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Top triangle moose: Combining Higgsless and topcolor mechanisms for mass generation

R. Sekhar Chivukula,* Neil D. Christensen,” Baradhwaj Coleppa,” and Elizabeth H. Simmons®

Department of Physics and Astronomy, Michigan State University, East Lansing, Michigan 48824, USA
(Received 3 July 2009; published 14 August 2009)

We present the details of a deconstructed model that incorporates both Higgsless and top-color
mechanisms. The model alleviates the tension between obtaining the correct top quark mass and keeping
A p small that exists in many Higgsless models. It does so by singling out the top quark mass generation as
arising from a Yukawa coupling to an effective top Higgs which develops a small vacuum expectation
value, while electroweak symmetry breaking results largely from a Higgsless mechanism. As a result, the
heavy partners of the SM fermions can be light enough to be seen at the LHC. After presenting the model,
we detail the phenomenology, showing that for a broad range of masses, these heavy fermions are

discoverable at the LHC.
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L. INTRODUCTION

Understanding the mechanism of electroweak symmetry
breaking (EWSB) is one of the most exciting problems
facing particle physics today. The standard model (SM),
though phenomenologically successful, relies crucially on
the existence of a scalar particle, the Higgs boson [1],
which has not been discovered in collider experiments.
Over the last few years, Higgsless models [2] have
emerged as a novel way of understanding the mechanism
of EWSB without the presence of a scalar particle in the
spectrum. In an extra dimensional context, these can be
understood in terms of a SU(2) X SU(2) X U(1) gauge
theory in the bulk of a finite AdS spacetime [3—-6], with
symmetry breaking encoded in the boundary conditions of
the gauge fields. These models can be thought of as dual to
technicolor models, in the language of the AdS/CFT cor-
respondence [7-10]. One can understand the low-energy
properties of such theories in a purely four dimensional
picture by invoking the idea of deconstruction [11,12]. The
“bulk”™ of the extra dimension is then replaced by a chain
of gauge groups strung together by nonlinear sigma model
fields. The spectrum typically includes extra sets of
charged and neutral vector bosons and heavy fermions.
The unitarization of longitudinal W boson scattering is
accomplished by diagrams involving the exchange of the
heavy gauge bosons [13—16], instead of a Higgs. A general
analysis of Higgsless models [17-22] suggests that to
satisfy the requirements of precision electroweak con-
straints, the SM fermions have to be ‘“delocalized’ into
the bulk. The particular kind of delocalization that helps
satisfy the precision electroweak constraints, ‘““ideal fer-
mion delocalization’” [23], dictates that the light fermions
be delocalized in such a way that they do not couple to the
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heavy charged gauge bosons. The simplest framework that
captures all these ideas, a three-site Higgsless model, is
presented in [24], where there is just one gauge group in the
bulk and correspondingly, only one set of heavy vector
bosons. It was shown that the twin constraints of getting the
correct value of the top quark mass and having an admis-
sible p parameter necessarily push the heavy fermion
masses into the TeV regime [24] in that model.

In this paper, we seek to decouple these constraints by
combining the Higgsless mechanism with aspects of top
color [25,26]. The goal is to separate the bulk of electro-
weak symmetry breaking from third family mass genera-
tion. In this way, one can obtain a massive top quark and
heavy fermions in the sub TeV region, without altering
tree-level electroweak predictions. In an attempt to present
a minimal model with these features, we modify the three-
site model by adding a ““top Higgs” field, ®, that couples
preferentially to the top quark. The resulting model is
shown in Moose notation [27] in Fig. 1; we will refer to
it as the “‘top triangle moose” to distinguish it from other
three-site ring models in the literature in which all of the
links are nonlinear sigma models, such as the ring model
explored in [28] or BESS [29,30] and hidden local sym-
metry [31-35] theories.

The idea of a top Higgs is motivated by top condensation
models, ranging from the top mode standard model [36—
41] to top-color—assisted technicolor [42—46], to the top
quark seesaw [47,48] to bosonic top color [49,50]. The
specific framework constructed here is most closely
aligned with top-color—assisted technicolor theories [42—
46] in which EWSB occurs via technicolor interactions
while the top mass has a dynamical component arising
from top-color interactions and a small component gener-
ated by an extended technicolor mechanism. The dynami-
cal bound state arising from top-color dynamics can be
identified as a composite top Higgs field, and the low-
energy spectrum includes a top Higgs boson. The extra
link in our triangle moose that corresponds to the top Higgs
field results in the presence of uneaten Goldstone bosons,
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FIG. 1. The SU(2) X SU(2) X U(1) gauge structure of the
model in Moose notation [27]. The SU(2) coupling g and
U(1) coupling g’ of sites 0 and 2 are approximately the SM
SU(2) and hypercharge gauge couplings, while the SU(2) cou-
pling g represents the “bulk” gauge coupling. The left- (right-)
handed light fermions are mostly localized at site 0 (2) while
their heavy counterparts are mostly at site 1. The links connect-
ing sites 0 and 1 and sites 1 and 2 are nonlinear sigma model
fields while the one connecting sites 0 and 2 is a linear sigma
field.

the top pions, which couple preferentially to the third
generation. The model can thus be thought of as the
deconstructed version of a top-color—assisted technicolor
model.

We start by presenting the model in Sec. II, and describ-
ing the electroweak sector. The gauge sector is the same as
in BESS [29,30] or hidden local symmetry [31-35] theo-
ries, while the fermion sector is generalized from that of
the three-site model [24] and the symmetry-breaking sector
resembles that of top-color—assisted technicolor [42—46].
In Sec. III, we compute the masses and wave functions of
the gauge bosons and describe the limits in which we work.
We then move on to consider the fermionic sector in
Sec. I'V. Here, we also explain how the ideal delocalization
condition works for the light fermions. In Sec. V, we
compute the couplings of the fermions to the charged and
neutral gauge bosons. In Sec. VI, the top quark sector is
presented. After calculating the mass of the top quark, we
describe how the top quark is delocalized in this model by
looking at the tree-level value of the Zbb coupling. In
Sec. VII, we carry out the detailed collider phenomenology
of the heavy partners of the u, d, s, and cquarks. After
comparing our phenomenological analysis with others in
the literature in Sec. VIII, we present our conclusions in
Sec. IX.

II. THE MODEL

Before we present the details of our model, we recall the
essential features of the closely related three-site model
that [24] pertain to the heavy fermion mass. The three-site
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model is a maximally deconstructed version of a Higgsless
extra dimensional model, with only one extra SU(2) gauge
group, as compared to the SM. Thus, there are three extra
gauge bosons, which contribute to unitarizing the W; W,
scattering in place of a Higgs. The LHC phenomenology of
these extra vector bosons is discussed in [51,52]. Also
incorporated in the three-site model is a heavy Dirac
partner for every SM fermion. The presence of these new
fermions, in particular, the heavy top and bottom quarks,
gives rise to new one-loop contributions to A p, where p is
the ratio of the strengths of the low-energy isotriplet neu-
tral and charged current interactions. Precision measure-
ments require Ap to be <O(1073) and this constraint,
along with the need to obtain the large top quark mass,
pushes the heavy quark mass into the multi TeV range, too
high to be seen at the LHC. We seek to reduce this tension
by separating the top quark mass generation from the rest
of electroweak symmetry breaking in this model, an ap-
proach motivated by top-color scenarios.

The electroweak gauge structure of our model is
SU((2)g X SU(2); X U(1),. This is shown using Moose
notation [27] in Fig. 1, in which the SU(2) groups are
associated with sites 0 and 1, and the U(1) group is
associated with site 2.' The SM fermions derive their
SU(2) charges mostly from site 0 [which is most closely
associated with the SM SU(2)] and the bulk fermions
mostly from site 1. The extended electroweak gauge struc-
ture of the theory is the same as that of the BESS models
[29,30], motivated by models of hidden local symmetry
(with @ # 1) [31-35].

The nonlinear sigma field X, is responsible for break-
ing the SU(2), X SU(2), gauge symmetry down to SU(2),
and field 3, is responsible for breaking SU(2), X U(1),
down to U(1). The left-handed fermions are SU(2) dou-
blets residing at sites 0 (¢/;o) and 1 (¢; ), while the right-
handed fermions are a doublet under SU(2),(¢/ ¢;) and two
SU(2)-singlet fermions at site 2 (ug, and dg,). The fermi-
ons o, Y1, and g, have U(1) charges (Y) typical of
the left-handed SU(2) doublets in the SM, +1/6 for
quarks and —1/2 for leptons. Similarly, the fermion ug,
has a U(1) charge typical for the right-handed up-quarks
(+2/3) and dp, has the U(1) charge typical for the right-
handed down-quarks ( — 1/3); the right-handed leptons
would, likewise, have U(1) charges corresponding to their
SM hypercharge values. Also, the third component of
isospin, T4, takes values +1/2 for “up” type fermions
and —1/2 for “down” type fermions, just like in the SM.
The electric charge assignment follows the relation Q =
T; + Y. The fermion charge assignments of the quarks are
summarized in Table I; leptons follow a similar pattern.

We add a ““top-Higgs” link to separate the top quark
mass generation from the rest of electroweak symmetry

'Note that U(1), is embedded as a gauged 7> of SU(2)-see
Eq. (9) below.
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TABLE I. Electroweak charge assignments of the quarks.
Leptons follow a similar pattern.

1o Vs Yri Ugas dpo
SUQ), 2 1 1
SUQ), 1 2 1
U(l), é % % or — %

breaking. To this end, we let the top quark couple prefer-
entially to the top Higgs link via the Lagrangian:

‘£t0p = _AIIZ/LOCI)ZR + H.c. (1)
The top Higgs field is described by the Lagrangian:
L4 =1iD,PTDFD — V(D), 2)

where the potential V(®) is minimized at (®) = f. When
the field @ develops a nonzero vacuum expectation value,
Eq. (1) generates a top quark mass term. Since we want
most electroweak symmetry breaking to come from the
Higgsless side, we choose the vacuum expectation value
associated with the nonlinear sigmal model fields to be
F = \2v cosw (for simplicity, we choose the vev of both
the nonlinear sigma model fields to be the same) and the
one associated with the top Higgs sector to be f = (®) =
v sinw (where w is a small parameter). The top Higgs
sector also includes the uneaten Goldstone bosons, the top
pions. The interactions of these top pions can be derived
from Eqn. (2) by writing the top Higgs field in the form:

q)=((f+H.+i7To)/\/§)’ (3)

LT

where f is defined above and H is the top Higgs. The
extended technicolor [53,54] induced ‘‘plaquette’ terms
that align the technicolor vacuum with the top-color vac-
uum and give mass to the top pions can be written as

L, = 47Kk’ Te(M3, 3]), 4)

where « is a dimensionless parameter and M =
(ic?>®*®) is the Higgs field in 2 X 2 matrix form. In this
paper we restrict our attention to the phenomenology of the
fermion and gauge sectors and, therefore, here we assume
that the top pions are sufficiently heavy so as not to affect
electroweak phenomenology. The phenomenology of the
top-pion sector will be considered in a future publication.

The mass terms for the light fermions arise from Yukawa
couplings of the fermionic fields with the nonlinear sigma
fields

L = _MDI:ELlZLOEOI ri + Uritp

wlin)l o

We have denoted the Dirac mass (that sets the scale of the

7 €y
+ l//uElz( OR
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heavy fermion mass) as M. Here, €; is a parameter that
describes the degree of delocalization of the left-handed
fermions and is flavor universal. All the flavor violation for
the light fermions is encoded in the last term; the delocal-
ization parameters for the right-handed fermions, € fR> CAN
be adjusted to realize the masses and mixings of the up and
down type fermions.” For our phenomenological study, we
will, for the most part, assume that all the fermions, except
the top, are massless and hence will set these €, parame-
ters to zero. We will see in Sec. VIC that even €, is small,
since the top quark’s mass is dominated by the top Higgs
contribution [see Eqn. (1)]. Therefore, the top quark mass
does not severely constrain A p, and correspondingly, there
will be none of the tension between the heavy quark mass,
M, and one-loop contributions to Ap, that exists in the
three-site model. This enables us to have heavy quarks in
this model that are light enough to be discovered at the
LHC—we will investigate their phenomenology in
Sec. VIL

III. MASSES AND EIGENSTATES

In addition to the SM vy, Z, and W bosons, we also have
the heavy partners, W' and Z’ because of the extra SU(2)
group. The canonically normalized kinetic energy terms of
the gauge fields can be written down in the usual way:

Lyxg = _};F“

apv __ 1prb
OMVFO 4F

buv v
l;LVFllu _%B,U.VBM . (6)

In this section, we review the masses and wave functions of
the gauge bosons, which are the same as those in the BESS
model [29,30].

The masses of the gauge bosons come from the usual
sigma model Lagrangian:

F? + F? +
Lopnge = T Ti[D, 3} D*Zp,] + T Ti[D,3],D*3),]
+ %[DNCI)*D“CI)], (7

where the covariant derivatives are

D, 2 = 9,20 T igWo, 201 — 820 Wy, (8

D31 =0,3%,+igW, % —ig'3mBy,,  (9)

. ig'
Wou = W5, 7, Wy, = Wi, 7¢ (where 7¢ = o%/2 are
SU(2) generators), and 2, and 3, are 2 X 2 Hermitian
matrix fields. We will parametrize the gauge couplings in
the following form:

>The model has “next to minimal” flavor violation [55].
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e _ e
&7 Sing sing’

&7 Sing cosg’

We will find the mass eigenvalues and eigenvectors
perturbatively in the small parameter sin¢g, which we
will call x.

From the above Lagrangian, one can get the mass matrix
for the gauge bosons by working in the unitary gauge
(201 = 212 = 1) and collecting the coefficients of the
terms quadratic in the gauge fields.

The charged gauge boson mass matrix is thus given by

2,,2 X2 2 _ 2 2
M‘%V _ e‘v l—xz(l + cos (1)) WCOS @ ‘
4x’sin’6 \ — E=cos’w 4cos’w
—x

12)

This matrix can be diagonalized perturbatively in x. We
find the light W has the following mass and eigenvector
(note that the above formulas are valid to corrections of
O(x?), as are all the other eigenvalues and couplings in this

paper):

2
(1 + cos?w)
e*v? =
2x 2
M2 = - cos”w
2 4x%sin%0 =y 5
- m’@—ﬁsm o tanf
—X

This mass matrix has a zero eigenvalue (the photon), the
eigenvector of which may be written exactly as

AR = gwg‘ + gwf‘ + ?B“. (18)

Requiring that this state be properly normalized, we get the
relation between the couplings implied by Eq. (11):
11 1 1

The light Z boson has the mass

(1 + x2(1 - ?)), (20)

and the corresponding eigenvector

19)

2.,2
> e v

2 4sin%0cos26

Zr = VWY + vlWl + v2BE, 21)
where
v) = {(4(=2 + x?) cos — 3x? sech),
vl = Ix(=2cos?0 + 1) sech,
v2 = sinf — 1x? sec tan6.

The heavy neutral vector boson, which we call Z', has a
mass and eigenvector

PHYSICAL REVIEW D 80, 035011 (2009)

e2v? 3x2
M2 =—"(1+= 13
W 4sin29< 4 ) (13)
x2 1
WE = WWh + vl Wi = (1 - g)wg + 5xW{‘. (14)

Here, W, and W, are the gauge bosons associated with sites
0 and 1. Since x is small, we note that the light W resides
primarily at site 0. The heavy W eigenvector is orthogonal
to the above and has a mass:

_ e*v’cos’w

2
" 4sin?0x2 @+ x9).

M3, (15)

To leading order, the relation between the light and heavy
charged gauge boson masses is

My X
M3,

(16)

4cos’w’

The neutral gauge bosons’ mass matrix is given by

\/121‘7005%) — %sinzw tané
4cos’w —2xcos’w tanf (17)
—2xcos’wtanf x%*(1 + cos’w)tan’6
[
2.0 2
e?v’cos’w
M2, = R (4 + x*sec?0) (22)
I — 0 LWk o o2
7 = v) Wy + v, Wi + v B*, (23)
where
0 _ 1
'UZ, = EX,
v!, = —1+ {xsec’d, and v? = fxtand.
Z Z

For small x, it is seen that the Z’ is mainly located at site 1,
while the Z is concentrated at sites O and 2, as one would
expect.

IV. FERMION WAVE FUNCTIONS AND IDEAL
DELOCALIZATION

In this section, we will review the masses and wave
functions of the light fermions and their heavy partners.
We will then discuss how to ““ideally delocalize” the light
fermions, which will make the tree-level value of the S
parameter vanish [23].

A. Masses and wave functions

Working in the unitary gauge (2o = 21, = 1), the
mass matrices of the light quarks and their heavy partners
can be derived from Eq. (5) and take the form:
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€ 0
M, = MD< v ) (24)

€uR.dR

The subscripts u(d) denote up (down) quarks and M, is the
Dirac mass, introduced in Eq. (5). Diagonalizing the matrix
perturbatively in €;, we find the light eigenvalue:

_ Mpepesg

2
€L
my = [1 ~ . +] (25)
h + G%R 2(1 + 6fR)

Note that m is proportional to the flavor-specific parame-
ter €, where f is any light SM fermion (except the top).
The heavy Dirac quark has a mass:

2

€
=M 1/1+ 2 [1+7L +
mpg D EfR 2(1 + Ejsz)Q

The left- and right-handed eigenvectors of the light up
quarks are

] (26)

up = M%‘ﬁLo + ui'ﬁu

=(—1+2(1672R)2>¢Lo (1+ 3R)¢“ @7

_ 2
Ug = upiPpy + ugpo

2
o €uR ELGMR )
= (- +
( VIt e (1+ €3p)? Vri
u
1 2.2
n ( 4 CLCur )uR2 (28)

5/2
‘fl—i-eﬁR (1+€ )/

The left- and right-handed eigenvectors of the heavy
partners (denoted by U; ) are orthogonal to Eqs. (27) and
(28):

U, =Ultpo+Ulibp

=< g 5R>¢LO ( +2(1_:261€)2)¢L1

(29)
Ug = Upthg) + Ugigy
_ (_ 1 _ €] €nr )1//
Jire, ey
2
€ur €1 €uR
+ <_ + Upr. (30)
[+ (1+é 5/2)
1+ eﬁR ( )

The eigenvectors of other fermions can be obtained by the
replacement €,z — €.

B. Ideal fermion delocalization

The tree-level contributions to precision measurements
in Higgsless models come from the coupling of standard
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model fermions to the heavy gauge bosons and deviations
in SM couplings. It was shown in [23] that it is possible to
delocalize the light fermions in such a way that they do not
couple to these heavy bosons and thus minimize the devia-
tions in precision electroweak parameters. The coupling of
the heavy W' to SM fermions is of the form 3, ¢,(f")?vi,,
Thus choosing the light fermion profile such that g;(f?)? is
proportional to v}, will make this coupling vanish because
the W’ and W fields are orthogonal to one another. This
procedure (called ideal fermion delocalization [23]) makes
the coupling of the W to two light fermions equal the SM
value to corrections O(x*) and keeps deviations from the
standard model of all electroweak quantities at a phenom-
enologically acceptable level. Thus, an equivalent way to
impose ideal fermion delocalization (IFD) is to demand
that the tree-level gy, coupling equal the SM value.

We will use the latter procedure to implement IFD. The
deviation of the gy,, coupling from the SM value can be
parametrized in terms of the S, 7 and U parameters as [20]

[ aS caT (? —sH)aU
=1+ _
s 452 252 8s?

EWev ] (31)
where ¢ = cosf,, = My /M, and s = sinf,, = V1 — ¢?
are related to the “‘mass-defined” weak mixing angle. It
was shown in [17] that at tree level, in models of this kind,
T, U = O(x*), and so we can impose ideal fermion deloc-
alization by requiring S to vanish at tree level, which would
make gw,., in this model equal to the SM value, from
Eq. 3D).

In computing the couplings, we will use the mass-
defined angles; we will indicate this by a suffix w in all
the couplings. From Egs. (13) and (20), we can see that
sind,, is related to sinf defined implicitly in the couplings
in Eq. (11) by

2
sinf,, = <1 - ?) sinf. (32)

Using the W and the fermion wave functions, we can
calculate the coupling gy, as

2 2
L(l + i). (33)

EWer = Gne,, 4 8

Thus, we determine the ideal fermion delocalization con-
dition in this model to be

x2

?’

which is the same as in the three-site model, to this order.

€ (34)

V. FERMION COUPLINGS TO THE GAUGE
BOSONS

A. Charged currents

Now that we have the wave functions of the vector
bosons and the fermions, we can compute the couplings
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TABLE II. The couplings of the light and heavy quarks with
the charged gauge bosons. Ideal fermion delocalization renders
the g"*? coupling the same as the SM value. The coupling of the
heavy gauge boson to two heavy quarks is seen to be propor-
tional to 1/x, which makes I'y/ /My, > 1, for very small x.

Coupling Computed as Strength
gW”d g u(L)do + nguLd1 ﬁ
gWUd(_ gWup) v UV + gulULd) WEZT
gl gV UID] + gulUiD)  5&- (1 +3x%)
g nguRD1 0
gWUd(— gP) gulULD} 0
gV gulULD} e (1= %)
gy gov¥ uld} + gvl,uidl 0

gl V(= g"")  govl,Uld) + gv, Uid] ~ T
g)'up gov°, UYDY + gvl U} D} ﬁ(l —3x%)
gW”d gv ,uRdl 0
gh'U(= gll'"P) g, Ugdy 0
gy'vp gv! UpDj (1= 4xz)w

between these states. Since all the light fermions are ap-
proximately massless, we set € for all the light fermions
to zero in this section. We will calculate all couplings to
O(x?). We begin with the left-handed Wud coupling.

gl = govhudd) + guujd; =

. 35
sind,, (33)
This result follows from the fact that we have implemented
ideal fermion delocalization in the model. All other
charged current couplings (both left- and right-handed)

can be similarly computed and we present the results in
Table I1.

TABLE III.
portion of g
charged current coupling, is seen to be proportional to 1/x.

Z'uu

PHYSICAL REVIEW D 80, 035011 (2009)

Two comments are in order. The right-handed couplings
of the W and W' gauge bosons to two light quarks or to one
light and one heavy quark are zero in the limit €4 = 0,
because in this limit the right-handed light quarks are
localized at site 2, and the charged gauge bosons live
only at sites 0 and 1. The nonzero right-handed coupling
of W with two heavy fields arises, in this limit, solely from
site 1. The left- and right-handed W’ coupling to two heavy
fermions is enhanced by a factor 1/x relative to g ¥, with
x being the small expansion parameter. Thus, if W’ is
massive enough to decay to two heavy fermions, the width
to mass ratio of the W’ becomes greater than one
(T'(W") /My > 1), signifying the breakdown of perturba-
tion theory. We will exclude this region of the M, — My
parameter space from our phenomenological study of
heavy quark production in Sec. VII.

B. Neutral currents

We can now calculate the coupling of the fermions to the
neutral bosons. All the charged fermions couple to the
photon with their standard electric charges. For example,

81" = 8(e/9) ] + §(e/DE ) = Qe = gi™.
(36)

We will be calculating the couplings in the “75 — Q”
basis. To do this we use the standard relation between the
three quantum numbers: Q = T3 + Y. Since the fermions
derive their SU(2) charge from more than one site, we will
calculate, for example, the T5 coupling of two light fields to
the Z as ¥ ,;g,(f;)*v},. The left-handed Z coupling to SM
fermions is calculated to be

The couplings of the light and heavy quarks with the neutral gauge bosons. Ideal fermion delocalization renders the 75
zero while there is a small hypercharge coupling. The coupling of the heavy gauge boson to two heavy quarks, as in the

Coupling computed as Strength

gZW (8o (u)* + gul(up)))Ts + g'vZ((u?)* + (u}))(Q — T5) - WU} — Qsin6,,)

87" (govquj U} + guyuj Up)Ts + g'v;(u U} + uyUp)(Q — Ts) - mT3

g7V (g0v(UY)* + guy(UDAT; + g'v3((U})* + (U1)*)(Q — T5) — e G (1 + % (4 — sec?6,))T; — Qsin’6,,)
g7 guy(up)’Ts + g'vi((up)* + (uz)*)(Q — Ts) e(Q — T3) tané,,

gZ”U guy(up)(Up)Ts + g'vi((up)(Ug) + (up)(UR)(Q — T5) 0

g% GUL UL, + gv3(UR)? + (URD(Q — T5) — e (L= )Ty — Qsin®0,)

grm (g0v% (u?)* + gul, (up))Ts + g'v3, ((u2)* + (up)*)(Q — Ts) — g xsech,, tand,, (T3 — Q)

gi"Y (8ovy Udu] + guy, Uu})T; T, (L~ an’,)T

gfvv (2o (UD)? + gul, (UDATs + g'v3, (U9)? + (UDAQ — T3)  — - [1 = 3 (2sec?0),, — 3tan20 WIT3 + 3 exz&g 0
g% e gvz,(uR) T+ g’vz((uR) + (MR)Z)(Q —T3) % sech,, tanf,,(Q — T5)

gz’ gul (up)(UR)Ts + g'v5, (up)(Ug) + (up)(UR)(Q — T5) 0

g4uu gL (UR?Ts + g'v2 (UR)? + (URH(Q — Ts) — i1 - * (2sec?,, — Stan’6,,)]T5 + Lex Scigjg: 0
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gr = (gov(u)? + guvl(u})*)T;

g UH(W)? + @l PQ ~ T)
= __(T;-0sin%,).  (7)
sinf,, cos6,,
All the other couplings can be similarly computed and we
present the results in Table III.

While ideal fermion delocalization makes g}'*? zero,
and likewise makes the 75 portion of g%/”” vanish, there is
still a small nonzero hypercharge contribution to g7 "
Also, g7V and g7V are seen to have only a T5 coupling
because the term multiplying Q — 75 (hypercharge),
(WU + u} U}), vanishes due to the orthogonality of the
fermion wave functions. In the limit cosf,, — 1, gV is
seen to correspond exactly to the off-diagonal coupling of
the W, g/“P. As in the case of charged currents, the
coupling of two heavy quarks to the Z’ is enhanced by a
factor 1/x. This makes I'(Z')/M, > 1 for small values

of x.

VI. THE TOP QUARK

The top quark in the model has different properties than
the light quarks since most of its mass is generated by the
top Higgs. This section reviews the masses and eigenstates
of the top quark and proceeds to analyze the delocalization
pattern of the top and bottom quarks.

A. Masses and wave functions

The top quark mass matrix may be read from Egs. (1)
and (5) and is given by

(MDetL AU sinw )

38
Mp Mpeg (38)

Let us define the parameter

A vsinw

M, (39)

in terms of which the above matrix can be written as

M, = MD< a4 ) (40)
|

Note that we have introduced a left-handed delocaliza-
tion parameter €,;, that is distinct from the one for the light
fermions. We will see in the next subsection that €,;, = €,
is the preferred value, i.e., the top quark is delocalized in
exactly the same way as the light quarks.

Diagonalizing the top quark mass matrix perturbatively
in €,; and €, we can find the light and heavy eigenvalues.
The mass of the top quark is

€ tept %QLE;R]
2(—1 + a?)

m, = Av sinw[l + (A1)

Thus, we see that m; depends mainly on v and only slightly
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on €z, in contrast to the light fermion mass, Eq. (25),
where the dominant term is € s, dependent. The mass of the
heavy partner of the top is given by

2 2
€t et zaszer]

mT=MD[1 2(_1 +(12) (42)

The wave functions of the left- and right-handed top quark
are

_ 0 1
=1t

(1 - G%L + GZG%R + 2a€; €\,
a 2(—1 + a2 Vio
€, tae
o (e )

1R =ty + thir
(1 B a*e’ + ex + 2ae,LEtR>W
2(—1+ a?)? Kl

ae€;;, + €R

The left- and right-handed heavy top wave functions are
the orthogonal combinations:

T, = TE‘#ZO + Tilﬁil

_ (€ T aeg) ,
-1+ a? Y10
2 2.2
€, ta‘ep +2ae €
+ (—1 + - 2(_i +a2)2f =), (45)
Tx = Tithky + Titro
ae; + €:R
=( _Il + a; )thl
a’*e’ + €% +2a€, €
+ (—1 + — 2(_; ) )sz. (46)

B. Zbb and choice of €1

Since the b, is the SU(2) partner of the 7, its delocal-
ization is (to the extent that €,z =~ 0) also determined by
€. Thus, we can compute the tree-level value of the
Zb, b, coupling and use it to constrain €,; . This coupling
is given by
81" = (gov(b])* + g1y (b} )))T5

+ gvZ((b9)* + (b})H(Q — T)
o e x2 B € o,
N sinf,, cosf,, <<1 * 4 7)T3 Qsin 0W>.
(47)

This exactly corresponds to the tree-level SM value pro-
vided that €,; satisfies
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X
€ = ﬁ

We see that this matches the delocalization condition for
the light quarks, Eq. (34). Thus, we see that the left-handed
top quark is to be delocalized in exactly the same way as
the light fermions if we are to avoid significant tree-level
corrections to the SM Zb; b; value. Henceforth, we shall
be choosing this value for €,;.

(48)

C.Ap and M,

The contribution of the heavy top-bottom doublet to Ap
can be evaluated in this model and is given by the same
expression as in [24]. It is

_ Mjep

P 167 v*
The important difference now is that, since the top quark
mass is dominated by the vev of the top Higgs instead of
Mp, [see Eq. (41)], €, can be as small as the € of any light
fermion. Thus, there is no conflict between the twin goals
of getting a large top quark mass and having an experi-
mentally admissible value of Ap. This enables us to have
heavy fermions in this model that are light enough to be
seen at the LHC. We explore this in detail in the next
section.

(49)

VII. HEAVY FERMION PHENOMENOLOGY AT
HADRON COLLIDERS

We are now prepared to investigate the collider phe-
nomenology of this model. As we have just seen, there is
no tension between getting the correct values of the top
quark mass and the p parameter in this model. Thus, the
mass of the heavy quarks do not necessarily lie in the TeV
range as in [24]. The current CDF lower bounds on heavy
up-type quarks (decaying via charged currents) and down-
type quarks (decaying via neutral currents) are 284 GeV
and 270 GeV, respectively, at 95% C.L. [54]. Thus, in our
phenomenological analysis, we will be concentrating on
new quarks whose masses are between 300 GeVand 1 TeV,
corresponding to Mp in a similar range.

An important point to note is that the diagonal coupling
of the heavy W' or Z' to two heavy fermions is enhanced by
a factor 1/x, where x is our small expansion parameter.
Thus, if the masses are such that the heavy gauge bosons
can decay to two heavy fermions, then we are in a situation
where Ty//My:, T /My > 1, rendering perturbative
analysis invalid. In our analysis of the phenomenology,
we will always choose My, 7 <2Mp. We will study
both pair and single production channels.

A. Heavy fermion decay

The heavy fermions in the model decay to a vector boson
and a light fermion. If the heavy fermion is massive

PHYSICAL REVIEW D 80, 035011 (2009)
WzWw'z'
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FIG. 2. The decay modes of the heavy quarks in the theory.
The decay rate is controlled by the off-diagonal left-handed
coupling of the vector boson to a heavy fermion and the
corresponding light fermion (the corresponding right-handed
coupling vanishes in the limit of massless light fermions).
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FIG. 3 (color online). The plot of the branching ratio of the
heavy quark into the charged and neutral gauge bosons. The
masses of the W and Z' gauge bosons were taken to be 500 GeV.

enough, the vector boson could be the W' or Z' in the
theory as well as the W or Z (Fig. 2).3

In the limit where the mass of the light fermion is zero,
the rate of decay to charged gauge bosons (denoted by V) is
given by

2 3 2 2
M 2
S _D<1 - ﬂ) (1 + 2’"—g) (50)
M

327 m%, M% D

In the limit that the Dirac mass is much higher than the W
and W’ boson masses, the terms in the parentheses can be
approximated by 1. Thus, we see that the decays into W
and W' become equally important because g%VQq Jm3, =

g%V,Qq /m3,,. This is further illustrated in Fig. 3, where we

can also see that decays to Z' are generally just slightly less
likely than those to W’, for any value of M.

>The situation changes slightly for the heavy top quark, for
which decay into top pions is allowed. The study of the top
sector of this model is deferred to a future publication.
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(a) Pair production of the heavy quarks occurs through gg annihilation and gluon fusion. (b) The cross section

for pair production (for one flavor) as a function of the Dirac mass. As can be seen from the figure, for low values of Mp, the cross
section for the gluon fusion channel is higher than the quark annihilation process. As M increases, the quark annihilation process
begins to dominate because the parton distribution function of the gluon falls rapidly with increasing parton momentum fraction.

B. Heavy quarks at the LHC

Our goal in this section is to analyze the possible dis-
covery modes of the heavy quarks at the LHC. We will
show that it is possible to discover them at 5o level for a
large range in the My, — Mp parameter space. We will
consider both the (QCD dominated) pair production and
the (electroweak) single production of the heavy quarks.
Each produced quark immediately decays to either a SM
gauge boson plus a light quark or a heavy gauge boson plus
a light quark (for Mp > My, M ). We will consider the
first possibility in the pair production scenario
(Sec. VIIB 1) and the second in the single production
analysis (Sec. VIIB2) and show that these cover much
of the Mp — My, parameter space. For our phenomeno-
logical analysis, we used the CALCHEP package [56].

1. Pair production: pp — Q0 — WZqq — Illvjj

We first consider the process pp — QQ at the LHC.
Pair production of heavy quarks occurs via gluon fusion
and quark annihilation processes, shown in Fig. 4(a). In
Fig. 4(b), we present the production cross section as a
function of Dirac mass for a single flavor. We see that
the cross section for the gluon fusion process is higher than
that for quark annihilation at low values of M. However,
as M increases, the gg channel begins to dominate. This
is because the parton distribution function of the gluon falls
rapidly with increasing parton momentum fraction.

Each heavy quark decays to a vector boson and a light
fermion. For M, < My, », the decay is purely to the
standard model gauge bosons. The decay to heavy gauge
bosons opens up for M, > My, », and we will analyze this
channel while discussing single production of heavy fer-
mions in the next subsection. Here, we look at the signal in
the case where one of the heavy quarks decays to a Z and
the other decays to a W, with the gauge bosons subse-
quently decaying leptonically. Thus, the final state is
Hlvjj.

To enhance the signal to background ratio, we have
imposed a variety of cuts. We note that the two jets in
the signal should have a high p;(~Mp,/2), since they each
come from the 2-body decay of a heavy fermion. Thus,
imposing strong pr cuts on the outgoing jets can eliminate
much of the SM background without affecting the signal
too much. We also expect the 7 distribution of the jets to be
largely central (see Fig. 5), which suggests an 7 cut: |n| =
2.5. We impose standard separation cuts between the two
jets and between jets and leptons to ensure that they are
observed as distinct final state particles. We also impose
basic identification cuts on the leptons and missing trans-
verse energy; the full set of cuts is listed in Table IV.

We study QQ events in which one heavy fermion decays
to W + j and the other decays to Z + j, and we further
assume that the W and Z decay leptonically. Since the
leptonic decay of W involves neutrinos, it is more conve-
nient to use the Z + j combination as the basis for recon-

1200 —————————————— e
1000 F ]
800 [ ]

600 1

Nevents

400 1

200 1

4 2 T 0 T T2 3
Mjet

FIG. 5 (color online). The 7 distribution of the outgoing hard
jets for the process pp — Q0 — WZqq — Illvjj, correspond-
ing to Mp = 700 GeV and My, = 500 GeV for a luminosity of
100 fb~'. One can see that the events are in the central region:
—25<n<25.
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TABLE IV. The complete set of cuts employed to enhance the
signal to background ratio in the process pp— QQ —

WZqq — lllvjj. AR;; = 1/A~qjj + A¢; refers to the separation
(in m-¢ space) between the two jets and, similarly, AR ; refers to
the angular separation between a lepton and a jet.

Kinematic variable Cut

Pr >100 GeV

D11 >15 GeV
Missing Er >15 GeV

|77j| <2.5

7, <25

ARj; >0.4

ARj >0.4

My 89 GeV < M;; <93 GeV

structing the heavy fermion mass (to avoid the two fold
ambiguity in determining momenta when one uses neutri-
nos). We identify the leptons that come from the Z by
imposing the invariant mass cut (M, — 2 GeV) < M, <
(M, + 2 GeV). We then combine this lepton pair with a
leading- p7 light jet to reconstruct the heavy fermion mass.
Because one cannot, a priori, tell which light jet came from
the Q and which from the Q, we actually combine the
lepton pair first with the light jet of largest py and then,
separately, with the light jet of next-largest py, and include
both reconstructed versions of each event in our analysis.

When generating the signal events, we included the four
flavors* of heavy quarks, U, D, C, S, that should have
similar phenomenology. In Fig. 6, we present the invariant
mass distribution (Mje+ gitepon) fOr events generated assum-
ing My, = 500 GeV and with all the cuts in Table IV
imposed; the left-hand (right-hand) panel shows events
with Mp = 300 GeV (700 GeV). As mentioned earlier,
each event appears twice in the plots because one cannot
tell which jet came from the Q and which from the Q
decay. This enhances the number of signal events, but also
creates the small number of off-peak events in the distri-
butions (Fig. 6). We verified that for the M values of
interest, these off-peak events are never numerous enough
to compete with the signal; in fact, this can be directly seen
from Fig. 6.

In each of the plots in Fig. 6, the signal distribution is
clearly seen to peak at the value of M. We estimate the
size of the peak by counting the signal events in the
invariant mass window:

(Mp — 10 GeV) < Mj; < (Mp + 10 GeV).  (51)

*We do not consider the heavy top and bottom in this analysis.
Including them would further enhance the signal, but since the
top quark couples to the uneaten top pions, the branching ratios
to gauge bosons would be different from that of the heavy
partners of the first two generations. We will present the phe-
nomenology of the third generation in a future work.
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To analyze the SM background, we fully calculated the
irreducible pp — ZW jj process and subsequently decayed
the W and Z leptonically. Once we imposed all the cuts
discussed above on the final state ///vjj, we find that the
cuts entirely eliminate the background for the range of M,
values of interest to us. The most effective cut for reducing
the SM background is the strong pr cut imposed on both
the jets.

We find there is an appreciable number of signal events
in the region of parameter space where Q — V¢ decays are
allowed but Q — V’q decays are kinematically forbidden.
The precise number is controlled by the branching ratio of
the heavy fermion into the standard model vector bosons.
In Fig. 7, we present a contour plot of the number of
expected events in the M — My, plane for a fixed lumi-
nosity of 100 fb~!.

Since the SM background is negligible, if we assume the
signal events are Poisson-distributed, then we can take 10
events to represent a 5o signal at 95% c.l. (i.e., the mini-
mum number of events required to report discovery). Given
that we expect at least 10 signal events over most of the
area of the plot, we see that the pair-production process we
have studied spans almost the entire parameter space.
However, as may be seen from Fig. 7, in the region where
Mp = 900 GeV and My, = M, there will not be enough
signal events for the discovery of the heavy quark since the
decay channel Q — W’q becomes significant. In order to
explore this region, we will now investigate the single
production channel where the heavy quark decays to a
heavy gauge boson.

2. Single production: pp — Qq — W'qq' — WZqq'

The single production channel of heavy fermions is
electroweak in nature, in contrast to the pair-production
process considered above. But the smaller cross sections
can be compensated if we exploit the fact that the u and d
are valence quarks, and hence their parton distribution
functions do not fall as sharply as the gluon’s for large
parton momentum fraction. Also, there is less phase space
suppression in the single production channel than in the
pair-production case. Thus, we analyze the processes
[u, u — u, U], [d, d — d, D] and [u,d — u,
D or U, d] These occur through a ¢ channel exchange
of a Z and Z' [Fig. 8(a)]. In Fig. 8(b), we show the cross
section of the single production of one flavor of the heavy
quark as a function of the Dirac mass. Since we want to
look at the region of parameter space where My, is smaller
than Mp,, we let the heavy quark decay to a W’'. The W’
decays 100% of the time to a W and Z, because its coupling
to two SM fermions is zero in the limit of ideal fermion
delocalization [see Eq. (34)]. We constrain both the Z and
W to decay leptonically so the final state is ll/lvj].

In principle, one could also consider the case in which
the heavy quark decay involves a Z' rather than a W’. The
only (small) difference would be that the Z’ does not decay
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Predicted signal invariant mass distributions My;; for M, = 300 GeV and M, = 700 GeV for a fixed My, =

500 GeV. The small number off-peak events arises because we added the distributions corresponding to the jets from both Q and Q

decays, as described in the text.
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FIG. 7 (color online). Contour plot of number of events in the
pair-production case pp — QQ — WZgq — lllvjj for a fixed
integrated luminosity of 100 fb~!. The shaded region corre-
sponds to the region of nonperturbative W’ decays, My, > 2Mp.

to a pair of W’s 100% of the time. The ideal fermion
delocalization condition only makes the 75 coupling of
the Z to SM fermions zero, while there is a small nonzero
hypercharge coupling proportional to x. For the present, we
restrict ourselves to W' decays of the heavy quark.

As in the case of pair production, we expect the jet from
the decay of the heavy quark to have a large py, and hence
we will impose a strong py cut on this “hard jet.”” As
before, this jet is going to be largely in the central direction
and hence one can impose the same 7 cut on the hard jet.
On the other hand, we expect the 7 distribution of the ““soft
jet” arising from the light quark in the production process
to be in the forward region, 2 < || < 4. We impose the
same AR jet separation and jet-lepton separation cuts as
before. We impose basic identification cuts on the leptons
and missing transverse energy. The complete set of cuts is
shown in Table V.

The leptonic W decay introduces the usual twofold
ambiguity in determining the neutrino momentum and
hence, we have performed a transverse mass analysis of
the process, defining the transverse mass variable [57] of

1LoofF. T T

0.50 -

o (pb)

0.30

u,d unbD

0.20 -

zz

0.15

U,d P

u,d

S S S S |

400

FIG. 8 (color online).
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(a) Feynman diagram for the ¢ channel single production of the heavy fermion via the exchange of the Z and

the Z' bosons. (b) Cross section for the 7 channel single production of the heavy fermion as a function of the Dirac mass M. It is seen
to fall more gradually as compared to that of the pair-production case.
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TABLE V. The complete set of cuts employed to enhance the
signal to background ratio in the process pp — Qg — W'q'q —
WZq'q — lllvjj. “hard” refers to the jet with greater transverse
momentum (p7) while “soft” refers to the jet with smaller
transverse momentum (pr). AR;; refers to the separation (in
1-¢ space) between the two jets and, similarly, AR refers to
the angular separation between a lepton and a jet.

Kinematic variable Cut
DT jhard >200 GeV
P jsoft >15 GeV
Pri >15 GeV
Missing Er >15 GeV
| 7 jhard | <2.5
1 jsot] 2<|nl<4
[l <25
ARj; >0.4
AR; >0.4

interest as

M3 = (M2(11)) + p3(1lL)) + | pr(missing)])2

= |Br(liLj) + pr(missing)|* (52)

We expect the distribution to fall sharply at Mp in the
narrow width approximation, and indeed we find that there
are typically few or no events beyond M, + 20 GeV in the
distributions (see Fig. 9). Thus, we take the signal events to
be those in the transverse mass window:

(M, — 200 GeV) < My < (M, + 20 GeV).  (53)

We show a contour plot of the number of signal events
for an integrated luminosity of 100 fb~! in Figure 10. It is
seen that there are no events in the My < My, region
because we require the heavy quarks to decay to W'
Also, in the region of interest, one can see that there is
an appreciable number of events.

PHYSICAL REVIEW D 80, 035011 (2009)

The SM background for this process, pp — WZjj—
jjlvil, was calculated summing over the u, d, ¢, s and
gluon jets and the first two families of leptons. Since we
apply a strong pr cut on only one of the jets (unlike in the
pair-production case), there is a nonzero SM background.
We show the SM transverse mass distribution in Fig. 11.

The luminosity necessary for a 5o discovery at 95% c.l.
can be calculated by requiring (Ngigna1//Nokma) = 5. as per
a Gaussian distribution. It is instructive to look at the
results of this analysis by combining it with the previous
pair-production case, as the two cover the My, < M and
My, > My, regions of the My, — Mp parameter space,
respectively. Thus, we present a combined plot of the
required luminosity for a 50 discovery of these heavy
vector quarks (at 95% c.1.) at the LHC in Figure 12.

One can see that almost the entire parameter space is
covered, with the pair and single production channels
nicely complementing each other. Before we conclude,
however, we would like to comment briefly on how our
analysis compares with other models with vector quarks.

VIII. RELATED VECTOR QUARK MODELS

There are many other theories that feature heavy quarks
with vectorlike couplings, as in the present model. In this
section, we would like to briefly explain how our phenome-
nological analysis compares with these. One important
feature of deconstructed Higgsless models of the kind
discussed in this paper is ideal fermion delocalization,
which does not allow the heavy charged gauge bosons in
the theory to couple to two standard model fermions. This
constrains the W’ to decay only to W and Z, thus providing
a tool to distinguish this class of models from others. There
are, however, certain features of this model that are ge-
neric, like the vector nature of the heavy quark couplings.

In the context of little Higgs models [59], there have
been studies of the LHC phenomenology of the T-odd

N/20 GeV @ 100 fb™!

N/20 GeV @ 100 fb™!

L Il L L L i i i == L L L Il L L L Il L
400 600 800 1000 1200
Mp(GeV)

FIG. 9 (color online).

n n n 1 n n n L —i
400 600 800 1000 1200
Mr(GeV)

The transverse mass distribution of the signal events for the single production of a heavy quark in the model,

for Mp = 800 GeV (left) and 1 TeV (right) and for a fixed My, = 500 GeV. The cuts are given in Table V. The bin size is 20 GeV. It is

seen that the signal falls sharply at M.
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FIG. 10 (color online). Contour plot of the number of signal
events for the single production channel pp — Qq — W/q¢'q —
WZq'q — lllvjj for an integrated luminosity of 100 fb~'. The
shaded region is where My, > 2Mp, and is nonperturbative. One
can see there is a considerable number of events in the low My,
region of the parameter space.

heavy quarks [60]. The cross sections for the production of
heavy T-quark pairs are comparable to the ones in our
study. However, in those models, the heavy T-quark nec-
essarily decays to a heavy photon (due to constraints of
conserving T parity). Also, in [61], the authors study the
pair production of heavy partners of the Ist and 2nd
generation quarks in the context of the littlest Higgs mod-
els [62-65]. They consider decays exclusively to the heavy
gauge bosons in the theory, which then decay to the stan-

sS———r————————————— 11—
30 ]
asf ]
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N L N N N N N N 1 N N L N N 1 N
400 600 800 1000 1200

Mz(GeV)
FIG. 11 (color online). The SM background for the single
production channel, pp — WZjj— jjlvll, calculated by sum-

ming over the u, d, c, s, and gluon jets and the first two families
of leptons. The bin size is 20 GeV.
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FIG. 12 (color online). Luminosity required for a 5o discovery
of the heavy vector fermions at the LHC in the single (black
curves, nearly horizontal) and pair (red curves, nearly vertical)
production channels. The shaded portion is nonperturbative and
not included in the study. It is seen that the two channels are
complementary to one another and allow almost the entire region
to be covered in 300 fb~!.

dard model gauge bosons plus a heavy photon. Thus, the
final state, though still //ljjF;, is kinematically different.
In particular, strong cuts on the missing energy are now an
important part of the analysis, because part of £ is due to
the heavy photons. Reference [66] presents a comprehen-
sive study of the production and decay of heavy quarks by
separating out the partners of the 3rd generation from the
others and analyzing them separately. The authors let the
heavy quark decay to a SM W boson and a light quark, but
in their analysis, they neglect the mass of the W boson
compared to its momentum (since it is highly boosted).
Thus, when the W decays to a [v pair, the direction of the
neutrino momentum can be approximated to be parallel to
that of the charged lepton, which enables them to recon-
struct the full neutrino momentum and create an invariant
mass peak for the heavy quark (as opposed to a transverse
mass analysis). Clearly, the final states and/or kinematics
in all of these analyses differ significantly from those
considered in our analysis.

In the context of the three-site model, the authors of [67]
consider the single production of the heavy top quark. As
mentioned before, the heavy top in this model is neces-
sarily around a few TeV’s and the paper concludes that the
most viable channel for detection at the LHC is the sub-
process gb — q'T — ¢'Wb with the W decaying leptoni-
cally. We have not yet studied heavy top or top-pion
phenomenology in our model.
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Reference [68] presents a model independent analysis of
the discovery prospects of heavy quarks at the Tevatron.
The authors write down generic charged and neutral cur-
rent interactions mixing the heavy and the light fermions
and proceed to analyze both the pair and single production
of these heavy quarks, with decays to the SM gauge
bosons. Understandably, the Tevatron reach is much lower
than that of the LHC.

IX. DISCUSSIONS AND CONCLUSIONS

Higgsless models have emerged as an alternative to the
standard model in explaining the mechanism of electro-
weak symmetry breaking. These theories use boundary
conditions to break gauge symmetries and can be under-
stood in terms of four dimensional gauge theories via the
process of deconstruction. A minimal model along these
lines was recently presented [24], which employed just
three sites. A natural feature of this model was the presence
of partners to the SM fermions whose masses were of the
order of a few TeV or more, because of the twin constraints
of getting the top quark mass right and having the p
parameter under experimental bounds.

In this paper, we presented a minimal extension of the
three-site model that incorporates both Higgsless and top-
color mechanisms. The model singles out top quark mass
generation as arising from a Yukawa coupling to an effec-
tive top Higgs, which develops a small vacuum expectation
value, while electroweak symmetry breaking results
largely from a Higgsless mechanism. An interesting con-
sequence is that there is no longer a conflict between the
need to obtain a realistically large value for the top quark
mass and the need to keep A p small enough to conform to
experiment. As a result, in this model it is possible to have
additional vectorlike quarks in the model that are light
enough to be discovered at the LHC, without affecting
the tree-level couplings of the three-site model too much.
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We encoded the model in CALCHEP and analyzed the
phenomenology of the heavy quarks. We first considered
pair production (pp — QQ — WZjj— Illvjj) of these
heavy fermions. We found that the 5o reach of the pair-
production channel was =~ 1 TeV, with the maximum
reach in the region where My, > M, where the heavy
quark must decay to a W or Z. The single production
channel (pp — Qj — W'jj— WZjj— lllvjj) comple-
ments this nicely because we can study the decay of the
heavy quark to a W', and hence are necessarily in the
region My < Mp. By combining both these analyses,
we were able to cover most of the M, — My, parameter
space. We conclude that the reach at the LHC for a 5o
discovery at 95% c.l. of the vector quarks in this theory can
be as high as 1.2 TeV for an appropriate choice of My;:.

Other components of the theory with potentially inter-
esting phenomenology are the heavy partners of the b and ¢
quarks and the uneaten top pions that arise from the extra
link in the Moose diagram (Fig. 1) and couple preferen-
tially to the third generation. The phenomenology of these
states is currently under investigation.
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