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ABSTRACT: In the standard model in universal extra dimensions (UED) the mass of the
Higgs field is driven to the cutoff of the higher-dimensional theory. This re-introduces
a small hierarchy since the compactification scale 1/R should not be smaller than the
weak scale. In this paper we study possible solutions to this problem by considering five-
dimensional theories where the Higgs field potential vanishes at tree level due to a global
symmetry. We consider two avenues: a Little Higgs model and a Twin Higgs model. An
obstacle for the embedding of these four-dimensional models in five dimensions is that their
logarithmic sensitivity to the cutoff will result in linear divergences in the higher dimen-
sional theory. We show that, despite the increased cutoff sensitivity of higher dimensional
theories, it is possible to control the Higgs mass in these two scenarios. For the Little
Higgs model studied, the phenomenology will be significantly different from the case of the
standard model in UED. This is due to the fact that the compactification scale approxi-
mately coincides with the scale where the masses of the new states appear. For the case
of the Twin Higgs model, the compactification scale may be considerably lower than the
scale where the new states appear. If it is as low as allowed by current limits, it would
be possible to experimentally observe the standard model Kaluza-Klein states as well as
a new heavy quark. On the other hand, if the compactification scale is higher, then the
phenomenology at colliders would coincide with the one for the standard model in UED.
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1. Introduction

Theories with Universal Extra Dimensions (UED) have attracted considerable attention
recently [[I]. These theories afford the possibility that the compactification scale 1/R is not
far above the weak scale My, since the propagation of all fields in the extra dimensional
bulk generates selection rules derived from momentum conservation. More concretely, after
compactification, the conservation of Kaluza-Klein number in any given vertex involving
Kaluza-Klein (KK) excitations implies that at least two KK modes must be present in
an interaction with a zero mode. As a consequence, the first KK excitations must be
pair produced at colliders, which lowers the direct search limits with respect to s-channel
production. KK number conservation also means that electroweak precision constraints
can only be affected by one loop contributions involving KK modes. Although KK-number
conservation is broken by the presence of boundary terms, these typically result in rather
suppressed KK-number violating couplings, leaving the bounds on 1/R still rather low and
not much above the weak scale. This fact has sparked several phenomenological studies
about signals for UED at colliders, where the standard model (SM) in the bulk has been
used as the theory.

However, the SM in UED is not a natural theory, even if 1/R is of the order of the weak
scale. This is due to the fact that the bulk Higgs field is inevitably affected by quadratic
divergences that are only cut off at a scale Asp parametrically larger than 1/R. In order



to see this let us consider a simple model of a scalar field in five dimensions with the action
given by

Sp = /d4x dy {(DM@TDM@ . (@)} , (1.1)
with the potential generically written as
V(®) = M?DTd + \5(DTD)? . (1.2)

In eq. ([.1) the covariant derivative is Dy; = 9 + igs Ay and the 5D coupling is given
by g5 = gv/27R in terms of the 4D coupling g. The theory of ([L.1]) is non-renormalizable,
with a cutoff Asp defined as the scale where the couplings become strong. For instance,
for the gauge coupling this implies
2
NBAp~1, (1.3)
ls
where (5 = 2473 is the 5D loop suppression factor and N is the size of the gauge group.
Eq. (.J) defines the cutoff in the usual sense of naive dimensional analysis (NDA): the
scale for which loops are unsuppressed. With this definition, the interval between the
compactification scale and the cutoff of the theory is

(1.4)

and defines a maximum value of the Kaluza-Klein (KK) number for which the KK modes
are weakly coupled.

The central question regarding the scalar theory of eq. ([[.1]) is what is the natural
value for the mass parameter M. The existence of the potential of eq. (.4) implies the
presence of radiative contributions to both M? and As. This results in a contribution to
the mass squared schematically given by

2 5 2
95 [k g°N 2
N= | — ~ (2= AspR | A:p . 1.5
s ] K2 (367r2 R (1-5)
The first factor in the last expression in eq. (E) is of order one: the loop suppression is
canceled at the cutoff A. Thus, radiative corrections naturally give a value

M ~ Asp, (L6)

and in the absence of fine adjustments this should be the typical size of the scalar bulk
mass. If we consider the KK expansion, the KK modes have masses

miy =M+ — . (1.7)

Then, if & were the Higgs doublet in one extra dimension, its zero-mode would have a mass
naturally at the cutoff Asp > 1/R. This fact is not changed by the presence of fermions or
electroweak symmetry breaking, and it constitutes what we have called the little hierarchy
problem of the SM in universal extra dimensions.



Although not as marked as the hierarchy problem of the SM in four dimensions, this
hierarchy between 1/R and A implies significant fine tuning in order to keep the Higgs
zero-mode light. A natural solution to this little hierarchy problem requires a symmetry
in the bulk forbidding the potential for the Higgs field. Furthermore, this symmetry must
be broken so as to generate a potential leading to a mass of the order of the weak scale for
the scalar.

In this paper we explore the possibility of building a model where the Higgs is a
(pseudo-) Nambu-Goldstone boson in UED. Several ideas along this line have been imple-
mented in 4D in the last few years. Here we will implement a Little Higgs model [J-{]
and a Twin Higgs model [J—[] in UED.

In Little Higgs models a global symmetry is spontaneously broken giving rise to Nambu-
Goldstone Bosons (NGBs). Part of the global symmetry is gauged, so that gauged inter-
actions explicitly break the global symmetry leading to a radiatively generated potential.
The Higgs is then a pseudo-NGB. The potential is now logarithmically dependent on the
cutoff of the non-linear sigma model. However, when going to a five-dimensional theory,
this tame logarithmic divergence turns into a linear divergence. We will show that, in spite
of this, it is possible to stabilize the Higgs mass at the weak scale in Little Higgs theories.
As an example we will work in the Simplest Little Higgs [B, fi]. The resulting Higgs mass
is somewhat heavier than in the 4D case, myp ~ 250 GeV. This is due to the effects of the
KK modes of the top. The solutions we find in this case imply that the compactification
scale 1/R more or less coincides with the scale where the zero-modes of the Little Higgs
“partners” should be. This has important consequences for the phenomenology of UED
models.

We will also implement the Twin Higgs model of ref. in UED. In the 4D model it
is possible to eliminate the cutoff dependence coming from the top sector, by introducing
extra fermions. We show this is still the case in the 5D UED theory. Even with this
feature, the Higgs mass is found to be somewhat heavier than in the 4D case, in the range
my, ~ (170—250) GeV. On the other hand, and unlike in the Little Higgs case, it is possible
for the phenomenology to be the virtually the same as for the SM in UED.

In section B we will consider a Little Higgs model, whereas in section ] we study the
use of the Twin Higgs model in UED, both implemented in theories with one compact
extra dimension. We conclude in section [

2. A little higgs model in UED

In this section we study the possibility of controlling the Higgs mass by assuming that
it is a pseudo-Nambu-Goldstone boson. The successful attempts in this direction in four
dimensional extensions of the SM require, in addition to having a spontaneously broken
global symmetry, an extension of the gauge group as well as new fermions. In these
scenarios, called Little Higgs models [ff], gauge and Yukawa couplings explicitly break the
global symmetry giving the Higgs a mass that is smaller than the Nambu-Goldstone boson
(NGB) decay constant f by a loop factor. The new particle content is forced by the global



symmetries to cancel the quadratic divergences in the Higgs mass, leaving only milder
logarithmic divergences. Several Little Higgs models are available in the literature [J].

Here we will implement the model first proposed in ref. [, f] in UED. The model has
an enlarged gauge symmetry: SU(3),, x U(1)x, which is broken to the SM gauge group by
the vacuum expectation values (VEVs) of two scalar triplets. The global symmetry under
which these fields ®; and @4 transform is SU(3); x SU(3)s. This is spontaneously broken
to SU(2); x SU(2)2 by the scalar VEVs. Of the 10 NGBs resulting from this symmetry
breaking, 5 will be eaten by the massive gauge bosons resulting from the gauge symmetry
breaking. The remaining 5 NGBs remain in the spectrum. In the non-linear description
the scalar fields can be parametrized as

a2 —il 4L 0
(131 =e N 0 q)g =e€ f2 0 s (21)
fi f2
with the NGB fields given by
. 55 0 0 00 h
_ _n_
m=21| 05 0 [+|00m|l. (2.2)
0 0 ——’\/% hy h% 0

with n a singlet and

h
- (fé) | (2.3

an SU(2)r doublet to be identified with the Higgs field. Although the SU(3),, generally
breaks explicitly the (SU(3))2 global symmetry, it respects it at tree level. The kinetic
terms and potential for ®; and @5 are invariant under both the global and the gauge sym-
metries. The explicit breaking induced by the gauge interactions must involve a power
of the operator @1@2, as shown in [d]. In order for the SU(3),, to generate this kind of
operator it should go through a loop such as the one shown in figure . This diagram radia-

tively generates the operator (@J{q)g) 2. However, its cutoff dependence is only logarithmic.
Thus, only logarithmically divergent loop contributions to the Higgs mass are induced by
the explicit breaking. The overall scale of these is determined by the vacuum expectation
value breaking the global and gauge symmetries, f. The contribution to the Higgs mass
is then of order f/4m, which is of the order of the weak scale, if f ~ O(1) TeV. The gauge
symmetry is purposely chosen to explicitly break the global symmetry only in such a way
S0 as to generate logarithmically divergent scalar masses. This is at the heart of this as
well as other Little Higgs models.

We would like to implement this model in a UED scenario in order to test if it could
be used to solve the Little Hierarchy problem. We will compute the Coleman-Weinberg
potential for the zero mode Higgs coming not just from the zero mode spectrum of the Little
Higgs model, but also from the KK modes. In order to do this, we implement the cutoff
of the 5D theory as a maximum KK number in the 4D effective (KK) theory. Our NDA
estimate of eq. ([.4) tells us how high the KK number can be before the theory becomes



strongly coupled. For a typical gauge coupling, using ([L.4) results in several dozens of KK
modes. However, the Little Higgs model in UED defines a physical cutoff corresponding to
that of the non-linear sigma model underlying the theory. The non-linear description can
only be valid up to

A~drf . (2.4)

The relation between the two cutoffs, and therefore the two scales f and 1/R, must then
be determined. We will not consider the case where f is considerably smaller than 1/R.
Since we still need f ~ 47v, this case results in values of 1/R which would render the extra
dimensions irrelevant for TeV scale physics.

Next, we consider f > R~!. This includes

0]
1 the case where both the 5D and the Little Higgs
theories have approximately the same cutoff, i.e.
Asp ~ A. Then we have that
() 3 1
~ — . 2.5
1 f 7N R (2.5)

Figure 1: One-loop contribution from
ol o ‘2 where N = N, = 3 if we consider the QCD
1*2| -

gauge bosons to the operator . . . .
coupling. In this case, the Higgs mass is only

effectively regulated above the compactification
scale, and therefore can be as large as 1/R. This would work for low compactification
scales, of the order of the weak scale, but is not viable when 1/R gets to be close to the
TeV scale.

Finally, another possibility is for the two scales to be similar

1
f~ T (2.6)
which would yield a Higgs mass considerably below the compactification scale, allowing
us to accommodate experimental limits on KK modes. In this case, the cutoff A of the
Little Higgs theory from eq. (R.4) will be lower than the maximum energy scale for the
KK description to be weakly coupled. Above this cutoff of the non-linear sigma model,
there will still be a valid KK mode description, yet the fields expanded in KK modes will
correspond now to the ones appearing in the ultraviolet completion (UV) of the Little Higgs
model. This is illustrated in figure f]. Above the cutoff for the Little Higgs model, there
will be no contributions to the Higgs potential. Then, the effective number of summed KK

modes is n,, = AR ~ 4.

2.1 The mass spectrum of the simplest little Higgs model in UED

We will first review the spectrum of the 4D theory of ref. ], so we can present its KK
expansion later. The matter content is composed by fermions forming SU(3),, x U(1)x
representations, in such a way that anomaly cancellation does occur when the three families
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Figure 2: The case with f ~ 1/R. The contributions to the Higgs mass come from scales below
the little Higgs cutoff, Apg ~ 47 f. The KK modes above this scale do not contribute to the Higgs
potential.

are added together [§] (Model 2 in [fl]). For the quarks we have the following set of triplets

d s t
\IIQ1 = u ~ (3*70)7 \DQ2 =1 c ~ (3*70)7 \IIQa = b ~ (37 1/3)7
D L S L T L
(2.7)
and right-handed singlets
UR, CR, tR ~ (152/3)5 dRa SR, bR ~ (1? _1/3)’
Tr ~ (1,2/3) Dy, S~ (1,-1/3). (2.8)

Here, D, S, and T are new quarks which, according to the global symmetry of the little
Higgs model, cancel one loop quadratic divergences for the Higgs mass due d, s and t
quarks. The scalar triplets in eq. (R.I]) transform as ®;,®5 ~ (3,—1/3) so that the tree
level Yukawa Lagrangian for the quarks is

L, =M%, Pidr + 22V, P5DRr + A1V, Pisr + As2 ¥, P55k
—|—)\t1EQ3‘1>1tR + )\tQEQ3¢2TR + h.c. (2.9)

The Yukawa couplings are taken to be diagonal, avoiding cross terms such as EQSQHTR
in order to simplify the analysis. The quarks u, ¢ and b get their masses through higher-
dimensional operators. The dominant fermionic contributions to the Higgs mass come from
the last two terms in eq. (R.9), corresponding to the top quark and its partner 7. Therefore,
we disregard all other terms but the last two in eq. (2.9).



Up to order v*/f*, the mass squared of the top quark and its partner are (see ap-
pendix A for details)

2,2 1 2 2
m% = ()\tl)\tZ)Q ];w—z;% [1 -3 <f{;2> + ()\tl)\t2)2 <Z\ff—:21> ] (2.10)

m% = M2 —m?. (2.11)

In order to restrict the number of free parameters, we choose Ay and Ay so as to
minimize My for given values of the f;’s, following ref. [i]. The top quark mass then is
given by m; &~ A\ )\tQAJjI—UT, and the top quark Yukawa is

f
= — 2.12
A= A g (2.12)
which fixes Ay and A\ to
_ f2 B fi
M1 = V2N, A2 = V2\ 5, (2.13)
f f
and the heavy top mass to
My = on 212 (2.14)

The spectrum’s of the zero-mode gauge bosons consists of the neutral gauge bosons
71, Zy and U, with masses (up to order v*/f4)

102f2 m%,

M2 =m% |1 — = 2.15

=M L3t 21

M3, = Mz, — M3, (2.16)
1

M, = 5g?f2, (2.17)

where m% = g*v?/2 cos? Oy is the tree level squared mass of the SM Z.
Also up to order v*/f4 the mass squared of the charged diagonal mass eigenstates W=
and W'*are

1 1)2 2 2

M3, = m, [1— 7+ 17 2w (2.18)
3 f2f:

M}, = M, — M3, (2.19)

where m¥, = g?v?/2 is the squared mass of the SM W at tree level.

We will now obtain the KK spectrum in the simplest little Higgs model. We consider a
theory with one flat extra dimension compactified on a S;/Zs orbifold. In order to obtain
the desired zero-mode spectrum, we choose the fermion triplets to satisfy ¥(x,—y) =
—v5W(x,y). This results in a KK expansion of the form

I o ny
m%L( Jik Z {wnL Cos( )+ P () sin( == 7 )] . (2.20)

n=1

\If(l',y) -




For the singlets, we have u(z, —y) = ysu(x, y), resulting in

n

1 1 — Y . . Ny
U(x,y) = ——uor(z) + — {un ) cos(—=) — Upr, () sin(—=)| . 2.21
The fermion kinetic terms result in the following 4D KK theory:

27R —
Lip = / dy wil' 0,V
0

= Yorin"Ouibor + Z Wmﬂ“%%m + inRi’YuauiﬁnR - % (EHLTZJHR + ganan)} )

n=1

where T* = v# T4 = jv5 and 04 = 0y, will have the 4D Little Higgs model as the zero-mode
spectrum. Thus, for example, the mass for the top quark KK mode and its partner have

the form
2 2 n?
my, ¢ = My + B2’ (2.22)
2 2 n?

For the gauge bosons, we work in the As; = 0 gauge. For instance, for the abelian
field of the U(1)x gauge factor B,,(z,y), the 5D kinetic term results in the 4D effective
Lagrangian

9.b 1 [2rR MN
[,4D = —— ; dy B B,

4
1 =71 1 n?
n=1

and similarly for the non-abelian gauge fields.

2.2 The Coleman-Weinberg potential

The one-loop Coleman-Weinberg potential for the zero-mode Higgs generated by fields
having the mass matrix M;(v, f) is generically given by [f]

1 MIM; 1
= — NN [2A%Tr (MIM;) + Tr { (MIM)? [ In——— — = 2.2
v 6472 ZZ: i (M; M;) + {( i M) ( n A2 2) }] . (2.25)

where N; is the number of degrees of freedom for the case of bosonic fields, minus the

number of degrees of freedom for fermionic fields, and we have omitted a constant term
proportional to the fourth power in the cutoff. Due to the Little Higgs global symmetry, the
quadratically divergent term in (2.25) does not contribute to the Higgs mass. We write the
relevant part of the potential generated for the Higgs field, by collecting all contributions
produced by the SM fields and and their partners. The contribution of each pair can be

written as It 52 5
N, > (1 ~

Vi —= 120iln— + = (s +In—5 2.26

P bar? ZnMZ?J“M;l(zJ“an)]’ (2.26)



where we have kept terms in d; resulting in quadratic or quartic contribution to the
Higgs potential. The complete zero-mode contribution to the Higgs potential will then
be V(hth) = >; Vi. Keeping up to quartic terms we have

V(h'h) = m?hTh + A(hTh)?, (2.27)
where
3 2 g2 A2 g2 2
2 2 2 2 2
= ——— 222 M2 1 M2 1 M, 1 2.2
=~ (200 (37 ) = e () - S (5 )| e
and
1 f? 2 3 a1 m} 4 (1 mQZ
A= - - ———4mi (- +In—L ) - ~ 41
5723 64w2v4[mt > T az) T et
1 m?
4 W

which agrees with ref. [f.
As noted in ref. [[l], this potential does not result in electroweak symmetry breaking
for an acceptably high scale f. This is the result of the mass m in eq. (R.2§) being too

7 w,

large and negative. This problem was dealt with in [[f] by adding the tree-level “u” term

Viott = p2®{®y + H.c

2 2 t 1 f4 112 f2 2
~pt | =2fifa+ —h'h (R'h)* + ——n"+ | . (2.30)

fifs 12 f3f3 2f1f2

In addition to lower the Higgs mass, the presence of this term explicitly breaks the global

U(1) that was keeping the n massless. With this term present the Higgs mass is now

1M2f4
=20\ /A— —"3 5 2.31
mgyg VA 12fi3f2 , (2.31)

allowing us to have a light Higgs for reasonably high values of f (i.e. ~ TeV).

We will now consider the contributions of the KK modes to the Coleman-Weinberg
potential. As mentioned in section [, the 5D and the Little Higgs theories are non-
renormalizable, and to each of them corresponds a cutoff. In the case with both cutoffs
coinciding, the scale f is significantly higher than R~!. Then the SM KK theory populates
the region between R~! and f. Above f, the KK theory now is that for the Little Higgs
model. In this case, the Little Higgs theory is not efficient regulating my,, since the large
number of KK modes actually contributing to the potential result in an unacceptably large
value of my,.

If on the other hand, f ~ R™!, then the Little Higgs cutoff A ~ 47 f appears before
the cutoff of the 5D theory. Above this cutoff, the KK theory corresponds to the UV
completion of the Little Higgs model, and therefore there will be no contributions to the
Higgs potential. We will then sum the KK contributions to the Higgs potential up to a



certain KK number corresponding to the cutoff of the Little Higgs theory, n,,. Generically,

for a given pair, the Coleman-Weinberg potential has the form

N; < n? n? n2M? 0;
ka _ ? 4 i ?
{ 6472 2 :{5i+ <_R4+mi—> In <—H R4+—q4 ;22+_M>
n=1

on? 2 M? 2
+ M? <%+MZ2—2m,2_> ln( n L —ml>

AR T AT T A2

+ 2m? n_2 In ( n* + m%_RQ ) }

TR \n2+ MZ?R?—m} R?
N; (AR)™m

In the last line we omitted subdominant terms, as well as those that do not depend on
v. The appearance of n,,, corresponds to the dependence on the cutoff of the Little Higgs
theory: AR = n,,. Then if we keep only the dominant behavior with A we obtain

N:
ke o Vi o

From eq. (.33) we can see that the KK contributions introduce a linear cutoff dependence

in the Higgs potential, to be compared with the logarithmic dependence for the zero-mode

contributions. This is not surprising. As mentioned in section [, the radiatively generated

potential can be seen as coming from the operator ‘@J{q)gr. In the 4D theory, loop diagrams
such as the one in figure [I], generated by gauge boson interactions, give rise to this operator
with a logarithmic dependence. However, in the 5D theory we can see by power counting
that they will result in a linear dependence on A. The relevant interaction in the scalar

kinetic term of the 5D theory is
(D @i, y) Dy, y) = -+ + g5 A, y) A (2, y) ] (2, ) @i(x,y) (2:34)

where ¢ = 1,2 and g5 is the 5D gauge coupling associated with the gauge field Ay (z,y).
The one loop contribution to the Higgs mass resulting from the contribution to |<I>J{<I>2|2

4 £2 d5k‘ 1 4 £2
% enr) [ G 2T (am), (2.35)

where we used g5 = gv27R and g is the corresponding 4D gauge coupling. Thus, a 5D
Little Higgs must have linear sensitivity to the cutoff A. In what follows we explicitly study

will then go like

how this feature affects the effectiveness of the Little Higgs mechanism in controlling the
Higgs mass and having satisfactory electroweak symmetry breaking.
The KK modes of the ¢ and T quarks give the following contributions to the quadratic

and quartic terms in the potential

3AZM2 & 0’ M3 R?
2 o t
M = — iy {znm —In2mn,, — ; <W + 1> | 14—t , (2.36)

f2m2, 3x & [ 2n2 M?2R?
My = — 3f2fK2K — Tt 20 > <M2—R? + 1> | 14+ —25 . (2.37)
172 n=1 T

,10,



The contributions from the KK modes of the gauge bosons of the model are

3g2 M2, - ( n2 ) < M2,R2>
2 Z Z
= —%<¢2n, —In2mn, — ——+1)In(1+
IKK — G4m2ey { ngl M2, R? n?
3g2M2 Mm n2 M2 R2
o {an —In2mn,, — ) <m + 1) In | 1+ —S5— ) 5, (2.38)
n=1 Ch

and

f?m? 3q* o 2n? M2, R?
Ngpee = — oK 2n,, — ———+1)In|1
grc 37212 ' 256rZay | 2 e ) T e

n=1
394 m 2n2 M2 R2
2 — ——+1)In|14+ - . 2.39
+3271'2 { i nzz:l <M31‘R2 LR R S (2:39)

Then the linear cutoff dependence appears in both the mass squared and the quartic
coupling. In addition to the contributions above, we will also consider the presence of a
tree-level p term such as the one described in eq. (R.30). In the following section we present
our results for various representative values of the parameters and discuss them in detail.

2.3 Results and discussion

Putting together all the contributions to the effective potential for the zero-mode Higgs,
we will now consider several possible values for the ratio of VEVs

_h
2
as well as for the y term defined in eq. (R.30), that result in electroweak symmetry with
v = 246/v/2 GeV. For each successful case we obtain the value of the scale f and of the
Higgs mass my. The phenomenological viability of a given solution is determined mainly

(2.40)

by asking f to be high enough for the heavy states not to have been observed directly, as
well as by the requirements from electroweak precision constraints (EWPC). In table [], we
consider the case f = R™!, for 4 = 0 as well as two other representative values not too
different from the weak scale. We also consider different values of k.

The results show that it is possible to have a solution with a Higgs mass sufficiently
light for acceptable values of the scale f. This seems to inevitably require the presence
of a u term, just like in the 4D case studied in ref. [[f]. The typical value of the Higgs
mass for these solutions is around 250 GeV. For instance, for = 200 GeV and k = 0.25,
we obtain a solution with my ~ 260 GeV for f = 1.5 TeV. This value of f may be at the
edge of what can be accommodated by electroweak precision constraints. In order to raise
[, we must consider solutions with larger u’s, as it can be seen in table . This increases
the fine-tuning of the solution (see discussion below). Solutions with g = 0 give values
of f that are too low and excluded by experiment. It should be noticed that, within the
approximation made here neglecting the contributions from the to the Higgs potential from
light fermions, the resulting potential is symmetric under the exchange f; < fo. Then,
table [l can be completed with the entries for & — 1/k, which are identical to the ones
shown.

— 11 —



We then conclude that, for the case in which f ~ R™1, is

5/50 llf 11J;O ;ZLLZS at least possible to control the Higgs mass with the simplest
) 5 1 1500 | 249 little Higgs construction of ref. [, at the cost of a somewhat
~ | 95 1 3400 | 246 heavier Higgs. This is due to the linear cutoff sensitivity of

200 | 1 700 | 246 the 5D theory, compared to the 4D theory of [[f], which is
) 5 | 950 | 248 logarithmic.

-1 95| 2100 | 244 Another distinct case to consider is when f is paramet-

200 | 1 500 | 247 rically larger than 1/R. This is of interest, since we can
) 5 | 700 | 249 imagine having 1/R ~ v and f sufficiently above that, still
-1 951 1500 | 245 allowed by experimental constraints (direct and indirect).

But, as discussed at the beginning of this section, if we take
Table 1: Results for the Higg_s f > 1/R, this puts the Little Higgs cutoff A not far from
iisi;zjsg;eksia? /J:; f;rl(;?;; the 5D cutoff A5p. This means that now there would be a
soft 1 parameter diﬁnQe din the larger number of KK modes contributing to the Higgs po-
text. Note that the results for tential. For instance, for f = 47R™' the number of KK
k — 1/k are virtually identical ~modes contributing is larger than 100. Thus, the linear di-
(see text for explanation). Here vergences make it impossible to find acceptable solutions.
we used f = R~ We then conclude that in this context is not possible to en-
tertain values of R™! as small as 300 GeV, as allowed by
experiment. This seems to be a very generic feature of Little Higgs models in 5D.

The presence of the tree-level u term balancing radiative contributions raises the pos-
sibility of fine-tuning in the minimization of the Higgs potential. In order to check for this,
we consider as a measure of fine tuning the sensitivity of the Higgs VEV to variations in
w. For this purpose we compute
ov?
o

1)2

pe . (2.41)

For the solutions with g = 200 GeV, this is always smaller than 10, signaling a fine-tuning
of better than 10%. For example, for k& = 0.25 this resuls in a 20% fine-tuning. On the
other hand, for the solutions with u = 500 GeV the fine-tuning is already a few percent,
being about 3% for k = 0.25 and 6% for k = 1. Finally, for u = 300 GeV and k = 0.25 we
find the fine-tuning to be around 10%. Thus, it is possible to obtain solutions with high
enough values of f (so that they are not experimentally excluded), but with reasonable
levels of fine-tuning.

Finally, we comment on electroweak precision constraints. For the case of interest,
f ~ R~!, the main contributions to oblique corrections are still from the zero-mode new
gauge bosons, W'*, the non-hermitian U, the neutral Z, and a tree level mixing between

eigenstates Z and Z'. For the S and T parameters we have [[L]]

L My <5+ 2 ) (2.42)

- _EMIQJO 3 cos? Oy,

2 v? 1 M5V< 3 Mp,

1
T~ — (1—tan®Oy)” —
8a ( an” 0w ) f2 * 4m cos® Oy M, \ 2tan® Oy MZ,

1> L (243)
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where the first term in eq. (R.43) is due the tree-level mixing Z — Z’. The tree level
contribution to the 7" parameter is dominant over the one loop corrections. For the large
values of the Higgs mass shown in table [, agreement with EWPC is somewhat better due
to the positive contribution to T". For instance, for 4 = 200 GeV, k = 0.25 and f = 1.5 TeV,
it is found S ~ —0.006 and T = 0.20, still allowed at the 1o level for my, ~ 260 GeV [[L1].
Loop contributions, which dominate S, are decoupling. Therefore, keeping only the zero-
mode contributions gives a good estimate of S.

On the other hand, mixing with the new heavy fermions causes shifts in the couplings
of gauge bosons with light fermions. Furthermore, four-fermion interactions are induced
by integrating out the heavy gauge bosons and are tested by LEP2 data. A full study of
the electroweak precision constraints is outside the scope of this work. There is currently
no study even for the 4D version of the model we used here (Model II in [{]). However, a
full study of the anomalous model (Model I in [ff]) in the 4D case reveals that the bounds
on the scale f are stronger than the ones derived from only the oblique corrections [[[3]. If
those bounds were to also apply to the UED version of the non-anomalous model, then the
allowed solutions would have values of k further from 1 and larger values of the tree-level
parameter pu, all of which result in larger values of the scale f. This would push the model
to a somewhat more fine-tuned situation, as we discussed above.

The phenomenology of this Little Higgs model in one UED will differ significantly
from the corresponding to just having the SM in the 5D bulk [[[d]. Since f ~ 1/R, the
appearance of the KK modes of the SM fields will be accompanied by the presence of the
zero modes of the Little Higgs model, both for gauge bosons and for fermions. Thus, the
impact of these new states in phenomenological studies at the LHC cannot be ignored.

3. A twin higgs model in UED

We will now study another mechanism to control the Higgs mass in a UED scenario. It was
recently pointed out in that discrete symmetries could be used in addition to global symme-
tries, in order to forbid quadratic divergences from contributing to the Higgs mass [J—[7.
We will consider a Twin Higgs model in one UED to see if this mechanism is effective in
controlling the divergences arising in extra dimensional theories.

We begin by quickly reviewing the idea behind Twin Higgs models. A Z, discrete
symmetry is imposed between the SM fields and a “mirror” or “twin” sector which trans-
forms under a mirror gauge symmetry. There is also a global SU(4) symmetry in the Higgs
sector. The breaking of the mirror gauge symmetry down to the SM gauge interactions also
breaks SU(4) — SU(3). The Z5 symmetry greatly constrains the form of the contributions
to the Higgs potential. The gauge group is now SU(2)4xSU(2)p with the SM fields trans-
forming under SU(2) 4, and their partners transforming under SU(2)5. The Higgs doublet
corresponds to 4 of the 7 massless degrees of freedom resulting from the SU(4) — SU(3)
spontaneous breaking. The Higgs is in the fundamental of the global SU(4)

Hy
v () .
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where Hy p are doublets of each subgroup SU(2)4 p. The gauge interactions explicitly
break the global symmetry and generate a potential of the form

AV o A2 (G3H\Ha + gbHY Hp ) (3.2)

However, the Zy symmetry forces g4 = gp, which guarantees that the quadratically diver-
gent contributions in (B-g) are SU(4) symmetric: AV o g?A2HTH. Thus, these quadratic
divergences do not contribute to the Higgs potential. The sensitivity to the cutoff is only
logarithmic in the 4D realization. Also in these models is possible to enlarge the global
symmetry in the top sector in a way that renders its contributions to the Higgs potential
finite. This is a very interesting possibility since the top constitutes the dominant contri-
bution to the Higgs mass. It is also particularly useful in going to a 5D theory, since the
cutoff sensitivity is linear instead of logarithmic, as we have seen in the previous section.
First, we review the relevant field content of the Twin Higgs Model [E] we are going
to extend to the 5D bulk. The top quark Yukawa couplings have an approximate SU(6) x
SU(4) x U(1) global symmetry, with the (SU(3). x SU(2) x U(1)) 4, subgroups gauged.
The content of this sector is in the following chiral fermions: Qp = (6,4) and Tg = (6,1),
where we showed the transformations under SU(6) and SU(4), respectively, and we omit

the U(1) charge. Their branchings under [SU(3)®SU(2)]? are

ga ® g D Ga @ (B (3.3)
TR = (37 17 17 1) D (17 ]-a 37 1)
= ta &> tp, (3.4)

where once again we omitted the U(1) quantum numbers.
The Yukawa interactions are given by
E;Win =yHQLTRr + h.c
= y(Hataqa + Hatpgp + Hataqa + Hptaga + Hptpqp) + h.c (3.5)

The exotic quarks ¢4 and ¢p get Zz symmetric masses with additional fermions ¢4
and ¢%, which have the opposite quantum numbers:

M (3444 + dpdB) (3.6)

where the mass parameter M is the sole source of SU(4) breaking.

A non-linear realization of the Twin Higgs, has the Higgs in the broken generators
corresponding to the seven Nambu-Goldstone Bosons (NGBs) of SU(4)/SU(3). Of these,
three linear combinations are absorbed by three of the SU(2)p x U(1) g gauge bosons. Four
degrees of freedom remain to form the complex Higgs doublet h:

H=¢

~- O O O
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with

h
@)
Y — 3x3 . (3.8)
At 0 0
The relevant mass terms in the top sector result in [f]
2772
2 .Y M 2 2 L oas2 2 22 2
AN a2t 2 Mrp = M= 4y~ 7 — mia, (3.9)
mip ~y° f?, My ~ M>. (3.10)
The gauge boson spectrum results in (see appendix B for details)
m?/ = 0,
2 £2
g2
mQZA = m Sll’l2 ?
2
m%VA = ‘%fQ sinzg, (3.11)
for the A sector, and
L] RS _
2 2 2 2 2
M, =3 tanzA% + M3 — <tan2A% +MB> —AMZ, M3 |, (3.12)
- - -
1| M2 M2
2 Z 2 Z
Mz, =3 tanzA% + Mp + (m + Mg | —4Mj, M3|, (3.13)
2 g _ 2 .29 _
My, = Ef cos 7 (3.14)

for the B sector. Expanding in v/ f this spectrum coincides with the one obtained in ref. [f.

3.1 The Coleman-Weinberg potential for the twin higgs model in UED

We will now compute the effective potential for the zero-mode Higgs, starting from the
contributions from the top sector. The contributions from the zero modes in the top sector

result in
3 yPM? M3 M?
2 _ 2 TA 2 02 TA
mtop = Wm |:M In M2 - Y f lnm—gB s (315)

for the term proportional to h' h, whereas for the quartic coupling we obtain

2 2 2 2
Mo — — M 3 S L MRy Miy, M
P 3f2 1672 My m2, (M2 —y2f2)3 " m2y
3 4 a1 4
_ ot M 3.16
32m2" [Mﬁ+wﬂ—¢FA (316)
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in agreement with ref. .

We will now consider the contributions from KK modes. Just as in the case of the
Little Higgs in section f, the cutoff of the 5D theory is defined by strong coupling in the
KK theory. However, contributions above the Twin Higgs cutoff A ~ 47 f do not add to
the Higgs potential. Thus, the sum over KK modes should be cut at n,, ~ AR, with A the
Twin Higgs cutoff rather than the 5D cutoff Asp defined in eq. ([L.4).

In order to obtain the contributions from the KK fermions we must be careful in
keeping all relevant terms in v/f in eq. (B.3). After collecting the quadratic and quartic

2 M2 R2
2
<ﬁ+M >ln<1+%>
1 n? 9 M?R?
v (02 (14 55

+ 77 12f2< +yf> <1+ QJ:R2>}, (3.17)

m? 3 < [ 2n2 1 M? R?
Y _ _"KK 4M4 “ M2 1 1 TA
N YR T nz Y A VN R

1 M2R2 y2f2R2
g () 0 (57|}

3 4 [ 1 1 }
— —=nny M + . (3.18)
a2 M%A (M2 _ y2f2)2

As expected from the fact that the Yukawa couplings are SU(4) symmetric, the zero-mode
contributions from eqgs. (B.15) and lﬂ) are finite and regulated by M. This is also the
case for the KK contributions in egs. ) and (B.1§). Although one could imagine that

summing over the KK modes might re—mtroduce cutoff sensitivity through the dependence

terms we obtain

2 M2
My = E {

and

on ny, ~ AR, this is not the case. This can be seen, for instance, by taking the limit of large
n in egs. (B.17) and (B.1§) and seeing that all terms involving n,, cancel. The sum over

the KK modes does not introduce any dependence on the cutoff A in the top sector. We
then conclude that the SU(4) symmetric Yukawa couplings are still efficient in regulating
the contributions from the top sector KK modes. This will be very important in obtaining
suitable solutions for electroweak symmetry breaking with a relatively light Higgs.

The gauge boson contributions are not regulated and therefore do lead to cutoff sen-
sitivity. The zero-mode contributions to the mass parameter are given by

3 A? 2
2 272 272
my = <3g M, In—— + g” M3, ln—> : (3.19)

in agreement with ref. [§]. The contributions to the quartic coupling are

5m 3 2472 A? 22 r2
A =2 f2 + e [39 M, (1 - 21nM—5V +2¢% M2, (3.20)
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The contributions from the gauge boson KK modes read

3
mig g = 642 (3¢° My, + 9”M3,) (2, — In2mny,)

3 &, o (n? ) M}, R?
n=1

2 M2 R2
+ g (% + M§B> In (1 + ZBZ ) } , (3.21)

for the quadratic term in the potential. For the quartic coupling they are given by

2
MK K 3

377 oAl f? (3g2M5VB + g'ZM%B) (nm — In27n4y,) (3.22)

AgKK = —
n

3 m M3, R? 1 M2 R?
3 2M2 1 1 B /! 21 1 B
+128772f2nz:1{ g MW n( s Rl B AR A

Unlike the contributions from the top sector KK modes, the gauge boson KK modes do
result in linear divergences. This appears as a linear dependence on n,, ~ AR. However,
this will not result in a heavy Higgs, since the gauge boson contributions tend to lower the
Higgs mass.

3.2 Results and discussion

We combine all the contributions to the Coleman-Weinberg potential obtained in the pre-
vious section to look for solutions with electroweak symmetry breaking and a light Higgs.
We consider two cases: f=1/R and f = 3/R.

In the first case, with f = 1/R, the cutoff of the 5D theory is well above the Twin
Higgs model cutoff of Aty ~ 4w f. Then, just as in the Little Higgs model of section [, we
only sum KK mode contributions up to ny, ~ AtpR = 4.

Mp M f mn, In table P] we show some representative so-

(TeV) | (TeV) | (GeV) | (GeV)

1.5 850 230
3 2000 560
2 1200 270

1.5 1300 280
2 850 170

lutions for this case in which the scale f is ade-

quately large and the Higgs mass not too heavy.
Solutions with larger values of M would tend to
have larger values of my since M regulates the
contributions from the top sector to the Higgs

Tt W N ==

mass. On the other hand, solutions with larger

values of Mp result in a smaller my, since Mp
Table 2: Solutions for f = 1/R for the enhances the gauge boson contributions, which

Twin Higgs Model in one UED. The num- ke the Higgs lighter. The additional fields in
ber of KK modes are summed up to n, =

A the Twin Higgs model have no or very little cou-
.

plings with the SM fields, with the main exception
being the Higgs. Thus, the phenomenology of this scenario is very similar to the one for
the SM in one UED. The exception is the presence of a heavy singlet quark plus an SU(2)1,
doublet, colorless twin-quark. The zero modes of these states appear only at the scale M,
which could be not too far above the compactification scale R~!. The twin gauge bosons
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are, in principle decoupled from SM fields. The exotic quarks g4 and ¢p induce kinetic
mixing between the SM photon and the twin photon. However, this does not affect collider
phenomenology in any significant way.

The motivation for the second case we study is to find a scenario where f and 1/R are
sufficiently separated so as to make it possible to have an energy interval above the current
experimental limits of 1/R > 300 GeV, where the theory is just the SM in one UED,
without any additional states and with a rather low 1/R. As an example we consider
f =3/R. In table J we show representative examples in this scenario.

Mg M ¥ ™ In this case, the sum over the KK modes must
(TeV) | (TeV) | (GeV) | (GeV) be extended up to ny, = ArgR ~ 127, As before,
1 9 1300 500 the lighter Higgs masses are obtained for larger
) 1 950 300 values of Mp. For instance, the last entry in ta-
3 2 | 1600 | 320 ble fis Mg = 4 TeV, M = 2 TeV and f =
4 9 1700 270 1.7 TeV, which corresponds to R~ ~ 570 GeV.

This is in agreement with current experimental
Table 3: Solutions for f = 3/R for the bounds, both on R~! as well as on the new states

Twin Higgs Model in one UED. The num-  gqciated with the scale f. Then in these kind of
ber of KK modes are summed up to n, =

1 scenarios, it is possible to stabilize the Higgs mass
.

in what it would appear — at the Tevatron and
perhaps even at the early LHC— as the SM in one universal extra dimension. However, the
LHC should eventually discover the extended fermion sector. Their zero modes would have
masses of order M, and their KK modes would start not far above, typically at M?+1/R2.
Thus, the discovery at the LHC of the Twin Higgs states would always be accompanied by
the discovery of a few of the corresponding KK modes.
We finally note that, unlike in the 4D case, a u term was not necessary in order to
obtain acceptably light Higgs masses. The use of a u term would result in even smaller
values of my, relative to what is shown in table .

4. Conclusions

Theories with universal extra dimensions, in which the entire SM field content propagates
in the 5D bulk, suffer from a little hierarchy, as discussed in section . We have seen that
it is possible to control the Higgs mass if the Higgs is a pseudo-Goldstone boson living in
the 5D bulk. This is so despite of the fact that the divergences in these 5D theories are
linear in the cutoff, whereas in 4D they are logarithmic. We considered two scenarios to
solve this little hierarchy problem: a Little Higgs model and a Twin Higgs model.

As an example of the Little Higgs case we studied the Simplest Little Higgs model of
ref. [] in one universal extra dimension. The cutoff dependence, which is logarithmic in
four-dimensional Little Higgs models, is linear in 5D models and tends to make the Higgs
heavier. Despite this difficulty, we have found solutions with relatively low Higgs masses
myp ~ (250 — 260) GeV, for values of the symmetry breaking scale f that are high enough
to satisfy direct as well as indirect constraints. These solutions though, correspond to the
case in which f ~ 1/R. Then, the phenomenology of this solution to the Little Hierarchy
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in UED theories is markedly different than the one corresponding to the SM in UED [[[],
since the appearance of the first KK modes of the SM fields is always accompanied by the
zero-modes of the new states in the Little Higgs spectrum, such as the new gauge bosons
and fermions.

We also considered a Twin Higgs model in one universal extra dimension. Just as in
the Little Higgs case, we are able to stabilize my, despite the linear divergences. We do
so without the need of a u term, which was necessary in the Little Higgs case, as well as
in the Twin Higgs in 4D. Furthermore, in the Twin Higgs case we are also able to find
solutions where the scales f and 1/R are separated, in addition to solutions with f ~ 1/R.
Thus, the use of the Twin Higgs mechanism allows the UED scenario with only the SM
fields to be realized, with 1/R not far above the weak scale and f at or somewhat above
the TeV scale, as it can be seen in table . In both Twin Higgs scenarios, f ~ 1/R and
f > 1/R, the phenomenology is very similar to that of the SM in UED, due to the fact
that the new Twin states appearing at the scale f and above tend to have no or very little
interactions with the SM fields. The exception is the presence of heavy quarks at the scale
M. Then, generically, the Twin Higgs mechanism stabilizes the Higgs mass in the extra
dimensional theory without major changes in the phenomenology. This is particularly true
for f ~ 1/R, since in this case M —and with it the new heavy quark state— are likely to be
beyond the reach of the LHC.

We then conclude that if the KK modes corresponding to the SM in UED are observed
without additional states, the mechanism for stabilizing the Higgs mass is probably the
Twin Higgs, but certainly not a Little Higgs.

We notice that 6D UED theories, of great interest due to a variety of theoretical [[[4]
and phenomenological [[F] issues, have a stronger cutoff dependence. From an argument
analogous to the one leading to eq. (R.3J), we see that the 6D embedding of a theory
with the required global symmetries to protect the Higgs mass, would result in a quadratic
cutoff dependence. This will always be the case as long as the explicit symmetry breaking
leads to a logarithmic cutoff dependence in the corresponding 4D theory. Repeating the
argument of eq. (.35) for the simplest Little Higgs case, now the one loop contribution to
|<I>J{ ®5|? results, in the 6D UED theory, in a contribution to the Higgs mass of the form

g' f?
167
which depends quadratically on the cutoff of the Little Higgs theory. In the KK picture,

(AR)?, (4.1)

this will appear as a quadratic dependence on the the maximum number of KK modes to
be summed. Then in principle, stabilizing the Higgs mass in a 6D theory appears to be a
rather difficult task. It would probably be necessary to have an additional global symmetry
in the top sector, such as in the Twin Higgs model presented in section [, in order to protect
the Higgs mass from the large contributions of this sector, which if quadratic in the cutoff
would probably make the Higgs unacceptably heavy.
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A. The mass spectrum in the simplest little Higgs model

In this appendix we derive the expressions for the mass matrices both of fermions and
gauge bosons used in section P.1].

In order to obtain the mass matrices, we expand the fields in eq. (R.1) taking (h) =
(0 v)T. Expanding the exponentials in the VEVs results in

Z'Sl —iSQ
(@1)=fi| O (P2)=fo| O , (A.1)
C1 (&)
where we have defined
S1 = sin <@> c1 = cos <@>
fif fif
— sin (1Y c2 = COs Siv
S9 = sin (fzf) 9 = (fzf) . (A.2)
The mass eigenvalues for a given particle type can be written as
md = o [M(7)? & VI = 487, 0)]
1 5(f,v) 5(f,v)
R [M(f)?+£M(f)*] M) [1 + M(f)4] . (A.3)

In eq. (A.3), M(f)? is the dominant part of the heavy partner mass, mostly associated
with the eigenvalue mi, and all dependence of the Higgs VEV v appears only in §(f,v).
In what follows we will compute M (f)? and 6(f,v) for fermions and gauge bosons.

We first consider the fermion spectrum, and in particular the top and its partner as it
is the dominant fermion contribution. Their quadratic masses are obtained squaring the
mass matrix of the bi-linears in ¢ and T

— t
Lo = Tg, (Aﬂ<<1>1> At2<<1>2>) (sz ) the.

_ t
= Tg, M}, (i) + hec., (A.4)

which gives

A (@) (D1) A ha(@1)T(@o)
G (Atl)\t2<¢2>T<¢1> )‘%2<CI)2>T<(I>2> | )
This results in
) v
= st (1) (A6)
M3 = N2+ N5 3. (A7)
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Then, up to order v*/f4, the mass squared of the top quark and its partner are

2,2 1 2 2
m? = (Anhe)’ ];w_v% [1 ~3 <%> + (A1) (%) ] (A.8)

mi = M% —m?. (A.9)

We now consider the zero-mode gauge boson spectrum of the model. From the nine
gauge bosons of the SU(3),, x U(1)x sector eight linear combinations will absorb eight of
the twelve degrees of freedom in the scalar triplets. The bi-linears of the gauge bosons

come from the following part of the Lagrangian

Eg.b = Z

i=1,2

2
(A.10)

aa 1
<gWMT — gngM> <q)z>

Among the neutral gauge bosons there will be two massive states, Z; and Zs, resulting
from combinations of W3, Wg and B, two states from combinations of W5 and W5 that we
call U, and the photon.

W3
mass MIQI W 2
‘Cneut. = <W3 Ws B WES) Teu B8 + ng2WAfW4u (All)
W5
After electroweak symmetry breaking, the neutral gauge boson squared mass matrix is
given by
a %a —%ba U
2 1 _ 4 r2 _2b _9f2y L
MIZIeu = g_ \/2§ba 2ba y 3f 2 3\@4(11::)2& 2 2f ) Z/bgu (A'12)
—u U TU 12
with the definitions
a = fis+ fis (A.13)
3t?
V=" A.14
U = f128161 — f225202. (A.15)
Diagonalization of eq. (JA.12) results in
142
0, = g4 (3 — t2) f12f22(8102 + 8201)2 (A16)
2
M2 = 22 A7
sl (A.17)

with ¢t = ¢'/g = tan(Oy).
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Therefore, up to order v*/f4, the masses of Z;, Zo and U are

1 v? f2 mQZ0

M2 =m2o |1 - === + —Z° A.18

VA mzo 3 f12f22 M%, ( )

M2, = M%, — M2, (A.19)
1

M50 = §g2f2a (A20)

where m% = g*v?/2 cos? Oy is the tree level squared mass of the SM Z.

For the charged gauge bosons we have four states which are linear combinations of the
symmetry eigenstates as I/VIjE = 1/V2(W; F iW3) and Wlil = 1/v/2(Wg & iW7). Schemati-
cally we have

mass W_
Lo = (Wi wip ) My <W;> (A.21)

with the squared mass matrix given by
M2, — 9_2 a —1iu (A.22)
W9 i f?-a '

This results in the parameters of the charged sector spectrum

4

ow = ng%fg (8102 + 8201)2 (A.23)
1

My, = 59°f*, - (A.24)

Then, up to order v*/f* the mass squared of the diagonal mass eigenstates W+ and W'+
which are mixing of Wli and Wlil are

1022 m2

M3, =mjy [1— = + —2 (A.25)
3fLfE M@,

M}, = M, — M3, (A.26)

where m%,v = ¢?v?/2 is the squared mass of the SM W at tree level.

B. The mass spectrum in the twin Higgs model

Here we show in some detail the calculation of the mass matrices for fermions and gauge
bosons, used in the text to compute the Coleman-Weinberg potential in the Twin Higgs
model. The VEV of the scalar doublet, (h) = v, leads to

& Sgn% (H)a
(H) = - (B.1)
0
fcos% (H)p
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With this VEV structure we can also find the mass eigenvalues in a closed form, which
will be particularly useful in computing the Coleman-Weinberg potential in the 5D UED
theory. This non-linear description is valid up to the cutoff A ~ 4= f.

The mass matrix in the quark sector is

y(HYy 0 T y(H)}; 0 T qa
- 0 yH)y 0 y(H) qB
Lmass:(t ¢ c c> B A = + h.c B.2
1 Ate 44 5 0 0 M 0 iA (B.2)
0 0 0 M 4B
which results in the eigenvalues
1 - -
mia = 5 | M4y = V(M2 +y2f2)? — 46y
1 - -
min = 5 |M? 4702+ V(M2 + 2 [7)2 — 40
1 - -
miy = 5 |M?+ g’ f2 = /(M2 +y2f2)? — 40,
1 - -
mip = 5 [M?+ %"+ V(M2 +2f2)? — 40y, (B3)
with
51 = y2f2M? sin® % (B.4)
6y = y? f2M? cos? % (B.5)

The gauge boson mass matrix is obtained from the interactions with the pNGBs

2

Lop= ).

j=A,B

aa 9
(nguTj - EBJN> <H]> (B.6)

where 7 are the usual SU(2) generators. We also consider an explicit mass term Mp for
the abelian gauge field Bp,, which results in a mass for the twin photon and breaks the
twin symmetry softly. This mass could be generated dynamically at scales above the cutoff

A. The mass eigenvalues for the A sector can be written as

mi = 0,
my, = g sin? 2
74 2y f
2
g . 2V
my, = ?f251n2? (B.7)
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and for the sector B

~ : -
1| M2 M?2
2 _ Z 2 Z 2 2 2
MWB =3 taHQA% + Mg — (tanQA% + Mg | — 4MWBMB , (B.8)
- : -
1| M2 M2
2 Z 2 Z
Mzs =3 |tz + M5 +\ (tan2A£ +Mp | —AMj, M| (B.9)
! !
' v _
M‘%VB = ?!}[Q COS2 ? . (BlO)
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