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Brane fluctuation and the electroweak chiral Lagrangian

Qi-Shu Yan* and Dong-Sheng Du†
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~Received 7 January 2002; published 15 May 2002!

We use the external field method to study the electroweak chiral Lagrangian of the extra dimension model
with brane fluctuation. Under the assumption that the contact terms between the matter of the standard model
and Kaluza-Klein~KK ! excitations of the bulk gauge fields are heavily suppressed, we use the standard
procedure to integrate out the quantum fields of these KK excitations and the equation of motion to eliminate
the classic fields of these KK excitations. At the one-loop level, we find that up to the orderO(p4), due to the
momentum conservation of the fifth dimension and the gauge symmetry of the zero modes, there is no
constraint on the size of the extra dimension. This result is consistent with the decoupling theorem. However,
meaningful constraints can come from those operators inO(p6) which can contribute considerably to some
anomalous vector couplings and can be accessible at the 500 GeV linear collider and the CERN Large Hadron
Collider.
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I. INTRODUCTION

The extra dimension scenario is one of the interest
candidates for possible new physics beyond the stan
model~SM!. As we know, for a higher dimensional quantu
field theory, there exist several theoretical problems: unita
violation @1#, ultraviolet cutoff dependence, nonrenormal
ability @2#, and so on. The contribution of the infinite Kaluz
Klein ~KK ! towers of the bulk fields always violates the un
tarity condition of theS matrix and makes it even harder
evaluate loop effects. Reference@3# provided one way to
suppress the contribution of KK excitations by consider
the power running of gauge coupling constants of n
Abelian gauge groups. References@4,5# provided another in-
genious mechanism to suppress the contribution of mas
KK excitations by assuming that the 3-brane is flexible.
this mechanism, because of the momentum conservatio
fifth dimension, the contact interaction of matter fields loc
ized on the 3-brane and KK excitations of the bulk fiel
could be exponentially suppressed. Then, at least at the
level, the contribution of the infinite KK towers can be we
regularized. There are papers which discuss the phenome
ogy of this mechanism@6#. It seems that, due to this suppre
sion mechanism, the constraint on the size of the extra
mensions imposed by the present experimental resear
can be considerably relaxed. However, in this brane fluc
tion suppression mechanism, those couplings which res
the momentum conservation of the fifth dimension will n
be suppressed, say couplings among KK modes in the ga
bosonic part. This part might suffer those aforemention
theoretical problems of higher-dimensional quantum fi
theory which could not be solved by the brane fluctuati
Then it seems that only string theory can provide radi
solutions@7#.

Recently, Ref.@8# used the technicolor method~the moose
diagram! to deconstruct the extra dimensions and Ref.@9#
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used the lattice extra dimensions to construct the renorm
izable effective theoretical description of the extra dimens
models. One of the important features is that the extra co
ponents of the bulk vector gauge bosons can act as the G
stone and Higgs bosons. Based on these two works, ther
papers@10# to construct realistic models. We would like t
mention that the effective Lagrangian obtained by Refs.@8,9#
does not have the contact structure as assumed in@11#

g2uf2u2S Wm1A2(
n51

`

Wm
n D 2

, ~1!

whereg is the gauge coupling constant,Wm is the zero mode,
andWm

n is thenth KK excitations of gauge bosons. Furthe
more, it seems that the interaction terms among zero and
modes have been ignored by these authors.

After taking into account the brane fluctuation given
@4,5#, it seems that the contact structure is more likely mo
fied to be

uf2u2F ~gWm!21A2ggnWm (
n51

`

Wm
n 1•••G , ~2!

wheregn is the effective coupling constant of thenth KK
excitations of gauge bosons to matter of the SM, and
actual form will be given in Sec. II. Assuming that the effe
tive coupling constantgn is heavily suppressed, we see th
the contact term between the Higgs field and KK excitatio
would be very small.

Then, a common feature in the deconstructing and br
fluctuation extra dimension models is that there could be
large tree level mixing among zero-mode and KK exci
tions, and the constraint on extra dimensions imposed by
CERN e1e2 collider LEP and SLAC could be considerab
relaxed. If the world is indeed as described by@4,5# and
@8,9#, it is natural then to wonder whether there still exists
way to find the traces of KK excitations at the low-ener
region near the threshold of the first KK modes. Fortunate
the couplings of the gauge bosonic part between the z
mode and KK excitations are not exponentially suppres
and can be large, therefore they can help us to probe
©2002 The American Physical Society34-1



tio
ug
o

e
d
h
ng

th
w
pa
m
le
a

ar

h
s

re
ow
e
s
is

iv
n
op
e
al

K
tra

to
the

ge
with
n is
rel-
uc-
tum
try

za-
a-
t

ill

e-
ge
ill

. We
i-
nd

as-

lized
av-
the
ci-
bu-
and
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excitations. So in the deconstructing and brane fluctua
extra dimension models, the bosonic part of the bulk ga
fields will act as the main probe to discover the signal
extra dimensions.

The electroweak chiral Lagrangian~EChL! is the model-
independent way to describe the spontaneous symm
breaking of the SU(2)3U(1) symmetry of the standar
model @12#. It can be regarded as the effective theory of t
underlying theory in its low-energy region after integrati
out those heavy degrees of freedom~DOF!, where the dy-
namic degrees of freedom are the particle contents of
SM. The operators in the Lagrangian consist of the lo
energy DOF and can be arranged by the momentum ex
sion, where the external momentum is assumed to be s
compared with the mass of the integrated-out partic
These operators can be classified as relevant, marginal,
irrelevant. The relevant and marginal operators, which
normally collected in and referred to as theO(p2) and
O(p4) part, are the most interesting and heavily studied. T
irrelevant operators are normally suppressed by the mas
heavy DOF according to the decoupling theorem@13#. The
complete set of operators inO(p6) has been given by@14#.
The coefficients of these operators form the generic theo
ical parameter space of all possible new physics at the l
energy scale. The dimension of this parameter spac
O(p6) is quite large. After integrating out those heavy DOF
a specified underlying theory will occupy a corner of th
large parameter space.

There are two drawbacks to the generality of the effect
theory: the first one is that the renormalizability of the u
derlying theory is sacrificed and the couplings of these
erators must be determined from experiments. Another on
that the theory is invalid for momentum larger than the sc
LUV , and above this scale the unitarity of theSmatrix might
be explicitly broken down.

Reference@15# used the EChL to study the effects of K
excitations of the graviton and of the dilaton in large ex
09403
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dimension scenarios. In this paper, we will use the EChL
analyze the effects of KK excitation of gauge bosons of
SM in the small extra dimension scenarios@16#. We will
conduct our computation in the background field gau
method. This method has several advantages compared
the standard Feynman diagram method. The computatio
manifestly gauge-invariant at every step, there are fewer
evant diagrams, etc., and we find that, under the brane fl
tuation suppression assumption and due to the momen
conservation of the fifth dimension and the gauge symme
of the zero mode, except for contributing to the renormali
tion of gauge coupling and the wave function, KK excit
tions have no effect up toO(p4) and this result is consisten
with the decoupling theorem@13#. However, we know that
the meaningful contributions of KK excitations can st
come from operators higher thanO(p4), sayO(p6).

The paper is organized as follows. We will briefly d
scribe the brane fluctuation in Sec. II and give the gau
boson sector using the external field method Sec. III. We w
emphasize some of its features that have been ignored
will compute the electroweak chiral Lagrangian of KK exc
tations in Sec. IV by using the path-integral method. We e
with a brief discussion and conclusions.

II. THE BRANE FLUCTUATIONS

The total action given by@5# has two parts:~i! the bulk
part Sbulk , where gravity and vector gauge bosons are
sumed to propagate in the bulk;~ii ! the brane partSbrane,
where fermion and scalar matter are assumed to be loca
on the brane. The SM is consisted of the zero mode of gr
ity and vector gauge bosons, matter fields confined on
brane, and their interactions. New physics include KK ex
tations of gravity and vector gauge bosons, the Nam
Goldstone bosons, and their interactions with each other
with the particles of the SM. In the convention of Ref.@5#,
the bulk part action defined inD dimension takes the form
terms to
Sbulk5E dDX detEF2L1
MD22

2
R2

1

4
GMRGNStr~FMNFRS!1•••G , ~3!

where L, M, and R are the cosmological constant, theD-dimensional fundamental scale, and theD-dimensional scalar
curvature, respectively.FMN are the Yang-Mills field strength defined inD dimensions.

The matter fields on the brane couple to the bulk fields through the induced vielbein and Yang-Mills fields. Thed-dimension
brane is assumed to embedded in theD-dimension space-time, and its action can be formulated in the following form:

Sbrane5E ddx deteF2t1ea
m~x!c̄~x!igaS ¹Jm

2
2 igam~x! Dc~x!2mc̄~x!c~x!1•••G , ~4!

wherec(x) is a fermion field on the brane which is charged under the Yang-Mills gauge group. The original paper@5# does
not consider the scalar case. If we assume there are scalar fields in the theory, we should add their corresponding
Sbrane.

In the flat space-time metric, theSbranecan be reduced to
4-2
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E ddx dete~2t!5E ddxF2t1
1

2
]mfm~x!]mfm~x!1

1

8t
@]mfm~x!]mfm~x!#22

1

4t
@]mfm~x!]nfm~x!#

3@]nfn~x!]mfn~x!#1•••G , ~5!

wheref is the Nambu-Goldstone boson corresponding to the spontaneous breaking of the translation symmetry.
Assuming that theD2d dimensions are compactified, the bulk gauge field can be Fourier expanded in their KK m

AM~Xm5xm,Xm5Ym!5
1

AV
(

n
AM

(n)~x!ein•Y/R. ~6!

Then the gauge interaction term on the brane reads

E ddx(
n

gc̄~x!gmc~x!Am
(n)~x!expS in•f~x!

RAt
D . ~7!

Considering that the Nambu-Goldstone bosons have their fluctuations, the gauge interaction term should be rewritte

E ddx(
n

g e2(1/2)(n2/R2t)D(M21)
•c̄~x!gmc~x!Am

(n)~x!:expS in•f~x!

RAt
D :, ~8!
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whereD is the free propagator off:

D~x2y![^f~x!f~y!&5
21

4p2

1

~x2y!2
. ~9!

The most interesting phenomenon with the brane fluct
tion is that the effective couplinggn of the leveln KK mode
to the four-dimensional field is suppressed exponentially

gn[g•e21/2(n/R)2M2/ f 4
. ~10!

The origin of this suppression is a recoil effect of the bra
It is this suppression mechanism that causes the constr
on the extra dimensions to be substantially loosened.

According to the analysis of@5,17#, although there exists
a constraint on the tension of the brane when taking i
account the effects of the Nambu-Goldstone boson, it se
that KK excitations might escape our detection.

Fortunately, the couplings in the bosonic part between
zero mode and KK excitations will not be exponentially su
pressed, so they can help us to probe KK excitations. Be
we will assume this suppression mechanism for theS1/Z2
case,1 and investigate the effects of KK excitations to t
bosonic sector of the SM in the brane-fluctuation extra
mension model. For the sake of simplicity, we omit the gra

1The suppression mechanism given by Ref.@5# is valid for com-
pactifieds1, and it is not very clear whether this assumption can
proper for theS1/Z2 case. However, for the sake of simplicity, w
show in this paper how to conduct calculation under this assu
tion in the orbifold compactification case. The computational p
cedure can be extended to theS1 compactification straightfor-
wardly.
09403
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ity part, which should be small when compared with t
Yang-Mills ~YM ! part in the small extra dimension sce
narios. In order to compare and contrast with the SM,
assume that there is a Higgs doublet field. To get the e
troweak symmetry breaking, the linear Higgs mechanism
assumed. However, considering exponential suppressio
the coupling of the matter on the brane and KK excitatio
the tree level mixing angle among the zero mode and
excitations will be neglected.

III. THE GAUGE BOSONIC SECTOR IN THE EXTERNAL
FIELD METHOD

To simplify the consideration, we study the 5D compa
tification onM43S1/Z2 @16#, and we will use the dimension
reduction procedure to get the effective theory in 4D. T
total action is formulated as

S55E d5x@LYM1Lcontactd~x5!#, ~11!

LYM52
1

4
W̃MNW̃MN2

1

4
B̃MNB̃MN

2
F2

2j
1 c̄

dF

dã
c, ~12!

where M ,N50, 1, 2, 3, 5, W̃MN5]MW̃N2]NW̃M

1 f W̃MW̃N , B̃MN5]MB̃N2]NB̃M , W̃5W(x,x5), and B̃
5B(x,x5), and f is the structure constant of the Lie algeb
~the group index is suppressed!. TheLcontactcontains the con-
tact terms of the SM to the KK excitations except for t

e

p-
-

4-3
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QI-SHU YAN AND DONG-SHENG DU PHYSICAL REVIEW D65 094034
vector boson field part. The Lagrangian is formally invaria
under the gauge transformation in 5D.

In order to get the effective Lagrangian which is ma
festly gauge covariant to the symmetry of the SM, we use
background field method@18# and split the vector gauge fiel
ṼM into two parts as~hereV5W andB, respectively!

ṼM5V̄M1V̂M , ~13!

whereV̄M is the classic part andV̂M is the quantum fluctua
tion. In the background field gauge, we have the freedom
choose different gauges for the classic and quantum ve
boson field, respectively. For the classic field, we will use
unitary gauge, which meansV̄550 @this will be more mani-
fest in the deconstructing model@8#, where the Goldstone
boson field is realized in the nonlinear way,U
5exp(*V̄5dx5); U51 is the unitary gauge, and this corr
sponds toV̄550# andV5 will not appear in the Lagrangian
For the quantum field, we will use theRj gauge and theV̂5
does not vanish.

The gauge fixing terms are chosen to be

F~W!5D̄mŴm2jW]5Ŵ5 , ~14!

F~B!5]mB̂m2jB]5B̂5 , ~15!

whereD̄m5]m1g f Ām. To write these two gauge fixing term
we have not taken into account the spontaneous symm
breaking of the SM. The variation of the gauge fixing term
under the gauge transformation is given as
av

09403
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dF~W!

daW
5D̄m~D̄m1g f Ŵm!1jW]5~]51g f Ŵ5!, ~16!

dF~B!

daB
5]m]m1jB]5]5 . ~17!

By requiring that the field is unchanged under the orbifo
transformation, we can decompose vector bosonsV as

Ṽ~V̂!m~x,x5!5(
i 50

`

Ṽ~V̂!m
i ~x!cosiu5 , ~18!

V̂5~x,x5!5(
i 51

`

V̂5
i ~x!sin iu5 , ~19!

whereu55Mcx5 , Mc52p/Rc , andRc is the radius of the
compactified fifth dimension. To compare and contrast w
the SM, below we will omit the index 0 of zero modes an
representW̃05W and B̃05B, respectively.W andB are the
vector gauge bosons of the SM, respectively. Below we w
suppress the bar of the classic background fields.

In order to integrate out the fifth dimension, we deco
pose the field strength by using Eqs.~18! and~19!. TheW̃mn

can be decomposed by cos modes and we have
0 mode: Wmn1~DmŴn2DnŴm!1
1

2
g f(

i 51

`

@Wm
i Wn

i 1Ŵm
i Wn

i 1Wm
i Ŵn

i 1Ŵm
i Ŵn

i #, ~20!

n mode: ~DmWn
n2DnWm

n 1DmŴn
n2DnŴm

n !1g f~ŴmWn
n2ŴnWm

n !1g f~ŴmŴn
n2ŴnŴm

n !

1
1

2
g f (

i 51

n21

~Wm
i Wn

n2 i1Ŵm
i Wn

n2 i1Wm
i Ŵn

n2 i1Ŵm
i Ŵn

n2 i ! ~21!

1
1

2
g f(

i 51

`

~Wm
i Wn

n1 i1Ŵm
i Wn

n1 i1Wm
i Ŵn

n1 i1Ŵm
n1 i Ŵn

n1Wm
n1 iWn

i ~22!

1Ŵm
n1 iWn

i 1Wm
n1 i Ŵn

i 1Ŵm
n1 i Ŵn

i ), ~23!
where Wmn5]mWn2]nWm1g f WmWn and Dm5]m

1g f Wm . For B̃mn , we have

0 mode: Bmn1B̂mn , ~24!

n mode: Bmn
n 1B̂mn

n , ~25!

whereVmn5]mVn2]nVm , with V5B, B̂, Bn, B̂n.
The W̃5m can be decomposed by sin modes and we h
 e

n mode: DmŴ5
n1g f ŴmŴ5

n1nMcWm
n 1nMcŴm

n

1
1

2
g f (

i 51

n21

~Wm
i 1Ŵm

i !Ŵ5
n2 i

1
1

2
g f(

i 51

`

@~Wm
i 1Ŵm

i !Ŵ5
n1 i

1~Wm
n1 i1Ŵm

n1 i !Ŵ5
i #, ~26!
4-4
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while for B̃5m , we have

n mode: ]mB̂5
n1nMcBm

n 1nMcB̂m
n . ~27!

It is remarkable that there is no zero mode for the sin K
modes forV5m and it is related to the assumption of th
compactified space-time.

The gauge fixing term of SU~2! is decomposed by co
modes and we have

0 mode: DmŴm , ~28!

n mode: DmŴm
n 2njWMcŴ5

n

1
1

2
g f (

i 51

n21

~Wim1Ŵim!Ŵm
n2 i

1
1

2
g f(

i 51

`

@~Wim1Ŵim!Ŵm
n1 i
09403
1~W(n1 i )m1Ŵ(n1 i )m!Ŵm
i #, ~29!

and that of U~1! is decomposed as

0 mode: ]mB̂m , ~30!

n mode: ]mB̂m
n 2njBMcB̂5

n . ~31!

Since we are only interested in low-energy physics wh
zero modes play the main part, we will only keep those ter
containing zero modes and neglect those pure interaction
KK excitations. Then after integrating out the fifth dime
sion, we get the reduced YM Lagrangian, which reads
LYM
eff 52

1

4
~2pRc!F ~Wmn1DmŴn2DnŴm1g f ŴmŴn!21g f~Wmn1DmWn2DnWm1g f ŴmŴn! (

n51

`

~Wm
n Wn

n1Ŵm
n Wn

n

1Wm
n Ŵn

n1Ŵm
n Ŵn

n!G2
1

4
~pRc! (

n51

`

@DmWn
n2DnWm

n 1DmŴn
n2DnŴn

m1g f~ŴmWn
n2ŴnWm

n 1ŴmŴn
n2ŴnŴm

n !#2

1
1

2
~pRc! (

n51

`

@DmŴ5
n1g f ŴmŴ5

n1nMcWm
n 1nMcŴm

n #22
1

2jW
~2pRc!~DmŴm!22

1

2jW
~pRc! (

n51

`

~DmŴm
n

2jWnMcÂ5
n!21~2pRc!c̄@2Dm~Dm1g f Ŵm!#c1~pRc! (

n51

`

c̄n@2Dm~Dm1g f Ŵm!2n2jWMc
2#cn

1~pRc!g f (
n51

`

~Dmc̄nWm
n c1Dmc̄Wm

n cn!1•••2
1

4
~2pRc!@Bmn1B̂mn#22

1

4
~pRc! (

n51

`

@Bmn
n 1B̂mn

n #2

1
1

2
~pRc! (

n51

`

@nMcBm
n 1nMcB̂m

n 1]mB̂5
n#22

1

2jB
~2pRc!~]mB̂m!22

1

2jB
~pRc! (

n51

`

~]mB̂m
n !2

1~2pRc!c̄B~2]m]m!cB1~pRc!c̄B
n~2]m]m2n2jBMc

2!cB
n , ~32!

where the omitted terms are only related to the non-Abelian SU~2! gauge symmetry and the U~1! part is exact.
By utilizing the rescaling relations

W~B,cW ,cB!→A2pRcW~B,cW ,cB!,g~g8!→
1

A2pRc

g~g8!, ~33!

Wn~Bn,cW
n ,cB

n ,W5
n ,B5

n!→ApRcW
n~Bn,cW

n ,cB
n ,W5

n ,B5
n!, ~34!

the final effective Lagrangian of 4D reads
4-5
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LYM,4D
eff 52

1

4F ~Wmn1DmŴn2DnŴm1g f ŴmŴn!21Rg f~Wmn1DmŴn2DnŴm1g f ŴmŴn! (
n51

`

~Wm
n Wn

n1Ŵm
n Wn

n1Wm
n Ŵn

n

1Ŵm
n Ŵn

n!G2
1

4 (
n51

`

@DmWn
n2DnWm

n 1DmŴn
n2DnŴm

n 1g f~ŴmWn
n2ŴnWm

n 1ŴmŴn
n2ŴnŴm

n !#21
1

2 (
n51

`

@DmŴ5
n

1g f ŴmŴ5
n1nMcWm

n 1nMcŴm
n #22

1

2jW
~DmŴm!22

1

2jW
(
n51

`

~DmŴm
n 2jWnMcÂ5

n!21 c̄W@2Dm~Dm1g f Ŵm!#cW

1 (
n51

`

c̄W
n @2Dm~Dm1g f Ŵm!2n2jWMc

2#cW
n 1g f (

n51

`

~Dmc̄nWm
n c1Dmc̄Wm

n cn!1•••2
1

4
@Bmn1B̂mn#2

2
1

4 (
n51

`

@Bmn
n 1B̂mn

n #21
1

2 (
n51

`

@nMcBm
n 1nMcB̂m

n 1]mB̂5
n#22

1

2jB
~]mB̂m!2

2
1

2jB
(
n51

`

~]mB̂m
n !21 c̄B~2]m]m!cB1 c̄B

n~2]m]m2n2jBMc
2!cB

n , ~35!
n
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whereR52, which arises from the different normalizatio
factor of the zero mode and KK excitations.

There are several remarkable features of the reduced
fective Lagrangian in 4D given in Eq.~35!.

~i! In the dimension reduction procedure, the zero mo
are still massless, and the corresponding gauge symmet
unbroken and is explicit in the background field gauge. K
excitations are the adjoint representations of the SU~2! sym-
metry in 4D, as pointed out in@19#. To break the symmetrie
of the zero mode, other assumptions should be introduc

~ii ! There are infinite KK excitations. For each massi
KK mode, the spectrum consists of a massive quantum fi
its corresponding Goldstone field, its corresponding gh
field, and a massive background field.

~iii ! There are infinite interaction terms among KK exc
tations which are controlled by only two gauge coupling co
stants,g and g8. This structure cannot sustain the quantu
corrections even if we truncate the infinite KK tower to
nite. The intrinsic reason is that the underlying theory d
fined in 5D is nonrenormalizable, as already pointed ou
@2#.

~iv! For the vector boson field of U~1! symmetry, there is
no interaction among KK modes, while for the vector bos
field of SU~2! symmetry, there exist gauge interactions b
tween different KK modes. This fact will bring out som
interesting phenomenologies, as we will show below.

~v! Because of the momentum conservation of the ex
dimensions, all of the interaction terms between the z
modeA0 and a KK excitationAn contain at least twoAn’s, as
shown in Eq.~35!.

IV. INTEGRATING OUT THE KK EXCITATIONS AT THE
ONE-LOOP LEVEL

In this section, we will extract the effective Lagrangian
to the one-loop level by integrating out KK excitations. T
method we will use is the functional integral. The function
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method to integrate out a heavy DOF is quite standard,
Refs. @20,21# provide a detailed procedure. Normally, th
background field method and Stuckeberg transformation
used to integrate out the quantum DOF. After that, the eq
tion of motion of the heavy fields is used to eliminate t
classic heavy DOF from the Lagrangian. In@20,21#, the au-
thors use this method to investigate the effect of heavy Hi
bosons, and in@22# the authors use this method to study th
of the heavy fermion. To integrate out KK excitations, w
assume that KK excitations are massive and heavier tha
particles of the SM.

A. Tree-level relations

First we provide the classic equation of motion~EOM! of
those background fields~BF!. The EOM of the BF of the
zero mode is given as

DmWmn2MW
2 Wm

5g f (
n51

`

Wm~DnWm
n 2DmWn

n!1Jm~ light!, ~36!

whereJm(light) means the currents of light DOFs of the S
which are light compared with massive KK excitations. T
EOM of the BF of thenth KK excitation is given as

Dm~DmWn
n2DnWm

n !2n2Mc
2Wn

n

5WmnWnm1
gn

g
Jm~ light!1•••. ~37!

The omitted terms are terms of KK excitations which can
safely neglected. For a vector gauge boson field of U~1!, the
EOM is simple. Considering that there is no interacti
among KK excitations of U~1! symmetry and the brane fluc
4-6
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tuation greatly suppresses the interactions between KK e
tations and light DOFs, below we will omit the KK excita
tions of the U~1! part.

The equation of motion of a classic KK excitation can
formulated in momentum presentation as

@~p22n2Mc
2!1 f ~W0!#Wm

n 5gnJm , ~38!

wherep2 is the momentum of theWn, nMc is its mass, and
f (W0) includes the terms of interactions between the ze
modeW0 and the KK modeWn. The Jm is the current of
matter of the SM andgn is the brane fluctuation suppressio
factor. In the low-energy region, the terms with momentump
09403
i-

-

will be set to zero, and theWm
n can be represented by th

light degree of freedom as given below,

Wm
n '2

gn

~n2Mc
2!

Jm@11 f ~W0!/~n2Mc
2!1•••#. ~39!

Therefore, at tree level, after integrating out the massive
excitations, we will get terms like

~gn!2

~n2Mc
2!

JmJm@11 f ~W0!/~n2Mc
2!1•••#. ~40!

By invoking the heavy exponential suppression argume
we regard these terms as being over orderO(1/Mc

4) and
neglect them in our consideration.

At tree level up toO(1), to integrate out KK excitations
means to set the field of KK excitations~both classic and
quantum field! to zero. We get the tree level effective La
grangian
LYM
eff, tree52

1

4
@~Wmn1DmŴn2DnŴm1g f ŴmŴn!2#2

1

2jW
~DmŴm!21 c̄W@2Dm~Dm1g f Ŵm!#cW . ~41!

This Yang-Mills Lagrangian is the standard one in the background gauge.
Up to the orderO(1/Mc

2), after integrating out massive KK excitations, we will get terms like

(
n51

` gn
2

~nMc!
2

JmJm1•••. ~42!

Under the assumption of brane fluctuation suppression, we regard these terms as being higher thanO(1/Mc
4) and will omit

them in the analysis below.

B. Integrating out KK excitations

To extract the effective Lagrangian at the one-loop level, we reformulate the effective Lagrangian given in Eq.~35! and only
keep those bilinear terms,

L5ŴmDWW
mn Ŵn1 c̄WDcWcW

cW1 (
n51

`

Ŵm
n DWnWn

mn Ŵn
n1 (

n51

`

ŴmDWWn
mn Ŵn

n1 (
n51

`

Ŵm
n DWnW

mn Ŵn1 (
n51

`

Ŵ5
nDW

5
nW

5
nŴ5

n

1 (
n51

`

c̄W
n Dc

W
n c

W
n cW

n 1 (
n51

`

c̄WDcWc
W
n cW

n 1 (
n51

`

c̄W
n Dc

W
n cW

cW1•••, ~43!

DWW
mn 5

1

2 FD2gmn2S 12
1

jw
DDmDn2gWrsJ rs

mnG , ~44!

DWnWn
mn

5
1

2 F ~D21n2Mc
2!gmn2S 12

1

jw
DDmDn2gWrsJ rs

mnG , ~45!

DWWn
mn

5
1

2
g f@WnmDn2gmnWnaDa1~DmWnn!2~DnWnm!#, ~46!

DWWn
mn

5DWnW
mn , ~47!

DW
5
nW

5
n5

1

2
~2D22jwn2Mc

2!, ~48!
4-7
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DcWcW
52D2, ~49!

Dc
W
n c

W
n 52D22jwn2Mc

2 , ~50!

DcWc
W
n 52g f DmWm

n , ~51!

Dc
W
n cW

52g f DmWm
n , ~52!

where Wmn5Wmn
a tG

a , (tG
a )bc5 i f bac are structure constant

and the generator adjoint representations of the non-Abe
group, andJ rs

mn is the generator of Lorentz transformatio
on 4-vectors and is defined as

J rs
mn5 i ~dr

mds
n 2ds

mdr
n!. ~53!

Linear terms can be eliminated by using the classic EO
From the result listed above, it is apparent that the quadr
operators of KK excitations are very similar to that of t
zero mode.

We have omitted those terms which contribute at the tw
loop level. One feature is worthy of mention: KK excitation
always appear at least in pair due to the momentum con
vation of the fifth dimension. This fact is very important fo
us to understand the decoupling behavior of KK excitatio
It is also remarkable that there exist mixings among
quantum fields of KK modes, and in order to integrate o
the quantum part of KK excitations, we must diagonalize
bilinear terms. ~There are also mixings among differe
quantum fields of KK excitations which have been omitte
which is reasonable according to the auxiliary power cou
ing rule that will be introduced below.! Then we get the
one-loop effective Lagrangian by integrating out the mass
KK excitations:

LYM, KK
eff,1-loop5

1

2 (
n51

`

ln det@D̃WnWnd (4)~x2y!#

1
1

2 (
n51

`

ln det@DW
5
nW

5
nd (4)~x2y!#

2 (
n51

`

ln det@D̃c
W
n c

W
n d (4)~x2y!#, ~54!
ik
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5
1

2 (
n51

`

tr ln@D̃WnWnd (4)~x2y!#

1
1

2 (
n51

`

tr ln@DW
5
nW

5
nd (4)~x2y!#

2 (
n51

`

tr ln@D̃c
W
n c

W
n d (4)~x2y!#, ~55!

where

D̃WnWn5DWnWn2DWWn
† DWW

21 DWWn, ~56!

D̃c
W
n c

W
n 5Dc

W
n c

W
n 2DcWc

W
n

†
DcWcW

21 DcWc
W
n . ~57!

The signs of the contributions of ghost scalars and nor
scalars are different due to the fact that ghost fields sat
anticommutation relations.

To this step, the quantum fields of KK excitations ha
been integrated out and the functional trace and logari
have to be evaluated. There are several methods to deal
this evaluation@24–27#. Below we will first use the method
@26# to analyze those relevant terms. After doing this, we w
use the heat kernel@27# to evaluate the trace and logarithm

C. The auxiliary counting rule

We study the tr lnD̃WnWn first. We have

D̃WnWn~x,]x!d
(4)~x2y!

5E d4p

~2p!4D̃WnWn~x,]x!exp@ ip~x2y!#

5E d4p

~2p!4 exp@ ip~x2y!#D̃WnWn~x,]x1 ip !. ~58!

Then, the trace can be determined,

tr ln@D̃WnWn~x,]x!d
(4)~x2y!#

5E d4xE d4p

~2p!4 tr ln@D̃WnWn~x,]x1 ip !#. ~59!

Here ‘‘tr’’ means the sum over group and spin indice
D̃WnWn(x,]x1 ip) can be expanded in terms of derivatives
D̃WnWn~x,]x1 ip !5 (
m50

`
~2 i !m

m! F ]m

]pm1
•••]pmm

D̃WnWn~x,ip !G]m1
•••]mm

. ~60!
In the ’t Hooft–Feynman gauge, it yields an expression l

D̃WnWn~x,]x1 ip !5~p22n2Mc
2!dab1Pab~x,p,]x!.

~61!
eDropping an irrelevant constant, we get

tr D̃WnWn~x,]x1 ip !5 (
m51

`
~21!m11

n
trS P

p22n2Mc
2D m

.

~62!
4-8
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We are interested in those terms caused by the mix
among KK modes. According to the standard proced
given in @21#, when expanding lnD̃WnWn(x,]x1ip) we deter-
mine the leading powers ofp, Wn, and Mc for each term
generated and introduce an auxiliary parameterz, which
counts these powers,

pm→z, Mc→z, Wn→z22
gn

n2g
. ~63!

We would like to mention that theWn is not only suppressed
by its mass, but also by the brane fluctuation factorgn /g.
This counting rule tells us that the contribution
DWWn

† DWW
21 DWWn is suppressed at least by 1/Mc

4(gn /g)2.2 So
we can neglect this term and extract terms reliably up
1/Mc

2 . Then the procedure to evaluate the trace and lo
-

-
-
he

09403
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rithm is greatly simplified. For the operatorD̃c
W
n c

W
n (x,]x

1 ip), we have the same conclusion. So we have

SYM, KK
eff,1-loop5

i

2Ex
@ tr ln DWnWn2tr ln Dc

W
n c

W
n #

1OS 1

Mc
4D . ~64!

To get the above equation, we have used the rela
Dc

W
n c

W
n 5DW

5
nW

5
n.

D. Evaluating the trace and logarithm by using the method of
a heat kernel

Now, it becomes easy to evaluate the trace and logari
by utilizing the method of a heat kernel@27#, up to O(p6),
which reads
he form
Sloop52
1

2~4p!d/2E
x
H mdGS 2

d

2D ~ tr a0
W2tr a0

cW!1md22GS 12
d

2D ~ tr a1
W2tr a1

cW!1md24GS 22
d

2D ~ tr a2
W2tr a2

cW!

1md26GS 32
d

2D ~ tr a3
W2tr a3

cW!1•••J , ~65!

whereai
a are the Seeley-DeWitt coefficients of the corresponding quadratic operators. For the generic operator of t

D5D21M21s, the Seeley-DeWitt coefficients in the coincidence limit read

a0u51, ~66!

a1u52s, ~67!

a2u5
1

2
s22

g2

12
FmnFmn1

1

6
†Dm ,@Dm,s#‡, ~68!

a3u52
1

6
s31

1

12
~$s,D2s%1DmsDms!2

1

60
D2D2s1 i

g

60
@DaFam,Dms#1

g2

60
~2$FmnFmn,s%

1FmnsFmn!2
g2

45
DaFamDbFbm2

g2

180
DaFbgDaFbg2

g2

60
$Fmn ,D2Fmn%2 i

g3

30
FmnFmaFa

n . ~69!
e

The a0 terms will contribute divergently but can be re
moved by redefining the vacuum. Thea1 term simply van-
ishes for DWnWn and Dc

W
n c

W
n . The a2 term is nonzero and

contributes to the hidden operators@24# in O(p4), which
read

2Even though the term trX[trDWnWn
21 DWWn

† DWW
21 DWWn can provide

contributions of orderMc
2 and lnMc , these contributions are pro

portional to 1/Mc
2(gn /g)2 and lnMc

2/Mc
4(gn /g)2. Under the assump

tion of brane fluctuation suppression, we will omit them in t
analysis below.
Leff
1-loop~p4!52

1

2

1

~4p!d/2 (
n51

`

~n2Mc
2!d24GS 22

d

2D
3~ECW

4 2ECcW

4 !
g2

4
WmnWmn , ~70!

where

ECi
45F1

3
di~ j !24ci~ j !GCi~G!, i 5W,cW , ~71!

where theCi(G) is the quadratic Casmir operator of th
adjoint representation of the group, thed( j ) is the number of
spin components@23#, and
4-9
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d~ j !51, for scalar~ghost!,

54, for vector boson, ~72!

while c( j ) is the trace over spin indices and is defined a

tr@J rsJ ab#5~gragsb2grbgsa!c~ j !, ~73!

andc( j ) has values as given below,

c~ j !50 for scalar~ghost!,

52 for vector boson. ~74!

The hidden operators can be eliminated by redefining
wave function and gauge coupling of the zero mode. So
see that up toO(p4), the KK excitations completely de
couple from the low-energy observables. The underlying r
sons for this decoupling behavior of KK excitations can
traced back to the momentum conservation of the fifth
mension and the gauge structure of the Lagrangian give
Eq. ~35!.

However, up toO(p6), the contribution of KK excitations
is nonzero, and we have

Leff
1-loop~p6!52

1

2~4p!d/2 (
n51

`

~nMc!
d26GS 32

d

2D
3@~ECW

6 2ECcW

6 !O1
61~FCW

6 2FCcW

6 !O2
6#

5c1
6O1

61c2
6O2

6 , ~75!

where

O1
65g2~DmWmn!a~DaWan!a, ~76!

O2
65g3WamnWm

b aWna
c f abc, ~77!

ECi
65

1

30
@2di~ j !110ci~ j !#Ci~G!, i 5W,cW ,

~78!

FCi
65

1

180
$2di~ j !215@ci8~ j !12ci~ j !#%Ci~G!,

i 5W,cW , ~79!

with

c8~ j !50 for scalar~ghost!, ~80!

58 for vector boson, ~81!

which is defined from

tr~J mnJ rsJ ab!Wmn
a Wrs

b Wab
c f abc

52 ic8~ j !WamnWm
brWnr

c f abc. ~82!

To get Eqs.~70! and ~75!, we have used the partial integra
tion, the Bianchi identity of which reads
09403
e
e
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DmWnr1DnWrm1DrWmn50, ~83!

and the relations of adjoint representations,

tr@ tG
a tG

b #5C2~G!dab, tr@ tG
a tG

b tG
c #5 i

C2~G!

2
f abc,

(84)

@Dm ,Dn#5Dm
aeDn

eb2Dn
aeDm

eb52 igWmn
c ~ tG

c !ab .

It is remarkable that the contribution of a vector boson
much larger than that of a scalar~ghost!, since a vector boson
has four components and has a spin coupling with the ba
ground field, the contribution of which is represented byc( j )
andc8( j ).

V. DISCUSSIONS AND CONCLUSIONS

We know that the low-energy oblique parametersU, S,
andT @28# always put a very stringent constraint on the po
sible new physics@29#. According to the standard elec
troweak chiral Lagrangian up toO(p4) @30#, U, S, andT are
related with the coefficients of operators up toO(p4), while
the result given in Eq.~70! tells us that at theO(p4) order,
these low-energy precision tests will not put any constra
on the brane fluctuation and deconstructing–extra-dimen
models.

The operatorsO1
6 andO2

6 belong to the contact operator
in the complete set of operators of orderO(p6) @14#. The
EOM of the zero mode given in Eq.~36! can change the
operatorO1

6 to the following form:

O1
65g2@mW

2 Wm1Jm~ light!#@mW
2 Wm1Jm~ light!#. ~85!

From Eq.~85! we know that KK excitations can contribute t
the low-energy fermion scattering processes.

The operatorO2
6 will contribute to the anomalous trilinea

vector couplings~say WWZ and WWg), the anomalous
quartic photonic vector couplings (WWgg andWWZg), and
higher-order gauge couplings.

In 5D, the operatorsOi
6 will contribute convergently even

when the KK excitations are infinite, since the sum

(
n51

`
1

n2 5
p2

6
~86!

is finite. But in higher dimension, i.e., (41d)D and d>2,
the sum is given by

sum KK[
1

2 (
n51

`
1

nW 2

'
pd/2

GS 11
d

2D En51

NUV
nd23dn,

'
p

2
ln NUV for d52,

'
pd/2

2GS 11
d

2D
1

d22
~NUV

d2221! for d>3.

~87!
4-10
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The operatorOi
6 will contribute divergently and the mean

ingful theoretical prediction can only be made when the
plicit ultraviolet cutoff MUV is chosen~the relation between
NUV andMUV is given asNUV5MUV /Mc). This fact reflects
that the brane fluctuation suppression mechanism can w
well at tree level. But at loop level and in the bosonic par
more radical mechanism is needed in order to regularize
divergences caused by the infinite KK towers.

For the general (41d)D extra dimensions model with
brane fluctuation, the coefficients of the operatorsO1

6 andO2
6

will depend upon the number of extra dimensionsd, the size
of the compactification scaleMc , and the explicit ultraviolet
cutoff MUV of the effective theory.

The magnitude ofci
6 is determined by the loop facto

1/(16p2), theMc
2 , the symmetric factor 6, theECi

6 , and the
sum over KK excitations. The loop factor is about 1022, the
Mc

2 is assumed to be in the range of 0.5–1 TeV and
provide a factor about 1025–1026 GeV22, and theECW

6 are
about 3. If we takeMc5500 GeV, MUV510 TeV, andd
52, the ci

6'1026–1027 GeV2; if we take Mc

5500 GeV, MUV510 TeV, andd54, the c2
6 can reach

1023–1024 GeV22.
The present experimental accuracy on the anoma

triple vector couplinglV @31# is of order 26.231022 to
1.4731021 @32#. The relation betweenlV andc2

6 is given as

g2c2
65

lV

MW
2

, ~88!

and thelV can be expressed as

lV563aWS MW

Mc
D 2

~FCW
6 2FCcW

6 !sumKK,

'1.031023S L

Mc
D 2

sumKK, ~89!

whereL51 TeV. If we takeMc50.5 TeV andd51, the
value oflV is 1.031023. The typical value oflV is of order
v
s,

r,

09403
-

rk
a
e

n

us

1023–1024, which is within the reach of a 500 GeV linea
collider ~LC! @33# and the CERN Large Hadron Collide
~LHC!.

About the anomalous quartic coupling, according to t
analysis of@15,34#, operatorO2

6 can in principle be detected
via the processe1e2→W1W2g. The present experimenta
accuracy from LEP2 is order of 1022 GeV22 and will in-
crease to 1025 GeV22 at the LC and LHC.

We would like to mention that if the extra dimension~s!
are compactified on aTd torus, the contributions of KK ex-
citations will double. This is because there is not only t
contribution of cosine modes, but also sine modes for e
field in the bulk.

In conclusion, we study the bosonic part in the brane fl
tuation model where the couplings of the fermionic a
bosonic currents on the brane and KK excitations are ex
nentially suppressed. Since the couplings among ve
bosons do not suffer this suppression substantially, t
could help us to probe extra dimensions in the future at
LC and LHC. But due to the momentum conservation a
the gauge structure of zero mode and KK excitations, up
O(p4), KK excitations decouple from the low-energy phy
ics. However, up toO(p6), it is still possible to detect the
effects of KK excitations through precision measurement
the bosonic sector of the SM in the LHC and LC.
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