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We (collectively) spend much 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?
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The Hierarchy Problem Cartoon
Quantum gravity cutoff

Higgs sector cutoff

Uninteresting 
RG flow to IR

Standard Model(~unique vacuum)

mH is not technically natural ⇒ hierarchy problem4



Adding a symmetry

1. Supersymmetry (a la the electron) 

2. Global symmetry (a la the pion) 

3. Discrete symmetry 

4. Modular invariance

Experimental signals: partner particles

…and (sometimes) breaking it softly

• The familiar host of prompt signals (with or without missing energy) 
• Rich variety of displaced decays (RPV, twin higgs, folded SUSY, …)

[Dienes et al. ’94-’01, …]
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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,
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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.
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Twin Higgs
Standard Model Standard Model

Radiative corrections to mass-squared are SU(4) symmetric thanks to Z2:

h + . . . f � h2

2f
+ . . .

L ⇥ �ytHAQ
A
3 ū

A
3 � ytHBQ

B
3 ū

B
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

�
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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⇤ ! t̃t̃ [60, 61], Higgs cubic coupling shifts [60, 62] at a 100

– 4 –

hyperbolic 
Higgs

[Curtin, Verhaaren ’15]
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Cosmology is Key
The problem: thermal history of Z2-symmetric 
theory has too much energy density in twin ν, γ

• decouples while 
relativistic 

• decays some time 
thereafter 

• decays primarily 
to A (SM)

Preserve symmetry & reconcile w/ current limits if 
energy density set by neutral particle N that

Easy to do w/ symmetric coupling to HA, HB

[C
urtin, G

ryba ’21]  

Signals predominantly in CMB-S4

10
[Chacko, NC, Fox, Harnik ’16; NC, Koren, Trott ’16]

�Ne↵ ⇡ 7.4
⇢B
⇢A

����
BBN

⇡ 5.6
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Figure 9. Contours of �Neff (coloured regions) and DM dilution factor D (green contours) in the XMTH,
where x is set such that X decays with a reheat temperature of TA,R = 1 MeV, for different f/v and m

ĥ
.

X never thermalize in the gray region, and the blue, pink, and yellow shaded regions correspond to areas
of parameter space where �Neff is within current experimental limits. All shaded regions except yellow are
expected to be probed by CMB-S4 [99].
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Modular Invariance
�m2

H
⇠ (StrM0)⇤2 + (StrM2) log⇤+ ...

<latexit sha1_base64="0gI2WKh20FIKrNGlDiccRDAQOoA="></latexit>

StrM2� ⌘
X

states i

(�1)F (Mi)
2�

<latexit sha1_base64="HQm01l95VadQzsMu6YPva88UKKk="></latexit>

For finite # of states Cancellations require degenerate boson/fermion pairs

StrM2� ⌘ lim
y!0

X

states i

(�1)F (Mi)
2� e�yM2

i

<latexit sha1_base64="m23fxCn+SGr7yelNKFdNHeWjQfE="></latexit>

e.g.

gn =

8
<

:

(�1)n
n

2k for any k � 1, k 2 Z
(�1)n (n5 � n)
(�1)n (n5 + 2n3)

(34)

all have vanishing supertraces of arbitrarily high order. For example,
the case with gn = (�1)n(n5 + 2n3) corresponds to an explicit config-
uration of low-lying bosonic and fermionic states consisting of three
fermions with mass µ; 48 bosons with mass

p
2µ; 297 fermions with

mass
p

3µ; 1152 bosons with mass 2µ; 3375 fermions with mass
p

5µ;
and so forth.

Of course these have g0 = 0, no massless states. Can superimpose
any SUSY multiplets, but this would imply massless spectrum is su-
persymmetric. Degeneracies also only grow polynomially. Might be
interested in exponential growth of Hagedorn form

|gn| ⇠ An
�B

e
C

p
n as n ! 1 (35)

But even this can be satisfied, e.g. the low-lying spectrum of one such
solution is

n gn n gn

0 +36 6 �29, 010, 432
1 +1, 024 7 �29, 774, 848
2 �19, 712 8 +529, 050, 944
3 �76, 800 9 +410, 305, 536
4 +1, 051, 136 10 �7, 301, 403, 648
5 +1, 806, 336 11 �4, 414, 798, 848

2.2 UV picture

These are spectra one might expect from non-SUSY string theories,
which must be finite even if SUSY is not present. Indeed, this is pre-

12

n even: bosons 
n odd: fermions

Mn =
p
nµ

<latexit sha1_base64="RbDtzPNelMf8fNhPFsf9V8TeY0g=">AAAB+3icbVDLSsNAFJ3UV62vWJduBovgqiRS0Y1QdONGqGAf0IQwmU7aoTOTODMRS8ivuHGhiFt/xJ1/47TNQlsPXDiccy/33hMmjCrtON9WaWV1bX2jvFnZ2t7Z3bP3qx0VpxKTNo5ZLHshUoRRQdqaakZ6iSSIh4x0w/H11O8+EqloLO71JCE+R0NBI4qRNlJgV28DAS+hpx6kzkQOPZ4Gds2pOzPAZeIWpAYKtAL7yxvEOOVEaMyQUn3XSbSfIakpZiSveKkiCcJjNCR9QwXiRPnZ7PYcHhtlAKNYmhIaztTfExniSk14aDo50iO16E3F/7x+qqMLP6MiSTUReL4oShnUMZwGAQdUEqzZxBCEJTW3QjxCEmFt4qqYENzFl5dJ57TuNupnd41a86qIowwOwRE4AS44B01wA1qgDTB4As/gFbxZufVivVsf89aSVcwcgD+wPn8ALv6T6A==</latexit>

gn
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At heart, solving hierarchy problem is about controlling

[Dienes et al. ’94-’01, …]

For infinite # of states, suitably regularize:

Then many nondegenerate spectra have vanishing supertraces

E.g. for masses and degeneracies Generally satisfied when modular 
invariance controls the spectrum, 

degeneracies  given by the envelope 
of some suitable function  

gn
Φ(n)
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Lowering the cutoff

5. RS / Technicolor 

6. LED / 1032 x SM 

7. LST / Clockwork 

8. Classicalization 

9. Disorder 

Experimental signals: resonances, …

…in diverse dimensions

• Primary distinctions are in spacing & coupling of resonances 
•  Potential goldmine of relatively 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]
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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/LlocM0

S = �
Z

d5x
p
G(M3

?R) +
X

hiji

M4
?V (|Xi �Xj |)�

X

i

Z
d4x

p
gfi

But: not obvious that it works in detail

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

10. Anthropics (pressure) 

11. Relaxation (rolling) 

12. NNaturalness (reheating) 

13. Crunching away (collapse) 

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]

[Csaki et al ’20, see also Geller, Hochberg, 
Kuflik ’18, Cheung & Saraswat ’18, …]
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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.
15



Relaxion
Simplest version: an axion coupled to QCD during inflation.

φ

V (φ)

You are here.

[Graham, Kaplan, Rajendran ‘15]

16

⇤4(H) cos(�/f) + F (g�)

+
�
�M

2 + g�
�
|H|2

Axion-like potential

Large bare Higgs mass

Scanning term

• Very low Hubble scale (≪ΛQCD) • 10 Giga-years of inflation

Viable for Higgs + non-compact axion + inflation w/

Why not? Various other subtleties regarding technical naturalness, trans-Planckian field excursions, CC, 
fine-tuning to inflationary sector; need to solve strong CP problem. New UV considerations. 

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; …]



New Signals
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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 Ne↵( 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

– 22 –

*assuming〈φ〉breaks CP

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

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

gives φ - H mixing* w/

g�|H|2 ⇤4(H) cos(�/f)

⇤4(H) cos(�/f)

Higgs portals
Figure 9. Bounds on sin2

✓ and m� for the scalar singlet, with �h� = m
2
�/v

2 stemming from
various hadron and lepton colliders and covering a large range of life times. The bounds labeled by
BSM arise from the collider indicated by the untagged bound of the same color. For the bounds in
the prompt region see also Refs. [16, 29].
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Figure 10. Prompt bounds on sin2
✓ and m� for the relaxion, arising from direct and indirect

probes at various hadron and lepton colliders, as in Fig. 9. The dash-dotted line stems from the
one-parameter fit for CLIC as detailed in Sec. 3.1. The gray band marks the region where the
relaxion can be natural, see Sec. 2.2. The upper bound is given by Eq. (2.38) for the relaxion
stopping in the first minimum (n = 1). The lower bound for low m� is dominated by the stopping
in a generic minimum (n � 1), see Eq. (2.42); for high m� by the solution for n = 1, see Eq. (2.39).
The bands corresponds to a choice of ⇤min = M̃max = 1TeV.
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[Fuchs, Matsedonskyi, Savoray, Schlaffer ’20]

sin ✓ ⇡ ⇤4

vfm2
h
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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 m
2

H
to be populated, the

distribution of the mass parameters must pass through
zero. For concreteness, we take a simple uniform distri-

⇣
m

2

H

⌘
us�4

3
⇥

(Q
,
U

c ,
D

c ,
L
,
E

c )

SU(2)

U(1)

SU(3)

⇣
m

2

H

⌘
us�3

3
⇥

(Q
,
U

c ,
D

c ,
L
,
E

c )

SU(2)

U(1)

SU(3)

⇣
m

2

H

⌘
us�2

3
⇥

(Q
,
U

c ,
D

c ,
L
,
E

c )

SU(2)

U(1)

SU(3)

⇣
m

2

H

⌘
us�1

3
⇥

(Q
,
U

c ,
D

c ,
L
,
E

c )

SU(2)

U(1)

SU(3)

3
⇥

(Q
,
U

c ,
D

c ,
L
,
E

c )

SU(2)

U(1)

SU(3)

⇣
m

2

H

⌘
us

3
⇥

(Q
,
U

c ,
D

c ,
L
,
E

c )

SU(2)

U(1)

SU(3)

⇣
m

2

H

⌘
us+

1

3
⇥

(Q
,
U

c ,
D

c ,
L
,
E

c )

SU(2)

U(1)

SU(3)

⇣
m

2

H

⌘
us+

2

3
⇥

(Q
,
U

c ,
D

c ,
L
,
E

c )

SU(2)

U(1)

SU(3)

⇣
m

2

H

⌘
us+

3

3
⇥

(Q
,
U

c ,
D

c ,
L
,
E

c )

SU(2)

U(1)

SU(3)

⇣
m

2

H

⌘
us+

4

3
⇥

(Q
,
U

c ,
D

c ,
L
,
E

c )

SU(2)

U(1)

SU(3)

⇣
m

2

H

⌘
us+

5

m
2

H

{{ {

v = 0 v > vus

vus = 246 GeV

⇤2

H
�⇤2

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

�
m

2

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
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The top (bottom) row is for m� � |mH |
�
m� ⌧ |mH |
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1/m
4

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:
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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 �m

2
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1/m
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hi
and �m

2
H

>0 ⇠ 1/m
4

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/m

2

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, v

2

i
⇠ 2 i ⇥ v

2

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 Z

0. 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
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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
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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:
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where again the C
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are numerical coe�cients, and Wµ⌫
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hHi 6= 0. This operator scales as 1/m
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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
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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 Z

0. 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
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) to
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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

N=1016: 
ΛH=1010 GeV 
ΛG=1010 GeV 

(That’s it.) 

N=104: 
ΛH=104 GeV 
ΛG=1016 GeV 

(SUSY/compositeness @ 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 m

2

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
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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 S

c ! 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 e
c
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 S

c are given by
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(7)

where once more the C
L4
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
⌘�

� v
2

i
µE/M

4

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 S

c 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 �m

2
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 �m

2
H

<0 ⇠ 1/v
8

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/v

8

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�reheatoni

T

10�14 GeV
, (8)

[Arkani-Hamed, Cohen, D’Agnolo, Hook, Kim, Pinner ‘16]
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[Arkani-Ham
ed, Cohen, D’Agnolo, Hook, Kim

, Pinner ‘16]

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



Complicating the flow

This is a sense in which 

could address the hierarchy problem
14. Conformal symmetry

Experimental signals: Not fully explored, but expect new particles w/ SM quantum numbers around 
the TeV scale. Novelty is that statistics, irreps & 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
g2
i,?

16⇡2
⇤2
i
= 0

Top-down: Embed SM in orbifold of N=4 SYM 
[Frampton, Vafa ’99; Csaki, Skiba, Terning ‘99]
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Exploding the cutoff
15. Asymptotic fragility                    

[Dubovsky, Gorbenko, Mirbabayi ‘13] 

16. 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

Gravity has no intrinsic length scale 
and is “renormalizable” 

Can be re-written in terms of 2-derivative 
fields w/ ghosts.

S ⇠
Z

d4x
p
g

 
R2

f2
1

+
1
3R

2 �R2
µ⌫

f2
2

+ . . .

!

(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; in UV, no UV fixed point; cannot 

define local observables.

Example in 2d, no proposal for 4d.
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Not actually the SM
17. Lee-Wick (higher derivative scalar) 

[Grinstein, O’Connell, Wise ’06]

⇠ 1

2
@µ�@

µ�� 1

2M2
(@2�)2 + . . .

Write as normal field + new field 
w/ 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)
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Connecting UV & IR

Two frameworks exhibiting UV/IR mixing: QG & NCQFT

QG (cartoon version): collide 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 [Filk ’96, Minwalla, Seiberg, Van Raamsdonk ’99, NC, Koren ’19]

Essential feature of the hierarchy problem: the UV 
doesn’t know about the IR…unless it does?

18. Indirect UV/IR mixing 

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

for hierarchy problem:
24



Indirect UV/IR

[Isabel Garcia Garcia, BSM Pandemic seminar 07/20]

Usual (EFT) logic of hierarchy problem: 
uncorrelated UV contributions give broad 
distribution of possible values of mh up to 

cutoff; mh well below cutoff “unlikely”

Usual (EFT) logic of hierarchy solution: 
lower the cutoff or eliminate sensitivity.

Alternately: consistency with gravity 
orchestrates correlations among UV 

parameters to satisfy bounds, 
changing the distribution.
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Indirect UV/IR: WGC
(Electric) weak gravity conjecture: an 

abelian gauge theory must contain a state of 
charge q and mass m satisfying

[Arkani-Hamed, Motl, Nicolis, Vafa ‘07]

“Justification”: consider BH of charge Q, mass M decaying to this particle

# particles produced = Q/q

Energy conservation: mQ/q < M

Z = Q MPl/M < z = q MPl/m

Extremal BH (Z=1) stable unless there exists a state with z > 1

Then BH satisfies

⇒ q > m/MPl to avoid stable black holes, remnants, in conflict w/ holography

gq � m

MPl
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A Family of Conjectures
Electric WGC: 

Magnetic WGC: 

+Scalar WGC: 

dS WGC: 

Axion WGC: f  (1/S)MPl

m  (gq)MPl

m
2 & gqMPlH

m 
p

g2q2 � µ2MPl

New hierarchies from EFT + gravity. 

[Arkani-Hamed, Motl, Nicolis, Vafa ‘07]

[Arkani-Hamed, Motl, Nicolis, Vafa ‘07]

[Palti ‘17]

[Montero, Van Riet, Venken ‘19]

[Arkani-Hamed, Motl, Nicolis, Vafa ‘07]

m  (gq)MPl
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Weak Gravity, Weak Scale?
[Cheung, Remmen ’14]: If mass of WGC 
particle is UV sensitive, then for fixed UV-

insensitive parameters, satisfying the WGC 
enforces fine-tuning. (Or: would orchestrate 

correlations among UV contributions)

Neutrino mass from EWSB If lightest neutrino is WGC particle, 
mν ~ 0.1 eV, q≳10-29

Application to SM: charge SM fermions 
under weakly gauged (unbroken) U(1)B-L 

(bounds currently q ≲ 10-24).  
Cancel anomalies with RHN νR

For fixed y, q, satisfying WGC places an upper bound on v 

See also: [Ibañez, Martin-Lozano, Valenzuela ’17, …; March-Russell & Petrossian-Byrne ’20, …]

yνv~q MPl

v

MPl

10-10 GeV

102 GeV

1019 GeV

y⌫HL̄⌫R ! m⌫ ⇠ y⌫v
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Weak Gravity, Weak Scale?
Problem: Magnetic WGC implies Λ well below weak scale. Simple fix…

�L �
�
mLLL

c +mNNN
c + yH

†
LN

c + ỹHL
c
N
 
+ h.c.

v2 . 2

y2
�
m2

�1
+m�1(mL �mN )�mLmN

�

Best option: mN < mL, lightest mass eigenstate χ₁ is WGC particle 

New U(1)X plus matter 
acquiring some mass 
from the Higgs. E.g…

Then for fixed 
(technically natural) 

g, mL, mN, y,

[NC, Garcia Garcia, Koren ’19]

SU(2)L U(1)Y U(1)X
L ⇤ +1/2 +1
Lc ⇤ �1/2 �1
N - 0 +1
N c - 0 �1

<latexit sha1_base64="wZ2U07RhAXEJ5ryePJ6MK9Zf8i0="></latexit>

�L �
�
mLLL

c +mNNN
c + yH

†
LN

x + yHL
c
N
 
+ h.c.

<latexit sha1_base64="iKu13yocfZrgeVFNXbtz/q7jkak="></latexit>

v2 . 2

y2
�
m2

�1
+m�1(mL �mN )�mLmN

�

<latexit sha1_base64="PxFe2h+5QCIB5jFmwEc0ZUUvCUM="></latexit>

29



Weak Gravity, Weak Scale?
Lightest particle charged under U(1)X is stable  dark matter candidate⇒

U(1)X gives a very weak, long-range force, too weak to influence 
individual collisions but relevant on scale of galaxy clusters 

Galaxy cluster collisions can trigger plasma 
instabilities, making DM collisional on large scales 
[Ackerman, Buckley, Carroll, Kamionkowski ’08; 

Heikinheimo, Raidal et al ’15; Spethmann et al ’16] 
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C.f.  for galaxy cluster collisionsτ ∼ 1 Gyr ∼ 1016 s

Timescale of plasma fluctuations set 
by plasma frequency,

[Lasenby ’20]
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Figure 6. Estimated parameter space for which small perturbations would experience significant
growth in astrophysical systems, for a vector mediator of massmA, coupling to DM particles of mass
m� with coupling g. The shaded parameter space above the broken red lines, labelled with mediator
mass mA, is the space in which perturbations would grow for that mediator mass. The region above
the solid red line is the region in which perturbations would grow for su�ciently light mediators.
The astrophysical situations we consider are cluster collisions such as the Bullet Cluster, and dense
DM subhalos (such as dwarf galaxies) moving through a larger halo (see Section 3). The ‘Coulomb’
region shows the parameter space in which 2 ! 2 Coulomb collisions would have a significant
impact in DM halos (see section 5.1). Note that, for DM masses m� . eV, the DM occupation
number in Galactic halos must be large, which may result in additional coherent scattering e↵ects
(Section 6).

To estimate when DM-DM plasma instabilities would arise during such collisions, we

need some model for the DM distributions in the colliding clusters. [16] estimates these

distributions, for the Bullet Cluster collision, using gravitational lensing information. As-

suming cored DM density profiles6, their best-fit parameters have core radii ⇠ 100 kpc,

and central densities ⇠ few ⇥ 0.1GeV cm�3, with inferred halo velocity dispersions of

� ⇠ 800km s�1. Simulations of the gas dynamics in the collision suggest that the relative

velocity of the halos is ⇠ 3000 km s�1[2]. These parameters give a central plasma frequency

of

!p =

s
g2⇢�

m2
�

' 4⇥ 10�7 yr�1

r
⇢�

0.1GeV cm�3

GeV

m�

g

10�17
(3.1)

compared to a crossing time of ⇠ 100 kpc/(3000 km s�1) ⇠ 3⇥ 107 yr. If we take a conser-

vative threshold of O(100) e-folding times, we would expect plasma instabilities to grow

significantly for

g & 10�16 m�

GeV
(3.2)

6
profiles with central cusps, such as NFW, would lead to higher central DM densities — to be conserva-

tive, we consider cored profiles (gravitational lensing data does not have the spatial resolution to distinguish

these possibilities).
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“Other”
20. Tune the CC to set the weak scale                            

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

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

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 MUV) values of the Higgs mass. The cutoff of our theory MUV can be as
high as 1012GeV, 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-
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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 L

c, 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) L

c = (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 (O(10-10 eV)) radion

�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 massless to all orders

Make vacua tuning CC 
“dense” near weak scale

Analogous to y2tm
2
t � y2t̃m

2
t̃ = 0
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Self-Organized Criticality
Some systems evolve into critical states on their own (sandpiles, a la [Bak, Tang, Wiesenfeld ’84]). 

Wouldn’t that be nice? [Giudice ’08, Kaplan ‘97]

22. Self-organized Criticality

�

V(
�)

m2
H

= 0

m2
H

> 0 m2
H

< 0

Figure 1: This figure exhibits a cartoon of a potential for a modulus field, �, where the singular
minimum matches on to a critical point at which the mass of a physical light Higgs field fluctuation
passes through zero. On either side of the singular point, the Higgs boson mass is finite and
positive, but on one side the mass squared for the field is negative, with the instability driving
spontaneous symmetry breaking.

Casimir energies, as in, for example [16]. If this feedback is itself the origin of the minimum
of the potential, with the minimum being at or near the critical value at which the Higgs
VEV turns on, the modulus field will be attracted to the minimum, where the mass of the
Higgs fluctuation is small or vanishing.

In one “toy” and one fully dynamical construction, we investigate the mutual potential
of a modulus field (in our case, the radion of a Randall-Sundrum (RS) 2-brane model [17])
and a 5D Higgs field. The models are constructed so that the value of the modulus field
vacuum expectation value influences the Higgs stability criterion. Specifically, we consider
scenarios where the Higgs instability is linked to dynamical violation of the BF bound far
from the UV boundary of the RS geometry through interactions with the modulus field.

The CFT dual of this picture corresponds to the theory described above: one which
is conformal in the deep UV, without instabilities, and which contains a near marginal
deformation that drives a slow running of the scaling dimension of an operator in this
approximate CFT [19,20]. There is an interplay between two operators, O✏, a near marginal
operator, and OH . Similar to the way dynamical symmetry breaking for the Higgs can
occur via radiative corrections, here an analogous instability is reached in the RG flow for
the dual picture, with the scaling dimension for the operator OH becoming complex, and
causing an “unhealthy” [21] limit cycle-like behavior in the RG flow that is terminated by
condensation of operators in the approximate CFT, breaking the approximate conformal
invariance spontaneously.

3

Vanishing Higgs mass coinciding 
with potential minimum for an 

extra-dimensional modulus field  
[Eroencel, Hubisz, Rigo ’18]

Localization of scalar fields 
exponentially close to critical 
points during eternal inflation 
[Giudice, McCullough, You ’21] 

[Khoury et al. ’19-’20]FPV dynamics
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With apologies for the many omissions…
33

1. Supersymmetry 

2. Global symmetry 

3. Discrete symmetry 

4. Modular invariance 

5. RS/Technicolor 

6. LED/1032xSM 

7. LST/Clockwork 

8. Classicalization 

9. Disorder 

10. Anthropics 

11. Relaxation 

12. NNaturalness 

13. Crunching away 

14. Conformal symmetry 

15. Asymptotic fragility 

16. Agravity 

17. Lee-Wick Theory 

18. Weak gravity conjecture 

19. Non-commutative QFT 

20. Weak scale from CC 

21.  AdS magic 

22. Self-organized criticality 

23. …



Conclusions
• Electroweak hierarchy problem remains one of the strongest motivations for BSM physics. 

• 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 apparent failure of Wilsonian EFT. 

•  Promising places to look: discrete symmetry; UV/IR mixing; self-organized criticality. But 
who am I to say? Lots to explore. Lively intersection of QFT, cosmology, quantum gravity. 

• Experimental possibilities vast once we understand the full space of theories, cosmology 
playing an increasingly central role. 

• Skepticism is justified, but imagine facing the ultraviolet catastrophe in the early 20th c…

Thank you!


