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Introduction

• Electroweak symmetry breaking (EWSB) is currently 
the most prominent question in particle physics.

• Finding the mechanism for EWSB is the major 
motivation for looking for new physics beyond the 
Standard Model (SM). Because of naturalness, It is 
widely believe that new physics should appear at the 
TeV scale.

• LHC is expected to fully explore the TeV scale and 
address the origin of EWSB.  We need to be ready 
for any possibility that LHC will present to us.



What to expect at TeV scale?

• From a phenomenological point of view, we can ask 
what goes wrong if there is nothing beyond what 
we have discovered below 1 TeV.  The answer is that 
the longitudinal WLWL scattering amplitude will 
grow like E^2 and the (tree-level) unitarity will be 
violated.

• Therefore new physics needs to come in below the 
TeV scale to unitarize the longitudinal WLWL 
scattering amplitude. 



Unitarizing WW Scattering

• A scalar (Higgs) particle with appropriate 
couplings to the W and Z bosons: This is the 
simplest possibility, but suffers from the hierarchy 
problem.

• (A tower of) vector particles: Examples are the 
techni-rhos in technicolor theories and KK gauge 
bosons in extra dimensions.

• Something else which we don’t understand yet.

• A combination of the above.



Challenge for New Models of EWSB

• Theoretical consistency and predictivity: If the new 
models are based on strong dynamics. How can 
we make claims and predictions with confidence?

• Experimental constraints: LEP,  Tevatron and other 
low energy experiments have put stringent 
constraints on possible new physics beyond the 
Standard Model. How can we construct models 
which satisfy these constraints.



Measurement Fit |Omeas−Ofit|/σmeas

0 1 2 3
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∆αhad(mZ)∆α(5) 0.02758 ± 0.00035 0.02768
mZ [GeV]mZ [GeV] 91.1875 ± 0.0021 91.1875
ΓZ [GeV]ΓZ [GeV] 2.4952 ± 0.0023 2.4957
σhad [nb]σ0 41.540 ± 0.037 41.477
RlRl 20.767 ± 0.025 20.744
AfbA0,l 0.01714 ± 0.00095 0.01645
Al(Pτ)Al(Pτ) 0.1465 ± 0.0032 0.1481
RbRb 0.21629 ± 0.00066 0.21586
RcRc 0.1721 ± 0.0030 0.1722
AfbA0,b 0.0992 ± 0.0016 0.1038
AfbA0,c 0.0707 ± 0.0035 0.0742
AbAb 0.923 ± 0.020 0.935
AcAc 0.670 ± 0.027 0.668
Al(SLD)Al(SLD) 0.1513 ± 0.0021 0.1481
sin2θeffsin2θlept(Qfb) 0.2324 ± 0.0012 0.2314
mW [GeV]mW [GeV] 80.398 ± 0.025 80.374
ΓW [GeV]ΓW [GeV] 2.140 ± 0.060 2.091
mt [GeV]mt [GeV] 170.9 ± 1.8 171.3
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Electroweak Constraints
• Electroweak precision data put strong constraints 

on any TeV scale models. 

• New particles at the TeV scale can induce too 
large corrections to the electroweak observables.

• Strongest constraints come from S, T, 4-fermion 
interactions, and 

1. Operators that violate the (approximate)

symmetries of the SM, e.g., baryon num-

ber, flavor, CP, are strongly constrained.

⇒ New physics at ∼ 1 TeV should also

(approximately) respect these symmetries.

2. Operators that do not violate the SM sym-

metries are also constrained by the preci-

sion electroweak measurements.

Dimension six operator ci = −1 ci = +1

OWB = (H+σaH)W a
µνBµν 9.0 13

OH = |H+DµH)|2 4.2 7.0

OLL = 1
2
(L̄γµσaL)2 8.2 8.8

OHL = i(H+DµH)(L̄γµL) 14 8.0

(Barbieri and Strumia ’00)

No evidence for new physics has been found

up to ∼ 10 TeV (assuming ci ∼ O(1)).Z → bb̄



No Higgs Scenario

• Technicolor theories are the original models 
without Higgs. The WL WL scattering is unitarized 
by techni-rhos.

• New approaches involve extra dimensions and the 
electroweak symmetry is broken by boundary 
conditions. WL WL scattering is unitarized by KK 
gauge bosons. (Csaki, Grojean, Murayama, Pilo, Terning, ...)

• The Higgsless model in warped extra dimensions 
provides an alternative (dual) and calculable 
description of electroweak symmetry broken by 
strong (conformal) dynamics.
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Figure 6: The symmetry breaking structure of the warped higgsless model.

of the warping so the BC’s derived for the flat space model will be applicable here as well).
This implies that the gauge fixing term necessary in the warped case is given by

Sgf = −
∫

d4x

∫ R′

R

dz
1

2ξ

R

z

[

∂µAµ − ξ
z

R
∂5

(

R

z
A5

)]2

. (3.49)

Due to the chosen BC’s the A5 fields will have no zero modes they will all again become
massive gauge artifacts and can be eliminated in the unitary gauge. The quadratic piece
of the action for the gauge fields will be then given by

∫

d4x

∫ R′

R

dz
R

z

1

2
Aµ

[(

∂2 − z

R
∂z

(

R

z
∂z

))

ηµν −
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ξ

)

∂µ∂ν

]

Aν . (3.50)

As before, we go to 4D momentum space by writing Aµ(x, z) = εµ(p)f(z)eip·x. The equation
of motion for the wave function f(z) will then become (p2 = M2):

[

−M2 − z∂5

(

1

z
∂5

)]

f(z) = 0. (3.51)

Equivalently it can be written as

f ′′ − 1

z
f ′ + M2f = 0. (3.52)

This will lead to a Bessel equation for g(z) after the substitution f(z) = zg(z):

g′′ +
1

z
g′ + (M2 − 1

z2
)g = 0, (3.53)

which is a Bessel equation of order 1. The solution is of the form

f(z) = z (AJ1(qkz) + BY1(qkz)) . (3.54)
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5D Higgsless Model in Warped Space



Electroweak Constraints

• T parameter can be suppressed by a custodial SU(2).

• S parameter is positive (and large) if the SM fermions 
are localized on the UV brane (fundamental), in 
agreement with the estimate in Technicolor models.

- In Higgsless model, the KK gauge bosons have to 
be around 1 TeV because they are responsible for 
unitarizing WL WL scattering. One can reduce their 
couplings to SM fermions by choosing a near-flat 
profile in the bulk for the light fermions.



Electroweak Constraints
• To have large enough top Yukawa coupling, top 

quark needs to be near the IR brane.

• In the traditional embedding,                           
under SU(2)L x SU(2)R ,              mixes with KK 
states which transform as (1, 2), which induces 
large correction to             

• A different embedding                          with a 
custodial symmetry                                    can 
solve this problem. (Agashe, Contino, Da Rold, Pomarol ‘06) 
(Cacciapaglia, Csaki, Marandella, Terning ‘06)

(tL, bL) ∼ (2, 1)
(tL, bL)

Z → bb̄.

(tL, bL) ∼ (2, 2)
SU(2)L × SU(2)R × PLR

35

Summarizing the configuration for zero modes

 

Configuration

UV IR

Gauge bosons
Light fermions

Higgs

LH top and bottom
RH top

RH bottom

IRUV

A Higgsless realization:



LHC Signal

Birkedal, Matchev, Perelstein hep-ph/0412278



Theories with a (light) Higgs
• The simplest way to unitarize the longitudinal 

WW scattering  is to add a scalar Higgs particle 
(Standard Model). However, a fundamental scalar 
field suffers from the hierarchy problem. 

!W,Z, higgstop

Figure 1: The most significant quadratically divergent contributions to the
Higgs mass in the Standard Model.

give

top loop − 3
8π2 λ2

t Λ
2 ∼ −(2 TeV)2

SU(2) gauge boson loops 9
64π2 g2Λ2 ∼ (700 GeV)2

Higgs loop 1
16π2 λ2Λ2 ∼ (500 GeV)2.

The total Higgs mass-squared includes the sum of these loop contributions and
a tree-level mass-squared parameter.

To obtain a weak-scale expectation value for the Higgs without worse than
10% fine tuning, the top, gauge, and Higgs loops must be cut off at scales
satisfying

Λtop
<
∼ 2 TeV Λgauge

<
∼ 5 TeV ΛHiggs

<
∼ 10 TeV. (1)

We see that the Standard Model with a cut-off near the maximum attainable
energy at the Tevatron (∼ 1 TeV) is natural, and we should not be surprised
that we have not observed any new physics. However, the Standard Model with
a cut-off of order the LHC energy would be fine tuned, and so we should expect
to see new physics at the LHC.

More specifically, we expect new physics that cuts off the divergent top
loop at or below 2 TeV. In a weakly coupled theory this implies that there are
new particles with masses at or below 2 TeV. These particles must couple to the
Higgs, giving rise to a new loop diagram that cancels the quadratically divergent
contribution from the top loop. For this cancellation to be natural, the new
particles must be related to the top quark by some symmetry, implying that the
new particles have similar quantum numbers to top quarks. Thus naturalness
arguments predict a new multiplet of colored particles with mass below 2 TeV,
particles that would be easily produced at the LHC. In supersymmetry these
new particles are of course the top squarks.

Similarly, the contributions from SU(2) gauge loops must be canceled by
new particles related to the Standard Model SU(2) gauge bosons by symmetry,
and the masses of these particles must be at or below 5 TeV for the cancellation
to be natural. Finally, the Higgs loop requires new particles related to the Higgs
itself at or below 10 TeV. Given the LHC’s 14 TeV center-of-mass energy, these
predictions are very exciting, and encourage us to explore different possibilities
for what the new particles could be.
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(Taken from M. Schmaltz, hep-ph/0210415)



How to Keep the Higgs Light?

• Supersymmetry (SUSY) has been the leading 
candidate for new physics at or below 1 TeV.  In 
SUSY, the quadratically divergent contributions to 
the Higgs mass^2 from the SM fields are canceled 
by their superpartners with the opposite spins.

• Many new models have been proposed in recent 
years with the quadratic divergence canceled in 
various ways, including Little Higgs, Twin Higgs, 
Folded SUSY, ...



Higgs as a Pseudo-Goldstone Boson

• Higgs may be light because it’s a pseudo-Nambu-
Goldstone boson. It’s an old idea (Georgi-Kaplan ‘85) 

but got revived recently with the help of the new 
ideas of collective symmetry breaking, 
(deconstructed) extra dimensions, and so on.

• Examples are Little Higgs models (Arkani-Hamed, 

Cohen, Georgi, ...), Gauge-Higgs unification (Dvali, 

Randjbar-Daemi, Tabbash, and many others...), Twin Higgs 
(Chacko, Goh, Harnik,...), etc.



Little Higgs Theories

• Higgs field(s) are pseudo-Nambu-Goldstone 
bosons (PNGBs) of a spontaneouly broken global 
symmetry G     H.

• G is explicitly broken by 2 sets of interactions, with 
each set preserving a subset of the symmetry. The 
Higgs is an exact NGB when either set of the 
couplings is absent.

• Higgs mass is protected from one-loop quadratic 
divergence so that the cutoff can be pushed up to 
~10 TeV.

Little Higgs theories

Higgs arises as a pseudo-Nambu-Goldstone bo-

son (PNGB) of a spontaneously broken global

symmetry, G → H, with a special property that

its mass is protected from one-loop quadratic

divergences induced by the explicit symmetry

breaking couplings.

The global symmetry is explicitly broken by 2

sets of interactions, with each set preserving a

subset of the symmetry.

L = L0 + λ1L1 + λ2L2

The Higgs is an exact NGB when either set of

couplings is absent.

δm2
H ∼

(

λ2
1

16π2

) (

λ2
2

16π2

)

Λ2

The cutoff Λ can be raised above 10 TeV,

beyond the scale probed by the current elec-

troweak data.
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Little Higgs Theories

• The quadratic divergences are canceled by new 
particles which are partners of the SM top quark, 
gauge bosons and Higgs. Unlike SUSY, they have 
the same spins as the SM particles.

One-loop quadratic divergences are canceled

by new particles at the TeV scale with the same

spins as the corresponding SM particles.

t
H H

t

T

H H
T

H H

W, Z, γ

H H

WH, ZH, AH

H H

H

H H

φ, S

H H

mWH
∼ gf, mT ∼ λtf, . . . , f ∼ 1 TeV, Λ ∼ 4πf

Relations among couplings are ensured by non-

linearly realized (approximate) global symme-

try.

Generic spectrum for little Higgs theories:

100 GeV

f ∼ 1 TeV

Λ ∼ 4πf ∼ 10 TeV

SM with 1 or 2

Higgs Doublets

T, WH, ZH, AH,

singlet/doublet/triplet

scalars

UV cutoff

UV completion

⇑



Gauge-Higgs Unification
• A larger bulk gauge symmetry (containing the SM) 

in extra dimensions is broken (down to SM) by 
boundary conditions.

• Higgs is identified with the extra component of 
the bulk gauge fields, and hence its mass is 
protected by the bulk gauge symmetry.

• In the case of warped extra dimension, it has a 
dual description that the Higgs arises as the PNGB 
of a spontaneously broken global symmetry of the 
strongly coupled CFT. (Holographic PNGB Higgs, Contino, 
Nomura, Pomarol, ‘03)

Little M-theory 8

It is now straightforward to see how Eq. (12) can interpolate between the three different theories
mentioned above. If we take the gm gauge coupling to infinity, then we can integrate out the ultra-massive
SU(3)m gauge bosons. If we ignore the mechanism for generating the Higgs quartic, then this yields the
correct gauge structure for the Minimal Moose:

Global : SU(3) SU(3)!"#$%&'( !!

Σ !"#$%&'(
Gauged : SU(2)1 SU(2)2

(14)

where
Σ = Σ1Σ2. (15)

The Minimal Moose exhibits a collective symmetry breaking structure, in that both g1 and g2 must be
non-zero for the Higgs boson in Σ to get a radiative potential from gauge loops.

If we take the g1 and g2 gauge couplings to infinity, then we can integrate out the ultra-massive SU(2)i
gauge bosons. This will yield the Simple Group little Higgs. In order to see this, recall from Eq. (8), that
in the little technicolor or hidden local symmetry construction, the moose

Global : SU(3) SU(3)!"#$%&'( !! !"#$%&'(
Gauged : SU(2)ρ

(16)

turns into a SU(3)/SU(2) nonlinear sigma model when the SU(2)ρ gauge boson is integrated out. There-
fore, when the SU(2)i gauge bosons are integrated out, we get a theory without an obvious moose descrip-
tion:

(SU(3)/SU(2))2 NLΣM with SU(3)V gauged (17)

which is indeed the Simple Group theory. Unlike the Minimal Moose, this theory does not exhibit ordinary
collective symmetry breaking. However, the Higgs potential is not quadratically divergent because both
f1 and f2 must be nonzero for the Higgs boson not to be eaten.

Finally, Eq. (12) can turn into the Original Holographic Higgs if we take f1 > f2. To see this, note
that Eq. (12) can be thought of as the three-site deconstruction of a warped extra dimension with bulk
gauge fields and appropriate boundary conditions:

SU(2) SU(2)

Bulk

IR BraneUV Brane

SU(3)

(18)

The warp factor is reflected in the different pion decay constants on the links [ref?], so there is no natural
T -parity limit in this case. The Original Holographic Higgs exhibits AdS/CFT collective breaking, in the
sense that both the IR brane and UV brane boundary conditions must violate the bulk SU(3) symmetry



A Unified Approach: Little M-theory
• Almost all little Higgs models are either based on 

moose diagrams or can be converted into moose 
models using CCWZ.

• Extra dimensional models can be converted into 
moose models by deconstruction.

• Many different models can be represented by the 
same moose diagram at low energies. 

[20], and a known AdS5 construction [21] that superficially does not look like a little Higgs

theory (but really is). We return briefly to AdS space in section 4 to show how “integrat-

ing in” the IR brane can turn holographic composite Higgs models into brane-localized little

Higgs theories. We comment on vacuum alignment issues in section 5, and we conclude with

some outstanding questions about more general little Higgs theories and speculations on the

Wess-Zumino-Witten term [22, 23].

2. From AdS/CFT to QCD via CCWZ and HLS

The starting point for our analysis is the AdS/CFT correspondence [24, 25, 26] and its

phenomenological interpretation [27, 28]. There is a straightforward way to construct the

AdS dual of a CFT that yields a G/H nonlinear sigma model at low energies and where a

subgroup F ⊂ G is gauged: simply consider a slice of AdS5 [29] with bulk G gauge bosons

where the gauge symmetry is reduced to F on the UV brane and H on the IR brane [21]:
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a
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CFT with global G symmetry
+

F ⊂ G gauged
+

G/H symmetry breaking
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Dual

(2.1)

This construction was studied in the context of the littlest Higgs in [30]. In this paper, we

take the obvious next step and deconstruct the warped dimension [31]. The link fields in

the moose are the Wilson lines constructed out of A5, and the warp factor is reflected in the

different decay constants on the links [32]:

Global : G G G G

!"#$%&'( !! !"#$%&'( !! · · · !! !"#$%&'( !! !"#$%&'(

Gauged : F G G H

(2.2)

Going to the extreme where we only introduce sites corresponding the UV and IR branes,

we arrive at a moose diagram which at low energies is supposed to describe a G/H nonlinear

sigma model with F ⊂ G gauged:
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ξ
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(2.3)
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For example, the moose diagram                                  

can describe several very different looking models by 
taking various limits.

• Simple little Higgs:

• Minimal moose: 

• Holographic PNGB Higgs

Little M-theory 7

diagram, and in certain cases, one can interpolate between different models by taking different limits of
the same M-theory. In this subsection, we will show how this interpolation works in a toy little M-theory
without hypercharge or fermions.

This toy model is based on the coset space SU(3)/SU(2). In particular, imagine a triplet of a global
SU(3) that takes a vev.

Φ = eiΠ/f




0
0
f



 (10)

The SU(3)/SU(2) goldstone matrix contains a doublet h and a singlet η under the unbroken SU(2).

Π =
1√
2




0 0 h1

0 0 h2

h†
1 h†

2 0



 +
1
4




η 0 0
0 η 0
0 0 −2η



 (11)

There are at least three theories based on this coset space, namely the Simple Group Little Higgs [19], the
Minimal Moose Little Higgs [20], and the Original Holographic Higgs [7]. As we will see, they can all be
described by the same three-site M-theory. Further variations are discussed in [15].

At first, it seems implausible that these three theories could arise as different limits of the same theory
because they all have different fundamental gauge symmetries. The Minimal Moose is based on gauging a
product group SU(2)×SU(2), the Simple Group has the simple group SU(3) gauged, whereas the Original
Holographic Higgs is dual to a CFT with a single copy of SU(2) gauged. How can these theories come
from the same M-theory if they have different gauge structures?

The point is that for LHC phenomenology, we only require the low energy degrees of freedom of the
three theories to be the same, and indeed, immediately above the electroweak symmetry breaking scale
all three theories have only massless SU(2) gauge bosons. The heavy gauge fields will appear at the
LHC as new heavy spin-1 modes, and in the spirit of Abbott-Fahri, to first approximation we are free to
interpret these heavy modes as either gauge bosons that get a mass via spontaneous symmetry breaking
or resonances from some strong dynamics. The little M-theory description will include an SU(3)×SU(2)s
worth of massive gauge bosons, but we can decouple any of the modes that are irrelevant by changing some
appropriate gauge couplings.

The toy SU(3)/SU(2) little M-theory can be described by the following moose diagram:

Global : SU(3) SU(3) SU(3)!"#$%&'( !!

Σ1 !"#$%&'( !!

Σ2 !"#$%&'(
Gauged : SU(2)1 SU(3)m SU(2)2

(12)

In unitary gauge, an SU(3) × SU(2)s worth of Goldstone are eaten, yielding SU(3) × SU(2) massive
gauge bosons and massless SU(2) gauge bosons. The link fields are parametrized in terms of the uneaten
Goldstones as

Σ1 = eiΠ/f1 , Σ2 = eiΠ/f2 . (13)

The T -parity limit of this theory is achieved when the gauge couplings g1 and g2 and the decay constants
f1 and f2 are taken to be equal. g1,2 of SU(2)1,2 →∞

gm of SU(3)m →∞

Little M-theory 8

It is now straightforward to see how Eq. (12) can interpolate between the three different theories
mentioned above. If we take the gm gauge coupling to infinity, then we can integrate out the ultra-massive
SU(3)m gauge bosons. If we ignore the mechanism for generating the Higgs quartic, then this yields the
correct gauge structure for the Minimal Moose:

Global : SU(3) SU(3)!"#$%&'( !!

Σ !"#$%&'(
Gauged : SU(2)1 SU(2)2

(14)

where
Σ = Σ1Σ2. (15)

The Minimal Moose exhibits a collective symmetry breaking structure, in that both g1 and g2 must be
non-zero for the Higgs boson in Σ to get a radiative potential from gauge loops.

If we take the g1 and g2 gauge couplings to infinity, then we can integrate out the ultra-massive SU(2)i
gauge bosons. This will yield the Simple Group little Higgs. In order to see this, recall from Eq. (8), that
in the little technicolor or hidden local symmetry construction, the moose

Global : SU(3) SU(3)!"#$%&'( !! !"#$%&'(
Gauged : SU(2)ρ

(16)

turns into a SU(3)/SU(2) nonlinear sigma model when the SU(2)ρ gauge boson is integrated out. There-
fore, when the SU(2)i gauge bosons are integrated out, we get a theory without an obvious moose descrip-
tion:

(SU(3)/SU(2))2 NLΣM with SU(3)V gauged (17)

which is indeed the Simple Group theory. Unlike the Minimal Moose, this theory does not exhibit ordinary
collective symmetry breaking. However, the Higgs potential is not quadratically divergent because both
f1 and f2 must be nonzero for the Higgs boson not to be eaten.

Finally, Eq. (12) can turn into the Original Holographic Higgs if we take f1 > f2. To see this, note
that Eq. (12) can be thought of as the three-site deconstruction of a warped extra dimension with bulk
gauge fields and appropriate boundary conditions:

SU(2) SU(2)

Bulk

IR BraneUV Brane

SU(3)

(18)

The warp factor is reflected in the different pion decay constants on the links [ref?], so there is no natural
T -parity limit in this case. The Original Holographic Higgs exhibits AdS/CFT collective breaking, in the
sense that both the IR brane and UV brane boundary conditions must violate the bulk SU(3) symmetry

The middle site can be integrated out.

Little M-theory 8

It is now straightforward to see how Eq. (12) can interpolate between the three different theories
mentioned above. If we take the gm gauge coupling to infinity, then we can integrate out the ultra-massive
SU(3)m gauge bosons. If we ignore the mechanism for generating the Higgs quartic, then this yields the
correct gauge structure for the Minimal Moose:

Global : SU(3) SU(3)!"#$%&'( !!

Σ !"#$%&'(
Gauged : SU(2)1 SU(2)2

(14)

where
Σ = Σ1Σ2. (15)

The Minimal Moose exhibits a collective symmetry breaking structure, in that both g1 and g2 must be
non-zero for the Higgs boson in Σ to get a radiative potential from gauge loops.

If we take the g1 and g2 gauge couplings to infinity, then we can integrate out the ultra-massive SU(2)i
gauge bosons. This will yield the Simple Group little Higgs. In order to see this, recall from Eq. (8), that
in the little technicolor or hidden local symmetry construction, the moose

Global : SU(3) SU(3)!"#$%&'( !! !"#$%&'(
Gauged : SU(2)ρ

(16)

turns into a SU(3)/SU(2) nonlinear sigma model when the SU(2)ρ gauge boson is integrated out. There-
fore, when the SU(2)i gauge bosons are integrated out, we get a theory without an obvious moose descrip-
tion:

(SU(3)/SU(2))2 NLΣM with SU(3)V gauged (17)

which is indeed the Simple Group theory. Unlike the Minimal Moose, this theory does not exhibit ordinary
collective symmetry breaking. However, the Higgs potential is not quadratically divergent because both
f1 and f2 must be nonzero for the Higgs boson not to be eaten.

Finally, Eq. (12) can turn into the Original Holographic Higgs if we take f1 > f2. To see this, note
that Eq. (12) can be thought of as the three-site deconstruction of a warped extra dimension with bulk
gauge fields and appropriate boundary conditions:

SU(2) SU(2)

Bulk

IR BraneUV Brane

SU(3)

(18)

The warp factor is reflected in the different pion decay constants on the links [ref?], so there is no natural
T -parity limit in this case. The Original Holographic Higgs exhibits AdS/CFT collective breaking, in the
sense that both the IR brane and UV brane boundary conditions must violate the bulk SU(3) symmetry

Arkani-Hamed et al, hep-ph/0206020

Kaplan & Schmaltz, hep-ph/0302049

Contino, Nomura & Pomarol, hep-ph/0306259



Electroweak Constraints
• To avoid large corrections to T, the model should 

contain a custodial symmetry SU(2)L x SU(2)R.

• S and 4-fermion interactions can be reduced by 
raising the masses of the TeV-scale particles (for 
the price of more fine-tuning), or reducing the 
couplings between SM fermions and the new TeV 
scale particles.

For example, in many little Higgs models one can 
impose a T-parity which forbids couplings 
between the SM fermions and TeV scale particles.  
(Recently T-parity is claimed to be broken by anomalies, Hill & Hill 
‘07. However, it’s a UV completion question. One can easily find 
UV-complete theories in which T-parity is exact.)



Twin Higgs

• The accidental global symmetry is due to a discrete 
symmetry.

• The new particle responsible for canceling the top 
loop contribution to the Higgs mass needs not to 
be colored! It can be difficult to find at LHC.

Chacko, Goh, and Harnik, hep-ph/0506256, 0512088



Twin Higgs
• Consider a scalar field transforming as a fundamental 

rep. of a global SU(4). It gets a (TeV scale) vev f, 
breaking SU(4) to SU(3) => 7 Goldstone bosons

• Now gauge SU(2)AxSU(2)B subgroup with a twin 
parity A       B (gA=gB).

• The quadratic corrections are SU(4) invariant,

Roni Harnik – February 27th 2006
UC Davis 

Gauge SU(2)A!SU(2)B

• Now we gauge an SU(2)A! SU(2)B subgroup

       eventually –

                                  SM        “Twin” SM

• The field H transfoms as

Roni Harnik – February 27th 2006
UC Davis 

Radiative Corrections

• Quadratic terms are generated:

• Impose a “Twin” Z
2
 :    A ! B

SU(4) invariant ! Does not give a Goldstone mass !
Roni Harnik – February 27th 2006

UC Davis 

Radiative Corrections

• Quadratic terms are generated:

• Impose a “Twin” Z
2
 :    A ! B

SU(4) invariant ! Does not give a Goldstone mass !Does not give mass to the Goldstones.



Twin Higgs

• Higher order terms are not SU(4) invariant.

• Correct EWSB (asymmetric vacuum, fA~174 GeV 
<< fB) can be obtained by adding a soft Z2 breaking 
mass, 

Roni Harnik – February 27th 2006
UC Davis 

The Twin Mechanism

• Due to a discrete symmetry the quadratic terms 
in the potential respect a continuous global 
symmetry that is otherwise broken.

• Higher order terms are not SU(4) invariant.

withSee Barbieri et al.
For the !" 1 option.

hep-ph/0509242
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Soft Z
2
 Breaking

• Add

    a soft breaking of Z
2

              does not introduce quadratic divergences.

µ is the only Z
2
 breaking parameter.

µ<<! is technically natural.

µ will be of order EW scale



Twin Higgs
Two options:

• Mirror (twin) model: SMA x SMB x Z2 

Top sector:

Top loop is canceled by the mirror top charged 
under the mirror gauge group => difficult to 
find at LHC.

Top sector can be extended to remove the 
logarithmic sensitivity to the cutoff.

• Left-right model: SU(2)L x SU(2)R x U(1)B-L 
Roni Harnik – February 27th 2006

UC Davis 

Top

• The top sector then looks like

(with the right sign)

EWSB is triggered by the top (as usual).



Folded SUSY

• Cancelation of quadratic divergence from the top 
loop:

• Can the top loop be canceled by uncolored 
bosons?

Yes, 

?????????Twin Higgs -

mirror

fermion boson

color

Non-color

Little Higgs SUSY Global symmetry

Discrete symmetry

This is the first example showing that the top-partners can be singlets under the SM SU(3).
This finding is significant since we now have to be more careful when interpreting the

LHC results. The LHC may not be able to reveal the true dynamics of electroweak

symmetry breaking.

This situation leads us to a more general consideration :

Question :

Can Non-colored bosons cancel the top loop contribution to Higgs mass ??

Burdman, Chacko, Goh, and Harnik, hep-ph/0609152

Nonstandard SUSY

Supersymmetry charges 
don’t act in gauge space.

t

t̃

←
→Qα

Superpartners always 
have the same quantum 

numbers as SM counterparts.

How can we get non-colored partners?
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Below ~10 TeV we have the daughter of

as orbifolded by                   : 

 The IR Model

Z2Γ × Z2R

(SU(3)A × SU(3)B × ZAB) × SU(2)L × U(1)Y

q̃ =

(

q̃A(−)
q̃B(+)

)

q =

(

qA(+)
qB(−)

)

quarks

squarks

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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 A Full Model

A supersymmetric theory. 

SUSY is broken at 10 TeV by B.C.’s on 5D orbifold.

(SU(3)A × SU(3)B × ZAB) × SU(2)L × U(1)Y

H

interchange symmetry that links the particle content and
coupling constants of the two SU(3) gauge interactions.
The smaller SU(3) × SU(3) × Z2 symmetry is sufficient
to allow the crucial cancellation to go through just as in
the SU(6) model.

Once again we begin with a five-dimensional supersym-
metric theory. The extra dimension, which has radius R,
is compactified on S1/Z2, and there are branes at the
orbifold fixed points y = 0 and y = πR. The gauge
symmetry is now [SU(3)A× SU(3)B]× SU(2)L× U(1)Y,
and as before all gauge fields live in the bulk of the
higher dimensional space. While the SU(3)A gauge group
corresponds to the familiar SM color SU(3)B corresponds
to a mirror color gauge group. The remaining SU(2)L
and U(1)Y give rise to the SM weak and hypercharge
interactions. All matter fields arise from hypermultiplets
living in the five dimensional bulk. There is a discrete
Z2 symmetry in the bulk that interchanges the vector
superfields of the two SU(3) gauge groups, but which
acts trivially on SU(2)L and U(1)Y vector superfields.
We label this interchange symmetry by ZAB. The bulk
hypermultiplets from which the SM quarks and their F-
spartners emerge are

Q̂iA (3, 1, 2, 1/6) Q̂iB (1, 3, 2, 1/6)

ÛiA (3̄, 1, 1,−2/3) ÛiB (1, 3̄, 1,−2/3)

D̂iA (3̄, 1, 1, 1/3) D̂iB (1, 3̄, 1, 1/3) (22)

where the index A denotes the SM fields and B their
F-partners. The index i, which runs from 1 to 3 labels
the different SM generations. The numbers in brackets
indicate the quantum numbers of the various fields under
SU(3)A× SU(3)B× SU(2)L× U(1)Y. Under the bulk
ZAB interchange symmetry the indices A and B are
interchanged. The SM leptons and their F-spartners
emerge from the bulk hypermultiplets below.

L̂iA (1, 1, 2,−1/2) L̂iB (1, 1, 2,−1/2)

ÊiA (1, 1, 1, 1) ÊiB (1, 1, 1, 1) (23)

Note that L̂iA and L̂iB have exactly the same gauge
charges, as do ÊiA and ÊiB . Once again, under the
bulk ZAB interchange symmetry the indices A and B
are interchanged. The boundary conditions on the bulk
hypermultiplets are chosen to break both supersymmetry
and the discrete ZAB symmetry. Specifically, we choose
boundary conditions so that only the SM fields and their
F-spartners are light.

• Of the fields Q̂iA, ÛiA, D̂iA, L̂iA and ÊiA only the
fermions have zero modes, and

• of the fields Q̂iB , ÛiB, D̂iB, L̂iB and ÊiB only the
bosons have zero modes.

This is realized in the following way. When written in
terms of N = 1 superfields Q̂iA can be decomposed into
(QiA, Qc

iA) or into (Q′
iA, Q′c

iA). Under the action of Z,
QiA is even while Qc

iA is odd and under the action of Z ′,

Q′
iA is even while Q′c

iA is odd. These boundary conditions
project out a zero mode fermion but no corresponding
light scalar. Zero mode fermions can be obtained from
ÛiA, D̂iA, L̂iA and ÊiA by applying exactly the same
boundary conditions.

What about the mirror fields? When written in terms
of N = 1 superfields Q̂iB can be decomposed into
(QiB, Qc

iB) or into (Q′
iB , Q′c

iB). Under the action of Z,
QiB is even while Qc

iB is odd, and under the action of Z ′,
Q′

iB is odd while Q′c
iB is even. These boundary conditions

project out a zero mode scalar but no corresponding
light fermion. Zero mode scalars can be obtained from
ÛiB, D̂iB , L̂iB and ÊiB by applying exactly the same
boundary conditions. Note that the symmetry ZAB is
broken by the boundary conditions at y = πR, but not at
y = 0. This choice of bulk fields and boundary conditions
ensures the absence of unwanted Fayet-Iliapoulos terms
at the boundaries [27, 28].

The MSSM Higgs fields are localized on the brane at
y = 0. We extend the Z2 interchange symmetry of the
bulk to this brane. Then the Higgs couples with equal
strength to both SM fields and mirror fields, and the top
Yukawa coupling has the form

W = δ (y)λt [Q3AHU t3A + Q3BHU t3B] (24)

The interactions of the Higgs again have the folded-
supersymmetric form of Eq (14). Then the one-loop
contribution to the Higgs mass parameter from the top
loop is cancelled by the mirror stops. As shown in the
appendix this cancellation is not restricted to the zero-
modes but persists all the way up the Kaluza-Klein tower
and is guaranteed by a combination of supersymmetry
and the discrete symmetry. Therefore the top Yukawa
coupling does not contribute to the Higgs mass at one
loop.

In this theory the top Yukawa coupling, which is
required to be of order one, is volume suppressed. This
implies that the cutoff Λ of this theory cannot be much
larger than inverse of the compactification scale, Λ <∼
4R−1. This leads to a potential problem. Kinetic terms

of the form
∫

d2θ Q
′†
3αeV Q′

3α localized on the brane at
y = πR which do not respect the ZAB symmetry may
affect the cancellation. However, this difficulty can be
avoided by imposing an additional symmetry on the
theory. In the bulk the theory possesses a discrete charge
conjugation symmetry under which the SM matter fields
are interchanged with their corresponding charge conju-
gate fields in the mirror sector. This takes the form

Q′
iA ↔ Q′c

iB Q′
iB ↔ −Q′c

iA

U ′
iA ↔ U ′c

iB U ′
iB ↔ −U ′c

iA

D′
iA ↔ D′c

iB D′
iB ↔ −D′c

iA

L′
iA ↔ L′c

iB L′
iB ↔ −L′c

iA

E′
iA ↔ E′c

iB E′
iB ↔ −E′c

iA (25)

The vector superfields of SM color are also to be inter-
changed with their charge conjugates in the the mirror
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Technology by Quiros et al and Barbieri, Hall, Nomura et al.



Exotic Phenomenology at LHC
• Spectrum of QCD’ (SU(3)B):

• No light particle charged under QCD’.  The string 
of QCD’ doesn’t break. The pair-produced 
“squirks” will come back and oscillate before they 
eventually annihilate. The collider signals can be 
very exotic. Currently being studied by M .Luty; Burdman, 
Chacko, Goh, and Harnik; Harnik and Wizansky

Assume the quark partners live in QCD’.   
Compare the spectra of the two QCDs.

There are no squarks bellow the QCD scale.           
Qualitatively different behavior at a collider.     
[Bjorken (79), Quinn and Gupta (81)]
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Other possibilities?

• For example, can a spin-1 particle cancel the top 
loop?

Yes, if top is a gaugino. SU(5) contains X/Y gauge 
bosons which transform as (3,2). They can be the 
superpartner of the left-handed top quark. 



A spin-1 top partner

• SU(5)xSU(3)xSU(2)xU(1) => SU(3)xSU(2)xU(1)

H. Cai, HC, and J Terning, work in progress

1 Introduction

From the theoretical perspective, the Hierarchy Problem associated with the Higgs

VEV is a strong indication for New Physics beyond the Standard Model. After taking

into account the significant radiative corrections from the large top Yukawa interaction

and the SU(2) gauge interactions, the higgs VEV could be lifted from the EW scale

O(MW ) to the cut off scale Λ. In order to stablize the higgs VEV, we expect the

higgs mass is protected by some larger symmetries, so that new degrees of freedom

should appear around the TeV Scale to cancel the dangerous quadratic divergence.

Representative theories pursueing in this goal include Supersymmetry and Little Higgs.

With SUSY the loop is cancelled by a scalar top partner while in little Higgs the loop

is cancelled by a fermion top partner. Here we will consider spin-1 top partners.
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W = Yu Qu Φ2H + Yd QdΦ2H + Ye L eΦ2H + Q3Φ3Φ2 + u3HΦ3

+µ3Φ3Φ3 + µ2Φ2Φ2 + µHH (4)

〈Φ3〉 =





f3 0 0 0 0

0 f3 0 0 0

0 0 f3 0 0




, 〈Φ3〉 =





f 3 0 0

0 f 3 0

0 0 f 3

0 0 0

0 0 0





, (5)

2 Collider Phenomenology

We assume the Bino is the LSP. The NLSP turns out to be the ?. The parton-level

differential cross sections for producing the spin-1 partner of top and left-handed stop

are:
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ŝ2
+
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ŝt̂−M2ŝ
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(M2 − t̂)2
+

4(49M4 − 16ŝM2 + 16ŝ2)
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In the above equations, ŝ and t̂ are the Lorentz-invariant Mandelstam variables in the

parton level. In the LHC hadronic collision, the two gluons are supposed to come from

2

W = Yu Qu Φ2H + Yd QdΦ2H + Ye L eΦ2H + Q3Φ3Φ2 + u3HΦ3

+µ3Φ3Φ3 + µ2Φ2Φ2 + µHH (4)

〈Φ3〉 =





f3 0 0 0 0

0 f3 0 0 0

0 0 f3 0 0




, 〈Φ3〉 =





f 3 0 0

0 f 3 0

0 0 f 3

0 0 0

0 0 0





, (5)

2 Collider Phenomenology

We assume the Bino is the LSP. The NLSP turns out to be the ?. The parton-level

differential cross sections for producing the spin-1 partner of top and left-handed stop

are:

dσ

dt̂
(gg) → A32̄A32̄) =

g4
s

16πs2

1

64 · 4
4

3
{189t̂2

ŝ2
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A spin-1 top partner

•      mixes with          states in             and SU(5) 
gaugino,      mixes with the          state in     ,      
through                 vevs and    terms.

• The parameters can be chosen such that our top 
lies mostly in the SU(5) gaugino and    , then the 
top Yukawa coupling comes from the SU(5) 
gaugino coupling.

• The superpartner of the left-handed top quark is 
the spin-1 X/Y gauge boson in SU(5).

Q3 (3, 2) Φ2, Φ̄3,
ū3 (3̄, 1) H̄

H̄

Φ2,3, Φ̄2,3 µ



Conclusions

• For a long time, SUSY and Technicolor are the only 
candidates beyond SM to explain the electroweak 
symmetry breaking and the hierarchy problem.

• In recent years there is a flood of new theories 
for the electroweak symmetry breaking and the 
hierarchy problem with the help of many new 
ideas such as extra dimensions, decontruction, 
AdS/CFT correspondence, collective symmetry 
breaking, and so on. 



Conclusions
• For theories with Higgs, the quadratically 

divergent contributions to the Higgs mass^2 from 
the SM fields can be canceled by a variety of new 
particles with same or different spins, and charged 
under SM or new gauge groups. They give a wide 
range of possible phenomenologies at LHC and 
other future experiments.

• No single model stands out as they all face the 
challenge of current tight experimental 
constraints. We don’t know what we will discover 
and we need to be ready for any possibility.

• There can be other possible new theories waiting 
for us to discover.


