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We compute the Coleman-Weinberg effective potential for the Higgs field in Randall-Sundrum Gauge-
Higgs unification scenarios based on a bulk SO(5) X U(1)y gauge symmetry, with gauge and fermion
fields propagating in the bulk and a custodial symmetry protecting the generation of large corrections to
the T parameter and the coupling of the Z to the bottom quark. We demonstrate that electroweak
symmetry breaking may be realized, with proper generation of the top- and bottom-quark masses for the
same region of bulk mass parameters that lead to good agreement with precision electroweak data in the
presence of a light Higgs. We compute the Higgs mass and demonstrate that, for the range of parameters
for which the Higgs boson has standard model-like properties, the Higgs mass is naturally in a range that
varies between values close to the CERN LEP experimental limit and about 160 GeV. This mass range
may be probed at the Tevatron and at the CERN LHC. We analyze the Kaluza-Klein spectrum and briefly
discuss the phenomenology of the light resonances arising in our model.
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L. INTRODUCTION

High-energy physics experiments in recent years have
confirmed the predictions of the standard model (SM), a
renormalizable, chiral gauge theory based on the group
SU3), X SU@2);, X U(1)y. In particular, the low-energy
dynamics of fermions and gauge bosons of the theory have
been tested with great accuracy. The origin of masses of
these fundamental particles, however, remains a mystery.
In the SM, masses arise through the vacuum expectation
value (vev) of a scalar field doublet, which spontaneously
breaks the electroweak (EW) symmetry SU(2); X
U(1)y — U(1)gy. A physical, neutral scalar field, the so-
called Higgs field, appears in the spectrum. Information on
the mass of this scalar particle may be obtained through the
quantum corrections that it induces to the masses and
couplings of the EW gauge bosons. Consistency of the
SM predictions with experimental observations is im-
proved for small values of the Higgs mass, my, close to
the current experimental bound, my = 114.4 GeV [1].

There are several aspects of the mechanism of the origin
of mass that demand explanation. On one hand, the scale of
the spontaneous symmetry breaking is governed by the size
of the scalar mass parameter appearing in the Higgs field
effective potential, and is much smaller than the Planck
scale, the only known mass scale in nature, besides the
dynamically generated QCD scale Agcp. Moreover, this
scale is associated with a negative value of the squared
Higgs mass. There is, however, no dynamical explanation
for the origin of the Higgs effective potential, or for the
associated breakdown of the EW symmetry. Finally, the
hierarchy of the fermion masses of the different genera-
tions remains unexplained.
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Warped extra dimensions provide a theoretically attrac-
tive framework for the solution of the hierarchy problem of
the SM. For one extra spatial dimension as in Randall-
Sundrum type I (RS1) [2], the curvature k in the extra
dimension induces a warp factor on the four-dimensional
metric, which depends on the position in the extra dimen-
sion. The coordinate point, x5 = 0, is associated with a
trivial scale factor, leading to natural scales of the order of
the Planck scale. The other boundary in the compact
dimension, x5 = L, is associated with natural scales that
are smaller by an exponential factor exp(—kL). For natural
values of k of the order of the Planck scale and values of
kL =~ 30, a Higgs field, located at x5 = L, will naturally
acquire a vev of the order of the weak scale. Neither the
origin of the breakdown of the EW symmetry nor the
hierarchy of fermion masses, however, are explained by
these considerations.

The propagation of fermions and gauge fields in the
extra dimension enables a possible explanation for the
fermion mass hierarchy. Indeed, chirality of the fermion
zero modes is ensured by imposing an orbifold symmetry
S1/Z,. Even fields under this orbifold symmetry acquire
zero modes whose masses arise from the vev of the Higgs
field. For fermion fields, the equations of motion demand
that fields of opposite chirality to those having zero modes
are odd under the orbifold symmetry and therefore have no
zero modes. Finally, localization in the fifth dimension is
controlled by a mass parameter c. The variation of ¢ by
factors of order 1 induces exponential variations in the
overlap of the fermion wave functions with the Higgs field
wave function and therefore on the induced masses for the
fermions [3,4]. Third generation left-handed chiral quark
fields which couple strongly to the Higgs are associated
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with a mass parameter ¢ < 1/2, and therefore their zero
modes are localized towards the so-called infrared (IR)
brane at x; = L. On the contrary, first and second genera-
tion left-handed chiral fermions have mass parameters ¢ >
1/2, and the zero modes are localized towards the so-called
ultraviolet (UV) brane at x5 = 0.

Gauge-Higgs unification models [5] provide a solution
to the last mysterious aspect of the SM, while leading to a
dynamical origin for the Higgs field effective potential.
The gauge symmetry of the SM is extended in the bulk and
broken at the boundaries. The Higgs is associated with the
fifth component of gauge fields in the direction of the
broken gauge symmetry. The gauge bosons associated
with the broken symmetry are odd under the orbifold
symmetry, and the fifth component is guaranteed to be
even, leading to the presence of massless scalar fields in
the theory, with no potential at tree level. The Coleman-
Weinberg Higgs potential is then determined by quantum
corrections. For certain values of the fermion mass parame-
ters, this effective potential leads to the Higgs field acquir-
ing a nonzero vev and to the proper generation of gauge
boson and fermion masses.

Warped extra dimensions have a rich spectrum of four-
dimensional Kaluza-Klein (KK) excitations. In particular,
after EW symmetry breaking, the KK modes of the weak
gauge fields mix with the would-be zero modes, inducing
important modifications to the masses and couplings of
gauge fields at tree level. Such large modifications would
render the theory inconsistent for values of the gauge
field’s masses at the reach of the CERN LHC [6].
Recently, it was realized that these large corrections may
be prevented by extending the weak gauge symmetry in the
bulk of the extra dimension to incorporate the custodial
symmetry: SU(2); X SU2)z [7]. Moreover, a left-right
parity symmetry, P; g, is necessary to prevent large correc-
tions to the bottom-quark couplings [8]. A gauge extension
of the EW sector of the model to SO(5) X U(1)y provides a
framework in which gauge-Higgs unification and custodial
symmetry are possible. The Higgs potential is fully calcu-
lable at one-loop level, and a prediction for the Higgs
boson mass may be obtained.

Consistency of the theory at the quantum level, however,
demands that the possible large corrections to precision
electroweak parameters induced by the fermions of the
theory be computed. It was recently shown that complete
consistency may be obtained for certain values of the mass
parameters associated with the fermions of the third gen-
eration [9,10], provided the Higgs remains light, as is
expected in Gauge-Higgs unification models.

In this work, we compute the dynamically generated
Higgs potential in models similar to the ones previously
analyzed in Refs. [9-11]. The Higgs potential is calculated
by means of a generalization of the framework discussed in
Ref. [12] and the specifics of our model are complementary
to the one discussed in Ref. [11]. We find that a consistent
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breakdown of the EW symmetry, with a dynamical gen-
eration of masses of the gauge bosons and the third gen-
eration quarks, may only be obtained for certain values of
the fermion mass bulk parameters. Interestingly enough,
these mass parameters are the same as those demanded by
consistency with experimental observations at the quantum
level [13]. Moreover, the Higgs boson is predicted to be
light, with mass my in the range to be probed by the
Tevatron and the LHC in the near future.

This article is organized as follows. In Sec. II we de-
scribe our five-dimensional (5D) model and derive the
gauge boson spectral functions. Furthermore, we analyze
the W gauge boson form factor at low energy, defining its
coupling to the Higgs field. In Sec. III we derive the
fermion spectral functions, necessary to compute the
loop-induced Higgs effective potential and the fermion
mass spectrum. We also compute the top-quark form factor
at low energy and the associated Yukawa coupling.
Section IV deals with the explicit computation of the
effective potential. In Sec. V we present the numerical
analysis of the effective potential for the Higgs and the
KK spectrum of the theory. We reserve Sec. VI for our
conclusions.

I1. FIVE-DIMENSIONAL MODEL AND GAUGE
FIELDS

We are interested in a 5D gauge theory with gauge group
SO(5) X U(1)x. The geometry of our space-time will be
that of RS1 [2], with an orbifolded extra spatial dimension
in the interval x5 € [0, L]. The metric for such a geometry
is given by

ds> = a(x5) ., dxtdx” = di, (1)

where a(xs) = e *s. The space spanning the fifth dimen-
sion corresponds to a slice of AdSs, with branes attached at
the two boundary points: x5 = 0 (UV brane) and x5 = L
(IR brane).

We place our gauge fields, Ay = A}, T* and By, in
the bulk, where T“ are the Hermitian generators of the
fundamental representation of SO(5) and generically
Tr[T*.T#] = C(5)8%F. The explicit form of the generators
[14] is given in Appendix A.

Our fermions ¢ also live in the bulk, and they transform
under a representation t* of SO(5). However, for the mo-
ment, we concentrate only on the gauge content of our
model. The phenomenologically required fermionic con-
tent will be discussed in detail in Sec. III.

The 5D action is

L 1

Ssp = fd4xj dXS\/é_'<_—2Tr{FMNFMN}
0 4g5

1

— @GMNGMN + ¢(I'NDy — M)l/’>’ )
X
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where Dy = dy — iA§t* — iBy and g5 and gy are the 5D
dimensionful gauge couplings.

The choice C(5) =1 is a convenient choice, since it
allows us to identify the eigenvalues of our generators as
the weak isospin with the four-dimensional coupling given
by g2 = g2/L. Any other choice for C(5) may be absorbed
into a redefinition of the gauge fields or the gauge coupling,
leaving the physics unchanged.

To construct a realistic 4D low-energy theory, we will
break the 5D SO(5) X U(1)x gauge symmetry down to the
subgroup SO4) X U(l)y = SU2), X SUR)x X U(1)y
on the IR brane and to SU(2); X U(1)y on the UV brane,
where Y /2 = T3% + Qy is the hypercharge and Qy is the
U(1)y associated charge which is accommodated to obtain
the correct hypercharge. We divide the generators of SO(5)
as follows: the generators of SU(2),  are denoted by T«
and 2%, while the generators from the coset SO(5)/S0(4)
are denoted by T and %

In order to obtain the correct hypercharge and therefore
the right Weinberg angle 6y,, we need to rotate the fields
AR € SU(2)g and By, € U(1)y [15],

A;SIR (S TS\ A?v? 3)
Ay S € J\ Bu )

- - 4)
\185 + gx \/gs + gX

where we will enforce AfL to have even parity, correspond-
ing to the hypercharge gauge boson in the 4D low-energy
limit. From now on we will drop the prime on A"k, and it
will be understood that ay refers to 1z, 2%, and /3.

To implement the breaking of SO(5) on the two branes
as stated above, we impose the following boundary con-
ditions on the gauge fields:

dsAu" = Agre

= AgL'Y =0, X5 = 0, (5)

IsAu T = AL = AT =0, x;=L. (6)

These boundary conditions lead to 4D scalars h? origi-
nating from AZ. At tree level, the 2%’s have a flat potential
and therefore may be thought of as a dual description of
Goldstone bosons arising after spontaneous breaking of the
global symmetry in 4D. Furthermore, A}* and A,’: also have
zero modes which will become massive as soon as the 9’s
develop a vev, leading ultimately to electroweak symmetry
breaking.

Part of our work consists of obtaining the mass spectrum
of the theory in the presence of the vev of h?. The Higgs
forms a bidoublet under SO(4), whose doublet component
under SU(2), is given by H « (h' + ih?, h* — ih%)", with
charge 0 under the U(1)yx. The SO(4) symmetry, in prin-
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ciple, implies that we can choose any one of the compo-
nents to be the only nonzero one acquiring a vev. However,
we want the scalar Higgs to be a neutral particle; therefore,

we choose (h*) = h.
We KK expand the fields [12],

= 3 faes, A, (),

A3t = 3 P ), o

AZ,(X’ Xs) = ZfZ(-XS’ h)A,LL,n(x)J

AZ (xr )Cj)

Ag(x, x5) ) + Z an(xS’ h) )C),

2()

where we have put the explicit dependence on x5 for
the scalars A4%(x). The normalization constant is chosen
so that the scalars are canonically normalized, C, =
gs([5a)"1/2. We wish to solve for the KK profiles
fa(xs, k) so that the 5D action may be rewritten in terms
of a tower of 4D fields A,,(x) whose kinetic and mass terms,
after proper diagonalization, take the form

1 . 1
SSD = ]d4x{§ (Gﬂh”)z + Z<_ Z[E)MA,,,,, - 81,14'“,,,]2

+ %m%(h)Afw> b } @®)

This is done by solving the equations of motion in the
presence of the scalar vev, and satisfying the boundary
conditions implied by Eqgs. (5) and (6).

It turns out that solving the equations of motion in the
presence of & is complicated, as these mix the Neumann
and Dirichlet modes. However, SD gauge symmetry relates
these solutions to solutions with 2z = 0 [16]. To that end,
focusing on the gauge fields, we perform the following
gauge transformation on them:

fa(-xﬁJ h)Ta = Qil(XSJ h)fa(-XS! O)TQQ(XS’ h)) (9)

where Q(xs, i) is the gauge transformation that removes
the vev of h:

Olxs, h) = exp[—iChhT“ j b dya*Z(y)}. (10)
0

In the & = 0 gauge, the gauge KK profiles satisfy the
following equation of motion:
a m2
which is the same for both Dirichlet and Neumann modes.
We call the independent solutions C(xs, m,,) and S(xs, m,,),
which satisfy the following initial conditions: C(0, z) = 1
C'(0,z) =0, S(0,z) =0, and §'(0,z) = z. The explicit
forms of these solutions are given by [17]
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Clxs, 2) = _ka 1(x5)[Y0< )J (k (sz)>

) o

S(xs, 2) _—a I(XS)[J< ) <ka(xs)>
- Y1< ) <ka(xs)>} o

Note from Eq. (10) that for x5 =0, f%xs0) =
f%(xs, h). This implies that the gauge KK profiles satisfy-
ing the UV boundary conditions given in Eq. (5) can be
directly written in terms of the basis functions defined
above as

|
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n(xs,0) = C, ., Clxs, m,),

fi(xs,0) = C,,aS(xs, my), (14)
fr(xs,0) = C,yClxs, my),
[t (xs, 0) = C,, 4, S(xs5, m,),

where the coefficients C, , are normalization constants.
We can now calculate f%(xs, h) using Eq. (9). The IR
boundary conditions give us a system of algebraic equa-
tions for the coefficients C, ,. The determinant of this
system of equations must vanish to give us a nontrivial
solution, and this condition, in fact, gives us the quantiza-
tion condition for the masses m,, (/). Using this procedure
we find for the gauge bosons

S(L, m,)SB(L, m,)C'(L, mn)[C’(L, m)S(L, mn)<—2 + sin2<)‘]f;>> S(L, m,)C(L, m, )sin® ( Ghﬂ

I

X [C’(L, m)S(L, m,,)<—2 0+ sg,,)sinZ("fL;l» — S/(L, m,)C(L, m,)(1 + sé)sin2</\fihh>} —0 (15)

where the “Higgs decay constant™ is defined as

1

= (16)
" [fdyaT0)
and A% = 1/2. Furthermore, using the Wronskian relation
§'(xs, 2)Clxs, 2) — C'(xs, 2)S(xs, 7) = za™*(x5) 7)

we can rewrite the quantization condition in a more convenient form:

A-h\ 2
S(L, m,)SP(L, m,)C'(L, m,,)[zagc'(L, m)S(L, m,) + mnsin2<fiﬂ

h

Agh
2a2C'(L, m,)S(L, m,) + (1 + s3)m,sin?( 2S2 }=0. 18
X[aL(m)(m) ( s¢)msm<fh> (18)

Therefore the KK mass spectrum for the W and Z
bosons, with the correct Weinberg angle given by s » =
tan?6y, = (0.23/0.77) ~ 0.2987, is given by the zeros of
the following equations:

1 + Fy z(m2)sin? (A h) =0,
In
Z
2a2C'(L, 2)S(L, 2)’ (19)
(1+s53)z
2a2C'(L, 2)S(L, 2)°

FW(ZZ) =

Fz(Zz) =

We will identify the first zero of these equations with the
masses of W and Z, respectively, and we shall denote the
masses of the first excited states as my1 and my, associ-
ated with the second zeros of both equations.

We can gain some physical insight if we look at Eq. (18)
in the limit 2 = 0. In that case, this equation reduces to

[
S*(L, m,)S"(L, m,)C"*(L, m,) = 0. (20)

We can identify the zeros coming from C™*(L,m,) =0
with the KK mass spectrum of the four gauge bosons
belonging to SU(2); X U(1)y which are even on both the
UV and the IR branes. In the same way, we identify the
zeros of $”(L, m,) = 0 with the KK spectrum of the three
SU(2)z gauge bosons which are odd on the UV brane and
even in the IR brane. S*(L, m,) = 0 is identified with the
KK spectrum of the four SO(5)/SO(4) gauge bosons
which are odd on both the UV and IR branes. Thus in
Eq. (18) we associate the photon KK spectrum with the
zeros of C'(L, m,) = 0.

Gauge boson form factors at low energy

At small momenta, below the scale k = k exp(—kL), the
form factor for the W gauge bosons can be approximated
by

095010-4



GAUGE-HIGGS UNIFICATION AND RADIATIVE ...

_ &, _ 8

e ST

From the last equation, we can find an analytic expression
for the W mass:

Fy(=p?) 2D

242
iy = Sk ()« 00h/By. e

From this expression we can calculate the Higgs-W-W
coupling, Ayww, at linear order, by simply taking the
derivative of m%, with respect to the vev of h:

am3 Agh Agh
A — w — 2/\ . G G
v = = Eofusn(EE)eo( T

= &m,y, COS(M> - 8&m,, (23)
I

where we used A = 1/4/2 and in the last step note that in
the limit Agh/f, <1 we recover the SM Higgs-W-W
coupling. We will discuss the physical implications of the

above limiting case in Sec. V.
|

g7 (+, )3
d
q; (+, +)-13

L By (= s
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III. FERMIONIC KK PROFILES

The SM fermions are embedded in full representations
of the bulk gauge group. The presence of the SU(2)g
subgroup of the full bulk gauge symmetry ensures the
custodial protection of the 7 parameter [7]. In order to
have a custodial protection of the Zb, b, coupling, the
choice T3(b;) = T;(b;) has to be enforced [8]. An eco-
nomical choice is to let the SM SU(2), top-bottom doublet
arise from a 5,3 of SO(5) X U(1)y, where the subscript
refers to the U(1)y charge. As discussed in [9], putting the
SM SU(2); singlet top in the same SO(5) multiplet as the
doublet, without further mixing, is disfavored since for the
correct value of the top-quark mass this leads to a large
negative contribution to the 7 parameter at one loop.
Hence we let the right-handed top quark arise from a
second 5,/3 of SO(5) X U(1)y. The right-handed bottom
can come from a 10,/; that allows us to write the bottom
Yukawa coupling. For simplicity, and because it allows the
generation of the Cabibbo-Kobayashi-Maskawa (CKM)
mixing matrix, we make the same choice for the first two
quark generations. We therefore introduce in the quark
sector three SO(5) multiplets per generation as follows:

) ® uj(—, +)ys,

u; Tu;
‘ - _ [ xor(= sz qri (= Ty ;
Ep ~ O = - . ® up(+, +)2y3,
2 2 Xow(—, +)2/3 ax' (=, +) 13 K / 24)
'ﬁ%(_r +)5/3 %i(_r +)5/3 u; ( Nu;
4 . . . : , n(= +) (= +)
E~Tig=| Ubl= 4y |@Thp=| U= +)ps |® Qs = (X?f A G )
D=, +)_1/3 Dip(+, +) 13 Xar(= H)os qr (= F)1ps

where we show the decomposition under SU(2); X
SU(2)g, and explicitly write the U(1)gy, charges. The
Q"s are bidoublets of SU(2), X SU(2)g, with SU(?2),
acting vertically and SU(2)y acting horizontally. The 7}’s
and T%’s transform as (3,1) and (1,3) under SU(2); X
SU(2)g, respectively, while u’ and u" are SU(2), X
SU(2)y singlets. The superscripts, i = 1, 2, 3, label the
three generations.

We also show the parities on the indicated 4D chirality,
where — and + stand for odd and even parity conditions,
and the first and second entries in the brackets correspond
to the parities in the UV and IR branes, respectively. Let us
stress that, while odd parity is equivalent to a Dirichlet
boundary condition, the even parity is a linear combination
of Neumann and Dirichlet boundary conditions, which is
determined via the fermion bulk equations of motion as
discussed below.

The boundary conditions for the opposite chirality fer-
mion multiplet can be read off the ones above by a flip in
both chirality and boundary condition, (—, +); — (+, =)z
for example. In the absence of mixing among multiplets

{

satisfying different boundary conditions, the SM fermions
arise as the zero modes of the fields obeying (+, +)
boundary conditions. The remaining boundary conditions
are chosen so that SU(2); X SU(2)g is preserved on the IR
brane and so that mass mixing terms, necessary to obtain
the SM fermion masses after EW symmetry breaking, can
be written on the IR brane. Consistency of the above parity
assignments with the original orbifold Z, symmetry at the
IR brane will be discussed in Appendix B.

As remarked above, the zero-mode fermions can acquire
EW symmetry breaking masses through mixing effects.
The most general SU(2), X SU(2)g X U(1)y invariant
mass Lagrangian at the IR brane—compatible with the
boundary conditions—is, in the quark sector,

L, =28(xs— L)ajMpug + Q1. Mp, Osg
+ Q1. Mp, Qo + He.], (25)

where Mp , Mp,, and My, are dimensionless 3 X 3 matri-
ces, and matrix notation is employed. In Appendix B we
will show how these mass terms may be generated from an
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SO(5) invariant Lagrangian using the spurion formalism.
To prevent negative corrections to the 7 parameter
[9,10,18], we will take MB3 to be the null matrix. In
Appendix C, however, we briefly discuss the modifications
of the effective Higgs potential induced by a nonzero value
of Mp,. Moreover, since the Higgs effective potential is
most sensitive to the third generation, we will concentrate
on this one, discarding family indices.

With the introduction of these brane mixing terms, the
different multiplets are now related via the equations of
motion. In the case of a mass term involving W} W%, with
the fields having profile functions g; and hp, the odd parity
profile gz on the IR brane is related to hg:

L+e L+e
[Li (9sgr)dxs = fL— (2Mhg — gr)6(xs — L)dxs.
(26)

The odd parity we demand at the IR brane implies a
Dirichlet boundary condition for the function gg.
Therefore, we can rewrite

lin(l)gR(L —€) = —Mhg(L), (27)

and, similarly,

e
Equations (27) and (28) can now be reinterpreted as the
new boundary conditions for the profiles at the IR brane.

The fermions, like the gauge bosons, can be expanded in
their KK basis:

'»Z’L(X, xs) = ZfL,n(XS) h)¢L,n(x),

(29)
¢R(x’ XS) = ZfR,n(XS’ h)lﬁR,n(x)-

In the & = 0 gauge, we redefine J = a*(xs)y and we write
our vector-fermionic fields in terms of chiral fields. We can
KK decompose the fermionic chiral components as

Jre=> 7 (M) F L gon(xs) (30)
n=0
where f is normalized by

fL deQ_I(XS)fnfm = 6m,n- (31)
0

Therefore the profile function for the zero-mode fermion
corresponds to a~/2(xs) fo.

From the 5D action, Eq. (2), concentrating on the free
fermionic fields, we can derive the following first order
coupled equations of motion for f LR

(85 + M)fR,n = (Z/a(-XS))fL,n;

R R (32)
(0s = M)f, = —(z/alxs))f g p-
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We see from Eq. (32) that we can redefine f RLn =
e Mxs f k.. and relate the opposite chiral component of
the same vectorlike field by fz, = (—a(xs)/2)dsf. .. For
the left-handed field having Dirichlet boundary conditions
on the UV brane, we can derive a second order equation for
the chiral component f Lo

) a 274
[as + (E + 2M)a5 + az}fL,,, —o, (33)

the solution of which we shall call S‘M(x5, z), with bound-
ary conditions Sy,(0, z) = 0, §.,,(0, 2) = z.

Similarly, we can redefine f RLn = eMxs f r.Ln and then
relate the opposite chirality via £, , = (a(xs)/2)dsfgn. If
the right-handed field fulfills Dirichlet boundary condi-
tions on the UV brane, we can write the equation of motion

for fR,n:
a/ ZZ _
a

We shall correspondingly denote the solution to this equa-
tion with S_,(xs, z), fulfilling the boundary conditions
S_u(0,2)=0,8_,,07z) =z

As emphasized before, the solutions of the opposite
chirality are related to these solutions via the first order
equations of motion, Eqgs. (32), which we rewrite as
Sep(xs, 2) = F(alxs)/2)9sS <y (x5, 2). Here M = —ck,
and the * is chosen depending on whether we want an
odd ( — ) boundary condition on the UV brane for the left-
handed or right-handed fermionic field. The solution to
Eq. (33) is given by [17]

~ mZ
S u(xs, 2) = 7% ¢ = (1/2)(x)

Z z
X [1(1/2)“(%)Y(l/z)“(—ka(xs))

—Y<1/2>+L.(§)J<1/2>+C(ﬁm)} (35)

The solution for Eq. (34) is given by Eq. (35), with the
replacement ¢ — —c.

Before proceeding with the gauge transformations as
was done with the gauge fields, we would like to discuss
what is required of the gauge transformation for the fermi-
ons. The boundary conditions are explicitly given on the
physical fermion which is an isospin eigenvector. Hence,
the first step is to identify the different components of the
vector ¢ with the doublets, triplets, and singlets, as re-
quired from Eq. (24). Second, we need to assign functions
to the different components of the multiplets consistent
with the boundary conditions for the fermions given in
Eq. (24). The bases f g, and f LRy are simply related
by exponentials; therefore, the functions f; ,, given by
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S.y and S.y, are related to f, g, via Sip(Sey) =

a~2(xs) exp[=Mx5]S+4;(S+y). Odd and even solutions
(S or §) can then be assigned to the component functions
of the multiplets &;;, &y, and &3k, depending on the
boundary parities. For example, for a left-handed compo-
nent having boundary conditions (—, +); or (—, —);, since
the function is odd at the UV brane, we assign a solution
Sy to that component of the left-handed multiplet. If the
boundary condition is (4, +); or (+, —),, we need to look
at the chiral companion (—, —)g or (=, +)g. In this case,
our right-handed fermion is odd on the UV brane. The
relationship between the left- and the right-handed compo-
nents is as defined above via derivatives. Therefore, we
assign $_,, to the left-handed fermion. Following this
procedure, we can assign either S., or S., to each
component of the multiplets. This procedure defines our
three fermion multiplets in the 2 = 0 gauge as the vector
functions:

[ C1Sy,
CySy,
CiS_y, |,
CyS_,
L CsSu,
™ CeS—u,
C7S_u,
CeS—u,
CoS—u, (36)
B Cl()SM2 i
[ CiiS-um, ]
Ci2S-m,

Ci38-u,

C1aS_p,

Ci5S-u,

Ci6S -, '
Ci78-m,

fl,L(XS, 0) =

fz,R(Xsy 0) =

f3,R(X5, 0) =

where, as for the gauge bosons, the C; are normalization
constants. The opposite chiralities have opposite boundary
conditions and can be read from these ones.

The boundary conditions as written above, for
example, for the vector components of f;;(xs, 0) are the
boundary conditions on the isospin eigenvector with
charges (+1/2,+1/2), (=1/2,+1/2), (+1/2,—1/2),
(=1/2,-1/2), (0,0) under SU(2); X SU(2)g, respec-
tively. However, in the basis of our generators, the eigen-

PHYSICAL REVIEW D 76, 095010 (2007)

vector with spin +1/2 under SU(2),, for example, is given
by

1 -1
e=—| 0 | (37)

V2| o

0

To simplify matters, so that the boundary conditions can
be taken to be on the eigenvector,

(38)

[$\9]
Il
SO o O

the transformation () needs to be in the basis consistent
with Eq. (38), or we can also think about this as changing
the fermion vector functions given in Eq. (36) to the basis
of our generators. This means that we have to first under-
stand how the eigenvectors of T3FL decompose in the
canonical basis for both the §,/; and the 10, 5.

For the §,/; fermions, the basis transformation for &,

& is given by

—-i —1 0 0 O

1 0o 0 —-i 1 O
A=—]1 0 O i 1 0 (39)

V2 —i 1 0 0 O

0 0 0 0 2

For 10,5, the transformation matrix for &5 is given by

i 1.0 0 0 0 0 0 0 0
0 0—-i 1 0 00 0 0 0

0 0—-i -1 000 0 0 0
-i1.0 0 0 0 0 0 0 0
g L0000 0 -1i 0 000
L2l oo o0 0o 0 0+v2 0 00
000 0 1 i 0 0 0 0
000 0 0 O0O0 —-1i 0
000 0 0 00 0 042
000 0 0 O0O0 1 i 0

(40)

Therefore, once the UV boundary conditions define the
vectors as in Eq. (36), we change bases to be able to
implement the gauge transformation and then transform
back so that the IR boundary conditions can be imposed.
Using the transformations defined in Eqgs. (39) and (40), we
can write the final fermion vector functions in the presence
of the vev of & as

fio(xs, h) = AQA™!f (x5, 0), (41)

far(xs, h) = AQA™!f) p(xs, 0), (42)
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far(xs, h) = BQB™!f;3 p(xs, 0). (43)

Applying the boundary conditions at x5 = L, taking into
account the mass mixing terms from Eq. (25) and using the
procedure defined in Egs. (27) and (28), we derive the
conditions on f(L, h):

5 5 _
R T MBle,R =0,
L4 _ 1.4 L4
2107 =0, 31 — M, fip" =0, 44)
_ 5,..,10 __
fg,L - MBlf?,L =0, f3,L =0,

where the superscripts denote the vector components.
Asking that the determinant of this system of equations
vanishes so that we get a nontrivial solution, we notice that
all dependence on the prefactors a~3/2(xs)exp[+Mxs]
relating Sy, S+p and S.,, S+, drops out, and thus we
|
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conclude that one of the following equations should van-
ish:

§B.,. =0, (45)

§5,, =0, (46)

w2 S, 5., ~s s Too @
B0 S -My T 3OSy : (47)

280 [M3 51, S g, + 511, S pn]

~ Aph
- M%;ZS’_Mlsin2<—fF ) =0, (48
h

- -~ ~ - ~ ~ ~ o~ ~ o~ ~ a? . ~ o~
Z[M%ISMI(—I + SMzssz)(M%2S7M3S/—M1 + S,M]S’_MS) + SMZS'_M2<M§2(—1 + SMIS,M])S,M3 - Z—éS,MlewlS'_M}ﬂ

+ [M3, 80,831, SLps, + My M3 Syt S—aa,Sat, + Sty + 28,831, 8- 0, = Say S0, S, )]sm2<fL)

where, for simplicity, we did not write the dependence on L
and z, and furthermore, we have used the Crowian relation:

- §M(x5: Z)§7M(x5: 2) + Sy(xs, 2)S_p(xs, 2) = 1. (50)

In the following, and for simplicity, we shall omit the tildes
and refer to the solutions S-, by S .

The same value Ar = 1/+/2 is found in the fermionic
case, so from now on A = A; = Ap. The solutions to
Eqgs. (45)—(47) can be interpreted as the KK spectrum of
exotic fermions. We shall name these states E3, E,, and E,
respectively. Equation (48) is the KK mass spectrum for
the bottom quark and Eq. (49) gives the KK spectrum for
the top quark.

We can rewrite Eqgs. (48) and (49) in the same form as
the gauge bosons:

1+ Fb(mﬁ)sin2</}—f> =0, (51)

1+F, (mﬁ)sin2<’}:l> +F, (mg)sin‘*()f‘f) -0, (52

where
M%ZS/_M]
2 / ! 4
2S,‘,,3(MBzS,MSS_MI + S,MIS_MB)

Fy(z%) = — (53)

h

~ Aph
- M%ls’,MSsin“(—Jf ) —0, (49
h

2\ — FI(ZZ)
Ftl (Z ) Fd(Zz) i) (54)
F () = P& (55)
& Fd(Zz)’

Fi(z%) = M} Sy, Sy, Sy, + M3 [2M3 Sy, S 31, S™ 1,

+ SLM; + 2SM1S—M]SLM3 - SMzs_MZSLM3]’

(56)
Fy(2?) = =M} "y, (57)
Fd(Zz) = 2|:M%;]SM1(_1 + SM2S7M2)
X (M3,S -, S" a1, + S—aa,S"az,)
+ SMZS’,M2<M%2(—1 + Sy Sy S,
a% ! !
~Ls.y, SM]S,M3>}. (58)

Equations (19), (51), and (52) are the starting point for
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computing the one-loop effective potential for the scalars
he.

It is physically very illuminating to interpret the origin
of the fermionic resonances if we contemplate the fermi-
onic determinant in the case 4 = 0:

SM3 = O, SM2S5W] + M%ISM1S§W2 = O,
59
82y, =0, (M3, S, Sy, + S0, S-ps,)* =0 (59)
14 2 a% / ! 2
S%y, =0, (MBZSMIS_M3 - Z—zSMlS,M3> =0.

We recall that the way we defined the initial fermionic
functions (S+,,) was via the boundary condition on the UV
brane and the chirality. However, since we are in the & = 0
gauge, we can use the boundary conditions on the IR brane
to further give us the final equations the functions have to
satisfy:

(= =)= Su(l) =0, (= == S_uL) =0,
(= )= Su— (+, g = Sy(L) =0, (60)
(= Hr—=S_y— () =5yL) =0

We can now interpret Eq. (59) in a simple way: the first
equation in the first line provides the mass spectrum for the
singlet right-handed bottom. This with the first equation in
the second line provide the mass spectrum of the triplet
components T, Tor of &x. The second equation in the
first line may be identified with the mass spectrum of the
singlet ¢ and its modification from the mixing mass term
with u/ . It can be shown from this equation that the light
top resonances will be mostly the KK modes of the right-
handed top. From the first equation in the third line we get
the mass spectrum for Q,z. Additionally, we can also see
here the mixing of the bidoublets Q; and Q5. The second

|

m;

M3, sinz(%)coﬁ(ﬂ)(% -
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equation in the second line is related to the mass spectrum
for the (77, b;)" doublet and its mixing with (g4¥, gid)".
The second equation in the third line may be identified as
the spectrum of a new fermionic state coming from the
doublet-doublet  mixing between  (x%,, x¢,)' and

(/\/gL’ XgL)t'

Top mass and Yukawa coupling at low energy

At small momenta, the solution to Eq. (35) takes the

form
~ X5
Sy = z[ a!
0

Replacing this in Eq. (49), keeping only quadratic terms in
z and for simplicity neglecting the small My, effects, we
find that the top-quark spectral equation reduces to

A o) )

(xs)e 2M¥dy + O(23). (61)

(62)
where A and B are coefficients given by
A— _(%"‘ cy) "’M%;,(%"' Cz)‘
M- +e)
' 1 11 i 2 2 (63)
B=(4_C2) (4_C)
2(1 )(4 -

Solving Eq. (62) for z2, we find that the top mass takes the
form

+ Om/E),  (64)

<@>2 _ M%lsinZ(%)cosz(%

k A+ M3 Bsin* (3

which can also be written as

G~ c3)

This expression is similar to the one obtained in a related
model in Ref. [11]. From this expression we can calculate
the Yukawa coupling of the top, Y,, at linear order, by
simply taking the derivative of m, with respect to h:

2\l
om,  mg cost,

Y, =+2
! h my2 cos(4) ’

(66)

where we note that, in the limit Ak/f, << 1, we recover the
SM top Yukawa coupling.

2
<f> - G— )G+ ) + My [G— 3)eos’(B) + 3G —

T} (65)

[
IV. COLEMAN-WEINBERG POTENTIAL FOR h¢
IN 5D

The Coleman-Weinberg potential in 5D KK theories
(see for instance [12]) takes the form

Vin) = Z+(4 5 [t edlp-pL @)

Here N is the number of degrees of freedom of a given
particle, = depends on whether we are considering bosons
or fermions, and p(z?) is the spectral function encoding the
spectrum in the presence of 4. We showed in the previous
section that in the 5D framework the spectral functions
encoding the KK spectrum in the presence of the Higgs vev
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are given by

Ah
pw(@) = 1+ Fyy()sin? —),

7
)

p/(2%) = 1 + F, (°)sin’ (f >+ F, (z%)sin* (;f)

pz(2%) = 1+ Fy(%)sin?

;"|w§"

(68)
pp(2?) =1+ F,(z%)sin?

>§“!§

Thus, the scalar potential for the pseudo-Goldstone bo-
son can be written as

v = [ app'(- (41 i {log] 1+ Fu (=i (j”?)
+F, (- pz)Siﬂ“(%)}
+ 10g[1 + Fb(—Pz)Sin2<%>}}

(43) log[l + F,(— p?)sin? (;Zlﬂ) (69)

The form factors Fy and F, for the gauge bosons are
given by Eq. (19), and F}, F; , and F,, for the fermions are
given by Egs. (51) and (52). We note here that the main
contribution to the potential from the fermionic sector is
due to the top quark. Therefore, the first two fermion
multiplets, &; and &,, are the most important for fixing
the Higgs potential.

V. NUMERICAL RESULTS

Our goal is to find a nontrivial minimum of the Higgs
effective potential that will break SU(2); X U(1)y down to
U(1)gy. The relevant parameters which control the model
are My , Mp,, ¢y, ¢y, c3, and kL, where M| = —c 1k, M, =
—cok, M3z = —c3k, and L is the length of the extra dimen-
sion. Looking at the potential we immediately see that
sin(Ah/f,) =1 1is a nontrivial extremum. When
(Ah/f;,) = 0 corresponds to a maximum, this extremum
can be a minimum. However, this would lead to a non-
standard effective low-energy theory, since as seen from
the form factors, and from Eq. (23), the Higgs coupling to
the gauge bosons vanishes at linear order.' Therefore, we
shall concentrate only on the regions of parameter space
such that 0 <sin(Ah/f),) <1 with 0 <Ah/f, <m/2.

1Couplings of higher order in the Higgs field do not vanish, but
the interpretation of such a theory goes beyond the scope of this
work.

PHYSICAL REVIEW D 76, 095010 (2007)

After obtaining a nontrivial minimum, we calculate k by
finding the first zero of Eq. (19) and setting this mass equal
to the W mass [19]. This is the mass that the W zero mode
gets from interacting with the Higgs vev. Since the rela-
tionship between the Z and the W form factors remains the
same as in the SM, we also recover a consistent mass for
the Z boson.

Having obtained k, we calculate the top-quark mass,
given by the first zero of Eq. (52), and demand that its
value is in the phenomenological range my, €
[140, 170] GeV. We take such a wide range since we
consider the result of our calculation to be associated
with the running top-quark mass evaluated at a scale of
the order of the weak scale. Because of the strong gauge
coupling, the running top-quark mass varies rapidly be-
tween values of my,, ~ 140 GeV, for a scale of the order of
a few TeV, and values of my,, ~ 165 GeV, for a scale of
order of the top-quark pole mass M,. Furthermore, we also
calculate the bottom-quark mass, given by the first zero of
Eq. (51), and demand it to be in the phenomenological
range Mpowom < [2, 4] GeV. The Higgs mass is given by
the second derivative of the effective potential with respect
to h, evaluated at the vev. As we will show, somewhat
smaller Higgs boson mass values tend to be associated with
smaller values of the top-quark mass, a reflection of the
power dependence of the low-energy Higgs quartic cou-
pling on the top-quark mass. The Higgs mass and the KK
spectrum are seen to be only weakly dependent on varia-
tions of the bottom-quark mass in the above defined range.

Although we will display all results consistent with the
observed quark and gauge boson low-energy spectrum, we
will concentrate on points in parameter space in the linear
regime, such that Ak/f, < 0.3. By linear regime we mean
the regime where higher order interactions involving the
Higgs field, o« (H/k)" with n > 1, can be neglected and,
furthermore, the couplings of the Higgs with gauge bosons
and fermions are very close to the ones in the SM.
Therefore, in this regime the direct search CERN LEP
bounds on the Higgs mass apply, and my = 114 GeV. In
addition, the low-energy effective theory is well approxi-
mated by the SM, with renormalizable couplings and a
light Higgs boson. This allows us to also compare our
results with those of Refs. [9,10] where they performed
calculations in the linear regime as defined above.

We can interpret k as the associated mass scale of our
theory and of the order of the natural UV cutoff of the low-
energy, SM-like effective theory. The scale & is inversely
proportional to Ah/f),, and therefore, as we move away
from the linear regime, we are pushing the UV cutoff lower
and additionally causing the linear couplings of the Higgs
to become smaller. Therefore, the theory becomes increas-
ingly nonrenormalizable, which leads to the need of
taking into account higher order KK states (beyond zero
modes) in the calculation of low-energy processes, thus
making connection with SM predictions harder. When
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k < 2.5 TeV, KK bosonic and fermionic resonances of
exotic and SM fields have a chance of being detected in
the next generation colliders such as the LHC; hence, we
will be specifically interested in those regions.

We performed two major numerical parameter scans. In
the first one we scanned the parameter space for values
c; E[—1, 1] withi=1,2,3 and Mg, My, €[0,5]. We
used kL = 30 in our numerical calculations for the masses
since the results are invariant under variations of
kL € [30,34].> The first scan was done with a coarse
grid, and before we discuss details of our numerical results,
we would like to point out that the effective potential is a
completely well behaved function of all the parameters;
therefore, we expect that the gaps in our scanned space are
smoothly filled. We found that, though for some values of
the other parameters, nontrivial minima existed for nearly
all the regions of ¢; and Mp;, we only found phenomeno-
logically consistent gauge bosons, top- and bottom-quark
masses in the following regions of parameter space: 0 =
le;l = 0.3, 0.35<|c,| =045, 0.55=|c3] =0.6, 1=
My, , and My, < Mg, . Though the results show a skew
symmetry between positive and negative values, we de-
cided to concentrate on negative values of ¢, and c3, since
interestingly enough, this is the region which is consistent
with  electroweak  precision  measurements  [9].
Furthermore, positive values of ¢, lead to a smaller overlap
of the left-handed top and bottom zero modes with physics
at the IR brane, leading to a stronger suppression of poten-
tially dangerous flavor changing operators [20]. Therefore,
it is in this region where we performed a more thorough
scan taking smaller steps for the c;.

In Fig. 1 we notice a clear relationship between the
Higgs and the top-quark masses, where on the plot we
have included the bigger coarse scan of parameter space.
Focusing on the interesting phenomenological region, we
see in Fig. 2 that in the linear regime we get Higgs masses
that tend to be above 115 GeV, which is above the experi-
mental bound from LEP, and below 160 GeV. Furthermore,
there is a somewhat weak dependence of the Higgs mass
values on the precise value of the running top-quark mass.
Higgs mass values closer to the current experimental
bound are obtained for the smallest values of the top-quark
mass in the phenomenologically allowed range. In Fig. 3,
we manifestly see that in the linear regime we may obtain
masses for the Higgs which are compatible with
1.5 TeV < k =< 2.5 TeV.

Figure 4 provides us with information about the 5D
parameter Mg , which, as increased, moves the minimum
to higher values of Ah/f;, getting into the nonlinear re-
gime. We conclude that, to remain in the linear regime, we

2k, obtained from demanding a W mass in accordance with
experiments, adjusts itself so that k remains approximately
constant.
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FIG. 1 (color online). Higgs mass vs top mass in GeV. Blue
(dark gray) crosses represent the linear regime, green (light gray)
x’s the nonlinear regime, and black dots where a minimum for
the effective potential exists.

cannot have an arbitrarily high Mp boundary mass
parameter.

The behavior f), « 1/k is seen in Fig. 5 where, more-
over, we notice that, for the linear regime, values of k=
1.5 TeV are obtained. This low value of & will lead to
interesting phenomenology for the decays of light KK
fermions and KK bosons.

In Fig. 6 we see that a selected region of the plane c;—c,
is suitable for minimizing the effective potential with the
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6o | 7 <03 IR 7O
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FIG. 2 (color online). Higgs mass vs top mass in GeV, zoomed

in region. Blue (dark gray) crosses represent the linear regime,
green (light gray) x’s the nonlinear regime.

095010-11



MEDINA, SHAH, AND WAGNER

W\\

160

&t
L

140
120
100

so [

60

Min exists

Higgs Mass (GeV)

40 . Aho3
fh

Ahoos

fn

| | |
1 2 3 4

k e’ (TeV)

+
m\\\‘\\\‘\\\‘\\\‘\\\‘\\\‘\\\fmjL

FIG. 3 (color online). Higgs mass (GeV) vs k (TeV). Blue
(dark gray) crosses represent the linear regime, green (light gray)
x’s the nonlinear regime, and black dots where a minimum for
the effective potential exists.

experimentally observed W, Z, top and bottom masses, and
that the linear regime basically applies throughout this
region. As emphasized before, ¢; = 0 and ¢, = —0.4 are
the ones preferred by consistency with electroweak preci-
sion measurements [9]. In Fig. 7 we notice that the same
phenomenologically accepted region for ¢, in the c,—c;
plane with —0.6 = ¢3 = —0.55 is chosen and it is also
homogeneously covered in the linear regime.

SE ! ]
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FIG. 4 (color online). Minimum vs Mp . Blue (dark gray)
crosses represent the linear regime, green (light gray) x’s the
nonlinear regime. The sparse region for higher values of My, is
due to a coarser grid scanned in that region.
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FIG. 5 (color online). Minimum vs & (TeV). Blue (dark gray)
crosses represent the linear regime, green (light gray) x’s the
nonlinear regime.

Figures 8 and 9 are very interesting for collider phe-
nomenology and therefore deserve special attention. Even
though we have not included the plot, we calculated the
mass of the W first excited KK state numerically and
verified the relation my, = 2.5k. If the masses of these
fermions are below the black line denoting mwl/ 2, the
decay of W! and Z! to pairs of these fermions is kinemati-
cally available. Note here, however, that, for c; > 0, m E! is

always greater than my, /2. Moreover, these exotic fermi-
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FIG. 6 (color online). c¢; vs ¢,. Blue (dark gray) crosses
represent the linear regime, green (light gray) x’s the nonlinear
regime, and black dots where a minimum for the effective
potential exists.
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FIG. 7 (color online). ¢, vs c3. Blue (dark gray) crosses
represent the linear regime, green (light gray) x’s the nonlinear
regime, and black dots where a minimum for the effective
potential exists.

ons are unstable. The decay products of T are analyzed in
Ref. [10]. The first top KK excited state will mainly decay
to Zt, Ht, Wb. The charged 5/3 fermions of E { will
necessarily decay to Wt from charge conservation, leading
to interesting phenomenology [21]. In addition, the lightest
KK quark state 7', the top quark (via its right- and left-
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+
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FIG. 8 (color online). my1 Vs mygp23 in TeV. Also marked is
my1 /2 showing that only the first excited top mode can decay
into gauge bosons. Blue (dark gray) crosses represent the linear
regime with ¢; > 0, gray (light gray) crosses the linear regime
with ¢; <0, red (dark gray) x’s the nonlinear regime with ¢; >
0, and green (light gray) x’s the nonlinear regime with ¢; <O0.
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FIG. 9 (color online). my1 vs my2 in TeV. Also marked is
myy /2 showing that, depending on the value of the parameters
(c; and B;), the first mode of the lightest exotic fermion may
decay into the gauge bosons. Blue (dark gray) crosses represent
the linear regime with ¢; > 0, gray (light gray) crosses the linear
regime with ¢; < 0, red (dark gray) x’s the nonlinear regime with
¢y > 0, and green (light gray) x’s the nonlinear regime with ¢; <
0.

handed couplings), and the bottom quark (via its left-
handed coupling) will be included in the KK gluon decay
products. This is a distinctive feature of this model when
compared with the predominant decay into right-handed
top quarks in the models considered in Refs. [22,23].

VI. CONCLUSIONS

In this article, we computed the one-loop Coleman-
Weinberg potential for the Higgs field in a specific model
of Gauge-Higgs unification in warped extra dimensions.
We chose the specific group SO(5) X U(1)y, which allows
the introduction of custodial symmetries protecting the
precision electroweak observables as well as a Higgs field
with the proper quantum numbers under the electroweak
gauge groups. As a first step, we computed the spectral
functions of the fermions and gauge bosons of the theory
when the Higgs field acquires a vev. These are then used to
calculate the effective potential for the Higgs. We demand
nontrivial minima that lead to the proper values of the
gauge boson and fermion masses in the low-energy theory.
This requirement leads to a selection of a restricted region
of parameters. Interestingly enough, the selected regions of
parameters coincide with the ones previously selected in
order to obtain good agreement with the precision electro-
weak observables.

Our main result is the computation of the Higgs and KK
mass spectra. Demanding that the KK gauge bosons be
accessible at the LHC and also that the effective potential
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minimum be in the linear regime associated with a SM-like
low-energy effective theory, we obtain Higgs boson masses
which are between the present experimental bound on this
quantity and about 160 GeV. This range of masses will be
tested first at the Tevatron and then at the LHC in the near
future.

The KK fermion spectrum also shows interesting fea-
tures. We find that there are KK fermions which become
much lighter than the KK gauge bosons. In particular, the
lightest KK mode of the top becomes light enough so that
the KK gauge bosons will decay into it. There is an addi-
tional light KK fermion, which may become light enough
for the gauge KK bosons to decay into it, which has exotic
quantum numbers under hypercharge, leading for instance
to the presence of a light fermion with charge 5/3e with
interesting phenomenological properties.
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APPENDIX A: SO(5) GENERATORS

The generators of the fundamental representation of
S0(5), with Tr[T*.T#] = C(5)8%F, are given by

ar  WCOTL . . .
T = = [561’ (8265 — 825¢)

- (8¢5% — 595 }

(AD)

asd _ 5485
(8283 — 8163),

1

e
N2
where T4 (G=1,2,3,4)and T* (ap g = 1, 2, 3) are the

generators of SO(5)/S0O(4) and SO(4), respectively.

a
Ti; =

APPENDIX B: FERMION PARITY ASSIGNMENTS
AND BRANE MASSES

Since the Higgs has positive parity, in order to preserve
the Z, orbifold symmetry, we need to ensure that the
product of the parities of the fermions coupled via the
Higgs is always positive. The Higgs profile is doubly
exponentially suppressed on the UV brane; therefore, we
will restrict ourselves to discussion of parities on the IR
brane.

Concentrating on the parities of the first two multiplets
given in Eq. (24), we notice that the product of the fermion
parities coupled by the Higgs is not positive. One way to fix

PHYSICAL REVIEW D 76, 095010 (2007)
this would be to switch the parities for the SO(4) singlet
components:

[+, -] [+, +] (B1)

Because of the introduction of the brane mass terms as in
Eq. (25), and looking at Eq. (44), we note that the switch in
parity is exactly equivalent to taking M3 — 1/Mp . Thus
the physical results presented in this work are invariant
under the switch of parity with just the above-mentioned
change in My, .

Another way to understand the realization of the Z,
symmetry is via the spurion formalism. We introduce a
spurion field transforming in the fundamental representa-
tion of SO(5), and acquiring a very large vev in the SO(4)
singlet direction, breaking the SO(5) gauge symmetry to
SO(4) on the IR brane. We also introduce local fermionic
degrees of freedom on the brane and write large local mass
terms involving the spurion, between these degrees of
freedom and the ones propagating in the bulk. The fermion
parities are chosen to be those preserving Z,. By using a
procedure similar to the one outlined in Egs. (26)—(28), we
can now change the bulk fermion IR boundary conditions
while preserving Z, to give the model we are considering
in this work. This mechanism would allow us to change the
IR boundary conditions not just of the SO(4) singlet fields
in the 5’s, but also of the bidoublets in the 5’s or in the 10.
For the case of the SO(4) singlet fields in the 5’s, we need
to add SO(5) singlet fermions on the IR brane, which
couple to the 5’s via the spurion field. For the case of the
bidoublets in the 10 or in the 5’s, we need to add local 5’s
and singlet fermions on the IR brane, and couple them
appropriately to the bulk 10 or 5’s via gauge invariant
masses or couplings to the spurion field [SO(5) singlet
fields are necessary to remove unwanted degrees of free-
dom]. In this way, one could start with the opposite IR
parities for the three bidoublets to the ones given in
Eq. (24), thus preserving the Z, symmetry, and reach the
choice of bulk fermion boundary conditions used in this
work.

The same spurion mechanism can be used to write the
brane mass terms in Eq. (25) in an SO(5) invariant way. A
spurion field which is a 5 under SO(5) can be used to write
the bidoublet-bidoublet mixing brane mass term, Mpg,,
between the 5 and the 10 multiplets. The spurion field is
coupled to these two via a Yukawa-type interaction which
can be adjusted to give M, ~ O(1). This field can be the
same as the one that is used to change the parities of the
fermions as described in the last paragraph. The same
procedure, but now using a 15 = 14 @ 1 of SO(5), can be
used to generate the mass mixing terms between the sin-
glets, Mg, . The 15 required can be thought of as arising
from a tensor product of the 5 spurion field: 5® 5 = 10 &
14 ® 1. Note that this mechanism will not generate a
localized bare mass for the Higgs due to gauge invariance.
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APPENDIX C: FLIP PARITIES FOR 0O, AND THE
INTRODUCTION OF My,

We also studied the effects of flipping the parities of O,r
as was done in the context of Ref. [10]. In this case, the
parity assignments for the rest of our fermionic content
remain the same except for Q,r, which now takes the form

u; Iu;
A Xor(F s gr (7)o
= . . . (C1)
2R (Xg}e("‘, =)2/3 ‘];?'("‘, —)-1/3

If we keep the same boundary mass terms as in Eq. (25)
and calculate the fermionic spectral functions, we obtain

Si, =0 (C2)
§8y, =0, (C3)
[M%2§M|§7M3 + §M|§7M3]2 =0, (C4H)

2§M3[M%2§*M35~7M1 + S*Mlngs]
5 Aph
~ M35 u, sin2<i> =0, (C5)
I
2[M3, S _p,(=Sua, + Saa, Saa,S—aa, + M3 Sat, S, S—,)
+ S—Ml (SMZSMI + Mélng SMZ)S~—M3]

& & 5 5 ., (Agh
+ (M%2SM2S_M3 o MIZS’]SMZS—M3)Sln2<f—Fh> =0. (C6)
J
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From these expressions we expect that the only nontrivial
EW breaking vacua will be generated when Agh/f, =
7r/2 which, as discussed in Sec. V, leads to a theory which
is highly nonrenormalizable. We performed a limited nu-
merical analysis, which confirmed this expectation.

For completeness and as a reference for future work, we
write the expression for the determinant in the case of a
nonzero mass mixing boundary term Mp, as in Eq. (25).
For simplicity, we turn off the singlet mass mixing My, .
Keeping parities as in our original model, we derive the
following fermionic spectral functions,

(C7)

(M3, Sy, S, S aa, + M3 83, S 31,8,
+ 8w, S, S-m,] =0, (C8)

28, [M,232§_M3§_M1 S_m, + M§3§_M25‘_M1 S_w,

~ ~ ~ " . A-h
+ S S-S ] = M,azs,M,s,Mzsmz(L) —0
‘ h

(C9)

~ ~ ~ ~ ~ ~2 ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~
280, [M3 81, 8% 01, Sua, S—ar, S2bty + ME,S_0a, Sy, @M 81 S at, Sua, S—ag, + (=1 + 284 800S0, S-ai)S -,

~ ~, ~ ~ ~ ~ ~ ~ ~ ~ 1..2 1..2 1..2
+ (M, Su1, S0, S, Sm, + M, (=1 + 28y Sy )S 01, Su, S aay + S a1, S, S=0,)8 " w1,

~ ~ ~, L,2 ~ ~ ~ ~ ~ ~ ~ ~ ~ ~
+ (M% S0, S, 520, 8% 0ty + M3, S 10,80ty Sat, Sun, S—as, — 2M3, Sus, (Sag, (=2 + S3, S-01)S s,

= 5 St 5SS s+ M (M3 501,540, 2 = 25005 a1, + So0.5ar)

~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~2 . )\ h
+ Sur,Soat, (=280, S, Su S—aay + Sw, S—aa, Sat,S—ar, + Sar, S, S, S_Mz))S_MS)smz(fL)

h

~ ~ ~ ~ ~ ~ ~ ~ ~ . )\ h
— M3 S 31, (M3 Sy S a1, Sy, + (M3 84, Sy, + SMIS_MZ)S_MQsm“(fL) =0. (C10)
h

Because of the term proportional to sin*(Azh/f,), we expect to have electroweak symmetry breaking in this case, with
nontrivial minima that for some region of parameter space could lie in the linear regime as in the model studied in this

work.
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