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Where is everybody?
LHC run 1:                                                      
We found a Higgs. Nothing else so far.

We know how EW symmetry is broken.

The burning question:                                         
Is the EW scale natural or tuned?

Our hope:
LHC will address this question.
(Evidence of naturalness will be found).

This may still happen in run II.
But what if it doesn’t? Is the world tuned?



Naturalness and LHC
Why did we expect LHC to find the evidence for 
naturalness?
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FIG. 1: The diagram on top shows the contribution to the
Higgs mass squared parameter in the SM from the top loop,
while the lower two diagrams show how this contribution
is cancelled in supersymmetric theories and in little Higgs
theories. In twin Higgs models the cancellation takes place
through a diagram of the same form as in the little Higgs
case but the particles running in the loop need not be charged
under color. In analogy with this, we seek a theory where the
cancellation takes the same form as in the supersymmetric
diagram but the states in the loop are not charged under
color.

cancelled by a diagram of the same form as in the
supersymmetric case, but where the scalars running in
the loop are not charged under Standard Model color?

The purpose of this paper is to answer this question
firmly in the affirmative, and in so doing to construct
an entirely new class of theories that address the LEP
paradox. Our starting point is the observation that
in the large N limit a relation exists between the
correlation functions of a class of supersymmetric the-
ories and those of their non-supersymmetric orbifold
daughters that holds to all orders in perturbation theory
[14, 15, 16, 17]. The masses of scalars in the daughter
theory are protected against quadratic divergences by
the supersymmetry of the mother theory. The crucial
point is that in most cases the correspondence between
the mother and daughter theories continues to hold
approximately even away from the large N limit, and
this can be used to protect the Higgs mass from large
radiative corrections at one loop.∗

∗ For an earlier approach to stabilizing the weak scale also based
on the large N orbifold correspondence see [18].

We make use of these ideas to construct simple ex-
tensions of the SM that stabilize the weak scale against
radiative corrections up to about 5 TeV. In general, the
low energy spectrum of such a ‘folded supersymmetric’
theory is radically different from that of a conventional
supersymmetric theory, and the familiar squarks and
gauginos need not be present. While the diagrams that
cancel the one loop quadratically divergent contributions
to the Higgs mass have exactly the same form as in
the corresponding supersymmetric theory, the quantum
numbers of the particles running in the loops, the ‘folded
superpartners’ (or ‘F-spartners’ for short), need not be
the same. This means that the characteristic collider
signatures of folded supersymmetric theories tend to be
distinct from those of more conventional supersymmetric
models.

A folded supersymmetric theory does not in general
possess any exact or approximate symmetry that guaran-
tees that the form of the Lagrangian is radiatively stable.
It is therefore particularly important to understand if
ultraviolet completions of these theories exist. We
show that supersymmetric ultraviolet completions where
corrections to the Higgs mass from states at the cutoff
are naturally small can be obtained by imposing suitable
boundary conditions on an appropriate higher dimen-
sional theory compactified down to four dimensions.
We investigate in detail one specific model constructed
along these lines. While in this theory the one loop
radiative corrections to the Higgs mass from gauge loops
are cancelled by gauginos, the corresponding radiative
corrections from top loops are cancelled by particles
not charged under SM color. In such a scenario the
familiar supersymmetric collider signatures associated
with the decays of squarks and gluinos that have been
pair produced are absent. Instead, the signatures include
events with hard leptons and missing energy that can
potentially be identified at the LHC.

This paper is organized as follows. In the next section
we explain the basics of orbifolding supersymmetric the-
ories to non-supersymmetric ones and give some simple
examples showing the absence of quadratic divergences
in the daughter theory. In section III we apply these
methods to show how the quadratic divergences of the
Higgs in the SM can be cancelled, and outline ultraviolet
completions of these theories based on Scherk-Schwarz
supersymmetry breaking on higher dimensional orbifolds.
In section IV we present a realistic ultraviolet complete
model based on these ideas and briefly discuss its phe-
nomenology.

II. CANCELLATION OF DIVERGENCES IN
ORBIFOLDED THEORIES

What is the procedure to orbifold a parent supersym-
metric field theory? First, identify a discrete symme-
try of the parent theory. In order to obtain a non-
supersymmetric daughter theory this discrete symmetry
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radiative corrections up to about 5 TeV. In general, the
low energy spectrum of such a ‘folded supersymmetric’
theory is radically different from that of a conventional
supersymmetric theory, and the familiar squarks and
gauginos need not be present. While the diagrams that
cancel the one loop quadratically divergent contributions
to the Higgs mass have exactly the same form as in
the corresponding supersymmetric theory, the quantum
numbers of the particles running in the loops, the ‘folded
superpartners’ (or ‘F-spartners’ for short), need not be
the same. This means that the characteristic collider
signatures of folded supersymmetric theories tend to be
distinct from those of more conventional supersymmetric
models.

A folded supersymmetric theory does not in general
possess any exact or approximate symmetry that guaran-
tees that the form of the Lagrangian is radiatively stable.
It is therefore particularly important to understand if
ultraviolet completions of these theories exist. We
show that supersymmetric ultraviolet completions where
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The purpose of this paper is to answer this question
firmly in the affirmative, and in so doing to construct
an entirely new class of theories that address the LEP
paradox. Our starting point is the observation that
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∗ For an earlier approach to stabilizing the weak scale also based
on the large N orbifold correspondence see [18].

We make use of these ideas to construct simple ex-
tensions of the SM that stabilize the weak scale against
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not charged under SM color. In such a scenario the
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pair produced are absent. Instead, the signatures include
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This paper is organized as follows. In the next section
we explain the basics of orbifolding supersymmetric the-
ories to non-supersymmetric ones and give some simple
examples showing the absence of quadratic divergences
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methods to show how the quadratic divergences of the
Higgs in the SM can be cancelled, and outline ultraviolet
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supersymmetry breaking on higher dimensional orbifolds.
In section IV we present a realistic ultraviolet complete
model based on these ideas and briefly discuss its phe-
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firmly in the affirmative, and in so doing to construct
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paradox. Our starting point is the observation that
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approximately even away from the large N limit, and
this can be used to protect the Higgs mass from large
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Outline

Review: Twin Higgs

The Mechanism.

Varieties of twin models.

What can LHC discover?

What can Future Colliders Discover?

A no lose theorem? 

To “prove” a theorem we should pick 
the difficult path at every step.



The Mechanism.
The Higgs is a PNGB of an approximate SU(4). 



A Toy Example
A global SU(4) symmetry w/ one fundamental:
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A Toy Example
A global SU(4) symmetry w/ one fundamental:

V (H) = −m
2|H|2 + λ|H|4

SU(4) −→ SU(3)

⟨|H|2⟩ =
M2

2λ
≡ f2

7 Goldstones

taxonomy:“weakly coupled”: λ~O(1-few)
 (linear sigma model)“strongly coupled”: λ~16π2(non-linear sigma model)



SU(2)A × SU(2)B

Gauge a subgroup (a.k.a Z2 orbifold of SU(4) ):

In some basis,      transforms as

Gauging                                breaks global           . 

H =

(

HA

HB

)

SU(2)A × SU(2)B

our SM twin SM

H

SU(2)A × SU(2)B SU(4)

6 eaten.

1 Goldstone left.
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Radiative Corrections
At 1-loop:

∆V =
9g2

A
Λ2

64π2
H

†
A
HA +

9g2

B
Λ2

64π2
H

†
B

HB

Impose a        “twin” symmetry:  A←→ B

∆V =
9g2Λ2

64π2

(

H
†
A
HA + H

†
B

HB

)

Does not give a Goldstone mass.

SU(4) 
invariant!

Z2



Twin Mechanism

Quadratic terms are globally symmetric.
No quadratic divergences.

 Quartic terms can violate global symmetry.
   Goldstone mass only log divergent.

(Global Symmetry) + (Discrete Symmetry)



Double all of the SM. Impose     .                             
(a.k.a orbifold of SU(6)×SU(4) by a Z2). 

In particular

SMA × SMB

Z2

L ⊃ ytHAt̄AtA + ytHB t̄BtB

: quadratic divergence has the formZ2

cΛ2
(

|HA|
2 + |HB |2

)

SU(4) invariant.

+A A

A A

A B



SU(4) breaking
Radiative corrections induce

Goldstone mass is                   .  

Adding mixed “top partners” at 5-6 TeV keeps this 
quartic finite with a correct Higgs mass.

∆V = κ
(

|HA|
4 + |HB |4

)

tA, tB

κ ∼

y4
t

16π2
log

Λ

f
with

mh ∼

y2
t

4π
f

Gauge loops will however contribute a logarithmically
divergent term to the potential that is not SU(4) sym-
metric and has the general form κ

(

|HA|4 + |HB |4
)

where
κ is of order g4/16π2log (Λ/gf). Provided Λ is not very
much larger than f this leads to the would-be Goldstones
acquiring a mass of order g2f/4π which is of order the
weak scale for f of order a TeV. Notice that we could have
obtained exactly the same result by imposing ‘mirror
parity’ - invariance under t → t, x⃗ → −x⃗ along with
the interchange of every particle in sector A with its CP
conjugate in B.

This approach to stabilizing the weak scale against
quantum corrections from gauge loops can be generalized
to include all the other interactions in the SM. To do this,
we gauge two copies of the SM, A and B, with our SM
being SMA. We can then extend the discrete symmetry
in either of the two ways below.

• Interchange every SMA particle with the corre-
sponding particle in SMB.

• Impose t → t, x⃗ → −x⃗ along with the interchange
of every SMA particle with its CP conjugate in
SMB.

These symmetries, while similar, are distinct. Each
one relates the gauge and Yukawa interactions in the
A sector to those in the B sector. While the former
is a simple generalization of twin parity which we label
‘twin symmetry’, the latter extends mirror parity to
the familiar mirror symmetry [7]. Either choice of
the discrete symmetry ensures that any quadratically
divergent contribution to the Higgs mass has a form ∝
Λ2(|HA|2+ |HB|2) which is harmless due to its accidental
SU(4) symmetry. Although quantum corrections to the
quartic are in general not SU(4) invariant, once again
these only lead to logarithmically divergent contributions
to the mass of the pseudo-Goldstone Higgs field, allowing
for a natural hierarchy between f and the weak scale.

In both the twin and mirror symmetric cases the
only renormalizable interactions between the SM sector
and the hidden sector allowed by gauge invariance are
the Higgs quartic, which is assumed to have an SU(4)
invariant form at the cut-off Λ, and a mixing term
between the hypercharge gauge boson and its partner,
which we neglect for the present discussion and will
return to later.

At one loop the largest contribution to the pseudo-
Goldstone Higgs potential arises from the top Yukawa
coupling, and is logarithmically sensitive to the cutoff.
However, in the twin symmetric case it is straightforward
to make this contribution finite. One possible approach
is to enlarge the approximate global symmetry of the
top Yukawa coupling to SU(6)× SU(4)×U(1) with the
(SU(3)c×SU(2)×U(1))A,B subgroups being gauged. We
do this by introducing the following chiral fermions

QL = (6, 4̄)

= (3,2;1,1) + (1,1;3,2) + (3,1;1,2) + (1,2;3,1)

≡ qA + qB + q̃A + q̃B

TR = (6̄,1)

= (3̄,1;1,1) + (1,1; 3̄,1) ≡ tA + tB (4)

which transform as shown under SU(6) × SU(4) and
under [SU(3) × SU(2)]2, where we have suppressed the
hypercharge quantum numbers. One can then write an
SU(4) invariant Yukawa coupling

yHQLTR + h.c. (5)

The SU(4) symmetric matter content contains exotic
left handed quarks, q̃A,B that are charged under color
of one sector and the weak group of the twin, and vice
versa. We introduce additional fermions with opposite
charge assignment, q̃c

A,B with which the exotic quarks
can get a Z2 symmetric mass M (q̃c

Aq̃A + q̃c
B q̃B) . The

mass parameter M is the only source of SU(4) breaking
in the top sector, and it only breaks this symmetry softly.
The top contribution to the Higgs potential in this model
will then be finite at one loop.

II. A NON-LINEAR REALIZATION

We now construct a realistic twin symmetric model
that implements these symmetries non-linearly. The
linear model we have been working with should be
considered merely one possibility for a UV-completion
of the non-linear one, and others may well exist. The
pseudo-Goldstone fields of the non-linear model are those
which survive after integrating out the radial mode of the
field H in the linear model. We parametrize these degrees
of freedom as

H = exp(
i

f
hata)

⎛

⎜

⎝

0
0
0
f

⎞

⎟

⎠
≡

⎛

⎜

⎝

0
0
0
f

⎞

⎟

⎠
+ i

⎛

⎜

⎝

h1

h2

h3

h0

⎞

⎟

⎠
+ . . . (6)

where h1,...,3 are complex and h0 is real. In general
the effective theory for these fields will contain all of
the operators allowed by the non-linearly realized SU(4)
symmetry, suppressed by the cutoff scale Λ. Assuming
the theory is strongly coupled at the cutoff we can
estimate Λ ∼ 4πf . However, any potential for the
pseudo-Goldstone fields can only emerge from those
interactions which violate the global SU(4) symmetry,
specifically their gauge and Yukawa couplings. In par-
ticular the electroweak gauge interactions and the top
Yukawa contribute the most to the pseudo-Goldstone
potential and must therefore be studied in detail. We will
thus calculate the contributions to the one loop Coleman-
Weinberg (CW) potential [8] from these couplings. At
one loop the gauge and top sectors contribute separately,
simplifying the calculation.

As before, we gauge two copies of the SM, A and B.
The vev f breaks SU(2)B×U(1)B down to a single U(1),
giving WB and ZB masses of order gf . The SU(2)A

2



Soft Breaking
The potential as is gives                        

But   then                   is too low. 

Add                              to get          .

A mild cancelation needed to get EW scale

Vsoft = µ2|HA|
2

vA = vB ∼
f
√

2

Λ ∼ 4πf

v < f



So let’s summarize the moving parts....



Sketch - Weak Coupling
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Sketch - Strong Coupling

4⇡f

hA
topA

topb

v

f

SMA

SMB

uv completion - strong dyn.
hb � ⇠ 16⇡2



With these moving parts
we have a natural model.

Yet all new states below a few TeV 
are complete SM singlets.

LHC signatures will be subtle at best.

Still, what are its signatures?
LHC? Higgs Factory?

100 TeV?



Where can we look for signs of NP?
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Precision Higgs tests:
Modified Higgs couplings and invisible decays.



Precision Higgs 
All SM Higgs couplings are universally suppressed:

Ratios of Higgs rates are SM-like.

A correlated invisible decay

�h!X = cos

2

✓
v

f

◆
�
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Non-Colored Partners
But what if we came up with a model in which 
there is no tree level mixing?
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Any new scalar fields that perturbatively solve the hierarchy problem by stabilizing the Higgs
mass also generate new contributions to the Higgs field-strength renormalization, irrespective of their
gauge representation. These new contributions are physical and their magnitude can be inferred from
the requirement of quadratic divergence cancellation, hence they are directly related to the resolution
of the hierarchy problem. Upon canonically normalizing the Higgs field these new contributions lead
to modifications of Higgs couplings which are typically great enough that the hierarchy problem and
the concept of electroweak naturalness can be probed thoroughly within a precision Higgs program.
Specifically, at a Linear Collider this can be achieved through precision measurements of the Higgs
associated production cross-section. This would lead to indirect constraints on perturbative solutions
to the hierarchy problem in the broadest sense, even if the relevant new fields are gauge singlets.

I. INTRODUCTION

The discovery of the Higgs at the LHC [1, 2] and
lack of evidence for physics beyond the Standard Model
have heightened the urgency of the electroweak hierarchy
problem. This motivates focusing experimental searches
towards testing “naturalness from the bottom up” as
broadly as possible. In practice this means generalizing
beyond the specifics of particular UV-complete models
and instead constraining the additional degrees of free-
dom whose couplings to the Higgs are responsible for
canceling the most pressing quadratically divergent Stan-
dard Model contributions to the Higgs mass. While these
couplings may appear tuned from the perspective of the
low-energy e↵ective theory, we may assume they are dic-
tated by symmetries of the full theory. To a certain ex-
tent, this strategy is already being pursued in searches
for stops in SUSY and t0 fermions, however the Stan-
dard Model gauge representations of top partners are
not necessarily fixed by the cancellation of quadratic di-
vergences. For example, in twin Higgs models [3] the
degrees of freedom protecting the Higgs mass are com-
pletely neutral under the Standard Model, while in folded
supersymmetry [4] the scalar top partners are neutral un-
der QCD and only carry electroweak quantum numbers.
Such models provide proof of principle that the Higgs
mass may be protected by degrees of freedom that carry
a variety of Standard Model gauge charges, and there are
likely to be broad classes of theories with similar proper-
ties.

As we will discuss further in Sec. II, direct searches for
these additional degrees of freedom can be particularly
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challenging depending on the gauge charges. Therefore
in this work we will advocate an additional and comple-
mentary approach, concerned with exploring naturalness
indirectly. In certain cases this may be the most promis-
ing avenue for constraining additional degrees of freedom
associated with the naturalness of the Higgs potential.1

Specifically, we establish for the first time a quanti-
tative connection between quadratically divergent Higgs
mass corrections and new contributions to the Higgs
wave-function renormalization in natural theories. The
latter are physical and modify Higgs couplings.

To illustrate the possible indirect e↵ects of natural
new physics, consider a scenario where the Higgs is cou-
pled to some new top-partner fields that cancel the one-
loop quadratic divergences arising from top-quark loops.
Eq. (1) schematically indicates that, as well as the usual
Higgs mass corrections, one will also in general have cor-
rections to the Higgs wave-function renormalization2
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h h
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At the Higgs mass-scale we may write the full one-loop
e↵ective Lagrangian as

L = LSM +
1

2
�Zh(@µh)2 + ... (2)

where �Zh is directly related to the new quadratic Higgs
mass corrections, LSM is the full SM Lagrangian at one
loop, and the ellipsis denote corrections to the Higgs
mass, cubic and quartic couplings coming from the new

1 For recent work probing naturalness indirectly when new fields
are charged under QCD and contribute directly to Higgs digluon
and Higgs diphoton couplings at one loop, see e.g. [5–7].

2 There are also typically corrections to the cubic and quartic cou-
plings as well, which we do not show in this diagram.
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challenging depending on the gauge charges. Therefore
in this work we will advocate an additional and comple-
mentary approach, concerned with exploring naturalness
indirectly. In certain cases this may be the most promis-
ing avenue for constraining additional degrees of freedom
associated with the naturalness of the Higgs potential.1

Specifically, we establish for the first time a quanti-
tative connection between quadratically divergent Higgs
mass corrections and new contributions to the Higgs
wave-function renormalization in natural theories. The
latter are physical and modify Higgs couplings.

To illustrate the possible indirect e↵ects of natural
new physics, consider a scenario where the Higgs is cou-
pled to some new top-partner fields that cancel the one-
loop quadratic divergences arising from top-quark loops.
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All Higgs couplings are modified by δZh.

torn from Craig, Englert, McCullough 1305.5252.

of order 1% modifications.



Where can we look for signs of NP?

4⇡f

hA

hb

topA

topb

� ⇠ 1� 2

v

f

SMA

SMB

uv completion - SUSY?

p
�f

4⇡f

hA
topA

topb

v

f

SMA

SMB

uv completion - strong dyn.
hb � ⇠ 16⇡2

UV Completion - linear model:
A heavy Higgs. 

Decays to invisibly or to W’s, Higgses, tops.



Heavy Higgs
The heavy Higgs decays ~50% invisibly.

The rest of the BR is dominated by WW, hh, and tt.
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t t

Figure 1: Branching ratio of the heavy Higgs, as function of its mass in GeV, to WW (in red),
tt̄ (in green) and h−h− (in blue) with m− = 110GeV

5 Cosmology

How is it possible for the mirror radiation not to violate BBN and CMB bounds, while having the
mirror baryons giving sufficient dark matter? Most attempts have assumed that the temperature
of the two sectors differ after inflation, and that the cosmological baryon asymmetry in the mirror
sector is larger than in our sector [15, 16, 17]. Here we pursue an alternative where the two
temperatures equilibrate and the two baryon asymmetries are identical.

5.1 Mirror Baryons as Dark Matter

The lightest mirror quarks and leptons are an intriguing candidate for dark matter (DM). For
ΩDM > ΩB the Z2 parity must be broken, by raising the mirror baryon mass, mB2

> mB1
, and/or

the mirror cosmological baryon asymmetry, ηB2
> ηB1

. In the hope of obtaining predictions, we
assume ηB2

= ηB1
.

An asymmetry in the light quark and lepton masses of the two sectors may arise if there are
terms in the fermion mass matrices proportional to powers of flavon fields φ1,2 with asymmetric
vevs. This can happen very easily: the potential for the flavons will have the form of (3), with
H1,2 replaced by φ1,2, and if δ < 0 an asymmetric vacuum with φ1 = 0 and φ2 ̸= 0 can result,
giving masses only to the mirror fermions and leading to a larger energy density in CDM than in
baryons. Of course, other flavons will have vevs in the SM sector, giving mass to SM quarks and
leptons as well.

The precise nature of the mirror DM particle depends on the spectrum of the light charged
mirror fermions. For example, suppose that the lightest states are u2, d2 and e2, and that the
heaviest of these, which must have a mass larger than the mirror QCD scale, is able to beta decay
into the other two. Depending on which is heaviest, the DM particle is N0

2 (u2d2d2), ∆
−
2 (d2d2d2)e

+
2

or ∆++
2 (u2u2u2)e

−
2 e−2 . Here, ± refers to mirror electric charge, which is necessarily unbroken, and

therefore has no cosmological asymmetry. Furthermore the mixing of hypercharge gauge bosons is

11

Barbieri, Hall, Gregiore

may be LHC accessible. (see Nate’s talk)



Where can we look for signs of NP?
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UV Completion - linear model:
Re-do of the search for naturalness, 

but now at a few TeV.



Twin SUSY
Introduce SUSY          
at ~few TeV.

MSSM solves                    
the big hierarchy.    
The scale f is natural.

Doubling of MSSM 
Does the last bit, 
from f to v.
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Stops accessible only at 100 TeV. 
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Twin SUSY
Introduce SUSY          
at ~few TeV.

MSSM solves                    
the big hierarchy.    
The scale f is natural.

Doubling of MSSM 
Does the last bit, 
from f to v.
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to the NMSSM with a superpartner mass scale half as large, and the observed ⇠ 125 GeV mass
of a SM-like Higgs state is consistent with a percent-level tuned spectrum of superpartners likely
unobservable at both the 13/14 TeV LHC and a ⇠ 1 TeV linear collider. Provided additional
U(4)-breaking quartics, a spectrum with superpartners at current LHC limits is consistent with
tuning at the 10% level. Furthermore, if we discard the requirement of perturbative MSSM-like
gauge coupling unification, a Higgs compositeness scale of ⇠ 50 TeV allows 10%-level tuning
with superpartners entirely out of reach of the LHC.

With the superpartners in these models out of reach, the most promising collider signals come
from the Higgs sector. The mixing of the lightest Higgs with the mirror sector is proportional
to the hierarchy of vevs v

f
, and constraints on the Higgs couplings translate into a direct and

unambiguous constraint on the fine-tuning of the model, ��1 < 2v2

f2

. Already the measurements
of the couplings of the SM-like Higgs state at the LHC and precision electroweak measurements
require a hierarchy in vevs v

f
. 1

3
, and few-percent-level measurements of Higgs couplings at the

13/14 TeV LHC will put more stringent limits on this model. The Higgs coupling limits we derived
in the supersymmetric decoupling limit also apply equally well to any low-energy effective twin
Higgs theory. While most of the extra Higgs states can easily be decoupled, the next-to-lightest
CP-even Higgs state typically remains within reach of the 13/14 TeV LHC and has large branching
ratios to both the striking di-Higgs channel and invisible final states. Just as the discovery of the
light SM-like Higgs determined the size of the effective quartic self-coupling and made concrete
the natural scale for physics cutting off the top quark contribution to the Higgs mass, measuring the
mass of the next lightest CP-even Higgs state in the mirror twin model will point to the natural scale
for the superpartners in the twin SUSY model. The presence of this light state is also an important
signal that the twin mechanism is perturbatively realized, rather than resulting from compositeness
at the scale of a few TeV.

The SUSY twin Higgs, like any model involving a “double-protection” solution to the hierarchy
problem, clearly presents a challenge from the point of view of UV model-building and parsimony.
Compared to composite models, this issue is somewhat alleviated for the SUSY twin Higgs model;
here the full approximate U(4) symmetry emerges accidentally from a smaller Z2 symmetry which
can originate far in the UV and may in fact be partially emergent at low energies. As a minimal
supersymmetric extension of the twin Higgs, the model we have presented is also considerably
more appealing from this point of view than earlier efforts at supersymmetrizing the twin Higgs
[13, 14]. If null results in searches for superpartners persist at the 13/14 TeV LHC, understanding
in detail the signatures of models like the SUSY twin Higgs – which trade parsimony for decreased
fine-tuning – will become crucial to interpreting the role of naturalness as a predictive principle for
the next generation of collider, dark matter, and low-energy precision experiments.

There are many possible avenues for further study. In this paper we have focused on the low-energy
phenomenology without committing to a detailed model for supersymmetry breaking. It would
be interesting to investigate mediation mechanisms giving rise to the appropriate combination of
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Doubling down on naturalness with
a supersymmetric twin Higgs
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Abstract

We show that naturalness of the weak scale can be comfortably reconciled with both
LHC null results and observed Higgs properties provided the double protection of
supersymmetry and the twin Higgs mechanism. This double protection radically alters
conventional signs of naturalness at the LHC while respecting gauge coupling unifica-
tion and precision electroweak limits. We find the measured Higgs mass, couplings,
and percent-level naturalness of the weak scale are compatible with stops at ⇠ 3.5 TeV
and higgsinos at ⇠ 1 TeV. The primary signs of naturalness in this scenario include
modifications of Higgs couplings, a modest invisible Higgs width, resonant Higgs pair
production, and an invisibly-decaying heavy Higgs.
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Where can we look for signs of NP?
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UV Completion - non-linear model:
Strong dynamics at 5-10 TeV. Resonances...



New Strong Dynamics
We imagine new QCD-like dynamics at 5-10  TeV.

The Higgs doublet is a pion of this “techni-QCD”.

The constituents must be 
charged under EW.

The top could be a 
composite as well.

Colored states.
Piece of cake at 100 TeV.

Gauge loops will however contribute a logarithmically
divergent term to the potential that is not SU(4) sym-
metric and has the general form κ

(

|HA|4 + |HB |4
)

where
κ is of order g4/16π2log (Λ/gf). Provided Λ is not very
much larger than f this leads to the would-be Goldstones
acquiring a mass of order g2f/4π which is of order the
weak scale for f of order a TeV. Notice that we could have
obtained exactly the same result by imposing ‘mirror
parity’ - invariance under t → t, x⃗ → −x⃗ along with
the interchange of every particle in sector A with its CP
conjugate in B.

This approach to stabilizing the weak scale against
quantum corrections from gauge loops can be generalized
to include all the other interactions in the SM. To do this,
we gauge two copies of the SM, A and B, with our SM
being SMA. We can then extend the discrete symmetry
in either of the two ways below.

• Interchange every SMA particle with the corre-
sponding particle in SMB.

• Impose t → t, x⃗ → −x⃗ along with the interchange
of every SMA particle with its CP conjugate in
SMB.

These symmetries, while similar, are distinct. Each
one relates the gauge and Yukawa interactions in the
A sector to those in the B sector. While the former
is a simple generalization of twin parity which we label
‘twin symmetry’, the latter extends mirror parity to
the familiar mirror symmetry [7]. Either choice of
the discrete symmetry ensures that any quadratically
divergent contribution to the Higgs mass has a form ∝
Λ2(|HA|2+ |HB|2) which is harmless due to its accidental
SU(4) symmetry. Although quantum corrections to the
quartic are in general not SU(4) invariant, once again
these only lead to logarithmically divergent contributions
to the mass of the pseudo-Goldstone Higgs field, allowing
for a natural hierarchy between f and the weak scale.

In both the twin and mirror symmetric cases the
only renormalizable interactions between the SM sector
and the hidden sector allowed by gauge invariance are
the Higgs quartic, which is assumed to have an SU(4)
invariant form at the cut-off Λ, and a mixing term
between the hypercharge gauge boson and its partner,
which we neglect for the present discussion and will
return to later.

At one loop the largest contribution to the pseudo-
Goldstone Higgs potential arises from the top Yukawa
coupling, and is logarithmically sensitive to the cutoff.
However, in the twin symmetric case it is straightforward
to make this contribution finite. One possible approach
is to enlarge the approximate global symmetry of the
top Yukawa coupling to SU(6)× SU(4)×U(1) with the
(SU(3)c×SU(2)×U(1))A,B subgroups being gauged. We
do this by introducing the following chiral fermions

QL = (6, 4̄)

= (3,2;1,1) + (1,1;3,2) + (3,1;1,2) + (1,2;3,1)

≡ qA + qB + q̃A + q̃B

TR = (6̄,1)

= (3̄,1;1,1) + (1,1; 3̄,1) ≡ tA + tB (4)

which transform as shown under SU(6) × SU(4) and
under [SU(3) × SU(2)]2, where we have suppressed the
hypercharge quantum numbers. One can then write an
SU(4) invariant Yukawa coupling

yHQLTR + h.c. (5)

The SU(4) symmetric matter content contains exotic
left handed quarks, q̃A,B that are charged under color
of one sector and the weak group of the twin, and vice
versa. We introduce additional fermions with opposite
charge assignment, q̃c

A,B with which the exotic quarks
can get a Z2 symmetric mass M (q̃c

Aq̃A + q̃c
B q̃B) . The

mass parameter M is the only source of SU(4) breaking
in the top sector, and it only breaks this symmetry softly.
The top contribution to the Higgs potential in this model
will then be finite at one loop.

II. A NON-LINEAR REALIZATION

We now construct a realistic twin symmetric model
that implements these symmetries non-linearly. The
linear model we have been working with should be
considered merely one possibility for a UV-completion
of the non-linear one, and others may well exist. The
pseudo-Goldstone fields of the non-linear model are those
which survive after integrating out the radial mode of the
field H in the linear model. We parametrize these degrees
of freedom as

H = exp(
i

f
hata)

⎛

⎜

⎝

0
0
0
f

⎞

⎟

⎠
≡

⎛

⎜

⎝

0
0
0
f

⎞

⎟

⎠
+ i

⎛

⎜

⎝

h1

h2

h3

h0

⎞

⎟

⎠
+ . . . (6)

where h1,...,3 are complex and h0 is real. In general
the effective theory for these fields will contain all of
the operators allowed by the non-linearly realized SU(4)
symmetry, suppressed by the cutoff scale Λ. Assuming
the theory is strongly coupled at the cutoff we can
estimate Λ ∼ 4πf . However, any potential for the
pseudo-Goldstone fields can only emerge from those
interactions which violate the global SU(4) symmetry,
specifically their gauge and Yukawa couplings. In par-
ticular the electroweak gauge interactions and the top
Yukawa contribute the most to the pseudo-Goldstone
potential and must therefore be studied in detail. We will
thus calculate the contributions to the one loop Coleman-
Weinberg (CW) potential [8] from these couplings. At
one loop the gauge and top sectors contribute separately,
simplifying the calculation.

As before, we gauge two copies of the SM, A and B.
The vev f breaks SU(2)B×U(1)B down to a single U(1),
giving WB and ZB masses of order gf . The SU(2)A
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New Strong Dynamics
We imagine new QCD-like dynamics at 5-10  TeV.

The Higgs doublet is a pion of this “techni-QCD”.

The constituents must be 
charged under EW.

The top could be a 
composite as well.

Can we make 
a generic statement?

Colored states.
Piece of cake at 100 TeV.



Weak Resonances
What is the 100 Tev sensitivity to weakly charged 
techi-sectors? (for any composite Higgs setup).

We have one precedent for probing a strong 
sector with external weak probes:10
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Weak Resonances

It seems reasonable that there will be 

Wide W’-like states (rho-like) going to Higgses (pions).

Narrower states that must undergo weak decay.

Pair produced states.
10
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Calls for a taxonomical study based on 
quantum numbers and spins of resonances.



Where can we look for signs of NP?
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The Top Partners:
Direct production of top partners 

(or other SMB states).



Colorless Tops 
Minimally we have a coupling of the partner to the 
Higgs:

torn from Nathaniel and Nima.

production via off-shell Higgs

Partner decays invisibly - background study needed.

Partner could decay visibly, Hidden-valley style!        
(high multiplicity from hidden showers, displaced 
vertices, etc.) 



Cosmology
Twin baryons could be dark matter.

Light twin matter is dangerous during BBN.

Small        breaking in light yukawa sector. Make twin 
matter Heavier than a few GeV.

More entropy production in our QCD transition?

Late inflation?

LHC implications are drastic enough to 
overshadow these issues.

Z2

(Barbieri, Gregiore, Hall)



Conclusion and Outlook
We have natural models with colorless partners 
(including some models I did not discuss).

Twin Higgs can be remarkably elusive at LHC. 

Seems within reach of a 100 TeV machine & TLEP:

Precision Higgs studies and invisible decay                         
(or hidden valley decays).

Producing UV completion states.

Producing top partners.  

A no-loose theorem is within reach.



Deleted scenes.
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LHC Signals
A standard model Higgs.

If we are luck we can measure-

Higgs decay to invisibles,                          .

Modification of 

also of              .   (correlations).

BR ∼ O(v2/f2)

ZZh, WWh, tth, h3, . . .

O(v/f)

If we are really lucky (work in progress):

Twin hadrons decay back to SM with displaced 

vertices. A “Hidden Valley” signal (Strassler and Zurek).
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Little Higgs
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Standard Model

FIG. 1: The diagram on top shows the contribution to the
Higgs mass squared parameter in the SM from the top loop,
while the lower two diagrams show how this contribution
is cancelled in supersymmetric theories and in little Higgs
theories. In twin Higgs models the cancellation takes place
through a diagram of the same form as in the little Higgs
case but the particles running in the loop need not be charged
under color. In analogy with this, we seek a theory where the
cancellation takes the same form as in the supersymmetric
diagram but the states in the loop are not charged under
color.

cancellation to go through is that the couplings of the
scalars to the Higgs be related by symmetry in a specific
way to the top Yukawa coupling. This observation begs
the following question. Do there exist realistic theories
where the quadratic divergence from the top loop is
cancelled by a diagram of the same form as in the
supersymmetric case, but where the scalars running in
the loop are not charged under SM color?

The purpose of this paper is to answer this question
firmly in the affirmative. We will construct a realistic
model where the top loop is cancelled by scalars not
charged under color. Moreover, in doing so we will go
much further and outline the general construction of
simple extensions of the SM where one loop quadratically
divergent contributions to the Higgs mass from gauge and
Yukawa interactions are cancelled by opposite spin part-
ners whose gauge quantum numbers can in principle be
very different from those of the conventional superpart-
ners. We expect these results to enable the construction
of entirely new classes of models that address the LEP
paradox.

Our starting point is the observation that in the large
N limit a relation exists between the correlation functions
of a class of supersymmetric theories and those of their
non-supersymmetric orbifold daughters that holds to all
orders in perturbation theory [12, 13, 14, 15]. The
masses of scalars in the daughter theory are protected
against quadratic divergences by the supersymmetry of

the mother theory. In many cases the correspondence
between the mother and daughter theories continues
to hold to a good approximation even away from the
large N limit. By understanding the dynamics which
underlies this cancellation, we can construct simple non-
supersymmetric extensions of the SM where the Higgs
mass is protected from large radiative corrections at
one loop.∗ These theories stabilize the weak scale
against radiative corrections up to about 5 TeV, thereby
addressing the LEP paradox.

In general, the low energy spectrum of such a ‘folded
supersymmetric’ theory is radically different from that of
a conventional supersymmetric theory, and the familiar
squarks and gauginos need not be present. While the
diagrams that cancel the one loop quadratically divergent
contributions to the Higgs mass have exactly the same
form as in the corresponding supersymmetric theory,
the gauge quantum numbers of the particles running in
the loops, the ‘folded superpartners’ (or ‘F-spartners’
for short), need not be the same. This means that
the characteristic collider signatures of folded supersym-
metric theories tend to be distinct from those of more
conventional supersymmetric models.

A folded supersymmetric theory does not in general
possess any exact or approximate symmetry that guaran-
tees that the form of the Lagrangian is radiatively stable.
It is therefore particularly important to understand if
ultraviolet completions of these theories exist. We
show that supersymmetric ultraviolet completions where
corrections to the Higgs mass from states at the cutoff
are naturally small can be obtained by imposing suitable
boundary conditions on an appropriate supersymmetric
higher dimensional theory compactified down to four
dimensions. We investigate in detail one specific model
constructed along these lines. While in this theory the
one loop radiative corrections to the Higgs mass from
gauge loops are cancelled by gauginos, the corresponding
radiative corrections from top loops are cancelled by
particles not charged under SM color. In such a scenario
the familiar supersymmetric collider signatures associ-
ated with the decays of squarks and gluinos that have
been pair produced are absent. Instead, the signatures
include events with hard leptons and missing energy that
can potentially be identified at the LHC.

This paper is organized as follows. In the next section
we explain the basics of orbifolding supersymmetric large
N theories to non-supersymmetric ones and give some
simple examples establishing the absence of one loop
quadratically divergent radiative corrections to scalar
masses in the daughter theories. Based on these examples
we then identify the underlying dynamics behind these
cancellations, and explain how to extend these results
to construct larger classes of theories where one loop

∗ For an earlier approach to stabilizing the weak scale also based
on the large N orbifold correspondence see [16].
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We get to choose which states to keep at low energies.


