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In a recent paper, we introduced a new Little Higgs model, which contains the gauge structure
SU(2)* x U(1), embedded in an approximate global SO(5) x SO(5) symmetry. After breaking
to the standard model, SU(2)y x U(1)y, this produces two heavy Z’' bosons and two heavy W'+
bosons, along with a single Standard Model-like Higgs scalar. The unique feature of the model
was that it was possible to obtain electroweak symmetry breaking and a light Higgs mass entirely
from perturbative loop contributions to the Higgs effective potential. In this paper we consider
the electroweak constraints on this model, including tree and loop contributions to the universal
oblique and non-oblique parameters, tree-level corrections to the ZWW vertex, and tree and loop
level corrections to Zbb. The most significant corrections are positive tree-level corrections to S and
negative fermion-loop corrections to T, which require that the scale for the global symmetry breaking
be 2 2 TeV, depending on the top-quark mixing parameter and the extra gauge couplings. In
addition, the loop corrections to Zbb contain a divergence that must be absorbed into the coefficient
of a new operator in the theory. The finite part of this Zbb correction, however, is negligible.
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I. INTRODUCTION

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

In a recent paper [6], we presented a Little Higgs model, based on the approximate SO(5) x SO(5) global symmetry,
of which an SU(2)® x U(1) subgroup is gauged. In that paper we emphasized the unique feature of the model that
the potential for the Higgs boson can be generated entirely through one-loop radiative corrections, and gives rise to
a relatively light Higgs boson (Mg < 200 GeV) even after effects at the UV cutoff scale are included. The model is
built to minimally satisfy two requirements. First, as in all LH models, the Higgs doublet must be a pseudo-Goldstone
boson of an approximate, spontaneously and collectively-broken global symmetry. Second, aside from Yukawa and
hypercharge interactions, there should be no additional sources of custodial isospin violation. The fact that, as a
byproduct, such a simple setup generates fully-radiative EWSB and a light Higgs, with little dependence on UV
effects, is remarkable. The crucial feature of the model that allows this is an extended top quark sector that alone is
sufficient to produce a viable perturbative Higgs potential.

In the present paper and in a subsequent paper we shall focus on the phenomenology of this model, which is
determined predominantly by the global and gauge symmetries. Below the TeV scale, the only scalar boson is the
Higgs boson, which acts pretty much like a SM Higgs boson. This, in itself, is novel among Little Higgs models. At
the TeV scale there are two extra SU(2) gauge triplets, i.e., a pair of heavy Z’ bosons and a pair of heavy W'*
bosons. This is the same as other SU(2)% x U(1) extended gauge group models, such as a 4-site Higgsless model [7, 8]
or a linear moose with multi-stage breaking of the SU(2) gauge groups [9]. However, the unique way that the gauge
symmetry is embedded into the approximate global symmetry gives new possibilities for the spectrum of heavy bosons,
in addition to new electroweak constraints and collider phenomenology. There are also new heavy fermion partners of
the light quarks and leptons which may appear at the TeV scale. In particular, the heavy partners of the top quark,
which are crucial to generating a viable Higgs potential, may have significant contributions to electroweak precision
observables.

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

II. THE MODEL

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

* The model is motivated by the deconstruction of the 5-dimensional Gauge-Higgs model of Ref. [10]. Models with related symmetry
structure, but different fermion implementations, are considered in the context of composite Higgs models in Refs. [11, 12].
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FIG. 1. Moose diagram for the model. The approximate global symmetry is SO(5)o x SO(5)1, with an embedded gauge
symmetry of [SU(2)0L X U(I)OR] X [SU(2)1L X SU(2)1R].
broken to the diagonal SO(5) by a non-linear sigma field,

Y = M (1)

which transforms as ¥ — UpXU] under an SO(5)o x SO(5); transformation. Using the basis for the ten SO(5)
generator matrices, given in the Ref. [6], we can specify the goldstone boson fields as
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The n¢ and 7§, are eaten by the heavy gauge fields and were set to zero (unitary gauge) in Ref. [6]. Here we will need
all of the goldstone boson interactions, so we keep them in the Lagrangian.

A. Gauge Sector

Gauging the [SU(2)or x U(1)or] x [SU(2)1L x SU(2)1r] subgroup leads to the following covariant derivative

DFY = MY —igot Wyl TESE — igORBgRTf’%E + g WiTETE + igi W RET g (3)
where, in the generator basis of Ref. [6],
0 0
1 _a 0 1 _a\T 0
Tg _ <I® (50' )) 0 7 T]% _ — (§O' ) ®I 0
0 0
00 00 o0 0 0 0 0 0
With this we can write the Lagrangian density for the gauge and sigma fields as
1 a pv a 1 v 1 a pv a 1 a pv a
Egauge = _ZWOLH WOL,U.I/ — ZBSLRBORMV — ZWlLM WlL,u,l/ — Zwllg WlR,U,l/
2
+fztr[(D“E) (DME)T} . (4)

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

f2
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(a) (b)

FIG. 2. (a) SU(2)® x U(1) moose, with equivalent gauge masses and mixings as our model. (b) Linear SU(2)* x U(1) moose,
such as the 4-site Higgsless model.
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s = sin <2i) : ¢ = cos <2i> . (6)

Throughout this paper, we shall use the parameter s> ~ v?/(4f?), as a small expansion parameter for comparison
with the SM. It is interesting to note that this is the same mass Lagrangian that is obtained from the SU(2)3 x U(1)
moose shown in Fig. 2(a) (although without the extra triplet of uneaten goldstone bosons). Thus, the gauge boson
spectrum and phenomenology will be distinct from other SU(2)? x U(1) extended gauge group models, such as the
4-site Higgsless model [7, 8], that break via the linear moose shown in Fig. 2(b).

The gauge boson masses and mixings were obtained in Ref. [6]. Expressed as a power series in s
heavy gauge triplets with masses:

wheref

2. we obtained two

My, =5 (960 +9i) £ + -+
Mz, =5 (gor +9i0) f* + -+
My, = 39irf* + -+ (7)
Mz, =5 (9 +9iR) [* + -+,
where the corrections are O(s?). The Wy, and Z;, gauge bosons are very degenerate, since the mass splitting between

these two states only arises at O(s*). The splitting between Wx and Zg depends strongly on the ratio of gor/g1r.
The light SM Z and W bosons obtain masses

M =i 4

Mg = (g1 +97) f*s* + -, 8)
where the corrections are O(s*), and we have defined the couplings gz, and gr by
1 1
9 %L
1 1 1

9?% Jor YR

T Please note that the definition of the variables s and c differs from that used in Ref. [6] by a factor of 1/2 in the argument of the sine
and cosine.



The couplings g, and gg, up to O(s?) corrections, play the roles of the SM SU(2);, and U(1)y gauge couplings,
respectively. Of course, the photon is exactly massless, being associated with the unbroken U(1)gas, with coupling
constant e given by
1 1 1 1 1 1 1
2o gt T Tt e T

. (10)
e g7 9123 9(2)L 91 9or Yir

B. Fermion Sector

The fermions in the Little Higgs model are combined into multiplets of the global SO(5)¢ symmetry at site 0 only
and transform under the corresponding gauge symmetries, SU(2)or, x U(1)gr. For each generation of quarks in the
SM, we have three multiplets of SO(5)o, ¥4, 97, and ¥¢: the left-handed SM doublet is embedded in 1%, the
right-handed up-type singlet is embedded in ¥?, and the right-handed down-type singlet is embedded in ¥¢. The
multiplets are Dirac multiplets, in that each comes in a right-handed and left-handed pair,

Y=Y +Yr, (11)

except that the SM fields within the multiplet are missing their Dirac partners®.
The ¥4 field transforms as a 5 of SO(5). In terms of component fields, it consists of

Q A 0 A
= x| , va=1(x] . (12)
u L u R
where
Q—(g;) and x—(igi) (13)

transform as doublets under SU(2)oz, and u transforms as a singlet. Note that the @y, field, which plays the role of
the light SM doublet field, is missing its partner @ field. Throughout this paper, we will use the symbols y, u, and
d to indicate the electromagnetic charges of the fields by ¢, (y) = +5/3, ¢,,, (v) = +2/3, and ¢, (d) = —1/3.

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

Q\” Q\”
B = x| ., vE=|«x (14)
O L u R

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

—um v 0 0 Qu\©
. 1 ¢d —ut OJr 0 Qd
Yp=—70| -y 0 u" ¢¥ x¥ :
L I &
XY XY -t Qv 0/,
—u v —d 0 Q'\°
1 ¢d —ut 0 —d Qd
ve=—4| -y 0 ut ¢¥ x¥ (15)
V2o ot um X"
X" XY QT Q" 0/,
where
1
ut = 7 (uto") , (16)

¥ When applied to fermion fields, the subscripts L and R label the chirality. When applied everywhere else, they label the subgroup of

50(5).



and the SM right-handed singlet dp is missing its Dirac partner dy,. Under SU(2)or, the fields ¢ transform as triplets,
the fields @ and x transform as doublets, and the fields y, u, and d transform as singlets.
The Lagrangian density for the quark fields with Dirac masses can be written

Loirae = W P = A foA9? + i PP — Ap fypPp?
+itr (YODPPY) — Ao fr (9Y°) (17)
where the covariant derivatives are
DHpAB) = [0" — igoL W E T — igor Bl (Th + ax)] AP
Dy = 0" —igor Wit [T1,v] —igorBhr ([Th, v +axv©) . (18)
Under U(1)gg the fields transform with a charge given by Y = T (rep) + ¢x, where gx = +2/3, and T (rep) is in the
fundamental representation for 1% and in the adjoint representation for . An equivalent Lagrangian for leptons
can be constructed out of the same multiplets of fields, except with ¢x = 0.
With this Lagrangian all ¢)* fields have a Dirac mass M4 = A4 f, all 8 fields have a Dirac mass Mg = \g [, and

all ¢ fields have a Dirac mass Mo = Ac f, except for the fields @, ur and dg, which are massless. These are given
mass, by introducing the Yukawa terms,

Lyvuava = = [\f (0£F) BET (SWE) + V2! (623) (1 - BEY) (ST06E) B+ he)

. [Alf (01%) BET (ST08) + V2o f ($7053) E + h.c.] , (19)

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

(20)

=
I
—oocoo

As explained in Ref. [6], these Yukawa terms, along with the Dirac masses of Eq. (17), maintain the collective symmetry
breaking necessary for the Little Higgs mechanism. For A1 2y < A(4,B,¢), they give masses to the light SM fields of

Mu ~ Al 1)/\/5
My~ Xv/V2, (21)
while the heavy fermions get only small shifts from their masses of M4, Mg, Mc.

The only quark for which the approximation A\; < A(4,p,c) does not hold is the top quark. Keeping A, for the top
quark sector of the same order as A(4,5,¢y we find that the charge +2/3 fermions of )¢ and one linear combination of
each of the charge +2/3 fermions of 14 and ¥ 5 have mass eigenvalues unaffected by the Yukawa term. The remaining
three linear combinations mix due to the Yukawa term and have masses

M2 =2)\2f2s% + ...
M7, = (M3 +AD) 2 + - (22)
MR, = X+ e

where the corrections to M7 are O(s"), the corrections to M7,  are O(s®) and we have defined

1 1 1

= 4= 23
- xeT (23)
We see that even for A; not small, the top quark mass is down by a factor of v/f compared to the heavy quarks.

More detailed expressions® for the masses and mixings of the third generation charge +2/3 fermions are given in the
Ref. [6]

§ Again, we alert the reader that the definitions of the parameters s and c in this paper differ from those used in Ref. (6], so care must be
used in applying the formulae in that paper.



As discussed in Ref. [6], at the lowest order in the effective action, there are also fermion operators that correspond
to renormalization of the broken currents of the complete SO(5) multiplets:

A‘CDirac = i’{Ad;f (szﬁ) 1/}24 + i’{BJ)IB% (szﬁ) 1/112
+ikc, tr [0f (EPEN) 9G] + ik, tr [YEy"YE (D) ET] . (24)

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

III. TREE LEVEL CONTRIBUTIONS TO PRECISION ELECTROWEAK OBSERVABLES

In our model there are contributions to precision electroweak observables at tree level, which arise from two separate
sources. The first source can be identified by letting ka4 = kp = ke, = ke, = 0. Then the SM light fermions couple
directly only to the SU(2)or, x U(1)or gauge fields, and the corrections to low-energy observables occur only through
electroweak gauge current correlators, and are thus “universal” in the sense of Barbieri et al. [13]. In Ref. [6], we
analyzed these tree-level contributions to electroweak precision constraints, but only put bounds on the parameters
under the assumption g1, = g1g. In this section we extend the analysis of the parameter space to include g17, # g1Rr-
The second source of correction to precision electroweak observables comes from the k-terms. These give corrections to
low-energy observables of non- “universal” type. We shall postpone the discussion of these non- “universal” corrections
until section IV B, where we consider their effects on the third generation quarks.

A. “Universal” Corrections

If ka = kp = ko, = Ko, = 0, the electroweak gauge current correlators can be easily computed from the quadratic

Lagrangian by inverting the subset of the propagator matrix involving the site-0 fields only. This leads to the following

expressions for the electroweak parameters [13], to leading order in s%:

2 2

ASipee = 87 (9— n 9—) (25)
9iL 9ir

ATiree = 0 (26)
2 2 2

AYireo = 52 ( 9ﬁ9R> (27)
IR
2 4

AWtree = 52 (%) . (28)
91

To the order in s? that we are working in these equations, the couplings g, = g and gp = ¢’ are the SM weak
and hypercharge couplings, respectively, so that the electroweak observables depend only on three model parameters:
{f, 911, 91r}. Notice that the corrections to the electroweak observables are not oblique, since nonzero values for Y and
W signal the presence of direct corrections, corresponding to four-fermion operator exchanges at zero momentum [13,
14]. Notice also that the custodial symmetry of the model ensures that T = 0 at tree-level. The global fit of the
experimental data implies that a heavy Higgs boson is only compatible with positive T [13]. Therefore, we shall
assume that the fermion parameters are chosen to obtain a light Higgs mass, as discussed in Ref. [6].

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

2 1 1
91 9. 9r giL

The excluded regions, from top to bottom, correspond to tan¢ = oo, tan¢ = 1 (equivalent to g1, = ¢g1r = ¢1),
and tan¢ = 0. The weak dependence on tan ¢ for small f is due to the fact that the constraints are dominated
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FIG. 3. Constraints on f, g1z, and gig from S, 7', W, and Y. The colored regions are excluded. Left: 95% excluded regions
in the f-g1 plane, for different values of tan ¢, where g1 and tan ¢ are defined in Eq. (29). The three main regions, from top to
bottom, correspond to tan ¢ = oo, tan¢ = 1 (equivalent to gir = gir = g1), and tan¢ = 0. The blue region on the left side
of the figure is the exclusion reach from experimental limits on the triple-gauge-boson parameter, AgZ, at the 95% confidence
level. Right: 95% exclusion regions in the gir-gir plane for f =0.5, 1.0, and 1.5 TeV, with the stronger constraints for the
smaller values of f.

by the contribution to S , which is independent of tan ¢. Only for smaller g; (and correspondingly larger f) are the
contributions to Y and W significant. In Fig. 3 (right) the 95% exclusion regions are shown in the g11,-g1z plane for
f=0.5, 1.0, and 1.5 TeV: of course, the smaller the value of f the stronger the constraint.

B. ZWW vertex

Following Refs. [15, 16], we can write the CP-invariant triple-gauge-boson vertex as
Lyyy =ie [(WHW, =W W) A, + (14 Aky) WIW, A (30)
. Cz v — —uv — v
+ie— [(1+AgY) (WHW, =W W) Z, + (14 Akz) WIW, 2]

where

2
2 2 _ €

s,c, = — . 31
27T 42GE M2 (3D

In the SM at tree level, Akz = A, = Agf = 0. Using the Lagrangian of Eq. (4) and expanding in terms of the SM
mass eigenstates, we obtain

Lwwy = ie [(WHHW,7 = WWT) Ay + WIW, A ] (32)
. cosf S o .
e [(WHW, = W W) Z, + Wi W, 2] + O(s*) ,

where e = g sin = gr cos0. At first glance, this appears to give no correction to the SM triple-gauge-boson vertices
at O(s?); however, we must use the same definition of the weak mixing angles in both equations. We obtain

2 2 4 4
cos 0 = C_Z |:1_S2 <gL+gR)< 9L 4 Ir ):| , (33)

: 2 2 2 2 3 2
sin @ Sz 97, — 9r 9091 90rRY1R




where gor, and gor are determined in terms of g1;, and g1 g by the constraints of Eq. (9). Comparing with the general
form of the triple-gauge-boson vertices, Eq. (31), we obtain

Aky = 0 (34)
and
2 2 4 4
_l’_
Aglz = AI{Z = —52 (95 g};) |: 29L2 + 29R2 . (35)
91 — 9r 90r91L  9oRrIIR

Note that this expression is negative definite and the factor inside the brackets has a maximum value of 1/2.
The LEP TGC Working group has obtained fits to the triple-gauge-boson vertex parameters [17], with the result
at the 95% confidence level of

—0.054 < Ag? < +0.028, (36)

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

IV. CONTRIBUTIONS TO ELECTROWEAK CORRECTIONS FROM THE TOP QUARK SECTOR
A. “Universal” Corrections at One Loop

The precision electroweak observables discussed in section III also obtain corrections at the loop level in our model.
Just as in the SM, the dominant contributions are from oblique corrections due to loops of the third generation
quarks, as well as their heavy partners. With respect to these, the one-loop contributions from the gauge sector are
suppressed by m%v /m? ~ 0.2, and will therefore be neglected. Here we only include the contribution from the third
generation quarks and their heavy partners. We also assume that the loop corrections to Y and W beyond the SM
are negligible, since they arise at higher order in the momentum expansion. At O(s°) the corrections are the same as
the SM. The deviations from the SM arise at O(s?), and are obtained by evaluating the Feynman diagrams of Fig. 4.
Note that two types of SU(2)oz, doublets are involved: (Qf, Q%) and (x¥,x!), each coming from either the ¢ or
P SO(5) multiplets. (The non-singlet fields in ¢ always come in mass-degenerate doublets or triplets with vector
couplings, and therefore, do not contribute to either S or T) The charge +5/3 fields, VA8 are mass eigenstates
with masses M4 g. The charge -1/3 field, Q"P) | is a mass eigenstate with mass Mp. The charge -1/3 field Q*) is
the left-handed component of the SM bottom quark. The charge +2/3 fields {Qt(A’B), xt(A’B)} mix, along with the

singlets t(4B) | to give mass eigenstates, which are the SM top quark plus heavy partners. The five mass eigenvalues
are
M?% = N f?
M3, =~ (N + A1) f?
M} ~Mp = Mgf? (37)

M? = 202 f2s2

where M7 has a correction of O(s*), M7, andMZ  have corrections of O(s?), and M and Mp are exact and

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

. A2 )2 A2 MZ, XS MZE,. N\
Aﬂ‘“’p:ﬁNC@ﬁ[lJrVH 21n M2+2)\61 _5F_2A4} (38)
and
2 2 2 4 2
. 2 (1A M3 1\ M3
ASloop :S2 Nc (47_‘1_/)2 {gé <_41DW +1 + 5)\—4 2111 Mt; —5 (39)
1 A2 N
+§ Q—E FI(MTAaMA)‘f' )\2F(MTA,MA)
1
1 A2

S NS ,MB>} ,
9N+ A4+ % §
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FIG. 4. Feynman diagrams necessary to obtain corrections to S and T from the third generation quarks. Each pair of fields in
the loop can come from either the ** or the »® SO(5) multiplet.

where No = 3 is the number of colors, and we have defined the functions

3 9 m2 3
Fi(mi,mo) = —ﬁ—l—z——i-?}l —;+§—5
L 2
[1 m2 2
Fe(rma, ma) = ﬁ‘l]lnm—%—; (40)
L 2
36 9]. m% 3 1 12
Fy(ma,me) = ﬁ+§+%}mm_§_ﬁ_ﬁ_?’

with z = (m2 —m3)/(m? + m3).

In addition to dependence on the scale f, the loop corrections to T depend on the parameters A\; and )4, while
the loop corrections to S depend on A1, A4, and A\p. However, the parameters \; and A4 are not independent, being
related to the SM top quark Yukawa, A:, by Eq. (23). Thus, we can define a mixing angle in the top sector,

A1

Vo EDTl
so that the top mass parameters are given in terms of 6; by Ay = A¢/sin6; and Ay = A\¢/ cosf;. Furthermore, A\p
is determined in Ref. [6] in terms of the other parameters by the requirement that the radiatively-generated Higgs
potential has a minimum at v = 246 GeV. In Fig. 5 we show the loop contributions to 7" and S as a function of sin? 6,
for f =1 TeV. For S we choose the reasonable values of A\g = Aa/2, A\p = Aa/V?2, and Ap = V2 4.

Of course, the loop corrections to S and T must be considered additively with the tree-level corrections from
section III. Thus the total corrections to S and 7" from the model will also depend on g7, and g1, or alternatively,

using Eq. (29), g1 and tan ¢. We have seen in section III that the contribution of the non-oblique parameters Y and
W become negligible for g; 2 2, and consequently the dependence on tan ¢ also becomes negligible. Therefore, in

~

sinf; = (41)

this section we will fix ¥ = W = 0 in our analysis and assume that the new physics only contributes to S and T,
which are then related to the standard oblique parameters by S = «.S/(4s%) and T' = oT (and are independent of
tan ¢). In addition, we will fix A\g = Aa/v/2, with the understanding that changes in this relationship will have only
a small effect on the results obtamed below. In Fig. 6 we plot the combined tree and loop-level calculations in the
S and T plane as a function of sin? 6, for various choices of f and g¢;, compared to limit contours from global fits.
The outer (blue) ellipse in the plots corresponds to the 95% confidence level (CL) contours from Ref. [13], assuming
Y = W = 0 and a light Higgs mass, while the inner (red) ellipse corresponds to the 95% CL contours from the
Particle Data Group (PDG), Ref. [18] with U = 0 and My = 117 GeV. The left plot has f = 1 TeV, the middle
plot has f =2 TeV, and the right plot has f = 3 TeV. The three curves in each plot are predictions for S and T for
0 < sin? @, < 1 with g; = 10, 5, and 3, as one moves to the right. The dots on each curve correspond to the values
sin® 6, =0.1,0.2,0.3,...,0.9, asonemovebawayfromT—O

As seen in the left plot of Fig. 6 for f = 1 TeV, the loop contributions increase the tension with the electroweak
experimental data, due mostly to their negative contrlbutlon to T Using the non-oblique universal fit of Ref. [13],
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FIG. 6. Constraints on f, g1 and sin” 0; from S and T, including both tree and loop corrections. The left plot has f =1 TeV,
the middle plot has f = 2 TeV, and the right plot has f = 3 TeV. In each plot, the outer (blue) ellipse corresponds to the
95% confidence levels (CL) contours from Ref. [13], assuming Y = W = 0 and a light Higgs mass, while the inner (red) ellipse
corresponds to the 95% CL contours from the Particle Data Group, Ref. [18], _using S = aS/(4sZ) and T' = oT with U = 0
and Mg = 117 GeV. The three curves in each plot are predictions for S and T for 0 < sin? 0 < 1 with g1 = 10, 5, and 3, as
one moves to the right. The dots on each curve correspond to the values sin® 6, = 0.1,0.2,0.3,...,0.9, as one moves away from
T = 0. In the calculation of 5', we have fixed A\p = )\A/ﬂ.

< 0.04,0.39,0.55 for g1 = 3,5, 10, respectively. However, since for these values of g1, we have found
that Y and W are negligible, it seems more consistent to use the stronger, more up-to-date PDG limits from Ref. [18].
In this case, g1 = 3 is ruled out at the 95% CL, while g; = 5 and 10 are only allowed for very small sin? 6. For f = 2
TeV, as seen in the middle plot, the PDG limits require sin’ Gt < 0.09,0.26,0.32 for g; = 3,5, 10, respectively. For
f =3 TeV, as seen in the right plot, the PDG limits require sin® 6, < 0.60,0.85,0.91 for g1 = 3,5, 10, respectively.
We can use these results to find combined bounds on the parameters f, ¢g; and sin® ;. Over most of the relevant
range of g1 we have found the tree-level contribution to Y and W to be small; therefore, we shall neglect Y and W
and use the PDG limits on S and T with U = 0 and My = 117 GeV. In Fig. 7 the four excluded regions correspond
to sin?6, = 0, 0.1, 0.3, and 0.6, with stronger constraints for larger values of sin®#;. From this plot we see that
larger values of sin? §; require larger values of f to avoid the electroweak constraints. In Ref. [6] it was shown that
increasing f or decreasing sin” §; usually results in a larger mass for the Higgs boson (although cut-off effects in the
fermion sector spoil a direct prediction for My in terms of these variables.) Unfortunately, in the electroweak fits,
larger values of My move the 95% CL ellipse in the ST-plane towards the upper left, which further increases the
tension in this model.
The negative loop corrections to T, as well as the smaller positive loop corrections to S , appear to be a generic

requires sin? 6; <
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FIG. 7. Bounds on f and g1 from the PDG global fits to electroweak data [18], compared to tree-plus-loop universal corrections,
where g1 is defined in Eq. (29). The four regions are for sin? @, = 0, 0.1, 0.3, and 0.6, with stronger constraints corresponding
to larger sin? 0.

prediction [19, 20] of models that feature a bi-doublet of SU(2)z, x SU(2)g. In fact, our results for S and T are very
similar to those found in Refs. [19, 20], and agree with Equations (41) and (43) from Ref. [20] in certain limits of
the parameters. It is not unreasonable to expect similar significant loop corrections to T and S in other models with
the same symmetry structure, but different fermion implementations, such as Refs. [11, 12]. Certainly, the tree level
corrections from mixing with heavy gauge bosons would be the same as in our model.

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

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

For the correction to the top-bottom charged current, relative to that for the light quarks, we obtain

1 A\ A2
ALcc = —=try,bri —s° [—JQOLWJL’L + KA (1 - 2—5) g Wi — kagirW,
V2 Aa A4
+Ka (glLWer“ - QOLW(;FLM)} +h.c., (42)

where we have only kept terms that couple to the W= and Z bosons to at most O(s?). (Note that the term on the
second line affects the couplings to the heavy Wf r bosons at O(s”), but affects the couplings to the W+ only at
O(s?). ) The terms that are proportional to factors of \;/\4 arise from mixing in the top quark sector. Expanding
the gauge bosons in terms of the mass eigenstates, we find the correction to the tbW current at O(s?) to be

AL = Ly b Wi d — g2 )\—?-Fli 1—2)\—%—|—ﬁ—ﬁ +h.c (43)
tbW — \/5 L'Yu L Ajlq A )\124 ggL g%L L.

We see from this result that there are no right-handed charged couplings for the third-generation SM fields in this
model. This is easily understood from the fact that bg lies in the ¢»¢ multiplet, but none of the charge 4+2/3 quarks in
this multiplet mix with the SM top quark (in the limit of zero bottom quark mass). Based on absence of right-handed
charged couplings and using the results of Ref. [21], we expect that constraints from b — sy on the parameters
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in our model to be negligible. The left-handed bW couplings can be probed in the single-top-quark production
process [22, 23]; however, since the current statistics from CDF and DO are small, the resulting constraints on the
parameters in our model are weak.

For the correction to the top quark neutral current, relative to that for the up quark, we obtain to O(s?),

_ 2\ A2
ALyne = %tL%fL{—QSQ {(QOLW&L - QORBgR) ﬁ + kA (1 - 2é> (glLng - glRng)}

+KA (glLng - QOLWSf + gorBlr — glwag) }

_ A2
+itrVutr {—282 )\—5 (QOLW(?f - 903353)} . (44)
A

Expanding the gauge bosons in terms of the mass eigenstates, we find the correction to the Ztt current at O(s?) to

be
e A 22 1/ g2 e &2 g2
ALyg = ——try tLZ“{—252 {—t + KA [(1—2—t> + = (—L -y 2R —R>”}
28 sin20 “ N4 A 2\9%, 9L %r Yir

+ - FpytrZt {—252 A—?} (45)
i RVulR /\?4 .
The current bounds on the Ztt coupling from collider physics is very weak. Although the top pair production from an
off-shell Z exchange is relevant to the Ztt coupling measurement, at the Tevatron and LHC it is very hard to extract
the EW contributions through the Ztt couplings from the huge rates from the QCD production of the top pair.

For the correction to the bottom quark neutral current, relative to that for the down quark, we obtain to O(s?),

ALypne = 3bryubr ka (QOLng — LW + gorBlp — glwag) (46)
+3brYubR (Ke, + Key) [QORBgR — gIrRWh — 82 (glLWf’f - 91RW13E)} .

In this case the only large corrections are due to current renormalizations proportional to x;, since the mixing of
the bottom quark with the heavy charged -1/3 fermions is suppressed by factors of Ay o v/2my /v. Furthermore, we
expect the correction to the right-handed Zbb current, which is proportional to k¢, + kc,, to be similarly suppressed,
because the mass mixing of the ¢* fields (which are the fermion fields that are involved in the KC, , Operators) are
also suppressed by factors of A\y. On the other hand, the 14 fields have mass mixings proportional to A;, which is
O(1) for the top quark, so the corrections to the left-handed Zbb current proportional to x4 may be significant. This
argument will be borne out in the perturbative calculation in the next section.

Finally, we note that the coefficient k5 does not come into play at all for the corrections to the currents involving
the SM fermions. This is due to the fact that ¢z, which is the SM field lying in 1%, is a singlet under both SU(2)r
and SU(2)g.

We shall postpone the discussion of the phenomenological constraints on the Zbb vertex until the next section,
where we perform the corrections to this vertex at one loop.

C. Loop Corrections to the Zbb Vertex

In the SM the one-loop electroweak corrections to the Zbb vertex are dominated by the contribution proportional
to (m¢/v)?. In our model there will be additional corrections, which are suppressed by powers of s? relative to the
SM result. In this section we calculate these O(s?) corrections in the limit of zero electroweak gauge couplings and
zero bottom quark mass.

Before discussing the loop calculation, it is useful to re-diagonalize the Goldstone bosons from the fields (7
7%) into three new sets of triplets (¢%, p®, n®) by:

a a
77TL7

a a
a_ Tp+T7Rr
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(a) (b) (©)

FIG. 8. (a) Feynman diagrams for ¢>bb correction. (b,c) Feynman diagrams for n*bb correction.

where the normalization factor,

s
N=———, (47)
(v/2f)
ensures that the kinetic terms for the new triplets have the standard normalization after expanding ¥ to all orders in
v/f. This choice of fields is convenient, because ¢= are the only charged scalars that couple to the bottom quark in
a three-point vertex, a fact that greatly simplifies the analysis of the Feynman diagrams.
The tree-level Zbb interactions are contained in the terms from the Lagrangian:

LiiNc = 501701 {— (QOLWSA - QORBgR)
+ (QOLWg’fH - glLWf’fH + gorBhr — glRWffé) KA} (48)
=2 byublgorBhR)
where we have included the k4 term from Eq. (46), but we have set the r¢,’s in that equation to zero. We shall
assume k4 to be of similar size to the loop corrections; therefore we only include it at leading order.

We have calculated the one-loop Zbb corrections using two distinct methods, both of which give the same result. The
first method is to calculate the interaction of the Goldstone bosons with the bottom quarks in the strictly gaugeless
limit, and then use Ward identities to relate this to the Zbb corrections [24]-[28]. The relevant Feynman diagrams are
shown in Fig. 8. Note that all analogous diagrams with other choices of Goldstone boson fields, as well as diagrams
involving a three-scalar vertex, are identically zero. We find that the diagram of Fig. 8(a) generates a ¢°bb interaction,

which is finite in 4 dimensions, while the diagrams of Fig. 8(b,c) generate an 1?bb interaction, which is divergent in
dimensional regularization with d = 4 — 2¢. The one-loop effective Lagrangian that is generated by these diagrams is

—loo - o+ g3 oM
Aﬁ}r*;l} P _ bL’yMbL [(ch)) €1+ ( fn )52] , (49)
where
€ = a7 - A s 1+l)\—%— A + /\_?_§/\_% lnm%A (50)
(am? ~ (4m)? axy ey Ty A ) e |
and
A2 /1 3 . mk AP mE
— 1 - < _1 A t 1 A 1
2T Yrn)e <e Tty n4w2) A4z e (51)

We keep ez only to O(s%), because we shall see that this term still modifies the Zbb vertex at O(s?).
The terms in the effective Lagrangian, Eq. (49), are related to the bottom quark neutral currents, because of the
mixing of the Goldstone bosons with the neutral gauge bosons, given by

Linixing = —§(2SC) Oud® (QOLW03£ - QORBgR) (52)

_g L (QOLWg’f + gorBly — Wi — glRng) 4+
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FIG. 9. (a,b,c) Feynman diagrams for Zbb correction at one loop. (d) Feynman diagram needed to determine the bottom quark
wave-function renormalization factor, used in the counterterm diagram (c).

Following Refs. [24]-[28], we can use a Ward identity to obtain the correction to the bottom quark neutral currents,
ALpRE? = $bryube [(QOLW(}%# - QORBgR) €1 (53)
+ (QOLWg’fH - glLWfﬁM + gorBhr — g1RW13§) 62} .

We have also calculated the corrections to the bb neutral currents directly in a renormalizable R¢ gauge, but taking
the limit as the gauge couplings become small. In this limit, the leading contributions come from the diagrams of
Fig. 9, which are equivalent to a calculation where the gauge fields are treated as background classical fields, while
the zero-mass Goldstone bosons are dynamical quantum fields. We obtain the exact same results in this method.

The term proportional to €; in Eq. (53) agrees with the SM result up to corrections of O(s?). The combination of
gauge fields that is multiplied by s contains the Z boson at O(s?), so we are justified in keeping ez only to O(s?).
To obtain the deviations from the SM prediction, we subtract off this SM result, and use the MS-scheme at one-loop

to define the coefficient k4 = k4 + % (% —v+1In 47r). This gives the final result for the Zbb vertex:

Ay = Shybe | (900 Wk, — 9orBlr) % (54)

+ (QOLWSfM - glLngu + gorBir — glRWffé) 6A2} ;

with
Szél = €1 — 72\/56’}7‘771?
(47)?
A\? o A2 1 A
oo [+ (3 + 3| %9)
SO
HYEDY: M 32 2
b=--" [——i+(z—tz———§)1an2A] ; (56)
(am? [224 T2 4N m?
and
A /3 m2, A2 m2,
ey = figt+—2 (2 _lp—1La E_lp—La 57
2 = ATt e (2 "2 ) T e (57)

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

Afrenorm e BL'Y b ZH* 82 |:é1 + (i _ i — ﬁ -+ ﬁ) €2j| . (58)
N d%r 9L %r  Jir
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FIG. 10. Corrections to the Zbb coupling grp» as a function of £4 for fixed values of f, g1, = g1r, and sin? 0., as compared to
the +10 band from experiment. Parameter values for the different lines in each plot are given in the main text.
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In Fig. 10 we show the experimental +1¢ band for the left-handed Zbb coupling g, together with the SM prediction
(dashed horizontal line), and our model prediction. The latter is shown as a function of K4, for fixed values of f,
g1z = gir, and sin®#;, and with the renormalization scale set to p? = m?. In Fig. 10 (left) we set f = 1 TeV,
sin? 6, = 0.5, and g1, = g1r = 2, 4, and 10 with the line thickness increasing with g1, = gir. The correction to grp is
dominated by the renormalized tree-level term, &4, which is contained in é5. Its contribution vanishes in the limit of
large g1 = g1Rr, as does the coefficient of €5. This leaves us with the one-loop contribution contained in €;, which, as
the figure shows, is very small. In Fig. 10 (center) we set sin6; = 0.5, g17, = g1g = 2, and f = 0.5, 1, and 1.5 TeV,
with the line thickness increasing with f. As f grows, the whole nonstandard contribution to g vanishes. Finally, in
Fig. 10 (right) we set f =1 TeV, g1, = g1r = 2, and sin? 0, = 0.2, 0.5, and 0.8, with the line thickness increasing with
sin? 0;. The dependence on sin? 6, is very weak, relative to the SM contribution. Indeed, the lines for sin®#; = 0.2 and
0.5 are indistinguishable on this plot, while for sin®f; = 0.8 and &4 = 0 there is a small positive one-loop correction.
In general, we can conclude that the one-loop correction to grp is small, but the tree-level operator of Eq. (24) can
give a positive contribution to gr, for negative values of k4 = 0.

V. CONCLUSIONS

In Ref. [6] we introduced a LH model based on the approximate global symmetry breaking pattern SO(5)o X
SO(5); — SO(5), and motivated by the deconstruction of the five-dimensional SO(5) gauge-Higgs model [10]. In
our “two-site” model, the SU(2)or X U(1)or x SU(2)11 x SU(2)1r subgroup of SO(5)y x SO(5)1 is gauged, and the
spontaneous breaking to diagonal SO(5) breaks the full gauge group to the electroweak symmetry group, SU(2), X
U(1)y. Of the ten Goldstone bosons produced, six are eaten by two iso-triplets of heavy gauge bosons, whereas the
remaining four have the right quantum numbers to form an electroweak Higgs doublet. Due to vacuum misalignment
of the Higgs boson potential, it acquires a vacuum expectation value, which breaks the electroweak symmetry to
electromagnetism. A collective symmetry breaking mechanism ensures that no quadratic divergences are generated at
one loop, leading to a natural hierarchy between the electroweak symmetry breaking scale, and the SO(5)o x SO(5); —
SO(5) symmetry breaking scale.

Besides the radiatively-generated potential and the collective symmetry breaking mechanism, which are common
to all LH models, our model presents a very interesting and unique feature: a stable Higgs potential can be entirely
generated at one loop, both in its negative mass-squared and in the quartic coupling. In other models (for example, the
littlest Higgs model [3]), additional effective operators in the Lagrangian are necessary to generate a sufficiently large
quartic Higgs coupling. In our model, instead, the presence of a larger fermion sector (which is dictated by symmetry)
allows for a sufficiently small mass-squared, relative to the quartic Higgs coupling, to obtain the electroweak scale
without any ad-hoc addition to the effective theory. Furthermore, the small (negative) mass-squared naturally leads
to a light Higgs boson for a large range of values in the parameter space, a fact that is rather insensitive to the details
of the UV completion.

In this paper we have analyzed the constraints on our model from precision electroweak measurements. We have
computed the corrections to the precision electroweak observables both at tree-level and at one loop in the fermion
sector. The tree level corrections arise due to mixing of the SM gauge bosons with heavy gauge bosons, while the
dominant one-loop corrections arise from loops involving the third generation quarks, as well as their heavy partners.
As a first approximation, we have neglected the loop contributions from the gauge sector on the assumption that
they will be suppressed by roughly m%v /m? ~ 0.2, relative to the loops from the top quark sector. We found that

the tree-level corrections to S are positive and can be rather large for small values of the SO(5) x SO(5); symmetry
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breaking scale f, and/or small values of g/g1, where g is the weak coupling and ¢; is the coupling associated to the
heavy gauge bosons. The one-loop corrections to S are also positive, although typically small, due to the vector-like
nature of the heavy fermions. At tree-level there is no correction to 7', because of an approximate custodial symmetry.
However the one-loop corrections to T' are negative, a rather general feature in models with fermions which contain
a bi-doublet under SU(2)11, x SU(2)1x [19, 20]. The value of T' depends on f and the mixing between the top quark
and its heavy counterparts, parametrized by sin6,. Specifically —1" grows as f decreases and/or sin #; grows.

In addition to S and 7', we considered also the universal non-oblique corrections to the electroweak observables, Y
and W of Barbieri et al [13]. At tree level, the corrections to Y and W scale like g*/gf, whereas the corrections to S
scale like g?/g?. Given this fact, we found that the constraints from S dominate for experimentally-allowed values of
g1 (except for large f), and therefore it is reasonable to neglect Y and W for the range of parameter space in which
we are interested. We thus conclude that the universal corrections to the electroweak parameters in our theory are
essentially oblique, dominated by S and T'. As shown in Fig. 7, the experimental constraints require either f 2 2 TeV
or else a very small value of sin 6;. The former is more viable than the latter, since a small sin §; would imply a large
value of the coupling A4. In addition, as seen in Ref. [6], the one-loop potential predicts a Higgs boson mass that
tends to increase rapidly for sin?#; < 0.2, but increases only modestly with an increase in the scale f. As shown in
Fig. 6, taking f to be about 2 — 3 TeV predicts allowed values of Sand T (at the 95% CL) for a large range of sin 6;.
For these values of f, the Higgs boson can still be reasonably light with only a moderate increase in fine tuning.

In addition to the universal corrections we also considered non-universal corrections. In particular we computed
the one-loop contribution to the left-handed Zbb coupling. This turns out to be cutoff-dependent; the corresponding
divergence is absorbed by the dimension-four operator proportional to ka4, in Eq. (24). We found the one-loop
contribution to be negligibly small, and thus the tree-level correction proportional to the renormalized k4 to be
dominant. We also computed the correction to the WW Z vertex, and found this to be negligibly small.
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