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SU(2)3 × U(1), embedded in an approximate global SO(5) × SO(5) symmetry. After breaking
to the standard model, SU(2)L × U(1)Y , this produces two heavy Z′ bosons and two heavy W ′±

bosons, along with a single Standard Model-like Higgs scalar. The unique feature of the model
was that it was possible to obtain electroweak symmetry breaking and a light Higgs mass entirely
from perturbative loop contributions to the Higgs effective potential. In this paper we consider
the electroweak constraints on this model, including tree and loop contributions to the universal
oblique and non-oblique parameters, tree-level corrections to the ZWW vertex, and tree and loop
level corrections to Zbb̄. The most significant corrections are positive tree-level corrections to Ŝ and
negative fermion-loop corrections to T̂ , which require that the scale for the global symmetry breaking
be & 2 TeV, depending on the top-quark mixing parameter and the extra gauge couplings. In
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I. INTRODUCTION

We are on the threshold for discovering the mechanism of electroweak symmetry breaking (EWSB) and the origin of
mass for the particles in the standard model (SM). Data from the Large Hadron Collider (LHC) and the Tevatron will
likely produce clues in the next few years to help us unravel this mystery. Many possible scenarios have been considered
for EWSB and the stabilization of the weak scale, with distinct phenomenology at colliders. In supersymmetry, for
example, there is a symmetry between bosons and fermions which prevents quadratic divergences from destabilizing
the Higgs potential. An intriguing feature of supersymmetry is radiative EWSB: loop effects drive the squared mass
of the Higgs field to negative values, generating a nonzero vacuum expectation value (VEV). This is by no means
an exclusive feature of supersymmetry. In fact non-supersymmetric scenarios with radiatively-induced EWSB are
possible in the context of Little Higgs (LH) models [1]–[5] in which a set of approximate global symmetries are broken
collectively, leaving a Higgs doublet to break the SM electroweak SU(2)L × U(1)Y gauge symmetry to the U(1)Q
gauge symmetry of electromagnetism. It should be noted, however, that in “standard” LH models – like the Minimal
Moose [2], the Littlest Higgs [3], and the Simplest Little Higgs [4] – EWSB depends crucially on the details of the
ultraviolet (UV) completion of the theory. In fact certain effective operators, introduced to stabilize the potential, do
not arise from radiative effects in these theories, but are rather added “by hand”, as a remnant of UV dynamics.
In a recent paper [6], we presented a Little Higgs model, based on the approximate SO(5)×SO(5) global symmetry,

of which an SU(2)3 × U(1) subgroup is gauged. In that paper we emphasized the unique feature of the model that
the potential for the Higgs boson can be generated entirely through one-loop radiative corrections, and gives rise to
a relatively light Higgs boson (MH . 200 GeV) even after effects at the UV cutoff scale are included. The model is
built to minimally satisfy two requirements. First, as in all LH models, the Higgs doublet must be a pseudo-Goldstone
boson of an approximate, spontaneously and collectively-broken global symmetry. Second, aside from Yukawa and
hypercharge interactions, there should be no additional sources of custodial isospin violation. The fact that, as a
byproduct, such a simple setup generates fully-radiative EWSB and a light Higgs, with little dependence on UV
effects, is remarkable. The crucial feature of the model that allows this is an extended top quark sector that alone is
sufficient to produce a viable perturbative Higgs potential.
In the present paper and in a subsequent paper we shall focus on the phenomenology of this model, which is

determined predominantly by the global and gauge symmetries. Below the TeV scale, the only scalar boson is the
Higgs boson, which acts pretty much like a SM Higgs boson. This, in itself, is novel among Little Higgs models. At
the TeV scale there are two extra SU(2) gauge triplets, i.e., a pair of heavy Z ′ bosons and a pair of heavy W ′±

bosons. This is the same as other SU(2)3×U(1) extended gauge group models, such as a 4-site Higgsless model [7, 8]
or a linear moose with multi-stage breaking of the SU(2) gauge groups [9]. However, the unique way that the gauge
symmetry is embedded into the approximate global symmetry gives new possibilities for the spectrum of heavy bosons,
in addition to new electroweak constraints and collider phenomenology. There are also new heavy fermion partners of
the light quarks and leptons which may appear at the TeV scale. In particular, the heavy partners of the top quark,
which are crucial to generating a viable Higgs potential, may have significant contributions to electroweak precision
observables.
In the present paper we focus on the electroweak constraints on the model. In Sec. II we review the model,

paying particular attention to the gauge and fermion sector formulae that are needed to obtain the contributions to
electroweak observables. In Sec. III we consider the tree level contributions that arise from the mixing of the light
and heavy gauge bosons. Here we extend the analysis of Ref. [6] on universal electroweak corrections by allowing a
more general set of gauge parameters. In addition, we consider the contributions to the ZWW triple-gauge-boson
vertex. In Sec. IV we analyze the contributions from the heavy partners of the top quark to electroweak observables.
This includes loop corrections to the oblique parameters and the Zbb̄ vertex, as well as tree-level modifications to the
top and bottom electroweak couplings. Finally in Sec. V we present our conclusions.

II. THE MODEL

The symmetry structure∗ of the model is represented in Fig. 1 by a moose diagram consisting of two sites, 0
and 1, where the outer circles are the global SO(5)’s and the inner ellipses are the gauged subgroups. In terms
of the moose site indices, the global symmetry can be written SO(5)0 × SO(5)1, while the gauged subgroup is
[SU(2)0L × U(1)0R]× [SU(2)1L × SU(2)1R]. In this description the L and R subscripts indicate the two commuting
SU(2) subgroups of SO(5), while U(1)0R is a U(1) subgroup of SU(2)0R. The global symmetry is spontaneously

∗ The model is motivated by the deconstruction of the 5-dimensional Gauge-Higgs model of Ref. [10]. Models with related symmetry
structure, but different fermion implementations, are considered in the context of composite Higgs models in Refs. [11, 12].
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FIG. 1. Moose diagram for the model. The approximate global symmetry is SO(5)0 × SO(5)1, with an embedded gauge
symmetry of [SU(2)0L × U(1)0R]× [SU(2)1L × SU(2)1R].

broken to the diagonal SO(5) by a non-linear sigma field,

Σ = eiΠ/f , (1)

which transforms as Σ → U0ΣU
†
1 under an SO(5)0 × SO(5)1 transformation. Using the basis for the ten SO(5)

generator matrices, given in the Ref. [6], we can specify the goldstone boson fields as

Π =



















π3

L−π3

R√
2

π+
L −π−

R 0 v+h+iπ3

√
2

π−
L

−(π3

L+π3

R)√
2

0 −π−
R iπ−

−π+
R 0

π3

L+π3

R√
2

π+
L iπ+

0 −π+
R π−

L
−(π3

L−π3

R)√
2

v+h−iπ3

√
2

v+h−iπ3

√
2

−iπ+ −iπ− v+h+iπ3

√
2

0



















, (2)

The πa
L and πa

R are eaten by the heavy gauge fields and were set to zero (unitary gauge) in Ref. [6]. Here we will need
all of the goldstone boson interactions, so we keep them in the Lagrangian.

A. Gauge Sector

Gauging the [SU(2)0L × U(1)0R]× [SU(2)1L × SU(2)1R] subgroup leads to the following covariant derivative

DµΣ = ∂µΣ− ig0LW
aµ
0LT

a
LΣ− ig0RB

µ
0RT

3
RΣ+ ig1LW

aµ
1LΣT a

L + ig1RW
aµ
1RΣT a

R , (3)

where, in the generator basis of Ref. [6],

T a
L =











(

I ⊗
(

1
2σ

a
)

) 0
0
0
0

0 0 0 0 0











, T a
R =











(

−
(

1
2σ

a
)T ⊗ I

) 0
0
0
0

0 0 0 0 0











.

With this we can write the Lagrangian density for the gauge and sigma fields as

Lgauge = −1

4
W aµν

0L W a
0Lµν − 1

4
Bµν

0RB0Rµν − 1

4
W a µν

1L W a
1Lµν − 1

4
W a µν

1R W a
1Rµν

+
f2

4
tr
[

(DµΣ) (DµΣ)
†
]

. (4)

As shown in Ref. [6], this leads to the gauge boson mass Lagrangian

Lmass =
f2

4

{

g20LW
aµ
0LW

a
0Lµ + g20RB

µ
0RB0Rµ + g21LW

aµ
1LW

a
1Lµ + g21RW

aµ
1RW

a
1Rµ
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FIG. 2. (a) SU(2)3 × U(1) moose, with equivalent gauge masses and mixings as our model. (b) Linear SU(2)3 × U(1) moose,
such as the 4-site Higgsless model.

−2c2 g0Lg1LW
aµ
0LW

a
1Lµ − 2s2 g0Lg1RW

aµ
0LW

a
1Rµ

−2s2 g0Rg1LB
µ
0RW

3
1Lµ − 2c2 g0Rg1RB

µ
0RW

3
1Rµ

}

, (5)

where†

s = sin

(

v

2f

)

, c = cos

(

v

2f

)

. (6)

Throughout this paper, we shall use the parameter s2 ≈ v2/(4f2), as a small expansion parameter for comparison
with the SM. It is interesting to note that this is the same mass Lagrangian that is obtained from the SU(2)3 ×U(1)
moose shown in Fig. 2(a) (although without the extra triplet of uneaten goldstone bosons). Thus, the gauge boson
spectrum and phenomenology will be distinct from other SU(2)3 × U(1) extended gauge group models, such as the
4-site Higgsless model [7, 8], that break via the linear moose shown in Fig. 2(b).
The gauge boson masses and mixings were obtained in Ref. [6]. Expressed as a power series in s2, we obtained two

heavy gauge triplets with masses:

M2
WL

= 1
2

(

g20L + g21L
)

f2 + · · ·
M2

ZL
= 1

2

(

g20L + g21L
)

f2 + · · ·
M2

WR
= 1

2g
2
1Rf

2 + · · · (7)

M2
ZR

= 1
2

(

g20R + g21R
)

f2 + · · · ,

where the corrections are O(s2). The WL and ZL gauge bosons are very degenerate, since the mass splitting between
these two states only arises at O(s4). The splitting between WR and ZR depends strongly on the ratio of g0R/g1R.
The light SM Z and W bosons obtain masses

M2
W = g2Lf

2s2 + · · ·
M2

Z =
(

g2L + g2R
)

f2s2 + · · · , (8)

where the corrections are O(s4), and we have defined the couplings gL and gR by

1

g2L
=

1

g20L
+

1

g21L
1

g2R
=

1

g20R
+

1

g21R
. (9)

† Please note that the definition of the variables s and c differs from that used in Ref. [6] by a factor of 1/2 in the argument of the sine
and cosine.
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The couplings gL and gR, up to O(s2) corrections, play the roles of the SM SU(2)L and U(1)Y gauge couplings,
respectively. Of course, the photon is exactly massless, being associated with the unbroken U(1)EM , with coupling
constant e given by

1

e2
=

1

g2L
+

1

g2R
=

1

g20L
+

1

g21L
+

1

g20R
+

1

g21R
. (10)

B. Fermion Sector

The fermions in the Little Higgs model are combined into multiplets of the global SO(5)0 symmetry at site 0 only
and transform under the corresponding gauge symmetries, SU(2)0L × U(1)0R. For each generation of quarks in the
SM, we have three multiplets of SO(5)0, ψ

A, ψB, and ψC : the left-handed SM doublet is embedded in ψA, the
right-handed up-type singlet is embedded in ψB, and the right-handed down-type singlet is embedded in ψC . The
multiplets are Dirac multiplets, in that each comes in a right-handed and left-handed pair,

ψ ≡ ψL + ψR , (11)

except that the SM fields within the multiplet are missing their Dirac partners‡.
The ψA field transforms as a 5 of SO(5). In terms of component fields, it consists of

ψA
L =





Q
χ
u





A

L

, ψA
R =





0
χ
u





A

R

, (12)

where

Q =

(

Qu

Qd

)

and χ =

(

χy

χu

)

(13)

transform as doublets under SU(2)0L and u transforms as a singlet. Note that the QL field, which plays the role of
the light SM doublet field, is missing its partner QR field. Throughout this paper, we will use the symbols y, u, and
d to indicate the electromagnetic charges of the fields by q

EM
(y) = +5/3, q

EM
(u) = +2/3, and q

EM
(d) = −1/3.

The ψB field also transforms as a 5 of SO(5). In terms of component fields, it consists of

ψB
L =





Q
χ
0





B

L

, ψB
R =





Q
χ
u





B

R

. (14)

The uR plays the role of the light SM field and is missing its partner uL field.
Finally, the ψC field transforms as the adjoint 10 of SO(5). In terms of component fields, it consists of

ψC
L =

1√
2











−u− φy 0 0 Qu

φd −u+ 0 0 Qd

−y 0 u+ φy χy

0 −y φd u− χu

χu −χy −Qd Qu 0











C

L

,

ψC
R =

1√
2











−u− φy −d 0 Qu

φd −u+ 0 −d Qd

−y 0 u+ φy χy

0 −y φd u− χu

χu −χy −Qd Qu 0











C

R

, (15)

where

u± =
1√
2
(u± φu) , (16)

‡ When applied to fermion fields, the subscripts L and R label the chirality. When applied everywhere else, they label the subgroup of
SO(5).
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and the SM right-handed singlet dR is missing its Dirac partner dL. Under SU(2)0L, the fields φ transform as triplets,
the fields Q and χ transform as doublets, and the fields y, u, and d transform as singlets.
The Lagrangian density for the quark fields with Dirac masses can be written

LDirac = iψ̄AD/ψA − λAfψ̄
AψA + iψ̄BD/ψB − λBfψ̄

BψB

+ i tr
(

ψ̄CD/ψC
)

− λCftr
(

ψ̄CψC
)

, (17)

where the covariant derivatives are

Dµψ(A,B) =
[

∂µ − ig0LW
aµ
0LT

a
L − ig0RB

µ
0R

(

T 3
R + qX

)]

ψ(A,B)

DµψC = ∂µψC − ig0LW
aµ
0L

[

T a
L, ψ

C
]

− ig0RB
µ
0R

([

T 3
R, ψ

C
]

+ qXψ
C
)

. (18)

Under U(1)0R the fields transform with a charge given by Y = T 3
R(rep)+ qX , where qX = +2/3, and T 3

R(rep) is in the
fundamental representation for ψA,B and in the adjoint representation for ψC . An equivalent Lagrangian for leptons
can be constructed out of the same multiplets of fields, except with qX = 0.
With this Lagrangian all ψA fields have a Dirac mass MA = λAf , all ψ

B fields have a Dirac mass MB = λBf , and
all ψC fields have a Dirac mass MC = λCf , except for the fields QL, uR and dR, which are massless. These are given
mass, by introducing the Yukawa terms,

LYukawa = −
[

λ1f
(

ψ̄A
LΣ
)

EE† (Σ†ψB
R

)

+
√
2λ2f

(

ψ̄A
LΣ
) (

1− EE†) (Σ†ψC
RΣ
)

E + h.c.
]

= −
[

λ1f
(

ψ̄A
LΣ
)

EE† (Σ†ψB
R

)

+
√
2λ2f

(

ψ̄A
Lψ

C
RΣ
)

E + h.c.
]

, (19)

where we have used the O(4)-invariant vector,

E =











0
0
0
0
1











. (20)

As explained in Ref. [6], these Yukawa terms, along with the Dirac masses of Eq. (17), maintain the collective symmetry
breaking necessary for the Little Higgs mechanism. For λ(1,2) ≪ λ(A,B,C), they give masses to the light SM fields of

Mu ≈ λ1v/
√
2

Md ≈ λ2v/
√
2 , (21)

while the heavy fermions get only small shifts from their masses of MA, MB, MC .
The only quark for which the approximation λ1 ≪ λ(A,B,C) does not hold is the top quark. Keeping λ1 for the top

quark sector of the same order as λ(A,B,C) we find that the charge +2/3 fermions of ψC and one linear combination of
each of the charge +2/3 fermions of ψA and ψB have mass eigenvalues unaffected by the Yukawa term. The remaining
three linear combinations mix due to the Yukawa term and have masses

M2
t = 2λ2tf

2s2 + · · ·
M2

TA
=
(

λ2A + λ21
)

f2 + · · · (22)

M2
TB

= λ2Bf
2 + · · · ,

where the corrections to M2
t are O(s4), the corrections to M2

TA,B
are O(s2) and we have defined

1

λ2t
=

1

λ21
+

1

λ2A
. (23)

We see that even for λ1 not small, the top quark mass is down by a factor of v/f compared to the heavy quarks.
More detailed expressions§ for the masses and mixings of the third generation charge +2/3 fermions are given in the
Ref. [6]

§ Again, we alert the reader that the definitions of the parameters s and c in this paper differ from those used in Ref. [6], so care must be
used in applying the formulae in that paper.
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As discussed in Ref. [6], at the lowest order in the effective action, there are also fermion operators that correspond
to renormalization of the broken currents of the complete SO(5) multiplets:

∆LDirac = iκAψ̄
A
L

(

ΣD/Σ†)ψA
L + iκBψ̄

B
R

(

ΣD/Σ†)ψB
R

+ iκC1
tr
[

ψ̄C
R

(

ΣD/Σ†)ψC
R

]

+ iκC2
tr
[

ψ̄C
Rγ

µψC
R (DµΣ)Σ

†] . (24)

If we assume that all of the fermions act as fundamental point particles, charged only under the SU(2)0L × U(1)0R
gauge symmetry, then the κi coefficients would arise only perturbatively through loop diagrams, and we can assume
them to be small. In addition, for the coupling of the light SM fermions to the SM Z and W± bosons, these operators
have an additional suppression of s2. Thus, we will ignore these operators for the first two generations of fermions.
However, it is possible that these coefficients may be larger for the third generation of fermions, so we will consider
their effects on the SM currents of the top and bottom quarks.

III. TREE LEVEL CONTRIBUTIONS TO PRECISION ELECTROWEAK OBSERVABLES

In our model there are contributions to precision electroweak observables at tree level, which arise from two separate
sources. The first source can be identified by letting κA = κB = κC1

= κC2
= 0. Then the SM light fermions couple

directly only to the SU(2)0L ×U(1)0R gauge fields, and the corrections to low-energy observables occur only through
electroweak gauge current correlators, and are thus “universal” in the sense of Barbieri et al. [13]. In Ref. [6], we
analyzed these tree-level contributions to electroweak precision constraints, but only put bounds on the parameters
under the assumption g1L = g1R. In this section we extend the analysis of the parameter space to include g1L 6= g1R.
The second source of correction to precision electroweak observables comes from the κ-terms. These give corrections to
low-energy observables of non-“universal” type. We shall postpone the discussion of these non-“universal” corrections
until section IVB, where we consider their effects on the third generation quarks.

A. “Universal” Corrections

If κA = κB = κC1
= κC2

= 0, the electroweak gauge current correlators can be easily computed from the quadratic
Lagrangian by inverting the subset of the propagator matrix involving the site-0 fields only. This leads to the following
expressions for the electroweak parameters [13], to leading order in s2:

∆Ŝtree = s2
(

g2L
g21L

+
g2L
g21R

)

(25)

∆T̂tree = 0 (26)

∆Ytree = s2
(

2g2Lg
2
R

g41R

)

(27)

∆Wtree = s2
(

2g4L
g41L

)

. (28)

To the order in s2 that we are working in these equations, the couplings gL ≡ g and gR ≡ g′ are the SM weak
and hypercharge couplings, respectively, so that the electroweak observables depend only on three model parameters:
{f, g1L, g1R}. Notice that the corrections to the electroweak observables are not oblique, since nonzero values for Y and
W signal the presence of direct corrections, corresponding to four-fermion operator exchanges at zero momentum [13,

14]. Notice also that the custodial symmetry of the model ensures that T̂ = 0 at tree-level. The global fit of the

experimental data implies that a heavy Higgs boson is only compatible with positive T̂ [13]. Therefore, we shall
assume that the fermion parameters are chosen to obtain a light Higgs mass, as discussed in Ref. [6].

The combined experimental constraints on Ŝ, T̂ , Y , and W , taken from Ref. [13], for a light Higgs, give the bounds
of Fig. 3, where the colored regions are excluded. In Fig. 3 (left) we show the 95% exclusion regions in the f -g1 plane,
for fixed values of tanφ, where we define

2

g21
≡ 1

g21L
+

1

g21R
, tanφ ≡ g1R

g1L
. (29)

The excluded regions, from top to bottom, correspond to tanφ = ∞, tanφ = 1 (equivalent to g1L = g1R = g1),
and tanφ = 0. The weak dependence on tanφ for small f is due to the fact that the constraints are dominated
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FIG. 3. Constraints on f , g1L, and g1R from Ŝ, T̂ , W , and Y . The colored regions are excluded. Left: 95% excluded regions
in the f -g1 plane, for different values of tanφ, where g1 and tanφ are defined in Eq. (29). The three main regions, from top to
bottom, correspond to tanφ = ∞, tanφ = 1 (equivalent to g1L = g1R = g1), and tanφ = 0. The blue region on the left side
of the figure is the exclusion reach from experimental limits on the triple-gauge-boson parameter, ∆gZ1 , at the 95% confidence
level. Right: 95% exclusion regions in the g1L-g1R plane for f =0.5, 1.0, and 1.5 TeV, with the stronger constraints for the
smaller values of f .

by the contribution to Ŝ, which is independent of tanφ. Only for smaller g1 (and correspondingly larger f) are the
contributions to Y and W significant. In Fig. 3 (right) the 95% exclusion regions are shown in the g1L-g1R plane for
f =0.5, 1.0, and 1.5 TeV: of course, the smaller the value of f the stronger the constraint.

B. ZWW vertex

Following Refs. [15, 16], we can write the CP-invariant triple-gauge-boson vertex as

LVVV = ie
[(

W+µνW−
µ −W−µνW+

µ

)

Aν + (1 +∆κγ)W
+
µ W

−
ν A

µν
]

(30)

+ie
cZ
sZ

[(

1 + ∆gZ1
) (

W+µνW−
µ −W−µνW+

µ

)

Zν + (1 + ∆κZ)W
+
µ W

−
ν Z

µν
]

,

where

s2Zc
2
Z ≡ e2

4
√
2GFM2

Z

. (31)

In the SM at tree level, ∆κZ = ∆κγ = ∆gZ1 = 0. Using the Lagrangian of Eq. (4) and expanding in terms of the SM
mass eigenstates, we obtain

LWWV = ie
[(

W+µνW−
µ −W−µνW+

µ

)

Aν +W+
µ W

−
ν A

µν
]

(32)

+ie
cos θ

sin θ

[(

W+µνW−
µ −W−µνW+

µ

)

Zν +W+
µ W

−
ν Z

µν
]

+ O(s4) ,

where e = gL sin θ = gR cos θ. At first glance, this appears to give no correction to the SM triple-gauge-boson vertices
at O(s2); however, we must use the same definition of the weak mixing angles in both equations. We obtain

cos θ

sin θ
=

cZ
sZ

[

1− s2
(

g2L + g2R
g2L − g2R

)(

g4L
g20Lg

2
1L

+
g4R

g20Rg
2
1R

)]

, (33)
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where g0L and g0R are determined in terms of g1L and g1R by the constraints of Eq. (9). Comparing with the general
form of the triple-gauge-boson vertices, Eq. (31), we obtain

∆κγ = 0 (34)

and

∆gZ1 = ∆κZ = −s2
(

g2L + g2R
g2L − g2R

)[

g4L
g20Lg

2
1L

+
g4R

g20Rg
2
1R

]

. (35)

Note that this expression is negative definite and the factor inside the brackets has a maximum value of 1/2.
The LEP TGC Working group has obtained fits to the triple-gauge-boson vertex parameters [17], with the result

at the 95% confidence level of

−0.054 < ∆gZ1 < +0.028 , (36)

under the assumption of ∆κγ = 0 and ∆κZ = ∆gZ1 . Using this result, we find that the constraints from the ZWW
vertex are always weaker than those from the universal electroweak parameters, as shown in the left plot of Fig. 3.

IV. CONTRIBUTIONS TO ELECTROWEAK CORRECTIONS FROM THE TOP QUARK SECTOR

A. “Universal” Corrections at One Loop

The precision electroweak observables discussed in section III also obtain corrections at the loop level in our model.
Just as in the SM, the dominant contributions are from oblique corrections due to loops of the third generation
quarks, as well as their heavy partners. With respect to these, the one-loop contributions from the gauge sector are
suppressed by m2

W /m2
t ≃ 0.2, and will therefore be neglected. Here we only include the contribution from the third

generation quarks and their heavy partners. We also assume that the loop corrections to Y and W beyond the SM
are negligible, since they arise at higher order in the momentum expansion. At O(s0) the corrections are the same as
the SM. The deviations from the SM arise at O(s2), and are obtained by evaluating the Feynman diagrams of Fig. 4.
Note that two types of SU(2)0L doublets are involved: (Qt, Qb) and (χy, χt), each coming from either the ψA or
ψB SO(5) multiplets. (The non-singlet fields in ψC always come in mass-degenerate doublets or triplets with vector

couplings, and therefore, do not contribute to either Ŝ or T̂ .) The charge +5/3 fields, χy(A,B), are mass eigenstates
with masses MA,B. The charge -1/3 field, Qb(B), is a mass eigenstate with mass MB. The charge -1/3 field Qb(A) is

the left-handed component of the SM bottom quark. The charge +2/3 fields
{

Qt(A,B), χt(A,B)
}

mix, along with the

singlets t(A,B), to give mass eigenstates, which are the SM top quark plus heavy partners. The five mass eigenvalues
are

M2
A = λ2Af

2

M2
TA

≈ (λ2A + λ21)f
2

M2
TB

≈M2
B = λ2Bf

2 (37)

M2
t ≈ 2λ2tf

2s2 ,

where M2
t has a correction of O(s4), M2

TA
andM2

TB
have corrections of O(s2), and MA and MB are exact and

independent of s2.
Calculating the diagrams in Fig. 4, we obtain

∆T̂loop = s2NC
λ2t

(4π)2
λ2t
λ2A

[

1 +
λ2t
λ21

]{

−2 ln
M2

TA

M2
t

+ 2
λ6A
λ6t

ln
M2

TA

M2
A

− 5
λ2A
λ21

− 2
λ4A
λ41

}

, (38)

and

∆Ŝloop = s2NC
g2L

(4π)2

{

1

9

λ2t
λ2A

(

−4 ln
M2

A

M2
t

+ 1

)

+
1

9

λ4t
λ4A

(

2 ln
M2

TA

M2
t

− 5

)

(39)

+
1

9

(

2− λ2t
λ2A

)

F1(MTA
,MA) +

λ2A
λ21
F2(MTA

,MA)

+
1

9

λ21
λ21 + λ2A + λ2B

F3(MTA
,MB)

}

,
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W

(a) (b)

W Z Z

Q t,  χ y

Qb,  χ t Q t,Qb,χ y,χ t

Q t,Qb,χ y,χ t

FIG. 4. Feynman diagrams necessary to obtain corrections to Ŝ and T̂ from the third generation quarks. Each pair of fields in
the loop can come from either the ψA or the ψB SO(5) multiplet.

where NC = 3 is the number of colors, and we have defined the functions

F1(m1,m2) =

[

− 3

2x3
+

9

2x
+ 7

]

ln
m2

1

m2
2

+
3

x2
− 5

F2(m1,m2) =

[

1

x2
− 1

]

ln
m2

1

m2
2

− 2

x
(40)

F3(m1,m2) =

[

3

2x5
+

6

x2
+

9

2x

]

ln
m2

1

m2
2

− 3

x4
− 1

x2
− 12

x
,

with x = (m2
1 −m2

2)/(m
2
1 +m2

2).

In addition to dependence on the scale f , the loop corrections to T̂ depend on the parameters λ1 and λA, while
the loop corrections to Ŝ depend on λ1, λA, and λB. However, the parameters λ1 and λA are not independent, being
related to the SM top quark Yukawa, λt, by Eq. (23). Thus, we can define a mixing angle in the top sector,

sin θt =
λ1

√

λ21 + λ2A
, (41)

so that the top mass parameters are given in terms of θt by λA = λt/ sin θt and λ1 = λt/ cos θt. Furthermore, λB
is determined in Ref. [6] in terms of the other parameters by the requirement that the radiatively-generated Higgs

potential has a minimum at v = 246 GeV. In Fig. 5 we show the loop contributions to T̂ and Ŝ as a function of sin2 θt
for f = 1 TeV. For Ŝ we choose the reasonable values of λB = λA/2, λB = λA/

√
2, and λB =

√
2λA.

Of course, the loop corrections to Ŝ and T̂ must be considered additively with the tree-level corrections from
section III. Thus, the total corrections to Ŝ and T̂ from the model will also depend on g1L and g1R, or alternatively,
using Eq. (29), g1 and tanφ. We have seen in section III that the contribution of the non-oblique parameters Y and
W become negligible for g1 & 2, and consequently the dependence on tanφ also becomes negligible. Therefore, in

this section we will fix Y = W = 0 in our analysis and assume that the new physics only contributes to Ŝ and T̂ ,
which are then related to the standard oblique parameters by Ŝ = αS/(4s2Z) and T̂ = αT (and are independent of

tanφ). In addition, we will fix λB = λA/
√
2, with the understanding that changes in this relationship will have only

a small effect on the results obtained below. In Fig. 6 we plot the combined tree and loop-level calculations in the
Ŝ and T̂ plane as a function of sin2 θt for various choices of f and g1, compared to limit contours from global fits.
The outer (blue) ellipse in the plots corresponds to the 95% confidence level (CL) contours from Ref. [13], assuming
Y = W = 0 and a light Higgs mass, while the inner (red) ellipse corresponds to the 95% CL contours from the
Particle Data Group (PDG), Ref. [18] with U = 0 and MH = 117 GeV. The left plot has f = 1 TeV, the middle

plot has f = 2 TeV, and the right plot has f = 3 TeV. The three curves in each plot are predictions for Ŝ and T̂ for
0 < sin2 θt < 1 with g1 = 10, 5, and 3, as one moves to the right. The dots on each curve correspond to the values
sin2 θt = 0.1, 0.2, 0.3, . . . , 0.9, as one moves away from T̂ = 0.
As seen in the left plot of Fig. 6 for f = 1 TeV, the loop contributions increase the tension with the electroweak

experimental data, due mostly to their negative contribution to T̂ . Using the non-oblique universal fit of Ref. [13],
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FIG. 5. The heavy fermion contributions to T̂ and Ŝ as a function of sin2 θt for f = 1 TeV. The three curves of Ŝ from top to
bottom correspond to λB = λA/2, λB = λA/

√
2, and λB =

√
2λA.
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FIG. 6. Constraints on f , g1 and sin2 θt from Ŝ and T̂ , including both tree and loop corrections. The left plot has f = 1 TeV,
the middle plot has f = 2 TeV, and the right plot has f = 3 TeV. In each plot, the outer (blue) ellipse corresponds to the
95% confidence levels (CL) contours from Ref. [13], assuming Y =W = 0 and a light Higgs mass, while the inner (red) ellipse

corresponds to the 95% CL contours from the Particle Data Group, Ref. [18], using Ŝ = αS/(4s2Z) and T̂ = αT with U = 0

and MH = 117 GeV. The three curves in each plot are predictions for Ŝ and T̂ for 0 < sin2 θt < 1 with g1 = 10, 5, and 3, as
one moves to the right. The dots on each curve correspond to the values sin2 θt = 0.1, 0.2, 0.3, . . . , 0.9, as one moves away from
T̂ = 0. In the calculation of Ŝ, we have fixed λB = λA/

√
2.

requires sin2 θt . 0.04, 0.39, 0.55 for g1 = 3, 5, 10, respectively. However, since for these values of g1, we have found
that Y and W are negligible, it seems more consistent to use the stronger, more up-to-date PDG limits from Ref. [18].
In this case, g1 = 3 is ruled out at the 95% CL, while g1 = 5 and 10 are only allowed for very small sin2 θt. For f = 2
TeV, as seen in the middle plot, the PDG limits require sin2 θt . 0.09, 0.26, 0.32 for g1 = 3, 5, 10, respectively. For
f = 3 TeV, as seen in the right plot, the PDG limits require sin2 θt . 0.60, 0.85, 0.91 for g1 = 3, 5, 10, respectively.
We can use these results to find combined bounds on the parameters f , g1 and sin2 θt. Over most of the relevant

range of g1 we have found the tree-level contribution to Y and W to be small; therefore, we shall neglect Y and W
and use the PDG limits on S and T with U = 0 and MH = 117 GeV. In Fig. 7 the four excluded regions correspond
to sin2 θt = 0, 0.1, 0.3, and 0.6, with stronger constraints for larger values of sin2 θt. From this plot we see that
larger values of sin2 θt require larger values of f to avoid the electroweak constraints. In Ref. [6] it was shown that
increasing f or decreasing sin2 θt usually results in a larger mass for the Higgs boson (although cut-off effects in the
fermion sector spoil a direct prediction for MH in terms of these variables.) Unfortunately, in the electroweak fits,
larger values of MH move the 95% CL ellipse in the ST -plane towards the upper left, which further increases the
tension in this model.
The negative loop corrections to T̂ , as well as the smaller positive loop corrections to Ŝ, appear to be a generic
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FIG. 7. Bounds on f and g1 from the PDG global fits to electroweak data [18], compared to tree-plus-loop universal corrections,
where g1 is defined in Eq. (29). The four regions are for sin2 θt = 0, 0.1, 0.3, and 0.6, with stronger constraints corresponding
to larger sin2 θt.

prediction [19, 20] of models that feature a bi-doublet of SU(2)L × SU(2)R. In fact, our results for Ŝ and T̂ are very
similar to those found in Refs. [19, 20], and agree with Equations (41) and (43) from Ref. [20] in certain limits of

the parameters. It is not unreasonable to expect similar significant loop corrections to T̂ and Ŝ in other models with
the same symmetry structure, but different fermion implementations, such as Refs. [11, 12]. Certainly, the tree level
corrections from mixing with heavy gauge bosons would be the same as in our model.

B. Tree Level Corrections to Top and Bottom Couplings to SM Gauge Bosons

The top and bottom quark couplings to the W± and Z bosons have corrections of O(s2), relative to that of the
light SM fermions, due to mixing with the heavy fermions in our model. Since the couplings in the top quark sector
are large, we also consider the possibility that the operators corresponding to renormalization of the broken currents
can be non-negligible for the third generation.
For the correction to the top-bottom charged current, relative to that for the light quarks, we obtain

∆LCC =
1√
2
t̄LγµbL

{

−s2
[

λ4t
λ4A

g0LW
+µ
0L + κA

(

1− 2
λ2t
λ2A

)

g1LW
+µ
1L − κAg1RW

+µ
1R

]

+κA
(

g1LW
+µ
1L − g0LW

+µ
0L

)

}

+ h.c. , (42)

where we have only kept terms that couple to the W± and Z bosons to at most O(s2). (Note that the term on the
second line affects the couplings to the heavy W±

L,R bosons at O(s0), but affects the couplings to the W± only at

O(s2). ) The terms that are proportional to factors of λt/λA arise from mixing in the top quark sector. Expanding
the gauge bosons in terms of the mass eigenstates, we find the correction to the tbW current at O(s2) to be

∆LtbW =
gL√
2
t̄LγµbLW

+µ

{

−s2
[

λ4t
λ4A

+ κA

(

1− 2
λ2t
λ2A

+
g2L
g20L

− g2L
g21L

)]}

+ h.c. . (43)

We see from this result that there are no right-handed charged couplings for the third-generation SM fields in this
model. This is easily understood from the fact that bR lies in the ψC multiplet, but none of the charge +2/3 quarks in
this multiplet mix with the SM top quark (in the limit of zero bottom quark mass). Based on absence of right-handed
charged couplings and using the results of Ref. [21], we expect that constraints from b → sγ on the parameters
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in our model to be negligible. The left-handed tbW couplings can be probed in the single-top-quark production
process [22, 23]; however, since the current statistics from CDF and D0 are small, the resulting constraints on the
parameters in our model are weak.
For the correction to the top quark neutral current, relative to that for the up quark, we obtain to O(s2),

∆Ltt̄NC = 1
2 t̄LγµtL

{

−2s2
[

(

g0LW
3µ
0L − g0RB

µ
0R

) λ4t
λ4A

+ κA

(

1− 2
λ2t
λ2A

)

(

g1LW
3µ
1L − g1RW

3µ
1R

)

]

+κA

(

g1LW
3µ
1L − g0LW

3µ
0L + g0RB

µ
0R − g1RW

3µ
1R

)

}

+ 1
2 t̄RγµtR

{

−2s2
λ2t
λ2A

(

g0LW
3µ
0L − g0RB

µ
0R

)

}

. (44)

Expanding the gauge bosons in terms of the mass eigenstates, we find the correction to the Ztt̄ current at O(s2) to
be

∆LZtt̄ =
e

sin 2θ
t̄LγµtLZ

µ

{

−2s2
[

λ4t
λ4A

+ κA

[(

1− 2
λ2t
λ2A

)

+
1

2

(

g2L
g20L

− g2L
g21L

+
g2R
g20R

− g2R
g21R

)]]}

+
e

sin 2θ
t̄RγµtRZ

µ

{

−2s2
λ2t
λ2A

}

. (45)

The current bounds on the Ztt̄ coupling from collider physics is very weak. Although the top pair production from an
off-shell Z exchange is relevant to the Ztt̄ coupling measurement, at the Tevatron and LHC it is very hard to extract
the EW contributions through the Ztt̄ couplings from the huge rates from the QCD production of the top pair.
For the correction to the bottom quark neutral current, relative to that for the down quark, we obtain to O(s2),

∆Lbb̄NC = 1
2 b̄LγµbL κA

(

g0LW
3µ
0L − g1LW

3µ
1L + g0RB

µ
0R − g1RW

3µ
1R

)

(46)

+ 1
2 b̄RγµbR (κC1

+ κC2
)
[

g0RB
µ
0R − g1RW

3µ
1R − s2

(

g1LW
3µ
1L − g1RW

3µ
1R

)]

.

In this case the only large corrections are due to current renormalizations proportional to κi, since the mixing of
the bottom quark with the heavy charged -1/3 fermions is suppressed by factors of λ2 ∝

√
2mb/v. Furthermore, we

expect the correction to the right-handed Zbb̄ current, which is proportional to κC1
+κC2

, to be similarly suppressed,
because the mass mixing of the ψC fields (which are the fermion fields that are involved in the κC1,2

operators) are

also suppressed by factors of λ2. On the other hand, the ψA fields have mass mixings proportional to λ1, which is
O(1) for the top quark, so the corrections to the left-handed Zbb̄ current proportional to κA may be significant. This
argument will be borne out in the perturbative calculation in the next section.
Finally, we note that the coefficient κB does not come into play at all for the corrections to the currents involving

the SM fermions. This is due to the fact that tR, which is the SM field lying in ψB, is a singlet under both SU(2)L
and SU(2)R.
We shall postpone the discussion of the phenomenological constraints on the Zbb̄ vertex until the next section,

where we perform the corrections to this vertex at one loop.

C. Loop Corrections to the Zbb̄ Vertex

In the SM the one-loop electroweak corrections to the Zbb̄ vertex are dominated by the contribution proportional
to (mt/v)

2. In our model there will be additional corrections, which are suppressed by powers of s2 relative to the
SM result. In this section we calculate these O(s2) corrections in the limit of zero electroweak gauge couplings and
zero bottom quark mass.
Before discussing the loop calculation, it is useful to re-diagonalize the Goldstone bosons from the fields (πa, πa

L,
πa
R) into three new sets of triplets (φa, ρa, ηa) by:

ηa =
πa
L + πa

R√
2

φa = N

[

c πa + s

(

πa
L − πa

R√
2

)]

ρa = N

[

−s πa + c

(

πa
L − πa

R√
2

)]

,
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FIG. 8. (a) Feynman diagrams for φ3bb̄ correction. (b,c) Feynman diagrams for η3bb̄ correction.

where the normalization factor,

N =
s

(v/2f)
, (47)

ensures that the kinetic terms for the new triplets have the standard normalization after expanding Σ to all orders in
v/f . This choice of fields is convenient, because φ± are the only charged scalars that couple to the bottom quark in
a three-point vertex, a fact that greatly simplifies the analysis of the Feynman diagrams.
The tree-level Zbb̄ interactions are contained in the terms from the Lagrangian:

Ltree
bbNC = 1

2 b̄LγµbL

[

−
(

g0LW
3µ
0Lµ − g0RB

µ
0R

)

+
(

g0LW
3µ
0Lµ − g1LW

3µ
1Lµ + g0RB

µ
0R − g1RW

3µ
1R

)

κA

]

(48)

− 2
3 b̄γµb [g0RB

µ
0R] ,

where we have included the κA term from Eq. (46), but we have set the κCi
’s in that equation to zero. We shall

assume κA to be of similar size to the loop corrections; therefore we only include it at leading order.
We have calculated the one-loop Zbb̄ corrections using two distinct methods, both of which give the same result. The

first method is to calculate the interaction of the Goldstone bosons with the bottom quarks in the strictly gaugeless
limit, and then use Ward identities to relate this to the Zbb̄ corrections [24]-[28]. The relevant Feynman diagrams are
shown in Fig. 8. Note that all analogous diagrams with other choices of Goldstone boson fields, as well as diagrams
involving a three-scalar vertex, are identically zero. We find that the diagram of Fig. 8(a) generates a φ3bb̄ interaction,
which is finite in 4 dimensions, while the diagrams of Fig. 8(b,c) generate an η3bb̄ interaction, which is divergent in
dimensional regularization with d = 4− 2ǫ. The one-loop effective Lagrangian that is generated by these diagrams is

∆L1−loop

π3bb̄
= b̄LγµbL

[(

∂µφ3

f(2sc)

)

ǫ1 +

(

∂µη3

f

)

ǫ2

]

, (49)

where

ǫ1 =
λ2t

(4π)2
− 4λ2t

(4π)2
s2
[

1 +
1

2

λ2t
λ2A

− 2
λ4t
λ21λ

2
A

+

(

λ4t
λ21λ

2
A

− 3

4

λ2t
λ2A

)

ln
m2

TA

m2
t

]

, (50)

and

ǫ2 =
λ21

4(4π)2

(

1

ǫ
− γ +

3

2
− ln

m2
TA

4πµ2

)

+
λ2t

4(4π)2
ln
m2

TA

m2
t

. (51)

We keep ǫ2 only to O(s0), because we shall see that this term still modifies the Zbb̄ vertex at O(s2).
The terms in the effective Lagrangian, Eq. (49), are related to the bottom quark neutral currents, because of the

mixing of the Goldstone bosons with the neutral gauge bosons, given by

Lmixing = −f
2
(2sc) ∂µφ

3
(

g0LW
3µ
0L − g0RB

µ
0R

)

(52)

−f
2
∂µη

3
(

g0LW
3µ
0L + g0RB

µ
0R − g1LW

3µ
1L − g1RW

3µ
1R

)

+ · · · ,
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FIG. 9. (a,b,c) Feynman diagrams for Zbb̄ correction at one loop. (d) Feynman diagram needed to determine the bottom quark
wave-function renormalization factor, used in the counterterm diagram (c).

Following Refs. [24]-[28], we can use a Ward identity to obtain the correction to the bottom quark neutral currents,

∆L1−loop
bbNC = 1

2 b̄LγµbL

[(

g0LW
3µ
0Lµ − g0RB

µ
0R

)

ǫ1 (53)

+
(

g0LW
3µ
0Lµ − g1LW

3µ
1Lµ + g0RB

µ
0R − g1RW

3µ
1R

)

ǫ2

]

.

We have also calculated the corrections to the bb̄ neutral currents directly in a renormalizable Rξ gauge, but taking
the limit as the gauge couplings become small. In this limit, the leading contributions come from the diagrams of
Fig. 9, which are equivalent to a calculation where the gauge fields are treated as background classical fields, while
the zero-mass Goldstone bosons are dynamical quantum fields. We obtain the exact same results in this method.
The term proportional to ǫ1 in Eq. (53) agrees with the SM result up to corrections of O(s2). The combination of

gauge fields that is multiplied by ǫ2 contains the Z boson at O(s2), so we are justified in keeping ǫ2 only to O(s0).
To obtain the deviations from the SM prediction, we subtract off this SM result, and use the MS-scheme at one-loop

to define the coefficient κ̂A = κA +
λ2

1

4(4π)2

(

1
ǫ − γ + ln 4π

)

. This gives the final result for the Zbb̄ vertex:

∆Lrenorm
bbNC = 1

2 b̄LγµbL

[(

g0LW
3µ
0Lµ − g0RB

µ
0R

)

s2ǫ̂1 (54)

+
(

g0LW
3µ
0Lµ − g1LW

3µ
1Lµ + g0RB

µ
0R − g1RW

3µ
1R

)

ǫ̂2

]

,

with

s2ǫ̂1 = ǫ1 −
2
√
2GFm

2
t

(4π)2

= ǫ1 −
λ2t

(4π)2

[

1 + 4s2
(

−λ
2
t

λ21
+

1

2

λ4t
λ2Aλ

2
1

)]

, (55)

so

ǫ̂1 = − 4λ2t
(4π)2

[

3

2

λ4t
λ4A

+

(

λ4t
λ21λ

2
A

− 3

4

λ2t
λ2A

)

ln
m2

TA

m2
t

]

, (56)

and

ǫ̂2 = κ̂A +
λ21

4(4π)2

(

3

2
− ln

m2
TA

µ2

)

+
λ2t

4(4π)2
ln
m2

TA

m2
t

. (57)

Expanding the gauge bosons in terms of the mass eigenstates, we find the correction to the Zbb̄ current at O(s2)
to be

∆Lrenorm
Zbb̄ =

e

sin 2θ
b̄LγµbLZ

µ s2
[

ǫ̂1 +

(

g2L
g20L

− g2L
g21L

− g2R
g20R

+
g2R
g21R

)

ǫ̂2

]

. (58)
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FIG. 10. Corrections to the Zbb̄ coupling gLb as a function of κ̂A for fixed values of f , g1L = g1R, and sin2 θt, as compared to
the ±1σ band from experiment. Parameter values for the different lines in each plot are given in the main text.

In Fig. 10 we show the experimental ±1σ band for the left-handed Zbb̄ coupling gLb, together with the SM prediction
(dashed horizontal line), and our model prediction. The latter is shown as a function of κ̂A, for fixed values of f ,
g1L = g1R, and sin2 θt, and with the renormalization scale set to µ2 = m2

t . In Fig. 10 (left) we set f = 1 TeV,
sin2 θt = 0.5, and g1L = g1R = 2, 4, and 10 with the line thickness increasing with g1L = g1R. The correction to gLb is
dominated by the renormalized tree-level term, κ̂A, which is contained in ǫ̂2. Its contribution vanishes in the limit of
large g1L = g1R, as does the coefficient of ǫ̂2. This leaves us with the one-loop contribution contained in ǫ̂1, which, as
the figure shows, is very small. In Fig. 10 (center) we set sin2 θt = 0.5, g1L = g1R = 2, and f = 0.5, 1, and 1.5 TeV,
with the line thickness increasing with f . As f grows, the whole nonstandard contribution to gLb vanishes. Finally, in
Fig. 10 (right) we set f = 1 TeV, g1L = g1R = 2, and sin2 θt = 0.2, 0.5, and 0.8, with the line thickness increasing with
sin2 θt. The dependence on sin2 θt is very weak, relative to the SM contribution. Indeed, the lines for sin2 θt = 0.2 and
0.5 are indistinguishable on this plot, while for sin2 θt = 0.8 and κ̂A = 0 there is a small positive one-loop correction.
In general, we can conclude that the one-loop correction to gLb is small, but the tree-level operator of Eq. (24) can
give a positive contribution to gLb for negative values of κ̂A = 0.

V. CONCLUSIONS

In Ref. [6] we introduced a LH model based on the approximate global symmetry breaking pattern SO(5)0 ×
SO(5)1 → SO(5), and motivated by the deconstruction of the five-dimensional SO(5) gauge-Higgs model [10]. In
our “two-site” model, the SU(2)0L ×U(1)0R × SU(2)1L × SU(2)1R subgroup of SO(5)0 × SO(5)1 is gauged, and the
spontaneous breaking to diagonal SO(5) breaks the full gauge group to the electroweak symmetry group, SU(2)L ×
U(1)Y . Of the ten Goldstone bosons produced, six are eaten by two iso-triplets of heavy gauge bosons, whereas the
remaining four have the right quantum numbers to form an electroweak Higgs doublet. Due to vacuum misalignment
of the Higgs boson potential, it acquires a vacuum expectation value, which breaks the electroweak symmetry to
electromagnetism. A collective symmetry breaking mechanism ensures that no quadratic divergences are generated at
one loop, leading to a natural hierarchy between the electroweak symmetry breaking scale, and the SO(5)0×SO(5)1 →
SO(5) symmetry breaking scale.
Besides the radiatively-generated potential and the collective symmetry breaking mechanism, which are common

to all LH models, our model presents a very interesting and unique feature: a stable Higgs potential can be entirely

generated at one loop, both in its negative mass-squared and in the quartic coupling. In other models (for example, the
littlest Higgs model [3]), additional effective operators in the Lagrangian are necessary to generate a sufficiently large
quartic Higgs coupling. In our model, instead, the presence of a larger fermion sector (which is dictated by symmetry)
allows for a sufficiently small mass-squared, relative to the quartic Higgs coupling, to obtain the electroweak scale
without any ad-hoc addition to the effective theory. Furthermore, the small (negative) mass-squared naturally leads
to a light Higgs boson for a large range of values in the parameter space, a fact that is rather insensitive to the details
of the UV completion.
In this paper we have analyzed the constraints on our model from precision electroweak measurements. We have

computed the corrections to the precision electroweak observables both at tree-level and at one loop in the fermion
sector. The tree level corrections arise due to mixing of the SM gauge bosons with heavy gauge bosons, while the
dominant one-loop corrections arise from loops involving the third generation quarks, as well as their heavy partners.
As a first approximation, we have neglected the loop contributions from the gauge sector on the assumption that
they will be suppressed by roughly m2

W /m2
t ≃ 0.2, relative to the loops from the top quark sector. We found that

the tree-level corrections to Ŝ are positive and can be rather large for small values of the SO(5)0 ×SO(5)1 symmetry
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breaking scale f , and/or small values of g/g1, where g is the weak coupling and g1 is the coupling associated to the

heavy gauge bosons. The one-loop corrections to Ŝ are also positive, although typically small, due to the vector-like
nature of the heavy fermions. At tree-level there is no correction to T̂ , because of an approximate custodial symmetry.
However the one-loop corrections to T̂ are negative, a rather general feature in models with fermions which contain
a bi-doublet under SU(2)1L × SU(2)1R [19, 20]. The value of T̂ depends on f and the mixing between the top quark

and its heavy counterparts, parametrized by sin θt. Specifically −T̂ grows as f decreases and/or sin θt grows.

In addition to Ŝ and T̂ , we considered also the universal non-oblique corrections to the electroweak observables, Y
and W of Barbieri et al [13]. At tree level, the corrections to Y and W scale like g4/g41, whereas the corrections to Ŝ

scale like g2/g21 . Given this fact, we found that the constraints from Ŝ dominate for experimentally-allowed values of
g1 (except for large f), and therefore it is reasonable to neglect Y and W for the range of parameter space in which
we are interested. We thus conclude that the universal corrections to the electroweak parameters in our theory are
essentially oblique, dominated by Ŝ and T̂ . As shown in Fig. 7, the experimental constraints require either f & 2 TeV
or else a very small value of sin θt. The former is more viable than the latter, since a small sin θt would imply a large
value of the coupling λA. In addition, as seen in Ref. [6], the one-loop potential predicts a Higgs boson mass that
tends to increase rapidly for sin2 θt . 0.2, but increases only modestly with an increase in the scale f . As shown in

Fig. 6, taking f to be about 2− 3 TeV predicts allowed values of Ŝ and T̂ (at the 95% CL) for a large range of sin θt.
For these values of f , the Higgs boson can still be reasonably light with only a moderate increase in fine tuning.
In addition to the universal corrections we also considered non-universal corrections. In particular we computed

the one-loop contribution to the left-handed Zbb̄ coupling. This turns out to be cutoff-dependent; the corresponding
divergence is absorbed by the dimension-four operator proportional to κA, in Eq. (24). We found the one-loop
contribution to be negligibly small, and thus the tree-level correction proportional to the renormalized κA to be
dominant. We also computed the correction to the WWZ vertex, and found this to be negligibly small.

ACKNOWLEDGMENTS

This work was supported by the US National Science Foundation under grant PHY-0555544. The work of J.H.Y.
is also supported by the U.S. National Science Foundation under grant PHY-0855561.



18

[1] H. Georgi and A. Pais, “Vacuum Symmetry And The Pseudogoldstone Phenomenon,” Phys. Rev. D 12, 508 (1975).
[2] N. Arkani-Hamed, A. G. Cohen, E. Katz, A. E. Nelson, T. Gregoire and J. G. Wacker, “The minimal moose for a little

Higgs,” JHEP 0208, 021 (2002) [arXiv:hep-ph/0206020].
[3] N. Arkani-Hamed, A. G. Cohen, E. Katz and A. E. Nelson, “The littlest Higgs,” JHEP 0207, 034 (2002) [arXiv:hep-

ph/0206021].
[4] M. Schmaltz, “The simplest little Higgs,” JHEP 0408, 056 (2004) [arXiv:hep-ph/0407143].
[5] M. Schmaltz, “Introducing the little Higgs,” Nucl. Phys. Proc. Suppl. 117, 40 (2003) [arXiv:hep-ph/0210415].
[6] R. Foadi, J. T. Laverty, C. R. Schmidt, J. -H. Yu, JHEP 1006, 026 (2010). [arXiv:1001.0584 [hep-ph]].
[7] R. Casalbuoni, S. De Curtis, D. Dolce and D. Dominici, Phys. Rev. D 71, 075015 (2005) [arXiv:hep-ph/0502209].
[8] E. Accomando, S. De Curtis, D. Dominici and L. Fedeli, Nuovo Cim. B 123, 809 (2008) [arXiv:0807.2951 [hep-ph]].
[9] K. Hsieh, K. Schmitz, J. H. Yu and C. P. Yuan, Phys. Rev. D 82, 035011 (2010) [arXiv:1003.3482 [hep-ph]].

[10] A. D. Medina, N. R. Shah and C. E. M. Wagner, Phys. Rev. D 76, 095010 (2007) [arXiv:0706.1281 [hep-ph]].
[11] G. Panico and A. Wulzer, JHEP 1109, 135 (2011) [arXiv:1106.2719 [hep-ph]].
[12] S. De Curtis, M. Redi and A. Tesi, arXiv:1110.1613 [hep-ph].
[13] R. Barbieri, A. Pomarol, R. Rattazzi and A. Strumia, Nucl. Phys. B 703, 127 (2004) [arXiv:hep-ph/0405040].
[14] R. S. Chivukula, E. H. Simmons, H. J. He, M. Kurachi and M. Tanabashi, Phys. Lett. B 603, 210 (2004) [arXiv:hep-

ph/0408262].
[15] K. Hagiwara, R. D. Peccei, D. Zeppenfeld, K. Hikasa, Nucl. Phys. B282, 253 (1987).
[16] R. S. Chivukula, B. Coleppa, S. Di Chiara, E. H. Simmons, H. -J. He, M. Kurachi, M. Tanabashi, Phys. Rev. D74, 075011

(2006). [hep-ph/0607124].
[17] The LEP Collaborations ALEPH, DELPHI, L3, OPAL, and the LEP TGC Working Group, LEPEWWG/TGC/2005-01,

June 8, 2005.
[18] K. Nakamura et al. [ Particle Data Group Collaboration ], J. Phys. G G37, 075021 (2010).
[19] R. Sekhar Chivukula, S. Di Chiara, R. Foadi and E. H. Simmons, Phys. Rev. D 80, 095001 (2009) [arXiv:0908.1079

[hep-ph]].
[20] R. S. Chivukula, R. Foadi and E. H. Simmons, Phys. Rev. D 84, 035026 (2011) [arXiv:1105.5437 [hep-ph]].
[21] F. Larios, M. A. Perez, C. P. Yuan, Phys. Lett. B457, 334-340 (1999). [hep-ph/9903394].
[22] E. L. Berger, Q. -H. Cao, I. Low, Phys. Rev. D80, 074020 (2009). [arXiv:0907.2191 [hep-ph]].
[23] J. A. Aguilar-Saavedra, Nucl. Phys. B 804, 160 (2008) [arXiv:0803.3810 [hep-ph]].
[24] R. Lytel, Phys. Rev. D 22, 505 (1980).
[25] R. Barbieri, M. Beccaria, P. Ciafaloni, G. Curci and A. Vicere, Phys. Lett. B 288, 95 (1992) [Erratum-ibid. B 312, 511

(1993)] [arXiv:hep-ph/9205238].
[26] R. Barbieri, M. Beccaria, P. Ciafaloni, G. Curci and A. Vicere, Nucl. Phys. B 409, 105 (1993).
[27] J. F. Oliver, J. Papavassiliou and A. Santamaria, Phys. Rev. D 67, 056002 (2003) [arXiv:hep-ph/0212391].
[28] T. Abe, R. S. Chivukula, N. D. Christensen, K. Hsieh, S. Matsuzaki, E. H. Simmons, M. Tanabashi, Phys. Rev. D79,

075016 (2009). [arXiv:0902.3910 [hep-ph]].


