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Pre-LHC
LHC is about to turn on!

A good understanding of as many models as 
possible will help us find and interpret new physics 
at the LHC.

Allot of our time (but not all!) is devoted to 
models and signals with LHC consequences.

Here’s a sample.
I’ll divide the into 3 categories.



1. “Natural”:



Meta-Stable SUSY
The leading avenue for natural BSM physics has 
bean Supersymmetry.

How is SUSY broken?

Constructing models of SUSY has bean challenging.

ISS have pointed out a simple possibility:
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Figure 1: The potential along the bounce trajectory. The peak is at !peak ! µ and the

supersymmetric minimum with vanishing potential is at large field !0 ! µ/!(Nf!3N)/(Nf!N)
" µ.

The values of the potential at the local minimum V+ and at the peak Vpeak are of order µ4.

The thin wall approximation [20] is not appropriate for computing the bounce action

of such a potential. The needed calculation of the bounce action can be modelled by a

triangle potential barrier. Then, using the results of [21] we find

S ! (!")4
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! 1

|!|4(Nf!3N)/(Nf!N)
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Taking ! # 0, we can make the minimal bounce action arbitrarily large, and thus make

the meta-stable vacuum arbitrarily long lived.

It is amusing to consider the very di#erent magnification scale of the potential in the

microscopic description of the theory and in the macroscopic description. The relation

(7.4) applies in both descriptions. In the macroscopic description, we have ! = µ/$m,

with µ held fixed and the cuto# scale $m # $. Here the large action (7.4) is intuitive:

the vacua (7.1) and (7.2) appear widely separated in field space. On the other hand, in

the microscopic description, we have ! !
!

m/$, and we hold $ fixed and take m to

zero. Here we are looking at the potential with a very di#erent magnification scale, and

the parametrically large action is less intuitive: the vacua (7.1) and (7.2) appear as tiny

features, two close vacua separated by a tiny barrier. Nevertheless, the bounce action only

depends on the ratio !, not the overall scale µ, so the expression (7.4) remains valid. The

decay rate of the meta-stable vacuum can be made exponentially parametrically small, by

taking ! su%ciently small, whether we are in the macroscopic scaling where the features

of the potential appear large, or in the microscopic scaling where they appear small.
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SQCD
+ mass term



mu Problem
MSSM: why is the supersymmetric Higgs mass of 
the same size as SUSY?

Kitano: if the Higgs is a composite of the ISS sector

ISS supersymmetric mass
(related to SUSY)

supersymmetric 
Higgs mass

This is actually the old Guidice-Massiero 
mechanism for the mu problem, 

but 
it is now applicable outside of gravity mediation!



Reheating ISS Craig, Wacker, Fox
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Which vacuum are we likely to land in?

A careful and systematic analysis of the 
cosmological history is needed.

CFW:
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Which vacuum are we likely to land in?

A careful and systematic analysis of the 
cosmological history is needed.

CFW:



2. Un-Natural:



6-Higgs Doublet Model

A minimal way to extend the SM to get 
Unification and Dark matter:

SM + one 5-plet of Higgs doublets.

Lisanti,
Wacker

1. extra doublets change running:  couplings unify
2.  A new symmetry: a stable WIMP.



6-Higgs Doublet Model

A minimal way to extend the SM to get 
Unification and Dark matter:

SM + one 5-plet of Higgs doublets.

Lisanti,
Wacker

Good value:
“Two for the price of one”

one more fine tuningthe hierarchy problem



6-Higgs Doublet Model Lisanti,
Wacker

FIG. 3: Cross section per nucleon for the case of parameter
space democracy (gray) and susy (black) boundary condi-
tions. The lightest WIMP candidates will be tested for at the
current CDMS II run (upper dashed line). The third phase of
SuperCDMS (lower dashed line) will probe a greater region
of the parameter space.

a0 + p ! s0 + p, which is mediated by an o!-shell Z0-
boson. In general, such inelastic transitions provide a
means to reconcile DAMA’s detection of relic-nucleon
scattering, which conflicts with CDMS’s null result [31].
Consistency with the experimental results requires a
mass splitting "ms0a0 " 100 keV between the two
lightest scalars [32].

B. Indirect detection

A concentration of WIMPs in the galactic halo
increases the probability that they will annihilate to
produce high-energy gamma rays and positrons [33].
The gamma ray signal is of particular interest because
it is not scattered by the intergalactic medium; thus,
it should be possible to extract information about the
WIMP mass from the spectrum.

Monochromatic photons can be produced when the
WIMP annihilates to produce !! and Z0!. The dom-
inant mechanisms that contribute to this annihilation
depend on the DM mass regime. The light dark matter,
for example, annihilates primarily through s-channel
Higgs exchange with a one-loop h0!X vertex (X = !,
Z0). The main contributions to the loop come from the
W± boson, the top quark, and the "±5 five-plet. Other
box diagrams are suppressed. The WIMPs are highly
non-relativistic and their annihilation cross section in the
light mass regime is nearly

#(a0a0 ! !X)u " 1
Nh

v2$2
e!

(s#m2
h0)2 + m2

h0#2
h0

#(h0 ! !X)$
s

,

(30)
where u is the relative velocity between the initial two
WIMPs and s % 4m2

a0 . The general expressions for the

decay widths of the Higgs boson into a !! and !Z0 final
state are found in [34, 35].

The case of the heavy dark matter is significantly
di!erent [36]. In this regime, the dominant contribution
comes from the box diagram with three "±5 and one
W+ in the loop. When the a0

5 and "±5 are nearly
degenerate and ma0 & mW± , there is an e!ective long-
range Yukawa force between the "+

5 "!5 pair in the loop
that is mediated by the gauge boson:

V (r) ' #%2
e!mW±r

r
. (31)

As a result, the pair of charged scalars form a
bound-state solution to the non-relativistic Schrodinger
equation. The optical theorem is used to obtain the s-
wave production cross section for the bound state:

#(a5a5 ! "+
5 "!5 )u '

2%2
2m

2
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Nhm2
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!
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"
2m"m!±a0

m2
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(32)
Multiplying this by the decay width of the bound state
to two photons (or, !Z0), gives the total annihilation
cross section

#(a5a5 ! !!)u ' 2&%2%2
2
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.

(33)
This cross section does not depend on ma0 (to zero-
th order in the mass splittings) and, as a result, is
significantly enhanced in the heavy DM mass region.
This enhancement is critical; because of it, the heavy
mass DM may be visible in gamma ray experiments.
Additionally, the only parameter dependence comes in
through the mass-splittings, which are small. Therefore,
there is not much spread in the range of allowed cross
sections.

The monochromatic flux due to the gamma ray final
states observed by a telescope with a field of view "$
and line of sight parametrized by % = (',") is given by

& = C"X

$
#"Xu

1 pb

% &100 GeV
ma0

'2
J̄(%,"$)"$, (34)

where

C"" = 1.1( 10!9cm!2s!1

C"Z0 = 5.5( 10!10cm!2s!1 (35)

and the function J̄ includes the information about the
dark matter distribution in the halo. Note that the flux
is independent of Nh. For the NFW profile, J̄ " 103 for
"$ = 10!3 [33]. Other profile models exist with either
more mildly/strongly cusped profiles at the galactic
center [34]. Depending on which model is chosen, J̄ can
be as small as 10 or as large as 105 for "$ = 10!3.

7

Collider signals are hard. 
But direct detection has good prospects:



3. Natural, 
but not what you’d 

naively expect:



Uncolored Partners
Naturalness implies the existence of a top partner, 
thats related to the top by symmetry. 2
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t̃L, t̃R t!L, t!R
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Little Higgs
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"#
"#

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.

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 a!rmative. 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 di"erent 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 di"erent 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 cuto"
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].

2

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.

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 a!rmative. 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 di"erent 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 di"erent 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 cuto"
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].

squarks are colored!
Great news for LHC!!!



Uncolored Partners
Naturalness implies the existence of a top partner, 
thats related to the top by symmetry. 2

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.

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 a!rmative. 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 di"erent 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 di"erent 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 cuto"
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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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 a!rmative. 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 di"erent 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 di"erent 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 cuto"
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].

squarks are colored!
Great news for LHC!!!

But, do squarks really have to be colored?!
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New Signals
The dynamics of QCD’ is very different:
squarks are produced but remain bound!       

q̃

q̃
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p p
quirks (or squirks, rather) -                                

Luty et al, Strassler and Zurek.

In progress: 
Burdman, 

Chacko,Goh, RH;
Wizansky, RH.
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New Signals
The dynamics of QCD’ is very different:
squarks are produced but remain bound!       
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Luty et al, Strassler and Zurek.

In progress: 
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`squirkonium,

Soft radiation down 
to the ground state.

Annihilation to SM
particles.



And so on........

Matching MadEvent
 to Pythia

the “Entropic Principle”

W’s at LHC

Missing E at LHC
Light Gluinos

Atom interferometery

Event generation with 
twistors

QCD on
R3xS1

Techniques for high 
order QCD

LHC-1=ILC



In Conclusion

LHC is Coming!
We’re excited

and exploring possibilities!




