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A new class of solutions to the electroweak hierarchy problem is presented that does not require either
weak-scale dynamics or anthropics. Dynamical evolution during the early Universe drives the Higgs boson
mass to a value much smaller than the cutoff. The simplest model has the particle content of the standard
model plus a QCD axion and an inflation sector. The highest cutoff achieved in any technically natural
model is 108 GeV.
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Introduction.—In the 1970s, Wilson [1] had discovered
that a fine-tuning seemed to be required of any field theory
which completed the standard model Higgs sector, unless
its new dynamics appeared at the scale of the Higgs mass.
Since then, there have essentially been one and a half
explanations proposed: dynamics and anthropics.
Dynamical solutions propose new physics at the electro-

weak scale which cuts off contributions to the quadratic
term in the Higgs potential. Proposals include supersym-
metry, compositeness for the Higgs boson (and its holo-
graphic dual), extra dimensions, or even quantum gravity
at the electroweak scale [2–6]. While these scenarios all
lead to a technically natural electroweak scale, collider and
indirect constraints force these models into fine-tuned
regions of their parameter spaces. Anthropics, on the other
hand, allows for the tuning, but it assumes the existence of a
multiverse. Its difficulty is in the inherent ambiguity in
defining both probability distributions and observers.
We propose a new class of solutions to the hierarchy

problem. The Lagrangian of these models is not tuned and
yet has no new physics at the weak scale cutting off loops.
In fact, the simplest model has no new physics at the weak
scale at all. It is instead dynamical evolution of the Higgs
mass in the early Universe that chooses an electroweak
scale parametrically smaller than the cutoff of the theory.
Our theories take advantage of the simple fact that the
Higgs mass squared equal to zero, while not a special point
in terms of symmetries, is a special point in terms of
dynamics; namely, it is the point where the weak force
spontaneously breaks and the theory enters a different
phase [7]. It is this which chooses the weak scale, allowing
it to be very close to zero. This mechanism takes some
inspiration from Abbott’s attempt to solve the cosmological
constant problem [8].

Our models only make the weak scale technically natural
[9], and we have not yet attempted to UV complete them
for a fully natural theory, though there are promising
directions [10–14]. Note that technical naturalness means
a theory still contains small parameters, yet they are
quantum mechanically stable, and therefore one can imag-
ine field-theoretic UV completions. In addition, our models
require large field excursions, far above the cutoff, and
small couplings. We judge the success of our models by
how far they are able to naturally raise the cutoff of the
Higgs boson. Our simplest model can raise the cutoff to
∼1000 TeV, and we present a second model which can
raise the cutoff up to ∼105 TeV.
Minimal model.—In our simplest model, the particle

content below the cutoff is just the standard model plus the
QCD axion [15–17], with an unspecified inflation sector.
Of course, by itself the QCD axion does not solve the
hierarchy problem. However, the only changes we need to
make to the normal axion model are to give the axion a
very large (noncompact) field range, and a soft symmetry-
breaking coupling to the Higgs boson.
The axion will have its usual periodic potential, but now

extending over many periods for a total field range that
is parametrically larger than the cutoff (and may be larger
than the Planck scale), similar to recent inflation models
such as axion monodromy [10–14]. The exact (discrete)
shift symmetry of the axion potential is then softly broken
by a small dimensionful coupling to the Higgs boson.
This small coupling will set the weak scale and will be
technically natural, making the weak scale technically
natural and thus solving the hierarchy problem.
We add to the standard model Lagrangian the following

terms:
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A	new	approach	to	the	electroweak	fine-tuning	problem!



Relaxion	model
P.	W.	Graham,	D.	E.	Kaplan,	S.	Rajendran,	Phys.	Rev.	LeJ.	115,	221801	(2015).

Relaxion	φ
• Axion-like	field	(but	takes	non-compact	[−∞,	+∞]	field	values).	
• Scans	the	Higgs	mass	parameter	via	its	coupling	with	the	Higgs	field.

Scalar	poten8al

Propor8onal	to	Higgs	VEVSlightly	breaks	the	shih	symmetry.

φ	rolls	down	on	the	poten8al.

See	also	L.	F.	AbboJ	(1985),	
G.	Dvali	and	A.	Vilenkin	(2013)	
G.	Dvali	(2014)

Generate	a	barrier	on	φ	
aher	EWSB.

(Λ:	cut-off,	f:	relaxion	decay	constant)



Relaxion	model

Rolls	down	during	infla8on.

Scalar	poten8al

Propor8onal	to	Higgs	VEVSlightly	breaks	the	shih	symmetry.

φ	rolls	down	on	the	poten8al.

V(φ)

φ

Generate	a	barrier	on	φ	
aher	EWSB.



Relaxion	model

V(φ)

φ

φ	stops	right	aher	the	EWSB.

Extremely	small	but	“technically	natural”.

Stop!
EWSB!

Dynamical	solu8on	to	
the	hierarchy	problem.

Tuning

Scalar	poten8al

Propor8onal	to	Higgs	VEVSlightly	breaks	the	shih	symmetry.

φ	rolls	down	on	the	poten8al. Generate	a	barrier	on	φ	
aher	EWSB.



MoBvaBon

• UV	comple8on	
• Strong	CP	problem/coincidence	problem	
• Infla8on	models

Definitely	new	idea.	
May	offer	a	profound	big	picture.	
A	lot	of	problems:

etc.

Can	we	construct	a	promising	and	aJrac8ve	model	comparable	
to	exis8ng	various	ideas	such	as	SUSY,	composite	Higgs,	…?

Self-organized	cri8cality



SUSY and Relaxion

J.	L.	Evans,	T.	GhergheJa,	N.	Nagata,	Z.	Thomas,	JHEP	1609,	150	(2016).

Supersymmetric two-field relaxion model



Supersymmetry	and	relaxion
Original	relaxion	model	considers	an	effec8ve	theory	with	cut-off	Λ.

• UV	comple8on	?	
• Meaning	of	cut-off	Λ	?

Here	we	assume	SUSY	as	UV	comple8on.

• In	this	case,	the	cut-off	corresponds	to	SUSY	scale.

• Relaxion	mechanism	explains	the	liJle	hierarchy	
problem	in	SUSY	models.



We	introduce	two	singlet	chiral	superfields	S,	T:

SUSY	two-field	relaxion	model

Shih	symmetry

φ:	relaxion
σ:	the	2nd	field	(amplitudon)

J.	L.	Evans,	T.	GhergheJa,	N.	Nagata,	Z.	Thomas,	JHEP	1609,	150	(2016).



• Kahler	poten8al	preserves	the	shih	symmetry.	
• σ	does	not	couple	to	the	Higgs	fields	directly.	
• N	and	N	has	a	new	SU(N)	interac8on.

SUSY	two-field	relaxion	model
Superpoten8al

(Shih-symmetry	breaking	terms)

(a:	SM,	SU(N))



Scalar	potenBal

Scalar	poten8al

Minimum	condi8ons	with	respect	to	s	and	τ

As	long	as	φ	and	σ	have	large	field	values,	the	minima	of	
s	and	τ	do	not	depend	on	φ	and	σ.

s	and	τ	can	be	regarded	as	constant.

Suppose	that	φ	and	σ	have	large	field	values	at	the	outset.

• φ	and	σ	slowly	rolls	down	due	to	the	shih-symmetry	breaking	terms.	
• On	the	other	hand,	s	and	τ	are	stuck	by	Kahler	poten8al.



SoF	masses
During	the	field	excursion,	the	poten8al	energy	is	non-zero.

These	fields	break	SUSY.

Scalar	masses
(e.g.)

Gaugino	masses

Relaxion	field	scans	these	values.
B.	Batell,	G.	F.	Giudice,	M.	McCullough,	JHEP	1512,	162	(2015).

A-terms
“Axion	media8on”

M.	Baryakhtar,	E.	Hardy,	J.	March-Russell,	JHEP	1307,	096	(2013).



EWSB
EWSB	condi8on

Cri8cal	value	[D(φ*)	=	0]

We	assume	D(φ)	>	0	at	the	outset.

Relaxion	scans	D(φ)	while	rolling	down,	and	at	a	certain	point	the	
above	condi8on	is	sa8sfied	and	EWSB	occurs.	

D(φ)

φ
EWSB!



Cosmological	evoluBon
Relevant	poten8al

with

I)	At	the	beginning,	only	σ	rolls	while	φ	stops.

II)	At	some	point,	the	barrier	vanishes	[A	=	0]	and	both	fields	roll.

φ	follows	σ



Cosmological	evoluBon

Two-field	relaxion	mechanism

J.	Espinosa,	C.	Grojean,	G.	Panico,	A.	Pomarol,	O.	Pujolas,	G.	Servant	(2015).

I)	φ	stops.	σ	rolls.

II)	Both	φ	and	σ	roll	[A	=	0].

III)	EWSB	(D(φ)<0).

IV)	φ	stops	while	σ	keeps	rolling.

III)	At	some	point,	D(φ)	<	0	and	the	electroweak	symmetry	is	broken.

IV)	The	periodic	poten8al	stops	φ.	σ	keeps	rolling	to	the	minimum.

Amplitude	of	the	barrier	gets	larger	and	larger.



Constraints
Slow-roll	condi8on

(HI	:	Hubble	parameter	during	infla8on)

Infla8on	is	driven	by	another	
inflaton	field.

The	energy	of	φ	and	σ	is	smaller	than	the	inflaton	energy

(MP	:	Planck	mass)

Effects	on	SUSY	breaking	from	the	infla8on	sector	are	small

Classical	rolling	condi8on

Displacement	of	σ	over	Hubble	8me
Typical	quantum	fluctua8on	during	infla8on

Number	of	e-folds

Low	scale	infla8on



Results

Relaxion	mechanism	can	explain	LiJle	Hierarchy	in	100	TeV	SUSY.

Higgs VEV too large
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J.	L.	Evans,	T.	GhergheJa,	N.	Nagata,	Z.	Thomas,	JHEP	1609,	150	(2016).



Relaxion and Inflation

J.	L.	Evans,	T.	GhergheJa,	N.	Nagata,	M.	Peloso,	in	prepara8on.

Low-scale D-term inflation and relaxion



InflaBon	models
Can	we	find	an	infla8on	model	compa8ble	with	relaxion	mechanism?
Hubble	parameter

e-folding	number

Can	we	find	such	a	low-scale	infla8on	model?



D-term	inflaBon E.	D.	Stewart	(1995);	P.	Binetruy	and	G.	R.	Dvali	(1996);	E.	Halyo	(1996).

Introduce	a	new	U(1)	gauge	interac8on.

Superpoten8al

Φ±	has	U(1)	charge	±1,	and	the	rest	of	the	fields	do	not	have	U(1)	charge.

Tree-level	poten8al

Fayet-Iliopoulos	(FI)	term

When	σ	has	a	large	field	value,	φ＋	=	φ−	=	0	becomes	a	local	minimum.

Masses	of	φ± Cri8cal	value
For	σ	>	σc



D-term	inflaBon E.	D.	Stewart	(1995);	P.	Binetruy	and	G.	R.	Dvali	(1996);	E.	Halyo	(1996).

One-loop	poten8al

Coleman-Weinberg	poten8al

Slow-roll	parameters

ε	<<	η
CMB



Low-scale	D-term	inflaBon
NCMB	is	given	as	a	func8on	of	Hubble	parameter	and	the	energy	scale	
of	rehea8ng.

e-folding	number
aend	:	Scale	factor	at	the	end	of	infla8on	
ak	≡	k/HI

NCMB

Default	pivot	scale	of	Planck

Look	into	the	parameter	region	consistent	with	the	observa8on.



Low-scale	D-term	inflaBon

Low	infla8on	scale	is	consistent	with	the	observa8on.
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Low-scale	D-term	inflaBon
FI-term	ξ	and	the	gauge	coupling	g	are	determined	via	the	following	quan88es.	

Power	spectrum

Energy	scale	of	infla8on



• For	Ne	>	1014,	σ	acts	as	amplitudon.	
• At	later	8me,	σ	plays	a	role	of	inflaton	(Ne	～	35:	CMB).

D-term	inflaBon	with	amplitudon

During	infla8on,	φ＋	=	φ−	=	0,	and	thus	the	extra	fields	do	not	
affect	the	relaxion	mechanism.	

Use	amplitudon	σ	as	inflaton.

σ

V(σ)

Coleman-Weinberg

Quadratic

σCMBσc Relaxion epoch



Higgs VEV too large
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Results

Shih-symmetry	breaking	effects	
from	loop	correc8ons.

J.	L.	Evans,	T.	GhergheJa,	N.	Nagata,	M.	Peloso,	in	prepara8on.

We	obtain	a	new	limit,	but	a	wide	range	of	parameter	region		
is	s8ll	allowed.



Conclusion



Conclusion

Relaxion	mechanism

Two-field	SUSY	relaxion	model

New	idea	but	s8ll	immature.	There	are	a	lot	of	things	to	study.

Solves	the	liJle	hierarchy	problem	in	the	PeV-scale	SUSY.

D-term	infla8on

Low-scale	D-term	infla8on	is	consistent	with	the	CMB	observa8on.

Amplitudon	σ	can	be	inflaton.



Digression



Near	criBcality

m2	=	0	is	cri8cal	point	for	the	Higgs	mechanism.

Another	viewpoint	on	hierarchy	problem:

Why	our	vacuum	sits	near	the	cri8cal	point?

Ex.)	Ferromagnet

To	set	the	system	near	the	cri8cal	point	of	phase	transi8on,	we	need	
to	tune	the	temperature	T	around	the	transi8on	temperature	TC	.

T	>	TC T	<	TC

Does	Nature	execute	such	
fine-tuning?



Self-organized	criBcality
P.	Bak,	C.	Tang,	and	K.	Wiesenfeld,	Phys.	Rev.	LeJ.	59,	381	(1987).

Self-organized	cri8cality

Ex.)	Sandpile

P.	Bak,	“How	nature	works”.

Pile	up Cri8cality Avalanche

Proc. Natl. Acad. Sci. USA 92 (1995) 6691

sented and discussed in Section II. This model can also be
viewed as a model of earthquakes, but more appropriate
models of this and other geophysical and astrophysical phe-
nomena have been constructed. In Section III, a simple model
of biological evolution (18) will be presented and discussed.
With a change of language, this model can be thought of as
representing an economy of interacting, evolving agents. Much
progress has come from numerical simulations of these and
other models, but the model of biological evolution has the
added advantage that it is amenable to analytical studies, as
discussed in Section IV. In collaboration with Sergei Maslov,
we have derived explicit formulae for the self-organization
process (19) and for the statistical properties of the resulting
critical state (20, 21). Progress from this model has been
extended to other self-organized critical models representing
growth phenomena (20-23). We believe that it provides a
general phenomenology for dealing with contingency and
complexity in nature.

II. The Sandpile Paradigm

Can there be a theory of contingency in complex systems? In
1987 one of us, together with Chao Tang and Kurt Wiesenfeld,
constructed a model which has become the paradigm of
self-organized critical behavior. The model represents the
following situation. Consider a pile of sand on a table, where
sand is added slowly, starting from a flat configuration. This is
a dynamical system with many interacting degrees of freedom,
represented by the grains of sand. The flat state represents the
general equilibrium state; this state has the lowest energy.
Initially, the grains of sand will stay more or less where they
land. Eventually, the pile becomes steeper, and small ava-
lanches, or sandslides, occur. The addition of a single grain of
sand can cause a local disturbance, but nothing dramatic
happens. Eventually, the system reaches a statistically station-
ary state, where the amount of sand added is balanced, on
average, by the amount of sand leaving the system along the
edges of the table. In this stationary state, there are avalanches
of all sizes, up to the size of the entire system.
The collection of grains of sand has been transformed from

one where the individual grains follow their own independent
dynamics, to one where the dynamics is global. In the station-
ary state, there is one complex system, the sandpile, rather than
many separate simple grains of sand. Note that in the inter-
mediate state this is not the case. A simple change of the
position where sand is added results only in small, local changes
to the configuration. The response, a small avalanche, is
proportional to the impact. Contingency is irrelevant. Shift a
couple of grains left or right, and the resulting state is only
marginally affected. The flat sandpile (general equilibrium) or
the shallow sandpile does not describe the remarkable, seem-
ingly accidental, occurrence of events; near equilibrium, the
outcome is not contingent on specific minor details.

In the resulting stationary state, though, the situation is
entirely different. A single grain of sand might cause an
avalanche involving the entire pile. A small change in the
configuration might cause what would otherwise be an insig-
nificant event to become a catastrophe. Suppose that at some
point in time there happens to be a large avalanche, causing
devastating destruction to the pile. How would the historian
describe what has happened, and how would the physicist? Let
us first hear the historian's account of the event.
A Historian Describes a Sandslide. "On December 16, 1994,

a grain of sand landed at the site with coordinates [14, 17] on
the pile. Adding to the grains of sand already accumulated at
this site, this addition caused a toppling of that site, spilling
over to the neighboring sites. Unfortunately, one of these sites
[14, 18] happened to be near an instability so that the toppling
caused this site to topple also. This toppling destabilized sites

[14, 19] and [15, 18] and eventually led to the collapse of a large
part of the pile.

"Clearly, the event was contingent on several factors. First,
had the initial grain of sand fallen elsewhere, nothing dramatic
would have happened. Also, if the configuration at position
[14, 19] had been slightly different, the sandslide would have
stopped sooner, without devastating consequences. While we
can give an accurate and complete account of what actually
happened, we are at a loss to explain how these many acci-
dental features could possibly have conspired to produce an
event of such magnitude. The event was contingent upon many
separate, freak occurrences and could clearly have been pre-
vented. Furthermore, we are baffled by the fact that even
though sand had been added to the system for a longtime, only
minor events had occurred before the devastating collapse,
and we had every right to expect the system to be stable.
Clearly, the event was a freak one caused by very unusual and
unfortunate circumstances in an otherwise stable system that
appeared to be in balance. Precautions should and could be
taken to prevent such events in the future."
The physicist now would give a much more boring and

prosaic account of what happened.
A Physicist Describes a Sandslide. "During a long transient

period, the pile evolved to a critical state with avalanches of all
sizes. We were able to make a rough identification of the
toppling rule and to construct a computer model of the
phenomenon. Actually, the particular rule that we use is not
very important. In any case, we do not have sufficient infor-
mation about the details of the system to be able to make
long-term predictions.

"Nevertheless, our model exhibits some general features of
the sandpile. We monitored how many avalanches of each size
occurred, after the addition of a single grain to the pile. We
made a histogram (Fig. 2), and found that the distribution of
events where a total of s sites topple obeys a power law, P(s)
- s-T. Thus, if one waits long enough, one is bound to see
events that are as large as one has the patience to wait for. We
ran our simulations (the tape of evolution) several times.
Eliminating the particular grain of sand that caused a partic-
ular avalanche only made the system produce large avalanches
somewhere else at different times. Changing the rules slight-
ly-for instance, by planting snow screens here and there-
does not have any effect on the general pattern. Avalanches are
an unavoidable and intrinsic part of the sandpile dynamics.

"Actually, I'm not interested in the specific details of the
event which Prof. Historian is so excited about and gives such
a vivid account of. What the professor sees as a string of freak
events appearing accidentally and mysteriously by an apparent

100

10-1

10-2

la
10-3\z1'

s

FIG. 2. Power law distribution for avalanches in the sandpile
model. Power laws appear as straight lines in double logarithmic plots.

Colloquium Paper: Bak and Paczuski

Distribu8on	of	size	
of	avalanches	
follow	a	power	low.

The	system	automa8cally	
evolves	to	cri8cality.

P.	Bak	and	M.	Paczuski,	Proc.	Natl.	Acad.	Sci.	USA,	92,	6689	(1995).

A	property	of	dynamical	systems	that	evolves	toward	the	cri8cal	
point	without	tuning	of	external	parameters	to	a	par8cular	value.



Self-organized	criBcality

Features	of	self-organized	cri8cality

i)	Dissipa8on

Relaxion	mechanism

Hubble	fric8on

ii)	Many	metastable	states Periodic	poten8al

iii)	Slow	and	long-8me	
					process Large	e-folding	number

We	may	find	a	lot	of	models	(other	than	relaxion)	that	realize	
the	self-organized	cri8cality.

• To	stop	relaxion	easily	
• Insensi8ve	to	ini8al	condi8ons

• To	evade	fine-tuning

• For	relaxion	to	scan	whole	range	
of	Higgs	mass	parameters.

A	similar	dynamical	mechanism	sets	the	Higgs	mass	parameter	
such	that	our	vacuum	is	driven	to	near	cri8cality?



Backup



Problems	in	the	original	model
Strong	CP	Problem

Original	model	uses	QCD	axion	as	relaxion.

θQCD		becomes	too	large.

A	simple	extension
Introduce	new	vector-like	fermions	which	have	new	strong	interac8ons.

This	new	strong	interac8on	generates	a	periodic	poten8al	
which	stops	relaxion	rolling.

Coincidence	problem

In	order	for	the	Higgs	VEV	to	give	a	sizable	effect	on	the	relaxion		
poten8al	to	stop	relaxion,	this	new	strong	dynamics	should	be	
around	the	TeV	scale.	



Origin	of	relaxion	and	shih	symmetry

It	seems	difficult	to	realize	relaxion	in	field	theories.
R.	S.	Gupta,	Z.	Komargodski,	G.	Perez,	L.	Ubaldi,	JHEP	1602,	166	(2016).

• String	origin	(monodromy)	

• Many	axion	fields	(clockwork)

Nice	ideas	have	already	been	proposed	for	infla8on	models.

E.	Silverstein	and	A.	Westphal,	Phys.	Rev.	D78,	106003	(2008);	L.	McAllister,	E.	Silverstein,	and	
A.	Westphal,	Phys.	Rev.	D82,	046003	(2010);	N.	Kaloper,	L.	Sorbo,	Phys.	Rev.	LeJ.	102,	121301	(2009).

J.	E.	Kim,	H.	P.	Nilles,	and	M.	Peloso	(2005);	K.	Harigabya		and	M.	Ibe	(2014);	
K.	Choi,	H.	Kim	and	S.	Yun	(2014);	T.	Higaki	and	F.	Takahashi	(2014);	
K.	Choi	and	S.	H.	Im	(2015);	D.	E.	Kaplan	and	R.	RaJazzi	(2015);	
G.	F.	Giudice,	M.	McCullough	(2016).
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Suppose	that	N+1	global	U(1)	symmetries	are	spontaneously	broken	at	a	scale	f:

N+1	Nambu-Goldstone	bosons:	πj	(j	=	0,	1,	…,	N)

2.2 Clockwork scalar

The simplest way to implement the clockwork mechanism is with scalar fields [4, 5]. The
implementations in [4, 5] involve renormalisable scalar field theories, however we will focus
only on the low energy e↵ective theory, which may have di↵erent UV-completions. Let us
consider a theory with a global symmetry G = U(1)N+1 spontaneously broken at the scale
f . Below f , the e↵ective degrees of freedom are N+1 Goldstone bosons ⇡

j

, conveniently
described in terms of the fields

U
j

(x) = ei⇡j(x)/f j = 0, .., N (2.8)

which transform by a phase under the corresponding Abelian factor U(1)
j

. For simplicity,
we assume that the spontaneous breaking of all Abelian factors contained in G occurs at the
same scale f .

We also explicitly, but softly, break G by means of N dimension-two parameters m2

j

(with
j = 0, ..., N�1), which can be regarded as the background values of N spurion fields with
charge

Q
i

[m2

j

] = �
ij

� q �
i j+1

(2.9)

under the Abelian factor U(1)
i

. We take q > 1 and assume that the explicit breaking is small
with respect to the scale of spontaneous breaking, i.e. m2

j

⌧ f 2. The smallness of m2

j

/f 2 is
technically natural becausem2

j

/f 2 ! 0 enhances the symmetry of the theory. The hypothesis
of a scale separation between m2

j

and f 2 is the element that allows us to construct a low-
energy e↵ective theory of the pseudo-Goldstones ⇡

j

from symmetry considerations alone,
without committing to any specific UV completion at the scale f .

The unbroken U(1) corresponds to the generator

Q =
NX

j=0

Q
j

qj
, (2.10)

where Q
j

are the generators of the Abelian factors in G. Indeed, all of the parameters
m2

j

are neutral under the generator Q, since eq. (2.9) implies that Q[m2

j

] = 0 for any j.
To simplify expressions, henceforth we take a single scale for the explicit breaking, i.e.

m2

j

⌘ m2. The generalisation to non-universal values of f and m2 for the di↵erent U(1)
factors is straightforward, and the physical content of the theory does not change, as long
as we consider small deformations of the universal case.

The low-energy description of the Goldstone boson and the N pseudo-Goldstones is
captured by an e↵ective Lagrangian (formally G-invariant, once we treat m2

j

as spurions
charged under G), which can be expanded in derivatives and powers of m2. The two leading
terms are2

L = �f 2

2

NX

j=0

@
µ

U †
j

@µU
j

+
m2f 2

2

N�1X

j=0

⇣
U †
j

U q

j+1

+ h.c.
⌘
. (2.11)

With no loss of generality the parameter m2 can be chosen real (actually, even non-universal
m2

j

can all be made real simultaneously by an appropriate G transformation).

2Throughout the paper we use positive signature for the metric in flat space, ⌘ = (�, +, +, +).
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(j	=	0,	1,	…,	N-1)

mj2	<<	f2
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Qi	[mj2]	=	0

Lagrangian
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mj2	=	m2



Clockwork	mechanism ⇤ ⇤N = qN⇤

Low-energy	effec8ve	LagrangianIn terms of the fields ⇡
j

, eq. (2.11) becomes

L = �1

2

NX

j=0

@
µ

⇡
j

@µ⇡
j

� V (⇡) (2.12)

V (⇡) =
m2

2

N�1X

j=0

(⇡
j

� q ⇡
j+1

)2 + O(⇡4) =
1

2

NX

i,j=0

⇡
i

M2

⇡ ij

⇡
j

+ O(⇡4) . (2.13)

The mass matrix M2

⇡

is given by

M2

⇡

= m2

0

BBBBBBB@

1 �q 0 · · · 0
�q 1 + q2 �q · · · 0
0 �q 1 + q2 · · · 0
...

...
...

. . .
...

1 + q2 �q
0 0 0 · · · �q q2

1

CCCCCCCA

. (2.14)

The matrix M2

⇡

becomes diagonal in the field basis a
j

(j = 0, ..., N), related to the ⇡
j

by a
real (N+1)⇥(N+1) orthogonal matrix O

⇡ = O a , OTM2O = diag (m2

a

0

, . . . ,m2

aN
) (2.15)

where the eigenvalues are given by

m2

a

0

= 0 , m2

ak
= �

k

m2 , k = 1, .., N (2.16)

�
k

⌘ q2 + 1 � 2q cos
k⇡

N+1
, (2.17)

and the elements of the rotation matrix are

O
j0

=
N

0

qj
, O

jk

= N
k


q sin

jk⇡

N+1
� sin

(j + 1)k⇡

N+1

�
, j = 0, .., N ; k = 1, .., N (2.18)

N
0

⌘
s

q2 � 1

q2 � q�2N

, N
k

⌘
s

2

(N+1)�
k

. (2.19)

Equation (2.16) shows that the physical spectrum contains a massless Goldstone (a
0

)
and N massive pseudo-Goldstone states (a

k

), which are the “gears” that make the clockwork
mechanism work. The masses of the clockwork gears fill a band that ranges from m

a

1

⇡ (q�
1)m to m

aN ⇡ m
a

1

+�m, with �m/m
a

1

= 2/(q�1). The mass splitting �m
k

= m
ak+1

�m
ak

between two successive states within the band �m is, in the large N limit,

�m
k

m
ak

⇡ q⇡

N�
k

sin
k⇡

N+1
, k = 1, .., N�1 (2.20)

Although the exact expression in eq. (2.16) is valid only for universal f andm2, non-universal
deformations still preserve the structure of the clockwork gears: N states within a mass band
�m/m

a

= O(1) with splittings between successive states �m/m
a

= O(1/N).
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with One	massless	NG	boson

Now	couple	the	gauge	fields	only	to	the	Nth	pion.	

The crucial point of the clockwork lies in the expression of O
j0

in eq. (2.18). O
j0

measures
the component of the massless Goldstone boson contained in ⇡

j

. Since O
j0

/ q�j, the
Goldstone component at each successive site is q times smaller than for the previous site.
This means that, for su�ciently large N , the Goldstone interaction can be very e�ciently
secluded away from the last site. If a theory is coupled to the clockwork sector only through
its N -th site, the decay constant of the Goldstone interactions will appear exponentially
enhanced with respect to the actual scale of spontaneous symmetry breaking.

To illustrate the mechanism, consider the case in which the N -th site ⇡
N

is coupled to
the topological term of a gauge theory

L =
⇡
N

16⇡2f
G

µ⌫

eGµ⌫ . (2.21)

Once we express ⇡
N

in terms of mass eigenstates, using ⇡
N

=
P

N

j=0

O
Nj

a
j

, the e↵ective
interaction in eq. (2.21) becomes

L =
1

16⇡2

G
µ⌫

eGµ⌫

 
a
0

f
0

�
NX

k=1

(�)k
a
k

f
k

!
(2.22)

f
0

⌘ fqN

N
0

, f
k

⌘ f

N
k

q sin k⇡

N+1

. (2.23)

The first term in eq. (2.22) exhibits the clockwork mechanism. The coupling of the
Goldstone (a

0

) to gauge bosons is determined by the e↵ective scale f
0

, which is exponentially
enhanced with respect to the scale f at which the symmetry-breaking dynamics takes place
(f

0

/f ⇠ qN). From eq. (2.22) we see that the clockwork gears inherit couplings to gauge
bosons as well. However, their decay constants grow only mildly with N (f

k

/f ⇠ N3/2/k)
and are modulated by the index k.

This mechanism allows for the construction of axion models in which the PQ-breaking
dynamics can occur at or below scales as low as the weak scale, and yet the axion is nearly
invisible. The model-building aspects, collider phenomenology, and cosmology of theories
with weak-scale near-invisible axions are so rich and interesting that they will be presented
in a separate publication.

2.3 Clockwork fermion

Fermions may be kept massless due to a chiral symmetry, thus a fermion realisation of the
clockwork involves a single chiral symmetry that is shared amongst a number of fields in
the underlying model, such that the one remaining chiral symmetry pushes the massless
fermion exponentially to one end of the clockwork. To this end, let us introduce N + 1
chiral fermions  

Rj

(j = 0, .., N) together with N fermions  
L i

(i = 0, .., N � 1) of opposite
chirality. Of course, the role of left and right chiralities can be reversed. The global chiral
symmetry is broken by N mass parameters m

i

that pair up the fields in N massive Dirac
fermions, leaving a single massless chiral component. The chiral symmetry is also broken by
N parameters (mq)

i

which can be regarded as the background values of spurion fields. It is
useful to classify these parameters in terms of their charges under the global chiral symmetry.
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Effec8vely	huge	decay	constant.



Infla8on	model

Requirement	for	the	infla8on	sector

• Relaxion	excursion	should	be	classical	and	slow-roll.	

• Inflaton	should	dominate	the	energy	density.	

• The	infla8on	should	persist	long	enough	so	that	the	relaxion.	
can	scan	the	whole	region	for	the	Higgs	mass	parameter.

Extremely	low	infla8on	scale	and	huge	e-folding	number

Hinf	<	O(1)	MeV,	Ne	>	1042	,	….

Can	we	find	a	plausible	infla8on	model…?

Relaxion	mechanism	needs	to	proceed	during	infla8on,	and	the	
infla8on	is	assumed	to	occur	independently.



Lagrangian
Kahler	poten8al

where

Super	poten8al



Absence	of	the	σ-Higgs	coupling
In	the	two-field	relaxion	mechanism,	σ	should	not	have	a	direct	coupling	
to	the	Higgs	fields.

In	our	model,	there	is	no	such	a	coupling		
at	renormalizable	level.	

(The	Kahler	poten8al	depends	on	T	+	T*.)

(Otherwise,	the	late	8me	excursion	of	σ	changes	the	Higgs	mass.)

The	σ-Higgs	couplings	are	generated	by	SUSY-breaking	effects.

mT	<<	mS

FT	<<	FS	.	In	this	case,	FS	is	the	dominant	source	of	the	SUSY-breaking.

M*	>>	f
Again,	FS	is	the	dominant	source	of	the	SUSY-breaking.
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Results

SUSY	scale	can	be	as	large	as	109	GeV.
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SUSY	spectrum

Gaugino	masses	are	suppressed	by	a	loop	factor	compared	with	scalar	masses.

Scalar	masses	are	induced	from	gaugino	masses	through	RGEs	
(gaugino	media8on/no-scale	scenario).

Scalar	masses
(e.g.)

Gaugino	masses

A-terms

[But	with	large	A-terms]Mini	split



Mass	spectrum	(Relaxion	sector)
Periodic	poten8al	gives	a	mass	to	φ.

Relaxino	is	eaten	by	gravi8no	(golds8no).

SUSY	scale.

Can	be	as	light	as	gravi8no	(depending	on	Kahler	poten8al).

mT

Since	the	amplitude	of	the	periodic	poten8al	becomes	large	
in	the	end,	relaxion	is	heavy.

Remark:	If	relaxion	is	light,	it	is	severely	constrained	by	axion	bounds.
T.	Kobayashi,	O.	Seto,	T.	Shimomura,	and	Y.	Urakawa	[1605.06908].



ParBcle	spectrum
Mass [GeV]

10≠9

100

103

106

Âq, Âl, ÊHu,d, s

„

Âg, ÁW , ÊB

t, h, Z, W

· , ‡, Â‡

ÊG = Â„

Target	of	collider	experiments.

Target	of	EDM	and	flavor	physics.

Avoids	gravi8no	problem.



Mass	spectrum	aFer	D-term	inflaBon
Aher	infla8on,	the	fields	seJle	in	the	SUSY-preserving	minimum.

Superfield	treatment	is	s8ll	valid.

T,	φ-

Form	a	massive	vector-like	chiral	mul8plet	with	a	mass	of	

φ+

Eaten	by	the	U(1)	gauge	vector	superfield:



Cosmic	string	problem

Since	the	U(1)	symmetry	is	broken	aher	infla8on,	cosmic	strings	
can	be	problema8c.

Tree-level	poten8al

τ	=	σ	=	φ−	=	0,	φ+	=	√ξ	is	the	absolute	minimum.

String	mass	per	unit	length

Planck	bound

[Planck	2015]

U(1)	breaking

Minimal	D-term	infla8on	
model	is	disfavored.	



Cosmic	string	problem
Various	solu8ons	to	the	cosmic	string	problem	have	been	proposed.

• Curvaton	

• Non-minimal	Kahler	poten8al	

• Sub-cri8cal	D-term	infla8on	

• Dynamical	D-term	genera8on	

• Semi-local	string

M.	Endo,	M.	Kawasaki,	and	T.	Moroi	(2003).

O.	Seto	and	J.	Yokoyama	(2006);	J.	Rocher	and	M.	Sakellariadou	(2006).

W.	Buchmuller	and	K.	Ishiwata	(2014).

V.	Domcke,	K.	Schmitz	and	T.	T.	Yanagida	(2014).

J.	Urres8lla,	A.	Achucarro,	and	A.	C.	Davis	(2004).

It	is	not	easy	to	find	a	solu8on	which	is	compa8ble	with	low-scale	
infla8on	and	relaxion	mechanism.

Semi-local	strings	and	textures	are	also	constrained	by	CMB.
J.	Urres8lla,	N.	Bevis,	M.	Hindmarsh,	M.	Kunz,	and	A.	R.	Liddle	(2007).
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We	use	this	to	break	U(1)	
during	infla8on.


