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Extra dimensional theories became very popular, but calculating

some things in them was hard.

The gauge couplings run like a power law, instead of logarithmically

The theory requires a cutoff, where physics becomes strongly coupled

Physical results become dependent on details of the cutoff procedure

In the 4-D picture, problem was the infinite tower of KK modes.

Need a “toy theory” with only the first few KK modes.

→ “Dimensional deconstruction”!

Hill, Pokorski & Wang, hep-th/0104035; Arkani-Hamed, Cohen & Georgi, hep-th/0104005

Discretize (or “latticize”) the 5th dimension.

Introduce n copies of the extra-dimensional gauge

group

“Connect” them with scalar fields

Give the scalar fields a vev to break all but one of the

gauge symmetries

The broken gauge generators are the n−1 KK modes

The field theory defined by this diagram is both anomaly and asymptotically free for a
wide range of m and n. At distances short compared to both 1/Λ and 1/Λs, the theory is
well-described by (N copies of) four-dimensional weakly interacting massless fermions and
gauge bosons.

What does the theory look like at longer distances? In the limit where Λs ! Λ the long
distance behavior is also simple. At energy scales near Λs the SU(m) gauge coupling is quite
weak, and may be treated perturbatively. At this scale each of the SU(n) groups become
strong, causing the fermions to condense in pairs: a non-zero expectation value forms for
each pair of fermions connected to a given strong gauge group:

〈χi,i ψi,i+1〉 ∼ 4πf 3
s Ui,i+1 i = 1, . . . , N (2.3)

where fs ∼ Λs/(4π) and Ui,i+1 is an m × m unitary matrix parameterizing the direction of
the condensate. The confining strong interactions also produce a spectrum of “hadrons”,
analogues of ordinary glueballs and baryons, all with masses on the order of Λs ∼ 4πfs.
Below the scale Λs the theory can be described as a ΠN

1 SU(m) gauge theory coupled to N
non-linear sigma model fields, each transforming as

Ui,i+1 → g−1
i (x)Ui,i+1gi+1(x) . (2.4)

We may use a diagram similar to the original moose to describe this “condensed” theory:
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Figure 2: A condensed moose diagram

The low-energy effective action for this non-linear sigma model is

S =

∫
d4x

(
−

1

2g2

N∑
j=1

trF 2
j + f 2

s

N∑
j=1

tr
[
(DµUj,j+1)

†DµUj,j+1

]
+ · · ·

)
(2.5)

where the covariant derivative is DµUj,j+1 ≡ ∂µUj,j+1 − iAj
µUj,j+1 + iUj,j+1Aj+1

µ and the dots
represent higher dimension operators that are irrelevant at low energies. The action for

3
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To avoid scalars, use trick from Technicolour:

Add a different gauge group “in between” each pair

of lattice sites

Connect pairs of gauge groups with fermions

Send the “in between” gauge couplings strong

Fermions condense and make a nonlinear sigma model

(just like the pions in QCD)

All the extra Goldstone bosons get eaten by the mas-

sive gauge bosons

2 SU(n) × SU(m) moose

Our example field theories, all of which will be four dimensional, contain gauge fields and
fermions, and are conveniently summarized in a pictorial representation, referred to variously
as “moose” [3, for example] or “quiver” [4] diagrams. In such diagrams gauge groups are
represented by open circles, and fermions by single directed lines attached to these circles.
A line directed away from a circle corresponds to a set of Weyl fermions transforming as the
fundamental representation of the gauge group, while a line directed toward a circle corre-
sponds to a set of Weyl fermions transforming as the complex conjugate of the fundamental
representation. The moose diagram we will consider is the N -sided polygon representing
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Figure 1: A moose diagram.

a field theory with a GN × GN
s gauge group and fermions transforming bi-linearly under

“nearest-neighbor” pairs of gauge transformations.
For definiteness we will take G = SU(m) and Gs = SU(n). We will impose a cyclic

symmetry to keep all SU(m) gauge couplings equal to a common value g, and all SU(n)
gauge couplings equal to gs. By dimensional transmutation we may equally well describe this
theory by two corresponding dimensionful parameters, Λ and Λs. Each side of this polygon
describes two types of fermions transforming under the three gauge groups associated with
this side, SUi(m) × SUi(n) × SUi+1(m):

!"
#$

!"
#$

!"
#$

! !G GGs

i i i+1χi,i ψi,i+1

χi,i transforming as (m, n̄, 1) (2.1)

ψi,i+1 transforming as (1, n, m̄) (2.2)

where i = 1, . . . , N (and i = 0 is periodically identified with i = N).

2

This diagram is called a moose

In 4-dim, the moose gives a light scalar field which is the totally
symmetric linear combination of all the condensed scalars.
Classically it is massless: a (Nambu-)Goldstone boson.
From quantum effects in the low-energy theory it picks up a
quadratically divergent mass.
But because it is a “nonlocal” object (stretched around the
moose), the quadratic divergence is cut off by the energy scale of
the moose (would be 1/R in the continuum extra-dim version).
No longer massless: a pseudo-Nambu-Goldstone boson (PNGB).
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Why is the “Goldstone boson” massless?

There is a global symmetry, which sponta-

neously breaks, giving a Goldstone boson:

the flat direction around the bottom of the

potential.

6
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Figure 6. Canceling the top quark loop.

constants required for the cancellations one has
only shifted the fine tuning from the Higgs mass
to the coupling constants of the new fields. How-
ever, Little Higgs theories have such a symmetry
built in. To discover it we will take a little detour.

3.1. Higgs as a Pseudo-Goldstone boson

In this section we identify the symmetry which
makes the identification of coupling constants
of the previous discussion radiatively stable and
therefore “technically natural”. To do so we first
briefly review Goldstone bosons.

Massless Goldstone bosons always arise when
global symmetries are spontaneously broken by
the vacuum. Consider for example the theory of a
complex scalar field Φ with potential V = V(|Φ|).
This potential preserves a global U(1) symmetry
Φ → eiεΦ. If the potential induces a vacuum
expectation value for < Φ >= f then the U(1)
symmetry is spontaneously broken and a mass-
less Goldstone boson arises. To see this explicitly,
it is convenient to parameterize Φ = (v + r)eiθ/f ,
where r and θ are real fields. Because of the global
U(1) symmetry θ can be removed from the poten-
tial by a space-time dependent U(1) transforma-
tion with ε = −θ/f . The resulting Lagrangian
does not contain θ except in derivative interac-
tions. Therefore θ has no potential and in par-

W

_

λλ _

h φ

2g 2 g

W

Figure 7. Canceling the gauge and Higgs loops.

ticular also no mass. The “radial mode” r does
obtain a mass from the potential and can be in-
tegrated out (Figure 7.). Note that this argu-

θ

r

Figure 8. The “Mexican hat” potential for Φ. The
black dot represents the vacuum expectation value
f , r is the radial mode and θ the Goldstone boson.

ment is based only on the existence of the U(1)
symmetry and is therefore stable under radiative
corrections.

To summarize, we now have a simple mecha-
nism for generating massless scalar fields. Unfor-

Why does the “pseudo-Nambu-Goldstone boson” get a mass?
The global symmetry is explicitly broken.
There are some terms in the Lagrangian (interactions) that are
not symmetric under the global symmetry.
Interactions (in loops!) communicate that breaking to the PNGB.

Why does it get only a small mass?
Any one interaction preserves enough global symmetry to forbid
the PNGB from getting a mass.
Need multiple interactions acting together to generate the mass.
To get multiple interactions, need to go to a higher loop order.
PNGB mass is “protected” at 1-loop order!

This idea is called “collective symmetry breaking”.
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Collective symmetry breaking offers a possible solution to the

Little Hierarchy.

What is the Little Hierarchy?

The big hierarchy is the hierarchy between mW and MPl.

There are strong constraints on Technicolour (and strongly-

coupled theories in general) from precision electroweak measure-

ments [at LEP].

A general analysis indicates that new strongly-coupled physics

[without R- or KK-parity] shouldn’t be lighter than roughly 10 TeV.

∆m2 ∼ (g2/16π2)Λ2 → mW ∼ (g/4π)Λ ∼ 0.1Λ for naturalness.

So we want Λ ∼ TeV.

Because of EW precision constraints, this is difficult!

But if ∆m2 appeared only at 2-loops, then:

∆m2 ∼ (g2/16π2)2Λ2 → mW ∼ (g/4π)2Λ ∼ 0.01Λ

So Λ ∼ 10 TeV is ok!
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Collective symmetry breaking offers a possible solution to the
“Little Hierarchy problem”.

4π
g f2

 f4π~Λ
Strong 

Coupling
Weak

Coupling� � � � � � � � �
� � � � � � � � �
� � � � � � � � �
� � � � � � � � �
� � � � � � � � �
� � � � � � � � �
� � � � � � � � �
� � � � � � � � �
� � � � � � � � �

� � � � � � � � �
� � � � � � � � �
� � � � � � � � �
� � � � � � � � �
� � � � � � � � �
� � � � � � � � �
� � � � � � � � �
� � � � � � � � �
� � � � � � � � �

gf

"Little" Higgs

New States

10 − 30 TeV

1 − 3 TeV

100 − 300 GeV

Still need new states at ∼ 1 TeV to implement the collective
breaking mechanism.
In order to make a global symmetry, need to add new things that
transform into the SM under the global symmetry.
The global symmetry gets spontaneously broken, giving mass to
the new things around 1 TeV.
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This is the idea behind Little Higgs models.

Top-down picture:

Higgs is a pseudo-Nambu-Goldstone boson of a spontaneously

broken global symmetry. Explicit breaking of the global symme-

try by gauge and Yukawa interactions generates Higgs mass and

couplings.

Bottom-up picture:

New particles at the TeV scale cancel off the SM quadratic di-

vergence of the Higgs mass from top, gauge and Higgs loops.

The new particles correspond to the extra gauge bosons, fermions,

and scalars that have to be introduced to enlarge the global sym-

metry, and that get masses at the TeV scale when the global

symmetry is spontaneously broken.
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How collective symmetry breaking works in Little Higgs models
“Littlest Higgs” model gauge sector makes a nice example.

Global symmetry is SU(5), broken down to SO(5).

The “pions” make up a nonlinear sigma model:

Σ = e2iΠ/fΣ0 =

 11
1

11

 +
2i

f

 φ† h†/
√

2
h∗/

√
2 h/

√
2

hT/
√

2 φ

 + · · ·

Gauged [SU(2)× U(1)]2 subgroup:

Qa
1 =

 σa/2
 Qa

2 =


−σa/2


Y1 = diag(−3,−3,2,2,2)/10 Y2 = diag(−2,−2,−2,3,3)/10

Gauge generators each preserve part of the global symmetry:

SU(3)1 →


02×2

V3

 SU(3)2 →

 V3

02×2


Need both SU(2)1 and SU(2)2 interactions to give h a mass.
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Mass scales, again:

• Higgs is a pseudo-Goldstone boson
from global symmetry breaking at scale
Λ ∼ 4πf ∼ 10− 30 TeV;

• Quadratic divergences cancelled at
one-loop level by new states
M ∼ gf ∼ 1− 3 TeV;

• Higgs acquires a mass radiatively at
the EW scale
v ∼ g2f/4π ∼ 100− 300 GeV.

4π
g f2

 f4π~Λ
Strong 

Coupling
Weak

Coupling� � � � � � � � �
� � � � � � � � �
� � � � � � � � �
� � � � � � � � �
� � � � � � � � �
� � � � � � � � �
� � � � � � � � �
� � � � � � � � �
� � � � � � � � �

� � � � � � � � �
� � � � � � � � �
� � � � � � � � �
� � � � � � � � �
� � � � � � � � �
� � � � � � � � �
� � � � � � � � �
� � � � � � � � �
� � � � � � � � �

gf

"Little" Higgs

New States

10 − 30 TeV

1 − 3 TeV

100 − 300 GeV

Still have to deal with “big hierarchy” between 10 TeV and MPl.

Little Higgs models are just effective theories below their cutoff

scale Λ ∼ 10 TeV.

Need an “ultraviolet (UV) completion”: a theory valid up to MPl.

Usually this is some Technicolour-like theory with strong coupling

and composite particles.
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What are the new states?

Little Higgs models include:

- New gauge bosons to cancel

the SM gauge loops

- New scalars to cancel the Higgs

self-interaction loop

- New “top-quark-partner” to

cancel the top loop

W

_

λλ _

h φ

2g 2 g

W

diagrams from Schmaltz, hep-ph/0210415

H

t

t

H

a)

H

T

t

H

b)

T

c)

λ t λ t λT λT

T

H Hλ′T--------
MT

MT

×

diagrams from Han, Logan & Wang, hep-ph/0506313
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New gauge bosons to cancel the SM gauge loops:

Two different types of models with different gauge structure.

Product group models

SM SU(2)L gauge group

comes from diagonal break-

ing of a product gauge

group:

SU(2)×SU(2)→SU(2)L

Prototype: Littlest Higgs

Also includes:

Moose models,

SU(6)/Sp(6) model,

Littlest Higgs with custodial SU(2)

Simple group models

SM SU(2)L gauge group comes

from breaking of a simple gauge

group:

blah

SU(N)→SU(2)L

Prototype: SU(3) Simple Group

Also includes:

SU(4) Simple Group,

SU(9)/SU(8) model
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Product group models:

Littlest Higgs

SU(2)1×SU(2)2×U(1)Y

→SU(2)L×U(1)Y

Broken generators:

SU(2) triplet W±
H , ZH

blah

Couplings to fermions:

Left-handed doublets trans-

form under SU(2)1
Free mixing angle

cot θ = g1/g2

Simple group models:

SU(3) Simple Group

SU(3)×U(1)X →SU(2)L×U(1)Y

Broken diagonal generator Z′;
broken off-diagonal generators

X±, Y 0

Couplings to fermions:

Left-handed doublets embedded

in SU(3); U(1)X charges fixed

by hypercharges.

Two possible embeddings:

universal and anomaly-free,

each with fixed couplings.

Heather Logan Beyond the Standard Model – 4 TSI’06



Phenomenology: ZH , WH production at LHC

Han, Logan, & Wang, hep-ph/0506313

Littlest Higgs [dots]: MZH
= MWH

. Cross section ∝ cot2 θ.

SU(3) Simple Group [solid & dashes]: Z′ cross section depends

only on fermion embedding (discrete choice). MX = 0.82MZ′;

X± production very suppressed.
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Littlest Higgs: Search for ZH.

ZH → `+`− and ZH → Zh signals at LHC
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Figure 14: Invariant mass of the Zh system reconstructed from the !+!−bb final state showing the
signal from a ZH of mass 1000 GeV with cot θ = 0.5 above the Standard Model background. The
vertical lines define the signal region.
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Figure 15: As in Figure 14 except that the ZH mass is 2 TeV.
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plots from Azuelos et al, hep-ph/0402037 cot θ = 0.5

MZH
= 2 TeV with 300 fb−1
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Littlest Higgs: Search for WH

WH → `ν and WH → Wh signals at LHC
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Figure 16: Invariant mass of the Wh system reconstructed from the !+νbb final state showing the
signal from a WH of mass 1000 GeV with cot θ = 0.5 above the Standard Model background. The
vertical lines define the signal region.
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plots from Azuelos et al, hep-ph/0402037 cot θ = 0.5

[MWH
= 1 TeV only]
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LHC 5σ discovery reach of ZH, WH in Littlest Higgs model
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Figure 22: Plot showing the accessible regions for 5σ discovery of the gauge bosons WH and ZH as
a function of the mass and cot θ for the various final states. The regions to the left of the lines are
accessible with 300 fb−1.

27

from Azuelos et al, hep-ph/0402037

for 300 fb−1
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Gauge divergence cancellation: sum rule for couplings

W

_

λλ _

h φ

2g 2 g

W ∑
i

GHHViV
∗
i

= 0

SM couplings:

GHHW+W− = g2/4 GHHZZ = g2/8c2W

Littlest Higgs model (product group):

G
HHW+

H W−
H

= −g2/4 GHHZHZH
= −g2/8

SU(3) Simple Group model:

GHHX+X− = −g2/4 GHHZ′Z′ = −g2/8c2W
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Gauge boson couplings to the Higgs are critical for cancellation

of the quadratic divergence:

Product group models:

Littlest Higgs

SU(2)1×SU(2)2×U(1)Y

→SU(2)L×U(1)Y

Broken generators:

SU(2) triplet W±
H , ZH

blah

Couplings to Higgs:

Collective breaking structure:

Higgs transforms under both

SU(2)s

L ⊃ g1g2W1W2hh†/4
= g2[WW −WHWH

−2cot 2θWWH]hh†/4

Simple group models:

SU(3) Simple Group

SU(3)×U(1)X →SU(2)L×U(1)Y

Broken diagonal generator Z′;
broken off-diagonal generators

X±, Y 0

Couplings to Higgs:

Higgs embedded in SU(3) triplet

as a “pion”

L ⊃ g2[W+W− −X+X−]H2/4

+(g2/8c2W )[ZZ − Z′Z′

+2cW (1− t2W )/
√

3− t2WZZ′]H2
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Gauge-Higgs couplings fix the bosonic decay widths of the ZH,
WH relative to their fermionic widths.
Test of the Higgs mass stabilization mechanism:

 0

 1

 2

 3

 4

 5

 6

 0  2  4  6  8  10  12

σ 
* 

B
R

(Z
H

)  
(fb

)

σ * BR(ee)  (fb)

MZ’ = 2.5 TeV
LHC 14 TeV pp, CTEQ5L

LH ’Big Higgs’

af
uni

Han, Logan, & Wang, hep-ph/0506313

Littlest Higgs: (LH)

Production ∝ cot2 θ

Decay to fermions ∝ cot2 θ

Decay to bosons ∝ cot2 2θ

SU(3) Simple Group: (af, uni)

Production and decay couplings

fixed once fermion embedding is

chosen.

“Big Higgs”:

SU(2)1×SU(2)2 →SU(2)L

model with Higgs transforming

linearly under SU(2)1.

No quadratic div. cancellation.

Production and decay couplings

all ∝ cot2 θ.
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Want the top loop to be cancelled also:
Need to implement collective symmetry breaking in top sector.
To set up the required global symmetry, have to enlarge the top
sector.

Give the top something to transform into under the global symmetry.

Upshot: have to add an extra “top-partner” quark T .
T is an electroweak singlet (has no SU(2) partner “heavy b”).
T has both left- and right-handed components: a Dirac fermion.

[T mass ∼ TeV; does not come from EWSB]

T mixes a little with the SM top quark [get TbW , TtZ, Tth couplings]

Coupling sum rule for top divergence cancellation:

λ2
t + λ2

T = λ′T

H

t

t

H

a)

H

T

t

H

b)

T

c)

λ t λ t λT λT

T

H Hλ′T--------
MT

MT

×

diagrams from Han, Logan & Wang, hep-ph/0506313
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Production of the top-partner T in the Littlest Higgs model:

Wb → T

from Han, Logan, McElrath, & Wang, hep-ph/0301040
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T decays into the 3rd-gen left-handed quark doublet (tL, bL) and

the components of the Higgs doublet (G+, (h + G0)/
√

2):

T → tZ (25%), T → bW (50%), T → th (25%).

T → tZ, T → bW , and T → th decay mode searches at LHC:
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ATLAS

Figure 2: Reconstructed mass of the Z and t (inferred from the measured lepton, /ET , and tagged
b−jet). The signal T → Zt is shown for a mass of 1000 GeV. The background, shown as the filled
histogram, is dominated by WZ and tbZ (the latter is larger) production. The signal event rates
correspond to λ1/λ2 = 1 and a BR(T → ht) of 25%. More details can be found in Ref [17].

• Three isolated leptons (either e or µ) with pT > 40 GeV and |η| < 2.5. One of these is
required to have pT > 100 GeV.

• No other leptons with pT > 15 GeV.

• /ET > 100 GeV.

• At least one tagged b−jet with pT > 30 GeV.

The presence of the leptons ensures that the events are triggered. A pair of leptons of same flavor
and opposite sign is required to have an invariant mass within 10 GeV of Z mass. The efficiency
of these cuts is 3.3% for mT = 1000 GeV. The third lepton is then assumed to arise from a W and
the W ’s momentum reconstructed using it and the measured /ET .

The invariant mass of the Zt system can then be reconstructed by including the b−jet. This
is shown in Figure 2 for mT = 1000 GeV where a clear peak is visible above the background.
Following the cuts, the background is dominated by tbZ which is more than 10 times greater than
all the others combined. The cuts accept 0.8% of this background [17].

Using this analysis, the discovery potential in this channel can be estimated. The signal to
background ratio is excellent as can be seen from Figure 2. Requiring a peak of at least 5σ
significance containing at least 10 reconstructed events implies that for λ1/λ2 = 1(2) and 300 fb−1

the quark of mass MT < 1050(1400) GeV is observable. At these values, the single T production
process dominates, justifying a posteriori the neglect of TT production in this simulation.
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Figure 3: Reconstructed mass of the W (inferred from the measured lepton and /ET ) and tagged
b−jet. The signal arises from the decay T → Wb and is shown a for mass of 1000 GeV. The
background, shown separately as the filled histogram, is dominated by tt and single top production
(the former is larger). The signal event rates correspond to λ1/λ2 = 1 and a BR(T → Wb) of 50%.
More details can be found in Ref [17].
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Figure 5: Reconstructed mass of the W (inferred from the isolated lepton and missing transverse
energy) and three jets, two of which are required to have an invariant mass consistent with the
Higgs mass. The signal arises from the decay T → ht and is shown for a mass of 1000 GeV.
The background, shown in cross-hatching, is dominated by tt production. The signal event rates
correspond to λ1/λ2 = 1 and a BR(T → ht) of 25%.
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plots from Azuelos et al, hep-ph/0402037 [for mh = 120 GeV]
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Testing the coupling sum rule in the top sector:

λ2
t + λ2

T = λ′T

H

t

t

H

a)

H

T

t

H

b)

T

c)

λ t λ t λT λT

T

H Hλ′T--------
MT

MT

×

diagrams from Han, Logan & Wang, hep-ph/0506313

In Littlest Higgs model the free parameters are λT , MT and f .

λT fixes the TbW coupling: measure from single T production.

Measure the T mass MT .

Measure f from the gauge sector.

In other models [e.g., SU(3) Simple Group] the top sector is more compli-

cated. Need to measure one more mixing angle from heavy partners of the

light quarks.
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Electroweak precision constraints on Little Higgs models

As in UED, strongest constraints come from tree-level exchange

of new gauge bosons between fermions.

0.2 0.4 0.6 0.8 1
c

2

4

6

8

10

a

Plot for Littlest Higgs

model with only one

U(1) group gauged (hy-

percharge).

from Csáki, Hubisz, Kribs, Meade, &

Terning, hep-ph/0303236

The scale f is rather tightly constrained: MZH
, MWH

≥ 2 TeV

usually required.

Top-partner mass is linked to f :

Tends to be pushed above 1–3 TeV by EW precision constraints

on f : Higgs mass becoming fine-tuned again.
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If we could eliminate tree-level exchange of WH, ZH, the EW
precision constraints would become much looser.

Is there an analogue of KK-parity for the little Higgs?
If the extra gauge bosons are odd under some parity, they won’t
contribute to precision EW observables at tree level!
Parity-odd extra gauge bosons can still do their jobs in the loops.
Then new particles can be light enough to cancel the Higgs mass
divergence without fine-tuning.

The answer is yes: T-parity!

For moose models it is exactly analogous to KK-parity:
The “moose” represents a latticized extra dimension.
T-parity is just a symmetry flipping the moose left-to-right.
Analogous to the reflection symmetry that gives K-parity in UED.

Can also construct a “Littlest Higgs”-type model with T-parity:
Need to add a few more fermions, set various couplings equal so
that a Z2 parity is conserved.
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As in UED, including T-parity allows new particles to be much
lighter: several hundred GeV range.

“Littlest Higgs with T-parity”:
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Figure 5: Exclusion contours in terms of the parameter R = λ1/λ2 and the symmetry
breaking scale f . The contribution of the T-odd fermions to the T parameter is neglected.
From lightest to darkest, the contours correspond to the 95, 99, and 99.9 confidence level
exclusion.

With the assumption of flavor-diagonal and flavor-independent Yukawa couplings κ
made in Section 3.2, the one-loop vertex corrections due to loops of T-odd fermions are
flavor-universal, and can therefore be absorbed in the redefinitions of gauge couplings. They
will not induce an observable shift in Zbb̄ couplings.

4 Constraints on the Littlest Higgs Parameter Space

To obtain constraints on the parameter space of the LH model with T parity, we have
performed a global fit to precision electroweak observables, including the LH contributions
evaluated in the previous section. The LH contributions are parametrized by two dimen-
sionless numbers, R = λ1/λ2 and δc, and the symmetry breaking scale f . In the fit, we
have used the values of the 21 Z pole and low-energy observables listed in Ref. [17]; the
equations expressing the shifts in these observables in terms of the oblique parameters and
δgbb̄

L are given in Ref. [21]. We take the top mass to be 176.9 GeV [17], and do not include
the uncertainty associated with the top mass. In each constraint plot, we draw the 95, 99,
and 99.9% confidence level contours in the context of a χ2 analysis with two degrees of
freedom6.

6It is important to note that changing the assumed number of degrees of freedom can strongly affect
the positions of the contours; this is equivalent to modifying the priors that enter into the fit [22]. A
complete Bayesian analysis taking into account a variety of different priors for the model parameters is
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Figure 7: Exclusion contours in terms of the Higgs mass mh and the symmetry breaking
scale f . From lightest to darkest, the contours correspond to the 95, 99, and 99.9 confidence
level exclusion. Contours of constant values of the fine-tuning parameter F are also shown;
the solid and dashed lines correspond to F = 10 and F = 100, respectively.

SM upper bound, currently about 250 GeV. This possibility is illustrated in Fig. 7, where
we fix R = 2, δc = 0, and plot the constraints in the f − mh plane. Remarkably, values of
mh as high as 800 GeV are allowed at 95% confidence level. (Note that the approximation
made in Eq. (3.35), where the corrections of order v/f in the Higgs contribution to the
oblique parameters have been neglected, is justified in the region of interest, since f is still
of order 1 TeV.) Thus, the LH model provides an explicit, well-motivated example of a
theory in which the SM upper bound on the Higgs mass is avoided. Moreover, from the
point of view of fine tuning in the Higgs potential, the high values of mh are more natural
in the context of this model [25]. For example, let us use the ratio of the one-loop top
contribution to m2

h to the full m2
h,

F =
3λ2

t m
2
T+

4π2m2
h

log
Λ2

m2
T+

, (4.43)

as a quantitative measure of the fine tuning. (Larger values of F correspond to higher
degree of fine tuning.) Plotting the contours of constant F indicates that, in the region
of the parameter space consistent with precision electroweak constraints, the degree of fine
tuning increases with the decreasing Higgs mass. Large values of mh are clearly preferred
from the point of view of naturalness in the Higgs potential.

If T parity is an exact symmetry (including the theory completing the description

to T also occurs in top seesaw models [23]; see Ref. [24]. We are grateful to Bogdan Dobrescu for bringing
this paper to our attention.
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from Hubisz, Meade, Noble, & Perelstein, hep-ph/0506042

Fine-tuning is greatly improved:

Grey solid line: mh fine-tuned to 10%

Grey dashed line: mh fine-tuned to 1%
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Phenomenology of the Littlest Higgs with T-parity:

Very similar to UED phenomenology!

Still have the ZH, WH, AH gauge bosons of Littlest Higgs model

Now they are T-odd: must be pair-produced.

AH is the lightest: “LTP”

Missing energy signatures

Dark matter candidate

Still have the T of Littlest Higgs model

Two versions of the T-parity model: one with T+ (T-even) and

one with T− (T-odd).

T+: single-production is the same; decays are the same.

T−: must be pair-produced; decays to top and LTP.

Get extra T-odd fermion “partners” of each SM generation

They are needed to make model T-symmetric

Can mix in general: flavour-changing issue (as in SUSY!)

Need to assume T-odd fermions do not mix between generations
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The latest new direction in Higgs-as-a-PNGB: “Twin Higgs”

Rather than using a global symmetry like SU(5) or [SU(3)]2 to
protect the Higgs from radiative corrections, use a second Higgs
doublet and a discrete symmetry.
Set it up so H and Ĥ transform into each other under Z2.
Get an accidental global SU(4) as a result: (H, Ĥ), under which
the SM Higgs is a PNGB: mass is protected at one loop.

First implementation: have to “twin” the entire SM to preserve
the symmetries!
Higgs mass divergence is cancelled by Mirror-World particles!
Mirror world particles very hard to detect at colliders; can screw
up early universe cosmology.

Second implementation: don’t need to duplicate the entire SM.
Enlarges weak gauge group to SU(2)L×SU(2)R (SU(2)R contains

U(1)Y ): “Left-Right symmetry”.
Discrete symmetry is the Z2 that swaps SU(2)L ↔ SU(2)R.
Rich set of new particles to study at LHC.
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Summary

Little Higgs models are sort of a “deconstructed” version of

UED, but with more freedom:

Littlest Higgs-type models have no extra-dimensional analogue.

No “KK gluon” because SU(3)c is not replicated.

Higgs mass is stabilized by cancellation between SM loops and

new particle loops

Different from SUSY: fermion loops cancelled by fermions; bo-

son loops cancelled by bosons!

Also: cancellation only works at 1 loop! 2-loop quadratic diver-

gence must be cut off at Λ ∼ 10 TeV for a “natural” theory.

Need something new at 10 TeV or so: the UV completion.

[Something like Technicolour?]

Key measurements are the couplings involved in the Higgs mass

divergence cancellation.

Shed light on the symmetry structure of the theory.
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