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Bounds on universal extra dimensions
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We show that the bound from the electroweak data on the size of extra dimensions accessible to all the
standard model fields is rather loose. These ‘‘universal’’ extra dimensions could have a compactification scale
as low as 300 GeV for one extra dimension. This is because the Kaluza-Klein number is conserved and thus the
contributions to the electroweak observables arise only from loops. The main constraint comes from weak-

isospin violation effects. We also compute the contributions to theSparameter and theZbb̄ vertex. The direct
bound on the compactification scale is set by CDF and D0 in the few hundred GeV range, and run II of the
Tevatron will either discover extra dimensions or else it could significantly raise the bound on the compacti-
fication scale. In the case of two universal extra dimensions, the current lower bound on the compactification
scale depends logarithmically on the ultraviolet cutoff of the higher dimensional theory, but can be estimated
to lie between 400 and 800 GeV. With three or more extra dimensions, the cutoff dependence may be too
strong to allow an estimate.
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I. INTRODUCTION

Extra dimensions accessible to standard model fields
of interest for various reasons. They could allow gauge c
pling unification@1#, and provide new mechanisms for supe
symmetry breaking@2# and the generation of fermion mas
hierarchies@3#. More recently it has been shown that ext
dimensions accessible to the observed fields may lead to
existence of a Higgs doublet@4#.

A number of studies indicate that if standard model fie
propagate in extra dimensions, then they must be comp
fied at a scale 1/R above a few TeV@5#. These studies refer
however, to theories in which some of the quarks and lept
are confined to flat four-dimensional slices~branes!. In the
equivalent four-dimensional theory where the extra dim
sions are accounted for by towers of heavy Kaluza-Kl
~KK ! states, the bound on 1/R is due to the tree level contri
butions of the KK modes to the electroweak observables

In this paper we point out that extra dimensions access
to all the standard model fields, referred to here as unive
dimensions, may be significantly larger. The key elemen
the conservation of momentum in the universal dimensio
In the equivalent four-dimensional theory this implies K
number conservation. In particular there are no vertices
volving only one non-zero KK mode, and consequently th
are no tree-level contributions to the electroweak obse
ables. Furthermore, non-zero KK modes may be produce
colliders only in groups of two or more. Thus, none of t
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known bounds on extra dimensions from single KK produ
tion at colliders or from electroweak constraints applies
universal extra dimensions.

The heavy KK modes contribute, though, at loop level
the electroweak observables, so that some lower bound
1/R can be set. In addition, there is a direct bound on 1R
from the non-observation of KK pair production at the Fe
milab Tevatron and CERNe1e2 collider LEP. After present-
ing some general features of universal extra dimension
Sec. II, we compute the bound on their size from the el
troweak data~Sec. III!. We then discuss the current dire
bound on 1/R from collider experiments~Sec. IV!. Our con-
clusions are summarized in Sec. V.

II. THE KALUZA-KLEIN SPECTRUM
AND INTERACTIONS

Our starting point is the minimal standard model ind
541d space-time dimensions. The gauge, Yukawa a
quartic-Higgs couplings have negative mass dimension
this is an effective theory, valid below some scaleMs . We
assume a compactification scale 1/R,Ms for the d extra
spatial dimensions. The upper bound on 1/R for the class of
models being discussed is determined by the range of va
ity of the effective 4-dimensional Higgs theory. To avo
fine-tuning the parameters in the Higgs sector, 1/R should
not be much higher than the electroweak scale. We study
experimental lower bound on 1/R. Given that the gauge cou
plings and the top Yukawa coupling are of order one at
electroweak scale, thed-dimensional theory remains pertu
bative for a range of energies above 1/R. The cutoffMs on
thed-dimensional theory is expected to be no higher than
upper end of this range.
©2001 The American Physical Society02-1
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We use the generic notationxa, a50,1,. . . ,31d for the coordinates of the (41d)-dimensional space-time, but w
explicitly distinguish between the usual non-compact space-time coordinates,xm, m50,1,2,3, and the coordinates of the ext
dimensions, ya, a51, . . . ,d. The 4-dimensional Lagrangian can be obtained by dimensional reduction from
(41d)-dimensional theory:

L~xm!5E ddyH 2(
i 51

3
1

2ĝi
2
Tr@Fi

ab~xm,ya!Fiab~xm,ya!#1LHiggs~xm,ya!1 i ~Q̄,Ū,D̄!~xm,ya!~GmDm1G31aD31a!

3~Q,U,D!Á~xm,ya!1@Q̄~xm,ya!„l̂UU~xm,ya!is2H* ~xm,ya!1l̂DD~xm,ya!H~xm,ya!…1H.c.#J . ~2.1!
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Here Fi
ab are the (41d)-dimensional gauge field strength

associated with theSU(3)C3SU(2)W3U(1)Y group, while
Dm5]/]xm2Am andD31a5]/]ya2A31a are the covariant

derivatives, with Aa52 i ( i 51
3 ĝiA a

r
iTi

r being the
(41d)-dimensional gauge fields. The pieceLHiggs of the
(41d)-dimensional Lagrangian contains the kinetic term
the (41d)-dimensional Higgs doubletH, and the Higgs po-

tential. The (41d)-dimensional gauge couplingsĝi , and the

Yukawa couplings collected in the 333 matricesl̂U,D , have
dimension~mass! 2d/2.

The fieldsQ, U and D describe the (41d)-dimensional
fermions whose zero-modes are given by the 4-dimensio
standard model quarks. A summation over a generationa
dex is implicit in Eq.~2.1!. For example, the 4-dimensiona
third generation quarks may be written asQ 3

(0)

[(t,b)L , U 3
(0)[tR , D 3

(0)[bR . The kinetic and Yukawa
terms for the weak-doublet and -singlet leptons,L andE, are
not shown for brevity.

The gamma matrices in (41d) dimensions,Ga, are anti-
commuting 2k1232k12 matrices, wherek is an integer such
that d52k or d52k11. Chiral fermions exist only whend
is even, and correspond to the eigenvalues61 of G41d.
Therefore, if the spacetime has an odd number of dimens
(d52k11), Q, U, D, L, and E are vector-like
2k12-component fermions, and the (41d)-dimensional
theory is automatically anomaly-free. For an even numbe
dimensions (d52k) one may chooseQ,U,D,L andE to be
chiral 2k11-component fermions. In order to have Yukaw
couplings with the scalar Higgs field, theSU(2)W-doublet
fermions and theSU(2)W-singlet fermions must have oppo
site chiralities. This guarantees that the unbrokenSU(3)C
andU(1)EM are vector-like, hence anomaly free. The gra
tational anomaly may easily be canceled by gauge-sin
fermions. TheSU(2)W andU(1)Y gauge groups are chira
so there can be (412k)-dimensional anomalies involving
the SU(2)W andU(1)Y gauge groups, but they can be ca
celed by the Green-Schwarz mechanism@6#. For both odd
and evend the 4-dimensional anomalies cancel because
fermion content is chosen so that the effective theory
scales below 1/R is the 4-dimensional standard model.

In order to derive the 4-dimensional Lagrangian from E
~2.1!, we must specify the compactification of the extra
mensions. The simplest choice is an@(S13S1)/Z2#k orbifold
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for d52k, and an@(S13S1)/Z2#k3(S1/Z2) orbifold for d
52k11. An orbifold of this type is ad-dimensional torus
cut in half along each of theya coordinates with odda. Each
component of ad-dimensional field that belongs to a repr
sentation of the 4-dimensional Lorentz group,SO(3,1), must
be either odd or even under the orbifold projectio
(ya, ya11)→(2ya, 2ya11) for evena11<2k, as well as
y2k11→2y2k11 for d52k11. An equivalent description o
the compactification is ad-dimensional space with coordi
nates 0<ya<pR for odd aand2pR<ya<pR for even a,
and boundary conditions such that each field or its deri
tives with respect to theya’s vanish at the orbifold fixed
points ya50, 6pR. (F50, ]2F/]ya]yb50 for odd
fields, and]F/]ya50 for even fields at the orbifold fixed
points.!

The Lagrangian~2.1! together with the boundary cond
tions completely specifies the theory. Ford52, the
SU(3)C3SU(2)W3U(1)Y gauge fields are decomposed
KK modes as follows:

An~xm,ya!5
A2

~2pR!d/2 HA n
(0,0)~xm!1A2 (

j 1 , j 2

A n
( j 1 , j 2)

~xm!

3cosF 1

R
~ j 1y11j2y

2!GJ,
Ab~xm,ya!5

2

~2pR!d/2 (
j 1 , j 2

A b
( j 1 , j 2)

~xm!

3sinF 1

R
~ j 1y11 j 2y2!G , ~2.2!

where the summation is over all integer values of the K
numbersj 1 and j 2 that satisfy j 11 j 2>1, or j 152 j 2>1.
The gauge fields polarized in thexn, n50,1,2,3 directions
are even under the orbifold transformation, so that the z
modes correspond to the 4-dimensional standard mo
gauge fields. On the other hand, the gauge fields polar
along the coordinatesyb, b51,2 of the extra dimensions ar
odd under the orbifold transformation, so that their ze
modes are projected out and no massless scalar fields ap
after dimensional reduction.
2-2
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With boundary conditions in thed52 compact dimensions chosen to give the appropriate chiral structure for the KK
modes, the KK decomposition for the top quark fields is given by

Q3~xm,ya!5
A2

~2pR!d/2 H ~ t,b!L~xm! 1A2 (
j 1 , j 2

FPLQ3L
( j 1 , j 2)

~xm!cosS 1

R
~ j 1y11 j 2y2! D

1PRQ3R
( j 1 , j 2)

~xm!sinS 1

R
~ j 1y11 j 2y2! D G J ,

U3~xm,ya!5
A2

~2pR!d/2 H tR~xm! 1A2 (
j 1 , j 2

FPRU3R
( j 1 , j 2)

~xm!cosS 1

R
~ j 1y11 j 2y2! D

1PLU3L
( j 1 , j 2)

~xm!sinS 1

R
~ j 1y11 j 2y2! D G J , ~2.3!
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where the range of values forj 1 and j 2 is the same as above
in Eq. ~2.2!. The third-generation weak-doublet quark,Q3
5(Qt ,Qb), and weak-singlet up-type quark,U3, are four-
component chiral fermions in six dimensions so that th
KK modes are 4-dimensional vector-like quarks, with t
exception of the zero modes which are chiral. The ch
projection operators that appear in the KK decompositi
PL,R5(17g5)/2, are the 4-dimensional ones.

For d51, the KK decomposition may be obtained fro
Eqs.~2.2! and ~2.3! by settingj 250, y250. In general, for
d52k11 one may compactify one dimension as above a
then compactify the remainingk pairs of extra dimensions
with appropriate use of the higher dimensional chiral proj
tion operators. Ford52k, the KK decomposition may also
be obtained by iterating Eqs.~2.2! and ~2.3! k times. The
other quark and leptond-dimensional fields have simila
KK-mode decompositions. The Higgs field must be even
der the orbifold transformation. Only the Higgs zero mo
acquires an electroweak asymmetric vacuum expecta
value ~VEV! of v/A2'174 GeV.

The heavy spectrum in four dimensions consists of K
levels characterized by the mass eigenvalues

M j5
pj

R
, ~2.4!

where j >1, pj 11.pj , andpj is given by

j 1
21•••1 j d

25pj
2 . ~2.5!

The degeneracy of thej th KK level, D j , is given by the
number of solutions to this equation forj 1 , . . . ,j d . At each
level there would beD j sets of fields, each of them includin
the SU(3)C3SU(2)W3U(1)Y gauge fields, three genera
tions of vector-likequarks and leptons, a Higgs doublet, a
d scalars in the adjoint representations ofSU(3)C
3SU(2)W3U(1)Y .

An essential observation is that the momentum conse
tion in the extra dimensions, implicitly associated with t
Lagrangian~2.1!, is preserved~as a discrete symmetry! by
the above orbifold projection. In the case of fermions, t
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implies that there is no mixing among the modes of differe
KK levels. The zero-mode top quark gets a mass from
Yukawa coupling exactly as in the 4-dimensional stand
model. Given that each KK level includes a tower of bo
left- and right-handed modes for each of thetL andtR fields,
there is a 232 mass matrix for each top-quark KK leve
TheD j top-quark mass matrices of thej th KK level may be
written in the weak eigenstate basis as

~ Ū 3
j ,Q̄ t

j !S 2M j mt

mt M j
D S U 3

j

Q t
j D . ~2.6!

Here, Q t
j is a four-component field describing thej th KK

modes associated withtL . The diagonal terms are the mass
induced by the kinetic terms in theya directions, while the
off-diagonal terms are the contributions from the Hig
VEV. The corresponding mass eigenstates,U 38

j and Q t8
j ,

have the same mass,

Mt
( j )5AM j

21mt
2. ~2.7!

The weak eigenstate top KK modes are related to the m
eigenstates by

S U 3
j

Q t
j D 5S 2g5cosa j sina j

g5sina j cosa j
D S U 38

j

Q t8
j D , ~2.8!

wherea j is the mixing angle,

tan2a j5
mt

M j
. ~2.9!

The b-quark KK modes have an analogous structure due
the mixing betweenD 3

j ~the left- and right-handed field
associated withbR) andQ b

j ~the left- and right-handed field
associated withbL). However, this mixing may be neglecte
up to corrections of order (mb /mt)

2 compared with the mix-
ing from the top-quark KK sector.

The interactions of the KK modes may be derived fro
2-3
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thed-dimensional Lagrangian~2.1!, using the KK decompo-
sitions shown in Eqs.~2.2! and~2.3!, and by integrating over
the extra dimensions. For the one-loop computations to
considered here, it is sufficient to know the vertices invo
ing one or two zero modes and two non-zero modes. In
d

s

g
n
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remainder of this section we list the relevant terms of t
type that appear in the 4-dimensional Lagrangian.

The top and bottom mass-eigenstate KK modes~i.e., the
vector-like quarksQ t8

j , U 38
j , Q b

j andD 3
j ) have the follow-

ing electroweak interactions with theW6 andZ zero modes:
g

LW1
5

g

2cosuW
ZmF S sin2a j2

4

3
sin2uWD Ū38

jgmU 38
j1S cos2a j2

4

3
sin2uWD Q̄t8

jgmQ t8
j

1sina jcosa j~ Ū38
jgmg5Q t8

j1H.c.!12gL
bQ̄b

j gmQ b
j 12gR

bD̄3
j gmD 3

j G
1

g

A2
@Wm

1~2sina j Ū38
jg51cosa jQ̄t8

j !gmQ b
j 1H.c.#, ~2.10!

where

gL
b52

1

2
1

1

3
sin2uW , gR

b5
1

3
sin2uW . ~2.11!

The weak eigenstate neutral gauge bosons,Wm
3 j and Bm

j mix level by level in the same way as the neutralSU(2)W and
hypercharge gauge bosons in the 4-dimensional standard model. The corresponding mass eigenstates,Zm

j andAm
j , have masses

AM j
21MZ

2 and M j
2 , respectively. These heavy gauge bosons have interactions with one zero-mode quark and onej-mode

quark ~in the weak-eigenstate basis! identical with the standard model interactions of the zero modes.
Likewise, there are interactions of one quark zero mode and one quarkj mode with thej mode of the scalars correspondin

to the electroweak gauge bosons polarized alongya, Wa13
j , Za13

j , Aa13
j . For d51, they may be written as follows:

LW2
5

e

3
iA4

j @2cosa j~Q̄tR
8 j tL2Ū3L

8 j tR!22sina j~ Ū3R
8 j tL2Q̄tL

8 j tR!2Q̄bR

j bL2D̄3L

j bR#

1
g

cosuW
iZ4

j @Q̄t8
j~c1V

j 1c1A

j g5!t1Ū38
j~c2V

j 1c2A

j g5!t1gL
bQbR

j bL1gR
bD̄3L

j bR#

1
g

A2
iW4

1 j~cosa jQ̄tR
8 jbL2sina j Ū3R

8 j bL1 t̄ LQbR

j !1H.c. , ~2.12!
lac-
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where

c1V,A

j 56cosa j S 1

4
2

1

3
sin2uWD2

1

3
sina jsin2uW ,

~2.13!

and c2V,A

j are obtained by permuting sinaj and cosaj in the

above expression. Ford52 theWa14
j , Za14

j , ga14
j scalars

have similar couplings, up to sign differences, while ford
>3 the gauge bosons polarized along each pair of extra
mensions couples to a different set of quark KK modes.

Each non-zero KK mode of the Higgs doublet,H j , in-
cludes a charged Higgs boson and a neutralCP-odd scalar of
mass M j , and also a neutralCP-even scalar of mas

AM j
21Mh

2. The interactions of the Higgs boson and gau
boson KK modes may also be obtained from the correspo
i-

e
d-

ing standard model interactions of the zero modes by rep
ing two of the fields at each vertex with theirj th KK mode.

III. ELECTROWEAK DATA VERSUS EXTRA
DIMENSIONS

We study the sensitivity of the electroweak observables
the higher dimensional physics setting in at scale 1/R. The
largest contributions come from the KK modes associa
with the top quark, but there are also corrections due to
gauge and Higgs KK modes. QCD corrections are small
are neglected. The standard model in universal extra dim
sions is described by four unknown parameters: the Hi
boson massMh , the compactification radiusR, the cutoff
scaleMs , and the number of extra dimensionsd. The upper
bound on the cutoffMs is determined in terms of 1/R and the
value of the various couplings at this scale. The Higgs bo
mass is bounded from above by the requirement that
2-4
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Higgs quartic coupling,lh , does not blow up~from a per-
turbative point of view! at a scale significantly belowMs .
We use this constraint (Mhu250 GeV @4#!, and study the
lower bound on 1/R, concentrating on the observables th
are most likely to yield severe constraints.

An important question is whether the electroweak obse
ables can be computed within the framework of the effecti
higher dimensional theory, that is, whether they are sens
to the unknown physics at scaleMs and above. We will show
that in the case of one extra dimension we can reliably ign
the effects of KK modes heavier than the cutoff~see Sec.
III A !. With two extra dimensions the KK modes give co
rections to the electroweak observables that depend loga
mically on the cutoff, and in more extra dimensions the d
pendence is more sensitive~see Sec. III B!.

Given that the larget2b mass splitting requires a hiera
chy between the top and bottom Yukawa couplings which
turn induces weak isospin violation in the KK spectrum, t
parameter

Dr[aT5DS MW

MZcosuW
D , ~3.1!

which measures the splitting in theW and Z masses due to
physics beyond the standard model, is a prime suspec
constraining 1/R.

The one-loop contribution toDr from one KK level as-
sociated with thet andb quarks follows from Eq.~2.10! and
is given by

aTj
t5

3mt
2

16p2v2
f T~mt

2/M j
2!, ~3.2!

wherev5246 GeV and

f T~z!512
2

z
1

2

z2
ln~11z!5

2z

3 F12
3z

4
1

3z2

5
1O~z3!G .

~3.3!

The form of this contribution toDr is easy to understand
The factormt

2/(4pv)2 arises from the definition ofDr as the
coefficient of the lowest-dimension, weak isospin-violati
term in the electroweak chiral Lagrangian@8#. The additional
factor (mt

2/M j
2) is present because the non-zero KK mod

decouple in the large mass limit.
In addition to the top and bottom KK modes, the Hig

KK modes contribute toDr because the VEV of the zero
mode Higgs induces isospin violation in the couplings of
higher modes of the Higgs doublet. To leading order
Mh

2/M j
2 , one Higgs KK mode gives

aTj
h52S a

4pcos2uW
D 5Mh

217MW
2

12M j
2

. ~3.4!

Finally, the KK electroweak gauge bosons also contribu
giving
03500
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aTj
V52S a

4pcos2uW
D ~2d111!MW

2

6M j
2

. ~3.5!

In each of these expressions, the factora/cos2uW is present
because the hypercharge gauge interaction provides
weak-isospin symmetry breaking. The second factor
present because the higher KK modes decouple in the l
mass limit.

The contribution toT from all the KK modes is

T5 (
j 51

nmax

D j~Tj
t1Tj

h1Tj
V!. ~3.6!

The upper limitnmax corresponds to the mass scaleMs at
which the effectived-dimensional theory breaks down. No
that the total number of contributing KK modes of a partic
lar field is

NKK5 (
j 51

nmax

D j . ~3.7!

Using the experimental values forMW , MZ , mt , anda, the
T parameter may be written in the form

T'0.76(
j 51

nmax

D j

mt
2

M j
2

3H 120.81
mt

2

M j
2

10.65
mt

4

M j
4

1O~mt
6/M j

6!

20.057
Mh

2

mt
2 @11O~Mh

2/M j
2!#J , ~3.8!

where mt'175 GeV. The error here is about 10% due
uncertainties inmt , higher terms inMh , and the range of
values ofd being considered. The current upper bound onT
is approximately 0.4 at 95% C.L. forMhu250 GeV~and is
somewhat relaxed for largerMh @9#!. The experimental
bound on 1/R is a function of the KK spectrum, which de
pends on the number of extra dimensions. We return to
estimate in Sec. III A.

In addition to theT parameter, the corrections from ne
physics to the electroweak gauge boson propagators are
coded in theS parameter defined by

S[2
8p

MZ
2
„P3Y~MZ

2!2P3Y~0!…, ~3.9!

whereP3Y(q2) is the vacuum polarization induced by no
standard physics@note that the gauge couplings are factor
out according to the definition for hypercharge whereY
[2(Q2T3)#. The S parameter gets a one-loop contributio
from each top-quark KK level:
2-5
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Sj
t52

1

2pE0

1

dxH 3
mt

2

MZ
2

lnF12
x~12x!MZ

2

M j
21mt

2 G
12x~12x!lnF11

mt
2

M j
22x~12x!MZ

2G J . ~3.10!

Assuming thatM j
2@mt

2 , this expression takes the form

Sj
t'

1

12p

mt
2

M j
2 F12

mt
2

M j
2 S 21

MZ
2

10mt
2D

1
mt

4

M j
4 S 7

3
2

MZ
2

5mt
2

1
3MZ

4

70mt
4D 1O~mt

6/M j
6!G .

~3.11!

The Higgs KK mode contribution toS is given, to leading
order inMh

2/M j
2 , by

Sj
h5

Mh
21~2322cosuW

2 !MZ
2

24pM j
2

, ~3.12!

while the gauge boson KK modes do not contribute. Us
the experimental values forMZ , mt , and cosuW, the total
contribution toS may be written in the form

S5 (
j 51

nmax

D j~Sj
t1Sj

h!'1022(
j 51

nmax

D j

mt
2

M j
2

3H 125.4
mt

2

M j
2

16.0
mt

4

M j
4

1O~mt
6/M j

6!11.3
Mh

2

mt
2

3@11O~Mh
2/M j

2!#J , ~3.13!

wheremt'175 GeV. This result is smaller by almost tw
orders of magnitude than the one forT, assuming that the
series inmt

2/M j
2 andMh

2/M j
2 are convergent. Given that th

bounds onSandT are comparable (Su0.2 at 95% C.L.!, we
see that once the bound on 1/R from T is satisfied there is no
relevant constraint fromS. This is not surprising because th
quark KK modes are vector-like fermions and therefore c
tribute toSonly if their masses violate the custodial symm
try, which leads to a largeT.

Another potential constraint on 1/R arises due to the one
loop corrections of the KK modes to theZ→bb̄ branching
ratio. The vertex correction is usually encoded in the qu
tity

DRb52Rb~12Rb!
gL

bDgL
b1gR

bDgR
b

~gL
b!21~gR

b !2
~3.14!

where Rb is the ratio of theZ decay widths intobb̄ and
hadrons, whilegL,R

b appear in the standard modelZbb̄ cou-
plings at the tree level, and are given in Eq.~2.11!.
03500
g

-
-

-

The contribution toDgL
b due to top-quark KK modes, fo

M j
2@mt

2 , is given by

DgL
b5

a

4p S 1

2sin2uW

21D (
j 51

nmax

D j

mt
2

M j
2

'7.231024(
j 51

nmax

D j

mt
2

M j
2

. ~3.15!

There are also corrections from Higgs boson and gauge
son KK modes, but they are significantly smaller. The co
tribution to DgR

b is suppressed bymb
2/M j

2 and may also be
neglected. The standard model prediction isRb

SM50.2158, so
that DRb'20.77DgL

b , while the measured value isRb
exp

50.2165360.00069@10#. Notice that the correction toRb
from the KK modes has the wrong sign, and therefore
tightly constrained. The 2s bound is DRb.2731024,
which givesDgL

b,9.431024. One can then derive a boun
for (D j /M j

2 , but it is easy to see~for M j
2@mt

2) that this is
less severe than the bound imposed by theT parameter.

The shift ingL
b also affects the left-right asymmetry me

sured by the SLAC Large Detector~SLD!, which depends on

Ab[
~gL

b!22~gR
b !2

~gL
b!21~gR

b !2
. ~3.16!

The correction due to the KK modes is given byDAb'
20.29DgL

b . Using the SM prediction,Ab
SM50.935, and the

measured valueAb
exp50.92260.023 @10#, one can easily

check that this constraint is much looser than the one fr
Rb .

We expect that all other electroweak observables imp
no stronger constraints on 1/R than the one from theT pa-
rameter.

A. Bounds on one universal extra dimension

We consider first the case of a single extra dimensi
Then D j51 andM j5 j /R, with R the compactification ra-
dius, so that the summations over KK modes in Eq.~3.8! are
convergent. Extending the sums tonmax@1 gives

T'1.2~mtR!2@120.53~mtR!210.40~mtR!41O~mt
6R6!#.

~3.17!

The current upper bound on isospin breaking effectsT
u0.4, yields a lower bound on the compactification scale

1

R
i300 GeV. ~3.18!

The S parameter and other electroweak observables
involve convergent KK mode sums in the 5-dimension
case. As discussed above, they are less constraining tha
T parameter.

The convergence of each of these mode sums indic
that the electroweak observables can indeed be comp
reliably within the effective 5-dimensional theory, releva
2-6
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BOUNDS ON UNIVERSAL EXTRA DIMENSIONS PHYSICAL REVIEW D64 035002
below the cutoffMs . The convergence of the computatio
can be understood by recalling that each is effectivel
5-dimensional integral—a 4-dimensional integral plus a K
mode sum. The convergence of the correspond
4-dimensional integrals for the electroweak observable
well known, and this is not changed with only a single ad
tional dimension.

The reliability of these computations and the consequ
lower bound 1/Ri300 GeV can be checked by examinin
higher order corrections in the effective 5-dimension
theory. In the limit Ms@1/R, the 5-dimensional coupling
become strong at the cutoff, and there are potentially la
corrections to the one-loop result. Consider the two loop c
rections, for example. The integrals are now logarithmica
divergent, but there are two additional powers of
5-dimensional coupling, each of which is proportional
1/AMs. Thus these corrections have a suppression facto
1/(RMs) relative to the one-loop estimate. Higher loops c
all be seen to be of this order, meaning that within the eff
tive 5-dimensional theory the corrections to the one-loop
sults can only be estimated. Nevertheless, they are all
pressed by the factor 1/(RMs), indicating the same for the
unknown physics aboveMs . When Ms is well below the
scale where the 5-dimensional couplings become strong
higher loops may be ignored. The unknown physics ab
the cutoff induces effective operators in thed-dimensional
theory suppressed by powers ofMs . After dimensional re-
duction the corresponding 4-dimensional operators are
ther suppressed by powers of 1/(RMs).

To estimate the largest value ofMs below which the
theory is perturbative, we note that the loop expansion
rameters can be written in the form

e i5Ni

a i~Ms!

4p
NKK~Ms!, ~3.19!

where thea i are the 4-dimensional standard model gau
couplings, the indexi 51,2,3 labels theU(1)Y , SU(2)W and
SU(3)C groups,Ni51,2,3 is the corresponding number
colors, andNKK(Ms) is the number of KK modes belowMs .
The value ofMs at which these parameters become of or
unity is the largest cutoff consistent with a perturbative
fective theory. Each of theD j sets of fields within one KK
level contributes to the one-loop coefficients of the threeb
functions an amount (81/10, 4/3,25/2). Although the
4-dimensionalSU(3)C coupling becomes more asympto
cally free above each KK level, thed-dimensionalSU(3)C
interaction becomes non-perturbative in the ultraviolet
fore the other gauge interactions. Thee3 parameter become
of order unity, indicating breakdown of the effective theo
at roughly 10 TeV. The KK modes above that scale, as w
as operators induced by other physics above the cutoff,
negligible contributions to the electroweak observables.

B. Two or more universal extra dimensions

For d>6, theT andS parameters, and other electrowe
observables become cutoff dependent. The KK mode s
diverge in the limitNKK→` because the KK spectrum i
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denser than the 5-dimensional case. This can again be
by noting that the 4-dimensional integrals plus the KK mo
sums are effectivelyd-dimensional integrals. The elec
troweak observables (S,T, . . . ), convergent in four and five
dimensions at one loop, become logarithmically divergen
d56 and more divergent in higher dimensions. The deg
eraciesD j and massesM j of the KK modes are listed for a
toroidal compactification in Ref.@7#, and are smaller by a
factor of two in the case of the orbifold considered here.

Consider the cased56. The electroweak observables a
logarithmically divergent at the one loop level, indicatin
that within the framework of the effectived-dimensional
electroweak theory, they are unknown parameters to be fi
experiment. This is reinforced by the higher loop estima
which are all of this order if the cutoff is taken to be as lar
as possible—where the effectived-dimensional theory be-
comes strongly coupled. In this case, the electroweak obs
ables are directly sensitive to the new physics at scalesMs
and above. It is possible, on the other hand, that the cuto
smaller or that the higher order estimates are such that
one loop, logarithmic terms dominate. Then the compu
tions ~3.8!, ~3.13!, etc., enhanced relative to th
5-dimensional case by a large logarithm, can be used to p
rough lower bound on 1/R.

In Fig. 1 we show the dependence of this lower bound
the ratio between the cutoffMs and the compactification
scale. Assuming that the theory aboveMs is custodially sym-
metric, the one-loop contribution to theT parameter is reli-
able as long as the theory remains perturbative, roughly
MsRu5. The KK contributions to the one-loop coefficien
of the U(1)Y , SU(2)W and SU(3)C b functions are now
(81/10, 11/6, 22), but again thed-dimensionalSU(3)C
interaction becomes non-perturbative in the ultra-violet
fore the other gauge interactions. The theoretical uncerta
due to higher loops may be estimated in terms of thee3 loop
expansion parameter. Figure 1 shows that the lower bo
on 1/R is increased by roughly a factor of two compared

FIG. 1. The lower bound on the compactification scale a
function of the cutoff, ford52 extra dimensions. The vertical siz
of the shaded area is given by the loop expansion param
Nca3(Ms)NKK(Ms)/(4p), times the one-loop bound, and is a me
sure of the theoretical uncertainty. ForMsRi5 the standard mode
interactions become non-perturbative, impeding a reliable estim
of the electroweak observables.
2-7
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APPELQUIST, CHENG, AND DOBRESCU PHYSICAL REVIEW D64 035002
the 5-dimensional case, to approximately 400–800 GeV
For d>7, the cutoff dependence is more severe. The o

loop estimate~3.8! for the T parameter, for example, is en
hanced by the factor (RMs)

d26 relative to the 5-dimensiona
estimate. Higher loop estimates are of the same order if
ultraviolet cutoff,Ms , is above the scale where the couplin
become nonperturbative. Clearly, no reliable estimate is p
sible in this case. For smallerMs , the one-loop result has
strong dependence on the cutoff, but otherwise the cor
tions are smaller because the higher-dimensional opera
have coefficients suppressed by 1/(MsR)d.

IV. PROSPECTS FOR DISCOVERING KALUZA-KLEIN
MODES

We have shown that in the case of one universal e
dimension, accessible to all the standard model fields, th
to the electroweak data allows KK excitations as light as 3
GeV. Such a low bound raises the tantalizing possibility
discovering KK states in the upcoming collider experimen

If the KK number conservation is exact~that is, there is
no additional interaction violating the momentum conser
tion in extra dimensions!, some of the KK excitations of the
standard model particles will be stable. The heavy-genera
fermion KK modes can decay to light generation fermi
KK modes, e.g.,b(1)→s(1)(d(1))1g, and theW,Z gauge
boson KK modes can decay to lepton KK modes and neu
nos,W(1)(Z(1))→ l (1)(n (1))1n. The KK modes of the pho-
ton, gluon, and the lightest generation fermions are sta
and degenerate in mass, level-by-level, to a very good
proximation. Heavy stable charged particles will cause c
mological problems if a significant number of them survi
at the time of nucleosynthesis@11#. For example, they will
combine with other nuclei to form heavy hydrogen atom
Searches for such heavy isotopes put strong limits on t
abundance. Various cosmological arguments exclude th
particles with masses in the range of 100 GeV to 10 T
unless there is a low scale inflation that dilutes their ab
dance@12,13#. The cosmological problems can be avoided
there exist some KK-number-violating interactions so t
the non-zero KK states can decay. The lifetime depends
the strengths of these KK number violating interactio
which are usually suppressed by the cutoff scale and/or
volume factor of the extra dimensions. For collider search
there is no difference between a stable particle and a lo
lived particle which decays outside the detector. We first
sume that the KK states are stable or long-lived. The cas
which the KK states decay promptly will then be consider
when we discuss the possible KK number violating inter
tions.

A. Stable or long-lived KK modes

Because of the KK number conservation, the KK sta
have to be produced in pairs or higher numbers. They
only be produced at LEP if their masses are less t
ECM/2, ;100 GeV. The current lower bound on the size
the extra dimensions is set by the CDF and D0 experime
based on run I of the Tevatron. The largest production cr
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section is that for KK quarks and gluons. After being pr
duced, they will hadronize into integer-charged states.
cause of the large mass, they will be slowly moving and
signatures are highly ionizing tracks.

For one extra dimension of radiusR, the number of the
quark KK modes at each level is twice that of zero modes
neglecting the light quark masses, there are six KK quark
electric charge21/3 and mass 1/R, four KK quarks of elec-
tric charge 2/3 and mass 1/R, and two KK top quarks of mass
A1/R21mt

2. Therefore, the production cross section for
pair of charged tracks is roughly ten times higher than
one for a qq̄ pair of quarks of mass 1/R, sqq̄(1/R). For
1/R5300 GeV,sqq̄(1/R)'0.1 pb@14#.

The current lower mass limits on heavy stable quarks
195 GeV for charge 1/3 and 220 GeV for charge 2/3@15#.
The reach in mass would be approximately the same for
charge-1/3 quarks as for one charge-2/3 quark. Hence,
current bound on 1/R may be approximated as the mass lim
on a charge-2/3 quark, but with a production cross sec
about seven times larger.1 A dedicated study, beyond th
scope of this paper, is required to find this bound precis
However, by naively extrapolating the mass reach given
@15#, we estimate the lower direct bound on 1/R to be in the
300–350 GeV range.

It is remarkable that the direct lower bound on 1/R com-
petes with or even exceeds the indirect bound set by
electroweak precision measurements. This should be c
trasted with the case of non-universal extra dimensio
where the non-conservation of the KK number makes
indirect bound on 1/R stronger than the direct one by a fact
of five or so. Thus, run II at the Tevatron will either discov
an universal extra dimension or else it will significantly i
crease the lower bound on compactification scale.

B. Short-lived KK modes

As mentioned above, the KK states can decay into o
nary standard model particles if KK number violating effec
are present. Such violations of the KK number can oc
naturally. For example, the space in which the stand
model fields propagate may be a thick brane embedded
larger space in which gravitons propagate. In this case,
standard model KK excitations can decay into stand
model particles plus gravitons going out of the thick bra
~or other neutral fields that can propagate outside the th
brane!. The unbalanced momentum in extra dimensions
be absorbed by the thick brane. The lifetime depends on
strength of the coupling to the particle going out of the bra
and the density of its KK modes~which depends on the
volume of the space outside the thick brane!. If the KK states
produced at the colliders decay promptly inside the detec
the signatures will involve missing energy and will be sim
lar to supersymmetry. We assume that the KK number v

1The gluon KK modes further increase this effective cross sect
The production cross section for a pair of gluon KK modes is lar
than for a pair of quark KK modes, but the probability for hadron
ing into a charged meson is significantly for a gluon KK mode.
2-8
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BOUNDS ON UNIVERSAL EXTRA DIMENSIONS PHYSICAL REVIEW D64 035002
lating interactions arenot large enough to induce a signifi
cant single-KK-state production cross section.

For the KK quark and gluon searches, the signature
multi-jets plus missing energy, similar to the squarks a
gluinos. At the Fermilab Tevatron run I, the lower limits
the squark and gluino mass for the equal mass case are
GeV at the Collider Detector at Fermilab~CDF! @16,17# and
260 GeV at D0@18,17#. The production cross sections of th
KK quarks and gluons are similar to those of the squarks
gluinos. The distributions of the jet energies and the miss
transverse energy however will depend on the masses o
KK gravitons, i.e., the size of the space outside the th
brane. We expect that the reaches in KK quarks and glu
are comparable to those for squarks and gluinos in supers
metric models. Run II of the Tevatron is expected to pro
squark and gluino masses up to 350–400 GeV@17#, so it
could also probe KK quarks and gluons beyond the curr
indirect limit in this scenario. To distinguish the KK state
from supersymmetry, however, would require more deta
studies.

Another possibility for KK number violation is that ther
exist some localized interactions of the standard model fie
at a ~311! dimensional subspace~3-brane! on the boundary
or parallel to the boundary. In the effectived-dimensional
theory, these would take the form of higher dimensional
erators suppressed by powers of the cutoffMs . Some ex-
amples are

E dx4dyd~y2y0!
l

Ms
C̄D” C,

E dx4dyd~y2y0!
l8

Ms
5/2

C̄sabFabC,

E dx4dyd~y2y0!
l9

Ms
4 ~C̄GAC!~C̄GAC!, ~4.1!

whereC, Fab are five-dimensional standard model fermi
and gauge fields, andGA is some combination of theg ma-
trices. The first contributes to the kinetic terms of the K
states, so the KK mass spectrum would be modified a
re-diagonalizing and rescaling the kinetic terms into the
nonical form @19#. The corrections~4.1! are suppressed b
Ms and we assume that the coefficients (l, l8, l9, . . . )
are small enough so that these operators do not affect
analysis of electroweak observables. However, they could
sufficiently large to allow decays within the detector of t
pair-produced KK modes. The decay channels depend
which KK number violating interactions are present. We d
cuss the simplest two-body decays which can be induced
e.g., the first two interactions in Eq.~4.1!.

If the interactions involving the gluon field dominate, th
KK quarks and gluons decay into jets. The signals would
multi-jets which are difficult to extract from the QCD bac
grounds at the Tevatron. However, if the interactions invo
ing the electroweak gauge bosons are large enough so
the decay of the KK quarks into electroweak gauge bos
and quark zero modes has a significant branching ratio,
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can invoke the searches for the heavy quarks. For the de
into theW bosons, the signal is similar to the top quark. O
can use the measurements of the top quark production c
section at the Tevatron@20,21# to put limits on the new heavy
quarks. In Ref.@22#, Popovic and Simmons derived th
boundssqH(BW)2,7.8 pb (12.0 pb) at D0~CDF!, where
sqH is the cross section for the heavy quark production, a
BW is the branching ratio for the heavy quark decaying to
W boson and an ordinary quark. Applying this result, w
have 1/Ri200 GeV forBW;50%. There is also a searc
for the fourth generationb8 quark through the decay mod

ZZbb̄ at CDF, which excluded theb8 quark mass between
100 and 199 GeV if the branching ratio is 100%@23#. This
can also apply to the KK states of theb quark. In run II at the
Tevatron, the decays of quark KK modes into a quark z
mode and a photon may be also significant. Other proces
potentially relevant for run II, include the electroweak pr
duction of a pair of lepton KK modes with each of the
subsequently decaying into a lepton zero mode and a ph
or a W6, and the production of a pair of KK modes of th
electroweak gauge bosons leading to a four-lepton signa
general, the direct bounds on 1/R are weaker and model de
pendent in this case.

With more extra dimensions the production cross sect
is higher because of the multiplicity of KK modes. For e
ample, with two extra dimensions there are twice as ma
KK modes of mass 1/R than in the case of one extra dime
sion. However, the indirect bounds may also be significan
higher. It is not clear whether they are within the reach of r
II. The sensitivity of the LHC, though, should be impressiv
above a few TeV.

V. SUMMARY

We have examined the experimental consequences
higher dimensional theories in which all the standard mo
fields propagate in the extra dimensions. With these ‘‘univ
sal’’ extra dimensions, contributions to precision electrowe
observables arise first at the one-loop level. In the case
single extra dimension, where the one-loop computations
be done reliably within the framework of the effectiv
5-dimensional standard model, the electroweak observa
were estimated to allow a compactification scale as low
300 GeV. We then noted that the current lower bound fr
direct production experiments is set by CDF and D0 to be
the few-hundred GeV range. Thus run II at the Tevatron w
either see evidence for the extra dimensions or significa
raise the lower bound on the compactification scale.

In the case of two universal extra dimensions, the el
troweak observables become logarithmically sensitive, at
loop, to the cutoff on the effective 6-dimensional theory.
the cutoff is taken to be as large as possible, where
effective theory becomes strongly coupled, then the the
cannot be used to compute reliably the electroweak obs
ables. If, on the other hand, the cutoff is lower, with n
important contributions to the electroweak observables fr
2-9
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higher scales, then the observables may be estimated rel
at the one-loop level. As indicated in Fig. 1, withMsR<5,
the lower bound on the compactification scale is estimate
be between 400 GeV and 800 GeV.

Besides opening the possibility of experimental detect
of universal extra dimensions in the near future, the low
bound on the compactification scale discussed here sug
that physics in extra dimensions may be responsible for e
troweak symmetry breaking. For example, standard mo
gauge interactions may produce a bound-state Higgs dou
in six dimensions@4# without excessive fine-tuning.
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