
Naturalness in the Dark

Nathaniel Craig
UC Santa Barbara

CoSMS Workshop on Naturalness



Natural vs. unnatural
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Hierarchy problem is more than a “just-so story,” 
it’s a question of symmetries (or the lack thereof)
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Supersymmetry Global symmetry
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Partner particles m̃

Hierarchy Solutions
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Extend the SM with a symmetry acting on the Higgs
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Supersymmetry Global symmetry

Two spectra

Simple game for LHC: look for colored partners.
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Missing top partner problem

Global Symmetry Supersymmetry

Problem 1: nothing yet (~0.1-10% tuning).
Problem 2: not much new to do.

LHC searches driven by top partners 
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But: is this all there is?
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Discrete symmetries
Discrete 

symmetry

}
Discrete symmetry 
Neutral partners m̃

≲4π/G

Higgs mh

Symmetry-based approaches 
to hierarchy problem employ 

continuous symmetries. 

Leads to partner states w/ SM 
quantum numbers. 

Discrete symmetries can also 
serve to protect the Higgs. 

Leads to partner states w/ 
non-SM quantum numbers.  

“Neutral naturalness”
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Proof of principle
The Twin Higgs

[Z. Chacko, H.-S. Goh, 
R. Harnik ’05]
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The Twin Higgs: Natural Electroweak Breaking from Mirror Symmetry

Z. Chacko,1 Hock-Seng Goh,1 and Roni Harnik2

1Department of Physics, University of Arizona, Tucson, AZ 85721
2 Department of Physics, University of California, Berkeley, CA 94720

Theoretical Physics Group, Lawrence Berkeley National Laboratory, Berkeley, CA 94720

We present ‘twin Higgs models’, simple realizations of the Higgs as a pseudo-Goldstone boson
that protect the weak scale from radiative corrections up to scales of order 5 - 10 TeV. In the ultra-
violet these theories have a discrete symmetry which interchanges each Standard Model particle
with a corresponding particle which transforms under a twin or mirror Standard Model gauge
group. In addition, the Higgs sector respects an approximate global SU(4) symmetry. When this
global symmetry is broken, the discrete symmetry tightly constrains the form of corrections to
the pseudo-Goldstone Higgs potential, allowing natural electroweak symmetry breaking. Precision
electroweak constraints are satisfied by construction. These models demonstrate that, contrary to
the conventional wisdom, stabilizing the weak scale does not require new light particles charged
under the Standard Model gauge groups.

I. INTRODUCTION

In the Standard Model (SM) the weak scale is unstable
under quantum corrections. This suggests the existence
of new physics at or close to a TeV that protects the Higgs
mass parameter of the SM against radiative corrections.
While the exact form that such new physics takes is
unknown there are several interesting alternatives. One
possibility, first proposed in [1, 2] is that the Higgs is
naturally light because it is the pseudo-Goldstone boson
of an approximate global symmetry. This idea has
recently experienced a revival in the form of little Higgs
theories [3, 4] (for a clear review and more references
see [5]) that protect the Higgs mass from radiative
corrections up to scales of order 5 - 10 TeV.

In this paper we propose a class of simple alterna-
tive realizations of the Higgs as a pseudo-Goldstone
boson that also protect the weak scale from radiative
corrections up to scales of order 5 - 10 TeV. In the
ultra-violet these theories have a discrete Z2 symmetry
which interchanges each Standard Model particle with
a corresponding particle which transforms under a twin
or mirror Standard Model gauge group. In addition,
the Higgs sector of the theory respects an approximate
global SU(4) symmetry. Although the weak and elec-
tromagnetic interactions, as well as the top Yukawa
coupling, violate the global symmetry they all respect the
discrete interchange symmetry. When SU(4) is broken to
SU(3), the discrete symmetry tightly constrains the form
of corrections to the pseudo-Goldstone Higgs potential,
allowing natural electroweak symmetry breaking.

Although the smaller Yukawa couplings need not re-
spect the discrete symmetry, naturalness constrains the
masses of most of the twin/mirror partners not to exceed
a few hundred GeV. Precision electroweak constraints
are satisfied by construction, since although these new
particles may be very light, they do not transform under
the SM gauge groups. This is in contrast to little
Higgs theories where these constraints are often a severe
problem [6].

We illustrate the basic idea by way of a simple
example where the global symmetry is realized linearly.
Consider a complex scalar field, H , that transforms as
a fundamental under a global SU(4) symmetry. The
potential for this field is given by

V (H) = −m2H†H + λ(H†H)2 . (1)

Since the mass squared of H is negative it will develop a
VEV, ⟨|H |⟩ = m/

√
2λ ≡ f , that breaks SU(4) → SU(3)

yielding 7 massless Nambu-Goldstone bosons. We now
break the SU(4) explicitly by gauging an SU(2)A ×
SU(2)B subgroup. The field H transfoms as (HA, HB)
where HA is a doublet under SU(2)A and HB is a doublet
under SU(2)B. At the end of the day we will identify
SU(2)A with SU(2)L of the SM. Since SU(4) is now
broken explicitly, the would-be Goldstones pick up a mass
that is proportional to the explicit breaking. Specifically,
gauge loops contribute a quadratically divergent mass to
the components of H as

∆V =
9g2

AΛ2

64π2
H†

AHA +
9g2

BΛ2

64π2
H†

BHB + . . . , (2)

a loop factor below the cutoff Λ of the theory. The
mechanism in our model hinges on the following simple
observation. Suppose we now impose an additional Z2

symmetry, which we label ‘twin parity’, which inter-
changes HA and HB and also interchanges the gauge
bosons of SU(2)A with those of SU(2)B. This symmetry
forces the two gauge couplings to be equal, gA = gB ≡ g.
The gauge contribution to the mass of H is now

∆V =
9g2Λ2

64π2
(H†

AHA + H†
BHB) =

9g2Λ2

64π2
H†H (3)

which is invariant under SU(4) and therefore does not
contribute a mass to the Goldstones. In other words,
imposing twin parity constrains the quadratically di-
vergent mass terms to have an SU(4) invariant form.
The Goldstones are therefore completely insensitive to
quadratic divergences from gauge loops.

Symmetry is SMA x SMB x Z2
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The Twin Higgs
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,

UV: λ≫1 NLSM;  λ≲1 LSM9



The Twin Higgs

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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The Twin Higgs
Full theory: extend Z2 to all SM matter and couplings.

SMA x SMB x Z2

SMA  
(hA,tA,WA,ZA…)

~v

~f SMB  
(hB,tB,WB,ZB…)

??



The Twin Higgs
Full theory: extend Z2 to all SM matter and couplings.
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The Twin Higgs
Full theory: extend Z2 to all SM matter and couplings.
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Full theory: extend Z2 to all SM matter and couplings.
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v ≪ f for SM-like Higgs to be the goldstone,
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The Twin Higgs
Full theory: extend Z2 to all SM matter and couplings.
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v ≪ f for SM-like Higgs to be the goldstone,
but tuning is O(v/f)
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Gives a radial mode, a goldstone mode, 
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Primary coupling between SMA and SMB via Higgs portal
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The big picture
Instead of protecting Higgs w/ 

continuous symmetry so 
partners have SM charges…

SM
H

Partners

Protect Higgs w/ a hidden 
sector mirroring the SM. 

Partners have no SM charges: 
naturalness in the dark.

SM H SM’

12

“Higgs is pseudo-goldstone of the accidental global symmetry of 
the quadratic action obeying a discrete symmetry”



UV Physics

MSSMA x MSSMB x Z2

The SUSY Twin Higgs

[Chang, Hall, Weiner ’06; NC, Howe ’14]

SMA  ~v

~f SMB  

SUSY

Quartic    can be ~1; there is a 
perturbative radial twin Higgs mode

�

SUSY protects the linear sigma model

SMA  ~v

~f SMB  

Strong

The Composite Twin Higgs

[Geller, Telem ’14; Barbieri, Greco, 
Rattazzi, Wulzer ’15; Low, Tesi, Wang ‘15]

Compositeness for nonlinear sigma model

No perturbative radial twin Higgs mode; 
only fermionic partner states are light
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The General Framework
“The twin Higgs is an example of ???”

[NC, S. Knapen & P. Longhi ‘14 ]
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The General Framework
“The twin Higgs is an example of ???”

SMA x SMB x Z2 looks like it came from an orbifold.

[NC, S. Knapen & P. Longhi ‘14 ]
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The General Framework
“The twin Higgs is an example of ???”

SMA x SMB x Z2 looks like it came from an orbifold.

[NC, S. Knapen & P. Longhi ‘14 ]

(Quotient space of manifold modded out by a discrete group) 
[Dixon, Harvey, Vafa, Witten, `85 & `86, Dixon, Friedan, Martinec, Shenker, `86]
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The General Framework
“The twin Higgs is an example of ???”

SMA x SMB x Z2 looks like it came from an orbifold.

[NC, S. Knapen & P. Longhi ‘14 ]

(Quotient space of manifold modded out by a discrete group) 
[Dixon, Harvey, Vafa, Witten, `85 & `86, Dixon, Friedan, Martinec, Shenker, `86]

Familiar tool in string 
theory & field theory 

(realistic string 
compactifications, 
orbifold GUTs, 5D 

SUSY theories, etc.)

φ=0
φ=+π

φ=−π Identify
+φ with −φ

(i.e. x5 with −x5)

φ=0 φ=π

φ=0

x5=0

φ=π

x5=πR

Figure 10: Orbifolding the circle to an interval

interval as an “orbifold” of the circle. This is illustrated in Fig. 10, where the
points on the two hemispheres of the circle are identified. Mathematically,
we identify the points at φ or x5 with −φ or −x5. In this way the physical
interval extends a length πR, half the circumference of our original circle.
This identification is possible if we also assign a “parity” transformation to
all the fields, which is respected by the dynamics (i.e. the action). The action
we have considered above has such a parity, given by

P ( x5) = −x5 P (Aµ) = +Aµ P (A(0)
5 ) = −A(0)

5

P (ΨL) = +ΨL P (ΨR) = −ΨR ,
(5.1)

precisely when the 5D fermion mass vanishes, m = 0. We consider this case
for now.

Ex. Check that the action is invariant under this parity transformation.
With such a parity transformation we continue to pretend to live on a

circle, but with all fields satisfying

Φ(xµ,−x5) = P (Φ)(xµ, x5) . (5.2)

That is, the degrees of freedom for x5 < 0 are merely a reflection of degrees
of freedom for x5 > 0, they have no independent existence. Of course we also
require circular periodicity,

Φ(xµ, φ + 2π) = Φ(xµ, φ) . (5.3)

These conditions specify “orbifold boundary conditions” on the interval, de-
rived from the the circle, which of course has no boundary.

17
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Punchline: Many models of the twin kind, where Z2 or 
larger symmetries may be exact or approximate.
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5 TeV

b’Lt’Rt’L

w’,z’

h

g’

Models of 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]

[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 problems



The minimal model

Hr

tR

bR

SU(2)WSU(3)G

Q L

⌧R

Just Z2 partner states for the third 
generation.

b’L

t’Rt’L

w’,z’

h

b’R

Hr

τ’L τ’R

ν’
G’

[NC, Katz, Strassler, Sundrum ’15]

The “Fraternal” Twin Higgs
See also: Vector-like Twin Higgs [NC, Knapen, Longhi, Strassler ’16]



What to look for?

• Partner states are SM neutral, couple only 
to the Higgs. Lighter than mh/2: modest 
invisible BR (or more). 

• Heavier than mh/2:                                   
produce through                                       
an off-shell Higgs. 

b’L

t’Rt’L

w’,z’

h

b’R

Hr

τ’L τ’R

ν’
G’

[Mixing leads to O(v/f)2 changes in 
Higgs couplings; current O(20%) 

precision not constraining.]

Hard but very interesting; 
directly probe naturalness
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What to look for?
• Heavy radial mode may be visible in 

perturbative completion (e.g. SUSY). Looks 
like singlet mixing w/ invisible decays.
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not constraining; 

very interesting for 
13/14 TeV LHC
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What to look for?

Decays into the hidden sector may 
come back to the Standard Model 

on interesting scales.

b’L

t’Rt’L

w’,z’

h

b’R

Hr

τ’L τ’R

ν’
G’

• Light fermions in the hidden sector: form 
light hadrons. Look for invisible decays 
of the Higgs. 

• Light U(1) in the hidden sector: look for 
hidden photon phenomena. 

• Light glueballs in the hidden sector…

19



Twin QCD
Coupling related to QCD by twin symmetry.
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Confinement within ~order of magnitude of QCD

If no light fermions, glueballs of twin 
QCD at bottom of the spectrum:  m0++ ⇠ 7�0

QCD

Glueballs are special: mix 
with SM via dim-6 operator

L ⇥ ��0
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6⇥

v
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f
G
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µ�G

0µ�
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Portal for 
production…

…and decay: 0++ ! h⇤ ! ff̄

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



Displaced decays @ LHC
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Glueballs decay back to the SM through an off-shell SM higgs
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Strong dependence (7th power) 
on glueball mass → decays scan 
rapidly over LHC length scales.
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Glueballs produced through decays of 
Higgs into twin sector, BR ∼ 0.1%-10%



Displaced decays
Rates small, signals 

spectacular.

h

h*

h*

SM

SM

0++

0++

22

Simplest case: decay into 0++ pairs 
But wide variety of signals across 

parameter space.

Not yet strongly constrained @ LHC



Existing searches
• ATLAS: HCAL/ECAL & muon chamber 

searches powerful, sensitive to 
displaced Higgs decay. 

• CMS: use inner tracker, sensitivity to 
short decay lengths. Reliant on 
vertexing, trigger thresholds too high 
for Higgs decay. 

• Signal: displaced decays of SM Higgs 
with BR ~10-4-10-1 (σ.Br>2fb @ Run 1). 

• Reinterpretation away from 
benchmarks challenging [Cui, Shuve 
’14; Liu, Tweedie ’15; Curtin, Verhaaren 
’15; Csaki, Kuflik, Lombardo, Slone ’15]
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heavier range of the intermediate ⇡v masses, for branch-
ing fractions as low as 5 percent in the 1 mm - 1 m proper
lifetime regime. The reason for the somewhat increased
sensitivity is that the CMS study takes advantage of a
dedicated displaced trigger which allows for lower jet pT
trigger thresholds by requiring two jets with pT > 60
GeV to have displaced tracks with transverse impact pa-
rameter (IP) larger than 0.5 mm. The trigger is seeded
by the level one requirement of scalar transverse energy,
HT > 300 GeV. However, this large HT requirement
of the trigger preferentially selects events containing a
boosted Higgs or large initial state radiation (ISR), which
also results in boosted ⇡v’s, merging their decay products
into a single jet. For these reasons, this search, which re-
quires two jets associated to a DV, is not very efficient
for the signal we consider. Furthermore, the vertex re-
quirement, mDV > 4 GeV, and the background discrimi-
nant which prefers a large DV track multiplicity, decrease
the efficiency for signals with light ⇡v. Nevertheless, we
still find that the search places bounds on signals with
m⇡v & 40 GeV for lifetimes complementary to those ob-
tained from the ATLAS searches. Our resulting bounds
on the Higgs branching fractions as a function of the ⇡v

lifetime obtained from our recast of the CMS dijet search
(together with the previous ATLAS bounds) are pre-
sented in Fig. 2. We find limits for heavy ⇡v and shorter
lifetimes, ranging from 1� 1000 mm, that are somewhat
weaker than the corresponding ATLAS bounds for longer
lifetimes, while signals with m⇡v . 40 GeV remain un-
constrained for lifetimes below 100 mm. We emphasize
that these constraints do not apply for signals which only
produce a single DV per event. For the case where one of
the hidden particles is stable, the CMS dijet search does
not have sensitivity since the events fail to pass the large
HT requirement.

SEARCH STRATEGIES AND PROJECTED
SENSITIVITY FOR RUN II

In this section we propose new search strategies for
detecting displaced Higgs decays within the ATLAS or
CMS inner detector, noting that lifetimes corresponding
to the decay lengths considered here are mostly uncon-
strained. For longer decay lengths, a search for decays in
the muon spectrometer would be more sensitive and the
strategies considered here could be slightly altered and
applied in order to achieve sensitivity to events with a
single displaced decay.

There are major difficulties in detecting the signal
under consideration due to the relatively light mass of
the Higgs boson and of the hidden sector particles. To
make matters worse, the dominant production mecha-
nisms (ggF followed by VBF) tend to produce the Higgs
boson close to rest. Therefore, a search with sensitivity
to such a signal must either use a trigger with low pT re-

40 GeV 10 GeV

50 GeV 25 GeV

60 GeV 40 GeV

� ��� ��� ��� ��� ���

��-�

��-�

�

πν ������ �������� (�τ) [��]
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�
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ATLAS
s = 8 TeV

CMS
s = 8 TeV (recast)

FIG. 2. 95% CL exclusion curves for Run I of the LHC. The
ATLAS constraints are reproduced from the searches for long
lived particles decaying in the muon spectrometer [18] (solid)
and the hadronic calorimeter [19] (dotted). The CMS recast
exlcusion curves are derived from the search displaced dijet
in the inner tracker [20] (dashed).

quirements, possibly by taking advantage of a dedicated
displaced trigger, or be restricted to boosted Higgs kine-
matics and pay the price of a relatively small production
rate. Furthermore, DV searches, looking for single decays
in the tracker, typically impose strict vertex requirements
designed to cut out background events. However, signals
with light intermediate particles often do not pass these
requirements and cannot be detected by a generic DV
search. For these reasons, model-specific searches are
required in order to detect such signals. Specifically, a
successful search strategy should be designed with weak
vertex requirements in order to enhance the number of
expected signal events while retaining as low background
as possible by imposing other event selection criteria.

An important point regarding the expected LHC phe-
nomenology of Twin Higgs models is that the ⇡v particles
decay to the SM via a Higgs portal with final states which
are expected to often be bb̄. This has a few important
consequences. First, one can search for decay products of
the bb̄ in conjunction with a DV, for example a muon or a
dijet. It has been shown that requiring a muon within a
cone of a displaced jet significantly reduces the displaced
jet background [27, 28]. Requiring a displaced dijet as-
sociated to a DV was used as a background discriminant
in the CMS displaced dijet search [20]. Furthermore, de-
pending on m⇡v , the displaced dijet can become merged
into a single jet with many displaced tracks, resulting in
an “emerging jet” signature [29]. The merged jets typi-
cally exhibit a 2-prong substructure which can be used
to reconstruct the displaced dijet, thus extending the dis-
placed dijet search strategy to scenarios with light hidden
sector particles. Some percent of events may contain two
displaced vertices. This has been taken advantage of in
searches performed by ATLAS [18, 19]. These signatures,

[Csaki, Kuflik, Lombardo, Slone ’15]



Run 2 and beyond
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Figure 11. Summary of discovery potential at LHC run 1, LHC14 with 300 fb

�1, HL-LHC and 100 TeV
if the searches in Table 4, or similar, are approximately background-free, and ⇠ 10 events allow for dis-
covery. We omit the HCAL search since it likely is not background-free. Note different scaling of vertical
axes. For comparison, the inclusive TLEP h ! invisible limit, as applied to the perturbative prediction for
Br(h ! all glueballs), is shown for future searches as well. Lighter and darker shading correspond to the
optimistic (pessimistic) signal estimates  = 

max

(
min

), under the assumption that h decays dominantly to
two glueballs. Effect of glueball lifetime uncertainty is small and not shown. m

0

is the mass of the lightest
glueball 0

++; the vertical axes correspond to mirror stop mass in Folded SUSY (see Eq. (3.8)) and mirror top
mass in Twin Higgs and Quirky Little Higgs (see Eq. (3.12)). Vertical solid (dashed) lines show where  might
be enhanced (suppressed) due to non-perturbative mixing effects, see Section 3.5.

pointed out explicitly in [57] with a primary focus on the Fraternal Twin Higgs model, is in fact the
smoking gun for models with electroweak-charged mirror sectors.
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FIG. 4. Projected sensitivity for Search I (a), Search II (b), Search III (c), Search IV (d) and Search V (e) with the the “VBF,
h ! bb” trigger (dashed) and the “displaced jet” trigger (solid). Figure (f) shows the overall best sensitivity of all five proposed
tracker searches (dashed) together with projected ATLAS search results, rescaled for

p
s = 13 TeV Higgs production.
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Figure 9. Projected sensitivities of the displaced decay searches listed in Table 4, expressed model-
independently as limits on the exotic Higgs decay branching ratio Br(h ! XX) as a function of the proper
lifetime c⌧ of X, for mX = 30 GeV. Zero background is assumed, which is not likely to be realistic for the
HCAL search. Decreasing (increasing) mX shifts the curves slightly to the left (right).

At the HL-LHC, the most coverage is achieved by looking for one DV in association with a
lepton. For lighter glueballs, jets + one DV or two DVs in the muon system provide additional
coverage. The jets + one DV search could additionally cover much of the same parameter space as
the lepton + one DV search if DV reconstruction down to r

min

= 50 µm was possible for that search
as well. Overall, the HL-LHC should be able to probe uncolored naturalness via Higgs to glueball
decay with top partner masses up to about a TeV for a wide range of theoretically motivated glueball
masses.

The reach at the 14 TeV LHC with only 300 fb

�1 can be easily read off from Fig. 8 by shifting the
exclusions one log

10

 contour inwards, corresponding to a factor of 10 reduction in signal compared
to the HL-LHC. Most of the glueball masses are covered, and top partners up to 500 - 700 GeV can
be probed, though the lepton + one DV search looses sensitivity for m

0

⇠ 60 GeV,mTP ⇠ 200 GeV.
The 100 TeV results are meant to be illustrative only, since the assumptions we used are driven

by the limitations of present-day experiments. By the time the next collider is built, it is likely that
full track reconstruction can be used for low-level triggering, if triggering is needed at all. Displaced
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Cosmic directions
• Dark matter: many possible DM candidates for WIMP or 

asymmetric DM, within reach of next-gen direct detection. 
[NC, A. Katz ’15, I. Garcia Garcia, R. Lasenby, J. March-
Russell ‘15; M. Farina ’15] 

• Many models predict dark radiation; consistent cosmologies 
give dark radiation within reach of CMB-S4. [NC, S. Koren, T. 
Trott ’16] 

• Neutrino portal to SM gives additional novel cosmological and 
terrestrial signatures. [Z. Chacko, NC, P. Fox, R. Harnik ’16]
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A SUSY variation

Folded Supersymmetry

[G. Burdman, Z. Chacko, R. Harnik ’06]

Symmetry is SUSY w/ [SU(3)xSU(3)fxZ2] xSU(2)xU(1)
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Folded Supersymmetry and the LEP Paradox

Gustavo Burdman,1 Z. Chacko,2 Hock-Seng Goh,2 and Roni Harnik3

1Instituto de F́ısica, Universidade de São Paulo,
R. do Matão 187, São Paulo, SP 05508-0900, Brazil

2Department of Physics, University of Arizona, Tucson, AZ 85721
3 SLAC, Stanford University, Menlo Park, CA 94025

Physics Department, Stanford University, Stanford, CA 94305

We present a new class of models that stabilize the weak scale against radiative corrections up
to scales of order 5 TeV without large corrections to precision electroweak observables. In these
‘folded supersymmetric’ theories the one loop quadratic divergences of the Standard Model Higgs
field are cancelled by opposite spin partners, but the gauge quantum numbers of these new particles
are in general different from those of the conventional superpartners. This class of models is built
around the correspondence that exists in the large N limit between the correlation functions of
supersymmetric theories and those of their non-supersymmetric orbifold daughters. By identifying
the mechanism which underlies the cancellation of one loop quadratic divergences in these theories,
we are able to construct simple extensions of the Standard Model which are radiatively stable at
one loop. Ultraviolet completions of these theories can be obtained by imposing suitable boundary
conditions on an appropriate supersymmetric higher dimensional theory compactified down to four
dimensions. We construct a specific model based on these ideas which stabilizes the weak scale
up to about 20 TeV and where the states which cancel the top loop are scalars not charged under
Standard Model color. Its collider signatures are distinct from conventional supersymmetric theories
and include characteristic events with hard leptons and missing energy.

I. INTRODUCTION

Precision electroweak measurements performed at LEP
over the past decade, while lending strong support to
the Standard Model (SM), have lead to an apparent
paradox [1]. These experiments are completely consistent
with

• the existence of a light SM Higgs with mass less
than about 200 GeV, and also

• a cutoff Λ for non-renormalizable operators that
contribute to the precision electroweak observables
greater than or of order 5 TeV.

The problem arises because quadratically divergent loop
corrections from scales of order 5 TeV, particularly from
diagrams involving the top quark, naturally generate a
Higgs mass much larger than 200 GeV in the SM. This
is called the ‘LEP paradox’.

The LEP paradox seems to suggest the existence of
new physics at or below a TeV that cancels quadrat-
ically divergent contributions to the Higgs mass, but
does not contribute significantly to precision electroweak
observables. One interesting possibility is weak scale
supersymmetry, where R-parity ensures that contribu-
tions to precision electroweak observables are small. Here
the quadratically divergent contributions to the Higgs
mass from the top quark are cancelled by new diagrams
involving the scalar stops, shown in Figure (1).

Little Higgs theories [2, 3] constitute another approach
to the LEP paradox. Models of this type with a
custodial SU(2) [4] and T-parity [5] do not give large
corrections to precision electroweak observables. Warped

extra-dimensional realizations of the Higgs as a pseudo-
Goldstone boson [6] are closely related to little Higgs
theories. Reviews of this class of models and more
references may be found in [7]. In little Higgs theories the
top loop is cancelled by diagrams involving new fermions,
the ‘top-partners’, which are charged under color and
whose couplings to the Higgs are related by symmetry to
the top Yukawa coupling. These diagrams are also shown
in Figure (1).

Recently twin Higgs theories [8][9], (see also [10],[11]),
a new class of solutions to the LEP paradox, have
been proposed. These models have the feature that the
diagrams which cancel the top loop have exactly the same
form as in little Higgs theories, but the top-partners are
not necessarily charged under SM color. The reason is
that in a twin Higgs theory the top-partners need be
related to the SM top quarks only by a discrete symmetry
and not by a global symmetry as in little Higgs theories,
and so do not necessarily carry the same color charge.
Clearly, what is crucial for the cancellation to go through
is that the couplings of the top-partners to the Higgs
be related by symmetry in a specific way to the top
Yukawa coupling. In these diagrams color serves merely
as a multiplicity factor, and therefore whether the top-
partners are charged under SM color or not is irrelevant
to the cancellation.

At this point we turn our attention back to the
supersymmetric case, where the cancellation of the top
loop is realized by the scalar stops. Note that the fact
that the stops are charged under SM color does not
seem crucial for this cancellation, any more than in the
little Higgs case. As before, color seems to serve merely
as a multiplicity factor and what is necessary for the



SUSY without color
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Want a low-energy spectrum with 
opposite-spin partners; start with 
a discrete symmetry + 5D SUSY.

Can lead to light superpartners 
with different gauge quantum 

numbers from SM counterparts.

[Burdman, Chacko, Goh, Harnik ‘06]
Folded SUSY

Reduce symmetries & 
SUSY at the boundaries

[Cohen, NC, Lou, Pinner ‘15]



Colorless Stops
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L � �tHuqA
3 uA

3 + �2
t |Hu · q̃B

3 |2 + �2
t |Hu|2|ũB

3 |2

...Plus towers of KK states
Charged under a hidden 

SU(3); only carry electroweak 
SM quantum #’s.

Normal top quarks

Couplings related by SUSY

Higgs potential is finite and calculable, protected by 5D 
SUSY but with the lightest partner states neutral under QCD.

Zero mode spectrum: SM fermions, folded sfermions

Many possible variations using the tools of 5D SUSY model-building.
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Colorless Signals
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• Produced via a Z, annihilate into hidden glueballs, 
which decay back to SM via Higgs; displaced decays 
@ LHC length scales. [Curtin, Verhaaren ’15] 

• Produced via a W, annihilate back into the SM to 
shed their charge. 

• (Also leave their mark indirectly, correcting Higgs 
decays to photons.)

FIG. 6. An estimate of the ATLAS limits on the production of an up-down pair of F-squarks as

a function of the F-squark mass, assuming 1, 2, or 3 such generations.

global [SU(3)⇥U(1)]2 symmetry, of which the gauged SU(3)W⇥U(1)
X

is a subgroup. This

approximate global symmetry, which is explicitly violated by both the gauge and Yukawa

interactions, is broken to [SU(2)⇥U(1)]2, which contains SU(2)
L

⇥U(1)
Y

of the SM as a sub-

group. The SM Higgs doublet is contained among the uneaten pNGBs that emerge from this

symmetry breaking pattern, and its mass is protected against large radiative corrections.

The symmetry breaking pattern may be realized using two scalar triplets of SU(3)W ,

which we denote by �
1

and �
2

. If the tree level potential for these scalars, V (�
1

,�
2

) is of

the form

V (�
1

,�
2

) = V
1

(�
1

) + V
2

(�
2

) , (51)

then this sector possesses an [SU(3)⇥U(1)]2 global symmetry. When �
1

and �
2

acquire

VEVs f
1

and f
2

, this symmetry is broken to [SU(2)⇥U(1)]2. For simplicity we will assume

that the two VEVs are equal, so that f
1

= f
2

= f . However, this is not required for the

mechanism to work. Of the 10 resulting NGBs, 5 are eaten while the remaining 5 contain

the SM Higgs doublet.

The next step is to understand how the cancellation of quadratic divergences associated

with the top Yukawa coupling arises in this theory. The top sector takes the form

�
1

�
1

Qt
1

+ �
2

�
2

Qt
2

(52)

where Q represents the SU(3) triplet containing the third generation left handed quarks,

21

[Burdman, Chacko, Harnik, de Lima, Verhaaren ‘14]

F-squarks carry 
electroweak quantum 

numbers.
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Figure 11. Summary of discovery potential at LHC run 1, LHC14 with 300 fb

�1, HL-LHC and 100 TeV
if the searches in Table 4, or similar, are approximately background-free, and ⇠ 10 events allow for dis-
covery. We omit the HCAL search since it likely is not background-free. Note different scaling of vertical
axes. For comparison, the inclusive TLEP h ! invisible limit, as applied to the perturbative prediction for
Br(h ! all glueballs), is shown for future searches as well. Lighter and darker shading correspond to the
optimistic (pessimistic) signal estimates  = 

max

(
min

), under the assumption that h decays dominantly to
two glueballs. Effect of glueball lifetime uncertainty is small and not shown. m

0

is the mass of the lightest
glueball 0

++; the vertical axes correspond to mirror stop mass in Folded SUSY (see Eq. (3.8)) and mirror top
mass in Twin Higgs and Quirky Little Higgs (see Eq. (3.12)). Vertical solid (dashed) lines show where  might
be enhanced (suppressed) due to non-perturbative mixing effects, see Section 3.5.

pointed out explicitly in [57] with a primary focus on the Fraternal Twin Higgs model, is in fact the
smoking gun for models with electroweak-charged mirror sectors.
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[Curtin, Verhaaren ‘15]



Future of neutral naturalness
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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⇤ ! ˜t˜t [60, 61], Higgs cubic coupling shifts [60, 62] at a 100

– 4 –

[Curtin, Verhaaren ’15]



Pandora’s box
• In all of these theories, naturalness 

lies in hidden sectors connected 
via the Higgs portal

• Hidden valley [Strassler, Zurek ’06] phenomenology 
@ LHC with a preferred scale 

• Dark matter candidates (WIMP, SIMP, asymmetric) 

• Additional sterile neutrino species…

A realization of rich hidden sectors with SM-like scales:

32 Thank you!





Bonus slides



Dark matter
Long history of dark matter candidates 

from solutions to hierarchy problem!

Superabundance of candidates in twin 
scenarios; many stabilization symmetries 

(lepton #, baryon #, global EM). 

Various mechanisms for symmetric or 
asymmetric abundance.

Simplest case: no light twin U(1); 
DM candidate is twin tau.

b’L
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w’,z’

h

b’R

Hr

τ’L τ’R

ν’
G’See also: [I. Garcia Garcia, R. Lasenby, J. 

March-Russell ‘15; M. Farina ’15] 35

NC, A. Katz [arXiv:1505.07113/JCAP]



Fraternal WIMP miracle
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Direct detection

f = 3v

f = 5v
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Natural parameter space right on the edge of direct detection 

Many interesting variations — light U(1), multiple hidden sectors, etc.
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