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1 Introduction

The standard model (SM), which is remarkably accurate in predicting fundamental interactions

at at or below ∼ 100 GeV, does not provide a satisfying explanation for the scale of electroweak

symmetry breaking (EWSB). As an effective field theory, if the standard model is complete up

to the grand-unification (GUT) scale or the Planck scale, it is an extremely fine-tuned theory.

Quadratically divergent contributions to the Higgs mass require fine tuning between its bare value

and these quantum corrections. This fact leads us to expect additional structure not far above

the EWSB scale that cuts off these quadratic divergences, and has prompted many extensions

of the standard model.

To avoid fine tuning of more than ∼ 10%, SM extensions require new physics to appear

around the TeV scale. For decades, models have been developed which seek to resolve this issue

of fine-tuning by extending the standard model beyond the electroweak scale. Notable examples

such as supersymmetric (SUSY) models [1] and technicolor models [2] rely on strong dynamics

to stabilize the weak scale. Another class of SM extensions known as composite Higgs models

[3] conjecture that the SM Higgs is not a fundamental field, but a field whose composite nature

is revealed at the scale of strong dynamics within these models. In this type of model, the

SM Higgs is a pseudo-Nambu-Goldstone boson (pNGB) of a spontaneously broken approximate

global symmetry. However, such effective theories generate higher-dimensional operators whose

experimental bounds require the cutoff to be ∼ 10 TeV. This is unsatisfactory if we want a model

that does not re-introduce a “little” hierarchy between this scale and the weak scale.

A new class of theories have been developed in the last decade known as little Higgs (LH)

models [4, 5, 6, 7, 8]. Similar to composite Higgs scenarios, little Higgs models realize the SM

Higgs as a pNGB of a spontaneously broken approximate global symmetry, while the “collective”

structure of their symmetry breaking patterns allow a cutoff scale for these models around the

TeV scale, yielding a model with little fine-tuning and eliminating the “little” hierarchy problem.

Here, we will focus on LH models, reviewing the salient features of these models that provide
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a natural explanation for the scale of electroweak symmetry breaking. In Section 2, we will briefly

review the underlying motivation for LH theories, namely the existence of a hierarchy problem

associated with the Higgs. In Section 3, we will discuss the prospect of the Higgs as a pseudo-

Nambu-Golstone boson and introduce the mechanism by which the Higgs mass is stabilized in

LH theories: collective symmetry breaking. Following this, we will look at some examples of little

Higgs theories to illustrate important details, in Section 4. Finally, in Section 5, we will explore

the viability of one of these models, the Littlest Higgs model, in light of the recent discovery of

the Higgs boson.
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2 Hierarchy problem

Scalar theories with Yukawa and gauge interactions are prone to divergent masses and self-

couplings. As a simple demonstration of this, consider a real scalar field coupled to a fermion.

L =
1

2
∂µφ∂

µφ− 1

2
m2

0φ
2 − λφ4 + yφψψ + h.c. (2.1)

where m0 is the bare mass of φ. Quantum corrections to the scalar mass term will be generated

due to its coupling to the fermion. The one-loop contribution comes from the fermion loop and

is quadratically divergent. If we cut the momentum integral off at a scale, Λ, the mass correction

at one loop is

δm2 ∼ y2

16π2
Λ2. (2.2)

The physical scalar mass, mph, is equal to the bare mass plus quantum corrections, and the ratio

of m2
ph to the one-loop correction is

m2
ph

δm2
∼
(

y2

16π2

)−1 m2
ph

Λ2
. (2.3)

If the cutoff is not large compared to the physical mass that is measured by experiment, then

this poses no problem. But for values of yΛ � mph, the value of m0 must be chosen to cancel

this large correction to yield the observed value. This delicate fixing of a bare mass parameter to

the value of large quantum corrections is an example of a so-called hierarchy problem between

a bare parameter and its measured value. We can cast this argument in a sector of the SM by

taking our scalar to be the Higgs and our fermion to be the top quark. If we don’t expect any

new physics below the Planck scale, where the SM is sure to break down, then we cut off the

momentum integral at the Planck scale and the one-loop correction becomes

δm2 ∼ λ2
t

16π2
Λ2
Planck ∼ (1018GeV )2. (2.4)
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In order for this calculation to provide us with the measured value of the Higgs mass, we must

take the value of the bare mass squared to cancel this contribution to better than 32 orders of

magnitude. There is nothing that strictly prohibits this, but the standard model does not provide

any explanation for why this incredibly precise cancellation has taken place. This “fine-tuning,”

referring to the delicate fixing of the bare parameter to a precise and seemingly arbitrary value,

conflicts with notions of naturalness.

Most attempts to resolve the hierarchy problem postulate new physics at or around the TeV

scale. If the quadratically divergent quantum corrections to the Higgs mass are cut off at a

sufficiently low scale, the amount of fine-tuning required to meet observation is reduced. Any

resolution to the hierarchy problem requires new physics far below the Planck scale. However,

observational considerations also put a lower limit on the scale of new physics.

2.1 Little hierarchy problem

If the SM is an effective theory, with new degrees of freedom at higher energies, signatures of this

new physics should arise as the cutoff is approached from below. In this effective theory, heavy

degrees of freedom are integrated out to generate a theory that cuts off divergent momentum

integrals at the scale of these heavy fields. The validity of this theory, however, diminishes as the

scale of new physics is approached and as non-renormalizable operators start to become impor-

tant. Precision electroweak and flavor measurements puts a lower limit on the mass scale that

suppresses these higher-dimensional operators, leading us to believe that new physics appears

above the TeV scale. On the other hand, new physics appearing far above the TeV scale does

little to address the hierarchy problem. The tension between satisfying these two conditions is

known as the little hierarchy problem.

A successful resolution to the big hierarchy problem requires new physics to appear far below

the Planck scale. In addition, it must not re-introduce a new hierarchy. For a beyond-the-

standard-model (BSM) theory to properly address the hierarchy problem, the full UV-completed
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theory must be free of its own quadratic divergences. An effective theory that stabilizes the

weak scale, but whose UV completion has quadratic divergences will only generate a slightly less

severe hierarchy problem between this new scale and the Planck scale.

A resolution to the little hierarchy problem requires a model that proposes new physics at

a scale high enough to be allowed by current observational limits while requiring as little fine-

tuning as possible. With a reasonable set of assumptions, if new physics appears just beyond

observational limits, most BSM models still require fine-tuning so that the Higgs mass is about

5% of its bare value.

Little Higgs theories are compelling because they employ a mechanism that eliminates the

most dangerous quadratic divergences beyond the TeV scale while remaining experimentally

viable, addressing the little hierarchy problem. If the LH model in question can be UV-completed

to yield a theory free of quadratic divergences, it will also successfully resolve the big hierarchy

problem. One such completion would be to realize the effective theory as arising from a fermion

condensate [9].

Figure 1: One-loop contributions to the Higgs mass from the a. fermions, b. gauge bosons, and
c. self-interactions.

In the standard model, the Higgs receives quantum loop corrections to its mass from the

fermion sector, as well as the gauge sector and self-couplings. The dominant loop correction

comes from the top quark, due to its large Yukawa coupling to the Higgs. The idea of LH theories

is to introduce new degrees of freedom whose coupling to the Higgs provide contributions to the

Higgs mass that cancel quadratically divergent contributions above their own mass at one loop.

This yields log divergences in the effective theory below the cut off. Little Higgs theories realize

the Higgs as a pseudo-Nambu Goldstone boson (pNGB) of a spontaneously broken approximate
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global symmetry. These are naturally light scalar fields and, as stated, are not prone to the

dangerous large quantum corrections of fundamental scalars. In this way, the lightness of the

physical Higgs mass becomes natural.
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3 Nambu-Goldstone Bosons and the Higgs Mechanism

The vacuum expectation value (vev) of a quantum field is determined by the minimum of its

effective potential. For a spin-less particle, this can occur at non-zero values of the field without

violating Lorentz invariance, and any such field with a potential exhibiting a global minimum

away from zero will acquire a non-zero vacuum expectation value. If this field transforms under

a global symmetry of the Lagrangian and this symmetry transformation does not leave the

vacuum invariant, then the symmetry is said to be spontaneously broken. This also leads to the

generation of massless fields known as Nambu-Goldstone bosons (NGB).

In the standard model, of course, the Higgs doublet field plays the role of this scalar whose

neutral component acquires a non-zero vev. Any fermion or gauge field that couples to the Higgs

will acquire a mass. This is known as the Higgs mechanism. The prototypical example of the

Higgs mechanism is that of a complex scalar field with a potential in the shape of a “Mexican

hat” when certain conditions are met by the parameters of this model.

Abelian example:

Suppose φ is a complex scalar field with a potential V (φ∗φ)

V (φ) = −µφ∗φ+
λ

4
|φ∗φ|2 (3.1)

If µ and λ are both positive, then the minimum is at 〈φ〉 ≡ 1√
2
f =

√
µ
2λ

, and the U(1) symmetry

of the Lagrangian is spontaneously broken. If we parameterize the complex scalar by two real

fields, r(x) and θ(x),

φ(x) =
1√
2

(f + r(x))ei θ(x)/f (3.2)

we see that under U(1) transformations, r(x) is invariant, but θ(x) shifts.

φ(x)→ eiαφ(x) (3.3)
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θ(x)→ θ(x) + α (3.4)

Clearly, any non-derivative function of θ(x) is not invariant under these transformations

and so, no potential term can appear that respects this hidden symmetry. Only when U(1) is

explicitly broken can a mass term arise θ(x). We say that θ(x) is protected by this nonlinearly

realized symmetry.

In the more general case, if we have a global symmetry G(T a, Xb) which is spontaneously

broken to a subgroup H(T a), where T a are the unbroken symmetry generators and Xb are

the broken symmetry generators, then there is a massless NGB corresponding to each broken

generator and they transform nonlinearly under transformations along the broken directions.

A convenient parameterization of the NGBs that arise from a spontaneously broken symmetry

is an exponentiation of the NGBs living on the broken generators. Let us define the nonlinear

sigma field, Σ, to be Σ = eiΠ/f Σ0, where Π = πaX
a, Σ0 = 〈Σ〉, and f is the scale of spontaneous

symmetry breaking. How the NGBs transform under the unbroken subgroup, H(T a) depends

on the representation of Σ under the spontaneously broken group G(T a, Xa), and knowing this

will be useful for our discussion in Sections 4 and 5. For the sake of later reference, we will walk

through a non-Abelian example of spontaneous symmetry breaking.

Non-abelian example:

If Σ transforms as a fundamental of SU(N) and this is spontaneously broken to SU(N − 1)

by a vacuum expectation value,

Σ0 =


0

...

f

 (3.5)

then under SU(N − 1),

Σ→ UN−1Σ = UN−1e
iΠ/f U †N−1Σ0, (3.6)
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where the last equality follows from the fact that Σ0 is invariant under the unbroken SU(N −1).

We see that the “pion” matrices transform under the adjoint of SU(N − 1),

Π→ UN−1 Π U †N−1 = UN−1



0 π1

. . .
...

. . . πN−1

π†1 · · · π†N−1 π0


UN−1 (3.7)

=



0 UN−1~π

. . .

. . .

~π†U †N−1 0


(3.8)

In this example, the NGBs form a fundamental representation and a singlet of SU(N − 1).

If G is an exact symmetry, then this shift under hidden symmetry transformations prohibits

non-derivative terms for the NGBs and they are exactly massless to all orders in perturbation

theory. If, however, G/H is only an approximate symmetry, then the degrees of freedom param-

eterizing the spontaneous symmetry breaking are pseudo-goldstone bosons and acquire radiative

corrections to their mass and other potential terms.

3.1 Higgs as a pNGB

The NGB is a good candidate for a naturally massless scalar field as its mass is exactly protected

by a nonlinearly realized symmetry. However, if we are looking for a Higgs candidate, this will

not do. Ideally, we want a scalar field that is naturally light and stabilized, but not massless.

We also require a large, O(1) quartic coupling to generate the correct EWSB scale. This can be

accomplished by weakly removing the symmetry protecting the mass of a NGB. If, in addition

to spontaneous symmetry breaking, the symmetry protecting the mass of a NGB is also explic-

9



itly broken, then radiative corrections to its mass will be generated. The size of this mass is

controlled by the coefficient(s) of the symmetry breaking term(s), something apparent from the

perspective of a spurion analysis – see Appendix (A) for details. A Nambu-Goldstone boson of

an approximate symmetry is known as a pseudo-Nambu-Goldstone boson.

As we will see, in collective symmetry breaking scenarios, a structure of symmetry breaking

can be constructed to suppress mass corrections by several small couplings by requiring that

multiple symmetry breaking terms be introduced to generate any mass term for the NGB. This

will further suppress loop corrections by eliminating quadratic divergences at one-loop, rendering

the largest loop corrections merely logarithmically divergent.

3.2 Collective symmetry breaking

Suppose the Higgs field is a NGB arising from the spontaneous symmetry breaking in a UV

theory. If we add Yukawa couplings of the standard model, these terms explicitly break any

symmetry protecting the mass of the Higgs, allowing it to acquire mass and self-interactions. If

these Yukawa couplings are small, and the UV cutoff is not too large, then quantum corrections

to the Higgs mass are also small, suppressed by powers of the small Yukawa couplings, λi. This

would naturally explain the lightness of the Higgs mass in an effective theory with a cutoff below

O(mh/λmax ). The problem, however, is that the Yukawa couplings are not all small. The top

quark coupling is O(1), which does not adequately suppress radiative mass contributions coming

from quadratic divergences when cut off above the TeV scale. However, we can eliminate one-loop

quadratic divergences above the TeV scale, altogether, by employing a scheme called collective

symmetry breaking.

The idea extends the notion of suppressing radiative corrections to potential terms by ensuring

that these corrections are proportional to more than one coupling that breaks a global symmetry.

If arranged carefully, this will eliminate quadratic divergences at one loop.

Collective symmetry breaking works as follows. Suppose we have a set of NGBs arising from
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the spontaneous breaking of a global symmetry, G, to a subgroup, H. We can paramterize the

NGBs in a non-linear sigma model field, Σ, where the NGBs live on an exponentiation of the

broken generators, and the vacuum expectation value 〈Σ〉 breaks G→ H. The NGBs are acted

on non-linearly by the broken generators of G. For a set of NGBs, φi, to acquire non-derivative

terms, the generators acting nonlinearly on it must be broken, and this is done by breaking G

down to a subgroup, X, that does not preserve any of the spontaneously broken generators of G.

For collective symmetry breaking to work, this is done by explicitly breaking the symmetry the

of G so that this subgroup XN = G1 ×G2 × . . .×GN is a product group. If each Gi commutes

with a subgroup of G that acts nonlinearly on φi, then breaking G to a product of N − 1 of the

Gi still preserves a subgroup of G that prevents φ from acquiring non-derivative terms. However,

when G is broken down to XN , the subgroup of G acting nonlinearly on φi is broken, allowing it

to acquire potential terms.

In Little Higgs models, φi is a set of NGBs that contains the Higgs and each Gi contains

the electroweak group. The product group XN is Higgsed by the vacuum expectation value of

the sigma field down to the electroweak group. If each Gi is weakly gauged, with a coupling

constant, gi, then this procedure ensures that any potential term of the Higgs is proportional to

each gi. By including enough gi terms, one can ensure that there are enough propagators in the

one-loop corrections of the sigma field correlation functions to prevent quadratic divergences for

the Higgs at one loop. We will see examples of this in Sections 4 and 5.
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4 A Little Higgs toy model

At this point, we are ready to introduce an example of a Little Higgs model. A concise LH

model that was first developed by Kaplan and Schmaltz is known as the Simplest Little Higgs

(SLH) [11]. Here, we will consider a toy version of the Simplest Little Higgs to demonstrate

how the “Little Higgs mechanism” can be used in a straightforward way to realize a light Higgs

as a pseudo-Goldstone boson with SM-like gauge and fermion interactions, while avoiding large

contributions to its potential.

4.1 The Simplest Little Higgs

The Simplest Little Higgs model is based on an [SU(3)/SU(2)]2 coset. We start by introducing

the Higgs as a NGB of a spontaneously broken symmetry. By adding gauge couplings, symmetry

protecting the Higgs mass is weakly broken, allowing us to write down potential terms for the

Higgs. We will also discuss a similar symmetry breaking scenario in the fermion sector which we

use to generate Yukawa interactions.

Consider a theory with an SU(3) symmetry that is spontaneously broken to SU(2) at a scale,

f, by a vacuum condensate transforming in the fundamental representation. This condensate can

be written as

〈φ〉 = φ0 =


0

0

f

 . (4.1)

We count the number of generators of SU(3) this breaks by noting that it leaves SU(2)

invariant. Of the 8 generators of SU(3), 5 are broken and we end up with the same number of

NGBs. To see how they form representations of SU(2) we note that this is just a special case

of the example used in Section 3. We can describe this theory of NGBs by the SU(3)/SU(2)

non-linear sigma model (NLSM). This requires that we include all possible Lorentz invariant
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operators involving the field φ, obtained by exponentiating the NGBs living on the generators

broken by the vacuum condensate 〈φ〉 = φ0. The field is written as φ = exp
(
i
f
π̃
)
φ0, where

π̃ =


−η/2 0 h

0 −η/2

h† η

 , (4.2)

and h is a complex two-component column vector and η is a real field.

As expected, the NGBs form a singlet and a complex doublet of SU(2) which we identify

as the Higgs. We also note that the NGBs, πi, transform nonlinearly under broken SU(2)

transformations,

πa → πa + αa. (4.3)

Therefore, we would only expect derivative terms for πi to appear. Because the NLSM involves

non-renormalizable interactions, it describes an effective theory that is valid below a cutoff, Λ,

determined by demanding unitary interactions. To see the effective theory this model produces,

we perform a low-energy expansion, or an expansion in powers of (∂µ/Λ) and (πa/Λ). We note

that φ†φ = f 2 = const, so the first non-trivial term appearing in the Lagrangian is the kinetic

term for φ.

Lk = const + |∂φ|2 +O(∂4
µ). (4.4)

Ignoring the singlet, we expand the sigma field,

φ = exp

 i
f

 0 h

h† 0



0

f


=

0

f

+ i

h
0

− 1

2f

 0

h†h

− ih†h

6f 2

h
0

+ . . . (4.5)
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Expanding the kinetic term in equation (4.4) in terms of h,

|∂φ|2 = |∂h|2 +
1

f 2
|∂h|2h†h+ . . . (4.6)

As an effective theory, we expect interactions to become strong at the cutoff scale. The

second term in equation (4.6) produces a loop correction to the kinetic term and the scale at

which this correction becomes comparable to the tree-level kinetic term determines the cutoff.

This correction becomes O(1) if

1

f 2

Λ2

16π2
∼ 1. (4.7)

For energies above Λ ∼ 4πf , interactions in this model violate unitarity and the theory must

be UV completed.

Figure 2: One-loop correction to the the kinetic term for h.

4.2 Gauge couplings

The Higgs of this effective theory is still far from the standard model Higgs. It remains massless

and has no gauge or Yukawa interactions. To fix this, we explicitly break the symmetry protecting

the mass of h by add gauge and Yukawa couplings. This will introduce quadratically divergent

corrections to the Higgs mass that will need to be eliminated by adding more global symmetry.

For simplicity we will only add the SU(2) components of the electroweak group. We do this in

the standard way by replacing partial derivatives with covariant ones, where the gauge fields live

in the unbroken SU(2) subspace.
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∂µ → Dµ = ∂µ − igW a
µ (x)T a (4.8)

where

T a =

σa/2 0

0 0

 , a = 1, 2, 3 (4.9)

and σa are the 2× 2 Pauli matrices. Expanding the Higgs kinetic term, we now find

Lh = |Dµh|2 −
g2

f 2
|Wµh|2h†h+

1

4f 4
|Dµh|2(h†h)2 + . . . (4.10)

The first term in (4.10) generates a mass for the Higgs.

m2
h ∼ g2 Λ2

16π2
∼ g2f 2 (4.11)

The second term in (4.10) generates an O(1) quartic coupling for the Higgs.

λ ∼ g2

f 2

Λ2

16π2
∼ g2 (4.12)

Figure 3: One-loop corrections to the a. mass and b. quartic terms of h.

This poses a problem. For standard model values of the gauge coupling and for f ∼ 1 TeV,

this gives a Higgs mass that is an order of magnitude above the observed value [17, 18]. As

argued previously, we can remedy this by expanding the global symmetry so that we generate

potential terms for the Higgs only when a product of subgroups of the global symmetry are weakly

gauged. By introducing two copies of the scalar field, φ1 and φ2, we extend the approximate
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global symmetry group so that each field has an SU(3) global symmetry. Before adding gauge

couplings, the first order Lagrangian is

Lk = |∂µφ1|2 + |∂µφ2|2, (4.13)

The two fields form condensates at the scales f1 and f2. This can be written as

〈φ1〉 =


0

0

f1

 , 〈φ2〉 =


0

0

f2

 . (4.14)

The vacuum has an enhanced symmetry if the vevs are aligned, and we will assume this preference

so that f1 = f2 = f . The global SU(3)1 × SU(3)2 symmetry is spontaneously broken by 〈φ1〉

and 〈φ2〉 to SU(2)1×SU(2)2, generating 10 NGBs. This decomposes into two copies of a singlet

and two copies of a complex doublet under the SU(2) gauge symmetry left unbroken by the

condensates of φ1 and φ2. By gauging the diagonal subgroup of SU(3)1 × SU(3)2, the global

symmetry is also explicitly broken, leaving only one possible set of exactly massless NGBs, a

singlet and complex doublet. These are, of course, the exact NGBs eaten by the SU(3) gauge

bosons. The other complex scalar doublet is no longer protected by a global symmetry and so

ceases to be an exact NGB. We identify this with the Higgs. The kinetic terms can be written

as

Lk = |Dµφ1|2 + |Dµφ2|2, (4.15)

which include gauge interactions for both fields,

Lk ⊃ g2
1|Aµφ1|2 + g2

2|Aµφ2|2. (4.16)

Walking through the symmetry breaking pattern more carefully, we can see how this works.

By turning off the gauge coupling to φ1, this restores the SU(3)1 global symmetry, also restoring
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the exact NGB nature the complex doublet associated with the spontaneously broken symme-

try SU(3)1/SU(2)1. The other complex doublet is eaten by the heavy SU(3) gauge bosons.

Reversing the argument, if the gauge couplings to φ2 are turned off, this restores the SU(3)2

global symmetry, restoring the the exact NGB nature of the complex doublet associated with

the SU(3)2/SU(2)2 spontaneous symmetry breaking. Once again, the other complex doublet

is eaten by the heavy SU(3) gauge bosons. It is only when the gauge couplings for both φ1

and φ2 are turned on that enough global symmetry is broken to both generate massive SU(3)

gauge bosons and break all symmetry protecting the Higgs. Because both g1 and g2 must be

non-vanishing to induce a mass, this implies that any term contributing to the mass of the Higgs

must come from diagrams that contain both g1 and g2.

Ignoring the singlets, the two NLSM fields can be written in terms of the two complex

doublets, h1 and h2, as

φ′1 = exp

 i
f

 0 h1

h†1 0



0

f

 (4.17)

φ′2 = exp

 i
f

 0 h2

h†2 0



0

f

 (4.18)

One linear combination of h1 and h2 are eaten by the SU(3) gauge bosons. The linear combination

of h1 and h2 that cannot be gauged away, we will call h. In unitary gauge, we parameterize these

fields by

φ1 = exp

 i
f

 0 h

h† 0



0

f

 (4.19)

φ2 = exp

− i
f

 0 h

h† 0



0

f

 (4.20)

We note that quadratic terms involving only one field are constant: φ†1φ1 = φ†2φ2 = f 2. To

generate a mass term for h, we must consider terms with both φ1 and φ2, which can only appear
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at loop level.

From (4.15) we get two types of quadratically divergent terms from loop diagrams with

gauge interactions. One type comes from contracting two terms with three-point vertices and

the other comes from the four-point vertex. Both diagrams, however, contribute terms that are

independent of the Higgs. By summing over the SU(3) gauge boson contributions, the Higgs

dependence cancels, and these diagrams contribute

g2
1Λ2

16π2
φ†1φ1 +

g2
2Λ2

16π2
φ†2φ2 =

Λ2

16π2
(g2

1 + g2
2)f 2 (4.21)

Figure 4: A quadratically divergent diagram with gauge bosons running in the loop. If either φ1

or φ2 is on both external legs, this type of diagrams evaluates to a constant.

Both of these terms arise from taking one set of φi fields, and it is not difficult to see that

the lowest order non-derivative terms whose dependence on the Higgs do not cancel in this way

come from diagrams that include both g1 and g2, as argued previously, or equivalently, φ1 and

φ2. In fact, the first relevant terms coming from loop diagrams that include both φi fields are

|φ†1φ2|2 terms. To see the Higgs dependence, we expand

|φ†1φ2|2 = |
(

0 f

)
exp

2i

f

 0 h

h† 0



0

f

 |2 (4.22)

= f 4 − 4f 2h†h+
20

3
(h†h)2 + . . . (4.23)

This generates a mass term for the Higgs that comes from loop corrections of equation (4.15).

The one-loop mass squared for h is
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f 2 g
2
1g

2
2

4π2
log

(
Λ2

µ2

)
. (4.24)

Figure 5: One-loop contribution to |φ†1φ2|2, with φ1 on one set of external legs and φ2 on the
other set of external legs. This term gives rise to a mass term for h.

For O(1) gauge couplings and f ∼ 1 TeV, the gives a mass squared of O(M2
weak). Contribu-

tions from the gauge sector are rendered harmless by the little Higgs mechanism.

4.3 Yukawa interactions

We extend our little Higgs model to include couplings from the fermion sector by following a

similar procedure to that of the previous section. We will do this by introducing two terms that

are invariant under SU(3) symmetry transformations. They will both be spontaneously broken

to SU(2) symmetries by the vacuum condensates, 〈φ1〉 and 〈φ2〉.

In order to accomplish this, we must introduce a fermionic field that transforms under SU(3)

rotations. Doing so will introduce heavy degrees of freedom, designed to cancel large Higgs

mass contributions from SM degrees of freedom. Because the largest fermionic contribution to

the Higgs mass comes from the top quark, we will concentrate only on the top sector. We can

arrange a field transforming under SU(3) by enlarging the third generation quark doublet into a

triplet, so that χ = (t3, b3, T ) is a fundamental of SU(3) and includes a top partner, T . We also

add its right-handed partner, T ′c. Then, the following terms contribute to the top sector:

Lf = λ1φ
†
1χt
′c + λ2φ

†
2χT

′c (4.25)

Because χ couples to both φ1 and φ2, this forces symmetry transformations on φ2 and φ2 to
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be aligned, so these two terms respect an SU(3) symmetry. The symmetry is enhanced to two

independent SU(3) symmetries if either term vanishes. To see this, we observe that if λ1 vanishes,

SU(3)1 transformations on φ1 and SU(3)2 transformations on φ2 and χ leave the Lagrangian

invariant. Similarly, if λ2 vanishes, SU(3)2 transformations on φ2 and SU(3)1 transformations

on φ1 and χ leave the theory invariant. When both terms are non-vanishing, the inclusion of χ

in both terms breaks one combination of the independent SU(3) symmetries, while preserving

the diagonal SU(3). We will see that this symmetry breaking is enough to break the symmetry

protecting the Higgs mass.

When considering loop diagrams that contribute to the Higgs potential, only those terms

that include both λ1 and λ2 will contribute. To see this, we expand the φi fields in terms of the

Higgs.

Lf = λ1

(
fT − ih†q3 −

1

2f
h†hT

)
t′c + λ2

(
fT + ih†q3 −

1

2f
h†hT

)
T ′c + . . . (4.26)

= (λ1t
′c + λ2T

′c) fT − i (λ1t
′c − λ2T

′c)h†q3 −
1

2f
(λ1t

c + λ2T
′c)h†hT + . . . (4.27)

where q3 = (t3, b3). The second term in (4.27) provides the standard model Yukawa interactions

of the top sector. If we take the special case λ1 = λ2 = λ/2 and relabel our fields to reflect

the linear combinations of tc and T c that appear, T c = (t′c + T ′c) and tc = −i (t′c − T ′c), we can

re-write this as

Lf = λ

[
fTT c + h†q3t

c − 1

2f
h†hTT c + . . .

]
(4.28)

= λh†q3t
c + λf

(
1− h†h

2f 2

)
TT c + . . . (4.29)

The first term in (4.29) is just the standard model Yukawa term and generates top sector Higgs
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mass corrections. The second term in (4.29) provides a tree-level mass for the top partner as

well as loop corrections to the Higgs mass coming from the top partner. At one-loop level these

two contributions cancel

δm2
h =

λ2

16π2
Λ2 − 1

f 2

λf

16π2
(λf)Λ2 + . . . (4.30)

Following from the collective symmetry breaking structure, the only terms that can contribute

to the Higgs potential are those proportional to both λ1 and λ2. The lowest-order relevant loop

diagram that has both λ1 and λ2 is actually proportional to (λ1λ2)2 and generates a Higgs mass

and quartic self-interaction. This one-loop diagram contains four fermionic propagators and is,

therefore, only logarithmically divergent. Similar to the gauge sector, the mass contribution is

f 2 λ
4

4π2
log

(
Λ2

µ2

)
. (4.31)

Again, this is O(M2
weak) for f ∼ 1 TeV. This model also generates a top partner mass of O(λf).

We have shown an explicit example of a Little Higgs theory in order to demonstrate the way

in which collective symmetry breaking is used to reduce the fine tuning in models that realize

the Higgs as a psuedo-Nambu-Goldstone boson of a spontaneously broken approximate global

symmetry. We now study a more realistic Little Higgs theory with a larger parameter space.

We will examine the electroweak symmetry breaking structure in some detail and analyze the

parameter space for this model.

21



5 The Littlest Higgs

The Littlest Higgs is based on a SU(5)/SO(5) coset [9]. The model resulting from this symmetry

breaking pattern is considerably more intricate than the Simplest Little Higgs, but it reproduces

a more realistic SM Higgs sector, while generating the fewest number of heavy degrees of freedom.

This discussion follows the conventions of [12]. For omitted details, see [9, 12, 9]

In this model, as in the last, we introduce the Higgs as a pNGB of a spontaneously broken

approximate global symmetry. The approximate global symmetry group, SU(5), is spontaneously

broken to SO(5) by a condensate at a scale f . The nonlinear sigma model field of this symmetry

breaking pattern can be chosen as that generated by the condensate of a 5×5 matrix transforming

under the 15 representation of SU(5). That is, a field Σ transforming as Σ → UΣUT . A

convenient choice for this condensate is in the direction,

Σ0 = f


0 0 I2×2

0 1 0

I2×2 0 0

 . (5.1)

There are 24 generators of the 15 representation of SU(5) and Σ0 preserves exactly 10 of

them, so there are 14 NGBs generated. In this basis, the generators, Xa, broken by Σ0 satisfy

the relation

XaΣ0 − Σ0X
T
a = 0, (5.2)

and the unbroken generators, Ta, satisfy the relation

TaΣ0 + Σ0T
T
a = 0. (5.3)
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5.1 Gauge sector

Following from our discussion of collective symmetry breaking, we would like to gauge a product

of subgroups of SU(5) that, when taken together, break enough symmetry to generate a potential

for the Higgs. For a product, G1×G2, each Gi must commute with a different subgroup of SU(5)

that acts non-linearly on the Higgs [9], which we will identify with the unique SU(2) doublet of

this model. This ensures that gauging either symmetry alone does not break enough symmetry

to generate a Higgs potential. This subgroup must also contain the electroweak group in order

to reproduce SM physics. The symmetry group SU(2)1 × SU(2)2 × U(1) accomplishes all this

and the generators of this group can be embedded in SU(5) in the following way

Qa
1 =


σa 0 0

0 0 0

0 0 02×2

 ,

Qa
2 =


02×2 0 0

0 0 0

0 0 −σa∗

 , (5.4)

Y =
1

2


I2×2 0 0

0 0 0

0 0 −I2×2

 .

Explicitly, G1 = SU(2)1×U(1) and G2 = SU(2)2×U(1), where each group contains the same

U(1). Gauging G1 alone permits a SU(3) global symmetry living in the lower 3×3 block of SU(5),

which acts nonlinearly on the SU(2)1 doublet, forbidding a potential for the Higgs. Likewise,
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gauging G2 permits a global SU(3) symmetry living in the upper 3× 3 block of SU(5) that acts

nonlinearly on the Higgs. When both Gi are weakly gauged, there is no SU(3) symmetry left

and the Higgs is no longer an exact NGB.

The 14 NGBs of this model decompose under the electroweak group as

10 ⊕ 30 ⊕ 2±1/2 ⊕ 3±1. (5.5)

The nonlinear sigma model field of this model, Σ(x), transforming under the 15 representation of

SU(5), can be parameterized by an exponentiation of the NGBs living on the broken generators,

Π = πaXa, so that

Σ(x) = eiΠ/fΣ0e
iΠT /f = e2iΠ/fΣ0, (5.6)

where we have used the relation from (5.2). The pion matrix is given by

Π =


ξ H† φ†

H 0 H∗

φ HT ξT

+
η√
20


I2×2 0 0

0 −4 0

0 0 I2×2

 (5.7)

where H is the complex doublet we identify with the Higgs, φ is a complex SU(2) triplet, ξ is

a real SU(2) triplet, and η is an electroweak singlet. The neutral triplet, ξ, is responsible for

the Higgsing of SU(2)×SU(2)×U(1) down to the electroweak group and is eaten by the heavy

gauge bosons, while the charged doublet, H, and charged triplet, φ, become pseudo-Goldstone
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bosons and acquire mass. Explicitly,

H =
1√
2

(
h0 h+

)

φ =

 φ0 1√
2
φ+

1√
2
φ+ φ++

 (5.8)

Similar to the previous example, Tr[Σ†Σ] = const., and the first non-trivial term in the NLSM

effective Lagrangian is

L =
f 2

8
Tr[(DµΣ)†(DµΣ)], (5.9)

where

DµΣ = ∂µΣ− i
2∑
j=1

gjW
a
j (QaΣ + ΣQa)− ig′B(Y Σ + ΣY ) (5.10)

5.2 Yukawa couplings

Construction of the fermion sector follows along similar lines to that of the gauge sector. Enough

symmetry of SU(5) must be weakly broken to ensure that the Higgs acquires a potential, but is

not quadratically sensitive to the cutoff at one-loop. Because the Higgs mass is most sensitive

to the top quark, it is sufficient to arrange this careful symmetry breaking pattern only for the

top sector and treat the bottom and other quark generations as normal. We can do this by

adding a pair of colored Weyl fermions, T and T ′c, and grouping the left-handed T with the

third generation quark doublet, enlarging this to an SU(3) triplet, χ = (t, b, T ). Including this

new top partner, the Yukawa Lagrangian becomes
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Lf = λ1fεijkεxyχiΣjxΣkyu
′c
3 + λ2fTT

′c + Lψ (5.11)

where i, j, j = 1, 2, 3 and x, y = 4, 5, and Lψ contains all other SM Yukawa interactions not

immediately relevant to this discussion. If we call SU(3)1 the global symmetry group left un-

broken by gauging SU(2)2, the term proportional to λ1 includes triplets of SU(3)1. Σjx and Σky

live in the upper-right corner of Π and are acted on by SU(3)1 transformations. This term is

invariant if χ transforms as a triplet under SU(3)1, and explicitly breaks SU(3)2, the symmetry

left unbroken by gauging SU(2)1. Conversely, the term proportional to λ2 does not transform

under SU(3)2, but breaks SU(3)1. Including both these terms breaks both SU(3)1 and SU(3)2

which act nonlinearly on the Higgs. If we expand these terms to first order in the Higgs field,

we find

Lf = λ1(q3H + fT )u′c3 + λ2fλtTT
′c + . . . (5.12)

= λ1q3Hu
′c
3 + λtfTT

c + . . . (5.13)

where λ2
t ≡

λ21λ
2
2

λ21+λ22
and T c = 1√

λ21+λ22
(λ1u

′c
3 + λ2T

′c) is the right-handed top partner in the mass

eigenbasis. We can see that the first term in (5.13) is the SM Yukawa term for the third generation

quark doublet.

5.3 Scalar sector

The quadratically divergent parts of the Coleman-Weinberg (C-W) effective potential [15] for the

sigma field generate additional scalar terms. From the gauge sector, we have the contribution,

3Λ2

32π2
TrM2

g (Σ), (5.14)
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where M2
g (Σ) is the gauge boson mass matrix in a background Σ. This can be read off from the

quadratic terms in equations (5.9) and (5.10) and leads to a scalar term

Ls ⊃ cg2f 4
∑
a

Tr[(Qa
jΣ)(Qa

jΣ)∗] + cg′2j f
4 Tr[(Y Σ)(Y Σ)∗] (5.15)

where we have taken Λ ∼ 4πf , and c is a coefficient whose value depends on the UV completion

of this model and is assumed to be of O(1) by naive dimensional analysis. The terms in (5.15)

are gauge invariant

The fermion sector also generates a scalar term, where the relevant quadratically divergent

term from the C-W potential is

− Λ2

32π2
Tr[Mf (Σ)†Mf (Σ)]. (5.16)

Mf (Σ) is the fermion mass matrix in a background Σ, which can be read off the quadratic terms

in (5.11). This generates the scalar term

Ls ⊃ c′f 4λ2
1ε
wxεyzΣiwΣjxΣ

iy∗Σjz∗ (5.17)

where c′ is also assumed to be of O(1) by naive dimensional analysis.

5.4 One-loop C-W potential

In order to see how this model reproduces electroweak symmetry breaking, we write down the

tree-level potential as a function of the real component of H that acquires a vev, h ≡
√

2Re(h0).

In terms of 〈Σ〉, this is

〈Σ〉 = e2i〈Π〉/fΣ0 =

[
I5 + i

√
2
〈Π〉
h

sin(2α)− 4
〈Π〉2

h2
sin2 α

]
Σ0, (5.18)
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where α = h√
2f

, and for 〈Π〉 along the Higgs direction,

〈Π〉 =


〈H〉†

〈H〉 〈H〉∗

〈H〉T

 . (5.19)

For a discussion on the possibility of a condensate in the triplet direction, see [12]. As a function

of the Higgs vev, the tree-level potential is given by

V (h) = const + f 4

[
2cg′2 sin2 α +

1

2
λ+ sin4 α

]
. (5.20)

This potential clearly does not generate EWSB by itself. Adding one-loop corrections, how-

ever, induces a non-zero minimum. An analysis of the full mass spectrum allows us to compute

the one-loop Coleman-Weinberg effective potential as a function of the Higgs vev. To order h2,

the one-loop log contribution from the fermion sector is [12]

Vf (h) = − 3h2

16π2
λ2
tM

2
T

(
log

Λ2

M2
T

+ 1

)
+ . . . (5.21)

where M2
T = (λ2

1 + λ2
2)f 2 is the mass squared of the top partner at h = 0. The one-loop log

contribution from the gauge sector, to order h2, is

Vg(h) =
9h2

128π2
g2M2

W ′

(
log

Λ2

M2
W ′

+
1

3

)
(5.22)

where M2
W ′ = 1

4
G2

+f
2 is the mass squared of the heavy partner gauge bosons at h = 0, and from

the scalar sector,
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Vs(h) = 6

(
λ+ + 5cg′2 −

λ2
−

λ+ + 3cg′2

)
M2

1

(
log

Λ2

M2
1

+ 1

)
+6

(
−λ+ +

5

3
cg′2 +

λ2
−

λ+ + 3cg′2

)
M2

2

(
log

Λ2

M2
2

+ 1

)
+ . . .

(5.23)

where

M2
1 = 2(λ+ + 4cg′2)f 2,

M2
2 = 2cg′2f 2

are the masses of the complex triplet and complex doublet at h = 0.

Adding equations (5.20) - (B.2), we can see in Figure (6) that for appropriate values of the

model’s free parameters, this potential will generate electroweak symmetry breaking.
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Figure 6: The effective potential at one-loop as a function of α = h√
2f

for θg = θλ = π
4
, c = 0.059

and c′ = −0.0051.
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5.5 Spectrum

We now have a model describing physics below the scale Λ ∼ 12 TeV by the standard model

spectrum plus heavy scalars, heavy gauge bosons and a heavy top quark, all with masses around

the TeV scale. Below the masses of these new particles, integrating out these heavy degrees of

freedom generates an effective potential in which the Higgs doublet acquires a non-zero vacuum

expectation value. We now turn our attention to analyzing constraints on the spectrum of this

model.

This model can be parameterized by the two SU(2) gauge couplings, g1 and g2, one U(1)

gauge coupling, g′, two top sector Yukawa couplings, λ1 and λ2, two scalar term coefficients, c

and c′, the spontaneous symmetry breaking scale, f , and a cutoff, Λ. The symmetry breaking

will be fixed by choosing a value that minimizes fine-tuning while respecting bounds on the BSM

particle masses this scale generates, and the cutoff will be chosen at the scale of strong dynamics

for this model. We can also eliminate some of these parameters by rewriting them in terms of

standard model parameters and imposing standard model constraints.

For this model to generate masses for the BSM particles on the order of the TeV scale, we

should choose f ∼ TeV, and for the purpose of our calculations, we choose f = 1 TeV. Just as in

the case of the Simplest Little Higgs shown in Section 4.1, this theory becomes strongly coupled

at 4πf and so we choose this to coincide with our cutoff, Λ = 4πf .

Before we eliminate any parameters by imposing standard model constraints, we note that

from equations (5.9), (5.10) and (5.11) that the gauge sector spectrum is independent of c, c′,

λ1 and λ2, while the top sector is independent of c, c′, g1 and g2. This partial decoupling allows

us to consistently impose constraints on the gauge sector, independent of the top sector, and

vice versa. It also allows us to consider the gauge and top sector independent of the scalar term

coefficients, c and c′.

We begin by defining a mixing angle, θg, for the SU(2) gauge bosons that describes the angle

by which the interaction basis and mass basis are related. In terms of g1 and g2, the standard
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model SU(2) gauge coupling squared is equivalent to the combination g2 ≡ g21g
2
2

g21+g22
. We can now

rewrite g1 and g2 in terms of the standard model SU(2) gauge coupling and a mixing angle as

g1 =
g

cos θg
(5.24)

g2 =
g

sin θg
, (5.25)

where tan θg ≡ g1
g2

. From the measured mass of the W± bosons and the measured Higgs vev [16],

we can extract the value of g from the relation

MW =
g 〈h〉

2
, (5.26)

so that g = 0.654. We can further require that the standard model SU(2) and U(1) couplings

are related by the measured value of the weak mixing angle [16] by

tan θW =
g′

g
, (5.27)

which fixes g′ to its standard model value of g′ = 0.358. These two choices reduce the number of

free parameters in our model by two, so that interactions in the gauge sector are parameterized

by θg.

Similarly, in the top sector, we can define a mixing angle, θλ, for the top quark and top quark

partner. In terms of λ1 and λ2, the standard model top Yukawa coupling squared is equivalent

to the combination λ2
t ≡

2λ21λ
2
2

λ21+λ22
. We can rewrite λ1 and λ2 in terms of the top Yukawa coupling

as

λ1 =
λt√

2 cos θλ
(5.28)

λ2 =
λt√

2 sin θλ
(5.29)
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where tan θλ = λ1
λ2

. We can extract the value of the top Yukawa coupling, λt, from the relation

mt =
λt 〈h〉√

2
, (5.30)

where mt is the top mass. For measured values of the top mass and the Higgs vev [16], we

get λt = 0.997. This reduces the number of free parameters left in our theory by one, so that

interactions in the top sector are described by θλ.

With these choices, we have now reduced our model to one described by four parameters:

θg, θλ, c and c′. We can further restrict the parameter space of this model by demanding that

the gauge and top sector interactions do not become strongly coupled. We define a perturbative

expansion parameter for gauge interactions

αgi ≡
g2
i

4π
. (5.31)

In a loop expansion of correlation functions of gauge bosons, each loop contributes a coefficient

of
αgi

4π
. This must be small for a perturbative expansion to be valid. If we demand that αgi . 1

for each gi, this puts a bound on the gauge couplings of gi .
√

4π, or in terms of the mixing

angle,

π

16
. θg .

7π

16
. (5.32)

Saturating either of these bounds generates a mass for the partner gauge bosons of

MW ′±,Z′ ' 1.7 TeV, (5.33)

which is sufficiently below the cutoff to cancel dangerous quadratically divergent contributions to

mH coming from the standard model gauge bosons. The choice of the θg that minimizes partner
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gauge masses is θg = π
4
, which yields a mass of

MW ′±,Z′ ' 650 GeV. (5.34)

This is within the bounds of limits on BSM gauge bosons [16].

If we define a similar expansion parameter for top sector interactions

αλi ≡
λ2
i

4π
(5.35)

and demand, by an identical argument, that αλ . 1 for each λi, this bounds the top sector

Yukawa couplings by λi .
√

4π, or in terms of the top sector mixing angle,

π

10
. θλ .

4π

10
. (5.36)

Saturating either of these bounds generates a partner top quark mass of

mt ' 2.4 TeV, (5.37)

while the minimum value of the top partner mass comes from the choice θλ = π
4

and yields a

value of

mt ' 1.4 TeV. (5.38)

This range of top partner masses meets our expectation for values of O(λif). The lower bound

also satisfies constraints coming from limits on BSM top quark partner masses and the upper

bound is sufficiently light to cancel the dangerous quadratically divergent contribution to mH

coming from the top quark.

We now shift our attention to satisfying two more constraints on the scalar sector coming

from the Higgs mass and the Higgs vev in order to reproduce the correct electroweak symmetry
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breaking. For a choice of θg and θλ, diagonalizing the scalar mass matrix and setting the lightest

neutral scalar non-zero mass to mH = 125 GeV [17, 18] describes a contour in the c–c′ plane.

The width of this contour depends on the uncertainties of the standard model parameters we

have imposed. In the limit where all other uncertainties vanish, the width then comes from

uncertainty in the Higgs mass measurement. On each of these contours, there is at most a point,

up to uncertainties, that also satisfies the constraint 〈h〉 = 246 GeV for the Higgs vev, which is

satisfied by minimizing the potential with respect to h. This implies that, up to uncertainties,

there are two-dimensional regions in the space of parameters c, c′, θg, and θλ that satisfy all

standard model constraints we have suggested. Within the region defined by the bounds in

equations (5.32) and (5.36), not all points satisfy the remaining constraints coming from the

Higgs mass and Higgs vev. Due to numerical considerations, these regions have not been sampled

continuously.

In practice, we can adjust the gauge sector and top sector masses by choosing a point in the

θg–θλ plane and ask whether there is a point in the c–c′ plane that satisfies our constraints. In

this way, the scalar spectrum is fixed. To better understand the scalar spectrum of this model,

we will choose a point in parameter space that satisfies all of our constraints and compute the

full spectrum. Here we will choose, for the value of the gauge sector mixing angle, θg = π
4
,

or equivalently, g1 = g2. We can motivate this choice by noting that this value minimizes the

masses of the heavy gauge bosons, W ′± and Z ′, reducing fine-tuning of mH coming from the

gauge sector. This choice also coincides with a popular extension of the Littlest Higgs theory

which imposes an extra discrete symmetry known as T-parity [8].

To minimize fine-tuning from the top sector, we choose λ1 = λ2, or θλ = π
4
, which minimizes

the top partner mass. With these choices, the parameters of this model are fixed, requiring

c = 0.059 and c′ = −0.0051, and the masses of the extra, heavy degrees of freedom of this model
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include: two complex charged scalars,

mφ++ = 316 GeV

mφ+ = 320 GeV, (5.39)

two neutral scalars,

mφ01
= 457 GeV

mφ02
= 458 GeV, (5.40)

one neutral gauge boson,

mZ′ = 649 GeV, (5.41)

a pair of charged gauge bosons,

mW ′± = 649 GeV, (5.42)

and a top quark partner,

mT = 1.40 TeV. (5.43)

This spectrum satisfies our expectation that the heavy partner masses be on the order of

O(gf, λf) and it minimizes fine-tuning in the gauge and top sector. The light scalars, however,

may pose phenomenological problems. Any choice of the mixing angles away from θg = θλ = π
4

lifts the gauge partner and top partner masses, and for some directions in the θg–θλ plane, this

will also lift the scalar masses. For any choice of parameters, one should check that it respects

bounds on BSM particle masses as well as cross sections and decay rates. This is left for future
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work.
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A Spurions

A convenient way to estimate the size of terms in the Lagrangian that are generated due to

explicit symmetry breaking is known as spurion analysis. The idea is to identify the terms that

break an otherwise exact symmetry and temporarily elevate the coupling associated with this

term to a field which transform under the otherwise broken symmetry in a way that leaves the

term invariant. This spurious symmetry of the theory is only broken when we insist that, in the

end, the coupling takes on a constant value (a vev) and the symmetry that it transformed under

is broken.

As a simple example, imagine a scalar theory with a U(1) symmetry.

Lφ =
1

2
|∂φ|2 − 1

2
m2|φ|2 − λ

4!
|φ|4 (A.1)

If we add a term to this Lagrangian so that

L′φ = Lφ +Kφ2 + h.c. (A.2)

this breaks the U(1) symmetry. Any renormalizable term that does not violate the symmetry

of L′φ will be generated by quantum corrections, so we are compelled to ask what these new

terms are that were forbidden in Lφ. To answer this, we formally restore the U(1) symmetry by

treating K as a full field of the theory and let it transform so that the U(1) symmetry is again

manifest. For

φ→ eiαφ, (A.3)

the theory is invariant if

K → e−2iαK. (A.4)
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Now we have a new field in our theory that we can build terms with that respect the “spurious”

U(1) symmetry. We estimate the size of these terms by noting that any new terms generated by

this must be proportional to some power of K as they should vanish, and restore the symmetry,

as K → 0. For example, a term such as cnφ
n must have a coefficient with a natural size of K n/2 .

Note that this excludes terms with powers of K other than positive multiples of 2. For example,

a term cubic in φ cannot be generated, because it would be proportional to K 3/2 , which cannot

be generated perturbatively.

When we have included all possible terms in our theory up to some order in the appropriate

expansion, we set K to its constant value, as if it acquired a vacuum expectation value. In our

example, all of our new terms will break the U(1) symmetry and their coefficients will take on

their “natural” size.

For more complicated examples, the idea is the same. First identify terms that break a

symmetry and promote the couplings or masses associated with these terms to full fields that

transform in a way to restore the otherwise broken symmetry. Note that any term generated by

these symmetry breaking terms must vanish as the coupling or mass vanishes and so must be

proportional to some power of the coupling or mass. Include all terms in your Lagrangian that

respect these “spurious” symmetries. All terms will acquire their “natural” size, with coefficients

proportional to the spurions they include. For theories that employ collective symmetry breaking,

these new terms generated will, in general, be proportional to more than one spurion field.
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B Coleman-Weinberg potential for the Higgs

To determine the vacuum expectation value of the Higgs field, we must compute its effective

potential. If the tree-level potential does not give rise to a non-zero Higgs vev, which we expect,

radiative corrections to it can. The Coleman-Weinberg effective potential for the Higgs includes

the effects of all other fields that interact with it and that generate loop corrections to its potential

terms. These loop corrections are generated by any field that couples quadratically to the Higgs.

The C-W potential for the Higgs at the one-loop level is derived by considering all the 1-PI one-

loop diagrams with the interacting field running in the loop and the classical Higgs field with

zero momentum on the external legs.

For the purpose of calculations found in this report, we state the general results for spin-0,

spin-1
2
, and spin-1 contributions in Landau gauge. The one-loop C-W potential contribution

from scalar fields is

Vscalar(Σ) =
1

64π2
str

{
2M2

s (Σ)Λ2 +M4
s (Σ)

[
log

M2
s (Σ)

Λ2
− 1

2

]}
(B.1)

where Λ is the model’s cutoff, M2
s (Σ) is the scalar mass matrix in a background Σ, obtained by

taking two derivatives of the tree-level potential with respect to the scalar fields, and str is the

super-trace over all degrees of freedom of a field. The contribution from fermions is

Vfermion(Σ) = − 1

16π2
Tr

{
2Mf (Σ)M∗

f (Σ)Λ2

+[Mf (Σ)M∗
f (Σ)]2

[
log

Mf (Σ)M∗
f (Σ)

Λ2
− 1

2

]} (B.2)

where M2
f (Σ) is the fermion mass matrix in a background Σ, obtained by taking two derivatives

of the tree-level potential with respect to the fermion fields. The contribution from the gauge

sector is

Vgauge(Σ) =
3

64π2
Tr

{
2M2

g (Σ)Λ2 +M4
g (Σ)

[
log

M2
g (Σ)

Λ2
− 1

2

]}
(B.3)
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where M2
g (Σ) is the gauge boson mass matrix in a background Σ, obtained by taking two deriva-

tives of the tree-level potential with respect to the gauge fields.
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