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Hierarchy 
problem

Flavor 
problem

Baryogenesis

Why not just the SM Higgs?
Dark matter



The Hierarchy Problem
Quantum gravity cutoff ΛG

Higgs sector cutoff ΛH

Uninteresting RG 
flow to IR

Standard Model(~unique vacuum)

mH is not technically natural ⇒ Hierarchy problem
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Low Cutoff

• Technicolor 

• Large extra 
dimensions 

• Randall-
Sundrum 

• Little string 
theory 

• …

For example:

• Thus far, 
Higgs looks 
elementary 

• No evidence 
for additional 
light states 

• No evidence 
for higher-dim 
operators

But…
 No separation 

between Higgs, cutoff 
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Symmetries

• Supersymmetry 

• Composite 
Higgs 

• Little Higgs 

• Gauge-Higgs 
unification 

• …

For example:

• No evidence for 
QCD-charged 
particles beneath 
~1000 GeV 

• No evidence for 
weakly-charged 
particles beneath 
~ few 100 GeV

But…
 

Predict partner particles 
w/ SM quantum #’s @ 

TeV scale

5



Anthropics

• Atomic principle 
(if only dim’ful 
parameters vary 
in a landscape)

For example: But…
 

Not necessarily testable
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New mechanisms
Hierarchy problem 

still solved by 
symmetries, i.e., 

technical 
naturalness 

But IR symmetries 
discrete, not 
continuous 

“Neutral 
Naturalness”

Hierarchy problem 
not directly 

controlled by 
symmetries, 

contributions large 

But Higgs mass 
selected 

dynamically 

“Relaxion” 
or  

“NNaturalness”

New Higgses, new observables.
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Neutral naturalness

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]
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The original: Twin Higgs
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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.
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[Chacko, Goh, Harnik ’05; Barbieri, Gregoire, 
Hall ’05; Falkowski, Pokorski, Schmaltz ’06; 

Chang, Hall, Weiner ’06; NC, Howe ’13]

[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 

-6-3
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Produce in rare Higgs decays (BR~10-3-10-4) 
(Also produced via heavy twin Higgs)

Long-lived, length scale ~ LHC detectors

[NC, Katz, Strassler, Sundrum ’15; Curtin, Verhaaren ’15; Csaki, Kuflik, Lombardo, Slone ‘15]

0++ ! h⇤ ! ff̄
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Decay to SM via Higgs:

See e.g. talks by G. Watts, T. Adams, P. Ilten



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.
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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: use an axion coupled to QCD during inflation.

φ

V (φ)

You are here.

[Graham, Kaplan, Rajendran ‘15]

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

⇤

4
(H) cos (�/f)

�
�M2

+ g�
�
|H|2 + V (g�) + ⇤

4
(H) cos (�/f)
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The Relaxion Higgs
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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

– 22 –

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

Signatures: very light, weakly coupled singlet Higgs 
[Flacke, Friguele, Fuchs, Gupta, Perez ‘16] [Flacke, Friguele, Fuchs, Gupta, Perez ‘16]

13+5th force for mφ < eV & cosmology for eV < mφ < MeV



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

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 
14



NNaturalness
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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
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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
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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

X

i

�
ec E4

�
i
,

LY = �
X

i

h
YE

�
H† L4 Ec

4

�
i
+ Y c

E

�
H Lc

4 E4

�
i

+ YN

�
H L4 N c

4

�
i
+ Y c

N

�
H† Lc

4 N4

�
i

i
,

LM = �
X

i

h
ME

�
Ec

4 E4

�
i
+ ML

�
Lc

4 L4

�
i

+ MN

�
N c

4 N4

�
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

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

BBN

�
✓

gus
⇤S (T us

BBN)

gus
⇤S (T us

CMB)

◆4/3
 

gi
⇤S

�
T i

BBN

�

gi
⇤S

�
T i

CMB

� gus
⇤S (T us

CMB)

gus
⇤S (T us

BBN)

!4/3

'
 

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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[Arkani-Hamed, 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

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



Only the beginning…

Asymptotic 
fragility,…

Nontrivial flow 
(CFT,…)

Not the SM 
(Lee-Wick,…)

Non-
locality

UV/IR 
mixing

Many more 
ideas under 
exploration, 

many to come.
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Conclusions
• Many reasons to expect something beyond the SM Higgs, but 

many “older” models of elementary & composite Higgs 
bosons under strain from null results. 

• Worthwhile to continue exploring as much as possible, but 
also motivates qualitatively new mechanisms and models. 

• Beginning of an era of theory exploration beyond established 
paradigms: neutral naturalness, relaxion, NNaturalness, … 

• New solutions to the hierarchy problem leading to new signals 
across the energy, intensity, and cosmic frontiers. 

• Thus far we have only scratched the surface…

Thank you!



Bonus material
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Heavy Twin Higgs
• Heavy radial mode may be accessible. ~TeV scale 

state strongly preferred by naturalness, precision 
electroweak. 

• At 0th order, singlet Higgs w/ 1:3:3 hh:SM:Invisible
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f=3v

f=3v Current searches 
not yet constraining; 
very interesting for 

13/14 TeV LHC

20



Exotic Decays of a Twin Higgs

1000500 2000300 1500700
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Æ
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 X
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(H
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2 = 20 GeV/cXm
2 = 50 GeV/cXm

2 = 150 GeV/cXm
2 = 350 GeV/cXm

)σ1±Expected limits (
2 = 20 GeV/cXm

2 = 1000 GeV/cHm

Most effort has focused on production via h(125).  
But glueballs also produced in decays of heavy twin Higgs:

Rate comparable to h(125), but more striking kinematics. 
Also an open mode for higher glueball masses.

Study of discovery potential in progress [NC, Gori, Redigolo]

f=3v
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Viable alternative: dark QCD + axion

I.e. axion of a 
different SU(3); 
need to tie in 

Higgs vev

Field SU(3)N SU(3)C SU(2)L U(1)Y
L ⇤ � ⇤ �1/2
Lc ⇤ � ⇤ +1/2
N ⇤ � � 0
N c ⇤ � � 0

QCD’ Relaxion
[Graham, Kaplan, Rajendran ‘15]

New confining physics 
near weak scale!

f⇡0 < v and mL <
4⇡vp

log(M/mL)

Bounds on 
mechanism imply

Couples to Higgs, electroweak 
bosons; hidden valley signatures. 

Various possibilities.

Rich hidden valley physics [Strassler, Zurek ’06], many signatures to explore

(a) ⇤ = 10 MeV (b) ⇤ = 300 MeV
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Figure 10: Summary of the experimental constraints at 95% CL for di↵erent values of

⇤. The green, blue and orange regions are ruled out respectively by direct collider, Higgs

branching ratio and BBN constraints. The dashed curves represent tuning.

and 25 GeV represent respectively the minimal value for which the relaxion mechanism

is still relevant and the maximum value for which our approximations are still reasonably

valid. The benchmark of 300 MeV is chosen to be slightly above the minimum value

such that the decay to two charged pions is possible. The value of 2 GeV represents a

region where all three types of collider constraints are relevant, with the bounds from

stable ⌘̃’s, emerging jets and promptly decaying ⌘̃’s being respectively applicable to small,

intermediary and larger Yukawa couplings. The di↵erent colored regions are ruled out by

the constraints of Sec. 3. All bounds correspond to 95% CL. We do not include the bounds

– 20 –

Constraints on 
minimal model 

[Beauchesne, 
Bertuzzo, Grilli di 

Cortona ’17]

BBNLHC direct

Higgs 
couplings
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