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Abstract. We study radiative spontaneous electroweak symmetry breaking in the non-supersymmetric
extra dimension scenarios of the standard model extension proposed by Antoniadis et al., Dienes et al.
and Pomarol et al. In the framework of the multi-scale effective theory, by using the renormalization group
method with an up-to-down viewpoint, we find that the effects of Kaluza—Klein excitations of bosons of
the standard model can change the sign of the Higgs mass term of the standard model from positive to
negative and break the electroweak symmetry. The critical scale for the electroweak phase transition to
occur depends on the compactification scale (say 1.6 (2.0) TeV if the compactification scale is assumed to
be 0.8 (1.5) TeV or so), and is insensitive to the mass of the Higgs particle. This radiative spontaneous
symmetry breaking mechanism can work naturally in the extra dimension scenarios, and neither new
particle contents beyond the standard model from the supersymmetry nor technicolor are necessary.

The extra dimension (ED) scenario of the standard model
(SM) extension provides a new theoretical paradigm to
solve the hierarchy problem of the SM beyond the two
traditional solutions: technicolor (TC) and supersymme-
try (SUSY). More phenomenological implications of the
idea are under vigorous investigation (refer to [1] for a
brief review). As one of its recent important developments,
much work has been done [2] on model construction in the
ED. However, a realistic ED model should explain, in its
own framework, how the electroweak symmetry is broken,
a problem under intensive research at present.

In the SM, to trigger the spontaneous electroweak sym-
metry breaking (SEWSB), the square mass of the Higgs
in the potential is set by hand to be negative. As we know,
the Higgs mechanism is quite successful in explaining the
masses of bosons and fermions and their mixing, but it
is to some degree unnatural in this respect. The underly-
ing mechanism for the SEWSB of the SM is still an open
question [3].

There are two main ways to explain the SEWSB of
the SM: the TC and the SUSY. In TC models, the Higgs
field is regarded as a composite field of fundamental fields.
The SEWSB occurs due to the fermion condensate. The
SEWSB of the TC version in the ED has been intensively
investigated (refer to [4] for a review). In SUSY models,
the radiative symmetry breaking mechanism [5] is well
known [6]. In an up-to-down viewpoint, due to the large
values of the top Yukawa couplings, the square mass of one
of the Higgs doublets which couples to u-type quarks can
be driven from positive to negative and the SEWSB can be
radiatively triggered in a natural way. However, we would
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like to emphasize that it is those massive bosonic super-
partners (especially the superpartners of the top quark)
that contribute constructively to the Higgs potential and
trigger the SEWSB. The SEWSB of the SUSY version in
the ED has also been studied [7].

In the non-supersymmetric (NSUSY) ED scenarios,
there are plentiful massive bosonic states in the reduced
4D effective theory (for example, the Kaluza—Klein (KK)
excitations of both vector and Higgs boson could be quite
heavy). Then a natural question arises: is it possible for
these massive bosons to induce the desired SEWSB at a
few TeV, just as those massive bosonic superpartners do
in SUSY models? In this work, we will answer this ques-
tion and study the radiative mechanism in the NSUSY
ED extension of the SM proposed by Antoniadis et al. [§],
Dienes et al. [9] and Pomarol et al. [10], where both gauge
and Higgs bosons are assumed to propagate in the bulk.
We find that in this NSUSY extra dimension models, with
an appropriate assumption on the mass of the Higgs at the
low energy scale (Mz), the radiative correction of KK ex-
citations to the Higgs potential can naturally trigger the
desired electroweak symmetry breaking at a few TeV. Nei-
ther new particle contents beyond the SM due to SUSY
nor TC are necessary.

In order to deal with the effects of those massive KK
modes to the problem we study here, we will use the idea of
the multi-mass-scale effective potential method (MEPM)
given in [11,12] to derive the RGEs. In a theory with more
than one scale, MEPM can avoid large logarithms and
preserves the validity of perturbation theory. The basic in-
gredients of the MEPM include the renormalization group
equation (RGE) method and the decoupling theorem [14].
One of the advantages of the MEPM is that by using dif-



486

ferent effective field theories [13] which are dependent on
the field scales, it is convenient to solve the RGEs of the
dynamic system.

To understand how those massive bosonic KK exci-
tations can trigger the spontaneous symmetry breaking
(SSB), we examine how this happens in a two-real-scalar
system. The full Lagrangian of the two-real-scalar system
defined at the high energy scale Ayvy, is assumed to have
the form

12
Luy =5 Z(a"Hi)Ta,,Hi — V(Hy, Hy), (1)
i=1
where H;, i = 1,2, are fields of two real scalars.

Motivated by the effective 4D Lagrangian reduced from
the 5D one, the potential V (H;, Hz) is simply assumed to
have the form

2
V(H,,Hs) = Z m%[l (NUV)HJHZ'
i=1

Alpuv)
4!

m3;, is assumed to be much lighter than m7, , while
A(Ayv) is positive in order to have a stable vacuum. This
Lagrangian is invariant under a Zy x Zs transformation
H{ - —H; and Hy, — —H>. At AU\/, m%{i(/lUv), 1= 1,2,
and A\(Ayy) are the three free parameters for the system,
and m3; (uuv) are assumed to be positive and the sym-
metry Z, X Z, is assumed to be unbroken!.

At the infrared boundary of the system A, the heavy
degree of freedom H, should decouple?, the low energy
effective Lagrangian should contain only the light degree
of freedom of the theory and can be written

+ (H{ + 6H?HZ + H3); (2)

1
Lot = 5(z—)yleh)fayhll —~V(H)+..., (3)

where the dots represent the omitted irrelevant terms, and
the effective potential V' (H;) can simply be expressed as

A (A
V(Hy) = mY, (Aw)H{ Hy + %Hf. (4)
The low energy effective Lagrangian has a Z, reflection

Ssymimetry.

We can derive the one-loop RGEs of the system di-
rectly with the method given in [11]. The one-loop RGEs
of this system are listed below:

PO _ D ps 1)+ md, 08— m) )
de A M, My, H mH2)a ( )
d(% = %[3+39(u7mH2)], )

L The reason for a positive value of the Higgs square mass at
the ultraviolet cut-off scale might be in some more fundamental
theory, say supersymmetry breaking

2 Although Hs should decouple at Mg, = (m?.h —|—)\H12/2)1/2
as stated in [12], due to the large mass of KK excitations, the
difference between mpy, and My, is omitted here
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where t = In(u/AR), ax = \/(4x).

At the low energy region near Ajr, we just assume
that qul (Arr) is negative and the Z; symmetry is spon-
taneously broken, to simulate the case in the SM. At the
low energy regions, v (i.e. the vacuum expectation value
(VEV) of the field Hy), ax(Ar) and m3;, can be chosen
as the free parameters of the system. The m%,z is not de-
fined at Ajg and should be larger than Ag; however, it
is regarded as one of the low energy free parameters to
control when the degree freedom of the field Hs should be
considered. These parameters defined at the low energy
region will be used as the lower boundary conditions to
solve the RGEs. The initial value of m3; (Ar) is fixed by
the relation m¥ (Ar) = —27/3 (Ar)v?.

Now we study the behavior of the RGE of m%, . At
the energy scale region below the threshold value of my,,
the running of the RGEs is quite simple: the self-coupling
A of the Higgs potential will become stronger with the in-
creasing of the energy scale u, and the value of the mass
term m%,l will simply be driven to larger values and there
is no hope to change its sign. However, when the running
scale runs across the threshold value of mpy, and the de-
gree of freedom of the field Hs is activated, something
interesting happens. We know from (5) that if the condi-
tion |[m3;, (u)| < |m3, (u)| is satisfied for p > mp,, it is

sufficient for the existence of a scale .y where m%,l van-

ishes. Above the scale pici, m%h changes from negative to
positive and the VEV of the H; vanishes; then we see the
broken Z, symmetry is restored. This sufficient condition®
can be solved from (5)—(7):

1/3

m%f2> .8

2
AIR

ax(Amr)

27
2 <m%{2 <1—4ﬂ_ln

?a,\(/lm)v

We can view this phenomenon in a more instructive
way: With the fixed v, and mp, and a) which satisfy the
condition given in (8) as the lower boundary condition of
the RGEs, we can get the corresponding upper bound-
ary value defined at the high energy Ayv and parameter-
ized with (m%{ (Auv), ¢ = 1,2 and a)(Ayy)) by solving
the RGEs. With this determined upper boundary condi-
tion of the RGEs and running these parameters from Ayv
down to the lower energy region, we can definitely get the
desired radiative spontaneous symmetry breaking at the
same critical scale ¢, since the RGEs are ordinary differ-
ential equations and are uniquely solvable with a specified
boundary condition, either the lower or upper one.

Equipped with the experience we got from the above
toy model, we will examine the case in the ED scenarios.
We consider a simple extension of the SM to 5D [10] (it
is straightforward to generalize our discuss to cases with
a high number of extra dimensions). The fifth space-like
dimension x5 is assumed to compactify on the orbifold
S1/Zy. The 5D Lagrangian is defined by

1
Lsp = = Fign + Dy H[* = V(H)

3 The mass of the heavier Higgs should not be too large to
break down the perturbation theory
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+Lar + [iio" Dy + YppLHyr] 6(x5), (9)

where Fyyy = O AN —ONAum —l—g5[14]\/[7 AN], which is the
gauge field tensor defined in 5D, and N, M = 0,1,2,3,5.
The group generators’ index is omitted in the above con-
vention. Gauge fields Aj; and the Higgs weak doublet field
H have mass dimension 3/2. g5 and Yp are the gauge
coupling and the Yukawa coupling, respectively, and have
mass dimension —1/2. Lgr is the gauge fixed term. V (H)
is the usual Higgs potential and has the form
V(H) = *H'H N HTHY?

= pPHH 4 (T, (10)
p? and X are the mass term and self-coupling of the H
boson, respectively. A has mass dimension —1. Here p? is
assumed to be positive and the SU(2) x U(1) symmetry in
5D is assumed to be preserved even when compactification
occurs.

According to the power law, the gauge theory defined
in 5D is non-renormalizable, due to the fact that the cou-
plings have a negative mass dimension. So the Lagrangian
in (9) can only be valid below an explicit ultraviolet cut-
off Ayv. Besides its ultraviolet cut-off, it has a natural in-
frared cut-off APY (APR is near the compactification scale
of the fifth dimension), below which the 5D description
breaks down and above which the 5D description is proper.

In order to study the effective 5D theory with minimal
interaction terms near its infrared cut-off AR, we expect
to find its 4D effective description. Dimension reduction,
field and parameter rescaling and matching procedure are
invoked to get the 4D effective theory. These procedures
are quite standard in the literature.

The fields living in the bulk are defined to be even un-
der the Zs-parity transformation and then can be Fourier-
expanded as

> nx n n
Ay (H) (20, 5) = > :cos—}§§14A461U(}{@[n)(xu), (11)
n=0 ¢

where R, is the compactification size of the fifth dimen-
sion, and A(ﬁ)(sp)(H(%D))’ n # 0, are KK excitations. Zero
modes are localized on the 3-brane and are fields defined
in the SM. Substituting (11) into (9), and rescaling fields
and parameters with the following relations:

Asp = 2mRA4p,
g95p(Yusp) = V21 Rgan (Yuap),
A,?L5D(H§D) - A24D(H2D)/\/ﬁa
ZSD(H;DaAgsD) = Z4D(HZD7 g4D)/\/7§ (n#0),

then we get the effective Lagrangian in 4D defined at the
ultraviolet cut-off Ayvy, which has the form

LT = Loy + 0LEP, (12)
where Lgyr is just the Lagrangian of the SM in 4D, and
JLEP contains all interactions of KK excitations with zero
modes on the 3-brane. The effective theory has a SU.(3) x
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SUL(2) x Uy (1) symmetry. In order to be compatible with
the SM, A5 (the fifth component of the vector boson field)
is assumed to have no zero mode.

Two features of the model are remarkable [9]. The
first one is the universal KK excitation spectra for fields
propagating in the bulk, i.e. the masses of KK excitations
are independent of other quantum numbers (say, spin and
charge) and can be universally expressed as m, = n/R..
The second one is that, after rescaling and redefining fields
and couplings, there is no coupling with negative mass di-
mension; the Lagrangian could be called a renormalizable
one. But it is the presence of infinite towers of KK states
that makes the effective theory non-renormalizable.

The matching procedure transforms the non-renormal-
izable effective Lagrangian to the renormalizable effective
Lagrangian L by introducing a natural truncation on the
infinite KK towers. The matching condition requires that
the matching scale A%R, of the L and L,p with infinite
KK towers should fall into the region AR < AR, < A%]%.
Those KK excitations that have masses larger than A{y,
are excluded, and only those with masses lighter than
AL, are left in Lef. This Lagrangian, L%, having finite
particles and finite interactions, and couplings with non-
negative mass dimension, according to the power law, is
renormalizable.

Considering that there are several mass scales in the
renormalizable L% and that in the dimension regulariza-
tion symmetries are preserved, we can use the idea of the
MEPM to calculate RGEs.

There are two procedures to study the 4D effective the-
ory we get: the up-to-down and down-to-up ones. For the
up-to-down procedure, by using the decoupling theorem
and integrating out those heavy KK modes successively,
we can obtain a descending sequence of effective theo-
ries, each one with fewer KK modes. At the low energy
scale Mz, all KK excitations decouple and only the SM
is left. For the down-to-up procedure, from the infrared
scale M7 up to the ultraviolet scale Ayy, we can obtain
an ascending sequence of effective theories, each one with
more activated KK modes. However, for both procedures,
the RGEs are just the same and the dynamic behavior of
the system (say, the symmetry breaking) revealed by the
RGEs is independent of which viewpoint is taken. Below
we will take the down-to-up viewpoint, due to the reason
that it is easy to determine the lower boundary condition
of RGEs directly from experiments at Mz and a few free
parameters of KK excitations.

Up to one-loop level, the RGEs of gauge couplings take
the form dog/dt = 2bga,/(27), and by is defined by

11
by = ——

3 (13)

Co(G) + 3 37T, 0g) + 5T (H)
f
1

11 1
+ [_309((;) + gcg(As) + 3

Ty(H )} Nkxk,
where oy = ¢*/(4m) and Nxx = Y.,_, 0(u — m;) which
counts the number of activated KK excitations. To under-

stand the RGEs of the gauge couplings, it is noticeable
that the KK excitation states of the vector fields A, and
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scalar fields Ay are the adjoint representations of gauge
groups, while the complex weak doublet H(") particles
are the fundamental representations of SU(2).

It is remarkable that, in the extra dimension scenarios
we consider, KK excitations always drive the 4D gauge
couplings of the SU(3) and SU(2) groups to their weak
coupling limits. This is just the typical feature of non-
Abelian gauge theory, i.e. asymptotical freedom. Even for
the case that all fermions in the SM (the universal case)
are assumed to live in the bulk, the couplings of SU(3) x
SU(2) are driven to their weak coupling limit. To simplify
our analysis, below we will omit the contributions of the
U(1) group, due to its small effect on the problem we
consider here.

The Yukawa coupling terms of quarks in the SM are
assumed to be contact terms and have the form

LQUH = KQLHUR'Fh.C.; (14)
here Qr, = (iy,dy), HY = (H°, H™), and Yp is for the
Yukawa couplings. Most of the Yukawa couplings have
only negligible effects on the problem we consider here;
it is reasonable to neglect them. Nevertheless, due to its
large effect, the contribution of the Yukawa coupling of
the top quarks will be considered. Up to one-loop level,
its RGE can be written as day/dt = bpay,/(27), and by, is
defined by

bh = —606(1 + 2NKK)a3 - 3Cw(1 + 2NKK)a2

3
+ Nc+§(1+2NKK) Qp, (15)

where o), = Y;?/(4w), and N, is the number of colors.
The 2 in front of Nkk is due to the different normaliza-
tion of the zero modes and KK excitations. C. and C,,
are quadratic Casimir operators for the fundamental rep-
resentations of the SU(3) and SU(2) groups, respectively.

The one-loop RGE of the self-interaction coupling of
the Higgs zero mode fields A can be expressed as day /dt =
baay/(27) and by, is defined by

by = 3(1 4+ Nkk)ax + [(2Cy, +4)(1 + Nkk)

+(4C2 + (2D + 8)) %(1 + NKK)‘| Qs
A

_9N, (20‘” - 1) an,
ay

where D =5, ay = A/(4n), and ¢ =1+ N, —2/N,, +
1/N2. Dp counts the degrees of freedom of the gauge
vector bosons. For SU(2), N, = 2. The first two terms
in (16) tend to increase ¢y, and the last term tends to
decrease it, while KK excitations of bosons always tend to
drive ay to large values.
The one-loop RGE of the Higgs mass term is expressed
in the form below:
dm?, 1

T - E{(a)\ —3C,a9 + Ncozh)mlzq

(16)
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+(ax — 3C,a9) Nxkxm3y

+(ar+ (Dp — 2)Cowaz) MI%K}, (17)

where M2, = >"._, m?0(u — m;), which counts the con-
tributions of the KK excitations to m?.

A comment is in order on (16) and (17). One might
think that non-standard divergences (cubic and quintic
ones) might appear in the effective potential; then (16)
and (17) might have an ambiguity. To calculate the one-
loop effective potential of KK excitations, we note that the
Higgs field in the L°f is a weak doublet complex scalar
field. The LT preserves the symmetries of the SM, the
KK excitations of the vector bosons are adjoint represen-
tations of the gauge group and those of the scalars are
fundamental representations. So when the computation is
conducted in the dimensional regularization which pre-
serves the gauge symmetry of the L% after taking into
account the contributions of the KK excitations to the
Higgs potential, no cubic or quintic counter-term will ap-
pear in the Higgs potential. In more detail, considering
our problem with the path integral method, the contri-
bution of scalars and vector bosons to the effective po-
tential will not contribute the non-standard divergences.
The contribution of quarks is the possible origin for the
appearance of the non-standard divergence. Then let us
study the quark’s contribution more carefully. After in-
tegrating out the weak left-hand doublet (¢,b);, and the
weak singlet bg and tg, we will get the determinants of
these fields, which are dependent upon the background
field of the Higgs field. To extract the effective potential
of the Higgs field from these determinants, we can use per-
turbation theory to do the calculations. Then again, due
to the symmetry of the SM, the diagrams with only one
external leg of the Higgs field, those with three legs, with
five legs, and so on, vanish, at least in one-loop level and in
the dimensional regularization scheme. Therefore, in the
MEPM we can get (16) and (17) without any ambiguity,
even in the universal case where the fermion fields have
their KK excitations.

At the low energy scale regions, only two free param-
eters needed to be specified:

(1) oy and

(2) M. for the 4D effective Lagrangian, while a3, a9, ap,
and m?, can be determined from experiment and from
these two free parameters. The value of ay(Mz) is con-
strained by the triviality and stability conditions of the
Higgs potential in the SM [15], while M. = 1/R. is to
determine where KK excitations should be counted and
should be larger than M. According to the present es-
timated constraints from the literature [1], it should be
near a few TeV.

We will focus on the analysis of the behavior of m?%
from the infrared boundary My up to the ultraviolet
boundary Ayy. The initial value of the m?; is assumed to
be negative as required by the SM, and its initial value at
My can be fixed by v (the VEV of H) and the free param-
eter ). For the energy scale region below the threshold
of the first KK excitations, only the first term in (17) con-
tributes and tends to further decrease the negative m?.
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Fig. 1. The varying of the sign of m% and the value of mg
with the energy scale. The solid, dashed dot, and dash-dot lines
represent A(ar,) = 1.0, Aar,) = 1.5, Aar,y) = 2.0 and A(ar,) =
2.5, respectively. The group of wide (thin) lines corresponds to
the case M. = 0.8TeV (M. = 1.5TeV)

However, once the energy scale runs across the threshold
of the first KK excitations and the degree of freedom of
KK excitations are activated, m?% can quickly change its
sign from negative to positive, as shown in Fig. 1.

As we know, in the SM, the sign of the mass term
m?; completely determines whether the electroweak sym-
metry is broken or unbroken. The change of m?% from
the negative to the positive value hints to restoring of
the broken electroweak symmetry. With an appropriate
value of a)(My), the process of the symmetry restoring
can quickly occur once the running scale runs across the
threshold of the first KK excitations, as we can see from
(17). Therefore, in the up-to-down viewpoint, we can con-
clude that it is possible to have the radiative SEWSB
mechanism in the ED scenarios of the SM, as in the case
of the softly broken SUSY models. The underlying reason
for this radiative SEWSB mechanism in ED to work is
that the KK excitations of the bosons in the theory are
quite massive.

We have also checked the case in which only vector
bosons live in the bulk, and find that with properly cho-
sen M. and )\, the radiative breaking mechanism exists
too. For the universal case, where all particles of the SM
can propagate in the bulk, we find that due to the large
contribution from KK excitations of the top quark and
the large top Yukawa coupling, it is relatively hard to find
an appropriate point which can both invoke SEWB and
preserve the validity of perturbation theory. However, in
the universal case of the two Higgs doublets extension of
the SM, with the help of tan 8 (the ratio of the VEV of the
two Higgs doublets), it is still possible to have the radia-
tive SEWSB mechanism induced by massive KK bosons.
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Although the Higgs self-energy is quadratically diver-
gent in our case, and there are large unknown corrections
given by physics at the cut-off scale, the positive value of
the mass square of the Higgs mass at the UV cut-off scale
might be attributed to the more fundamental theory, say
supersymmetry breaking and decoupling.

In the low energy limit of the superstring theory, and
in the case where the SUSY decouples before the KK ex-
citations do (this case is possible for a TeV superstring
[16]), KK excitations will be the new physics that interact
with the SM sector. Then the REWSB mechanism given
in this paper will naturally explain the symmetry break-
ing of the SM. This mechanism will also be helpful for the
model construction of the NSUSY extra dimension model
at a few TeV.

In summary, we investigate the radiative electroweak
symmetry breaking in the NSUSY extra dimensions sce-
narios of the SM extension proposed by Antoniadis et al.,
Dienes et al. and Pomarol et al. Utilizing the decoupling
theorem and the one-loop renormalization group equa-
tions, we find in the up-to-down viewpoint that those mas-
sive KK bosons can change the sign of the Higgs mass
terms from positive to negative and therefore trigger the
SEWSB. We conclude that the radiative mechanism can
naturally exist in the NSUSY ED models, and neither new
particle contents beyond the SM from the SUSY nor the
TC are necessary for this mechanism to work.
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