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Little Higgs models and custodialSU„2…

Spencer Chang and Jay G. Wacker
Jefferson Physical Laboratory, Harvard University, Cambridge, Massachusetts 02138

~Received 30 July 2003; published 20 February 2004!

In this paper we present a little Higgs model that has custodialSU(2) as an approximate symmetry. This
theory is a simple modification of the ‘‘minimal moose’’ model withSO(5) global symmetries protecting the
Higgs boson mass. This allows for a simple limit where TeV physics makes small contributions to precision
electroweak observables. The spectrum of particles and their couplings to standard model fields are studied in
detail. At low energies this model has two Higgs doublets and it favors a light Higgs boson from precision
electroweak bounds, though for different reasons than in the standard model. The limit on the breaking scale,
f, is roughly 700 GeV, with a top partner of 2 TeV,W8 andB8 of 2.5 TeV, and heavy Higgs partners of 2 TeV.
These particles are easily accessible at hadron colliders.
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I. INTRODUCTION

Recently the little Higgs mechanism has been propose
a way to stabilize the weak scale from the radiative corr
tions of the standard model. In little Higgs models the st
dard model Higgs boson is a pseudo Goldstone boson an
kept light by approximate nonlinear symmetries@1–7#, see
@8,9# for summaries of the physics and@13–16# for more
detailed phenomenology. The little Higgs mechanism
quires that two separate couplings communicate to the H
sufficient breaking of the nonlinear symmetry to generat
Higgs boson mass. The weak scale is radiatively gener
two loop factors beneath the cutoffL;10–30 TeV. Little
Higgs models predict a host of new particles at the TeV sc
that cancel the low energy quadratic divergences to the H
boson mass from standard model fields. The little Hig
mechanism has particles of thesamespin cancel the qua
dratic divergences to the Higgs boson mass; i.e., a ferm
cancels a quadratic divergence from a fermion. In mod
described by ‘‘theory space,’’ such as the minimal moo
model, particles of the same spin and quantum numbers
cel quadratic divergences, for example, a TeV scale ve
that transforms as aSU(2)L triplet cancels theW quadratic
divergence. To avoid fine-tuning the Higgs potential by mo
than O(20%) the top quark one loop quadratic divergen
should be cutoff by roughly 2 TeV, the quadratic divergen
from SU(2)L should be cutoff by 5 TeV, while the quadrat
divergence from the Higgs quartic coupling should be cut
by 8 TeV.

These TeV scale particles are heavier than the current
perimental limits on direct searches; however, these parti
may have effects at low energy by contributing to high
dimension operators in the standard model after integra
them out. The effects of integrating out the TeV scale pa
ners have been considered in@10–12# and have provided
constraints on some little Higgs models from precision el
troweak observables. Understanding what constraints
placed on each little Higgs model is a detailed question
their themes are the same throughout. The arguments fo
most severe constraints on the ‘‘littlest Higgs’’ model d
cussed in@11,12# arise from the massive vector bosons int
actions because they can contribute to low energy four Fe
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operators and violate custodialSU(2). Consider theB8
which cancels the quadratic divergence of theB, the gauge
eigenstates are related to the physical eigenstates by

B5cosu8B11sinu8B2 , B85cosu8B22sinu8B1 ,
~1.1!

where the mixing angles are related to the high energy ga
couplings through

g185
g8

cosu8
, g285

g8

sinu8
, ~1.2!

whereg8 is the low energyU(1)Y gauge coupling. With the
standard model fermions charged only underU(1)1, the cou-
pling to theB8 is

LB8F Int5g8tanu8Bm8 j U(1)Y
m , ~1.3!

where j U(1)Y
m is theU(1)Y current. The mass of theB8 goes

as

mB8
2 ;

g8 2f 2

sin22u8
, ~1.4!

where f is the breaking scale. After integrating out theB8
there is a four Fermi coupling of the form

L4Fermi;
sin4u8

f 2
~ j U(1)Y

m !2. ~1.5!

The coefficient of this operator needs to be roughly less t
(6 TeV)22 and can be achieved keepingf fixed asu8→0.

The little Higgs boson also couples to theB8 through the
current

LB8H Int;g8cot 2u8Bm8 ~ ih†DJ mh!. ~1.6!

Integrating out theB8 induces several dimension 6 operato
including
©2004 The American Physical Society02-1
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L(h†Dh)2;
cos22u8

f 2
@~h†Dh!21H.c.#. ~1.7!

This operator violates custodialSU(2) and after electroweak
symmetry breaking it lowers the mass of theZ0 and gives a
positive contribution to theT parameter. This operator need
to be suppressed by (5 TeV)22. Thus the Higgs coupling
prefers the limitu8→p/4. There are additional contribution
to theT parameter that can negate this effect, this argum
shows the potential tension in little Higgs models that co
push the limits onf to 3–5 TeV.

The reason why theB8 contributes to anSU(2)C violat-
ing operator is because it, like theB, couples as theT3 gen-
erator of SU(2)r ,1 and its interactions explicitly brea
SU(2)C . The most straightforward way of softening this e
fect is to complete theB8 into a full triplet of SU(2)C .2 This
modification adds an additional charged vector bosonWr 6.
By integrating out these charged gauge bosons there is
other dimension 6 operator that gives a mass to theW6

compensating for the effect from theB8. This can be imple-
mented by gaugingSU(2)r instead ofU(1)2. At the TeV
scaleSU(2)r3U(1)1→U(1)Y . With these additional vec
tor bosons, it is possible to take theu8→0 limit without
introducing largeSU(2)C violating effects while simulta-
neously decoupling the standard model fermions from theB8
and keeping the breaking scalef fixed. Thus the limits on the
model will roughly reduce to limits on theSU(2)r coupling
and the breaking scale.

It is not necessary to have a gaugedSU(2)r for the little
Higgs mechanism to be viable because the constrain
physics is not crucial for stabilizing the weak scale. TheB8
is canceling theU(1)Y quadratic divergence that is only bo
derline relevant for a cutoffL&10–15 TeV but is providing
some of the main limits through its interactions with t
Higgs and the light fermions. The light fermions play no ro
in the stability of the weak scale, therefore the limits fro
their interactions can be changed without altering the li
Higgs mechanism. It is straightforward to avoid the strong
constraints@17#. The easiest possibility is to only gaug
U(1)Y and accept its quadratic divergence with a cutoff
10–15 TeV. Another way of dealing with this issue is to ha
the fermions charged equally under bothU(1) gauge groups
With this charge assignment the fermions decouple from
B8 whenu8→p/4 which also decouples the little Higgs bo
son from theB8. There are other ways of decoupling theB8
by mixing the standard model fermions with multi-Te
Dirac fermions in a similar fashion as@7#. However having a

1Recall that in the limit thatg8→0 there is anSU(2)l3SU(2)r

symmetry of the Higgs and gauge sector. Only theT3 generator is
gauged insideSU(2)r and g8 can be viewed as a spurion param
eterizing the breaking. After electroweak symmetry break
SU(2)l3SU(2)r→SU(2)C .

2The W8 transforms as a triplet ofSU(2)C so noSU(2)C violat-
ing operators are generated by its interactions.
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gaugedSU(2)r allows for a particularly transparent limi
where TeV scale physics is parametrically safe and does
add significant complexity.

In this paper a new little Higgs model is presented th
has the property that it has custodialSU(2) as an approxi-
mate symmetry of the Higgs sector by gaugingSU(2)r at the
TeV scale. To construct a little Higgs theory with anSU(2)C
symmetry we can phrase the model building issue as: ‘‘F
a little Higgs theory that has the Higgs boson transforming
a 4 of SO(4).’’ This is precisely the same challenge as fin
ing a little Higgs theory that has a Higgs transforming as
21Õ2 of SU(2)L3U(1)Y . In the latter case it was necessa
to find a group that containedSU(2)3U(1) and where the
adjoint of the group had a field transforming as a21Õ2 and the
simplest scenario isSU(3) where8→30121Õ2110. For a4
of SO(4) the simplest possibility isSO(5) where an adjoint
of SO(5) decomposes into10→614. The generators of
SO(5) are labeled asTl , Tr , and Tv for the SU(2)l ,
SU(2)r , andSO(5)/SO(4) generators, respectively.

The model presented in this paper is a slight variation
the ‘‘minimal moose’’ @3# that has four nonlinear sigm
model fields,Xi

Xi5exp~ ix i / f !, ~1.8!

where xi is the linearized field andf is the breaking scale
associated with the nonlinear sigma model. The minim
moose has an@SU(3)#8 global symmetry associated wit
transformations on the fields

Xi→LiXiRi
† ~1.9!

with Li ,RiPSU(3). To use theSO(5) group theory replace
the SU(3)→SO(5) keeping the ‘‘minimal moose module
of four links with an@SO(5)#8. The minimal moose had an
SU(3)3@SU(2)3U(1)# gauged where the @SU(2)
3U(1)# was embedded insideSU(3) while this model has
an SO(5)3@SU(2)3U(1)# gauge symmetry, using theTla

generators forSU(2) andTr 3 generator forU(1).
The primary precision electroweak constraints arise fr

integrating out the TeV scale vector bosons. In this mo
there is a full adjoint ofSO(5) vector bosons. Unde
SU(2)l3SU(2)r they transform as

Wl;~3l ,1r ! Wr;~1l ,3r ! V;~2l ,2r !. ~1.10!

Because onlyU(1)Y is gauged insideSU(2)r , theWra split
into Wr 6 andWr3. The Wr3 is the mode that is responsibl
for canceling the one loop quadratic divergence of theU(1)Y
gauge boson and is denoted as theB8. Finally theV has the
same quantum numbers as the Higgs boson but has no
evant interactions to standard model fields.

In the limit where theSO(5) gauge coupling become
large the standard modelW and B gauge bosons becom
large admixtures of theSU(2)3U(1) vector bosons. This
means that the orthogonal combinations, theW8 andB8, are
dominantly admixtures of theSO(5) vector bosons. The
standard model fermions are charged only underSU(2)
3U(1) which means that the TeV scale vector bosons
couple from the standard model fermions in this limit.
2-2
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In the remaining portion of the paper the explicit model
presented and the spectrum is calculated along with the
evant couplings for precision electroweak observables
Sec. II. This model has two light Higgs doublets with t
charged Higgs boson being the heaviest of the phys
Higgs states because of the form of the quartic poten
This potential is different than the quartic potential of t
MSSM and has the property that it forces the Higgs vacu
expectation values to be complex, breakingSU(2)C in the
process. This will result in the largest constraint on t
model. In Sec. III, the TeV scale particles are integrated
and their effects discussed in terms of the dimension 6
erators that are the primary precision electroweak obs
ables. For anSO(5) coupling ofg5;3 andf ;700 GeV and
for tanb&0.3 the model has no constraints placed on it. T
limit on tanb ensures a light Higgs boson with mass in t
100–200 GeV range. With the rough limits on the para
eters, the masses for the relevant TeV scale fields are rou
2.5 TeV for the gauge bosons, 2 TeV for the top partner,
2 TeV for the Higgs partners. Finally in Sec. IV the outloo
for this model and the state of little Higgs models in gene
is discussed.

II. SO„5… MINIMAL MOOSE

Little Higgs models are theories of electroweak symme
breaking where the Higgs boson is a pseudo-Goldstone
son and can be described as gauged nonlinear sigma mo
In this model there is anSO(5)3@SU(2)3U(1)# gauge
symmetry with standard gauge kinetic terms with couplin
g5 and g2 ,g1, respectively. There are four nonlinear sigm
model fields,Xi , that transform under the global@SO(5)#8

5@SO(5)L#43@SO(5)R#4 as

Xi→LiXiRi
† . ~2.1!

Under a gauge transformation the nonlinear sigma mo
fields transform as

Xi→G2,1XiG5
† , ~2.2!

whereG5 is anSO(5) gauge transformation andG2,1 is an
SU(2)3U(1) gauge transformation withSU(2)3U(1)
embedded insideSO(4).SU(2)l3SU(2)r , see the Appen-
dix for a summary of the conventions. The gauge symmet
explicitly break the global@SO(5)#8 symmetry and the
gauge couplingsg5 andg2,1 can be viewed as spurions. No
tice thatg5 only breaks the@SO(5)R#4 symmetry, whileg2,1
only breaks the@SO(5)L#4 symmetry.

The nonlinear sigma model fields,Xi , can be written in
terms of linearized fluctuations around a vacuum^Xi&51,

Xi5exp~ ix i / f !, ~2.3!

where f is the breaking scale of the nonlinear sigma mo
and xi are adjoints under the diagonal globalSO(5). The
interactions of the nonlinear sigma model become stron
coupled at roughlyL.4p f where new physics must arise
The kinetic term for the nonlinear sigma model fields is
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Lnls m Kin5
1

2 (
i

f 2Tr DmXiD
mXi

† , ~2.4!

where the covariant derivative is

DmXi5]mXi2 ig5XiT
[mn]WSO(5)

[mn]
m

1 i ~g2TlaWm
la1g1Tr3Wm

r3!Xi , ~2.5!

where WSO(5)
[mn] are theSO(5) gauge bosons,Wla are the

SU(2) gauge bosons, andWr3 is theU(1) gauge boson. One
linear combination of linearized fluctuations is eaten

r}x11x21x31x4 ~2.6!

leaving three physical pseudo-Goldstone bosons in adjo
of the global SO(5) that decompose underSU(2)l
3SU(2)r as

f l;~3l ,1r !, f r;~1l ,3r !, h;~2l ,2r !. ~2.7!

UnderU(1)Y , f r splits intof r 0 andf r 6.

A. Radiative corrections

There are no one loop quadratic divergences to the ma
of the pseudo-Goldstone bosons from the gauge sector
cause all the nonlinear sigma model fields are bifundam
tals of the gauge groups. This occurs because theg5 gauge
couplings break only theSO(5)Ri

global symmetries, while

the g2,1 couplings only break theSO(5)Li
symmetries. To

generate a mass term it must arise from an oper
uTr XiXj

†u2 and needs to simultaneously break both the
and right global symmetries. This requires both theg5 and
g2,1 gauge couplings which cannot appear as a quadratic
vergence until two loops. This can be verified with th
Coleman-Weinberg potential@18#. In this case the mas
squared matrix is

~W5
A

W2,1
A8 !

3S g5
2f 2Tr TAXiXi

†TB g5g2,1f
2Tr TAXiT

B8Xi
†

g5g2,1f
2Tr TA8Xi

†TBXi g2,1
2 f 2Tr TA8Xi

†XiT
B8 D

3S W5
B

W2,1
B8 D . ~2.8!

Because the fields are unitary matrices, the entries along
diagonal are independent of the background field,xi , and so
is the trace of the mass squared. Therefore

V1 loop CWL 25
3

32p2
L2Tr M2@xi #5const. ~2.9!

There are one loop logarithmically divergent, one loop fini
and two loop quadratic divergences from the gauge sec
All these contributions result in masses for the pseu
Goldstone bosons that are parametrically two loop fact
down from the cutoff and areO(g2f /4p) in size.
2-3
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B. Vector bosons: Masses and couplings

The masses for the vector bosons arise as the lowest o
expansion of the kinetic terms for the nonlinear sigma mo
fields. TheSO(5) andSU(2) Wl vector bosons mix as do
the SO(5) andU(1) Wr 3 vector bosons. They can be d
agonalized with the following transformations:

B5cosu8Wr32sinu8WSO(5)
r3 ,

B85W8r35sinu8Wr31cosu8WSO(5)
r3 ,

Wa5cosuWla2sinuWSO(5)
la ,

W8 a5W8 la5sinuWla1cosuWSO(5)
la ,

where the mixing angles are related to the couplings by

cosu85g8/g1 , sinu85g8/g5 ,

cosu5g/g2 , sinu5g/g5 . ~2.10!

The anglesu and u8 are not independent and are relat
through the weak mixing angle by

tanuw5
sinu8

sinu
~2.11!

and sinceuw.30°, sinu.A3 sinu8.
The masses for the vectors can be written in terms of

electroweak gauge couplings and mixing angles

m2
W85

16g2f 2

sin22u
, m2

B85
16g8 2f 2

sin22u8
,

m2
Wr 65

16g82f 2

sin22u8
cos2u8. ~2.12!

These can be approximated in theu8→0 limit as

mB8
2 .mW8

2 S 12
2

3
sin2u D mWr 6

2 .mW8
2

~12sin2u!.

~2.13!

Note that theB8, the mode that is canceling the quadra
divergence of theB, is not anomalously light.3 The U(1)Y
quadratic divergence is borderline relevant for naturaln
and could be neglected if the cutoffL&10–15 TeV. The
corresponding mode is contributing to electroweak c
straints but doing little to stabilize the weak scale quant
tively.

The Higgs boson couples to these vector bosons thro
the currents

j W8
m a

5g cot 2u j H
m a5

g cos 2u

2 sin 2u
ih†saDJ mh,

3TheB8 in the ‘‘littlest Higgs’’ boson is a factor ofA5 lighter and
in the SU(3) minimal moose it is a factor ofA3 lighter.
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j B8
m

5g8cot 2u8 j H
m52

g8cos 2u8

2 sin 2u8
ih†DJ mh,

~2.14!

whereDm is the standard model covariant derivative andj H
m a

is the SU(2)L current that the Higgs couples to andj H
m for

U(1)Y .
The Higgs boson also couples to the chargedSU(2)r vec-

tor bosons through

j Wr 1
m

52
g8cosu8

A2 sin 2u8
ihDmh,

j Wr 2
m

5 j Wr 1
m †, ~2.15!

where theSU(2)L indices are contracted with the alternatin
tensor. Notice that this interaction is not invariant und
rephasing of the Higgs:h→eifh sendsj Wr 1→e2if j Wr 1.

C. Scalar masses and interactions

In order to have viable electroweak symmetry break
there must be a significant quartic potential among the li
fields. It is useful to define the operators

Wi5XiXi 11
† Xi 12Xi 13

† , ~2.16!

where addition ini is modulo 4. There is a potential for th
nonlinear sigma model fields

LPot.5l1f 4Tr W11l2f 4Tr W21H.c. ~2.17!

There is aZ4 symmetry where the link fields cycle asXi
→Xi 1 j that forcesl15l2. This is an approximate symmetr
that is kept toO(10%). This potential gives a mass to on
linear combination of linearized fields

uH5 1
2 ~x12x21x32x4!. ~2.18!

The other two physical modes are the little Higgs boson a
are classically massless

u15
1

A2
~x12x3! u25

1

A2
~x22x4!. ~2.19!

The potential in Eq.~2.17! can be expanded out in terms o
these physical eigenmodes using the Baker-Campb
Hausdorff formula

LPot.5l1f 4Tr expS 2i
uH

f
1

1

2

@u1 ,u2#

f 2
1••• D

1l2f 4Tr expS 22i
uH

f
1

1

2

@u1 ,u2#

f 2
1••• D 1H.c.

~2.20!

The low energy quartic coupling is related to the previo
couplings through
2-4
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l215l1
211l2

21 , l15l/cos2ql , l25l/sin2ql .

The approximateZ4 symmetry setsul'p/4 and the symme-
try breaking parameter is cos 2ql;O(1021). The mass of
the heavy scalar is

muH

2 5
16l f 2

sin22ql

. ~2.21!

After integrating out the massive mode the resulting pot
tial for the little Higgs model is the typical commutator p
tential

V~u1 ,u2!52l Tr@u1 ,u2#21•••. ~2.22!

In order to have stable electroweak symmetry breakin
is necessary to have a mass termih1

†h21H.c. This can arise
from a potential of the form

L Tr 3Pot.5 i e f 4Tr Tr 3~W11W21W31W4!1H.c.,
~2.23!

whereTr 3 is theU(1) generator. The size of the effects a
radiatively stable and they are set to be a loop factor less
l, e;1022l. The coefficients are taken to be pure ima
nary because the imaginary coefficient will be necessar
ensure stable electroweak symmetry breaking while the
parts are smallSO(5) splittings among the various mode
Expanding this out to quadratic order

VTr3 Pot.54e f 2Tr Tr3i @u1 ,u2#1•••. ~2.24!

In terms of the Higgs doublets,h1,2Pu1,2, the potentials are

V~h1 ,h2!.
l

2
~ uh1

†h22h1
†h2u214uh1h2u2!

1~4i e f 2h1
†h21H.c.!, ~2.25!

where theh1h2 term is contracted with theSU(2) alternat-
ing tensor. This potential is not the same as the MSSM
tential and will lead to a different Higgs sector.4 There are
radiative corrections to this potential whose largest eff
gives soft masses ofO(100 GeV) to the doublets

Veff.
l

2
~ uh1

†h22h2
†h1u214uh1h2u2!

1@~ ib1m12
2 !h1

†h21H.c.#1m1
2uh1u21m2

2uh2u2,

~2.26!

whereb'4e f 2. Typically m12
2 is taken to be small to sim

plify the phenomenology so that the Higgs states fall intoCP
eigenstates.

4In theSU(3) minimal moose the Higgs potential was identical
the MSSM because of the close relation between little Higgs th
ries and orbifolded extra dimensions, see@4# for the precise relation.
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Radiative corrections

There are no one loop quadratic divergences to the Hi
mass from the scalar potential.5 The symmetry breaking pat
tern in the potential is more difficult to see, but notice tha
eitherl1 or l2 vanished then there is a nonlinear symme
acting on the fields

de1
u15e11•••, de1

u25e11•••,

de1
uH52

i

4 f
@e1 ,u12u2#1•••,

de2
u15e21•••, de2

u25e21•••,

de2
uH51

i

4 f
@e2 ,u12u2#1•••. ~2.27!

Tr W1 preserves the first nonlinear symmetry but breaks
second, while TrW2 preserves the second but breaks t
first. Either symmetry is sufficient to keepu1 andu2 as exact
Goldstones bosons, this is whyl→0 asl1 or l2→0.

There are one loop logarithmically divergent contrib
tions to the masses of the little Higgs boson as well as
loop finite and two loop quadratic divergences. These are
positive and parametrically give masses of the order
l2f /4p.

D. Electroweak symmetry breaking

At this point electroweak symmetry can be broken. T
little Higgs boson are classically massless but pick
O(100 GeV) masses from radiative corrections to the tr
level Lagrangian. The gauge and scalar corrections to
little Higgs masses give positive contributions to the ma
squared of the little Higgs boson while fermions give neg
tive contributions. The mass matrix for the Higgs sector is
the following form:

Lsoft mass5~h1
† h2

†
!S m1

2 m2

m* 2 m2
2D S h1

h2
D , ~2.28!

wherem25m12
2 1 ib. To have viable electroweak symmetr

breaking requires

m1
2.0, m2

2.0,

m1
2m2

22m12
4 .0,

m1
2m2

22m12
4 2b2,0. ~2.29!

The vacuum expectation values are

o-

5More generally potentials that only contain any nonlinear sig
model field at most once can only give a quadratically diverg
contribution to themselves.
2-5
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^h1&5
1

A2
S 0

v cosb D , ^h2&5
1

A2
S 0

v sinbeifD .

~2.30!

The potential has a flat direction whenb50,p/2 and when
f50. Unfortunately when fÞ0 custodial SU(2) is
broken.6 The phase can be solved for in terms of the s
masses as

cosf5
m12

2

m1m2
. ~2.31!

The breaking ofSU(2)C by the Higgs sector provides one o
the strongest limits on the model. For simplicitym25 ib is
taken to be pure imaginary forcingf5p/2. Taking f
5p/2 is clearly the worst-case scenario forSU(2)C and not
generic because there is no reason form12 to be significantly
smaller than any of the other masses.

The parameters of electroweak symmetry breaking can
solved for readily in the limitf5p/2 in terms of the masse

2lv25~m1
21m2

2!S ubu
m1m2

21D ,

tanb5
m1

m2
,

tan 2a5S 12
2m1m2

ubu D tan 2b, ~2.32!

wherea is the mixing angle for theh02H0 sector. The soft
masses should not be much larger thanv otherwise it either
requires some tuning of the parameters so thatb.m1m2 or l
becoming large. These arguments will change whenm12

2

Þ0. The masses for the five physical Higgs boson are

mA0
2

5m1
21m2

2 ,

mH6
2

5m1
21m2

212lv25xmA0
2 ,

mh0
2

5mH6
2

~12A12m0
2/mH6

2
!

2
,

mH0
2

5mH6
2

~11A12m0
2/mH6

2
!

2

5mH6
2

2mh0
2 , ~2.33!

where

x5ubu/m1m2 , m0
25

8lv2sin22b

x
. ~2.34!

6This can be seen by going back to theSO(4) description. By
having a phase it is the same as having twoSO(4) vectors acquire
vacuum expectation values in different directions leaving o
SO(2).U(1)Y unbroken.
03500
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The heaviest Higgs boson is the chargedH6 and this has
consequences for precision electroweak observables.
mass of the lightest Higgs is bounded by

1

4
m0

2<mh0
2 <

1

2
m0

2 , ~2.35!

where the lower bound is saturated asmH6
2 →` and the up-

per bound is saturated asmH6
2 →m0

2.

E. Fermions

The standard model fermions are charged only under
SU(2)3U(1) gauge group. Since all the fermions exce
the top quark couple extremely weakly to the Higgs sec
the standard Yukawa coupling to the linearized Higgs d
blets can be used without destabilizing the weak scale. Th
small Yukawa couplings are spurions that simultaneou
break flavor symmetries as well as the chiral symmetries
the nonlinear sigma model. There are many ways to cov
antize these couplings but they only differ by irrelevant o
erators.

LYuk5yuqhuc1ydqh†dc1yelh
†ec. ~2.36!

There is no symmetry principle that prefers type I or type
models. This can have significant implications for Hig
searches.

The couplings of the standard model fermions to t
heavy gauge bosons is

LInt5g tanuW8 m
a j F

m
a1g8tanu8Bm8 j F

m , ~2.37!

where j F
m a is theSU(2)L electroweak current involving the

standard model fermions andj F
m is the U(1)Y electroweak

current involving the standard model fermions. In the lim
g5→` both u,u8→0 and the TeV scale gauge bosons d
couple from the standard model fermions.

1. Top Yukawa

The top quark couples strongly to the Higgs and how
top Yukawa is generated is crucial for stabilizing the we
scale. The top sector must preserve some of the@SO(5)#8

global symmetry that protects the Higgs mass. There
many ways of doing this but generically the mechanis
involve adding additional Dirac fermions. To couple the no
linear sigma model fields to the quark doublets it is nec
sary to transform the bivector representation to the bi-spi
representation, see the Appendix. The linearized fields
re-expressed as

x̃i a
b5xi [mn]s

[mn]
a

b, ~2.38!

wherem,n are SO(5) vector indices running from 1 to 5
a,b are SO(5) spinor indices running from 1 to 4 an
s [mn]

a
b are generators ofSO(5) in the spinor representa

tion. The exponentiated field,X̃i5exp(ix̃i /f), has well-
defined transformation properties under the globalSO(5)’s

y

2-6
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and the operator,X5(X̃1X̃3
†), transforms only under the

SU(2)3U(1) gauge symmetry

X→G̃2,1XG̃2,1
† , ~2.39!

where G̃2,1 is an @SU(2)3U(1)#,SO(5) gauge transfor-
mation in the spinor representation ofSO(5).

It is necessary to preserve some of the globalSO(5) sym-
metry in order to remove the one loop quadratic diverge
to the Higgs mass from the top. As in the minimal moose
is necessary to add additional fermions to fill out a full re
resentation, in this case a4 of SO(5) for either theq3 or the
u3

c . The large top coupling is a result of mixing with th
TeV scale fermion. The most minimal approach is to co
plete theq3 into

Q5~q3 ,ũ,d̃!, U c5~02 ,u3
c,0!, ~2.40!

where ũ;(3c ,112/3) and d̃;(3c ,121/3) with charge conju-
gate fields ũc and d̃c canceling the anomalies. The to
Yukawa coupling is generated by

Ltop5y1fU cXQ1y2f ũũc1 ỹ2f d̃d̃c1H.c. ~2.41!

The ũ andu3
c mix with an angleqy and after integrating ou

the massive combination the low energy top Yukawa is giv
by

ytop
2252~ uy1u221uy2u22! tanqy5

uy1u
uy2u

. ~2.42!

After electroweak symmetry breaking the top quark and
top partner pick up a mass

mt5
ytopv cosb

A2
mt85

2A2ytopf

sin 2qy
S 12

v2cos2b sin22qy

32f 2 D .

~2.43!

The decoupling limit is they2→` limit where qy→0.

2. Radiative corrections

The top coupling respects a globalSO(5) symmetry. This
ensures that there are no one loop quadratically diverg
contributions to the Higgs mass and can be seen through
Coleman-Weinberg potential. The one loop quadratic div
gence is proportional to TrMM†, where M;PU cX is the
mass matrix for the top sector in the background of the li
Higgs boson andPU c5diag(0,0,1,0) is a projection matri
from theU c. Expanding this out

V1 loop CWL252
12L2

32p2
Tr PU cXX †PU c

;Tr PU c5const, ~2.44!

which gives no one loop quadratic divergences to any of
xi fields. One loop logarithmically divergent, one loop finit
and two loop quadratically divergent masses are generate
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the orderO(ytop
2 f /4p). Since the top only couples toh1

among the light fields, it only generates a negative contri
tion to m1

2. This drives tanb to be small since this is the onl
interaction that breaks theh1↔h2 symmetry explicitly.

Note that thed̃ can be decoupled without affecting nat
ralness. This is because there is an accidentalSU(3) sym-
metry that is identical to theSU(3) symmetry of the mini-
mal moose.

Ltop5y1f ucũ1
i

A2
y1uch1q2

1

4

y1

f
uch1

†h1ũ1•••

~2.45!

is invariant under

dh15e, dq5
iA2

f
e* ũ, dũ5

iA2

f
eq. ~2.46!

This can be seen by imagining anSU(4) symmetry acting
on X. With only theũ there is anSU(3) acting in the upper
components. The SU(4) symmetry is just the
SO(6).SO(5). The SU(3) is not exact but to quadrati
order in h it is an accidental symmetry. This means that
principle it is possible to sendỹ2→4p without affecting
naturalness and therefore it is safe to ignore this field. P
forming the same calculation as above, the charged sin
f1

r 6 , gets a quadratically divergent mass and is lifted to
TeV scale.

III. PRECISION ELECTROWEAK OBSERVABLES

Throughout this note the scalings of the contributions
TeV scale physics to precision electroweak observables h
been discussed. The contributions to the higher dimens
operators of the standard model are calculated in this sec
The most physically transparent way of doing this is to in
grate out the heavy fields and then run the operators dow
the weak scale. The most difficult contribution to calculate
the custodialSU(2) violating operator because there are se
eral sources. Beyond that there are four Fermi operators
corrections to theZ0 andW6 interactions. There are no im
portant contributions to theS parameter besides the contr
butions from the Higgs that turn out to be small. In Se
III D, we summarize the constraints on the model from p
cision electroweak observables and state the limits on
masses.

A. Custodial SU„2…

CustodialSU(2) provides limits on beyond the standa
model physics. When written in terms of the electrowe
chiral Lagrangian, violations ofSU(2)C are related to the
operator@20#

O45c4v2~Tr T3v†Dmv!2, ~3.1!

where v are the Goldstone bosons associated with e
troweak symmetry breaking. The coefficient of this opera
is calculated in this section. This is directly related todr.
2-7
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However, typically limits are stated in terms of theT param-
eter which is related todr* which differs from dr when
there are modifications to theW6 and Z0 interactions with
standard model fermions. In Sec. III D, this difference is a
counted for.

There are typically five new sources of custodialSU(2)
violation in little Higgs models. The first is from the nonlin
ear sigma model structure itself. By expanding the kine
terms to quartic order there are operators that give theW6

and Z0 masses. IfSU(2)C had not been broken by th
vacuum expectation values of the Higgs, then there could
be any operators that violateSU(2)C . CustodialSU(2) is
only broken with the combination of the two vacuum expe
tation values which means that the only possible oper
that could violateSU(2)C must be of the form (h2

†Dh1)2.
However, the kinetic terms for the nonlinear sigma mo
fields never containh1 andh2 simultaneously meaning tha
any operator of this form is not present.

1. Vector bosons

The second source of custodialSU(2) violation is from
the TeV scale gauge bosons. The massiveW8 never gives
anySU(2)C violating contributions to theW6 andZ0 mass.
The B8 typically gives anSU(2)C violating contribution to
the electroweak gauge boson masses but the additional
tributions from theWr 6 vector bosons largely cancel thi
Summing the various contributions

dr52
v2

64f 2
sin22u81

v2

64f 2
sin22b sin2f. ~3.2!

The second term is a result of the phase in the Higgs vac
expectation value that breaks theSU(2)C and arises becaus
theWr 6 interactions are not invariant under rephasing of
Higgs. The phase is generally taken to bep/2 to have the
Higgs states fall intoCP eigenstates. This is not generic an
requires tuningm12

2 to be small. Numerically this contribu
tion is

a21dr.
1

8
sin22b

~1 TeV!2

f 2
, ~3.3!

where the sin22u8 term has been dropped because it canc
in the conversion tor* as will be shown in Sec. III D. This
prefersb to be small which is the direction that is radiative
driven by the top sector. For instance at sin 2b;1

3, this con-
tribution todr is negligibly small forf ;700 GeV. By going
to small tanb the mass of the lightest Higgs boson becom
rather light, for instance, for sin 2b.1

3 the mass of the light-
est Higgs boson is bounded bymh0<v with most of the
parameter space dominated bymh0<150 GeV.

2. Triplet VEV

Another possible source ofSU(2)C violation is from a
triplet vacuum expectation value~VEV!. The form of the
plaquette potential in Eq.~2.20! ensures that the trilinea
couplings are of the following form:
03500
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s

h1
†fH

l h22h2
†fH

l h1 . ~3.4!

There are two equivalent ways of calculating the effect,
ther integrating outfH

l to produce higher dimension opera
tors or by calculating its vacuum expectation value. The
erator appears as

LuHu1u2
5l cot 2ql f i Tr uH@u1 ,u2#. ~3.5!

After integrating outuH the leading derivative interaction i

Leff52
cos22ql

16f 2
Tr Dm@u1 ,u2#Dm@u1 ,u2#, ~3.6!

whereDm are the standard model covariant derivatives. E
panding this out there is a term that gives a contribution tr

dr5
v2

4 f 2
cos22qlsin22b sin2f. ~3.7!

The approximateZ4 symmetry of the scalar and gauge se
tors that setsql. p/4 with cos 2ql;1021 meaning that this
contribution is adequately small.

One might also worry that the light triplets inu1,2 get
tadpoles after electroweak symmetry breaking~through ra-
diatively generatedh†fh terms!, which due to their rela-
tively light masses could lead to phenomenologically dang
ous triplet VEVs.7 However, these light scalars are n
involved in canceling off the quadratic divergences to t
higgs masses. Thus these triplets can be safely raised to
TeV scale by introducing ‘‘V plaquettes’’ as described in@4#,
whereV5exp(2piT r3)5diag(21,21,21,21,1). These op-
erators suitably suppress the magnitudes of the light tri
VEVs and do not affect naturalness.

3. Two Higgs doublets

Ther parameter also receives contributions from integr
ing out the Higgs bosons. It is known that this contributi
can be either positive or negative. It is positive generically
theH6 states are either lighter or heavier than all the neu
states, while it is negative if there are neutral Higgs sta
lighter and heavier than it. The Higgs potential of this theo
generically predicts that the charged Higgs boson is
heaviest Higgs boson. There are four parameters of the H
potential:m1

2, m2
2, b, and l where one combination deter

mines v5247 GeV. If fÞp/2 then this analysis become
much more complicated. The contribution tor* from
vacuum polarization diagrams is

7We thank C. Csaki for pointing out that integrating out hea
quarks might generate these terms.
2-8
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dr* 5
a

16p sin2uwmW6
2 $F~mA0

2 ,mH6
2

!

1sin2~a2b!@F~mH6
2 ,mh0

2
!2F~mA0

2 ,mh0
2

!

1dr̂SM~mH0
2

!#1cos2~a2b!@F~mH6
2 ,mH0

2
!

2F~mA0
2 ,mH0

2
!1dr̂SM~mh0

2
!#%, ~3.8!

where

F~x,y!5
1

2
~x1y!2

xy

x2y
log

x

y
, ~3.9!

dr̂SM~m2!5F~m2,mW6
2

!2F~m2,mZ0
2

!

1
4m2mW6

2

m22mW6
2 log

m2

mW6
2

2
4m2mZ0

2

m22mZ0
2 log

m2

mZ0
2 . ~3.10!

In two Higgs doublet models setting an upper limit on t
lightest Higgs mass from precision electroweak measu
ments is less precise. There can be cancelations but it
pears as though theT parameter is quadratically sensitive
the mass of the heaviest Higgs boson. The spectrum of H
generated by the Higgs potential keeps the splittings betw
the masses of the Higgs bosons constant

mH6
2

2mA0
2

52lv2 mH6
2

2mH0
2

5mh0
2

with mh0
2 <4lv2sin22b. This means that ifl is kept small

then theT parameter is insensitive to the overall mass sc
of the Higgs. Witha2b5p/4 the contribution tor* goes as

a21dr* .
1

10
2

mh0
2

~500 GeV!2
2

1

4

mh0
2

mH6
2

2
1

30
log

mH6
2

~500 GeV!2
, l5

1

2
,

.
1

3
2

mh0
2

~500 GeV!2
2

1

2

mh0
2

mH6
2

2
1

30
log

mH6
2

~500 GeV!2
, l51. ~3.11!

As l becomes larger the contributions to theT parameter
typically become larger, positive, and favoring heavier Hig
with smaller mass splittings to satisfy precision electrowe
fits. Notice that even forl5 1

2 where the contributions to
dr* are quite small the mass of the lightest Higgs boson
only bounded bymh0<350 GeV. However the contribution
03500
e-
p-

gs
en

le
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to r from the gauge boson sector prefer a smallb to keep the
contributions small, thus favoring a light Higgs boson.

4. Top partners

The top partners provide another source ofSU(2)C vio-
lating operators arising from integrating out the partners
the top quark:ũ and ũc. Since this is a Dirac fermion it
decouples in a standard fashion asy2 becomes large@19#.
The contribution after subtracting off the standard model
quark contribution is

dr t8* 5
Ncsin2uL

8p2v2
@sin2uLF~mt8

2 ,mt
2!1F~mt8

2 ,mb
2!

2F~mt
2 ,mb

2!2F~mt8
2 ,mt

2!#

.
Ncsin2uL

16p2v2 F sin2uLmt8
2

12 cos2uL

mt8
2 mt

2

mt8
2

2mt
2

log
mt8

2

mt
2

2~22sin2uL!mt
2G ,

~3.12!

whereuL is thet8 andt mixing angle after electroweak sym
metry breaking and can be expressed in terms of the orig
Yukawa and the mixing angleqy

sinuL.
v sin2qycosb

2 f
. ~3.13!

Using this and the expressions for the mass of thet andt8 in
Eq. ~2.43! the expression for thedr t8* parameter reduces t

dr t8* .
3ytop

2 v2sin4qycos4b

128p2f 2

3F tan2qy22S log
v2sin2qycos2qycos2b

4 f 2
11D G .

~3.14!

This contribution vanishes asqy→0 which is the limit y1
→0 while keeping ytop fixed. In the limit of qy5p/4
2dqy near wheremt8 is minimized, the contribution for
small b goes as

a21dr t8* .
~124.4dqy17.5dqy

2!

25
~121.8 sin2b

10.7 sin4b!
~1 TeV!2

f 2
. ~3.15!

This is adequately small for anyb and the contribution
quickly drops withdqy . For instance, withdqy.0.1, dr t8*
drops by 40% whilemt8 only rises by 2%. This means tha
this contribution can be taken to be a subdominant effec
2-9
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B. S parameter

The main source for contributions to theS parameter is
from integrating out the physical Higgs bosons. As for t
case with ther parameter, a two Higgs doublet spectru
leaves a great deal of room for even a heavy spectrum w
all the states are above 200 GeV. Generically theSparameter
does not lead to any constraints in the Higgs spectrum
cause of cancelations

S5
1

12p F sin2~b2a!log
mH0

2

mh0
2 2

11

6

1cos2~b2a!G~mH0
2 ,mA0

2 ,mH6
2

!

1sin2~b2a!G~mh0
2 ,mA0

2 ,mH6
2

!G , ~3.16!

where

G~x,y,z!5
x21y2

~x2y!2
1

~x23y!x2log
x

z
2~y23x!y2log

y

z

~x2y!3
.

~3.17!

This can be approximated by expanding around largemH6
2

masses and takinga2b5p/4

S5SSM2
5

144p
2

1

16p

2lv2

mH6
2

1
1

48p

mh0
2

mH6
2 1

1

24p
log

mH6
2

mh0
2 . ~3.18!

These are adequately small in general for all reasonable
ues ofl andmh0

2 .

C. Electroweak currents

The last source of electroweak constraints comes from
modifications to electroweak currents and four Fermi ope
tors at low energies. These come from two primary sourc
the Higgs-Fermion interactions from the current interactio
in Eqs.~2.14! and ~2.37!

LH F52
j m
a

W8H j m a
W8F

MW8
2 2

j m B8H j m
B8F

MB8
2

52
sin2u cos 2u

8 f 2
j H

a m j Fa m2
sin2u8cos 2u8

8 f 2
j H

m j Fm

~3.19!

and the direct four Fermi interactions
03500
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LF F52
~ j m

a
W8F!2

2MW8
2 2

~ j m B8F!2

2MB8
2

52
sin4u

8 f 2
j F

a m j Fa m2
sin4u8

8 f 2
j F

m j Fm . ~3.20!

It requires a full fit to know what the limits on thes
interactions are, but to first approximation these interacti
are fine if they are suppressed by roughlyL lim;6 TeV @22#.
Since sinu.A3 sinu8, the biggest constraints come from th
effects of theW8. The constraints reduce to a limit on th
g52 f plane of

2A2 f

sinu
*L lim . ~3.21!

Clearly for f ;2.5 TeV there are no limits ong5, for f
;1.5 TeV, g5;1.5 and forf ;0.7 TeV, g5;3.8 These are
clearly all in the natural regime for the little Higgs mech
nism to be stabilizing the weak scale. This limit is ve
closely related to the mass of theW8

MW8*
g

A2 cosu
L lim . ~3.22!

Thus, the mass of theW8* 2
5 L lim . This sets a lower limit on

the mass of theW8 of 2.5 TeV.

D. Summary of limits

To state the limits it is necessary to convertr to r* which
is related to theT parameter. Whiler is related to custodia
SU(2), r* is related to physical results and differs fromr
when there are modifications to electroweak current inter
tions. The difference is due to the discrepancy between
pole mass of theW6 and the way that the mass of theW6 is
extracted through muon decay.

In this model the standard model fermions couple to
W8 andB8 and integrating out the heavy gauge bosons g
erates both four Fermi interactions and corrections to
JY ,JW fermionic currents after electroweak symmetry brea
ing. Following the analysis in@12,21#, the Fermi constant is
corrected by

1

GF
5A2v2S 11

dMW
2

MW0

2
2

v2

64f 2
sin22u D . ~3.23!

To determiner* , it is necessary to integrate out theZ0 and
express the four Fermi operators as

2
4GF

A2
r* ~J32s

*
2 JQ!21aJQ

2 , ~3.24!

8It is not possible to pushg5 much larger than 3 because pertu
bativity is lost when the loop factor suppressionT2(A)g5

2/8p2 be-
comes roughly 1. This requiresg5&5.
2-10
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which gives us to order (v2/ f 2)

dr* 5aT5
dMW

2

MW0

2
2

dMZ
2

MZ0

2
1

v2

64f 2
sin22u8

5dr1
v2

64f 2
sin22u8. ~3.25!

Because all the other contributions tor are small, the pri-
mary limit on the theory comes from theSU(2)C violation in
the gauge sector.

At this point the limits can be summarized for the mas
of the particles. The limit on the breaking scale,f, is roughly
700 GeV from the contributions toT from the gauge bosons
The Higgs contributions tor* could have been large, bu
because tanb is small it turns out to be subdominant. Th
mass of the lightest Higgs is bounded to be less than
GeV with most of the parameter space dominated by ma
less than 150 GeV. The TeV scale vector bosons are
roughly degenerate with masses greater than 2.5 TeV.
mass of the top partner is roughly 2 TeV. While the mass
the heavy Higgs boson are roughly 2 TeV from the limits
f.

If we chose to exclude theAb
FB measurement as an outlie

the implications for this model are significant. Discardi
this measurement might be reasonable since it deviates
other standard model measurements by roughly 3s. This
model does not significantly alter the physics ofAb

FB from
the standard model. This measurement is not generally
cluded because doing so pulls the fit for theT parameter
positive which favors a very light Higgs boson in the sta
dard model and is excluded by direct searches. Howe
there are additional positive contributions that mimic a lig
Higgs boson in this model. On a general principle, the c
nection between a light Higgs boson and a positive contri
tion to theT parameter does not hold in two Higgs doub
models and it is quite easy to have the Higgs sector prod
dT;0.2. By ignoringAb

FB the best fit for theS2T plane
moves toT;0.1560.1. See@23,24# for more details. This
significantly reduces the constraints on this model beca
all TeV scale physics pulls towards positiveT. The contribu-
tion from the gauge bosons becomes roughly about the
fit for T even with tanb;1 and f ;700 GeV. This in turn
can lower the limit onmt8 and also remove the preference f
lighter Higgs.

IV. CONCLUSIONS AND OUTLOOK

In this paper we have found a little Higgs model wi
custodialSU(2) symmetry that is easily seen to be cons
tent with precision electroweak constraints. This dem
strated that little Higgs models are viable models of T
scale physics that stabilize the weak scale and that the br
ing scale,f, can be as low as 700 GeV without being
contradiction to precision electroweak observables. T
theory is a small modification to the minimal moose havi
global SO(5) symmetries in comparison toSU(3). Most of
the qualitative features of the minimal moose carried o
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into this model including that it is a two Higgs doublet mod
with a colored Dirac fermion at the TeV scale that canc
the one loop quadratic divergence of the top and several
scale vector bosons. By having custodialSU(2) it is possible
to take the simple limit where theg5 coupling is large where
the contributions from TeV scale physics to precision el
troweak observables become small. In the model presente
breaking scale as low asf 5700 GeV was allowed by preci
sion electroweak observables. The limits on theW8 andB8
are around 2.5 TeV and the mass of the top partne
roughly 2 TeV. These are the states that cancel the one
quadratic divergences from the standard model’s gauge
top sectors and their masses are where naturalness dic
The charged Higgs boson was typically the heaviest am
the light Higgs scalars, this resulted in a positive contribut
to T. The limits from custodialSU(2) violating operators
favored a light Higgs boson coming not from the standa
oblique corrections from the Higgs boson, but indirec
from integrating out the TeV scale gauge bosons. These
ready mild limits might be reduced by going away from
maximal phase. Changing this phase would also require
calculating the contributions todr from the Higgs sector
when the states do not fall into CP eigenstates. There
additional scalars that could be as light as 100 GeV t
came as theSO(5) partners to the Higgs. As mentioned ea
lier in the section on triplet VEVs, these states can be lif
by ‘‘ V plaquettes’’ to the multi-TeV scale and therefore th
relevance for phenomenology is model dependent.

This model predicts generically a positive contribution
T mimicking the effect of a light Higgs boson in the standa
model. This is interesting because if one excludes theAb

FB

measurement as an outlier then the fit to precision e
troweak observables favors a positiveT;0.1560.1. This is
generally stated as the standard model has a best fit f
Higgs mass of 40 GeV if theAb

FB measurement is excluded
There has been recent interest in the phenomenolog

the Higgs bosons inside little Higgs models. Most of t
recent work we believe carries over qualitatively includi
the suppression ofh→gg,gg @15,16#. The LHC should be
able to produce copious numbers of the TeV scale partne
the top and vector sectors@13#.

Another possible way of removing limits arising from th
phase in the Higgs vacuum expectation value is to const
a model that has only one Higgs doublet. All ‘‘theory spac
models automatically have two Higgs doublets so one po
bility would be to follow the example of the ‘‘littlest Higgs’’
model and construct a coset model such
SO(9)/@SO(5)3SO(4)# @25#. There may be other two
Higgs doublet models that have a gaugedSU(2)r that do not
force the Higgs vacuum expectation value to breakSU(2)C .

To summarize the larger context of this model, it provid
a simple realistic little Higgs theory that is parametrica
safe from precision electroweak measurements. While i
not necessary to have a gaugedSU(2)r , it allows for trans-
parent limits to be taken where the TeV scale physics
couples from the physics causing constraints while still c
ting off the low energy quadratic divergences. There
other ways of avoiding large contributions to electrowe
2-11
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precision observables without a gaugedSU(2)r . The impor-
tant issue is that the physics that is stabilizing the weak s
from the most important interactions is not providing sign
cant constraints on little Higgs models. This is the dee
reason why the model presented worked in such a sim
fashion. Precision electroweak constraints are coming fr
the interactions of either theB8 or the interactions of the
light fermions. The quadratic divergence fromU(1)Y only
becomes relevant at a scale of 10–15 TeV and is oftenti
above the scale of strong coupling for little Higgs mode
The interactions of the light fermions with the TeV sca
vector bosons is not determined by electroweak gauge s
metry and can be altered by either changing the charge
signments or by mixing the fermions with multi-TeV sca
Dirac fermions.

In a broader view little Higgs models offer a rich set
models for TeV scale physics that stabilize the weak sc
Each little Higgs model has slightly different contributions
precision electroweak observables, but they do not h
parametric problems fitting current experimental measu
ments. In the next five years the LHC will provide dire
probes of TeV scale physics and determine whether l
Higgs models play a role in stabilizing the weak scale.
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APPENDIX: GENERATORS

The SO(5) commutation relations are

@Tmn,Top#5
i

A2
~dmoTnp2dmpTno2dnoTmp1dnpTmo!

~A1!

wherem,n,o,p run from 1, . . . ,5. These generators can b
broken up into

Tla5
1

2A2
eabcTbc1

1

A2
Ta4,

Tra5
1

2A2
eabcTbc2

1

A2
Ta4,
B

e

e-
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Tv05T45, Tva5Ta5. ~A2!

The commutation relations in this basis are ofSO(5) are

@Tla,Tlb#5 i eabcTlc, @Tra,Trb#5 i eabcTrc,

@Tla,Trb#50, @Tv0,Tla#52@Tv0,Tra#5
i

2
Tva,

@Tv0,Tva#5
i

2
~Tra2Tla!,

@Tva,Tlb#52
i

2
Tv0dab1

i

2
eabcTvc,

@Tva,Trb#5
i

2
Tv0dab1

i

2
eabcTvc,

@Tva,Tvb#5
i

2
eabc~Tlc1Trc!. ~A3!

1. Vector representation

The vector representation ofSO(5) can be realized as

Tmn op5
2 i

A2
~dmodnp2dnodmp!, ~A4!

wherem,n,o,p again run over 1, . . . ,5 andm,n label the
SO(5) generator whileo,p are the indices of the vecto
representation. In this representation

Tr TATB5dAB. ~A5!

2. Spinor representation

The spinor representation is given by the form

s la5S sa/2 0

0 0D , s ra5S 0 0

0 sa/2D ,

sv05
1

2A2
S 0 1

1 0D , sva5
1

2A2
S 0 isa

2 isa 0 D .

~A6!

In this representation

Tr TATB5
1

2
dAB. ~A7!
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