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FIG. 2. In blue, a plot of the rate of Higgs events into SM states normalized to the SM. The green

line is the invisible branching ratio of the Higgs into mirror twin particles. The vertical orange and

red lines are the 95% confidence bound from precision electroweak constraints for a 1 and 5 TeV

cuto↵ respectively.

mass. Their analysis was carried out assuming a cuto↵ ⇤ =3 TeV. In general, however, the

leading contributions to the oblique parameters go like
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where mZ is the mass of the Z boson. For ✏ su�ciently small we expect these parameters

to dominate the analysis. In that case we may translate the bound on ✏ at ⇤ to a bound on

✏0 at ⇤0 by

✏2 ln

✓
⇤

mZ

◆
= ✏2

0

@1 +
ln
�

⇤

⇤

0

�

ln
⇣

⇤

0

mZ

⌘

1

A ln

✓
⇤0

mZ

◆
⌘ ✏02 ln

✓
⇤0

mZ

◆
. (32)

The 2� bound on ✏0 can be translated into a limit on the top partner mass. In Fig. 2 we

denote bound corresponding to a 1 and 5 TeV cuto↵ by the vertical orange and red lines

respectively.

Finally, we estimate the tuning �m of the Higgs mass parameter m2 as a function of the

top partner mass as a measure of the naturalness of the MTH model. We use the formula
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Figure 10. Summary of discovery potential at LHC run 1, LHC14 with 300 fb
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the perturbative prediction for Br(h ! all glueballs), is shown for future searches as well. Lighter and darker
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++; 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.

mirror squarks would be a distinctive signal, but their mass is not tied directly to the little hierarchy
problem and they could easily escape detection in a natural theory [56]. In the Twin and Quirky
Little Higgs models, precision Higgs measurements with 3000 fb

�1 of data may probe top partners
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Figure 4.1: Generation of 4-fermion interactions in partial compositeness.

usually referred to as the “RS-GIM mechanism” [100–102].
It is important to mention that, in scenarios that do not respect the “single

mixing” hypothesis multiple contributions to the e↵ective flavor-violating op-
erators can arise, corresponding to the di↵erent �i mixings. Usually the most
important new physics contributions are mediated by the largest mixings.
However, depending on the quantum numbers of the composite operators
some selection rules can be present. For instance this happens if the elemen-
tary states are mixed with composite operators with di↵erent SO(4)⇥U(1)X

charges. In this case, analogously to what we discussed in Sect. 4.1 for the
generation of the Yukawa couplings, the representations of the composite op-
erators that mediate the flavor-violating e↵ects must be “compatible” with
each other.

In the following we will discuss quantitatively the flavor-violating e↵ects
and we will derive some estimates of the constraints on the anarchic scenario
coming from flavor measurements. For this purpose, as we did in the rest
of this chapter, we will adopt the One Scale One Coupling power counting
described in Chap. 3. The implications of relaxing this assumption will be
discussed in Sect. 4.2.4.

Some of the most “dangerous” flavor-violating e↵ects are related to the
presence of FCNC’s. In the SM, FCNC’s are absolutely absent at tree-level
thanks to the fact that the Higgs and Z-boson couplings are flavor-diagonal.
This is in general not true in BSM models. We already saw in Sect. 4.1.1
that in the composite scenario the Higgs field can mediate flavor changing
e↵ects, although, in a large class of models, these e↵ects are only generated
at subleading order in the elementary/composite mixings. As we will discuss
in the following, the Z couplings can also mediate flavor-changing currents
at tree-level. Furthermore, the composite dynamics can give rise to contact
interactions that do not preserve the flavor quantum numbers, as for instance
4-fermion operators involving fields from di↵erent generations. As we already
mentioned, a typical mechanism generating these operators is the exchange of
vector resonances, as for instance “heavy gluons” or states with EW quantum
numbers. These e↵ects, however, can also arise as purely contact interactions
at the cut-o↵ scale where the composite dynamics becomes completely non-
perturbative.
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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

2

×3

×3

Composite Higgs



tL

tR

or

t̃L, t̃R t′L, t′R

???

Little Higgs
Twin Higgs

←→
←→

Supersymmetry

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.

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

2

×3

×3

/,
Composite Higgs



tL

tR

or

t̃L, t̃R t′L, t′R

???

Little Higgs
Twin Higgs

←→
←→

Supersymmetry

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.

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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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
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color.
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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
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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.
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Thus, this contribution respects the global symmetry and so cannot contribute to the mass

of the NGBs. The leading contributions to the SM Higgs potential therefore arise from

terms which are only logarithmically divergent. Consequently, there are no quadratically

divergent contributions to the Higgs mass at one loop order.

The discussion so far has been restricted to the case when the breaking of the global

symmetry is realized by a weakly coupled Higgs sector. However, the cancellation is in fact

independent of the specifics of the ultraviolet (UV) completion and depends only on the

symmetry breaking pattern. To see this we consider the low energy e↵ective theory for the

light degrees of freedom, in which the symmetry is realized non-linearly. We parametrize

the pNGB degrees of freedom in terms of fields ⇧a(x) that transform non-linearly under

the broken symmetry. For the purpose of writing interactions, it is convenient to define an

object H which transforms linearly under SU(4) ⇥ U(1),
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SU(4) breaking

∆V = κ
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y4
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16π2
log

Λ
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y2
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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

Vsoft = µ2|HA|
2

vA = vB ∼
f
√

2

Λ ∼ 4πf

v < f



The couplings of the weak gauge bosons to the Higgs spring from

��DA
µHA

��2 +
��DB

µ HB

��2 (13)

where theDA,B denote the covariant derivative employing the A,B gauge bosons. Expanding

out the kinetic terms we find

1

2
@µ⇢@

µ⇢+


f 2g2

2
W+

AµW
µ�
A +

f 2g2

4 cos2 ✓W
ZAµZ

µ
A

�
sin2

✓
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◆
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f 2g2

4 cos2 ✓W
ZBµZ

µ
B

�
cos2

✓
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◆
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From this we obtain the masses of the W± and Z gauge bosons in the visible and twin

sectors and their couplings to the Higgs, ⇢. We find

m2
WA

=
f 2g2

2
sin2

✓
vp
2f

◆
, m2

WB
=

f 2g2

2
cos2

✓
vp
2f

◆
. (15)

and the mass of the Z bosons related to that of the W ’s by the usual factor of cos ✓W . Notice

that the VEV of the Higgs in the SM, vEW =246 GeV, is related to the parameters v and f

of the MTH model by the relation

vEW =
p
2f sin

✓
vp
2f

◆
⌘

p
2f sin# . (16)

From this expression, which defines the angle #, we see that v and vEW become equal in the

limit v ⌧ f .

In the absence of any e↵ects that violate the Z2 symmetry, minimization of the Higgs

potential will reveal that vEW = f , so that the state ⇢ is composed of visible and hidden

sector states in equal proportions. In order to avoid the experimental limits on this scenario,

it is desirable to create a hierarchy between these scales so that vEW < f . This is most simply

realized by a soft explicit breaking of the Z2 symmetry. This allows the gauge and Yukawa

couplings remain the same across the A and B sectors, ao that the cancellation of quadratic

divergences remains intact.

We can expand out (14) to obtain the couplings of the Higgs to the electroweak gauge

bosons
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doublet hT ≡ (h1, h2) is left uneaten and is identified as
the SM Higgs. The couplings of the pseudo-Goldstone
fields to the SU(2) × U(1) gauge fields and their mirror
partners are given by expanding out H = (HA, HB) in
terms of the pseudo-Goldstones as given by eq. (6) in the
interaction

∣

∣

∣

∣

(

∂µ + igWµ,A +
i

2
g′Bµ,A

)

HA

∣

∣

∣

∣

2

+ (A → B) . (7)

A simple way of calculating the effective potential is to
calculate the vacuum energy as a function of the field
dependent masses of all of the fields in the theory. In the
absence of quadratic divergences this leads to the formula

VCW = ±
1

64π2

∑

i

M4
i

(

log
Λ2

M2
i

+
3

2

)

(8)

where the sum is over all degrees of freedom, the sign
being negative for bosons and positive for fermions.
In evaluating this sum the higher order terms in the
expansion eq. (6) are often useful, giving

H†
AHA = h†h −

(h†h)2

3f2
+ . . .

H†
BHB = f2 − h†h +

(h†h)2

3f2
− . . . (9)

This expansion manifests the fact that the Z2 invariant
(|HA|2 + |HB|2) is independent of the Higgs. Writing the
Higgs potential in the form

V (h) = m2
hh†h + λh(h†h)2 + . . . (10)

we find that the contribution to the Higgs mass term
from the gauge sector is

m2
h =

6g2M2
WB

64π2

(

log
Λ2

M2
WB

+ 1

)

(11)

+
3(g2 + g′2)M2

ZB

64π2

(

log
Λ2

M2
ZB

+ 1

)

where M2
WB

= g2f2/2 and M2
ZB

= (g2 + g′2)f2/2 .
Eq. (11) holds if electromagnetism in the twin sector is
an unbroken gauge symmetry as in the SM. However it
is also possible that QED in the twin sector is a broken
symmetry and that the twin photon has a mass. This
could arise if, for example, the hypercharge gauge boson
in the twin sector has a mass MB which softly breaks the
twin symmetry. We do not specify a dynamical origin for
this mass since it is technically natural for the dynamics
which generate it to lie at scales above the cutoff Λ. In
the limit that M2

B ≫ g′2f2 the second term in eq. (11)
becomes approximately

3g2M2
WB

64π2

(

log
Λ2

M2
WB

+ 1

)

+
3g′2M2

B

64π2

(

log
Λ2

M2
B

+ 1

)

(12)

The contribution to the Higgs quartic from this sector is
small and can be neglected.

We now turn to the top sector. The couplings of the
pseudo-Goldstone fields to the top quark are obtained by
expanding out H as in eq. (6) in the SU(4) × SU(6)
invariant interaction (yHQLTR + h.c.) of eq. (5). The
h dependent masses of the fields in the top sector are
determined from this and from the SU(4) breaking mass
term, and can be expressed as

m2
tA

=
y2M2

M2 + y2f2
h†h m2

TA
= M2 + y2f2

m2
tB

= y2f2 m2
TB

= M2 (13)

to leading order in |h|2, where we have asumed for
simplicity that y is real. This leads to the following
contributions to the Higgs potential of eq. (10).

m2
h =

3

8π2

y2M2

M2 − y2f2

(

M2 log
m2

TA

m2
TB

− y2f2 log
m2

TA

m2
tB

)

,

λh = −
m2

h

3f2
+

3

16π2

y4M4

(M2 + y2f2)2
log

m2
TA

m2
tA

+
3

16π2

y4M4(M2 + y2f2)

(M2 − y2f2)3
log

m2
TB

m2
tB

−
3

32π2

[

4y4M4

(M2 − y2f2)2
+

y4M4

(M2 + y2f2)2

]

(14)

In order to get the correct pattern of electroweak
symmetry breaking we also add to the theory a ‘µ term’
that softly breaks the discrete Z2 twin symmetry. This
term takes the form µ2H†

AHA and contributes to m2
h

and λh as dictated by eq. (9). In addition, since the
smaller Yukawa couplings do not contribute significantly
to the Higgs potential, we do not require them to respect
the discrete symmetry. In this non-linear model, the
absence of quadratically divergent contributions to the
Higgs mass can be understood as a consequence of
cancellations between the familiar SM loop corrections
and new loop corrections that arise from the (mostly
non-renormalizable) couplings of the Higgs to the twin
sector.

III. PHENOMENOLOGY

For phenomenological purposes we divide twin sym-
metric models into two classes - those where the top
sector is extended as in eq. (5), and those where it is
not. As we now explain, the experimental constraints
in these two cases are different. In the first case the
exotic quarks q̃A,B and q̃c

A,B, which are charged under
both U(1)A and U(1)B, lead to kinetic mixing between
the photon and its twin partner at one loop [9]. Since the
experimental constraints on such mixing are very severe
the twin photon must be heavy. In the second case,
however, there are no particles charged under both sets of
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Higgs of mass mh – are given by
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This captures the leading correction to the S and T parameters from variations in the couplings of
the SM-like Higgs in the limit mA ! 1 and is quite small for the parameter range of interest.
Additional corrections arise from the remaining Higgs scalars H1,2, A1,2, H

±
1,2 at the scale mA &

TeV. However, as in the MSSM, the these additional states decouple with increasing mA; in partic-
ular the sectors (H1, A1, H

±
1 ) and (H2, A2, H

±
2 ) are approximately degenerate so that electroweak

corrections are small. In the limit g, g0 ! 0, the (H1, A1, H
±
1 ) sector is exactly degenerate,

and corrections from this sector to S and T vanish; for nonzero g, g0 this leads instead to the
customary MSSM-like contributions that are strongly suppressed by O(m2

Z/m
2
A) in the regime

of interest. Corrections from the (H2, A2, H
±
2 ) sector are additionally suppressed by a factor of

v2/f 2 due to the smallness of mixing with the A sector, but in the g, g0 ! 0 limit nonzero splitting
between H2, A2, and H±

2 persists. Expanding the appropriate loop functions (e.g., [40]), in the limit
m2

A � �2f 2, the leading contributions to S and T from the (H2, A2, H
±
2 ) sector are parametrically

of order
�S ⇡ 1

16⇡

�2v2

m2
A

�T ⇡ 1

48⇡

�2

g2s2W

�2f 2

m2
A

. (24)

There are also contributions from loops involving one scalar from each sector, but these share an
overall suppression factor of O(v2/f 2

) due to mixing, as well as a similar magnitude of mass
splitting between states, leading to corrections of the same order as Eq. 24. Taken together, the
corrections to S are insignificant, while the corrections to T are typically numerically of the same
magnitude as those in Eq. 23, and both show the expected decoupling as mA ! 1. However,
the corrections to T have the potential to generate (mild) tension with precision electroweak limits
if mA ⇠ �f . TeV, though this depends in detail on the extended Higgs sector and is readily
susceptible to cancellations. Finally, corrections from the remainder of the sparticle spectrum are
parametrically small unless there is substantial mixing in the squark sector.

There are no pernicious new sources of flavor violation in the SUSY twin Higgs beyond those
usually encountered at one loop. In particular, the extended Higgs sector automatically satisfies
the Glashow-Weinberg condition [41] due to a combination of holomorphy and gauge invariance,
guaranteeing the absence of new tree-level contributions to flavor-changing neutral currents. At
one loop, the decoupling of charged Higgs states protects against prohibitive contributions to, e.g.,
b ! s�. Although sfermions may all be in the multi-TeV range, this alone is insufficient to
suppress one-loop FCNC in the presence of large flavor-violating soft masses, and so the usual
solutions to the supersymmetric flavor problem are still required.
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FIG. 5. Projected sensitivity of Search III (for m
⇡v = 40 GeV)

and Search IV (for m
⇡v = 10, 25 GeV) with the “displaced

jet” trigger for the signal where only one ⇡
v

is metastable,
the other is stable and escapes the detector, contributing to
MET.

a result of the weakened tracking efficiency for displaced
tracks combined with the requirement of two high track
multiplicity vertices in the same event. An improved dis-
placed tracking efficiency, perhaps from future detector
upgrades, would drastically improve the efficiency of this
search.

Finally, we consider a signal where one ⇡v is stable
and escapes the detector invisibly resulting in events with
only one metastable ⇡v particle. The projected sensitiv-
ity for Search III and Search IV are presented for this
signal in Fig. 5. In order to obtain the best sensitivity,
Search III was applied to the m⇡v = 40 GeV signal and
Search IV for the m⇡v = 10 and 25 GeV signals.

SUMMARY

In this study, we have presented existing Run I bounds
on displaced Higgs decays and have projected sensitivities
for new Run II tracker searches in order to achieve sen-
sitivity to signal lifetimes below 100 mm, which are only
weakly constrained by existing searches. Light signals
with m⇡v . 10 GeV will be an experimental challenge to
detect above detector backgrounds but can be probed by
utilizing new DV search techniques, such as reconstruct-
ing the Higgs boson and ⇡v particles in a displaced jet
search (Search II) or by searching for a displaced jet as-
sociated with jet substructure (Search IV). The overall
sensitivity of these searches, representing the best pos-
sible bound for a given mass and lifetime, is shown in
Fig. 4f. Also shown are the projected ATLAS searches
from Run I, rescaled to

p
s = 13 TeV.

We find that Run II searches for DVs with 20 fb�1 can
probe BRs below 0.1%, the rates expected by naturalness
in the Fraternal Twin Higgs model. In Fig. 6, the ex-

Twin Higgs

Folded Supersymmetry
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FIG. 6. Projected 95% CL excluded region in the m
⇡v �M

T

parameter space from the combined Run II search sensitivities
show in Fig. 4f for the Twin Higgs and Folded Supersymme-
try scenarios. See [16] for relevant relationships between the
masses, glueball lifetimes, and Higgs branching ratios.

cluded parameter space from Fig. 4f has been translated
into a model-dependent excluded region as a function of
m⇡v and the the top partner mass, MT , for the Frater-
nal Twin Higgs and Folded Supersymmetry models with
mirror glueballs (corresponding to the ⇡v particles). The
optimistic value of mirror sector hadronization parame-
ter  = 1, as defined in [16], was used. We find that the
Run II LHC can probe twin tops as heavy as 900 GeV
for the Fraternal Twin Higgs and stops as heavy as 650
GeV in Folded SUSY.
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Figure 10. Summary of discovery potential at LHC run 1, LHC14 with 300 fb

�1, HL-LHC and 100 TeV if
the searches in Table 5, or similar, are approximately background-free, and ⇠ 10 events allow for discovery.
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.

mirror squarks would be a distinctive signal, but their mass is not tied directly to the little hierarchy
problem and they could easily escape detection in a natural theory [56]. In the Twin and Quirky
Little Higgs models, precision Higgs measurements with 3000 fb

�1 of data may probe top partners

– 29 –

Twin Higgs

Folded Supersymmetry

�� �� �� �� �� �� ��

���

����

����

����

��� [��	]

�
�
[�
��

]


������ ��% �� 
������� � = �� ��	� ���� ��-�


