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Effects of standard model Kaluza-Klein excitations on electroweak observables
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The presence of an extra dimension of sizeR'TeV21 introduces a tower of Kaluza-Klein gauge boson
excitations that affects the standard model relations between electroweak observables. The mixing of theW and
Z bosons with their excitations changes their masses and couplings to fermions. This effect depends on the
Higgs field, which may live in the bulk of the extra dimension, on its boundary, or may be a combination of
both types of fields. We use high-precision electroweak data to constrain 1/R. We find limits from 1 to 3 TeV
from different observables, with a model-independent lower bound of 2.5 TeV.@S0556-2821~99!01021-8#

PACS number~s!: 11.10.Kk, 12.15.Lk, 12.60.2i
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I. INTRODUCTION

It is widely believed that the standard model~SM! is the
low-energy limit of a more fundamental theory includin
gravity. It is also believed that one of the requirements
this fundamental theory is the existence of more than th
spatial dimensions, which would be compact and with a
dius R of Planckian size. Recently, however, it has be
suggested that the extra dimensions can appear at m
lower energies. A first possibility was given in Refs.@1,2# in
the context of string theory. It was shown that large ex
dimensions do not necessarily spoil the gauge coupling
fication of the four-dimensional~4D! theory. A more radical
possibility, proposed in Ref.@3#, is to decrease the scale o
unification of gravity with the gauge interactions down to t
TeV. This can be realized by means of two submillime
extra dimensions in which only gravity propagates. Althou
the gauge interactions would not feel these submillime
dimensions, a fundamental scale~string scale! in the TeV
region suggests the possibility of compact dimensions of
size where the SM fields do propagate.

Large ('TeV21) extra dimensions find also an interes
ing motivation as a framework to break supersymmetry@4#.
This has been studied in detail in Refs.@5–7#, where a com-
pactification scale around 3–20 TeV was predicted. Also
cently, how an extra dimension could lead to the unificat
of the gauge forces at the TeV scale was discussed@8,9#.

In this paper we study the effects of extra dimensions
electroweak observables. If the SM gauge bosons can pr
gate in a compact dimension, their~quantized! momentum
along this dimension can be associated to the massn/R(n
51, . . . ,̀ ) of a tower of Kaluza-Klein~KK ! excitations. As
a consequence the relations between electroweak observ
will be modified with respect to those of the 4D SM. The
are two kinds of effects. The first one is due to the prese
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of mixing between the zero and then modes of theW andZ
bosons. This leads to a modification of theW andZ masses
and their couplings to the fermions. The second effect ar
from the exchange of KK excitations of theW, Z, and g
vector bosons, which induces extra contributions to fo
fermion interactions. We calculate these effects and sh
how to put bounds on the size of an extra dimension fr
high-precision electroweak data. We find limits on 1/R from
1 to 3 TeV from different observables, with a mode
independent lower bound of'2.5 TeV.

II. FRAMEWORK

The model that we want to study is based on an extens
of the SM to 5D@5#. The fifth dimensionx5 is compactified
on the segmentS1/Z2, a circle of radiusR with the identifi-
cation x5→2x5. This segment, of lengthpR, has two 4D
boundaries atx550 andx55pR ~the two fixed points of the
orbifold S1/Z2). The SM gauge fields live in the 5D bulk
while the SM fermions are localized on the 4D boundari
The Higgs fields can be either in the 5D bulk or on the 4
boundaries. Models with the Higgs fields in the bulk ha
been considered in Refs.@5,9#, while models with Higgs
fields on the boundary have been considered in Refs.@8,7#.
The most general case consists of a SM Higgs field whic
a combination of both types of fields. We will then assum
the presence of two Higgs doublets,f1 and f2, living, re-
spectively, in the bulk and on the boundary.

To illustrate how to obtain the SM in such a framewo
~for more details see Refs.@10,5,7#!, let us consider a U~1!
gauge theory in 5D with two scalars,f1 in the bulk andf2
localized on thex550 boundary, together with a fermionq
living on the same boundary. We assume that all these fi
have U~1! charges equal to 1. The 5D Lagrangian is given

L552
1

4g5
2

FMN
2 1uDMf1u21@ i q̄smDmq1uDmf2u2#d~x5!,

~1!
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whereDM5]M1 iVM , M5(m,5), andg5 is the 5D gauge
coupling. The fields living in the bulk are defined to be ev
under theZ2 parity, i.e.,F(x5)5F(2x5) for F5VM ,f1.
They can be Fourier expanded as

F~xm,x5!5 (
n50

`

cos
nx5

R
F (n)~xm!. ~2!

Using Eq.~2! and integrating over the fifth dimension, th
resulting 4D theory~in the unitary gauge@7#! is given by

L45 (
n50

` F2
1

4
Fmn

(n)21
1

2S n2

R2
12g2uf1u2D Vm

(n)V(n)mG
1g2uf2u2S Vm

(0)1A2 (
n51

`

Vm
(n)D 2

1 i q̄smF ]m1 igVm
(0)1 igA2(

n51

`

Vm
(n)Gq1 . . . , ~3!

where g is now the 4D gauge coupling, related to the 5
coupling by g5g5 /ApR. We are only writing the terms
which are relevant to generate gauge boson masses via H
vacuum expectation values~VEV’s! and the couplings of the
gauge KK excitationsVm

(n) to the fermions on the boundary
These are the only types of terms that will be needed in
analysis. Two comments are in order. Due to the presenc
the boundary fieldf2 and its VEV, the zero andn mode of
the gauge boson will mix. The mixing terms are allowed d
to the breaking ofx5-translational invariance by the bound
aries. Second, the coupling of the KK excitations to the f
mion is enhanced by a factor ofA2 due to the different
normalization of the zero and then modes in the KK tower.

The generalization of the above Lagrangian to the SM
straightforward. Following the standard notation, we will p
rametrize the VEVs of the Higgs field bŷf1&5v cosb
[vcb and ^f2&5v sinb[vsb .1 For sb50 the SM Higgs
field lives in the bulk and has KK excitations, whereas
sb51 it is a boundary field. TheW gauge boson mass matr
is given by

M W
2 .S mW

2 A2mW
2 sb

2 A2mW
2 sb

2 . . .

A2mW
2 sb

2 Mc
2

A2mW
2 sb

2 ~2Mc!
2

A �

D , ~4!

where Mc[1/R, mW
2 5g2v2/2, andg is the SU(2)L gauge

coupling. In Eq.~4! we have neglected terms ofO(mW
2 ) for

the KK-excitation masses, since they are subleading in
limit Mc@mW considered here. From now on we will on
consider the leading corrections, ofO(mW

2 /Mc
2), to the

1We do not specify the couplings off1 or f2 to the fermions
since it is not needed here. However, the fact that the couplin
f1 to the boundary is suppressed by a factorApR suggests that
f1 (f2) is responsible for giving mass to the bottom~top!.
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masses and couplings of the lightest modes. The eigenva
of the matrix~4! can be obtained at this order by the rotati
RM W

2 R †, with

R.S 1 u1 u2 . . .

2u1 1

2u2 1

A �

D , and un52
A2mW

2 sb
2

n2Mc
2

.

~5!

The mass eigenvalues are

mW
(ph)25mW

2 F122sb
4 (

n51

` mW
2

n2Mc
2G , ~6!

MKK
(n) 25n2Mc

21O~mW
2 !, n51,2, . . . ,̀ . ~7!

The lightest mode, of massmW
(ph)2 , is the one to be associ

ated with the SMW boson. Its coupling to the fermions i
affected by the rotation~5!. We obtain

g(ph)5gF122sb
2 (

n51

` mW
2

n2Mc
2G . ~8!

For the neutral SM gauge bosons,W3 andB, the situation is
analogous. After the usual rotation by the electroweak an
uW , the states are split into the masslessg plus its KK ex-
citations ~with massesnMc), and the KK tower ofZ’s,
whose mass matrix is identical to Eq.~4! with the replace-
mentmW→mZ . The lightestZ boson has a mass and a gau
coupling to the fermions given by

mZ
(ph)25mZ

2F122sb
4 (

n51

` mZ
2

n2Mc
2G , ~9!

gZ
(ph)5

g

cosuW
F122sb

2 (
n51

` mZ
2

n2Mc
2G , ~10!

wheremZ andg/cosuW would be the mass and the couplin
in the case of no mixing between theZ and its KK excita-
tions.

III. ELECTROWEAK OBSERVABLES
AND CONSTRAINTS ON M c

Let us start by considering the effect of the KK tower
the SM tree-level relation

GF
SM5

pa

A2mW
(ph)2@12mW

(ph)2/mZ
(ph)2#

, ~11!

where byGF
SM we refer to the SM prediction for the Ferm

constant measured in them decay, andmW
(ph) andmZ

(ph) are

of
5-2
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the measured~physical! masses. In our model them decay
can be also mediated by theW excitations. Therefore, we
have

GF

A2
5

g(ph)2

8mW
(ph)2

1 (
n51

`
~A2g!2

8n2Mc
2

, ~12!

where nowg(ph) and mW
(ph)2 are given in Eqs.~8! and ~6!,

respectively. On the other hand,a is defined at zero momen
tum where KK contributions are negligible. Then we hav

a5
g2

4p S 12
mW

2

mZ
2 D

5
g(ph)2

4p S 12
mW

(ph)2

mZ
(ph)2D F11~2sb

414sb
2 ! (

n51

` mW
(ph)2

n2Mc
2 G .

~13!

From Eqs.~12!, ~13!, and~11!, we obtain

GF5GF
SMF122~sb

412sb
221! (

n51

` mW
(ph)2

n2Mc
2 G , ~14!

that expresses the deviation versus the SM prediction du
the KK excitations.

In order to compare with the high-precision electrowe
data, we must include radiative corrections. The loop effe
of the KK excitations can be neglected in the limitMc
@mW .2 In consequence we must only consider the ordin
SM radiative corrections. These can be easily incorpora
by replacing the tree-level relation~11! by the loop-corrected
one, that can be extracted from Ref.@11#. The excellent
agreement betweenGF

SM and the observed value leads to
severe constraint on the ratioGF /GF

SM21. Actually, since
the experimental determination ofGF is still more precise
than mW

(ph)2 , the analysis of electroweak observables u
GF , mZ

(ph)2 , anda as input parameters, and takes the re
tion in Eq. ~11!, corrected by radiative corrections@see Eq.
~10.6a! of Ref. @11##, as a SM prediction for theW physical
massmW

SM. This must be compared with the experimen
value@12# mW

(ph)580.3960.06 GeV. Using Eq.~14! and the
relation(n51

` 1/n25p2/6, we derive at the 2s level

mW
SM2@mZ

(ph)22mW
SM2#

mW
(ph)2@mZ

(ph)22mW
(ph)2#

5F11~sb
412sb

221!
p2mW

(ph)2

3Mc
2 G

5120.0083
10.0088. ~15!

2Although in a 5D theory the gauge coupling becomes strong
energiesm.Mc , the KK effects to processes atm'mW,Mc are
dominated by the lightest KK modes: the first six KK excitatio
give already the 90% of the sum(n51

` 1/n2. Since at energiesm
&6Mc the theory is still weakly coupled, we can trust the lo
expansion. We estimate that the uncertainty in our calculatio
&10%.
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This translates into the lower bound onMc given in Fig. 1.
For sb50 we haveMc*1.6 TeV. A similar bound was de
rived ~in this limit sb50) in Ref.@13#. Notice that the bound
depends strongly onsb and goes to zero forsb

25A221.
Therefore, we find that this is not a good observable to c
strainMc in a model-independent way.

We can proceed as above to obtain predictions for ot
electroweak observables. We have considered three m
quantities:~1! QW obtained in atomic parity-violating experi
ments@11#, ~2! G( l 1l 2), the leptonic width of theZ, and~3!

the r parameter defined asr5mW
(ph)2/(mZ

(ph)2 cos2 ûW) @11#,

where ûW is the Weinberg angle in the modified minim
subtraction (MS̄) scheme. The latter can be related@11# to
the physical quantity sin2 uW

eff[(12gV /gA)/4 that is mea-
sured at the CERNe1e2 collider LEP and SLAC Large
Detector~SLD! @12#. KK excitations do not contribute to the
ratio gV /gA and therefore do not modify sin2uW

eff . The effect
of the KK excitations onG( l 1l 2), QW , andr is given by

G~ l 1l 2!5G~ l 1l 2!SM

3F112@~sb
221!2 sin2 uW21# (

n51

` mZ
(ph)2

n2Mc
2 G ,

~16!

QW5QW
SMF112~sb

221!2 sin2 uW(
n51

` mZ
(ph)2

n2Mc
2 G ,

~17!

r5rSMF122sb
4 sin2 uW(

n51

` mZ
(ph)2

n2Mc
2 G , ~18!

whereG( l 1l 2)SM is the SM prediction written as a functio
of GF , mZ

(ph) , and sin2 ûW, whereasQW
SM is the SM predic-

tion written as a function of sin2 ûW and rSM51.0109
60.0006. All these SM expressions can be found in R
@11#. Comparing the predictions~16!–~18! with the experi-
mental values, we can place bounds onMc . These are
shown in Fig. 1. The experimental values forQW and

at

is

FIG. 1. Lower bounds on the compactification scaleMc from
electroweak observables.
5-3
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G( l 1l 2) have been taken from Ref.@11#. The experimental

value of sin2 ûW that appears inr has been taken from Re
@12#. We find that the strongest lower bound onMc comes
from the leptonicZ width, an observable that seems to
very appropriate to constrain models with extra gau
bosons. This is because~a! it is measured at the level o
0.1%, ~b! the SM loop corrections are calculated with
even better precision,3 and ~c! its dependence onsb is very
mild. We find an absolute bound ofMc*2.5 TeV. The
bound coming fromQW is much weaker. This disagrees wi
Ref. @13#, where a stronger bound fromQW was obtained in
the limit sb50. We think that the reason for this disagre
ment is that in Ref.@13# QW was derived not as a function o
QW

SM but as a function ofQW
SMGF

SM/GF . The bound fromr is
not very strong either. This is due to the fact that the ga
boson sector has an approximate SU~2!-custodial symmetry
only broken by the difference (mZ

22mW
2 )/mZ

2.0.23.
One can look for other observables that would lead

analogous bounds. For example, the total width of theZ or
sin2ûW from the relation in Eq.~10.9a! of Ref. @11#. The
latter also gives lower bounds around 2.5 TeV, but with
strong dependence onsb .

KK excitations also affect the differential cross sectio
for e1e2→ f 1 f 2 measured at high energies,q2.mZ

2 . These
experiments can be used to test four-fermion contact inte
tions, and consequently to put lower bounds on the masse
the KK excitations@2#. We find that the largest bound come
from limits on the vector four-fermion interaction
eV@e1gme2#@ f 1gm f 2#. In our model these are mediate
~predominantly! by the KK tower of the photon and give
eV522qf

2e2(n51
` 1/(n2Mc

2). The minus sign indicates tha
the contribution interferes destructively with the SM on
The strongest constraint oneV is found in the LEP2 experi-
ment, that giveseV,4p/(9.3)2 TeV22 for leptons at the
95% CL@16#. This impliesMc*1.5 TeV. Constraints onMc
can also be obtained from direct searches forZ8 at Tevatron
@14#. The present limit for a SM-likeZ8 is MZ8.690 GeV.
In our model, however, we must consider that the coupl
of the KK excitations to fermions is a factorA2 larger than

3ExpressingG( l 1l 2) as a function ofGF andmZ
(ph) incorporates

the largest radiative correction from the running ofa, and the domi-
nant top correction appears suppressed by a factor tan2uW with
respect to that in Eq.~11!.
B
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that of theZ, and the cross-section production is enhanced
a factor of 4. From Ref.@14#, we get the limit Mc
*820 GeV. Similarly, from searches forW8 @15# we obtain
the boundMc*780 GeV.

Finally, we want to comment on models with more th
one extra dimension. Our analysis can be easily exten
just by replacing the sum(n51

` 1/n2 appearing in the above
equations by the sum over all the KK excitations of t
theory. This sum, however, depends on the manifold
which the theory is compactified@2#. In addition, for more
than one extra dimension it is not finite. For two extra d
mensions, for example, the sum diverges logarithmica
; ln(L/Mc) and, therefore, depends also on the cutoff of
theory L. Consequently, the lower bounds onMc for more
than one extra dimension will be stronger but very mo
dependent.

IV. CONCLUSIONS

There are well-motivated theoretical arguments that im
the existence of more than three spatial dimensions. In o
to be consistent with all observations, of course, the ex
dimensions must be compactified at some high-energy sc
If this scale is around the TeV, their presence must affect
SM electroweak predictions currently being tested at h
precision experiments.

In this paper we have analyzed these effects. We h
shown how the associated tower of KK excitations of the S
fields modify the relations between different electroweak o
servables. We have considered the most general case by
ing the SM Higgs doublet as a combination of a field livin
in the 5D bulk and another living on the 4D boundary of t
manifold. We have compared with the present electrow
data and have put constraints on the compactification sc
We have shown that, if an extra dimension exists, it must
compactified at a scale larger than'2.5 TeV. This bound
will be improved with a better experimental determinati
of, for example, theW mass. Also new LEP2 data on differ
ential cross sections fore1e2→ f 1 f 2 can, as discussed
above, be very useful to establish the maximum length of
extra dimension.
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