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Outline
リラクシオン機構

• オリジナル模型とその問題点	
• 動機，背景にある考え方

超対称性理論とリラクシオン機構

今後の課題
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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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• 電弱スケール微調整問題に対する新しいアプローチ	

• アクシオン的な場がヒッグス場の質量をスキャンしな
がら転がり，電弱対称性が破れてすぐに止まる	

• TeV	スケールに新粒子を（必ずしも）予言せず，LHCの
実験制限を回避できる



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

リラクシオン	φ
• アクシオン的な（ただし[−∞,	+∞]の値をとる）場	

• ヒッグス場との結合を通じてヒッグス質量をスキャン

ポテンシャル

ヒッグス場の真空期待値に比例シフト対称性をわずかに破る

φ	はポテンシャル上を転がる 電弱対称性の破れの後に	
φに対するバリアを生む

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



Relaxion	model

ポテンシャル

ヒッグス場の真空期待値に比例シフト対称性をわずかに破る

φ	はポテンシャル上を転がる 電弱対称性の破れの後に	
φに対するバリアを生む

V(φ)

φ

インフレーション中に転がる。



Relaxion	model

ポテンシャル

ヒッグス場の真空期待値に比例シフト対称性をわずかに破る

φ	はポテンシャル上を転がる 電弱対称性の破れの後に	
φに対するバリアを生む

V(φ)

φ

φ	は電弱スケールが破れた直後に停止

非常に小さいが	“technically	natural”

Stop!
EWSB!

階層性問題の動的な解決案。

Tuning



History
類似の考え方は，もともと非常に小さな宇宙項を説明するために	
提案された。

Volume 150B, number 6 PHYSICS LETTERS 24 January 1985 

A MECHANISM FOR REDUCING THE VALUE OF THE COSMOLOGICAL CONSTANT 

L.F. ABBOTT 1 
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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 
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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 

427 
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ポテンシャル・エネルギーが十分大きい時は揺らぎの効果に	
よりφは転がるが，V	～	3	MPl2	Λ2	となった時φは止まる。

ただし，現実的な宇宙論模型を構築するのは難しそう。



History
電弱スケールの微調整問題を対称性によって説明する模型

• 超対称標準模型	
• 複合ヒッグス模型 etc.

TeVスケールに（カラー量子数を持つ）	
トップ・パートナーを予言。

しかしながら，LHC	Run-I	にて
そのような粒子は見つからず，
それらの粒子の質量に対して
厳しい制限が与えられた。

LHCの標的

Mass scales [GeV]
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Summary of CMS SUSY Results* in SMS framework

CMS Preliminary

m(mother)-m(LSP)=200 GeV m(LSP)=0 GeV

ICHEP 2014

lspm⋅+(1-x)motherm⋅ = xintermediatem
For decays with intermediate mass,

Only a selection of available mass limits
*Observed limits, theory uncertainties not included

Probe *up to* the quoted mass limit
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MSUGRA/CMSSM 0 2-6 jets Yes 20.3 m(q̃)=m(g̃) 1405.78751.7 TeVq̃, g̃

MSUGRA/CMSSM 1 e, µ 3-6 jets Yes 20.3 any m(q̃) ATLAS-CONF-2013-0621.2 TeVg̃

MSUGRA/CMSSM 0 7-10 jets Yes 20.3 any m(q̃) 1308.18411.1 TeVg̃

q̃q̃, q̃→qχ̃
0
1 0 2-6 jets Yes 20.3 m(χ̃

0
1)=0 GeV, m(1st gen. q̃)=m(2nd gen. q̃) 1405.7875850 GeVq̃

g̃g̃, g̃→qq̄χ̃
0
1 0 2-6 jets Yes 20.3 m(χ̃

0
1)=0 GeV 1405.78751.33 TeVg̃

g̃g̃, g̃→qqχ̃
±
1→qqW±χ̃

0
1

1 e, µ 3-6 jets Yes 20.3 m(χ̃
0
1)<200 GeV, m(χ̃

±
)=0.5(m(χ̃

0
1)+m(g̃)) ATLAS-CONF-2013-0621.18 TeVg̃

g̃g̃, g̃→qq(ℓℓ/ℓν/νν)χ̃
0
1

2 e, µ 0-3 jets - 20.3 m(χ̃
0
1)=0 GeV ATLAS-CONF-2013-0891.12 TeVg̃

GMSB (ℓ̃ NLSP) 2 e, µ 2-4 jets Yes 4.7 tanβ<15 1208.46881.24 TeVg̃

GMSB (ℓ̃ NLSP) 1-2 τ + 0-1 ℓ 0-2 jets Yes 20.3 tanβ >20 1407.06031.6 TeVg̃

GGM (bino NLSP) 2 γ - Yes 20.3 m(χ̃
0
1)>50 GeV ATLAS-CONF-2014-0011.28 TeVg̃

GGM (wino NLSP) 1 e, µ + γ - Yes 4.8 m(χ̃
0
1)>50 GeV ATLAS-CONF-2012-144619 GeVg̃

GGM (higgsino-bino NLSP) γ 1 b Yes 4.8 m(χ̃
0
1)>220 GeV 1211.1167900 GeVg̃

GGM (higgsino NLSP) 2 e, µ (Z) 0-3 jets Yes 5.8 m(NLSP)>200 GeV ATLAS-CONF-2012-152690 GeVg̃

Gravitino LSP 0 mono-jet Yes 10.5 m(G̃)>10−4 eV ATLAS-CONF-2012-147645 GeVF1/2 scale

g̃→bb̄χ̃
0
1 0 3 b Yes 20.1 m(χ̃

0
1)<400 GeV 1407.06001.25 TeVg̃

g̃→tt̄χ̃
0
1 0 7-10 jets Yes 20.3 m(χ̃

0
1) <350 GeV 1308.18411.1 TeVg̃

g̃→tt̄χ̃
0
1

0-1 e, µ 3 b Yes 20.1 m(χ̃
0
1)<400 GeV 1407.06001.34 TeVg̃

g̃→bt̄χ̃
+

1 0-1 e, µ 3 b Yes 20.1 m(χ̃
0
1)<300 GeV 1407.06001.3 TeVg̃

b̃1b̃1, b̃1→bχ̃
0
1 0 2 b Yes 20.1 m(χ̃

0
1)<90 GeV 1308.2631100-620 GeVb̃1

b̃1b̃1, b̃1→tχ̃
±
1 2 e, µ (SS) 0-3 b Yes 20.3 m(χ̃

±
1 )=2 m(χ̃

0
1) 1404.2500275-440 GeVb̃1

t̃1 t̃1(light), t̃1→bχ̃
±
1 1-2 e, µ 1-2 b Yes 4.7 m(χ̃

0
1)=55 GeV 1208.4305, 1209.2102110-167 GeVt̃1

t̃1 t̃1(light), t̃1→Wbχ̃
0
1

2 e, µ 0-2 jets Yes 20.3 m(χ̃
0
1) =m(t̃1)-m(W)-50 GeV, m(t̃1)<<m(χ̃

±
1 ) 1403.4853130-210 GeVt̃1

t̃1 t̃1(medium), t̃1→tχ̃
0
1

2 e, µ 2 jets Yes 20.3 m(χ̃
0
1)=1 GeV 1403.4853215-530 GeVt̃1

t̃1 t̃1(medium), t̃1→bχ̃
±
1 0 2 b Yes 20.1 m(χ̃

0
1)<200 GeV, m(χ̃

±
1 )-m(χ̃

0
1)=5 GeV 1308.2631150-580 GeVt̃1

t̃1 t̃1(heavy), t̃1→tχ̃
0
1

1 e, µ 1 b Yes 20 m(χ̃
0
1)=0 GeV 1407.0583210-640 GeVt̃1

t̃1 t̃1(heavy), t̃1→tχ̃
0
1 0 2 b Yes 20.1 m(χ̃

0
1)=0 GeV 1406.1122260-640 GeVt̃1

t̃1 t̃1, t̃1→cχ̃
0
1 0 mono-jet/c-tag Yes 20.3 m(t̃1)-m(χ̃

0
1 )<85 GeV 1407.060890-240 GeVt̃1

t̃1 t̃1(natural GMSB) 2 e, µ (Z) 1 b Yes 20.3 m(χ̃
0
1)>150 GeV 1403.5222150-580 GeVt̃1

t̃2 t̃2, t̃2→t̃1 + Z 3 e, µ (Z) 1 b Yes 20.3 m(χ̃
0
1)<200 GeV 1403.5222290-600 GeVt̃2

ℓ̃L,R ℓ̃L,R, ℓ̃→ℓχ̃
0
1

2 e, µ 0 Yes 20.3 m(χ̃
0
1)=0 GeV 1403.529490-325 GeVℓ̃

χ̃+
1
χ̃−
1 , χ̃

+

1→ℓ̃ν(ℓν̃) 2 e, µ 0 Yes 20.3 m(χ̃
0
1)=0 GeV, m(ℓ̃, ν̃)=0.5(m(χ̃

±
1 )+m(χ̃

0
1)) 1403.5294140-465 GeVχ̃±

1

χ̃+
1
χ̃−
1 , χ̃

+

1→τ̃ν(τν̃) 2 τ - Yes 20.3 m(χ̃
0
1)=0 GeV, m(τ̃, ν̃)=0.5(m(χ̃

±
1 )+m(χ̃

0
1)) 1407.0350100-350 GeVχ̃±

1

χ̃±
1
χ̃0
2→ℓ̃Lνℓ̃Lℓ(ν̃ν), ℓν̃ℓ̃Lℓ(ν̃ν) 3 e, µ 0 Yes 20.3 m(χ̃

±
1 )=m(χ̃

0
2), m(χ̃

0
1)=0, m(ℓ̃, ν̃)=0.5(m(χ̃

±
1 )+m(χ̃

0
1)) 1402.7029700 GeVχ̃±

1 ,
χ̃0
2

χ̃±
1
χ̃0
2→Wχ̃

0
1Zχ̃

0
1

2-3 e, µ 0 Yes 20.3 m(χ̃
±
1 )=m(χ̃

0
2), m(χ̃

0
1)=0, sleptons decoupled 1403.5294, 1402.7029420 GeVχ̃±

1 , χ̃
0

2

χ̃±
1
χ̃0
2→Wχ̃

0
1h χ̃

0
1

1 e, µ 2 b Yes 20.3 m(χ̃
±
1 )=m(χ̃

0
2), m(χ̃

0
1)=0, sleptons decoupled ATLAS-CONF-2013-093285 GeVχ̃±

1 ,
χ̃0
2

χ̃0
2
χ̃0
3, χ̃

0
2,3 →ℓ̃Rℓ 4 e, µ 0 Yes 20.3 m(χ̃

0
2)=m(χ̃

0
3), m(χ̃

0
1)=0, m(ℓ̃, ν̃)=0.5(m(χ̃

0
2)+m(χ̃

0
1)) 1405.5086620 GeVχ̃0

2,3

Direct χ̃
+

1
χ̃−
1 prod., long-lived χ̃

±
1 Disapp. trk 1 jet Yes 20.3 m(χ̃

±
1 )-m(χ̃

0
1)=160 MeV, τ(χ̃

±
1 )=0.2 ns ATLAS-CONF-2013-069270 GeVχ̃±

1

Stable, stopped g̃ R-hadron 0 1-5 jets Yes 27.9 m(χ̃
0
1)=100 GeV, 10 µs<τ(g̃)<1000 s 1310.6584832 GeVg̃

GMSB, stable τ̃, χ̃
0
1→τ̃(ẽ, µ̃)+τ(e, µ) 1-2 µ - - 15.9 10<tanβ<50 ATLAS-CONF-2013-058475 GeVχ̃0

1

GMSB, χ̃
0
1→γG̃, long-lived χ̃

0
1

2 γ - Yes 4.7 0.4<τ(χ̃
0
1)<2 ns 1304.6310230 GeVχ̃0

1

q̃q̃, χ̃
0
1→qqµ (RPV) 1 µ, displ. vtx - - 20.3 1.5 <cτ<156 mm, BR(µ)=1, m(χ̃

0
1)=108 GeV ATLAS-CONF-2013-0921.0 TeVq̃

LFV pp→ν̃τ + X, ν̃τ→e + µ 2 e, µ - - 4.6 λ′311=0.10, λ132=0.05 1212.12721.61 TeVν̃τ
LFV pp→ν̃τ + X, ν̃τ→e(µ) + τ 1 e, µ + τ - - 4.6 λ′

311
=0.10, λ1(2)33=0.05 1212.12721.1 TeVν̃τ

Bilinear RPV CMSSM 2 e, µ (SS) 0-3 b Yes 20.3 m(q̃)=m(g̃), cτLS P<1 mm 1404.25001.35 TeVq̃, g̃

χ̃+
1
χ̃−
1 , χ̃

+

1→Wχ̃
0
1, χ̃

0
1→eeν̃µ, eµν̃e 4 e, µ - Yes 20.3 m(χ̃

0
1)>0.2×m(χ̃

±
1 ), λ121!0 1405.5086750 GeVχ̃±

1

χ̃+
1
χ̃−
1 , χ̃

+

1→Wχ̃
0
1, χ̃

0
1→ττν̃e, eτν̃τ 3 e, µ + τ - Yes 20.3 m(χ̃

0
1)>0.2×m(χ̃

±
1 ), λ133!0 1405.5086450 GeVχ̃±

1

g̃→qqq 0 6-7 jets - 20.3 BR(t)=BR(b)=BR(c)=0% ATLAS-CONF-2013-091916 GeVg̃

g̃→t̃1t, t̃1→bs 2 e, µ (SS) 0-3 b Yes 20.3 1404.250850 GeVg̃

Scalar gluon pair, sgluon→qq̄ 0 4 jets - 4.6 incl. limit from 1110.2693 1210.4826100-287 GeVsgluon

Scalar gluon pair, sgluon→tt̄ 2 e, µ (SS) 2 b Yes 14.3 ATLAS-CONF-2013-051350-800 GeVsgluon

WIMP interaction (D5, Dirac χ) 0 mono-jet Yes 10.5 m(χ)<80 GeV, limit of<687 GeV for D8 ATLAS-CONF-2012-147704 GeVM* scale

Mass scale [TeV]10−1 1
√
s = 7 TeV
full data

√
s = 8 TeV

partial data

√
s = 8 TeV
full data

ATLAS SUSY Searches* - 95% CL Lower Limits
Status: ICHEP 2014

ATLAS Preliminary
√
s = 7, 8 TeV

*Only a selection of the available mass limits on new states or phenomena is shown. All limits quoted are observed minus 1σ theoretical signal cross section uncertainty.



History

一方で，TeVスケールにカラー粒子を予言しないような模型にも
脚光が集まるようになった（Neutral	Naturalness）。

• Twin	Higgs	
• Folded	Supersymmetry

etc.
カラー量子数を持たないパートナー
によって二次発散を打消す。

人間原理，mulhverse??

特に，“重いヒッグス質量（～125	GeV）”	の発見も相まって，微
調整があるように見える模型も勢力的に調べられた。

このような背景のもと，これらとは別のアプローチである
リラクシオン機構が提唱された。

cf.)	Nnaturalness
N.	Arkani-Hamed,	T.	Cohen,	R.	T.	D’Agnolo,	A.	Hook,	H.	D.	Kim,	D.	Pinner	[arXiv:	1607.06821].



Near	cri?cality

ヒッグス機構の場合，m2	=	0	が臨界点。
階層性問題に対する別の見方：

何故臨界点近傍に選ばれたか？

例:	強磁性体

相転移の臨界点に持って行くには，温度Tを転移温度	TC	に	
調整せねばならない。

T	>	TC T	<	TC

このような調整を自然が
行っているのだろうか？



Self-organized	cri?cality
P.	Bak,	C.	Tang,	and	K.	Wiesenfeld,	Phys.	Rev.	LeI.	59,	381	(1987).

自己組織化臨界現象
外部パラメーターを特別な値に調整しなくても，系自身の動
力学に従って自発的に臨界状態へと時間発展していく現象。

例)	砂山

P.	Bak,	“How	nature	works”.

積もる 臨界 雪崩

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
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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

雪崩のサイズの分布
はべき乗則に従う。

系は臨界状態へと
自動的に発展する。

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



Self-organized	cri?cality
臨界点近傍にパラメーターが選ばれるような動的な機構が
ヒッグス・セクターでも起きているのではないか？

自己組織化臨界現象の特徴

①	強い散逸

リラクシオン機構

ハッブル摩擦

②	無数の準安定状態 周期ポテンシャル

③	ゆっくりとした長時間
にわたる過程 大きなe-fold数

このようなシナリオにそった模型は，まだまだ沢山	
ありうるかもしれない。

• 簡単に止められる	
• 初期条件に依存しない

• 微調整問題を避ける

• きちんと臨界点に行くように



Mo?va?on

• UV	complehon	
• Strong	CP	problem/coincidence	problem	
• インフレーション模型

新しいアイデア	

深遠な思想？	

多くの課題

etc.

従来の様々なアイデア（SUSY,	composite	Higgs,	…）に匹敵する	

ほど有望かつ魅力的な模型は作れるか。



Problems	in	the	original	model
Strong	CP	Problem
もともとの模型は，QCDアクシオンをリラクシオンとして	
使用していた。

θQCD	が一般には大きくなりすぎてしまう。

単純な拡張法
新たな“強い相互作用”をするvector-likeな粒子を導入

リラクシオンを止める周期ポテンシャルはこの新しい	
相互作用によって生じる。
ヒッグスの真空期待値がリラクシオンのポテンシャルに対し	
有意な影響を与えるためには，新たな粒子は電弱スケール	
程度になければならない。

Coincidence	problem



リラクシオン，ないしシフト対称性の破れの起源
アクシオンような南部・ゴールドストン粒子と違って，リラクシオン	
は非コンパクトな場の空間をスキャンする。

場の理論の枠組みでこのような場を用意するのは	
困難ではないか？

R.	S.	Gupta,	Z.	Komargodski,	G.	Perez,	L.	Ubaldi,	JHEP	1602,	166	(2016).

• ストリング理論起源（モノドロミー）	

• 多数のアクシオン場を使う（ぜんまい仕掛け）

インフレーション模型の研究において良いアイデアが既に提案	
されている。

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.	LeI.	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.	RaIazzi	(2015).



インフレーション模型
• インフレーション・セクターは別に想定	
• リラクシオン機構はインフレーション中に起こる

インフレーション・セクターに対する要請
• リラクシオン場の変化が古典的かつスロー・ロール	

• インフラトンのエネルギーが支配的	

• アクシオンがヒッグス質量をスキャンできるよう十分
長くインフレーションが持続

非常に低いインフレーション・スケールかつ莫大なe-fold数が	
必要とわかる。

Hinf	<	O(1)	MeV,	Ne	>	1042	,	….

妥当なインフレーション模型は作れるのだろうか。。



An	approach

• UV	complehon	

• Strong	CP	problem/coincidence	problem	

• インフレーション模型

超対称性

Two-field	relaxion	mechanism

D-term	inflahon	(preliminary)



SUSY and Relaxion

J.	L.	Evans,	T.	GhergheIa,	N.	Nagata,	Z.	Thomas,	to	appear	in	JHEP	(2016).



Supersymmetry	and	relaxion
もともとのリラクシオン模型はカットオフΛを持つ有効理論を
考えている。

• UV	complehon？	

• カットオフの意味？

高エネルギーに超対称性がある場合を考える。
• この場合，カットオフは超対称性の破れのスケール
• リラクシオン場は超対称性を破り，ポテンシャル上
を転がる際にso�	massをスキャンする

• 超対称性理論のLiIle	hierarchyをリラクシオン機構
で説明

B.	Batell,	G.	F.	Giudice,	M.	McCullough,	JHEP	1512,	162	(2015).



Two-field	relaxion	model
リラクシオンを止める周期ポテンシャルを，電弱スケール
よりもかなり高いスケールで生成することを考える。

• Coincidence	problem	を避けられる。	

• 電弱対称性が破れると同時にポテンシャルを発動さ
せるにはどうすればよいか。

リラクシオンと共に転がる新しい場	σ	を加える。
J.	Espinosa,	C.	Grojean,	G.	Panico,	A.	Pomarol,	O.	Pujolas,	G.	Servant	(2015).

電弱対称性が破れる前の期間，周期ポテンシャルを消すように動く。

ただし，σ	とヒッグス場との結合は抑制しておかねばならない。
（ヒッグス質量を変化させてしまう。）



２つのシングレット場，S,	T	を含む超対称リラクシオン模型

SUSY	two-field	relaxion	model

シフト対称性

φ:	リラクシオン場
σ:	第二の場

J.	L.	Evans,	T.	GhergheIa,	N.	Nagata,	Z.	Thomas	(2016).



• ケーラー・ポテンシャルはシフト対称性を保つ	

• σ	はヒッグス場と直接結合しない	

• N,	N	はSU(N)相互作用を行う

SUSY	two-field	relaxion	model
スーパーポテンシャル

(シフト対称性を破る項)

(a:	SM,	SU(N))



Scalar	poten?al

スカラー・ポテンシャル

s,	τ	に関する極小条件

φ,	σが大きな値をとっている限り，s,	τ	に関する最小点はφ,	σ	に	
依存しない。

s,	τ	は定数とみなせる。

φ,	σ	は大きな初期値を持つと仮定。
• シフト対称性を破る項により，これらの場はゆっくりと転がる	

• 一方，s,	τ	はケーラー・ポテンシャルにより固定される



SoR	masses
φ,	σ	が転がっている間，ポテンシャル・エネルギーはゼロで無い。

これらの場は超対称性を破る。
スカラー質量
(e.g.)

ゲージーノ質量

リラクシオンはこれらの量をスキャンする
B.	Batell,	G.	F.	Giudice,	M.	McCullough,	JHEP	1512,	162	(2015).

A-term
“Axion	mediahon”

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



EWSB
電弱対称性の破れの条件

臨界値	[D(φ*)	=	0]

リラクシオンが転がり始めた時に	D(φ)	>	0	とする。
リラクシオンはso�	massをスキャンしながら転がり，ある時	
上の条件が満たされて電弱対称性が破れる。

D(φ)

φ
EWSB!



Cosmological	evolu?on
ポテンシャル

with

①	最初σのみが転がっていて，φは止まっている。

②	ある時，周期ポテンシャルが消え共に転がりだす（A	=	0）。

φ	が	σ	についていく



Cosmological	evolu?on

Two-field	relaxion	mechanism

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

①	φ	は停止し，σ	のみ動く
②	φ	も	σ	も動く	[A	=	0]

③	EWSB	(D(φ)<0)

④	φ	は停止し，σ	は
転がり続ける

③	ある時，D(φ)	<	0	となり，電弱対称性が破れる。

④	φ	は周期ポテンシャルにより止められる。σ	は転がり続ける。



Constraints
スローロール

(HI	:	ハッブル・パラメーター)
インフレーションは別の場に	
よって生じていると仮定。

φ,	σ	のエネルギーはインフラトンのエネルギーと比べて小さい

(MP	:	プランク質量)

インフラトンによる超対称性破れの影響が小さい

φ,	σの運動が古典的

ハッブル時間でのシグマの変位
量子揺らぎの典型的な大きさ

e-fold数

低スケール・インフレーション



Results

J.	L.	Evans,	T.	GhergheIa,	N.	Nagata,	Z.	Thomas	(2016).

100	TeV	程度の超対称性スケールに伴う『小さな階層性』	
をリラクシオン機構によって説明できる。
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J.	L.	Evans,	T.	GhergheIa,	N.	Nagata,	Z.	Thomas	(2016).

fφ	は1010	GeV	程度まで上げられそう。



Results

Higgs
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J.	L.	Evans,	T.	GhergheIa,	N.	Nagata,	Z.	Thomas	(2016).

109	GeV	程度まで超対称スケールは上がりうる。



SUSY	spectrum

ゲージーノ質量はスカラー質量と比べて1ループ分軽い	(mini-split)

スカラー質量等はゲージーノ質量項からくりこみ群の	
効果で誘導される	(gaugino	mediahon/no-scale	scenario)

スカラー質量
(e.g.)

ゲージーノ質量

A-term

[しかし，A-term	は大きい]



Mass	spectrum	(Relaxion	sector)

周期ポテンシャルの曲率によってφの質量は与えられる。

グラビティーノに食われる	(ゴールドスティーノ).

超対称性の破れのスケール程度の質量

ケーラー・ポテンシャルによるが，グラビティーノくらい軽くなりうる。

mT

周期ポテンシャルが最終的に高くなるため，リラクシオンは重い。
注)	軽い場合はアクシオン探索の制限に引っかかりうる

T.	Kobayashi,	O.	Seto,	T.	Shimomura,	and	Y.	Urakawa	[1605.06908].



Par?cle	spectrum
Mass [GeV]
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EDM・フレーバー物理



Relaxion and Inflation

J.	L.	Evans,	T.	GhergheIa,	N.	Nagata,	M.	Peloso,	in	preparahon.



Infla?on	models
リラクシオン機構に適合したインフレーション模型はあるか？

ハッブル・パラメーター

e-fold	数

注)	他のアプローチ

• 粒子生成に基づくリラクシオン模型	

• インフレーション後にリラクシオン機構が起こる模型

第二の場	σ	をインフラトンとして使えないか？

A.	Hook	and	G.	Marques-Tavares,	[arXiv:	1607.01786];	
W.	Tangarife,	K.	Tobioka,	L.	Ubaldi,	and	T.	Volansky,	in	preparahon.

T.	Higaki,	N.	Takeda,	Y.	Yamada	[arXiv:	1607.06551].



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

新しいU(1)	ゲージ相互作用を導入。
スーパーポテンシャル

Φ±	はU(1)	電荷	±1	を持ち，残りの場はU(1)相互作用をしない。
ポテンシャル（tree-level）

Fayet-Iliopoulos	(FI)	項

σ	が大きな値を取る時，φ＋	=	φ−	=	0	が極小値となる。

φ±	の質量 臨界値
σ	>	σc	で



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

ポテンシャル（1-loop）

Coleman-Weinberg	ポテンシャル

スローロール・パラメーター

ε	<<	η
CMB



Low-scale	D-term	infla?on
NCMB	はハッブル・パラメーターと再加熱エネルギー・スケールの関数	
として与えられる。
e-fold	数

aend	:	インフレーション終了時のスケール因子	
ak	≡	k/HI

NCMB

Planck衛星の観測値に対応

観測値を説明できるパラメーター領域を調べる。



Low-scale	D-term	infla?on
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低いインフレーション・スケールは観測値と無矛盾。

+	BICEP2	＆	Keck	Array	(1σ)

Planck	TT	+	lowPP	(1σ)



Low-scale	D-term	infla?on
FI項	ξ	とゲージ結合定数	g	は以下の量から決定。
パワー・スペクトル

インフレーションのエネルギー・スケール



D-term	infla?on	and	relaxion
第二の場	σ	をインフラトンとして利用する。

J.	L.	Evans,	T.	GhergheIa,	N.	Nagata,	M.	Peloso,	in	preparahon.

• Ne	>	1014	ではリラクシオン機構に参加する	

• Ne	～	35	がCMBの揺らぎに対応

インフレーション中は	φ＋	=	φ−	=	0	なので，新たに足したスーパー
ポテンシャルはリラクシオン機構に直接影響しない。

量子効果によるシフト対称性破れの寄与は，超対称性に守られて
いるため十分小さい。



Cosmic	string	problem

インフレーション後にU(1)対称性が破れるため，宇宙ひもが
生成される。

ポテンシャル（tree-level）

τ	=	σ	=	φ−	=	0,	φ+	=	√ξ	で最小値をとる。

単位長さあたりの宇宙ひもの質量

プランクの制限

[Planck	2015]



Cosmic	string	problem
いろいろな解決法が提案されている。

• Curvaton	

• Non-minimal	Kahler	potenhal	

• Sub-crihcal	D-term	inflahon	

• Dynamical	FI-term	generahon	

• 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.	Urreshlla,	A.	Achucarro,	and	A.	C.	Davis	(2004).

低スケール・インフレーションおよびリラクシオン機構と
適合する解を見出すのは容易ではない。
Semi-local	string	や	texture	もCMBからの制限をうける。

J.	Urreshlla,	N.	Bevis,	M.	Hindmarsh,	M.	Kunz,	and	A.	R.	Liddle	(2007).



Conclusion



Conclusion
リラクシオン機構

Two-field	SUSY	relaxion	model

新しいアイデアで興味深いが，模型としてまだまだ未熟。
開拓する余地はたくさん残されている。

Coincidence	problem	を解決し，既存の模型を（部分的に）
UV	complete	する模型を与えた。

Inflahon,	cosmology

リラクシオン機構に適合する宇宙論のシナリオ，インフ
レーション模型を見つけ出すことは今後の課題の一つ。



Backup



The	Twin	Higgs
Z.	Chacko,	H.	Goh,	and	R.	Harnik,	Phys.	Rev.	LeI.	96,	231802	(2006).

Higgs	potenhal

H:	a	4	of	a	global	SU(4)

Breaking	paIern

SU(4)	→	SU(3)	:	7	NG	bosons
Explicit	breaking

SU(2)A	x	SU(2)B	部分をゲージ化 ２次発散に寄与

Z2	対称性（A	↔	B:	g	=	gA	=	gB）

SU(4)	対称的なのでNG	bosonの質量項
二次発散に（1-loopで）寄与しない。

Z2	対称性に伴い，トップ・パートナーが導入される。



Folded	SUSY G.	Burdman,	Z.	Chacko,	H.	Goh,	and	R.	Harnik,	JHEP	0702,	009	(2007).

SU(3)C	カラー量子数を持たない	stop	を導入。

Gauge	symmetry

超対称性を高いスケールで破り，SU(3)C	のクォークと
SU(3)’C	のスクォークのみを低エネルギーに残す。

湯川結合を共通にとれば，“accidentalなSUSY”	により二次
発散が1-loopで打ち消し合う。

Orbifold	とかを使って頑張る。



Lagrangian
Kahler	potenhal

where

Super	potenhal



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	potenhal	depends	on	T	+	T*.)

(Otherwise,	the	late	hme	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.


