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We (collectively) spend most of 
our time looking for solutions to 

the hierarchy problem

We have yet to find evidence for these solutions.  
(not for lack of outstanding experimental effort)  

Natural question: have we exhausted the solutions?

CMS Exotica Physics Group Summary – LHCP, 2016!
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Summary of CMS SUSY Results* in SMS framework

CMS Preliminary

m(mother)-m(LSP)=200 GeV m(LSP)=0 GeV
SUSY 2013

 = 7 TeVs

 = 8 TeVs

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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*Observed limits, theory uncertainties not included

Probe *up to* the quoted mass limit



The Hierarchy Problem
Quantum gravity cutoff

Higgs sector cutoff

Uninteresting RG 
flow to IR

Standard Model(~unique vacuum)

mH is not technically natural ⇒ hierarchy problem



Adding a symmetry

1. Supersymmetry 

2. Global symmetry 

3. Discrete symmetry

Experimental signals: partner particles

…and breaking it softly

• The familiar host of prompt signals (with or 
without missing energy) 

• Rich variety of displaced decays (RPV, 
fraternal twin higgs, folded SUSY, …)



Discrete Symmetries
Consider a scalar H transforming as a 

fundamental under a global SU(4):

V (H) = �m2|H|2 + �|H|4

SU(4)! SU(3) yields seven goldstone bosons.

|⇥H⇤|2 =
m2

2�
� f2

Potential leads to spontaneous symmetry breaking,

6



Discrete Symmetries

V (H) � 9
64�2

�
g2

A�2|HA|2 + g2
B�2|HB |2

�

Then 6 goldstones are eaten, leaving one behind.

But these become SU(4) symmetric if gA=gB from a Z2 

Now gauge SU(2)A x SU(2)B ⊂ SU(4), w/ H =
✓

HA

HB

◆

Us Twins

Explicitly breaks the SU(4); expect radiative corrections.

Quadratic potential has accidental SU(4) symmetry.
7



Discrete Symmetries

Then 6 goldstones are eaten, leaving one behind.

But these become SU(4) symmetric if gA=gB from a Z2 

Now gauge SU(2)A x SU(2)B ⊂ SU(4), w/ H =
✓

HA

HB

◆

Us Twins

Explicitly breaks the SU(4); expect radiative corrections.

V (H) � 9
64�2

g2�2
�
|HA|2 + |HB |2

�

Quadratic potential has accidental SU(4) symmetry.
7



Twin Higgs
Standard 

Model
Standard 

Model
Radiative corrections to the Higgs mass are 

SU(4) symmetric thanks to Z2:

h + . . . f � h2

2f
+ . . .

L ⇥ �ytHAQA
3 ūA

3 � ytHBQB
3 ūB

3

Higgs is a PNGB of ~SU(4), but partner 
states neutral under SM.

Z2

[Chacko, Goh, Harnik ‘05]

V (H) ⇥ �2

16�2

✓
�6y2

t +
9
4
g2 + . . .

◆ �
|HA|2 + |HB |2

�



5 TeV

b’L
t’Rt’L

w’,z’

h

g’

“Neutral” naturalness
Simplest theory: exact mirror 

copy of SM

Many more options where 
symmetry is approximate, e.g. 
a good symmetry for heaviest 

SM particles.

9

[Chacko, Goh, Harnik ’05]

[NC, Knapen, Longhi ’14; Geller, Telem 
’14; NC, Katz, Strassler, Sundrum ’15; 
Barbieri, Greco, Rattazzi, Wulzer ’15; 

Low, Tesi, Wang ’15, NC, Knapen, 
Longhi, Strassler ‘16]

But this is more than you need, 
and mirror 1st, 2nd gens lead 
to cosmological challenges



Exotic Higgs Decays

h

h*

h*

SM

SM

0++

0++

10

• Twin sector must have twin QCD, confines around 
QCD scale 

• Higgs boson couples to                                                      
bound states of twin QCD 

• Various possibilities. Glueballs most interesting; 
lightest have same quantum # as Higgs 
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Produce in rare Higgs decays (BR~10-3-10-4)

Long-lived, length scale ~ LHC detectors

[NC, Katz, Strassler, Sundrum ’15]

0++ ! h⇤ ! ff̄

gg ! h! 0++ + 0++ + . . .

L ⇥ ��0
3

6⇥

v

f

h

f
G

0a
µ�G

0µ�
a

Decay back to SM via Higgs



Higgs portal
direct

production

scalar fermion

QCD SUSY

Composite Higgs/

RS

EW folded SUSY

Quirky Little

Higgs

singlet ?

Twin

Higgs

{

{

{

strong
direct

production

DY
direct

production

Higgs portal observables

Higgs coupling shifts

⇠ tuning

Mirror Glueballs

Table 1. The “theory space” of solutions to the hierarchy problem with top partners, organized by SM gauge
charge and spin, with a representative model example in each field. The gauge charge dictates the direct top
partner production mode, which makes the LHC suitable for discovery of colored top partners. For uncolored
top partners, mirror glueballs are highly favored for EW-charged mirror sectors, and possible for singlet top
partners. Higgs coupling shifts of same order as tuning are present in all known fermionic top partner theories.
Together, these two signatures allow discovery of all known uncolored top partner theories. A hypothetical
“singlet-stop” theory is indicated with a question mark, and would have to be discovered by either probing the
UV completion or, for partner masses of a few 100 GeV, with Higgs portal observables (see text).

As exciting as this experimental signature is, it is not a requirement for generic Twin-Higgs
type models—the SM-singlet sector could easily have relatively light quarks, making for a hadron
spectrum more like that of the visible sector. On the other hand, mirror glueballs, and their associated
signals, are a requirement for uncolored naturalness theories with EW-charged mirror sectors, like
Folded SUSY or Quirky Little Higgs. This is due to LEP limits forbidding BSM particles with EW
charge lighter than about 100 GeV [59]. If the structure of the mirror sector is based on our own, it
cannot contain very light strongly interacting matter, resulting in glueballs at the bottom of the mirror-
QCD spectrum. Crucially, this makes mirror glueball signals the smoking-gun discovery signal for
Folded-SUSY type theories.

It is interesting to think about the empty square in Table 1. So far, no explicit theory with SM-
singlet scalar top partners has been proposed. If such a theory existed, and there were no other
SM-charged states required near the weak scale, discovery could be quite difficult. In a Folded-SUSY
like spectrum with weak-scale soft masses we might again expect the existence of mirror glueballs,
with their accompanying experimental signatures. If, however, the mirror sector contains light matter
or mirror-QCD was broken, discovery would have to proceed through Higgs-portal observables: in-
visible direct top partner production h⇤ ! ˜t˜t [60, 61], Higgs cubic coupling shifts [60, 62] at a 100

– 4 –

[Curtin, Verhaaren ’15]



• Take 2 copies of the MSSM, related by exchange: 

• Introduce SU(2,2) symmetric tree-level potential: 

• Lift scalars in MSSM, fermions in MSSMℋ (e.g. via 5D SSSB)

Hyperbolic Higgs
[Cohen, NC, Giudice, McCullough ’18]

Is there a singlet scalar top partner theory, a la supersymmetry?

Instead of accidental SU(4) from Z2, what about “accidental SU(2,2)?” 
(NB, not a symmetry of the full quadratic action)

MSSM MSSMℋ
Z2

V (H,HH) = �
�
|H|2 � |HH|2

�2

�V (H,HH) = �c⇤2
�
|H|2 � |HH|2

�
+ . . .



Hyperbolic Higgs

H = H0 sinh

Hflat

f
, HH = H0 cosh

Hflat

f

Flat direction (“goldstone” of spontaneously broken SU(2,2))

H

H

†

H

H

†

+

e
tH

hH

t

t

�

t

�

t

p
2 �

2
t

vH
<latexit sha1_base64="wZiGvTB70T/Xm+hT99ZPZ6dQOtA=">AAACDHicbVDLSsNAFJ34rPUVdekmWAUXpSRFUHdFN11WMLbQ1DCZTtuhk0mcuSmUkB9w46+4caHi1g9w5984bbPQ1gMDh3PuYe49QcyZAtv+NpaWV1bX1gsbxc2t7Z1dc2//TkWJJNQlEY9kK8CKciaoCww4bcWS4jDgtBkMryd+c0SlYpG4hXFMOyHuC9ZjBIOWfPPYUw8S0mrmlT2uY13sw33VK498L8QwIJin9cw3S3bFnsJaJE5OSihHwze/vG5EkpAKIBwr1XbsGDoplsAIp1nRSxSNMRniPm1rKnBIVSedXpNZJ1rpWr1I6ifAmqq/EykOlRqHgZ6crKjmvYn4n9dOoHfRSZmIE6CCzD7qJdyCyJpUY3WZpAT4WBNMJNO7WmSAJSagCyzqEpz5kxeJW61cVuybs1LtKm+jgA7RETpFDjpHNVRHDeQigh7RM3pFb8aT8WK8Gx+z0SUjzxygPzA+fwD1FJux</latexit><latexit sha1_base64="wZiGvTB70T/Xm+hT99ZPZ6dQOtA=">AAACDHicbVDLSsNAFJ34rPUVdekmWAUXpSRFUHdFN11WMLbQ1DCZTtuhk0mcuSmUkB9w46+4caHi1g9w5984bbPQ1gMDh3PuYe49QcyZAtv+NpaWV1bX1gsbxc2t7Z1dc2//TkWJJNQlEY9kK8CKciaoCww4bcWS4jDgtBkMryd+c0SlYpG4hXFMOyHuC9ZjBIOWfPPYUw8S0mrmlT2uY13sw33VK498L8QwIJin9cw3S3bFnsJaJE5OSihHwze/vG5EkpAKIBwr1XbsGDoplsAIp1nRSxSNMRniPm1rKnBIVSedXpNZJ1rpWr1I6ifAmqq/EykOlRqHgZ6crKjmvYn4n9dOoHfRSZmIE6CCzD7qJdyCyJpUY3WZpAT4WBNMJNO7WmSAJSagCyzqEpz5kxeJW61cVuybs1LtKm+jgA7RETpFDjpHNVRHDeQigh7RM3pFb8aT8WK8Gx+z0SUjzxygPzA+fwD1FJux</latexit><latexit sha1_base64="wZiGvTB70T/Xm+hT99ZPZ6dQOtA=">AAACDHicbVDLSsNAFJ34rPUVdekmWAUXpSRFUHdFN11WMLbQ1DCZTtuhk0mcuSmUkB9w46+4caHi1g9w5984bbPQ1gMDh3PuYe49QcyZAtv+NpaWV1bX1gsbxc2t7Z1dc2//TkWJJNQlEY9kK8CKciaoCww4bcWS4jDgtBkMryd+c0SlYpG4hXFMOyHuC9ZjBIOWfPPYUw8S0mrmlT2uY13sw33VK498L8QwIJin9cw3S3bFnsJaJE5OSihHwze/vG5EkpAKIBwr1XbsGDoplsAIp1nRSxSNMRniPm1rKnBIVSedXpNZJ1rpWr1I6ifAmqq/EykOlRqHgZ6crKjmvYn4n9dOoHfRSZmIE6CCzD7qJdyCyJpUY3WZpAT4WBNMJNO7WmSAJSagCyzqEpz5kxeJW61cVuybs1LtKm+jgA7RETpFDjpHNVRHDeQigh7RM3pFb8aT8WK8Gx+z0SUjzxygPzA+fwD1FJux</latexit>

� m

2
hHp

2 vH
<latexit sha1_base64="PtpR68kRHO1TYi36VMqdkUR1Y9I=">AAACHHicbVDLSsNAFJ3UV62vqEs3wSK40JKUgroruumygrGFJobJdNIOnTycmRTKkB9x46+4caHixoXg3zhps7CtBy4czrmXe+/xE0q4MM0frbSyura+Ud6sbG3v7O7p+wf3PE4ZwjaKacy6PuSYkgjbggiKuwnDMPQp7vijm9zvjDHjJI7uxCTBbggHEQkIgkJJnt44dwIGkQw9OfScEIohglS2suyhnkmHPzIh65lzNp7zPL1q1swpjGViFaQKCrQ9/cvpxygNcSQQhZz3LDMRroRMEERxVnFSjhOIRnCAe4pGMMTcldPvMuNEKX0jiJmqSBhT9e+EhCHnk9BXnfmNfNHLxf+8XiqCS1eSKEkFjtBsUZBSQ8RGHpXRJwwjQSeKQMSIutVAQ6jSEirQigrBWnx5mdj12lXNvG1Um9dFGmVwBI7BKbDABWiCFmgDGyDwBF7AG3jXnrVX7UP7nLWWtGLmEMxB+/4F+QCjTw==</latexit><latexit sha1_base64="PtpR68kRHO1TYi36VMqdkUR1Y9I=">AAACHHicbVDLSsNAFJ3UV62vqEs3wSK40JKUgroruumygrGFJobJdNIOnTycmRTKkB9x46+4caHixoXg3zhps7CtBy4czrmXe+/xE0q4MM0frbSyura+Ud6sbG3v7O7p+wf3PE4ZwjaKacy6PuSYkgjbggiKuwnDMPQp7vijm9zvjDHjJI7uxCTBbggHEQkIgkJJnt44dwIGkQw9OfScEIohglS2suyhnkmHPzIh65lzNp7zPL1q1swpjGViFaQKCrQ9/cvpxygNcSQQhZz3LDMRroRMEERxVnFSjhOIRnCAe4pGMMTcldPvMuNEKX0jiJmqSBhT9e+EhCHnk9BXnfmNfNHLxf+8XiqCS1eSKEkFjtBsUZBSQ8RGHpXRJwwjQSeKQMSIutVAQ6jSEirQigrBWnx5mdj12lXNvG1Um9dFGmVwBI7BKbDABWiCFmgDGyDwBF7AG3jXnrVX7UP7nLWWtGLmEMxB+/4F+QCjTw==</latexit><latexit sha1_base64="PtpR68kRHO1TYi36VMqdkUR1Y9I=">AAACHHicbVDLSsNAFJ3UV62vqEs3wSK40JKUgroruumygrGFJobJdNIOnTycmRTKkB9x46+4caHixoXg3zhps7CtBy4czrmXe+/xE0q4MM0frbSyura+Ud6sbG3v7O7p+wf3PE4ZwjaKacy6PuSYkgjbggiKuwnDMPQp7vijm9zvjDHjJI7uxCTBbggHEQkIgkJJnt44dwIGkQw9OfScEIohglS2suyhnkmHPzIh65lzNp7zPL1q1swpjGViFaQKCrQ9/cvpxygNcSQQhZz3LDMRroRMEERxVnFSjhOIRnCAe4pGMMTcldPvMuNEKX0jiJmqSBhT9e+EhCHnk9BXnfmNfNHLxf+8XiqCS1eSKEkFjtBsUZBSQ8RGHpXRJwwjQSeKQMSIutVAQ6jSEirQigrBWnx5mdj12lXNvG1Um9dFGmVwBI7BKbDABWiCFmgDGyDwBF7AG3jXnrVX7UP7nLWWtGLmEMxB+/4F+QCjTw==</latexit>

�1/m

h

2
H

Figure 1. The one-loop fixed order corrections to the SM-like Higgs boson mass squared

parameter, where t is a SM top quark, and e
tH is a Hyperbolic stop. Vertex factors and

propagator follow from Eq. (1.1) and Eq. (1.5).

While the detailed Hyperbolic phenomenology is sensitive to the UV completion,

the above mixing leads to two universal features relevant for Higgs phenomenology:

cos ✓ measures the size of an overall modification of SM Higgs couplings, while sin ✓

provides a portal into the Hyperbolic sector contributing to invisible Higgs decays.

These features will be described in more detail in Sec. 3.

To illustrate the comparison between the Twin and Hyperbolic Higgs models, it

is useful to abuse the physics jargon and think of the Higgs as a pseudo-Goldstone

of a spontaneously broken non-compact U(2, 2) symmetry (as emphasized above, the

analogy holds for the scalar potential, but not for the kinetic terms, implying that

some of the usual relations are violated at loop level).

If we are going to solve the little hierarchy problem, we must couple the Higgs

sector to matter. The SM sector has Yukawa couplings involving fermions while the

Hyperbolic sector contains quartic interactions with scalars

L = (�t H  Q  Uc + h.c.) + �2t

⇣��HH · eQH
��2 +

��HH
��2�� eU c

H
��2

⌘
, (1.5)

where �t is the top quark Yukawa coupling,  Q and  Uc comprise the SM top quark,

and eQH and eU c
H are the scalar top partners, in a notation reminiscent of SUSY.

An exchange symmetry (properly defined in the following) guarantees the equality

of �t in the two sectors. Note that in the low-energy e↵ective theory there are

no SM charged top partner states. The field H couples as a SM Higgs, while HH
participates in an interaction analogous to the SUSY Higgs-squark couplings. Since

the UV regulator is equal for both fields due to the exchange symmetry, the one-

loop quadratic corrections from these interactions also respect the accidental global

U(2, 2) symmetry, �V / (�t/4⇡)2 ⇤2

���HH
��2 � ��H

��2�, where ⇤ is the UV cuto↵. The

opposite sign in the loop corrections for Higgs and Hyperbolic Higgs comes from the

replacement of virtual fermions with scalars. This is the central observation of this

paper, as this fact guarantees that the one-loop top contributions to the SM Higgs
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Identification w/ SM-like Higgs provided vacuum alignment,

hSM = h cos ✓ + hH sin ✓ , tan ✓ =

v

vH

Light top partner is 
SM-neutral stop of 

MSSMℋ

Novel dark sector phenomenology, especially if there 
are hyperbolic charge- and color-breaking minima



Higgs portal
direct

production

scalar fermion

QCD SUSY

Composite Higgs/

RS

EW folded SUSY

Quirky Little

Higgs

singlet ?

Twin

Higgs

{

{

{

strong
direct

production

DY
direct

production

Higgs portal observables

Higgs coupling shifts

⇠ tuning

Mirror Glueballs

Table 1. The “theory space” of solutions to the hierarchy problem with top partners, organized by SM gauge
charge and spin, with a representative model example in each field. The gauge charge dictates the direct top
partner production mode, which makes the LHC suitable for discovery of colored top partners. For uncolored
top partners, mirror glueballs are highly favored for EW-charged mirror sectors, and possible for singlet top
partners. Higgs coupling shifts of same order as tuning are present in all known fermionic top partner theories.
Together, these two signatures allow discovery of all known uncolored top partner theories. A hypothetical
“singlet-stop” theory is indicated with a question mark, and would have to be discovered by either probing the
UV completion or, for partner masses of a few 100 GeV, with Higgs portal observables (see text).

As exciting as this experimental signature is, it is not a requirement for generic Twin-Higgs
type models—the SM-singlet sector could easily have relatively light quarks, making for a hadron
spectrum more like that of the visible sector. On the other hand, mirror glueballs, and their associated
signals, are a requirement for uncolored naturalness theories with EW-charged mirror sectors, like
Folded SUSY or Quirky Little Higgs. This is due to LEP limits forbidding BSM particles with EW
charge lighter than about 100 GeV [59]. If the structure of the mirror sector is based on our own, it
cannot contain very light strongly interacting matter, resulting in glueballs at the bottom of the mirror-
QCD spectrum. Crucially, this makes mirror glueball signals the smoking-gun discovery signal for
Folded-SUSY type theories.

It is interesting to think about the empty square in Table 1. So far, no explicit theory with SM-
singlet scalar top partners has been proposed. If such a theory existed, and there were no other
SM-charged states required near the weak scale, discovery could be quite difficult. In a Folded-SUSY
like spectrum with weak-scale soft masses we might again expect the existence of mirror glueballs,
with their accompanying experimental signatures. If, however, the mirror sector contains light matter
or mirror-QCD was broken, discovery would have to proceed through Higgs-portal observables: in-
visible direct top partner production h⇤ ! ˜t˜t [60, 61], Higgs cubic coupling shifts [60, 62] at a 100

– 4 –

Hyperbolic 
Higgs



Lowering the cutoff

4. RS / Technicolor 

5. LED / 1032 x SM 

6. LST / Clockwork 

7. Classicalization 

8. Disorder 

Experimental signals: resonances, …

…in diverse dimensions

• Primary distinctions are in spacing & coupling 
of resonances 

•  Potential goldmine of unexplored signals for 
LST — e.g. perturbative string excitations

[Randall, Sundrum ’99; 
Weinberg ’79; Susskind ‘79]

[Arkani-Hamed, Dimopoulos, Dvali ’98; 
Antoniadis + ibid. ’98; Dvali, Redi ‘09]

[Antoniadis, Dimopoulos, Giveon ’01; Kaplan, 
Rattazzi ’15; Giudice, McCullough ‘16]

[Rothstein ‘12]

[Dvali, Giudice, Gomez, Kehagias ‘10]



A Cutoff Solution?: Disorder
How does RS solve hierarchy problem? 

Curvature localizes the graviton zero mode.

→ Fields localized at different points in 5th 
dimension see different fundamental scales

M = e�kyM0M0

[Rothstein ’12]: Can achieve the same outcome in a 
flat fifth dimension by localizing graviton w/ disorder

In this case disorder = randomly 
spaced & tensioned branes

M0 M = e�y/L
locM0

S = �
Z

d

5
x

p
G(M3

?R) +
X

hiji

M

4
?V (|Xi �Xj |)�

X

i

Z
d

4
x

p
gfi

But: not obvious 
that it works in detail

An interesting source of exponential 
hierarchies for scalars [NC, Sutherland ’17]



Selecting a vacuum

9. Anthropics (pressure) 

10. Relaxation (dynamics) 

11. NNaturalness (reheating)

Vacuum is one of many; end up in observed vacuum 
through dynamical process or anthropic constraint.

Experimental signals: Diverse, but typically

•Cosmology (Bubble collisions; axions; 
contributions to Neff and ∑mν) 

•Exotic lab signals (displaced decays, 
hidden sector confinement, intensity 
frontier, …)

[Graham, Kaplan, Rajendran ‘15]

[Arkani-Hamed et al ‘16]



Relaxion
What if the weak scale is selected by dynamics, not symmetries?

[Graham, Kaplan, 
Rajendran ‘15]

The idea: couple Higgs to field whose minimum sets mH=0 
The problem: How to make mH=0 a special point of potential?

Vev gives quark 
masses which give 

axion potential. 

“Relaxion”

φ

V (φ)

You are here.

The solution: what turns on when mH2 goes negative? 

But: immense energy stored in evolving field, need dissipation.
18



Relaxion
(�M2 + g�)|H|2 + V (g�) +

1

32⇡2

�

f
G̃µ⌫Gµ⌫

)

• Very low Hubble scale (≪ΛQCD) • 10 Giga-years of inflation
Viable for Higgs + non-compact axion + inflation w/

Various other subtleties regarding technical naturalness, CC, avoidance 
of fine-tuning to inflationary sector; need to solve strong CP problem

Simplest version: an axion coupled to QCD during inflation.

φ

V (φ)

You are here.

[Graham, Kaplan, Rajendran ‘15]

�
�M2

+ g�
�
|H|2 + V (g�) + ⇤

4
(H) cos (�/f)

19

Extensive development, e.g. [Espinosa et al. ’15; Hardy ’15; Gupta et al ’15; Batell, 
Giudice, McCullough ’15; Choi, Im ’15; Kaplan, Rattazzi ’15; Di Chiara et al. ’15; 
Ibanez et al. ’15; Hook, Marques-Tavares ’16; Nelson, Prescod-Weinstein ’17; …]

See talks by D. Kaplan, T. Gherghetta
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Figure 3. Constraints on the relaxion-Higgs mixing sin2 ✓ for relaxions with m� between MeV and
5GeV. The laboratory probes include: proton beam dump experiments (red for CHARM, light
red for the projected sensitivity for SHIP and SeaQuest), K-meson decays (blue, our conservative
projection from NA62 in a lighter shade of blue), B-meson decays (turquoise), LHC search for
h ! 4µ (light blue) and LEP (green). Astrophysical and cosmological probes include the Supernova
1987a (pale violet, labelled as SN), ⌘b (orange) and N

e↵

( pink). Contours for ⇤
br

= 0.99⇤max

br

'
104GeV (gray, thick, solid), ⇤

br

= 10GeV (gray, dashed), f/GeV = 106, 104, 125 (black, solid) are
presented. Here ⇤max

br

is the upper bound on ⇤
br

arising from the requirement of a non-tachyonic �
in Eq. (3.12) for sin(�

0

/f) = 1/
p
2. The vertical light gray line corresponds to the contour for the

relaxion mass at the muon threshold; the yellow contour corresponds to c⌧ = 2m and the purple
one to ⌧ = 1 s.

decays by almost an order of magnitude. They expect to see 90 SM signal events and 20

background events in two years [54]. Using only this information about the total rate and

no information about the di↵erential distribution of the SM and background events, we

show a conservative estimate of the 95% CL excluded region in light blue in figure 3 where

we have assumed a 10% theoretical error [55]. The gap in the excluded region is again due

to the veto around the charged pion mass, 100MeV . m� . 160MeV [54].

Finally, for GeV-scale masses we see from figure 3 that some regions of the parameter

space are bounded by LEP and LHC searches that we describe in detail in the next section.

5.2.2 The m� > 5 GeV mass range

Finally we consider the mass region m� > 5GeV where the mixing angle sin ✓ can become

O(1) and the expressions in Eq. (5.1) do not apply anymore. To compute the mixing angle,

sin ✓, and the mass, m�, as functions of ⇤br

and f , we therefore exactly diagonalise the mass

matrix in appendices A and B for the j = 2 (j = 1) case. We fix the value of the unknown
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Figure 4. Constraints on the relaxion-Higgs mixing sin2 ✓ for relaxions with m� between 5GeV
and 90GeV from LEP and the LHC: 4-fermion final states from Higgs strahlung at LEP (green,
labelled as LEP hZ); Higgs decays to NP with BR(h ! NP)  20% at the LHC (purple, solid) as
well as a projection for BR(h ! NP)  10% (purple, dashed); explicit searches for h ! �� with
final states 4⌧ (dark blue, dotted, m� < 10GeV, Run 3 projection) and 2µ2b (dark blue, dotted,
m� > 25GeV, Run 3 projection). Contours for ⇤

br

= 120GeV (gray, dashed for j = 2; brown,
dashed for j = 1), f = mh and f = 1TeV (black for j = 2, brown for j = 1).

6 Cosmological and astrophysical probes of relaxion-Higgs mixing

As discussed in the previous section, laboratory measurements can probe a significant region

of the relaxion parameter space. However, in the sub-MeV region, before the fifth force

experiments start to gain sensitivity in the sub-eV region, a large portion of the parameter

space is left unconstrained. In this section we show how astrophysical and cosmological

probes can explore part of this region of the parameter space, as shown in figure 5, and

also provide relevant bounds if the relaxion mass is in the MeV-GeV range (also shown in

figure 3). In order to identify the part of the parameter space most relevant for relaxion

models and to gain an understanding of the theory contours in figure 5, we refer the reader

to the discussion at beginning of section 5.

6.1 Cosmological probes

Late relaxion decays can be constrained by a variety of cosmological probes such as light

element abundances, CMB spectral distortions and distortions of the di↵use extragalactic

background light (EBL) spectrum. In this section we first compute the relaxion abundance

– 25 –

gives φ - H mixing* w/⇤

4
(H) cos (�/f)

*assuming φ breaks CP

[Flacke, Friguele, Fuchs, Gupta, Perez ‘16] [Flacke, Friguele, Fuchs, Gupta, Perez ‘16]

20+5th force for mφ < eV & cosmology for eV < mφ < MeV

Higgs is SM-like, but there is a 
new singlet Higgs coupled via g�|H|2 and

⇤

4
(H) cos (�/f)



Particle production relaxion
Alternative possibility: keep bumps across entire potential, 

turn on dissipation at a special point of potential.  

[Hook, Marques-Tavares ’16; Fonseca, Morgante, Servant ‘18]

Novel source of dissipation: particle production

L � � �

4f
F F̃

Ä± +

 
k2 +m2

A ± k�̇

f

!
A± = 0

A±(k) / ei!±t !2
± = k2 +m2

A ± k�̇

f

!2
± < 0 ) |�̇| & 2fmA

Consider axion-like couplings to 
massive gauge field:

E.O.M. for transverse 
polarizations:

˙� ⇡ constantFor

Exponentially growing solution for 
Growing mode drains energy from φ̇



�

f
GG̃

+ inflation

Use coupling to EWK gauge bosons:

⇒
Instead of

Exponential production of EWK gauge 
bosons around h~v slows evolution

Important subtlety: can’t couple to pairs of photons! 
(Not a tuning, can be made natural with symmetries, e.g., SU(2)L x SU(2)R)

Particle production relaxion
Apply to relaxion: use electroweak gauge fields

�

f

⇣
g2WfW � g02B eB

⌘
+ ⇤

4
c cos

�

f 0

Requiring sub-Planckian field excursions 
& avoiding overshoot bounds cutoff ⇤ . (MPlv

5)1/6 ⇠ 50TeV

Corresponding decay constant f ⇠ �̇

v
⇠ ⇤2

v
. 104 TeV



Particle production relaxion
Even if tree-level relaxion couplings 
to SM states are engineered to be 

�

f
(g2W ˜W � g02B ˜B) + ⇤

4
cos

�

f 0

…radiative couplings to fermions induced at one loop, photon pairs at 
one & two loops [Bauer, Neubert, Thamm ’17; NC, Hook, Kasko ’18]

a a

`

`

`W,Z, �

`

Figure 2: Representative one-loop Feynman diagrams contributing to the decay a ! `+`�.

amplitude. Combining all terms, we obtain (assuming m
a

6= m
⇡

)
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w
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(22)

The contribution from the coe�cient c
ss

not shown here would be suppressed, for light ALPs,
by a factor of order m2

⇡

/m2
⌘

relative to the contributions from c
uu

and c
dd

.

3.2 ALP decays into charged leptons

If the ALP mass is larger than 2m
e

⇡ 1.022MeV, the leptonic decay a ! e+e� or decays
into heavier leptons (if kinematically allowed) can be the dominant ALP decay modes in
some regions of parameter space. We have calculated the corresponding decay rates from
the e↵ective Lagrangian including the complete set of one-loop mixing contributions from the
bosonic operators in (1) and (7), see Figure 2. In analogy with (12), we write the result in the
form (with ` = e, µ, ⌧)

�(a ! `+`�) =
m

a

m2
`

8⇡⇤2

��ce↵
``

��2
s

1 � 4m2
`

m2
a

, (23)

which is approximately linear in the ALP mass. At one-loop order, the e↵ective Wilson
coe�cient ce↵

``

receives contributions from c
``

as well as from the diboson coe�cients C
WW

and
C

BB

. Using the linear combinations of Wilson coe�cients defined in (8), we find
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(24)

Here Q
`

= �1 is the electric charge of the charged lepton, and T `

3 = �1
2
is the weak isospin of

its left-handed component. In the limit where m2
`

is either much smaller or much larger than

10

a a a a a
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� �

�

� �
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�

f W± 'W W± ⇧�Z

Figure 1: Representative one-loop Feynman diagrams contributing to the decay a ! ��. The
internal boson lines represent charged W bosons and the associated charged Goldstone fields. The
last diagram contains the (gauge-dependent) self-energy ⇧

�Z

(0). One also needs to include the
on-shell wave-function renormalization factors for the external photon fields.

3 ALP decay rates into SM particles

The e↵ective Lagrangian (1) governs the leading interactions (in powers of v/⇤) giving rise to
ALP decays into pairs of SM gauge bosons and fermions, while the additional interactions in (6)
are needed to parametrize the exotic decays of Higgs bosons into final states involving an ALP.
In computing the various decay rates, we include the tree-level and one-loop contributions from
the relevant operators. We find that fermion-loop corrections can be numerically important,
and they can even be dominant in new-physics models where the coe�cients C

V V

in (1) (with
V = G,W,B) are loop suppressed.

3.1 ALP decay into photons

In many scenarios, the di-photon decay is the dominant decay mode of a light ALP. Because
of its special importance, we have calculated the corresponding decay rate from the e↵ective
Lagrangian (1) including the complete set of one-loop corrections. The relevant Feynman
diagrams are shown in Figure 1. We define an e↵ective coe�cient Ce↵

��

such that

�(a ! ��) ⌘ 4⇡↵2m3
a

⇤2

��Ce↵
��

��2 . (12)

To an excellent approximation (apart from a mild mass dependence in the loop corrections)
the a ! �� decay rate scales with the third power of the ALP mass. For a very light ALP
with m

a

< 2m
e

this is the only SM decay mode allowed, and with decreasing ALP mass the
decay rate will eventually become so small that the ALP will leave the detector and appear
as an invisible particle.

The expression for Ce↵
��

depends on the ALP mass. Ifm
a

� ⇤QCD, then all loop corrections,
including those involving colored particles, can be evaluated in perturbation theory. We obtain
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where ⌧
i

⌘ 4m2
i

/m2
a

for any SM particle, and N f

c

and Q
f

denote the color multiplicity and
electric charge (in units of e) of the fermion f . The loop functions read

B1(⌧) = 1 � ⌧ f 2(⌧) ,

B2(⌧) = 1 � (⌧ � 1) f 2(⌧) ,
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Requiring e.g. time scale for 
γ production > Hubble time
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Abstract

We present a new solution to the electroweak hierarchy problem. We introduce N copies of the
Standard Model with varying values of the Higgs mass parameter. This generically yields a sector
whose weak scale is parametrically removed from the cuto↵ by a factor of 1/

p
N . Ensuring that

reheating deposits a majority of the total energy density into this lightest sector requires a modifi-
cation of the standard cosmological history, providing a powerful probe of the mechanism. Current
and near-future experiments will explore much of the natural parameter space. Furthermore, su-
persymmetric completions which preserve grand unification predict superpartners with mass below
mW ⇥Mpl/MGUT ⇠ 10 TeV.

I. MECHANISM

This letter describes a new mechanism, dubbed
“Nnaturalness,” which solves the hierarchy problem.
It predicts no new particles at the LHC, but does
yield a variety of experimental signatures for the next
generation of CMB and large scale structure experi-
ments [1, 2]. Well-motivated supersymmetric incarna-
tions of this model predict superpartners beneath the
scale mW ⇥ Mpl/MGUT ⇠ 10 TeV, accessible to a future
100 TeV collider [3, 4].

The first step is to introduce N sectors which are mu-
tually non-interacting. The detailed particle content of
these sectors is unimportant, with the exception that
the Standard Model (SM) should not be atypical; many
sectors should contain scalars, chiral fermions, unbroken
gauge groups, etc. For simplicity, we imagine that they
are exact copies of the SM, with the same gauge and
Yukawa structure.

It is crucial that the Higgs mass parameters are allowed
to take values distributed between �⇤2

H and ⇤2
H , where

⇤H is the (common) scale that cuts o↵ the quadratic di-
vergences. Then for a wide range of distributions, the
generic expectation is that some sectors are accidentally
tuned at the 1/N level,

��m2
H

��
min

⇠ ⇤2
H/N . We iden-

tify the sector with the smallest non-zero Higgs vacuum
expectation value (vev), hHi = v, as “our” SM. This
picture is illustrated schematically in Fig. 1.

In order for small values of m2
H to be populated, the

distribution of the mass parameters must pass through
zero. For concreteness, we take a simple uniform distri-
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FIG. 1: A sketch of the Nnaturalness setup. The sectors have
been ordered so that they range from m2

H ⇠ ⇤2
H to �⇤2

H . The
sector with the smallest vacuum expectation value contains
our copy of the SM.

bution of mass squared parameters, indexed by an integer
label i such that

�
m2

H

�
i
= �⇤2

H

N

�
2 i + r

�
, �N

2
 i  N

2
, (1)

where i = 0 = “us” is the lightest sector with a non-
zero vev:

�
m2

H

�
us

= �r ⇥ ⇤2
H/N ' �(88 GeV)2 is the

Higgs mass parameter inferred from observations. The
parameter r can be seen as a proxy for fine-tuning,1 since

1 There are a variety of other ways one might choose to imple-
ment a measure of fine-tuning in this model. For example, one
could assume the distribution of Higgs mass squared parameters
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N copies of the SM

High Higgs cutoff ΛH, high gravity cutoff ΛG

⇢(
m

H
)

|mH |⇤H/
p
N

Two effects:

1. Random UV contributions → flat 
distribution of mH2 between ±ΛH²

At least 1 copy w/ |mH | ⇠ ⇤H/
p
N

2. Large number of species 
renormalizes Planck scale (e.g. 
graviton wavefunction renorm.)

Gravitational strong 
coupling scale ΛG  

below MPl 
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FIG. 2: Feynman diagrams for the most important decays in
the �model. The left (right) column is for hHi 6= 0

�
hHi = 0

�
.

The top (bottom) row is for m� � |mH |
�
m� ⌧ |mH |

�
.

1/m4
Hi

in sectors with and without electroweak symme-
try breaking, respectively. Thus the reheaton preferen-
tially decays into sectors with light Higgs bosons and non-
zero vevs. If, instead, the reheaton were heavy enough
to decay directly to on-shell Higgs or gauge bosons, the
branching fractions would be democratic into those sec-
tors, and the energy density in our sector would not come
to dominate the energy budget of the Universe.

In the scalar case the decays are di↵erent, but the scal-
ing of the decay widths is exactly the same. This can be
seen once more by integrating out the Higgs and gauge
bosons in all the sectors:

LhHi6=0
� � C�

1 a yq
v

m2
h
� q qc ;

LhHi=0
� � C�

3 a g2

16 ⇡2
1

m2
H

� Wµ⌫Wµ⌫ ,
(5)

where again the C�
i are numerical coe�cients, and Wµ⌫

is the SU(2) field strength. As in the fermionic case, this
Lagrangian leads to decay widths that scale as �m2

H<0 ⇠
1/m2

hi
and �m2

H>0 ⇠ 1/m4
Hi

in sectors with and without
electroweak symmetry breaking, respectively, through
the diagrams shown in Fig. 2. We have not included
the one-loop decay � ! � � in Eq. (5) for sectors with
hHi 6= 0. This operator scales as 1/m2

h and is important
for sectors with N & 108; we find that this is never the
leading decay once the bounds on N discussed in Sec. III
are taken into account.

Before moving to a more detailed discussion of signals
and constraints it is worth pointing out two important
di↵erences between the � and ` models that will lead us to
modify the latter. Given the scaling of the widths we can
approximately neglect the contributions to cosmological
observables from the hHi = 0 sectors. In the simple case
that the vevs squared are equally spaced, v2

i ⇠ 2 i ⇥ v2
us,

as in Eq. (1) with r = 1, we find that the branching ratio

into the other sectors is
P

1/i ⇠ log N .
In the � model, this logarithmic sensitivity to N is not

realized. Since the reheaton decays into sectors with non-
zero vevs via mixing with the Higgs, the decays become
suppressed by smaller and smaller Yukawa couplings as
hi becomes heavy. After the charm threshold is crossed
m� < 2 mci we can neglect the contribution of the new
sectors to cosmological observables (with one exception
that we discuss in the next section). This behavior is
displayed in the left panel of Fig. 3, where we show the
fraction of energy density deposited in each sector.

The second important di↵erence is that in the ` model
the reheaton couples directly to neutrinos and, in the sec-
tors with electroweak symmetry breaking, it mixes with
them. This leads to two e↵ects. First, the physical re-
heaton mass grows with N , implying that the structure
of the ` model forces the reheaton to be heavy at large
N , and can be inconsistent depending on the value of �.
Additionally, this mixing can generate a freeze-in abun-
dance [5] of neutrinos in the other sectors from the pro-
cess ⌫us ⌫us ! ⌫us ⌫i via an o↵-shell Z0. Tension with
neutrino overclosure and overproduction of hot dark mat-
ter leads to an upper bound on the maximum number of
sectors. In practice, it is hard to go beyond N ' 103.

However, there is a simple extension of the ` model
that at once mitigates its UV, i.e., large N , sensitivity
and solves the problems arising from a direct coupling
to neutrinos. If the reheaton couples to each sector only
through a massive portal (whose mass grows with vi),
then the branching ratios will scale with a higher power
of the Higgs vev after integrating out the portal states.
As an example, consider introducing a 4th generation of
vector-like leptons (L4, L

c
4), (E4, E

c
4), and (N4, N

c
4 ) to

each sector. Then relying on softly broken U(1) sym-
metries, we can couple the reheaton to L4 only via the
Lagrangian

LL4 � Lmix + LY + LM , (6)

Lmix = �� Sc
X

i

�
L4 H

�
i
� µE
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i

�
ec E4

�
i
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�
i

i
� mS S Sc ,

where we have assumed universal masses and couplings
across all the sectors for simplicity. We again need � ⇠
1/

p
N for perturbativity. Note that we are assuming that

Now…why does the copy with the 
smallest mH dominate?  

Cosmology.
Reheaton φ starts universe 

via φ |Hi|² couplings

m2
H,i < 0 m2

H,i � 0

� / 1

m2
H,i

� / 1

m4
H,i

Decays (provided                       )m� < |mHi |
4

�

h

h

h

H

H†

H

H†

f

f c

�

�

�

W

W

FIG. 2: Feynman diagrams for the most important decays in
the �model. The left (right) column is for hHi 6= 0

�
hHi = 0

�
.

The top (bottom) row is for m� � |mH |
�
m� ⌧ |mH |

�
.
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Hi

in sectors with and without electroweak symme-
try breaking, respectively. Thus the reheaton preferen-
tially decays into sectors with light Higgs bosons and non-
zero vevs. If, instead, the reheaton were heavy enough
to decay directly to on-shell Higgs or gauge bosons, the
branching fractions would be democratic into those sec-
tors, and the energy density in our sector would not come
to dominate the energy budget of the Universe.

In the scalar case the decays are di↵erent, but the scal-
ing of the decay widths is exactly the same. This can be
seen once more by integrating out the Higgs and gauge
bosons in all the sectors:

LhHi6=0
� � C�

1 a yq
v

m2
h
� q qc ;

LhHi=0
� � C�

3 a g2

16 ⇡2
1

m2
H

� Wµ⌫Wµ⌫ ,
(5)

where again the C�
i are numerical coe�cients, and Wµ⌫

is the SU(2) field strength. As in the fermionic case, this
Lagrangian leads to decay widths that scale as �m2

H<0 ⇠
1/m2

hi
and �m2

H>0 ⇠ 1/m4
Hi

in sectors with and without
electroweak symmetry breaking, respectively, through
the diagrams shown in Fig. 2. We have not included
the one-loop decay � ! � � in Eq. (5) for sectors with
hHi 6= 0. This operator scales as 1/m2

h and is important
for sectors with N & 108; we find that this is never the
leading decay once the bounds on N discussed in Sec. III
are taken into account.

Before moving to a more detailed discussion of signals
and constraints it is worth pointing out two important
di↵erences between the � and ` models that will lead us to
modify the latter. Given the scaling of the widths we can
approximately neglect the contributions to cosmological
observables from the hHi = 0 sectors. In the simple case
that the vevs squared are equally spaced, v2

i ⇠ 2 i ⇥ v2
us,

as in Eq. (1) with r = 1, we find that the branching ratio

into the other sectors is
P

1/i ⇠ log N .
In the � model, this logarithmic sensitivity to N is not

realized. Since the reheaton decays into sectors with non-
zero vevs via mixing with the Higgs, the decays become
suppressed by smaller and smaller Yukawa couplings as
hi becomes heavy. After the charm threshold is crossed
m� < 2 mci we can neglect the contribution of the new
sectors to cosmological observables (with one exception
that we discuss in the next section). This behavior is
displayed in the left panel of Fig. 3, where we show the
fraction of energy density deposited in each sector.

The second important di↵erence is that in the ` model
the reheaton couples directly to neutrinos and, in the sec-
tors with electroweak symmetry breaking, it mixes with
them. This leads to two e↵ects. First, the physical re-
heaton mass grows with N , implying that the structure
of the ` model forces the reheaton to be heavy at large
N , and can be inconsistent depending on the value of �.
Additionally, this mixing can generate a freeze-in abun-
dance [5] of neutrinos in the other sectors from the pro-
cess ⌫us ⌫us ! ⌫us ⌫i via an o↵-shell Z0. Tension with
neutrino overclosure and overproduction of hot dark mat-
ter leads to an upper bound on the maximum number of
sectors. In practice, it is hard to go beyond N ' 103.

However, there is a simple extension of the ` model
that at once mitigates its UV, i.e., large N , sensitivity
and solves the problems arising from a direct coupling
to neutrinos. If the reheaton couples to each sector only
through a massive portal (whose mass grows with vi),
then the branching ratios will scale with a higher power
of the Higgs vev after integrating out the portal states.
As an example, consider introducing a 4th generation of
vector-like leptons (L4, L

c
4), (E4, E

c
4), and (N4, N

c
4 ) to

each sector. Then relying on softly broken U(1) sym-
metries, we can couple the reheaton to L4 only via the
Lagrangian

LL4 � Lmix + LY + LM , (6)

Lmix = �� Sc
X

i
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where we have assumed universal masses and couplings
across all the sectors for simplicity. We again need � ⇠
1/

p
N for perturbativity. Note that we are assuming that

Preferentially reheats copy 
w/ smallest |mH| & mH2<0

Scale separation from large N:

N=1016: 
ΛH=1010 GeV 
ΛG=1010 GeV 

(That’s it.) 

N=104: 
ΛH=104 GeV 
ΛG=1016 GeV 

(SUSY or 
compositeness 

at ΛH) 

For example: 
One copy w/ weak-

scale Higgs for
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FIG. 5: �Ne↵ contours as a function of reheaton mass and the r parameter defined in Eq. (1). �Ne↵ ' 0.03 corresponds to
the sensitivity of CMB stage 4 experiments. The current upper bound at the CMB epoch is around 0.6. The left panel is for
the � model with a = 1 MeV. The right panel is for the L4 model with �⇥ µE = 1 MeV, ML = 400 GeV, ME,N = 500 GeV,
YE = YN = 0.2, and Y c

E = Y c
N = �0.5. As discussed in the text, the L4 result is valid for a large range of N , namely

30 . N . 109. Both figures were made using the zero temperature branching ratios of the reheaton; see the end of Sec. II for
a discussion.

as shown in Eq. (10). We chose the largest N that is both
compatible with overclosure (see the next subsection) and
also interesting from a model building perspective, given
the relation to the Planck/GUT hierarchy (N = 104).

The shapes of the �Ne↵ contours are easy to explain
in terms of kinematics. In L4 the allowed region cor-
responds to the reheaton decaying to our sector via a
two-body channel, versus a three-body decay into all
the other m2

H < 0 sectors. This is highlighted by the
mS = mW2 line in the plot. In the � model the sit-
uation is di↵erent. The mixing with the Higgs natu-

rally introduces a number of mass thresholds that re-
duce �Ne↵ . At very low � masses, decays to a pair of
b-quarks are kinematically allowed only in our sector. As
the � mass increases, the reheaton can mix resonantly
with our Higgs and subsequently decay to a pair of W

or Z bosons. The last aspect of these results that is not
captured by the simple estimate in Eq. (10) is the fact
that (�Ne↵)CMB > (�Ne↵)BBN. It is easy to show that
this must be the case by appealing to conservation of en-
tropy in each of the sectors. If we compute the ratio of
�Ne↵ in sector i at the two di↵erent epochs, we obtain

�
�N i

e↵

�
CMB�

�N i
e↵

�
BBN

=
gi

⇤
�
T i

CMB

�

gi
⇤
�
T i
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�
✓
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⇤S (T us
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gi
⇤S

�
T i

BBN

�

gi
⇤S

�
T i

CMB

�
!1/3

� 1 . (11)

The first term in the first equality counts the number
of relativistic degrees of freedom in sector i at the two
di↵erent temperatures. The second factor accounts for
the fact that neutrinos in our sector are decoupled af-
ter BBN, so their temperature during the CMB epoch is

lower than that of photons. The last term comes from
entropy conservation in our sector and sector i. In the
last equality we have used g⇤ ' g⇤S .

To conclude the discussion of �Ne↵ , recall that the re-
sult depends almost exclusively on the reheaton branch-
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FIG. 3: Energy density deposited in each sector as a function of sector number, normalized to the energy density in our sector.
The left panel is for the � model with a = 1 MeV. The right panel is for the L4 model with �⇥ µE = 1 MeV, ML = 400 GeV,
ME,N = 500 GeV, YE = YN = 0.2, and Y c

E = Y c
N = �0.5. The solid lines are the result of a full numerical calculation.

The dashed lines show the expected scalings. As discussed in the text, the steps in the � model are proportional to Yukawa
couplings due to the fact that � decays via mixing with the Higgs. When i & 109 in the L4 model, the process Sc ! 2 e + ⌫
cannot proceed on-shell, which results in the deviation from the naive scaling as denoted by mS = 2me + m⌫ . Both figures
were made using the zero temperature branching ratios of the reheaton; thermal corrections are under control so long as TRH

is smaller than the weak scale in our sector, as discussed at the end of Sec. II.

the bilinear µE ec E only couples a single flavor of right
handed lepton to the new 4th generation fields, in order
to avoid flavor violation bounds in the charged lepton
sector. The predictions relevant to cosmology (see Fig. 5)
are insensitive to the choice of flavor; we choose couplings
involving the ⌧ for the additional constraints discussed
in Sec. III C below since this choice yields the strongest
bounds.

To explore the di↵erences between the L4 and ` mod-
els let us again consider the limit in which the reheaton
is light. If we integrate out the Higgs and gauge bosons
along with the new vector-like leptons, the leading oper-
ators for the decays of Sc are given by

LhHi6=0
L4

� CL4
1 �0 g2

m2
W

⇣
ec†�̄µSc

⌘⇣
f†�̄µf 0

⌘
;

LhHi=0
L4

� CL4
2 � yt yb

16 ⇡2
YE ME µE

m4
H

⇣
ec†�̄µSc

⌘⇣
uc†

3 �̄µdc
3

⌘
,

(7)

where once more the CL4
i are numerical coe�cients, M4

is used to represent the physical mass of the relevant
heavy lepton, and for convenience we have defined �0

i ⌘�
� v2

i µE/M4
4i

�
f(Y, M). Here f is a function of dimension

one that depends on the Yukawa couplings and vector-
like masses in Eq. (7), but not on the Higgs vev. The
M4i masses receive a contribution from vi that eventu-
ally dominates. When this happens Sc decays become
suppressed by large powers of the Higgs vev. From the
e↵ective Lagrangian above, it is easy to conclude that the
widths scale as �m2

H<0 ⇠ const for the first few sectors,
since M4i is approximately independent of vi. When the

Yukawa contribution to the masses begins to dominate,
such that M4i ⇠ vi, the scaling becomes �m2

H<0 ⇠ 1/v8
i .

Contributions to observables from the sectors with posi-
tive Higgs mass squared are negligible: the decay is both
three-body and loop-suppressed, and the width scales as
1/v8

i in all the sectors.
The diagrams that lead to these decays are shown in

Fig. 4, and the energy density deposited in each sector is
depicted in the right panel of Fig. 3. It is obvious that in
this model cosmological observables are sensitive only to
the few sectors for which the vector-like masses dominate
over the Higgs vev, making it insensitive to the UV. This
comes at the price of introducing new degrees of freedom
near the weak scale. As we will discuss in the following
section, the vector-like masses cannot be arbitrarily de-
coupled, but they must be large enough to avoid tension
with direct searches and the measured properties of our
Higgs.

Finally, we end this section by briefly commenting on
the presence of an upper bound for the reheating temper-
ature TRH such that the mechanism is preserved. Specif-
ically, TRH should be at most of order of the weak scale.
If the temperature were larger, our Higgs mass would be
dominated by thermal corrections resulting in a change
in the scalings of the branching ratios. Our Higgs would
obtain a large positive thermal mass and no longer be
preferentially reheated over the other sectors. Noting
that

TRH ' 100 GeV

r
h�reheatoniT

10�14 GeV
, (8)

[Arkani-Hamed, Cohen, D’Agnolo, Hook, Kim, Pinner ‘16]
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All sectors reheated by some amount ⇒ dark radiation
⇢i
⇢us

=
�i

�us

Dominated by sectors 
with similar scales

(r=1 ↔ flat mH2; r<1 ↔ larger splitting) 

Primary signals in dark radiation, 
extensive coverage by CMB-S4

NB, similar mechanism for Twin Higgs cosmology 
[NC, Koren, Trott ’16; Chacko, NC, Fox, Harnik ’16] 



Complicating the flow

This is a sense in which 

could address the hierarchy problem
12. Conformal symmetry

Experimental signals: Not fully understood, but expect new particles 
w/ SM quantum numbers around the TeV scale. Novelty is that their 

statistics, representations & couplings differ from more familiar solutions.

Bottom-up: “Little conformal symmetry” 
[Houtz, Colwell, Terning ’16]

A challenge: how do fixed point couplings know about UV scale?

SM is reached from some intermediate fixed point 
where, say, a generalized Veltman condition is satisfied

�m2
H =

X

i

ci
g2i,?
16⇡2

⇤2
i = 0

Top-down: Embed SM in orbifold of N=4 SYM 
[Frampton, Vafa ’99; Csaki, Skiba, Terning ‘99]



Exploding the cutoff

13. Asymptotic fragility                    
[Dubovsky, Gorbenko, Mirbabayi ‘13] 

14. Agravity [Salvio, Strumia ’14]

Gravity doesn’t provide a UV scale & the SM takes care of itself

Experimental signals: Details of gravity sector might be irrelevant. 
Crucially, must render SM couplings asymptotically free. Not a property 

of the SM itself, so entails low-scale unification (~10 TeV)

Gravity has no intrinsic length scale 
and is “renormalizable” 

Can be re-written in terms 
of 2-deriv fields w/ ghosts.
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(E-H term via vev of some field)

Scale MPl not associated with 
relevant operator becoming strong, 

not “felt” by non-grav physics.

In IR, looks like CFT perturbed by 
irrelevant operators.

Example in 2d, no proposal for 4d.

In UV, no UV fixed point; cannot 
define local observables.



Not actually the SM
15. Lee-Wick (higher derivative scalar) 

[Grinstein, O’Connell, Wise ’06] 
16. Non-semisimple gauge groups? 

⇠ 1

2
@µ�@

µ�� 1

2M2
(@2�)2 + . . .

Expressible as normal field 
plus new field with wrong-

sign quadratic action

Improves UV convergence of diagrams, introduce for every SM field

�1

2
@µ�̃@

µ�̃+
1

2
M2�̃2 + . . .

Lee-Wick: higher-
derivative theory

Can be defined in a unitary, Lorentz-
invariant manner with only microscopic 

acausality. But who ordered that?

1

p2 �m2
� 1

p2 �M2
=

m2 �M2

(p2 �m2)(p2 �M2)

See talk by D. Anselmi



Non-semisimple gauge group?
Trained from birth to study gauge theories of compact simple 

subalgebras & U(1)’s to guarantee positive-norm states.

But [Tseytlin ’95] perhaps pathologies of non-semisimple groups are not fatal.

Simplest example: E2C
[e3, ei] = ✏ijej [ei, ej ] = ✏ije4

[e4, ei] = [e4, e3] = 0 i, j = 1, 2

Suggestively related to algebra of SU(2) x U(1) by λ → 0 scaling limit 

⌦ab =

0

BB@

1 0 0 0
0 1 0 0
0 0 2� 1
0 0 1 0

1

CCA gab ⌘ f c
adf

d
bc =

0

BB@

0 0 0 0
0 0 0 0
0 0 2 0
0 0 0 0

1

CCA

Degenerate Killing formNon-degenerate invt bilinear form

ẽi = ��1ei ẽ3 = e3 + ��2e4 ẽ4 = e4 � ! 0



Non-semisimple gauge group?
Can construct a YM 
theory based on E2c

�1�loop

div. =
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SYM =
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4
⌦ab

Z
d

4
xF

a
µ⌫F

b
µ⌫

with the following 
intriguing properties:

1. One-loop divergence as in semisimple YM:

2. No additional divergences at higher loops:

3. Looks like λ → 0 scaling limit of an SU(2) x U(1)ghost gauge theory 
where non-trivial part of S-matrix is just the unitary SU(2) S-matrix 



Connecting UV & IR

Two “theories” exhibiting UV/IR mixing: 
Quantum gravity & non-commutative field theory 

QG (cartoon version): probe spacetime with 
sufficiently energetic particles, make a black hole. 

More energetic particles → bigger black hole.

NCQFT (cartoon version): non-commutativity of the form [xμ,xν]=iθμν, 
qualitatively a position-position uncertainty principle Δxμ Δxν≥θ/2

Essential feature of the hierarchy problem is 
that the UV doesn’t know about the IR…

unless it does?

17. Indirect UV/IR mixing 

18. Direct UV/IR mixing
Two ways to put this to work 

for hierarchy problem:



Indirect UV/IR Mixing
Don’t know the detailed theory of quantum gravity, but can 
try to ride the coattails of its UV/IR mixing. For example…

BH thermodynamics inspires conjecture [Bekenstein ’73-’93] 
that entropy in box of vol L3 is non-extensive, S ≤ π MPl² L²

[Cohen, Kaplan, Nelson ’98]: In EFT, S ∼ L³ Λ³. Bound satisfied by 
EFT if size of box is bounded, i.e., UV & IR cutoffs correlated:

L3⇤3 . ⇡L2M2
Pl ) L ⇠ ⇡M2

Pl/⇤
3

Many states w/ Schwarzschild radius > L. Conjecture stronger 
IR cutoff to exclude all states within their Schwarzschild radius,

L3⇤4 . LM2
Pl ) L ⇠ MPl/⇤

2

Implications: Deviations in radiative corrections. Possible cc 
explanation, but deeply unsatisfying: L~horizon→ Λ~10-2.5 eV)



More recently: WGC

Ride the coattails [Cheung, 
Remmen ’14]: Charge SM fermions 
under weakly gauged (unbroken) 

U(1)B-L (bounds currently q ≲ 10-24). 
Cancel anomalies with RHN νR

y⌫HL̄⌫R ! m⌫ ⇠ y⌫v

Neutrino mass is

so mν ~ 0.1 eV, q≳10-29

For fixed 
yukawa, WGC 

violated if v 
any larger 

But: magnetic 
WGC implies 
cutoff of U(1) 
field theory is  
Λ ∼ g MPl yνv~q MPl

v

MPl

10-10 GeV

102 GeV

1019 GeV

See talks by A. Hebecker, G. Remmen, L. Ibáñez 

(Electric) weak gravity conjecture: an 
abelian gauge theory must contain a state 

of charge q and mass m satisfying
[Arkani-Hamed, Motl, Nicolis, Vafa ‘06]

q >
m

MPl



Direct UV/IR Mixing

�x̂

µ�x̂

⌫ � 1

2
|✓µ⌫ |

[x̂µ
, x̂

⌫ ] = i✓

µ⌫

Take the bull by the horns…

QFT on non-commutative spacetime

UV/IR mixing from “uncertainty principle”

Study field theories with UV/IR mixing

Canonical example:

Caveats: Lorentz violating; Minkowski 
NCQFT unitary only for space-space 

non-commutativity (i.e. θ0i=0). 
Not the theory of our universe, but a useful toy 

model. (See e.g. [Heckman & Verlinde ’14])



I.e.,                                                        and e.g.

NCQFT

f(x) ? g(x) = exp

✓
i

2

✓

µ⌫

@

µ

y

@

⌫

z

◆
f(y)g(z)

����
y=z=x

1. QFT on commutative coordinates w/ star product:

Two common approaches:

2. Seiberg-Witten map [Seiberg, Witten ’99]:

Equivalent to any finite order in θ (i.e., option (2) defines a low-
energy effective action), but UV/IR mixing only apparent in (1).  

Âµ[A] = Aµ +
1

4
✓⇢�{A�, @⇢Aµ}+ 1

4
✓⇢�{F⇢µ, A�}+O(✓2)

f ? g = f · g + i

2
✓µ⌫@µf · @⌫g +O(✓2)



L =
1

2
(@µ�)

2 +
1

2
m2�2 +

1

4!
g2� ? � ? � ? �

Consider just φ4 in 
Euclidean d=4:

NCQFT: φ4

Feynman rules as usual modulo 
phases in nonplanar diagrams: 

p

k
⇠ eipµ✓

µ⌫k⌫

Quadratic terms identical to commutative theory

[Filk ‘96]

V (k1, k2, k3, k4) = e�
i
2

P
i<j kiµ✓

µ⌫kj⌫

Not invariant under arbitrary permutations of k 

Planar graphs: reduces to an overall phase involving external momenta

Nonplanar graphs: additional phases from crossing lines

Interactions associated 
w/ additional phases:



Compute one-loop radiative corrections to scalar 2-pt function. 
Both “planar” and “non-planar” diagrams at one loop:

⇠
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d4k

k2

UV divergent

IR divergence!
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Z
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k2
eip✓k ⇠ 1

p✓2p

Appearance of 
a new “scale”:

where p � k = |pµ✓2µ⌫k⌫ |

NCQFT: φ4
[Minwalla, Seiberg, Van Raamsdonk ’99]

Akin to commutative theory

Likewise, but with Λ → Λeff

⇤2
e↵ =

1

1/⇤2 + p � p ⇤2
e↵ !

⇢
⇤2 p � p ! 0
1/p � p ⇤ ! 1



New poles
1-loop 1PI quadratic 

effective action
1

2

✓
p2 +M2 +

g2

96⇡2(p � p+ 1/⇤2)
+ . . .

◆
�(p)�(�p)

M2 = m2 +
g2⇤2

48⇡2
� g2m2

48⇡2
ln

⇤2

m2
w/ renormalized mass M:

p2 +m2 = O(g2)

Two poles in Λ → ∞ action:

1. Usual one (φ quanta) at 

2. New one at 

Action @ infinite cutoff 
(or dim reg):

1

2

✓
p2 +M2 +

g2

96⇡2p � p + . . .

◆
�(p)�(�p)

p � p = � g2

96⇡2

1

p2c +m2
+ . . .

Second pole signals existence of new light particle 
arising from high-momentum modes of φ 

[Minwalla, Seiberg, Van Raamsdonk ’99]



Wilsonian interpretation
Normally require renormalizable Wilsonian action to satisfy 

1. Correlation functions well-defined as Λ→∞ 

2. Correlation functions at finite Λ differ from 
limiting value by O(1/Λ) at all momenta

Badly violated 
here at small p.

[Minwalla, Seiberg, Van Raamsdonk ’99]

1

2

✓
p2 +M2 +
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Restore Wilsonian interpretation w/ new particle χ:
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Quadratic, so 
integrate out:



What have we learned?
High-momentum modes of massive fields in a non-commutative 

scalar theory are “dual” to additional (peculiar) light fields  

In a fantasy application to the hierarchy problem, 
apparently light scalars are the χ fields, not the φ fields

4d fields in case of quadratic divergences, 5d for 
linear divergences, 6d for logarithmic divergences

�L =
1

2
@� � @�+

1

2
⇤2(@ � @�)2 + i

1p
96⇡2

g��

Such a fantasy is still remote; still need to 
understand some basic features in more 

realistic theories. [NC, Koren, in progress]

Note, this looks like a Lee-Wick field (?!?)



????????????
19. Tune the CC to set the weak scale                            

[Arvanitaki, Dimopoulos, Gorbenko, Huang, Van Tilburg ‘16] 

20. Massless moduli from explicitly broken SUSY               
[Dong, Freedman, Zhao ’14, ’15]  

21. Self-organized criticality

Figure 1. Schematic representation of the number N of vacua (depicted by dots) that can tune
the cosmological constant down to a small value as a function of the Higgs mass.

Consider a 5D model with the fifth dimension ending on two branes. The Standard
Model fields are localized on one brane, while the second brane has many vacua with
different values of its brane tension. The rich vacuum structure of the second brane can
help tune the CC to an anthropically allowed value, but only if the extra dimension is
dynamically stabilized.

In our model, the only dynamical field in the bulk is a fermion  , which can stabilize
the 5D radius at zero effective CC through its Casimir energy if and only if this energy is
positive (Section 3). For generic values of the Higgs vev, the boundary conditions for  are
of the type corresponding to negative Casimir energy, so the fifth dimension is not stabilized
and the rich vacuum structure is lost. However, if  and N c

1 (one of the brane fermions)
have a mass mixing on the SM brane, the boundary conditions for  change their type
once chiral symmetry in the fermion sector on the brane gets restored, producing positive
Casimir energy. This part of our mechanism is discussed in section 2 and appendix A.

From the four-dimensional, low-energy point of view the mechanism can be summarized
as follows. For Higgs vevs v ⇠ v⇤, a restored chiral symmetry changes dramatically the
potential for the radion field, which is gravitationally coupled both to these fermions and
to a hidden sector with many vacua (the second brane). This modified potential has a huge
number of minima so that at least one of them leads to a CC that is anthropically allowed.

Section 4 is dedicated to counting the number of minima with correct (v ⇠ v⇤) and
wrong (mostly M

UV

) values of the Higgs mass. The cutoff of our theory M
UV

can be as
high as 10

12
GeV, and the cosmological constant in the vacua with a Higgs vev different

than v⇤ is 1024 times larger than the measured value. Only when v ⇠ v⇤ can there be vacua
with a small enough cosmological constant for galaxies to form.

Finally, section 5 discusses the phenomenology of the new states near the weak scale and
of an ultralight radion. The new electroweak doublets should be below ⇠ 4⇡v⇤ which im-
plies that the fermion sector is accessible at the LHC and future colliders, through searches
for direct production of electroweak-charge fermions and measurements of the Higgs invis-

– 3 –

Things I can’t (yet) cleanly compartmentalize

Figure 2. Geography of the model. The horizontal axis represents the coordinate distance y in
the extra dimension, while the vertical scale is representative for one of the usual four spacetime
dimensions. Standard Model (SM) fields, including the Higgs field H, are confined to a 3-brane
(depicted as a thick vertical line) at y = 0 with tension �1. The 3-brane is also populated by
electroweak-charge fermions L and Lc, which couple to H and a pair of neutral fermions N1 and
N c

1 through a Yukawa coupling. A bulk fermion  couples to this new fermion sector via a brane-
localized mixing term with N c

1 , indirectly communicating the vacuum expectation value of H to the
bulk via the Casimir stress of  . This Casimir stress, along with �1, the tension �2 of the y = R

brane, and the bulk cosmological constant ⇤5, determine the geometry of the space through their
effect on the metric gMN . We assume the 5D space to be orbifolded around y = R, so that there is
a second copy of the interval attached to the branes on opposite sides.

L = (N0, E
0
) Lc

= (E0c, N c
0) N1 N c

1

SU(3)C 1 1 1 1

SU(2)L 2 2 1 1

U(1)Y �1/2 1/2 0 0

Table 1. The charges of the new states L (Lc
) and N1(N

c
1 ) under the Standard Model SU(3)C ⇥

SU(2)L ⇥ U(1)Y gauge groups.

ible width. The radion, which is automatically tuned to be light, is within the reach of
equivalence principle tests and fifth-force searches as well as proposed scalar dark matter
searches.

2 Model

In this section, we present a five-dimensional theory where the Casimir energy density in
the bulk depends on the vev of the Higgs field. We introduce couplings of the Higgs field to
a fermionic sector with mass parameters that are much below the ultraviolet cutoff of the
theory in a technically natural way. In a subset of Higgs-mass vacua, the Higgs vev causes
one of the new brane fermions to become much lighter, in turn changing the boundary
condition—and thus the sign of the Casimir stress-energy—of a bulk fermion that mixes
with this state on the SM brane.

– 4 –

Signals

• Vector-like leptons 
(direct search, Higgs 
invisible width, 
precision electroweak) 

• Super-light radion 
(O(10-10 eV))

�S ⇠
Z

bdy
A ^ Ã ⇠

Z
d2zJ(z)J̃(z̄)

Example: explicit marginal SUSY breaking 
involving U(1)R gauge fields on bdy of AdS3

Induces splitting in R-charged multiplets. 
Feed to R-neutral multiplets w/ yukawa 

��N�†
R�R

R-neutral scalars are massless to all orders

Make vacua tuning CC 
“dense” near weak scale

Analogous to y2tm
2
t � y2t̃m

2
t̃ = 0



A ??? Solution: Self-
Organized Criticality

• A free scalar field 

• The (2,0) theory in 6d 

• A classical FT w/ dissipation 

• Soft gluons 

• The relaxion 

• “A terrible idea”

The QFT analog of SOC has been called:

Some systems evolve into critical states on their own. 
Wouldn’t that be nice? 

Canonical example: Sandpile. Initially dynamics of 
individual grains. Critical slope → one grain causes 

avalanche; correlations far larger than individual grains.

All of these in some sense true, but it’s time to figure out which senses 
give novel, functional solutions to the hierarchy problem



1. Supersymmetry 

2. Global symmetry 

3. Discrete symmetry 

4. RS/Technicolor 

5. LED/1032xSM 

6. LST/Clockwork 

7. Classicalization 

8. Disorder 

9. Anthropics 

10. Relaxation 

11. NNaturalness 

12. Conformal symmetry 

13. Asymptotic fragility 

14. Agravity 

15. Lee-Wick Theory 

16. Non-compact SM 

17. Weak gravity conjecture 

18. Non-commutative QFT 

19. Weak scale from CC 

20.  AdS magic 

21. Self-organized criticality 

22. …



Conclusions
• Electroweak hierarchy problem remains one of the biggest 

motivations for physics beyond the SM. 

• Close to comprehensively understanding conventional solutions & 
searching accordingly. Should obviously keep searching for these 
as hard as possible, but… 

• …at some point data tips the balance towards truly unconventional 
solutions. Many of these are a way of making sense of the failure of 
Wilsonian EFT. 

•  Promising places to look: conformal symmetry; naive IR 
pathologies; UV/IR mixing. But who am I to say? Lots to explore. 
Lively intersection of QFT, cosmology, quantum gravity. 

• Experimental possibilities vast once we understand the theories…

Thank you!


