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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 tdStharameter and thEbb vertex. The direct
bound on the compactification scale is set by CDF and DO in the few hundred GeV range, and run Il 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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[. INTRODUCTION known bounds on extra dimensions from single KK produc-
tion at colliders or from electroweak constraints applies for
Extra dimensions accessible to standard model fields argniversal extra dimensions.
of interest for various reasons. They could allow gauge cou- The heavy KK modes contribute, though, at loop level to
pling unification[1], and provide new mechanisms for super-the electroweak observables, so that some lower bound on
symmetry breaking2] and the generation of fermion mass 1/R can be set. In addition, there is a direct bound dr 1/
hierarchieq 3]. More recently it has been shown that extrafrom the non-observation of KK pair production at the Fer-
dimensions accessible to the observed fields may lead to thwilab Tevatron and CERNE" e~ collider LEP. After present-
existence of a Higgs doubléd]. ing some general features of universal extra dimensions in
A number of studies indicate that if standard model fieldsSec. Il, we compute the bound on their size from the elec-
propagate in extra dimensions, then they must be compactiroweak data(Sec. Il). We then discuss the current direct
fied at a scale R above a few Te\[5]. These studies refer, bound on 1R from collider experiment$Sec. I\V). Our con-
however, to theories in which some of the quarks and leptonslusions are summarized in Sec. V.
are confined to flat four-dimensional slicéxanes. In the
equivalent four-dimensional theory where the extra dimen- Il. THE KALUZA-KLEIN SPECTRUM
sions are accounted for by towers of heavy Kaluza—KI_em AND INTERACTIONS
(KK) states, the bound onR/is due to the tree level contri-
butions of the KK modes to the electroweak observables. Our starting point is the minimal standard modeldn
In this paper we point out that extra dimensions accessiblee4+ 6 space-time dimensions. The gauge, Yukawa and
to all the standard model fields, referred to here as universajuartic-Higgs couplings have negative mass dimension, so
dimensions, may be significantly larger. The key element ighis is an effective theory, valid below some scMg. We
the conservation of momentum in the universal dimensionsassume a compactification scaleR¥/M4 for the § extra
In the equivalent four-dimensional theory this implies KK spatial dimensions. The upper bound oR fér the class of
number conservation. In particular there are no vertices inmodels being discussed is determined by the range of valid-
volving only one non-zero KK mode, and consequently therdty of the effective 4-dimensional Higgs theory. To avoid
are no tree-level contributions to the electroweak observfine-tuning the parameters in the Higgs sectoR should
ables. Furthermore, non-zero KK modes may be produced atot be much higher than the electroweak scale. We study the
colliders only in groups of two or more. Thus, none of the experimental lower bound onR/ Given that the gauge cou-
plings and the top Yukawa coupling are of order one at the
electroweak scale, thé-dimensional theory remains pertur-
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We use the generic notatioxf', «=0,1,...,3+ 6 for the coordinates of the (#445)-dimensional space-time, but we
explicitly distinguish between the usual non-compact space-time coordiréteg,=0,1,2,3, and the coordinates of the extra
dimensions,y?, a=1,...,0. The 4-dimensional Lagrangian can be obtained by dimensional reduction from the
(4+ 6)-dimensional theory:

3

1 N
—Zl 2_§2Tr[FiaB(X'uaya)Fiaﬁ(xﬂaya)]+£Higgs(x'u:ya)+|(QaU,D)(Xnya)(FMD,L+ I'%3Dg, )
- i

E(x“)zf d’y

X(Q,U,D) T (x*,y2) +[ Q(xH,y2) (N X,y i aoH* (x#,y2) + X pD(x*, yA) H(x*,y2) +H.c] } . (2.2

Here F*# are the (4+ 8)-dimensional gauge field strengths for 8= 2k, and an[(S'x S")/Z,]*x(SYZ,) orbifold for &

associated with th€U(3)cX SU(2)x U(1)y group, while  =2k+1. An orbifold of this type is as-dimensional torus

D,=dlox*— A, andDg., ,= 3/ dy*— Az, , are the covariant Cut in half along each of thg® coordinates with od@. Each

with A =—is3 é‘Ar T being the component of al-dimensional field that belongs to a repre-
a I al "1

derivatives, Y . : .
e . . . . sentation of the 4-dimensional Lorentz gro@&)3,1), must
(4+ 6)-dimensional gauge fields. The piecggs Of the be either odd or even under the orbifold projection:

(4+ 6)-dimensional Lagrangian contains the kinetic term for( a a+l a a+tl
. . : . ye, y —(—y? -y ") forevena+1=<2k, as well as
the (4+ 6)-dimensional Higgs doublédd, and the Higgs po- y2K T, Y2k 1 for 5=2k+ 1. An equivalent description of

tential. The (4+ 6)-dimensional gauge couplings, and the  the compactification is @-dimensional space with coordi-
Yukawa couplings collected in thex33 matricesf\uyp, have nates Gsy?<aR for odd aand — 7R<y?< =R for even a
dimension(masg ~ %2 and boundary conditions such that each field or its deriva-
The fieldsQ, ¢/ and D describe the (4 §)-dimensional tives with respect to the®'s vanish at the orbifold fixed
fermions whose zero-modes are given by the 4-dimensiondloints y=0, *7R. (®=0, ¢°®/dy*9y°=0 for odd
standard model quarks. A summation over a generational irfields, andd®/dy*=0 for even fields at the orbifold fixed
dex is implicit in Eq.(2.1). For example, the 4-dimensional, Points) . _ .
third generation quarks may be written a@{” tiOrTShect?nggiggisr(ibléct%%ithtt%r:eWIttE et(f)\fy bogcr:?da;y ctci]r;}dl-
- 0)_ (0)— — _ —3
ter(,tn'g)f;} tﬁg We;i:dfusmetk;{d Tgﬁgg? ;Z[;;og:ng ; k::/;a SU(3)c X SU(2)wxU(1)y gauge fields are decomposed in
. ' KK modes as follows:
not shown for brevity.

The gamma matrices in (45) dimensions]'¢, are anti-
commuting ¥"2x 2K72 matrices, wheré is an integer such . V2
that 5=2k or 6=2k+ 1. Chiral fermions exist only whe& A XEYy%) = (2—R)5/2|
is even, and correspond to the eigenvalues of I'4*9, m
Therefore, if the spacetime has an odd number of dimensions 1.,
(6=2k+1), Q, U, D, L, and £ are vector-like xcogz(J1y +iay")
2X"2_component fermions, and the 45)-dimensional
theory is automatically anomaly-free. For an even number of
dimensions §=2k) one may choos®,i,D,L and € to be
chiral 2k+1-component fermions. In order to have Yukawa Ap(x*,y®) =
couplings with the scalar Higgs field, tf&U(2),y-doublet
fermions and th&U(2)-singlet fermions must have oppo- 1
site chiralities. This guarantees that the unbrol&dn(3)c XSir{ﬁ(jllerjzyz)}, (2.2
andU(1)gy are vector-like, hence anomaly free. The gravi-
tational anomaly may easily be canceled by gauge-singlet
fermions. TheSU(2), andU(1)y gauge groups are chiral, where the summation is over all integer values of the KK
so there can be (#2k)-dimensional anomalies involving numbersj, and j, that satisfyj,;+j,=1, or j;=—j,=1.
the SU(2)y andU(1)y gauge groups, but they can be can-The gauge fields polarized in th&, »=0,1,2,3 directions
celed by the Green-Schwarz mechanigdh For both odd are even under the orbifold transformation, so that the zero
and evens the 4-dimensional anomalies cancel because thenodes correspond to the 4-dimensional standard model
fermion content is chosen so that the effective theory agauge fields. On the other hand, the gauge fields polarized
scales below R is the 4-dimensional standard model. along the coordinateg’, b=1,2 of the extra dimensions are

In order to derive the 4-dimensional Lagrangian from Eq.odd under the orbifold transformation, so that their zero
(2.1), we must specify the compactification of the extra di-modes are projected out and no massless scalar fields appear
mensions. The simplest choice is[di$' < S*)/Z,]% orbifold  after dimensional reduction.

AS}O’O)(XIL)"F\/E 2 A(jlvjz)(x,u)

J1.)2

(i1+i2)
(27R) i%z AU12) ()
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With boundary conditions in thé=2 compact dimensions chosen to give the appropriate chiral structure for the KK zero
modes, the KK decomposition for the top quark fields is given by

V2

Qa(x*,y?) = (27R) 2

- 1
[(t,bmm 22 {PLQ{“"ka“)cos(§<jlyl+jzy2>)
1:2
+PRrQ (‘“2)(x“)8|n( (Y +iay ))”

V2 N 1
Ua(X”,ya)Z(ZW—R)M[tR(X”) 22 [PRU321'12)(X“)COS(ﬁ(]lylﬂzyz))

J1.)2

o 1
+ PLus‘L“”Z%x“)sin(ﬁ(j1y1+jzy2>)H, 23

where the range of values fpr andj, is the same as above, implies that there is no mixing among the modes of different
in Eq. (2.2. The third-generation weak-doublet qua®; KK levels. The zero-mode top quark gets a mass from its
=(9;,9p), and weak-singlet up-type quarkiz, are four- Yukawa coupling exactly as in the 4-dimensional standard
component chiral fermions in six dimensions so that theirmodel. Given that each KK level includes a tower of both
KK modes are 4-dimensional vector-like quarks, with theleft- and right-handed modes for each of theandty, fields,
exception of the zero modes which are chiral. The chirathere is a X2 mass matrix for each top-quark KK level.
projection operators that appear in the KK decompositionThe D; top-quark mass matrices of thth KK level may be
PLr=(1% v¥5)/2, are the 4-dimensional ones. written in the weak eigenstate basis as

For 6=1, the KK decomposition may be obtained from
Egs.(2.2 and(2.3 by settingj,=0, y?=0. In general, for . M; Us
5=2k+1 one may compactify one dimension as above and (u ,Q{)( m M») oil (2.6
then compactify the remainink pairs of extra dimensions, ! ! t
with appropriate use of the higher dimensional chiral projec-
tion operators. Fob= 2k, the KK decomposition may also
be obtained by iterating Eq$2.2) and (2.3) k times. The
other quark and leptord-dimensional fields have similar
KK-mode decompositions. The Higgs field must be even un-
der the orbifold transformation. Only the Higgs zero mode
acquires an elec\t/pweak asymmetric vacuum expectatio
value (VEV) of v/\2~174 GeV. .

The heavy spectrum in four dimensions consists of KK MSJ): VM12+mt2'
levels characterized by the mass eigenvalues

Here, QJ is a four-component field describing théh KK
modes associated with. The diagonal terms are the masses
induced by the kinetic terms in thg* directions, while the
off-diagonal terms are the contributions from the nggs
VEV. The corresponding mass elgenstaTIlsif%J and 9/’

have the same mass,

(2.7

The weak eigenstate top KK modes are related to the mass

Pj eigenstates by
MJ:E’ (2.9
U ysCOsy; Sinaj | Us

wherej=1, pj,>p;, andp; is given by Ql N ysSina;  cosy o/l (2.8

2 2 2

it 4 5=py 25 wheree; is the mixing angle,
The degeneracy of thgth KK level, D;, is given by the
number of solutions to this equation fpy, ... ,j 5. At each tan2a: :ﬂ_ (2.9
level there would b®; sets of fields, each of them including M;

the SU(3)cXSU(2)wxU(1)y gauge fields, three genera-

tions of vector-likequarks and leptons, a Higgs doublet, and The b-quark KK modes have an analogous structure due to

S scalars in the adjoint representations &U(3)c the mixing betweenD’ (the left- and right-handed fields

XSU2)wXU(1)y. associated withpg) andQ' (the left- and right-handed fields
An essential observation is that the momentum conservaassociated withp, ). However, this mixing may be neglected

tion in the extra dimensions, implicitly associated with theup to corrections of ordemg, /m;)? compared with the mix-

Lagrangian(2.1), is preservedas a discrete symmedrpy  ing from the top-quark KK sector.

the above orbifold projection. In the case of fermions, this The interactions of the KK modes may be derived from
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the d-dimensional Lagrangiaf®.1), using the KK decompo- remainder of this section we list the relevant terms of this
sitions shown in Eq92.2) and(2.3), and by integrating over type that appear in the 4-dimensional Lagrangian.

the extra dimensions. For the one-loop computations to be The top and bottom mass-eigenstate KK moges, the
considered here, it is sufficient to know the vertices involv-vector-like quarkQ', /3", @} andD}) have the follow-
ing one or two zero modes and two non-zero modes. In théng electroweak interactions with th&* andZ zero modes:

g
Lw, = 2cody

Z,

4 — ) 4 . .
(sinzaj - §sin2¢9w) Uy y* Uy +| coda; - §sin20W) o'y Q!

+sina; cosy; (Us! y*ysQ {1+ H.c)+ 297 QL y* Q|+ 29RDL y# D}

+ %[W;(—sinajb_lgj ys+cosy Q)Y Q) +H.cl, (2.10
where
11 1
gEZ - §+§Sin2¢9w, gg=§SII'T29W (21])

The weak eigenstate neutral gauge bosng, and BL mix level by level in the same way as the neut&ll(2),, and
hypercharge gauge bosons in the 4-dimensional standard model. The corresponding mass eigé;rmlmteg,, have masses
\/MJ-2+ MZ2 and sz, respectively. These heavy gauge bosons have interactions with one zero-mode quark pnibdee
guark (in the weak-eigenstate bapislentical with the standard model interactions of the zero modes.

Likewise, there are interactions of one quark zero mode and one po@#e with thg mode of the scalars corresponding
to the electroweak gauge bosons polarized alghdW. . 5, Z.,3, AL, 5. For =1, they may be written as follows:

€. Y 'yal : 'yal A7 Al |
£W2:§IAJ4[ZCOS’IJ'( QtétL_u3]LtR) - 23|mj'(U3Lt|__ tLJtR) - Qi)RbL_DngR]

+Cowwizg[é{j(cjlv+leAy5)t+Z/_l§j(cjzv+Cjsz5)t+gEQLRb,_+gg§'3LbR]
+%iWZJ(COSaj /by —sinyUii b +t, Q) ) +H.C., (212
|
where ing standard model interactions of the zero modes by replac-
ing two of the fields at each vertex with thgith KK mode.
j 1 1 1
€, = FCosj| 7~ §S'n20w - §Slnaj5'n29w- lll. ELECTROWEAK DATA VERSUS EXTRA

(2.13 DIMENSIONS

We study the sensitivity of the electroweak observables to
andc, are obtained by permuting sipand cos; in the the higher dimensional physics setting in at scale. The
VA . _ i i i largest contributions come from the KK modes associated
above expression. Fd=2 theWs 4, Za. 4, 7ar4 SCAIATS  \yith the top quark, but there are also corrections due to the
have similar couplings, up to sign differences, while #r

; _ gauge and Higgs KK modes. QCD corrections are small and
=3 the gauge bosons polarized along each pair of extra diyre neglected. The standard model in universal extra dimen-

mensions couples to a different set of quark KK modes.  gjons is described by four unknown parameters: the Higgs
Each non-zero KK mode of the Higgs doublet), in-  poson masav,,, the compactification radiuR, the cutoff
cludes a charged Higgs boson and a ne@m®todd scalar of scaleMy, and the number of extra dimensiofisThe upper
mass M;, and also a neutraCP-even scalar of mass pound on the cutoffl, is determined in terms of R/and the
\/MJ-2+ Mzh. The interactions of the Higgs boson and gaugevalue of the various couplings at this scale. The Higgs boson
boson KK modes may also be obtained from the correspondnass is bounded from above by the requirement that the
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Higgs_quarti_c coupl_ing)\h, does not bI_o_vv upfrom a per- o (26+ 11)M\2/v
turbative point of view at a scale significantly belowl. aTJV= - > . (3.5
We use this constraintM,=250 GeV[4]), and study the 47COS by 6M;

lower bound on R, concentrating on the observables that
are most likely to yield severe constraints. In each of these expressions, the facidcog4,, is present

An important question is whether the electroweak observbecause the hypercharge gauge interaction provides the
ables can be computed within the framework of the effectiveweak-isospin symmetry breaking. The second factor is
higher dimensional theory, that is, whether they are sensitivpresent because the higher KK modes decouple in the large
to the unknown physics at scalés and above. We will show mass limit.
that in the case of one extra dimension we can reliably ignore The contribution toT from all the KK modes is
the effects of KK modes heavier than the cut(dee Sec.
[IIA). With two extra dimensions the KK modes give cor- Nmax
rections to the electroweak observables that depend logarith- T=> Dj(T}+TP+TJV)_ (3.6
mically on the cutoff, and in more extra dimensions the de- =1
pendence is more sensitiveee Sec. I B.

Given that the largé—b mass splitting requires a hierar- The upper limitn,,,, corresponds to the mass scélk at
chy between the top and bottom Yukawa couplings which inwvhich the effectived-dimensional theory breaks down. Note
turn induces weak isospin violation in the KK spectrum, thethat the total number of contributing KK modes of a particu-
parameter lar field is

nmax

_ . W
Ap=aT—A(—MZCO39W>, 3.1 NKK=;1 D;. (3.7

which measures the splitting in th& and Z masses due to
physics beyond the standard model, is a prime suspect f
constraining 1R.

The one-loop contribution tdp from one KK level as-

d¢sing the experimental values fdt,,, Mz, m;, anda, the
T parameter may be written in the form

sociated with theé andb quarks follows from Eq(2.10 and Nmax mt2
is given by T~O.7621 DjW
= j
LY 3.2 ML 068™ 1 o(mEime
aTi= 52,2 T(Mg/M7), (3.2 X 1—0.81W+0.65m+(9(mt/Mj)
] J
wherev =246 GeV and M2 -
~0.0572[1+O(MYMD)], (3.9
m
2 2 2z[ 3z 322 ‘
fr(z2)=1--+5In(1+2)=—|1- —+ —+0(2%|.
z 7 3 4 5 wherem,~175 GeV. The error here is about 10% due to

3.3 uncertainties inrm;, higher terms inMy,, and the range of
values ofé being considered. The current upper boundlon
The form of this contribution ta\p is easy to understand. is approximately 0.4 at 95% C.L. fo,=250 GeV(and is
The factom?/(4mv)? arises from the definition afp as the ~somewhat relaxed for largeM;, [9]). The experimental
coefficient of the lowest-dimension, weak isospin-violatingbound on 1R is a function of the KK spectrum, which de-
term in the electroweak chiral Lagrangie8l. The additional ~pends on the number of extra dimensions. We return to this
factor (m?/M?) is present because the non-zero KK modesestimate in Sec. Il A. _
decouple in the large mass limit. In addition to theT parameter, the corrections from new
In addition to the top and bottom KK modes, the Higgs Physics to the electroweak gauge boson propagators are en-

KK modes contribute ta\p because the VEV of the zero- coded in theS parameter defined by
mode Higgs induces isospin violation in the couplings of the
higher modes of the Higgs doublet. To leading order in 8 )
M{/M?, one Higgs KK mode gives =— M_E(HgY(MZ)_H3Y(O))’ (3.9

5M2+7M3,

a

47rcOS Oy

aT;‘: _< R (3.4 wherelIl;y(g?) is the vacuum polarization induced by non-
12M; standard physicgote that the gauge couplings are factored
out according to the definition for hypercharge whéfe
Finally, the KK electroweak gauge bosons also contribute=2(Q—T;)]. The S parameter gets a one-loop contribution
giving from each top-quark KK level:
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1 (1 m? X(1—X)M?2
S}:—— dx 3—t2In —%
2 Jo 2 M? +mg
m;
+2x(1—=x)In| 1+ ——— ;. (3.1
(1=%) M?=x(1-x)M3 (319

Assuming thatM #>m? , this expression takes the form

1 mZ|  m M2
bolem Mz M2 10m?
4 2 4
m (7 M3 3Mjy
L +O(mIM®) |
M3 sm? 7omf v

(3.11

The Higgs KK mode contribution t8is given, to leading
order inM{/M?, by

Sh_M§+(—3—2cose\2N)M§

! , 3.1
: 247M? 12

while the gauge boson KK modes do not contribute. Using

the experimental values favl,, m;, and cog#,, the total
contribution toS may be written in the form

Nmax Nmax

2
m

S=2, Dy(S+S)~1023 D;—;
=1 =1 Mj

MM ee g ME
X1 1-54—+6.0—+O0(Mm/M})+1.3—
M M; m;

X[1+OMEM] ¢, (3.13

wherem,=~175 GeV. This result is smaller by almost two
orders of magnitude than the one foy assuming that the
series inm{/M? andM{/M? are convergent. Given that the
bounds orSandT are comparable§=0.2 at 95% C.L), we
see that once the bound orRlffom T is satisfied there is no

PHYSICAL REVIEW B4 035002

The contribution tcAgE due to top-quark KK modes, for
M?#>m¢, is given by
. 1)
Nmax

2

m;
~72x107%>, D —.
121 'm?

nmax m2

t
D:.—
le 'm?

Agb—i(
b 4w 2sirfey

(3.19

There are also corrections from Higgs boson and gauge bo-
son KK modes, but they are significantly smaller. The con-
tribution to Agg is suppressed bmﬁ/sz and may also be
neglected. The standard model predictioREg'=0.2158, SO
that AR,~—0.77Ag", while the measured value BS®
=0.216530.00069[10]. Notice that the correction t&},
from the KK modes has the wrong sign, and therefore is
tightly constrained. The @ bound is AR,>—7X10"4,
which givesAgE<9.4>< 10 *. One can then derive a bound
for SD;/M?, but it is easy to seéfor M7>my) that this is
less severe than the bound imposed by Thmrameter.

The shift in gE also affects the left-right asymmetry mea-
sured by the SLAC Large Detect@LD), which depends on

_ ()~ (gn)?
(9D)%+(gR)?

The correction due to the KK modes is given KA, ~
—0.29AgP. Using the SM predictionA;M=0.935, and the
measured valueAyP=0.922+0.023 [10], one can easily
check that this constraint is much looser than the one from

We expect that all other electroweak observables impose
no stronger constraints onR.than the one from th& pa-
rameter.

(3.1

b

A. Bounds on one universal extra dimension

We consider first the case of a single extra dimension.
ThenD;=1 andM;=j/R, with R the compactification ra-
dius, so that the summations over KK modes in E98) are
convergent. Extending the sumsrig,1 gives

relevant constraint fror This is not surprising because the T~1 2(m,R)?[1-0.53 m;R)2+0.40m;R)*+ O( meR®)].

quark KK modes are vector-like fermions and therefore con- (3.17)

tribute toSonly if their masses violate the custodial symme- ’

try, which leads to a largé. The current upper bound on isospin breaking effedts,
Another potential constraint onR/arises due to the one- =0.4, yields a lower bound on the compactification scale:

loop corrections of the KK modes to tti&—bb branching
ratio. The vertex correction is usually encoded in the quan-

1
; —=300 GeV. 3.1
fity R> (3.18
gPAgP+gbAgR The S parameter and other electroweak observables also
ARy=2Ry(1-Ry)—— 555 (3.19  involve convergent KK mode sums in the 5-dimensional
(D) +(gr) case. As discussed above, they are less constraining than the

T parameter.

The convergence of each of these mode sums indicates
that the electroweak observables can indeed be computed
reliably within the effective 5-dimensional theory, relevant

where R, is the ratio of theZ decay widths intobb and

hadrons, whilegﬂR appear in the standard modebb cou-
plings at the tree level, and are given in EB.11).
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below the cutoffMg. The convergence of the computations ~ 1000
can be understood by recalling that each is effectively a
5-dimensional integral—a 4-dimensional integral plus a KK 5 800
mode sum. The convergence of the correspondin
4-dimensional integrals for the electroweak observables is= . —
well known, and this is not changed with only a single addi- § N
tional dimension. & 450 —
The reliability of these computations and the consequenta
lower bound 1R=300 GeV can be checked by examining
higher order corrections in the effective 5-dimensional 200
theory. In the limitM >1/R, the 5-dimensional couplings

become strong at the cutoff, and there are potentially large R N N Y N
corrections to the one-loop result. Consider the two loop cor- M,R

rections, for example. The integrals are now logarithmically

divergent, but there are two additional powers of a FIG. 1. The lower bound on the compactification scale as a
5-dimensional coupling, each of which is proportional to function of the cutoff, for6=2 extra dimensions. The vertical size
1/JM.. Thus these corrections have a suppression factor dff the shaded area is given by the loop expansion parameter,
1/(RMy) relative to the one-loop estimate. Higher loops canNc®3(Ms)Nkk(Ms)/(4), times the one-loop bound, and is a mea-

all be seen to be of this order, meaning that within the effecSure of the theoretical uncertainty. Rdr;R=5 the standard model

tive 5-dimensional theory the corrections to the one-loop relnteractions become non-perturbative, impeding a reliable estimate
sults can only be estimated. Nevertheless, they are all su f the electroweak observables.
pressed by the factor R(M,), indicating the same for the
unknown physics abovél,. When M is well below the denser than the 5-dimensional case. This can again be seen
scale where the 5-dimensional couplings become strong, tHey noting that the 4-dimensional integrals plus the KK mode
higher loops may be ignored. The unknown physics aboveums are effectivelyd-dimensional integrals. The elec-
the cutoff induces effective operators in thelimensional troweak observables(T, .. .), convergent in four and five
theory suppressed by powers Mf;. After dimensional re- dimensions at one loop, become logarithmically divergent at
duction the corresponding 4-dimensional operators are furd=6 and more divergent in higher dimensions. The degen-
ther suppressed by powers of RN). eraciesD; and massed; of the KK modes are listed for a

To estimate the largest value & below which the toroidal compactification in Ref.7], and are smaller by a
theory is perturbative, we note that the loop expansion pafactor of two in the case of the orbifold considered here.

rameters can be written in the form Consider the casé=6. The electroweak observables are
logarithmically divergent at the one loop level, indicating
ai(My) that within the framework of the effective-dimensional
€= NiTNKK(Ms)* (3.19 electroweak theory, they are unknown parameters to be fit to

experiment. This is reinforced by the higher loop estimates

where thea; are the 4-dimensional standard model gaugevhich are all of this order if the cutoff is taken to be as large
couplings, the indek=1,2,3 labels th&J (1), SU(2)y and  aS possible—where the effectivkdimensional theory be-
SU(3)c groups,N;=1,2,3 is the corresponding number of COmes strongly coupled. In this case, the electroweak observ-
colors, andNyk (M) is the number of KK modes beloi . ables are directly sensitive to the new physics at sdsles
The value ofM at which these parameters become of orde@nd above. It is possible, on the other hand, that the cutoff is
unity is the largest cutoff consistent with a perturbative ef-Smaller or that the higher order estimates are such that the
fective theory. Each of th®; sets of fields within one KK ©N€ loop, logarithmic terms dominate. Then the computa-
level contributes to the one-loop coefficients of the theee tONs (3.8, (3.13, etc., enhanced relative to the
functions an amount (81/10, 4/3-5/2). Although the 5-dimensional case by a large logarithm, can be used to put a
4-dimensionalSU(3). coupling becomes more asymptoti- "ough lower bound on R. _

cally free above each KK level, thé:dimensionalSU(3)c In Fig. 1 we show the dependence of this lower bound on
interaction becomes non-perturbative in the ultraviolet befh® ratio between the cutof; and the compactification
fore the other gauge interactions. Tagparameter becomes Sc@le. Assuming that the theory abdvlg is custodially sym-

of order unity, indicating breakdown of the effective theory, Metic, the one-loop contribution to theparameter is reli-

at roughly 10 TeV. The KK modes above that scale, as welpP!€ as long as the theory remains perturbative, roughly for
as operators induced by other physics above the cutoff, givi¥sR=5. The KK contributions to the one-loop coefficients

negligible contributions to the electroweak observables. ~ ©f the U(1)y, SU(2)y and SU(3)c B functions are now
(81/10, 11/6, —2), but again thed-dimensionalSU(3)c

interaction becomes non-perturbative in the ultra-violet be-
fore the other gauge interactions. The theoretical uncertainty
Ford=6, theT and S parameters, and other electroweak due to higher loops may be estimated in terms ofdh&op
observables become cutoff dependent. The KK mode sumsxpansion parameter. Figure 1 shows that the lower bound
diverge in the limitNgxx— because the KK spectrum is on 1R is increased by roughly a factor of two compared to

B. Two or more universal extra dimensions
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the 5-dimensional case, to approximately 400—800 GeV. section is that for KK quarks and gluons. After being pro-
Ford=7, the cutoff dependence is more severe. The oneduced, they will hadronize into integer-charged states. Be-
loop estimate(3.8) for the T parameter, for example, is en- cause of the large mass, they will be slowly moving and the
hanced by the factorRM)“~° relative to the 5-dimensional Signatures are highly ionizing tracks.
estimate. Higher loop estimates are of the same order if the For one extra dimension of radil the number of the
ultraviolet cutoff,M, is above the scale where the couplingsquark KK modes at each level is twice that of zero modes, so
become nonperturbative. Clearly, no reliable estimate is pog?eglecting the light quark masses, there are six KK quarks of
sible in this case. For smalléd, the one-loop result has a electric charge-1/3 and mass R, four KK quarks of elec-
strong dependence on the cutoff, but otherwise the corredric charge 2/3 and massR/and two KK top quarks of mass
tions are smaller because the higher-dimensional operatonﬁ/Rer mtz. Therefore, the production cross section for a

have coefficients suppressed byM/R)®. pair of Charged tracks is roughly ten times higher than the
one for aqq pair of quarks of mass B, oq4(1/R). For
IV. PROSPECTS FOR DISCOVERING KALUZA-KLEIN 1/R=300 GeV,a-ﬁ(l/R)*O.l pb[14].
MODES The current lower mass limits on heavy stable quarks are

. . 195 GeV for charge 1/3 and 220 GeV for charge PIS].
We have shown that in the case of one universal extr;'he reach in mass would be approximately the same for two

dimension, accessible to all the standard model fields, the fi ] )
to the electroweak data allows KK excitations as light as 30 harge-1/3 quarks as for one charge 2/3 quark. HenC(_e, _the
current bound on R may be approximated as the mass limit

GeV. Such a low bound raises the tantalizing possibility of

discovering KK states in the upcoming collider experiments2” 2 charge-2/3 quark, but with a production cross section
9 pcoming _EXp - about seven times largérA dedicated study, beyond the
If the KK number conservation is exa@hat is, there is

" . ) C scope of this paper, is required to find this bound precisely.
no additional interaction violating the momentum conserva- ; . i ;
g . X o However, by naively extrapolating the mass reach given in
tion in extra dimensions some of the KK excitations of the ’ . .

. . . [15], we estimate the lower direct bound orR1b be in the
standard model particles will be stable. The heavy-generatio

: . . . ~300—350 GeV range.
fermion KK modes can decay to light generation fermion . .
KK modes, e.g.b®—s(d)+ y, and theW,Z gauge It is remarkable that the direct lower bound ok Idom-

boson KK modes can decay to lepton KK modes and neutriP€tes with or even exceeds the indirect bound set by the

nos, WO(ZW) (M) 1 . The KK modes of the pho- flectrgwegﬁ prr]E'CISIOI’\ mt;:asuremgants. 'Irhls sho&ﬂd be' con-
ton, gluon, and the lightest generation fermions are stableras'[e with the case of non-universal extra dimensions,
; Where the non-conservation of the KK number makes the
and degenerate in mass, level-by-level, to a very good a indirect bound on R stronger than the direct one by a factor
proximation. Heavy stable charged particles will cause COS_ . & h 9 h I eith ye
mological problems if a significant number of them survive 2! Ve or so.l T ;JS’ Q.m I at.t € Te\I/atrqtn VYIII ‘?" .(?r dlsttl:O\_/er
at the time of nucleosynthesj4l]. For example, they will an un|vtehrsa: ex rat) |m§n3|0n or este_f_| V,E(I 5|gn|||can yin-
combine with other nuclei to form heavy hydrogen atoms °r€as€ the lowerbound on compactification scale.
Searches for such heavy isotopes put strong limits on their )
abundance. Various cosmological arguments exclude these B. Short-lived KK modes
particles with masses in the range of 100 GeV to 10 TeV, As mentioned above, the KK states can decay into ordi-
unless there is a low scale inflation that dilutes their abunnary standard model particles if KK number violating effects
dance[12,13. The cosmological problems can be avoided ifare present. Such violations of the KK number can occur
there exist some KK-number-violating interactions so thathaturally. For example, the space in which the standard
the non-zero KK states can decay. The lifetime depends omodel fields propagate may be a thick brane embedded in a
the strengths of these KK number violating interactions,larger space in which gravitons propagate. In this case, the
which are usually suppressed by the cutoff scale and/or thetandard model KK excitations can decay into standard
volume factor of the extra dimensions. For collider searchesnodel particles plus gravitons going out of the thick brane
there is no difference between a stable particle and a longor other neutral fields that can propagate outside the thick
lived particle which decays outside the detector. We first asbrang. The unbalanced momentum in extra dimensions can
sume that the KK states are stable or long-lived. The case ibe absorbed by the thick brane. The lifetime depends on the
which the KK states decay promptly will then be consideredstrength of the coupling to the particle going out of the brane
when we discuss the possible KK number violating interac-and the density of its KK modeévhich depends on the
tions. volume of the space outside the thick brartthe KK states
produced at the colliders decay promptly inside the detector,
the signatures will involve missing energy and will be simi-
A. Stable or long-lived KK modes lar to supersymmetry. We assume that the KK number vio-

Because of the KK number conservation, the KK states
have to be produced in pairs or higher numbers. They can
only be produced at LEP if their masses are less thaniThe gluon KK modes further increase this effective cross section.
Ecw/2, ~100 GeV. The current lower bound on the size of The production cross section for a pair of gluon KK modes is larger
the extra dimensions is set by the CDF and DO experimentshan for a pair of quark KK modes, but the probability for hadroniz-
based on run | of the Tevatron. The largest production crosig into a charged meson is significantly for a gluon KK mode.
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lating interactions ar@ot large enough to induce a signifi- can invoke the searches for the heavy quarks. For the decay
cant single-KK-state production cross section. into theW bosons, the signal is similar to the top quark. One
For the KK quark and gluon searches, the signature igan use the measurements of the top quark production cross
multi-jets plus missing energy, similar to the squarks andsection at the Tevatrdi20,21] to put limits on the new heavy
gluinos. At the Fermilab Tevatron run I, the lower limits of quarks. In Ref.[22], Popovic and Simmons derived the
the squark and gluino mass for the equal mass case are 2ggundsg(B,,)2<7.8 pb (12.0 pb) at DGCDF), where
GeV at the Collider Detector at FermildGDF) [16,17/and ;4w js the cross section for the heavy quark production, and
260 GeV at D] 18,17. The production cross sections of the g js the branching ratio for the heavy quark decaying to the
KK quarks and gluons are similar to those of the squarks angy, ' oson and an ordinary quark. Applying this result, we

gluinos. The distributions of the jet energies and the missingg]ave 1R=200 GeV forB.~50%. There is also a search
transverse energy however will depend on the masses of tr}gr the fourth generatiorh)’wquark through the decay mode
KK gravitons, i.e., the size of the space outside the thick

brane. We expect that the reaches in KK quarks and gluonéZPb at CDF, which excluded thb’ quark mass between
are comparable to those for squarks and gluinos in supersyrd00 and 199 GeV if the branching ratio is 10Q2g]. This
metric models. Run Il of the Tevatron is expected to probecan also apply to the KK states of thejuark. In run Il at the
squark and gluino masses up to 350—400 G&V], so it  Tevatron, the decays of quark KK modes into a quark zero
could also probe KK quarks and gluons beyond the currentode and a photon may be also significant. Other processes,
indirect limit in this scenario. To distinguish the KK states potentially relevant for run I, include the electroweak pro-
from supersymmetry, however, would require more detailedluction of a pair of lepton KK modes with each of them
studies. subsequently decaying into a lepton zero mode and a photon
Another possibility for KK number violation is that there or a W=, and the production of a pair of KK modes of the
exist some localized interactions of the standard model fieldg|ectroweak gauge bosons leading to a four-lepton signal. In
at a(3+1) dimensional subspad@-brang on the boundary  general, the direct bounds orRlare weaker and model de-
or parallel to the boundary. In the effecticedimensional  pendent in this case.
theory, these would take the form of higher dimensional 0p-  with more extra dimensions the production cross section
erators suppressed by powers of the cutdf. Some ex- s nhigher because of the multiplicity of KK modes. For ex-

amples are ample, with two extra dimensions there are twice as many
N — KK modes of mass R than in the case of one extra dimen-
f dx"’dy&(y—yo)M—\IfD\I’, sion. However, the indirect bounds may also be significantly
s higher. It is not clear whether they are within the reach of run
N Il. The sensitivity of the LHC, though, should be impressive,
f dX4dy5(y_ yO)_5/2\P0.a,BF a,B\I,, above a few TeV.
MS
N - V. SUMMARY
| acaysty—yor v, @ | |
Mg We have examined the experimental consequences of

] ) ] ~higher dimensional theories in which all the standard model
whereV, Fa_B are five-dimensional standard model fermion fie|gs propagate in the extra dimensions. With these “univer-
and gauge fields, anbl, is some combination of the ma-  g45)" extra dimensions, contributions to precision electroweak
trices. The first contributes to the kinetic terms of the KK psanaples arise first at the one-loop level. In the case of a

states, so t.h.e KK mass spectrum \./vou.ld be mgdmed afte§ingle extra dimension, where the one-loop computations can
re-diagonalizing and rescaling the kinetic terms into the Cahe done reliably within the framework of the effective

nonical form[19]. The corrections4.1) are suppressed by 5-dimensional standard model, the electroweak observables

Mg and we assume that the coefficients, (A", \",...) : N
were estimated to allow a compactification scale as low as
are small enough so that these operators do not affect og

analysis of electroweak observables. However, they could b 00 GeV(.jWg then noted that the cubr reggllcz)wezjb[())gnd tf)rom
sufficiently large to allow decays within the detector of the dI"€Ct production experiments Is set by an to be in
pair-produced KK modes. The decay channels depend oihe few-hundred GeV range. Thus run Il at the Tevatron will

which KK number violating interactions are present. We dis-€ither see evidence for the extra dimensions or significantly

cuss the simplest two-body decays which can be induced byaise the lower bound on the compactification scale.
e.g., the first two interactions in E.1). In the case of two universal extra dimensions, the elec-

If the interactions involving the gluon field dominate, the troweak observables become logarithmically sensitive, at one
KK quarks and gluons decay into jets. The signals would bdoop, to the cutoff on the effective 6-dimensional theory. If
multi-jets which are difficult to extract from the QCD back- the cutoff is taken to be as large as possible, where this
grounds at the Tevatron. However, if the interactions involv-effective theory becomes strongly coupled, then the theory
ing the electroweak gauge bosons are large enough so thednnot be used to compute reliably the electroweak observ-
the decay of the KK quarks into electroweak gauge bosonables. If, on the other hand, the cutoff is lower, with no
and quark zero modes has a significant branching ratio, wenportant contributions to the electroweak observables from
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