the case of a single

photon. The constraints on the lifetime for the decay to two photons are shown in Fig. 9.

B. Two-Body Decays with FSR

Two-body decays to charged particles produce photons through FSR. The di↵erential width

to photons is approximately given by integrating a �-function with the Altarelli-Parisi split-

ting function, as shown in Eq. (6), to give

dN
�!e

+
e

�
�

dE
�

' 2↵
EM

⇡E
�


1 � 2�

�

+
�
1 � 2�

�

+ 2�2

�

�
ln

✓
1 � 2�

�

⌫2

e

◆�
, (21)

where the spectrum is bounded by the energies 0 < E
�

< m
�

/2. We use the exact calculation

of the three-body final state for the spectra and the exclusion regions in Fig. 10. In this

figure, we show the dimensionless galactic photon spectrum

dN

dx
=

m
1

2

dN

dE
(22)
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Bounds:

2

masses in the MeV-GeV range, and lifetimes long enough
for the decay products to directly influence the physical
processes in the universe following BBN, and during the
epoch of CMB decoupling. These vectors have a para-
metrically small coupling to the electromagnetic current,
and thus an extremely small production cross sections for
e+e� ! V �,

�
prod

⇠ ⇡↵↵
e↵

E2

c.m.

⇠ 10�66 � 10�52 cm2, (4)

where we took E
c.m. ⇠ 200 MeV and the range is deter-

mined by our region of interest,

↵
e↵

⇠ 10�38 � 10�24. (5)

Such small couplings render these vector states com-
pletely undetectable in terrestrial particle physics exper-
iments, and consequently we refer to them as very dark

photons (VDP). As follows from the expression (2) for
the lifetime, the lower limit of the above range for ↵

e↵

is relevant for CMB physics, while the upper limit is im-
portant for BBN.

The production cross section (4) looks prohibitively
small, but in the early Universe at T ⇠ mV every parti-
cle in the primordial plasma has the right energy to emit
V ’s. The cumulative e↵ect of early Universe production
at these temperatures, followed by decays at t ⇠ ⌧V , can
still inject a detectable amount of electromagnetic energy.
A simple parametric estimate for the electromagnetic en-
ergy release per baryon, omitting O(1) factors, takes the
form

E
p.b. ⇠

mV �prod

H�1

T=mV

nb,T=mV

⇠ ↵
e↵

M
Pl

10 ⌘b
⇠ ↵

e↵

⇥ 1036 eV.

(6)
Here the production rate per unit volume, �

prod

, was
taken to be the product of the typical number density
of particles in the primordial plasma and the V decay
rate, ⌧�1

V n�,T=mV . This production rate is active within
one Hubble time, H�1

T=mV
, leading to the appearance of

the Planck mass in (6), along with another large fac-
tor, the ratio of photon to baryon number densities,
⌘�1

b = 1.6 ⇥ 109. One observes that the combination
of these two factors is capable of overcoming the extreme
suppression by ↵

e↵

. Given that BBN can be sensitive
to an energy release as low as O(MeV) per baryon, and
that the CMB anisotropy spectrum allows us to probe
sub-eV energy injection, we reach the conclusion that
the early Universe can be an e↵ective probe of VDP! The
cosmological signatures of the decaying VDP were par-
tially explored in [4, 5], but to our knowledge the CMB
constraints on this model were not previously studied.

In the remainder of this paper, we provide detailed cal-
culations to delineate the VDP parameter regions that
are constrained by BBN and CMB data. In the process,
we provide in Section 2 an improved calculation of the
‘freeze-in’ abundance in the Early Universe (using some
recent insight about the in-medium production of dark

vectors [6, 7]; see also [8]). In Section 3, we explore the
BBN constraints in more detail, including the speculative
possibility that the currently observed over-abundance of
7Li can be reduced via VDP decays. Then in Section 4
we consider the impact of even later decays on the CMB
anisotropies. A summary of the constraints we obtain in
shown in Fig. 1, and more detailed plots of the parame-
ter space are shown in Sections 3 and 4. We finish with
some concluding remarks in Section 5. Several Appen-
dices contain additional calculational details.
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FIG. 1. An overview of the constraints on the plane of vec-
tor mass versus kinetic mixing, showing the regions excluded
due to their impact on BBN and the CMB anisotropies, in
addition to various terrestrial limits [1, 9], including the more
recent limits [10]. These excluded regions are shown in more
detail in later sections.
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FIG. 9. Bounds on the lifetime of a scalar DM, �, decaying to two photons. Regions as in Fig. 2.

Here ⌫
2

⌘ m
2

/m
DM

refers to the mass of the outgoing decay partner, in the case of a single

photon. The constraints on the lifetime for the decay to two photons are shown in Fig. 9.

B. Two-Body Decays with FSR

Two-body decays to charged particles produce photons through FSR. The di↵erential width

to photons is approximately given by integrating a �-function with the Altarelli-Parisi split-

ting function, as shown in Eq. (6), to give
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where the spectrum is bounded by the energies 0 < E
�

< m
�

/2. We use the exact calculation

of the three-body final state for the spectra and the exclusion regions in Fig. 10. In this

figure, we show the dimensionless galactic photon spectrum
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interesting signatures in cosmology and possibly at SHiP

! and " decay to SM particles 
(mostly photons in a large region of parameter space)

and will play an important role in the thermal production of �. The decays of � and � are

mediated by the mixing with the Higgs, and thus the widths are given by

�� ⇠ ✓2�h�h(m�) , �� ⇠ ✓2�h�h(m�) , (30)

where �h(mi) is the SM Higgs width evaluated at mh = mi. Contours for ��,� are shown

in Fig. 3 (the values of the width �h(mi) are subject to large theoretical uncertainties in

the mass region around 1GeV where several hadronic decay channels open up [9]; we used

the expressions given in Ref. [10] –see also Refs. [11, 12]). For masses below 2me ⇠ 1 MeV,

we have �h(mi) ⇠ (mi/mh)
3 �h!��(mh), and therefore, in a major part of the parameter

space, � and � have suppressed decay widths controlled by the decay into photon pairs. As

shown in Fig. 3, there is a sizable part of the parameter space in which � is cosmologically

unstable (�� > H0, where H0 is the present Hubble value), but su�ciently long-lived to

decay after Big Bang Nucleosynthesis (BBN) (�� < HBBN ⌘ H(T = 1 MeV)). As we will

see in the following, this region of the parameter space can be constrained by cosmology. On

the other hand, � is cosmologically stable in most of the relevant parameter space, and can

decay within the age of the universe only in a small corner of the parameter space, namely

for g� & 10�8 and ⇤ . 104GeV.

We can now easily estimate the cosmological abundances of � and �, either stored in

late classical oscillations (vacuum misalignment) or from thermal production. This will

allow us to set bounds on the model from overclosure of the universe, post-BBN decays or

astrophysical constraints.

5.2 Impact of � and � on standard cosmological predictions

In this work we assume for simplicity that, once both � and � have settled in their minima,

inflation ends with an unspecified reheating period. We will assume a reheating temperature

higher than the EW scale in what follows.

Abundances of � and � from vacuum misalignment

If after inflation and reheating, the fields � and � end up displaced from their minima,

they will fall towards them, oscillating around them if their lifetimes are large. The energy

density stored in the field oscillations behaves like cold dark matter and can potentially

overclose the universe today or dissociate light elements if the decay takes place during or

after BBN. At the start, the field energy density is dominated by the potential energy, but

15

 unsuppressed quartic interaction with the Higgs: 

the SM states in most of the parameter space, and thus can only have some phenomenological

impact through astrophysical and cosmological e↵ects.

5.1 Properties of � and �

We start by deriving the properties of the � and � scalars. After the slow-rolling process

ends and � settles in a minimum, no cancellation is expected in the A(�, �, H) amplitude, so

that A(�, �, H) ⇠ ✏⇤4. The mass of � is thus controlled by A cos(�/f) and can be estimated

as

m2
� ⇠ ✏⇤4

f 2
⇠ g

⇤5

fv2
. v2 , (26)

where we used Eq. (14) and Eq. (15) to obtain the second equality and the upper bound on

m�. For � we expect that higher-order terms in g��/⇤, not shown for simplicity in Eq. (4),

give it a mass of order

m2
� ⇠ g2�⇤

2 ⌧ m2
� . (27)

In the allowed part of the parameter space of our model the masses of the two scalars

can change by many orders of magnitude, spanning the range [10�20, 100]GeV for � and

[10�45, 10�2] GeV for �. Contours of constant m� and m� are shown in Fig. 3.

These two scalars interact with the SM particles mainly through a mass mixing with the

Higgs. The corresponding mixing angles can be estimated as

✓�h ⇠ g⇤v

m2
h

, ✓�� ⇠ g�fv2

⇤3
, ✓�h ⇠ Max

⇢
✓��✓�h ,

g2

16⇡2

g�⇤7

f 2v3m2
h

�
. (28)

Notice that the �� h mass mixing coming from @2
�hV ⇠ ✏⇤2(v/f) sin(�/f) is suppressed at

the minimum where we have sin(h�i/f) ⇠ gf/(✏⇤) ⇠ v2/⇤2 ⌧ 1.7 The first contribution

in ✓�h arises at tree-level, whereas the second one originates from a �-loop. For most of the

parameter space we consider, this loop term dominates over the tree level one. The scalar

potential Eq. (4) also gives rise to interactions between � and the Higgs, not suppressed by

the small mixing angle ✓�h, that are of order

��hh : ✏⇤2/f 2 , ��h : ✏v⇤2/f 2 , (29)

7This is to be contrasted with the beginning of Phase IV when sin(�/f) ⇠ 1, as used to derive Eq. (15),

since barriers are smaller at this earlier stage. At the end of Phase IV the barriers have grown large, and �

is close to the minimum of its cosine potential.

14

Phenomenological signatures

! and " couple to SM matter via their mixing with the Higgs

from oscillatory potential tree-level quantum mixing 
from !-loop
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as

m2
� ⇠ ✏⇤4

f 2
⇠ g

⇤5

fv2
. v2 , (26)

where we used Eq. (14) and Eq. (15) to obtain the second equality and the upper bound on

m�. For � we expect that higher-order terms in g��/⇤, not shown for simplicity in Eq. (4),

give it a mass of order

m2
� ⇠ g2�⇤

2 ⌧ m2
� . (27)

In the allowed part of the parameter space of our model the masses of the two scalars
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in ✓�h arises at tree-level, whereas the second one originates from a �-loop. For most of the

parameter space we consider, this loop term dominates over the tree level one. The scalar

potential Eq. (4) also gives rise to interactions between � and the Higgs, not suppressed by

the small mixing angle ✓�h, that are of order
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interesting signatures in cosmology and possibly at SHiP

! and " decay to SM particles 
(mostly photons in a large region of parameter space)

and will play an important role in the thermal production of �. The decays of � and � are

mediated by the mixing with the Higgs, and thus the widths are given by

�� ⇠ ✓2�h�h(m�) , �� ⇠ ✓2�h�h(m�) , (30)

where �h(mi) is the SM Higgs width evaluated at mh = mi. Contours for ��,� are shown

in Fig. 3 (the values of the width �h(mi) are subject to large theoretical uncertainties in

the mass region around 1GeV where several hadronic decay channels open up [9]; we used

the expressions given in Ref. [10] –see also Refs. [11, 12]). For masses below 2me ⇠ 1 MeV,

we have �h(mi) ⇠ (mi/mh)
3 �h!��(mh), and therefore, in a major part of the parameter

space, � and � have suppressed decay widths controlled by the decay into photon pairs. As

shown in Fig. 3, there is a sizable part of the parameter space in which � is cosmologically

unstable (�� > H0, where H0 is the present Hubble value), but su�ciently long-lived to

decay after Big Bang Nucleosynthesis (BBN) (�� < HBBN ⌘ H(T = 1 MeV)). As we will

see in the following, this region of the parameter space can be constrained by cosmology. On

the other hand, � is cosmologically stable in most of the relevant parameter space, and can

decay within the age of the universe only in a small corner of the parameter space, namely

for g� & 10�8 and ⇤ . 104GeV.

We can now easily estimate the cosmological abundances of � and �, either stored in

late classical oscillations (vacuum misalignment) or from thermal production. This will

allow us to set bounds on the model from overclosure of the universe, post-BBN decays or

astrophysical constraints.

5.2 Impact of � and � on standard cosmological predictions

In this work we assume for simplicity that, once both � and � have settled in their minima,

inflation ends with an unspecified reheating period. We will assume a reheating temperature

higher than the EW scale in what follows.

Abundances of � and � from vacuum misalignment

If after inflation and reheating, the fields � and � end up displaced from their minima,

they will fall towards them, oscillating around them if their lifetimes are large. The energy

density stored in the field oscillations behaves like cold dark matter and can potentially

overclose the universe today or dissociate light elements if the decay takes place during or

after BBN. At the start, the field energy density is dominated by the potential energy, but
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the SM states in most of the parameter space, and thus can only have some phenomenological

impact through astrophysical and cosmological e↵ects.

5.1 Properties of � and �

We start by deriving the properties of the � and � scalars. After the slow-rolling process

ends and � settles in a minimum, no cancellation is expected in the A(�, �, H) amplitude, so

that A(�, �, H) ⇠ ✏⇤4. The mass of � is thus controlled by A cos(�/f) and can be estimated

as
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. v2 , (26)

where we used Eq. (14) and Eq. (15) to obtain the second equality and the upper bound on

m�. For � we expect that higher-order terms in g��/⇤, not shown for simplicity in Eq. (4),

give it a mass of order
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� ⇠ g2�⇤

2 ⌧ m2
� . (27)

In the allowed part of the parameter space of our model the masses of the two scalars

can change by many orders of magnitude, spanning the range [10�20, 100]GeV for � and

[10�45, 10�2] GeV for �. Contours of constant m� and m� are shown in Fig. 3.

These two scalars interact with the SM particles mainly through a mass mixing with the

Higgs. The corresponding mixing angles can be estimated as
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Notice that the �� h mass mixing coming from @2
�hV ⇠ ✏⇤2(v/f) sin(�/f) is suppressed at

the minimum where we have sin(h�i/f) ⇠ gf/(✏⇤) ⇠ v2/⇤2 ⌧ 1.7 The first contribution

in ✓�h arises at tree-level, whereas the second one originates from a �-loop. For most of the

parameter space we consider, this loop term dominates over the tree level one. The scalar

potential Eq. (4) also gives rise to interactions between � and the Higgs, not suppressed by

the small mixing angle ✓�h, that are of order

��hh : ✏⇤2/f 2 , ��h : ✏v⇤2/f 2 , (29)

7This is to be contrasted with the beginning of Phase IV when sin(�/f) ⇠ 1, as used to derive Eq. (15),

since barriers are smaller at this earlier stage. At the end of Phase IV the barriers have grown large, and �

is close to the minimum of its cosine potential.
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interesting signatures in cosmology and possibly at SHiP

! and " decay to SM particles 
(mostly photons in a large region of parameter space)

and will play an important role in the thermal production of �. The decays of � and � are

mediated by the mixing with the Higgs, and thus the widths are given by

�� ⇠ ✓2�h�h(m�) , �� ⇠ ✓2�h�h(m�) , (30)

where �h(mi) is the SM Higgs width evaluated at mh = mi. Contours for ��,� are shown

in Fig. 3 (the values of the width �h(mi) are subject to large theoretical uncertainties in

the mass region around 1GeV where several hadronic decay channels open up [9]; we used

the expressions given in Ref. [10] –see also Refs. [11, 12]). For masses below 2me ⇠ 1 MeV,

we have �h(mi) ⇠ (mi/mh)
3 �h!��(mh), and therefore, in a major part of the parameter

space, � and � have suppressed decay widths controlled by the decay into photon pairs. As

shown in Fig. 3, there is a sizable part of the parameter space in which � is cosmologically

unstable (�� > H0, where H0 is the present Hubble value), but su�ciently long-lived to

decay after Big Bang Nucleosynthesis (BBN) (�� < HBBN ⌘ H(T = 1 MeV)). As we will
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We can now easily estimate the cosmological abundances of � and �, either stored in

late classical oscillations (vacuum misalignment) or from thermal production. This will

allow us to set bounds on the model from overclosure of the universe, post-BBN decays or
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5.2 Impact of � and � on standard cosmological predictions

In this work we assume for simplicity that, once both � and � have settled in their minima,

inflation ends with an unspecified reheating period. We will assume a reheating temperature

higher than the EW scale in what follows.

Abundances of � and � from vacuum misalignment

If after inflation and reheating, the fields � and � end up displaced from their minima,

they will fall towards them, oscillating around them if their lifetimes are large. The energy

density stored in the field oscillations behaves like cold dark matter and can potentially

overclose the universe today or dissociate light elements if the decay takes place during or

after BBN. At the start, the field energy density is dominated by the potential energy, but
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Notice that the �� h mass mixing coming from @2
�hV ⇠ ✏⇤2(v/f) sin(�/f) is suppressed at

the minimum where we have sin(h�i/f) ⇠ gf/(✏⇤) ⇠ v2/⇤2 ⌧ 1.7 The first contribution

in ✓�h arises at tree-level, whereas the second one originates from a �-loop. For most of the

parameter space we consider, this loop term dominates over the tree level one. The scalar

potential Eq. (4) also gives rise to interactions between � and the Higgs, not suppressed by

the small mixing angle ✓�h, that are of order

��hh : ✏⇤2/f 2 , ��h : ✏v⇤2/f 2 , (29)

7This is to be contrasted with the beginning of Phase IV when sin(�/f) ⇠ 1, as used to derive Eq. (15),

since barriers are smaller at this earlier stage. At the end of Phase IV the barriers have grown large, and �

is close to the minimum of its cosine potential.
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Phenomenological signatures
vacuum misalignment: (after reheating)

quantum spreading makes the scalars oscillate around their minima
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 Weak scale is not put by hand but generated dynamically

 There are no light fermions to be found at the LHC

The CHAIN mechanism

An existence proof  of a model that generates a quantum stable large 
mass gap between the Higgs mass and the new physics threshold

The only new physics scale: 

⇤ ⇠ ⇤c � v



Axions:  ubiquitous in String Theory

like hidden sectors with low confinement scales. This both opens up interesting phenomenology
associated to the presence of this “dark world” and raises the question of how it managed to escape
being observed so far. We will touch on some of the issues involved in the concluding Section 3.
For now we focus upon the observational signatures of the light axions that we have argued are
generic to string theory once the strong CP problem is solved.

2 Cohomologies from Cosmology

CMB 
Polarization

10-33 4 ! 10-28

Axion Mass in eV

108

Inflated 
Away

Decays

3 ! 10-10

QCD axion
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Matter

Power Spectrum
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Figure 1: Map of the Axiverse: The signatures of axions as a function of their mass, assuming
f

a

⇡ M
GUT

and H
inf

⇠ 108 eV. We also show the regions for which the axion initial angles are
anthropically constrained not to over-close the Universe, and axions diluted away by inflation.
For the same value of f

a

we give the QCD axion mass. The beginning of the anthropic mass
region (2 ⇥ 10�20 eV) as well as that of the region probed by density perturbations (4 ⇥ 10�28

eV) are blurred as they depend on the details of the axion cosmological evolution (see Section
2.3). 3 ⇥ 10�18 eV is the ultimate reach of density perturbation measurements with 21 cm line
observations. The lower reach from black hole super-radiance is also blurred as it depends on
the details of the axion instability evolution (see Section 2.5). The region marked as “Decays”,
outlines very roughly the mass range within which we expect bounds or signatures from axions
decaying to photons, if they couple to ~E · ~B. We will discuss axion decays in detail in a companion
paper.

2.1 Discovering the String Axiverse

We now turn to the observational consequences of axions lighter than or around the QCD axion
mass. For simplicity, we keep f

a

fixed at M
GUT

and H
infl

⇠ 0.1 GeV. The initial displacement of
axions heavier than ⇠ 10�20 eV has to be tuned in order for them not to overclose the universe and
axions heavier than 0.1 GeV have been diluted away by inflation. The observational consequences
of the string axiverse are outlined in Figure 1.

We concentrate on three main windows to the axiverse. First, as discussed in Section 2.2
axions of masses between 10�33 eV and 4⇥ 10�28 eV, if they couple to ~E · ~B, cause a rotation in

8

the polarization of the Cosmic Microwave Background (CMB) by an angle of order 10�3, which is
close to the current bounds (⇠ 10�2) [32, 33]. Future experiments, such as Planck and CMBPol
will be able to probe values of the rotation in the CMB polarization down to 10�5 [34].

Second, as discussed in Section 2.3, axions with masses higher than 10�28 eV can be a significant
component of the dark matter (DM) and suppress power in small scale density perturbations
(< 1 Mpc). This is because the quantum pressure scale originating from the uncertainty principle
and below which gravitational collapse is not possible, is proportional to 1/

p
m and thus for these

light axions is a cosmologically observable scale. Since the axiverse should contain a plethora of
string axions with masses homogeneously distributed on a log scale, the existence of multiple steps
in the small scale perturbation spectrum is a natural expectation. The amount of the suppression—
the step height—is proportional to the fraction of the DM constituted by the particular axion.
Such steps may be detectable with the BOSS [35] and 21 cm line observations [36]. In particular,
the 21 cm line tomography will be sensitive to masses up to 3⇥ 10�18 eV that are well inside the
anthropic regime.

Finally, axions of masses between 10�22 and 10�10 eV can a↵ect the dynamics of rotating black
holes due to the e↵ect of superradiance. When a black hole rotates, a boson with a Compton
wavelength comparable to the black hole size creates an exponentially growing bound state with
the black hole. This gravitational atom can be de-excited through graviton emission that carries
away the black hole’s angular momentum. For black hole masses larger than ⇠ 107 M�, or axion
masses smaller than 10�18 eV, accretion may still be e�cient enough to support the maximal
rotation and sustain a “Carnot cycle” that turns the black hole into a gravity wave pulsar with
possibly detectable signal at future gravity wave experiments. For lighter black holes (heavier axion
masses) this e↵ect leads to a spindown of the black hole, resulting in gaps in the mass spectrum
of rapidly rotating black holes. With the quality of data constantly improving, measurements of
the spin of stellar mass (⇠ 2 ÷ 10 M�) black holes will be able to probe also the QCD axion
parameter space with f

a

> 1016 GeV, well inside the region where the QCD axion relic abundance
is anthropically constrained. These e↵ects are discussed in Sections 2.4 and 2.5, and in the
Appendix.

For axions in the range ⇠ 10�9 to ⇠ 108 eV, and assuming the axions have couplings to ~E · ~B,
decays to photons can potentially lead to signatures. A companion paper will discuss such decays,
as well as the physics induced by warping the axion decay constant to scales lower than M

GUT

,
and the many dark sectors implied by Wilsonian scanning and/or highly warped throats.

2.2 Rotation of the CMB Polarization

Axions much lighter than the QCD axion, when they have an ~E · ~B coupling to electromagnetism
(EM), change the polarization of the CMB photons if they start oscillating anytime between
recombination and today. These axions cannot couple to QCD, as 4d gauge coupling unification
implies, otherwise they would get large contributions to their masses. A coupling to QCD, however,
can be easily avoided in the framework of orbifold GUTs [37, 38, 39, 40]. An example of such
a theory is a scenario with one extra dimension where SU(5) is preserved in the bulk and the
breaking down to SU(3)

c

⇥SU(2)
L

⇥U(1)
Y

occurs on the boundary of the extra dimension. The
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Massless fields with axion-like properties generically arise in string theory compactifications 

Their number is determined by the topology of the compact manifold
 ( non-equivalent embeddings of a closed two-surface into a reasonably complicated 
six-dimensional manifold. )

In most compactifications this number is of the order of several hundreds!

higher-dimensional gauge invariance -> shift symmetry in 4D!

broken non-perturbatively by couplings to gauge fields -> generates a mass 

-> provides many particles with the qualitative properties of the QCD axion.



String Theory origin of the relaxion potential?
String Axion Monodromy 

McAllister, Silverstein, Westphal, ’08

Discrete shift symmetry broken by wrapping a brane along the 2-cycle associated 
to the axion

• log(Φ) = anΦ
n

n
∑ (Φ non-compact made up of made up of  

 Φ compact,gauge invariant terms) 

Is it impossible that these are generated in field theory? 

• Generate scanning using only compact  
 gauge invariant terms 

Gupta,!Komargodski,!Perez,!Ubaldi!!

• Non Field theory origin for non-compact terms 

e.g string theory monodromy 

Energy changes each cycle due to  
coupling to fluxes. 

McAllister,!Silverstein,!Westphal!!!

• log(Φ) = anΦ
n

n
∑ (Φ non-compact made up of made up of  

 Φ compact,gauge invariant terms) 

Is it impossible that these are generated in field theory? 

• Generate scanning using only compact  
 gauge invariant terms 

Gupta,!Komargodski,!Perez,!Ubaldi!!

• Non Field theory origin for non-compact terms 

e.g string theory monodromy 

Energy changes each cycle due to  
coupling to fluxes. 

McAllister,!Silverstein,!Westphal!!!
Energy changes at each cycle due to coupling to fluxes

McAllister, Schwaller, Servant, 
Stout, Westphal, to appear

--> Devastating consequences for 
the relaxion



Summary 
A new approach to the hierarchy problem based on intertwined 

cosmological history of Higgs and axion-like states.
Connects Higgs physics with inflation & (DM) axions.

An existence proof that technical naturalness does not require 
new physics at the weak scale

Christophe Grojean BSM CERN, July 2015100

Higgs-axion cosmological relaxation

⇤ <
�
v4M3

P

�1/7
= 3⇥ 109 GeV

An existence proof
of a model with a quantum stable mass 
gap between the weak scale and the 

new physics threshold Λ 

interesting cosmology signatures
◎ BBN constraints
◎ decaying DM

◎ ALPs
◎ superradiance

Espinosa, Grojean, Panico, Pomarol, Pujolas, Servant ’15

a solution to the hierarchy pb
with no signature at the LHC,

 nor at other high-energy machine!

no signature at the LHC , new physics are weakly coupled
light states  which couple to the Standard Model through 

Change of paradigm:

their tiny mixing with the Higgs.

Experimental tests from cosmological overabundances, late decays, 
Big Bang Nucleosynthesis, Gamma-rays, Cosmic Microwave Background...



Not a complete theory !

A new playground at the crossroads between 
particle phenomenology, cosmology, strings...



Open Questions 
Main challenge:  Large (superplanckian) field excursions 

-> monodromy?

Signatures in low-energy experiments?

Inflation model building (at low scale)

Weak gravity conjecture

UV completion?

Can other scales be relaxed too? SUSY breaking scale?

Heidenreich, Reece, Rudelius ’15
 Hebecker, Rompineve, Westphal ’15 

Batell, Giudice, McCullough ’15 
Evans, Gherghetta, Nagata, Thomas ’16 

Choi, Im ’15 
Kaplan, Rattazzi ’15 

-> Use the relaxion mechanism to solve the Little Hierarchy 
and then SUSY takes over.

McAllister, Servant, Schwaller, Stout, Westphal, 
to appear

Friction from particle production Hook,  Marques-Tavares’16 



Batell, Giudice, 
McCullough ’15

      Setup: 
 
susy SM + S with shift symmetry S � S + iα 

srelaxion relaxion relaxino 
(goldstino) 

susy 
breaking 

Supersymmetrize the SM + the QCD relaxion:

Mass spectrum 

q, , H, s ~ 100 TeV

g, W, B ~ 1 TeV

SM ~ 100 GeV↔MeV

a ( G) ~ keV↔GeV

a ~ 10−2 ↔10−5  eV

Phenomenology 

OK for mH, flavor, dim-5 p-decay 

could be within LHC reach 

LSP,   DM for TRH ~ m ~ 

DM for f ~ 1011-12 GeV 
(rel)axion couplings related to soft terms  

“natural mini-split”

scanning of Higgs mass through scanning of SUSY breaking scale

relaxion superfield is the SUSY breaking sector



Supersymmetrize the 2-scanner CHAIN model:

restores naturalness in
split SUSY models 

scanning of Higgs mass through scanning of SUSY breaking scale

preserves the QCD axion solution to the strong CP pb

Evans, Gherghetta, Nagata, 
Thomas ’16 

Higgs VEV too large

� tracks � after EWSB

mS ⌧ Hinf < v (slow-roll)

�
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Figure 3: The allowed parameter region in the mSUSY–mS plane, where ⇣ = 10�8, rTS =
0.1, r⇤ = 0.1, and rSUSY = 10�2.

4 Conclusion

We have presented a supersymmetric relaxion mechanism that can provide a solution to
the little hierarchy problem in supersymmetric models. Our supersymmetric extension is
based upon the nonsupersymmetric two-field relaxion model of Ref. [6]. Since the two-field
model assumes no new source of electroweak symmetry breaking beyond that due to the
Higgs field, the scale of strong dynamics can be arbitrarily large. This preserves the QCD
axion solution to the strong CP problem and allows the cuto↵ scale to be significantly
increased beyond the TeV scale. However, the periodic potential of the relaxion, �, has a
large amplitude that must now be neutralized by a second field, � which has no couplings
to the Higgs sector.

In the supersymmetric extension, the scalar fields �, � are identified with the imagi-
nary scalar field components of two chiral superfields S, T respectively, which transform
under shift symmetries each associated with a global symmetry. In particular the shift
symmetry associated with T prevents a �-Higgs coupling at the renormalizable level, re-
alizing a crucial feature of the nonsupersymmetric model. A nontrivial relaxion potential
is generated when the shift symmetries are explicitly broken and cause the two scalar
fields to dynamically evolve from their initially large field values. This induces large F -
terms which break supersymmetry and therefore as the relaxion rolls, it scans the soft
supersymmetric masses. Electroweak symmetry is broken when the soft supersymmetric

23

relaxino is dark matter
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Christophe Grojean Higgs Relaxation Seoul, May 3, 2o16
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✏⇤2 1

f2
sin

�

f
⇠ ✏⇤2 1

f2

v2

f2
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interesting signatures in cosmology and possibly at SHiP

Phenomenological signatures

�

�

�

✏⇤4 1

⇤2

1

f2✏g�
⇤3

f2

h

vX

! and " couple to SM matter via their mixing with the Higgs

from oscillatory potential tree-level quantum mixing 
from !-loop

the SM states in most of the parameter space, and thus can only have some phenomenological

impact through astrophysical and cosmological e↵ects.

5.1 Properties of � and �

We start by deriving the properties of the � and � scalars. After the slow-rolling process

ends and � settles in a minimum, no cancellation is expected in the A(�, �, H) amplitude, so

that A(�, �, H) ⇠ ✏⇤4. The mass of � is thus controlled by A cos(�/f) and can be estimated

as

m2
� ⇠ ✏⇤4

f 2
⇠ g

⇤5

fv2
. v2 , (26)

where we used Eq. (14) and Eq. (15) to obtain the second equality and the upper bound on

m�. For � we expect that higher-order terms in g��/⇤, not shown for simplicity in Eq. (4),

give it a mass of order

m2
� ⇠ g2�⇤

2 ⌧ m2
� . (27)

In the allowed part of the parameter space of our model the masses of the two scalars

can change by many orders of magnitude, spanning the range [10�20, 100]GeV for � and

[10�45, 10�2] GeV for �. Contours of constant m� and m� are shown in Fig. 3.

These two scalars interact with the SM particles mainly through a mass mixing with the

Higgs. The corresponding mixing angles can be estimated as

✓�h ⇠ g⇤v

m2
h

, ✓�� ⇠ g�fv2

⇤3
, ✓�h ⇠ Max

⇢
✓��✓�h ,

g2

16⇡2

g�⇤7

f 2v3m2
h

�
. (28)

Notice that the �� h mass mixing coming from @2
�hV ⇠ ✏⇤2(v/f) sin(�/f) is suppressed at

the minimum where we have sin(h�i/f) ⇠ gf/(✏⇤) ⇠ v2/⇤2 ⌧ 1.7 The first contribution

in ✓�h arises at tree-level, whereas the second one originates from a �-loop. For most of the

parameter space we consider, this loop term dominates over the tree level one. The scalar

potential Eq. (4) also gives rise to interactions between � and the Higgs, not suppressed by

the small mixing angle ✓�h, that are of order

��hh : ✏⇤2/f 2 , ��h : ✏v⇤2/f 2 , (29)

7This is to be contrasted with the beginning of Phase IV when sin(�/f) ⇠ 1, as used to derive Eq. (15),

since barriers are smaller at this earlier stage. At the end of Phase IV the barriers have grown large, and �

is close to the minimum of its cosine potential.
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Technical naturalness

V(H,Φ) is radiatively stable
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Figure 1: Schematic parameter space in the three main non-supersymmetric relaxion models.
See [2] for the derivation of the constraints on the parameter space.
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Table 1: Summary of parameter values in the three non-supersymmetric relaxion models.

potential terms of the type

V ⇠ A cos(
�

feff

) + B cos(
�

feff

)h2 + C(h) cos(
�

f
), feff ⇠ e⇣Nf � f (7)

In this context, both the slope responsible for the rolling of the relaxion and the �-dependent
Higgs boson mass term do not come from an explicit breaking of the discrete shift symmetry
of the relaxion.

The relaxation mechanism then remains the same as the original one. It is conceivable
that one could combine this construction with [2] to address as well the coincidence problem
[20].

We will see whether similar structures can be made manifest in axion monodromy string
constructions.

2.3 Realizing the Higgs

Our discussion will be centered on the justification of the second term in (1). On the other
hand, we should also try to see how to couple the relaxion to the Higgs.

6

Choi, Im’15 
Kaplan, Rattazzi’15

Concerns about V(h,Φ) ?

Relaxion potential may be obtained without 
breaking of shift symmetry but with
hierarchy of decay constants, e.g. “clockwork axion”
Is this natural -> multiple axion models

“Kicking” term via mixing with other axions:
K.Choi and S.H.Im 15

D.Kaplan,R.Rattazzi 15

Generate two cos-terms with different decay-constants, f and F, with F≫f

cos(�/F ) h2
cos(�/f)
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New strong sector à la QCD with vector-like elementary quarks + axion-like field                    .  �

f
G0

µ⌫G̃
0µ⌫

L  SU(2)L Dirac doublet
N SU(2)L Dirac singlet

Lmass = ⇤LL+ ✏⇤NN
LYuk =

p
✏LHN + h.c. .

L

N N

�

H
g

H H

L

N N

N N

NN

L L

H

H

Figure 4: Left: Diagram generating �NN at the radiative level. Middle: Diagram con-

tributing to the coupling NN |H|2. Right: Diagram generating an O(✏2) contribution to

(NN)2.

Under the SU(2)L⇥U(1)Y SM group, L has the quantum numbers of a lepton doublet, while

N is a singlet. We assume that the SU(N) gauge sector becomes strongly-coupled at the

scale ⇤. A key ingredient of the model is the presence of a specific set of mass and interaction

terms for the fermions that break the accidental global symmetries. We assume that the L

and N fields have Dirac masses (here and in the following we neglect O(1) parameters):

Lmass = ⇤LL+ ✏⇤NN , (35)

and couplings to the SM Higgs given by

LY uk =
p
✏LHN + h.c. . (36)

Finally, interaction terms of the singlet N to the � and � fields are included with couplings

of order ✏g and ✏g� respectively

LN = ✏g�NN + ✏g��NN . (37)

As can be seen from the Lagrangian above, we have associated to each N field a coupling
p
✏ ⌧ 1. In the limit ✏ ! 0 the theory acquires an additional chiral invariance (broken only

by the axial anomaly). It is interesting to notice that even if we do not introduce in the

Lagrangian the coupling of the � field to N , it is nevertheless generated at the radiative level

due to the presence of the g⇤�|H|2 coupling in the e↵ective Lagrangian, as shown by the

left diagram of Fig. 4.

We also assume that the � field interactions are invariant under a shift-symmetry, � !
�+ c, up to the explicit breakings due to g, and an anomalous interaction term

�

f
G0

µ⌫
eG0µ⌫ , (38)
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Figure 4: Left: Diagram generating �NN at the radiative level. Middle: Diagram con-

tributing to the coupling NN |H|2. Right: Diagram generating an O(✏2) contribution to

(NN)2.

Under the SU(2)L⇥U(1)Y SM group, L has the quantum numbers of a lepton doublet, while

N is a singlet. We assume that the SU(N) gauge sector becomes strongly-coupled at the

scale ⇤. A key ingredient of the model is the presence of a specific set of mass and interaction

terms for the fermions that break the accidental global symmetries. We assume that the L

and N fields have Dirac masses (here and in the following we neglect O(1) parameters):

Lmass = ⇤LL+ ✏⇤NN , (35)

and couplings to the SM Higgs given by

LY uk =
p
✏LHN + h.c. . (36)

Finally, interaction terms of the singlet N to the � and � fields are included with couplings

of order ✏g and ✏g� respectively

LN = ✏g�NN + ✏g��NN . (37)

As can be seen from the Lagrangian above, we have associated to each N field a coupling
p
✏ ⌧ 1. In the limit ✏ ! 0 the theory acquires an additional chiral invariance (broken only

by the axial anomaly). It is interesting to notice that even if we do not introduce in the

Lagrangian the coupling of the � field to N , it is nevertheless generated at the radiative level

due to the presence of the g⇤�|H|2 coupling in the e↵ective Lagrangian, as shown by the

left diagram of Fig. 4.

We also assume that the � field interactions are invariant under a shift-symmetry, � !
�+ c, up to the explicit breakings due to g, and an anomalous interaction term

�

f
G0

µ⌫
eG0µ⌫ , (38)
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where G0 denotes the SU(N) field strength. Analogously to the QCD axion, the field �

acquires a periodic e↵ective potential as a consequence of the chiral anomaly. The best way

to estimate the size of this contribution is to perform a chiral rotation for N such that one

eliminates the term (38) but generates mNNN ! mNei�/fNN , where mN is the e↵ective

mass of N :

mN ' ✏

✓
⇤+ g�� + g�� |H|2

⇤

◆
, (39)

with the last term arising from the middle diagram of Fig. 4. Using hNNi ⇠ ⇤3, the term

mNei�/fNN + h.c. gives, at O(✏),

V ' ⇤3mN cos(�/f) . (40)

Equation (40), together with Eq. (39), reproduces the periodic term of Eq. (4).

Using this explicit UV model we can also analyze possible additional contributions to the

� potential. For example, at O(✏2) we expect contributions to the � potential coming from

terms (NN)2 generated at the quantum level from diagrams as the one shown in Fig. 4. After

the chiral rotation described above, that eliminates Eq. (38), we have (NN)2 ! (NNei�/f )2,

which leads to a term for the � potential ⇠ ✏2⇤4 cos2(�/f). As we discussed in the main

text, in order for the relaxation mechanism to work we need to suppress these terms with

respect to the leading potential in Eq. (4). This leads to the condition in Eq. (14).

B Relaxation in a two Higgs doublet scenario

In this appendix we present a relaxation model based on a two Higgs doublet model (2HDM).

The motivation for this is, as mentioned in the introduction, to generate the term h cos(�/f)

that requires a second source of EWSB. If the second Higgs is also elementary, we must find

a way to keep its mass also small. Otherwise, we expect that, at the end of the relaxation

process, only one Higgs being light, while the second doublet having generically a mass of

the order ⇤.

To solve this problem we can advocate an additional global SU(2)R invariance at the

scale ⇤ under which the two Higgses transform as a doublet, (H1, H2), ensuring that both

have the same masses and quartic couplings. This symmetry guarantees that the masses of

the two Higgses are canceled simultaneously by the � field. The SU(2)R symmetry can be

easily extended to the third quark generation sector by considering a type-II 2HDM in which

the bR and tR components form an SU(2)R-doublet, and the Yukawa term is given by

y Q̄L(H1 H2) (bR tR)
T + h.c. . (41)
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ε→0, additional chiral symmetry (broken by axial anomaly)

V = ⇤

3mN cos

�

f

composite baryons and mesons @ Λ but no light meson since axial U(1) is anomalous

CHAIN UV Completion

hN̄Ni ⇠ ⇤3
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Figure 1: Schematic parameter space in the three main non-supersymmetric relaxion models.
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GKR 1 GKR 2 CHAIN with f ⇠ M
f fPQ ⇠ 1010 � 1012 GeV & MGUT ⇠ 1016 GeV & M

g
⇤

4
QCD⇥QCD

(M3fPQ)

. 10�36

⇤

4
EW

(M3MGUT )

⇠ 10�30 � 10�20 . v4/M4 ⇠ 10�26 � 10�6

Mmax 30 TeV 108 GeV 109 GeV

m�
⇤

2
QCD

fPQ
. 10�11 GeV

⇤

2
EW

MGUT
. 10�12GeV

p
(gM4/v2) . v

(��/f) ( M
⇤QCD

)4 1

⇥QCD
& 1030 (M/⇤EW )4 ⇠ 108 � 1024 g�1 ⇠ 106 � 1026

Ne|min

M8f2
PQ

⇥M2
Pl⇤

8
QCD

& 1047

M8M2
GUT

M2
Pl⇤

8
EW

& 1012

M10

v8M2
Pl

& O(1)

Table 1: Summary of parameter values in the three non-supersymmetric relaxion models.

potential terms of the type

V ⇠ A cos(
�

feff

) + B cos(
�

feff

)h2 + C(h) cos(
�

f
), feff ⇠ e⇣Nf � f (7)

In this context, both the slope responsible for the rolling of the relaxion and the �-dependent
Higgs boson mass term do not come from an explicit breaking of the discrete shift symmetry
of the relaxion.

The relaxation mechanism then remains the same as the original one. It is conceivable
that one could combine this construction with [2] to address as well the coincidence problem
[20].

We will see whether similar structures can be made manifest in axion monodromy string
constructions.

2.3 Realizing the Higgs

Our discussion will be centered on the justification of the second term in (1). On the other
hand, we should also try to see how to couple the relaxion to the Higgs.

6

Comparison of relaxion models

! Notation switched in this table . M is  Λ  !
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In this context, both the slope responsible for the rolling of the relaxion and the �-dependent
Higgs boson mass term do not come from an explicit breaking of the discrete shift symmetry
of the relaxion.

The relaxation mechanism then remains the same as the original one. It is conceivable
that one could combine this construction with [2] to address as well the coincidence problem
[20].

We will see whether similar structures can be made manifest in axion monodromy string
constructions.

2.3 Realizing the Higgs

Our discussion will be centered on the justification of the second term in (1). On the other
hand, we should also try to see how to couple the relaxion to the Higgs.
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Table 1: Summary of parameter values in the three non-supersymmetric relaxion models.

potential terms of the type

V ⇠ A cos(
�

feff

) + B cos(
�

feff

)h2 + C(h) cos(
�

f
), feff ⇠ e⇣Nf � f (7)

In this context, both the slope responsible for the rolling of the relaxion and the �-dependent
Higgs boson mass term do not come from an explicit breaking of the discrete shift symmetry
of the relaxion.

The relaxation mechanism then remains the same as the original one. It is conceivable
that one could combine this construction with [2] to address as well the coincidence problem
[20].

We will see whether similar structures can be made manifest in axion monodromy string
constructions.

2.3 Realizing the Higgs

Our discussion will be centered on the justification of the second term in (1). On the other
hand, we should also try to see how to couple the relaxion to the Higgs.
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Concerns about V(h,Φ) ?

relaxion potential may be obtained without 
breaking of shift symmetry but with
hierarchy of decay constants, e.g. “clockwork axion”
Is this natural?


