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Top quarks and electroweak symmetry breaking in little Higgs models
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‘‘Little Higgs’’ models, in which the Higgs particle arises as a pseudo Goldstone boson, have a natural
mechanism of electroweak symmetry breaking associated with the large value of the top quark Yukawa
coupling. The mechanism typically involves a new heavy SU(2)L singlet top quarkT. We discuss the rela-
tionship of the Higgs boson and the two top quarks. We suggest experimental tests of the little Higgs mecha-
nism of electroweak symmetry breaking using the production and decay of theT at the CERN Large Hadron
Collider.
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I. INTRODUCTION

The most pressing question in elementary particle phy
today is that of identifying the mechanism responsible for
spontaneous breaking of the SU(2)3U(1) symmetry of the
weak interactions. For many years, the list of possible
swers to this question was static. The leading alternat
were supersymmetry and new strong interactions at the
scale. Recently, the list has expanded to include several
mechanisms, including candidates gleaned from analyse
models with extra dimensions. Whatever the mechanism
electroweak symmetry breaking, we expect it to be ass
ated with the TeV scale, which we will explore soon at t
CERN Large Hadron Collider~LHC!. It is important, then, to
clarify the implications of these new mechanisms and
observable processes by which they might be tested.

One of the most appealing of the newly proposed
proaches to electroweak symmetry breaking is that of
‘‘little Higgs’’ model @1–6#. This model revives the idea tha
the Higgs particle is a pseudo Goldstone boson@7–9#, adding
to it a number of insights from the study of extra dimensio
supersymmetry, and other weak-coupling Higgs theor
Proponents of the little Higgs model argue that the large
Yukawa coupling can generate the instability of the Hig
potential to electroweak symmetry breaking. The constr
tion links the observed heaviness of the top quark to e
troweak symmetry breaking in a manner different from th
in supersymmetry@10–13# or top-color@14# models, through
a mechanism that is direct and appealing. In this paper,
will discuss the relation between this mechanism and
properties of the top quark and its partners.

Little Higgs models typically contain a large multiplet o
pseudo Goldstone bosons, including the Higgs doublet of
standard model. While many of the Goldstone bosons in
multiplet receive masses at the TeV scale, the models
constructed so that the Higgs boson mass is protected
quadratic divergences at the one-loop level. The domin
contributions to the Higgs boson mass parameter are
logarithmically sensitive to the physics at the cutoff and
therefore calculable. The~mass!2 parameter generated b
gauge interactions in perturbation theory is positive. Ho
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ever, the couplings of the Higgs boson to the top quark a
to a new heavy vectorlike quark can overcome the posi
contribution, and produce total~mass!2 parameter for the
Higgs doublet that is negative. Therefore, like supersymm
try and topcolor, the explanation of the negative~mass!2 of
the Higgs boson is tied to its couplings to the top sec
However, there is an advantage that little Higgs models h
with respect to supersymmetry. In supersymmetry, the ca
lation of electroweak symmetry breaking combines the c
tribution from the top sector with the independent parame
m andBm, whereas in the little Higgs model the top contr
bution stands on its own.

In the little Higgs model, the couplings of the Higgs to th
standard model top quarkt and the new heavy top quarkT
form an independent sector that is relatively isolated fr
the rest of the Higgs dynamics. This allows us to make sta
ments about the dynamics of theT that are general in model
making use of the little Higgs mechanism. Tests of the
statements test the underlying mechanism of electrow
symmetry breaking.

In this paper, we will consider only models with one ne
heavy top and one pseudo Goldstone boson Higgs dou
Our conclusions are general with these assumptions. M
complicated top sectors and models with multiple Hig
doublets have been proposed@15–21#.

The plan of this paper is as follows: In Sec. II, we w
review the mechanism of electroweak symmetry breaking
little Higgs models. From this discussion, we will obtain
relation among the parameters of the Lagrangian that cou
the Higgs multiplet to the top quarks. The rest of our disc
sion will be concerned with methods of testing this relatio
In Sec. III, we will discuss the parameters of a simple v
sion of the little Higgs model and the constraints on the
parameters from precision electroweak measurements.
discussion will build on the work of Refs.@22–24#. The goal
of this section will be to determine the acceptable values
theT mass. In Sec. IV, we will discuss the phenomenology
theT. We will argue that, though theT is to first order a weak
interaction singlet, it decays significantly toW1b and Z0t.
These modes provide important signatures forT production
at the LHC. We will argue that the measurement of the to
©2004 The American Physical Society02-1
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width of the T and of its production cross section tests t
relation highlighted in Sec. II. Section V presents some c
clusions. Some other aspects of the little Higgs model c
lider phenomenology have been discussed in Refs.@25–27#.

II. ELECTROWEAK SYMMETRY BREAKING IN LITTLE
HIGGS MODELS

As we have already noted, electroweak symmetry bre
ing in little Higgs models can result from coupling the Litt
Higgs multiplet to an isolated sector containing the top qu
and another heavy quark. In this section, we will review t
mechanism as it was presented in Refs.@3,4#. We will not be
concerned with the entire computation of the Higgs potent
only with the generation of one term in which the Hig
~mass!2 is negative. We will see that the mechanism of Re
@3,4# is a simple and attractive way to meet that goal. T
mechanism involves an additional heavy charge-2

3 quark. The
idea that a heavy singlet quark mixing with the top quark
a part of electroweak symmetry breaking was originally
troduced as the ‘‘top-color seesaw’’ of Dobrescu and H
@28#. In the following, we will use the letteru or U to denote
weak eigenstates andt or T to denote mass eigenstates. The
the third-generation weak doublet will be (u,b)L , the new
left-handed weak singlet will beUL , and the two right-
handed weak singlets of the model will beuR , UR . We will
identify the t andT states momentarily.

A key feature of the little Higgs construction is the pre
ence of global symmetries that protect the Higgs boson m
against quadratically divergent radiative corrections at
loop. The Higgs boson couplings to quarks should prese
this feature. As a demonstration of how this could work,
introduce an SU~3! global symmetry. LetV be an SU~3!
unitary matrix, depending on Goldstone boson fieldspa as

V5exp@2ipata/ f #, ~1!

where f is a ‘‘pion decay constant’’ with the dimensions o
mass andta is an SU~3! generator, normalized to tr@ tatb#
5 1

2 dab. We will identify the Higgs doubletH[(h1 ip3 ,
2&p2)T with the SU~2! doublet components of the Gold
stone boson matrixP[pata:

2iP5
1

&
S F H

2H† f D . ~2!

F andf are other members of the Goldstone multiplet th
we need not concern ourselves with at this point. LetxL be
the ‘‘royal’’ SU~3! triplet (u,b,U)L @29#. These fields can be
coupled by writing@3,4#

L52l1f ūRV3ixLi
2l2f ŪRUL1H.c. ~3!

The first term of this Lagrangian has an SU~3! global sym-
metry

V3i→V3 jL j i
† , xL→LxL . ~4!

This symmetry is spontaneously broken. To the extent
this SU~3! is an exact symmetry of the Lagrangian, the Go
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stone boson fieldspa must remain massless. The seco
term in ~3! explicitly breaks the SU~3! symmetry to SU~2!
and specifically breaks the symmetries responsible for ke
ing H and H† in ~2! massless. However, the Higgs bos
field does not enter this term directly. This means thatH can
obtain mass only from loop diagrams and only at a leve
which the couplingsl1 and l2 both enter. In Ref.@3#, it is
shown that this restriction prohibits the appearance of o
loop quadratic divergences in the Higgs boson mass.
one-loop radiative contribution to the Higgs~mass!2 is only
logarithmically divergent, and can thus be reliably estimat
This contribution turns out to be negative@3#, giving an ex-
plicit mechanism of electroweak symmetry breaking.

Let us review both aspects of the calculation. We expa
about the symmetric point,^h&50. At this point,uL remains
massless, whileUL combines with one linear combination o
uR andUR to obtain a mass. The mass eigenstates are t

tL5uL , tR5
l2uR2l1UR

Al1
21l2

2
,

~5!

TL5UL , TR5
l1uR1l2UR

Al1
21l2

2
,

with mt massless at this level and

mT5Al1
21l2

2f . ~6!

The Feynman rules for couplings between the Higgs bo
and the top quarks in the symmetric vacuum are given in F
1. We only show rules involving one or two Higgs boson
which are relevant to the calculation of the one-loop qu
dratic divergence. The couplings of the Higgs boson totL t̄ R

and to tLT̄R are related to the parameters appearing in
Lagrangian~3! via

l t5
l1l2

Al1
21l2

2
, lT5

l1
2

Al1
21l2

2
. ~7!

The one-loop contribution to the Higgs boson~mass!2

comes from the three diagrams in Fig. 2. The values of
diagrams are

FIG. 1. Feynman rules for couplings between the Higgs bo
and the top quarks in the symmetric vacuum (^h&50). We have
only shown those vertices relevant to the calculation of the one-l
quadratic divergences from the top sector. There are additional
tices, generated by terms of higher order in the expansion ofV,
involving three or more Higgs bosons.
2-2
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~a!526l t
2E d4k

~2p!4

1

k2 ,

~b!526lT
2E d4k

~2p!4

1

k22mT
2 ,

~c!516
lT

f
E d4k

~2p!4

mT

k22mT
2 . ~8!

The quadratic divergences neatly cancel. The top se
contribution to the Higgs~mass!2 is then given by

Dmh
2523

l1
2l2

2f 2

8p2 log
L2

mT
2 523

l t
2mT

2

8p2 log
L2

mT
2 , ~9!

whereL;4p f is the strong interaction scale of the theo
that gives rise to the Goldstone bosons. In little Higgs m
els, f is typically taken to be of order 1 TeV~corresponding
to L;10 TeV) to avoid fine tuning of the Higgs mass. A
long asmT is parametrically lower thanL, the negative con-
tribution tomh

2 in Eq. ~9! could be the dominant one and thu
would provide the explanation for why electroweak symm
try is broken. There are incalculable~quadratically divergent!
two-loop contributions tomh

2, which are the same order i
l1l2 , but these are not logarithmically enhanced, and so
subdominant. The situation is that typically found in chir
perturbation theory.

The cancellation of quadratic divergences in Eq.~8! de-
pends on the relation of Eq.~6!, which can be rewritten as

mT

f
5

l t
21lT

2

lT
. ~10!

The relation~10! is a very interesting one. All of the fou
parameters in this equation are in principle measurable.
top quark Yukawa coupling is known. The decay constaf
can be determined by measuring the properties of the he
vector bosons in the little Higgs theory@25#. The mass and
couplings of the heavy top quark will be measured when
quark is observed, perhaps at the LHC. If relation~10! is
shown to be valid, then this will be strong evidence for t
picture of electroweak symmetry breaking given by the lit
Higgs model.

III. HOW HEAVY IS THE HEAVY TOP QUARK?

If we are to study the heavy quarkT, then we should have
some idea of its mass. The little Higgs theory does not pl
a firm upper bound on the mass of theT. However, if the

FIG. 2. One-loop contributions to the Higgs boson~mass!2 in
the little Higgs model.
07500
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mass of theT is greater than about 2 TeV, the cancellati
shown in~8! requires some tuning to give an answer formh
below 220 GeV, the range for the Higgs boson mass p
ferred by precision electroweak measurements@30#. For this
reason, the authors of Ref.@3# suggested that the mass of th
T should be less than 2 TeV.

On the other hand, the consistency of the little Hig
model with precision electroweak data can place a low
limit on the mass of theT. The precision electroweak correc
tions from the model of Ref.@4# have been studied in som
detail in Refs.@22# and@23#. These authors have found ver
strong bounds that implymT.8 – 10 TeV. The corrections
from T loops were computed in Refs.@22,23#, but these
turned out to be relatively unimportant terms of ord
amt

4/mT
2. The large effects are the direct tree-level mod

cations of the precision electroweak predictions due to
new heavy vector bosons in the little Higgs model. Cons
eration of their effects gives a lower bound onf. To find a
limit on the mass of theT, we can use such a bound i
conjunction with the inequality

mT

f
>2l t'2, ~11!

which is obtained by minimizing~10! with respect tolT .
There is a specific reason that the model of Ref.@4# leads

to a very strong bound onf. In this model, all quadratically
divergent contributions tomh

2 due toWandZ boson loops are
canceled by contributions from heavy gauge bosons.
achieve this, the authors of Ref.@4# make use of a gauge
group SU(2)3SU(2)3U(1)3U(1). This leads to a multip-
let of heavy SU~2! gauge bosons and a heavy U~1! gauge
boson. The heavy U~1! boson is actually not very heavy,

m;
2

A5
g8 f '0.3f , ~12!

and this leads to large electroweak corrections, and als
problems with the direct observational bounds onZ8 bosons
from the Tevatron@22,23#.

A. An SU„2…ÃSU„2…ÃU„1… model

There are various ways to ameliorate this problem@24#,
but the most direct is to gauge a smaller group. It has b
suggested@31# that one might gauge only SU(2)3SU(2)
3U(1), canceling the quadratic divergences proportiona
g2/4p but allowing quadratically divergent terms propo
tional to g82/4p. Sinceg8 is small, the latter are not unrea
sonably large if the cutoff or strong interaction scaleL of the
little Higgs model is about 10 TeV. In the remainder of th
section, we will adopt this approach to find a more cons
vative lower bound onf and on theT quark mass.

The success of this approach depends on the exact ch
of the symmetry-breaking pattern that produces the pse
Goldstone bosons of the little Higgs models. Given the i
portance of the global SU~3! symmetry for the top couplings
one might first study a model in which a global SU(3
3SU(3) symmetry is spontaneously broken to SU~3!. The
multiplet of Goldstone bosons fill an adjoint representat
of SU~3!. The Higgs field can be identified as an SU~2! dou-
blet within this structure,
2-3
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2ipata5
1

& S 0 0 h1 ip3

0 0 2&p2

2~h2 ip3! &p1 0
D . ~13!

Exponentiating and taking the vacuum expectation va
^h&5v5246 GeV, we find the SU~3! nonlinear sigma mode
field

V5e2ipata/ f5S cos~v/& f ! 0 sin~v/& f !

0 1 0

2sin~v/& f ! 0 cos~v/& f !
D .

~14!

The kinetic Lagrangian for this field is

L5
f 2

2
tr@DmV†DmV# ~15!

with

DmV5]mV2 igLALm
a TaV1 igRARm

a VTa2 ig8Bm@Q,V#.
~16!

Here,Ta5diag(ta,0), whereta is an SU~2! generator, andQ
is a matrix of U~1! charges with~21

2,
1
2, 0! on the diagonal.

Using these formulas, it is straightforward to work out t
vector boson masses. To leading order inv/ f , the heavy
triplet of W’s have masses given by

mWH

2 5
gL

21gR
2

2
f 2. ~17!
in

07500
e

The masses of the usualW andZ turn out to be related by

mW
2 /mZ

25cos2 uS 11
1

8

v2

f 2 D , ~18!

where cos2 u is the weak mixing angle defined in terms of th
underlying gauge coupling constants. This gives an un
ceptable violation of the knownW/Z mass relation if f
,3 TeV. The problem stems from the fact that this mod
does not respect custodial SU~2! at the level ofv2/ f 2 correc-
tions, as was pointed out already in the original papers
Georgi and Kaplan on pseudo Goldstone models for
Higgs boson@32#.

The symmetry breaking pattern SU~5!/SO~5!, which is the
basis of Ref.@4#, is much more promising from this point o
view. In the old approach of Kaplan and Georgi, this mod
preserves custodial SU~2!. When we gauge SU(2)3SU(2)
3U(1) as in the little Higgs models, custodial SU~2! is ex-
plicitly broken, but it is possible to check that the custod
SU~2!-violating corrections to the vector boson mass relat
~18! appear for the first time in orderv6/ f 6. With this prob-
lem and that of the~too-light! heavy U~1! boson removed,
there is no further reason for a major difficulty with the pr
cision electroweak data.

In the remainder of this section, we give some details o
more thorough analysis of this question.1 To begin, the Higgs
doublet must be fitted into the multiplet of Goldstone boso
of SU~5! spontaneously broken to SO~5!. To do this, we
write
2ipata5
1

& S 0 0 ~h1 ip3! 0 0

0 0 &p2 0 0

2~h2 ip3! 2&p1 0 2~h1 ip3! 2&p2

0 0 ~h2 ip3! 0 0

0 0 &p1 0 0

D , ~19!
where we only show the degrees of freedom correspond
to the Higgs-doublet.2

It is convenient to take the vacuum configuration to be

V05S 0 0 0 1 0

0 0 0 0 1

0 0 1 0 0

1 0 0 0 0

0 1 0 0 0

D . ~20!

2The remaining physical~uneaten! degrees of freedom in the
Goldstone boson multiplet form a triplet under SU(2)L , and obtain
a mass at the TeV scale via radiative corrections.
gThen, exponentiating the action ofpata, we find the SU~5!
nonlinear sigma model field

V5e2ipata/ fV0

5S 2 1
2 ~12c! 0 s/& 1

2 ~11c! 0

0 0 0 0 1

2s/& 0 c 2s/& 0

1
2 ~11c! 0 s/& 2 1

2 ~12c! 0

0 1 0 0 0

D , ~21!

with

1A similar analysis has been presented in Ref.@24#.
2-4
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c5cos
v
f

, s5sin
v
f

. ~22!

We now gauge the SU~2! acting on the first two rows and
columns ofV with gauge couplinggL , the SU~2! acting on
the last two rows and columns ofV with gauge couplinggR ,
and the unbroken U~1! with couplingg8. The normalization
of the gauged U~1! generator is chosen to ensure the corr
value of the Higgs boson hypercharge. The kinetic Lagra
ian for theV field is

L5
f 2

4
tr@DmV†DmV#. ~23!

Here the covariant derivative of theV field is given by

DmV5]mV2 i (
j 5L,R

gjAj
a~Qj

aV1VQj
aT!

2 ig8Bm~YV1VY!, ~24!

whereWj
a (a51,...,3) andB are the SU~2! and U~1! gauge

fields, respectively, andgj and g8 are the corresponding
gauge couplings. The generators are given byY5diag(21

2,
21

2,0,12 , 1
2 ) and

QL
a5 S ta D , QR

a5 S 2ta* D . ~25!

We will assume that the left-handed fermions of the stand
model transform as doublets under SU(2)L and singlets un-
der SU(2)R .

B. Vector boson mass matrices

From this starting point, it is not difficult to work out th
masses and couplings of the vector bosons in this theory
compute their effect on the precision electroweak obse
ables. In the basis (AL

1 ,AR
1), the mass matrix of charge

vector bosons is

m1
2 5

f 2

2 S gL
2

2 1
2 gLgR~11c!

2 1
2 gLgR~11c! gR

2 D . ~26!
-

07500
t
-

rd

nd
-

The mass of the heavyW gauge bosons to leading order
again given by Eq.~17!. Finding the masses of the usualW
and Z bosons to the precision that is necessary to comp
with electroweak precision measurements requires a bit m
work. Let

g25
gL

2gR
2

gL
21gR

2 . ~27!

We can define a mixing anglec by

gL5
g

cc
, gR5

g

sc
, ~28!

wheresc[sinc, cc[cosc. In the basis

A~2 !5scAL2ccAR , A~1 !5ccAL1scAR ~29!

the matrixm1
2 is approximately diagonal. A further rotatio

of orderv2/ f 2 is necessary to complete the diagonalizatio
The mass eigenstates are given by

W15sbA~2 !
1 1cbA~1 !

1 , WH
15cbA~2 !

1 2sbA~1 !
1 ,

~30!

where

sb'
v2

4 f 2 ccsc~cc
22sc

2 !, cb'1. ~31!

Here and below, we neglect the terms of orderv4/ f 4 and
higher. TheWH boson receives a mass of orderf ;TeV,
while theW boson remains light. Its mass is given by

mW
2 5

g2v2

4
F12

v2

f 2 @ 1
12 1 1

8 ~cc
22sc

2 !2#1¯G . ~32!

The effective value ofGF , including the effect of the ex-
change of both vector bosons atQ250, is

GF

&
5

1

8
~gL 0!m1

22S gL

0 D5
1

2V2 F11
5

24

v2

f 2G . ~33!

Similarly, the mass matrix of neutral vector bosons in t
basis (AL

3,AR
3,B) is given by
m0
25

f 2

2 S gL
2~11z! 2gLgR@ 1

2 ~11c!1z# 2 1
2 gLg8~12c!

2gLgR@ 1
2 ~11c!1z# gR

2~11z! 2 1
2 gRg8~12c!

2 1
2 gLg8~12c! 2 1

2 gRg8~12c! g82~12c!
D ~34!
wherez5(12c)2/8. Comparing with~26!, we see that the
terms proportional toz in the matrix elements violate custo
dial SU~2!; however, these terms only contribute tomW /mZ

in orderv6/ f 6. Let uu denote the ‘‘underlying’’ value of the
weak mixing angle, defined by
g5
e

su
, g85

e

cu
, ~35!

where su[sinuu , cu[cosuu , and e5gg8/Ag21g82. We
can now proceed to the new basis:
2-5



e
o
e

fo

e
u

dth

-

-

-
e

we

r-

by
lly
ee-

ses.
the
be

PERELSTEIN, PESKIN, AND PIERCE PHYSICAL REVIEW D69, 075002 ~2004!
A~2 !
3 , Z~0!5cuA~1 !

3 2suB, A5suA~1 !
3 1cuB, ~36!

whereA(1) andA(2) are defined in Eq.~29!. The stateA is
an exact eigenvector ofm0

2 with a vanishing eigenvalue; w
identify this state with the physical photon. The other tw
states in Eq.~36! are not exact eigenvectors. As in th
charged sector, a further rotation of orderv2/ f 2 is needed to
complete the diagonalization:

Z5sZA~2 !
3 1cZZ~0! ; ZH5cZA~2 !

3 2sZZ~0! , ~37!

where

sZ'
v2

2 f 2

ccsc

cu

~cc
22sc

2 !, cZ'1. ~38!

The mass of the lightZ boson is given by

mZ
25

g2v2

4cu
2 F12

v2

f 2 @ 1
12 1 1

8 ~cc
22sc

2 !2#1¯G , ~39!

while theZH state obtains a mass of orderf ;TeV.

C. Precision electroweak observables

From these formulas, we can work out the predictions
corrections to precision electroweak observables due
heavy gauge bosons. The reference valueu0 of the weak
mixing angle is given by

sin2 2u05
4pa

&GFmZ
2

. ~40!

From the formulas in Eqs.~33!, ~39!, and~40!, we can com-
pute the shift between the underlyingsu

2 of Eq. ~35! and the
reference value of sin2 u0, defined above:

su
25s0

21Ds2, ~41!

with

Ds25
1

2

v2

f 2 cc
2sc

2
c0

2s0
2

c0
22s0

2 . ~42!

Here we have defineds0
2[sin2 u0, c0

2512s0
2.

Using this formula and the expression forsb in Eq. ~31! to
compute the coupling of leptons to theZ0, we can compute
the shifts of precision electroweak observables from th
standard model tree-level values. For the three best-meas
observables—mW , the on-shell mass of theW boson,s

*
2 , the

effective value of the weak mixing angle inZ0 decay asym-
metries, andG, , the leptonic width of theZ0, we find

DmW[mW2mZc052
1

2

mW

c0
2 Ds2,

Ds
*
2 [

*
0 2s0

25Ds22
1

4

v2

f 2 s0
2sc

2~cc
22sc

2 !,
07500
r
to

ir
red

DG,[G,2G,0

52G,0F1

2

v2

f 2 sc
41

4~124s0
2!

124s0
218s0

4 Ds2G , ~43!

where

G,05
4pe2mZ

6s0
2c0

2 F S 1

2
2s0

2D 2

1s0
4G ~44!

is the standard model tree-level value of the leptonic wi
of the Z boson.

We can interpret these shifts as a contribution to theSand
T parameters@33#. Formally, effects on the precision elec
troweak parameters due to extraZ and W bosons are not
oblique and cannot be completely absorbed intoS and T.
However, it was observed in Ref.@34# that a fit to the elec-
troweak data with the shifts from aZ8 boson and compensa
tory values ofS andT was comparable in quality to a fit to
the standard model; the opposite of the values ofS and T
needed to compensate the effect of theZ8 boson could then
be viewed as the~S, T! excursion due to theZ8 boson.

Applying this method to the SU~5!/SO~5! little Higgs
model with SU(2)3SU(2)3U(1) gauged, using the ob
servables in~43!, we find that the effect of the model on th
precision electroweak data is represented by the~S, T!
excursions shown in Figs. 3 and 4. In producing the fit,
use@35#

FIG. 3. Excursions in theS-T plane resulting from the
SU(5)/SO(5)Little Higgs model with a single gauged U(1). The
different lines represent different values of sinc
5$0.1,0.2,0.3,...0.7%, while the points on the lines represent diffe
ent values of f. The rightmost point ~not visible for sinc
5$0.5,0.6,0.7%) is for 1 TeV, and additional points are separated
500 GeV, increasing inf. The ellipse represents the experimenta
allowed region at the 68% confidence level for two degrees of fr
dom. Also shown is the dark black curve showing theS and T
contributions of a standard model Higgs boson for various mas
We provide an enlargement of this figure in Fig. 4. Note that
lines for sinc5$0.1,0.2% are somewhat obscured here, but can
seen clearly in Fig. 4.
2-6



tr

n-
el

er

ce

c

io
n
po

e
n
er
th

i
on
th

t

the
rm

n
than

of
e

ing
e

tu-
eak
ct,
it is
ing
w

our
ss of

e

ion

the

top
is

n,

r

o
c

5

TOP QUARKS AND ELECTROWEAK SYMMETRY . . . PHYSICAL REVIEW D69, 075002 ~2004!
mW580.42560.034 GeV, ~45!

s
*
2 50.231 5060.000 16, ~46!

G,583.98460.086 MeV. ~47!

We allow the values of the top quark mass and the elec
magnetic coupling to vary within their current errors:mt
5174.365.1 GeV, a21(mZ)5128.93660.021 @35#. All ef-
fects shown in~43! become very small assc→0, allowing
lower values off to be consistent with the electroweak co
straints. The constraint cannot be eliminated complet
since according to Eq.~28! the gauge couplinggR becomes
strong assc→0 and the perturbative analysis performed h
is no longer applicable. Still, the bounds onf are not very
strong: for example, forsc50.2 ~corresponding togR

2/4p
'0.4, which is probably not yet strong coupling!, we find
that f can be lower than 1 TeV within the 68% confiden
region of the electroweak fit.

Our analysis includes the shifts of the electroweak pre
sion observable due to heavy gauge bosons, but does
include possible corrections from a vacuum expectat
value ~VEV! for the SU~2! triplet pseudo Goldstone boso
present in this model. These corrections can play an im
tant role in constraining the model for small values ofsc
@24#. The value of the triplet VEV is not calculable from th
low-energy effective little Higgs theory, and including it i
the analysis corresponds to adding an extra free paramet
the model. The bounds in Figs. 3 and 4 are valid in
regions of the parameter space where the triplet VEV
small but may underestimate the constraints in other regi
A more detailed analysis that includes the contribution of
triplet VEV can be found in Ref.@24#.

Since all three of the measurements in~43! are made at
the Z andW poles, one should ask whether low-Q2 observ-
ables can put further constraints on the parameters of

FIG. 4. This figure is an enlargement of the central portion
Fig. 3, focusing on points compatible with the electroweak pre
sion measurements. The uppermost line is for sinc50.1. Each line
represents an increment of 0.1 in sinc. The Higgs mass is set to 11
GeV in the Little Higgs model, whileS5T50 is defined formh

5100 GeV.
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little Higgs theory. To analyze this, we have computed
effective low-energy neutral current Lagrangian, in the fo

LNC5
GF

&
r@~Jm

3 2sn
2Jm

Q!21hJm
QJQm#. ~48!

In the standard model at the tree level,r51, sn
25s0

2, h50.
In the SU~5!/SO~5! model, we findr51, up to corrections of
orderv6/ f 6, and

sn
22s0

25s0
2

1

4

v2

f 2 sc
2F 2c0

2cc
2

c0
22s0

221G ,

~49!

h5s0
4

1

2

v2

f 2 sc
4.

For points in the region allowed by the~S, T! analysis, the
shifts in sn

2 are very small. For example, forsc
250.2 andf

51 TeV, sn
22s0

2'1024. The parameterQW of atomic parity
violation @36# and the observablesRn and Rn̄ measured by
the NuTeV neutrino-nucleon scattering experiment@37# de-
pend onsn

2 but do not involveh. In all cases, the effects o
these parameters are corrections of relative size less
1023, well within the current experimental errors.

Through ~11!, the lower bound onf from the precision
electroweak observables places a strong lower bound
about 2 TeV neutrino-nucleon scattering on the mass of thT
boson. However, this still leaves a range in which theT
boson can be discovered at the LHC. It is worth emphasiz
that aT mass much higher than 2 TeV would imply a larg
amount of fine tuning in the Higgs potential. Therefore, na
ralness considerations together with precision electrow
constraints indicate that if the little Higgs model is corre
the heavy top should be in the 2 TeV range. In this case,
possible that the physics of electroweak symmetry break
in the little Higgs model can be tested at the LHC. We no
turn to the analysis of those experimental tests. For
analyses in the next section, we assume a heavy top ma
2.5 TeV and f 51.2 TeV, which is clearly allowed by the
precision electroweak observables.

IV. TESTING THE MODEL AT THE LHC

To test the relation~10!, it is necessary to measure thre
quantities: the parameterf, the massmT , and the coupling
constantlT . The measurement of the mass and product
cross section of the heavy SU~2! gauge bosonsWH andZH at
the LHC can be used to determinef @25#. We will review the
strategy for this measurement below, concentrating on
low values of the mixing anglec, preferred by precision
electroweak constraints. The measurement of the heavy
massmT is rather straightforward; on the other hand, it
much less clear howlT can be determined. In this sectio
we will discuss two methods for measuringlT . These in-
volve the decay width and the production cross section foT
quarks at the LHC.

f
i-
2-7
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A. Measuring the parameter f

In the SU~5!/SO~5! little Higgs model described in Sec
III, all the couplings involving the heavy gauge bosonsWH

6

andZH depend on just two unknown parameters, the scaf
and the mixing anglec, defined in Eq.~28!. Thus, a small
number of measurements in this sector is sufficient to de
mine both parameters. Let us concentrate on the meas
ments involving the neutral gauge bosonZH . To leading
order inv/ f , theZH mass is given by

MZH
5AgL

21gR
2

2
f 5

&g

sin 2c
f . ~50!

The production cross section and decay branching ratio
ZH bosons have been obtained3 in Ref. @25#. For fixedMZH

,

the production cross section is proportional to tan2 c. The
decay rate is given by

G5
g2

96p
~cot2 2c124 tan2 c!MZH

, ~51!

with the branching ratios4

BR~,,̄ !5 1
3 BR~qq̄!5

tan2 c

cot2 2c124 tan2 c
,

BR~W1W2!5BR~Zh!5
1

2

cot2 2c

cot2 2c124 tan2 c
. ~52!

From these formulas, it is clear that combining, for examp
the measurement of theZH mass and the number of events
the ,1,2 (,5e or m! channels is sufficient to determin
both f andc.

In the parameter region preferred by electroweak pre
sion constraints, the dominant decay modes areZH
→W1W2 andZH→Zh. For example, forsc50.2, the com-
bined branching ratio of these two modes is about 85%, w
the remaining decays to fermion pairs. The branching rati
leptons~e’s and m’s! is only about 1%. Nevertheless, forf
51.2 TeV the production cross section for theZH is roughly
12 fb, corresponding to 3600 events in a 300 fb21 data
sample. Therefore, in the lepton channels we still exp
roughly 40 events, with virtually no background. Studyi
these events should be sufficient to determinef and c. Of
course, the events in the other decay channels, along with
decays ofWH

6 , will only help to improve the precision of the
determination off.

3The conventions used in Ref.@25# are slightly different from the
ones used in this paper; they are related byf @25#5& f here, c@25#

5p/22chere.
4Here we correct a mistake in Ref.@25#, where theW1W2 decay

mode was inadvertently omitted@38#.
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B. Measuring lT

1. Decays of the T quark

SinceT has a vertex forT→th, as shown in Fig. 1, the
heavyT quark will decay toth, and the corresponding deca
width is proportional tolT

2. But T also has other deca
modes. This is made clear by looking at the ‘‘gaugele
limit’’ @39# g→0, in which the weak bosons become mas
less and the Goldstone bosons of SU(2)3U(1) breaking
become physical. In this limit, the structure of~3! ensures
that T decays symmetrically to the four members of t
Higgs SU~2! doublet: G(T→th)5G(T→tp3)5 1

2 G(T
→bp1). In the real situation,p1 andp3 are replaced by the
longitudinal polarization states of theW1 and Z0 vector
bosons:

G~T→th!'G~T→tZ0!'
1

2
G~T→bW1!. ~53!

All three decay modes provide characteristic signatures
the discovery of theT at the LHC.

We will now obtain more exact relations for the dec
branching ratios of theT and, at the same time, see how t
approximate equalities~53! work when the standard mode
gauge couplings are turned back on. To do this, we m
diagonalize the top quark mass matrix more carefully, pi
ing up terms that we dropped in the discussion leading to~7!.
In principle, we should also modify~3! to take into account
the constraints from using an SU~5!/SO~5! nonlinear sigma
model. However, this model belongs to the general class
models for which the formulas of Sec. II are precisely val
To see this explicitly, the invariant Lagrangian can be writt
in terms of SU~5!/SO~5! Goldstone bosons as@4#

L52
l1

2
f ūRe i jkemnVimVjnxLk2l2f ŪRUL1H.c.,

~54!

whereVim denotes the 332 upper right hand block ofV in
~21!. The relevant Feynman rules for the top quarks are
those shown in Fig. 1. According to Eq.~26!, f is again given
in terms of the heavy boson masses by Eq.~17!, and is fixed
to be roughly greater than 1 TeV by the arguments of
previous section.

Now let us consider the heavy quark mass diagonaliza
more carefully. In particular, if we include the SU(2
3U(1)-breaking vacuum expectation valuev, the top quark
mass matrix becomes

~ ūR ŪR!mUS uL

UL
D , ~55!

with

mU5 fS l1s

&

l1

2
~11c!

0 l2

D . ~56!
2-8
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TOP QUARKS AND ELECTROWEAK SYMMETRY . . . PHYSICAL REVIEW D69, 075002 ~2004!
Here, we have again useds[sin(v/f ) and c[cos(v/f ). Di-
agonalizingmU

† mU , we find the mixing angle for the left
handed components of the top quarks,

u t5
1

2
tan21

2&l1
2s~11c!

4l2
21~11c!2l1

222l1
2s2

'
1

&

l1
2

l1
21l2

2

v

f
'

lTv

&mT

. ~57!

Let cosut5ct , sinut5st ; then the mass eigenstates are giv
by

TL5ctUL1stuL ,
~58!

tL52stUL1ctuL .

There is also a mixing angle for the right-handed quar
u tr , given by

TR5ctrUR1struR ,
~59!

tR52strUR1ctruR .

Note that this angle is nonzero even in the absence of e
troweak symmetry breaking; see Eq.~5!.

From the mixing, the top quark mass receives a sm
correction,

mt5
l tv

&
F12S 1

6
2

l1
2l2

2

4~l1
21l2

2!2D v2

f 2 1¯G . ~60!

For f 51.2 TeV, this is a 0.3% correction to the standa
model tree-level relation. In the following, we will quot
‘‘exact’’ tree-level relations in terms ofmt , mT , lT , andu t
and their leading-order terms in an expansion inv/ f . Typi-
cally, these expressions will agree to within a few percen

The admixture ofuL in the T allows this quark to decay
by the standard model weak currents. The amplitudes for
decay modes toW1 and Z0 are then proportional to sinut .
However, the contraction of the longitudinal polarizatio
vector of a massive vector boson with the spontaneou
broken weak current gives an enhancement by a fa
mT /mW , so that the full coupling is of the order of

g

&
S mT

mW
D u t5&

mT

v
u t5lT . ~61!

This allows the three branching fractions of theT quark to be
of the same order of magnitude. A similar effect is w
known in the decays of the singletD quark in E6 models
@40#.

Working more explicitly, we find for the three dominan
partial widths of theT quark:
07500
n
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l

G~T→th!5
l1

2mT

64p
f ~xt ,xh!@~11xt

22xh
2!~CL

21CR
2 !

14CLCRxt#'
mTlT

2

64p
,

G~T→tZ0!5
e2 sin2 2u tmT

3cZ
2

512pMZ
2su

2cu
2 ~11tanc cu tanz!2

3 f ~xZ ,xb!g~xb ,xZ!'
mTlT

2

64p
, ~62!

G~T→bW1!5
g2 sin2 u tmT

3cb
2

64pMW
2 ~11tanc tanb!2

3 f ~xW ,xb!g~xb ,xW!'
mTlT

2

32p
.

Note thatsZ , defined in Eq.~37!, and sb , defined in Eq.
~30!, are both of orderv2/ f 2. We have definedxi[mi /mT ,
the kinematic functions

f ~xi ,xj !5A@12~xi1xj !
2#@12~xi2xj !

2#,
~63!

g~xi ,xj !5~12xi
2!1xj

2~11xi
2!22xj

4,

and introduced the couplings

CL5ctrS st cos
v
f
2

ct

&
sin

v
f D ;OS v

f D ,

~64!

CR5strS ct cos
v
f

1
st

&
sin

v
f D ;O~1!.

To leading order inv2/ f 2, the total width of theT quark is
then

GT5
mTlT

2

16p
. ~65!

The measurement of this total width is the first possi
method for measuringlT . However, it is not so easy to
measure the width of a strongly interacting particle produc
at a hadron collider, because the fluctuations of QCD
lead to an intrinsic smearing of the mass peak. For the
LAS detector, the fractional uncertainty in the two-jet inva
ant mass at 2.5 TeV is expected to be about65% @41#, which
for a heavy top mass of 2.5 TeV, corresponds to a minim
error of 6125 GeV in the width. On the other hand, fo
mT52.5 TeV andlT'l t , the formula~65! evaluates to only
50 GeV. With these estimates,GT will be only marginally
visible, and then only if the jet mass resolution is very w
2-9
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PERELSTEIN, PESKIN, AND PIERCE PHYSICAL REVIEW D69, 075002 ~2004!
understood theoretically. Therefore, it appears challengin
use this strategy to make the test of the little Higgs mo
described here.

2. Production of the T quark

Another possible strategy is to extractlT from a measure-
ment of theT production cross section at the LHC. FormT
above 2 TeV, energy is at a premium and the single-T pro-
duction reactionpp→T1X dominates over the pair produc
tion of T’s via strong interactions,pp→T1T̄. At the parton
level, the dominant mechanism of single-T production is
through the ‘‘W-b fusion’’ reaction@26#

qb→q8T, ~66!

shown in Fig. 5. The cross section for this reaction is do
nated by the exchange of a longitudinalW boson, whose
coupling to T is proportional tolT @see Eq.~61!#. Thus a
measurement of this cross section would determine the v
of lT , providing a test of the crucial relation~10!.

How well can this cross section be measured at the LH
The answer obviously depends on the mass of theT quark, as
well as on the size of the couplinglT . In Fig. 6, we plot the
expected cross section as a function ofmT , for lT51/), 1,
and) using the CTEQ41 parton distribution functions. F
lT not too small, the number of events is large enough
keep the statistical uncertainty under control: for examp

FIG. 5. The dominant process forT production at the LHC.

FIG. 6. Parton level production cross section for the heavy
in the channelbq→Tq8 at the 14 TeV large hadron collider. Th
figure is made with the CTEQ41 parton distribution function. T
different lines show the difference in the production cross sec
for various values oflT . The parabolas represent the predictions
the Little Higgs model for a constantf aslT is varied.
07500
to
l

i-

ue

?

o
,

for mT52.5 TeV andlT51, the evaluated production cros
section corresponds to roughly 180 events for a 300 f21

data sample. The reaction is characterized by aT decay at
low transverse momentum and in the central region, and
other jet activity very forward. All three of the decay mod
discussed above should be identifiable. The final stateT

→th0→tbb̄ andT→bW1→bl1n can be required with high
efficiency and used to find aT mass peak. In the latter cas
one should replace the observedl 1 with a W1 in the l 1

direction.
Also shown in the figure are two parabolas that repres

the predictions of the model for two representative values
f. Once thef value is determined as described in Sec. IV
the electroweak symmetry breaking mechanism descri
here predicts that the values ofmT and the production cros
section lie on the corresponding parabola.

Converting a cross section measurement into a meas
ment of the couplinglT requires knowledge of the parto
distribution functions~pdf’s! of the initial state particles.
Since the typical energies involved are much larger than
W boson mass, it is reasonable to use the effective-W ap-
proximation, which treats theW as a parton within the pro
ton. In this approximation, the single-T production is de-
scribed as a 2→1 process,bW→T. The cross section is
given by

s~pp→T1X!5E
0

1

dxbf b~xb ,Q2! f wS mT
2

xbS
,Q2D ŝ~Wb→T!,

~67!

wheref b,w are the pdf’s of theb quark and theW boson,ŝ is
the parton-level cross section,S is the usual Mandelstam
variable, andQ is the renormalization scale,Q2;mT

2. Theb
quark pdf is derived perturbatively from the gluon pdf@42–
44#. The integral in~67! receives significant contribution

from the region wherex'mT /AS. At the LHC, AS
514 TeV, and this region can extend tox as high as;0.2
for the values of theT mass considered here. Currently, o
knowledge of theb pdf in the large-x region is rather poor:
the uncertainty onf (xb) is about 20% forxb50.1 and even
higher for higherxb @45#. Without reducing this uncertainty
even a very accurate measurement of the single-T pro-
duction cross section would not provide a precision test
relation ~10!.

One possible way to reduce the uncertainty is to obtain
accurate measurement of the cross section of the stan
model single top production at the Tevatron. While there
several contributions to this process, the cross sectio
dominated by theWb fusion process,Wb→t, and it has been
shown@46# that this contribution to the cross section can
isolated using kinematic cuts. A significant fraction of th
events in this channel are initiated byb quarks with 0.1
&xb&0.2; the remaining events almost exclusively com
from the regionxb,0.1, where theb pdf is known much
more accurately. Thus, assuming that the value ofVtb and the
W boson pdf are known, a measurement ofs(pp̄→t1X)
with the relevant cuts can be interpreted as a measureme
f b(xb ,Q2) at xb;0.1– 0.2 andQ2;mt

2. This knowledge can
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TOP QUARKS AND ELECTROWEAK SYMMETRY . . . PHYSICAL REVIEW D69, 075002 ~2004!
then be used to reduce the uncertainty of the theoretical
diction for theT quark production at the LHC. Sinceb is a
sea quark, theb pdf’s in the proton and antiproton are virtu
ally identical, and the fact that the Tevatron is app̄ collider
introduces no additional complications. Evolution of theb
pdf from Q2;mt

2 to Q2;mT
2 can be performed perturba

tively. It is well known thatf b(x,Q2) decreases with increas
ing Q2 at largex and increases withQ2 at smallx. Interest-
ingly, the crossover point forQ2;(1 TeV)2 falls in the range
of x most relevant for the present discussion,x'0.18. For
0.14,x,0.2, f b(x) varies by only a few percent going from
Q25(175 GeV)2 to Q25(2 TeV)2. Therefore, measure
ments off b(x,Q2) at the Tevatron can be extrapolated to t
LHC with controllable uncertainty. The statistical uncertain
in the measurement ofs(pp̄→t1X) at the Tevatron is ex-
pected to be about 5% for 2 fb21 integrated luminosity@47#.
While a more detailed investigation is in order, it seems pl
sible that this method could result in a measurement oflT

2 at
the level of 10% or better.

V. CONCLUSIONS

The little Higgs model provides a simple mechanism
electroweak symmetry breaking, relying on the top secto
trigger a negative~mass!2 for the Higgs boson. This mecha
nism depends on a simple relation between the paramete
the model, summarized in Eq.~10!. In principle, all param-
eters in this equation are measurable, providing a strong
of the mechanism. The testability of this relation at the LH
depends on the heavy top quark partnerT being sufficiently
light ~roughly 2 TeV!, as is favored by naturalness arg
B

e

T.

J

m

tt.

g.

is

s
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ments. We have shown that such a lightT can be consisten
with current electroweak precision measurements.

The most challenging of the required measurements is
determination oflT , the coupling of the heavy top quark t
the Higgs boson. We have outlined two strategies: measu
the width of theT quark and measuring its production cro
section. The first strategy, limited by calorimeter resolutio
is not very promising. The second strategy can be more s
cessful if the pdf’s of theb quark can be determined mor
accurately at highx. This may indeed be possible using th
measurement of single top quark production from the curr
run at the Tevatron. More detailed Monte Carlo studies
determine the feasibility of the measurements outlined h
would be worthwhile.
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