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ated to Stefan Pokorski on his 60th birthdayWe examine lo
alized kineti
 terms for gauge �elds whi
h 
an propagateinto 
ompa
t extra dimensions. We �nd that su
h terms are generated byradiative 
orre
tions in both theories with matter �elds 
on�ned to branesand in theories imposing orbifold boundary 
onditions on bulk matter.In both 
ases, the radiative 
orre
tions are logarithmi
ally divergent, in-di
ating that from an e�e
tive �eld theory point of view they 
annot bepredi
ted in terms of other parameters, and should be treated as inde-pendent leading order parameters of the theory. Spe
ializing to the �vedimensional 
ase, we show that these terms may result in gross distortionsof the Kaluza�Klein gauge �eld masses, wave fun
tions, and 
ouplings tobrane and bulk matter. The resulting phenomenologi
al impli
ations aredis
ussed.PACS numbers: 04.50.+h, 11.25.Mj, 11.25.Sq1. Introdu
tionParti
le physi
s 
urrently �nds itself in the perplexing situation in whi
hmost experimental results 
onform to the expe
tations of the StandardModel (SM), but leave many theoreti
al questions unanswered. For ex-ample, the me
hanism of ele
troweak symmetry breaking is 
urrently un-veri�ed, and the mystery as to why the weak s
ale is so mu
h smaller thanthe Plan
k s
ale remains unanswered. The spe
trum of quark masses andmixings has been experimentally determined, and progress is being madeon the 
orresponding quantities for the leptons, but no 
lues as to why thepattern observed shows large hierar
hies in masses and mixings have beenestablished. (2355)
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ompa
t dimensions allow for novel solutions to these (and other)mysteries. By diluting gravity in a (relatively) large volume whi
h gauge�elds and matter 
annot enter, one 
an lower the fundamental Plan
k s
aleto just above the weak s
ale, ameliorating the hierar
hy problem [1℄. Therealso exist 
ompelling reasons to 
onsider gauge �elds whi
h may propagateinto extra dimensions. Having the gauge �elds in the bulk may allow oneto address questions as to why low-s
ale gravitational e�e
ts do not 
auseuna

eptably fast proton de
ay [2℄, pursue a geometri
 origin for the ob-served spe
trum of fermion masses [2�4℄, naturally break the ele
troweaksymmetry through strong dynami
s [5�7℄, identify the Higgs as an extra-dimensional 
omponent of the gauge �eld thus prote
ting its mass fromlarge 
orre
tions [8℄, a
hieve gauge 
oupling uni�
ation at high s
ales [9,10℄,provide a viable dark matter 
andidate [11℄, and 
an provide interesting al-ternatives to GUT symmetry-breaking and asso
iated problems su
h as theHiggs doublet-triplet splitting problem [12�14℄. Provided the 
ompa
ti�
a-tion s
ale, related to the size of the extra dimension by M
 � 1=2�R, is notmu
h larger than 1 TeV, interesting 
ollider signatures involving produ
tionof Kaluza�Klein (KK) modes of the gauge �elds through the s
attering ofeither brane-lo
alized matter [15�17℄ or bulk matter [18�21℄ �elds may beobtained.Models with gauge �elds in more than four dimensions are not renormal-izable in the 
lassi
 sense, and must be regarded as e�e
tive theories whi
hbreak down at some s
ale �. In fa
t, be
ause of the rapid 
lassi
al evolutionof the 
oupling 
onstant in more than four dimensions, the gauge 
ouplingbe
omes strong at energy s
ales on the order of ten times the 
ompa
ti�-
ation s
ale, and thus the s
ale � is expe
ted to be relatively 
lose to M
.Sin
e the nature of the UV 
ompletion is unknown, these theories shouldbe understood as an expansion in the energy of the pro
ess at hand, withe�e
ts of the unknown physi
s beyond � re�e
ted in the (in�nite number of)undetermined 
oe�
ients whi
h must be treated as theoreti
al inputs. Thetheory 
an be predi
tive at energies mu
h below �, when e�e
ts of orderEn=�n may be negle
ted, and only a �nite number of terms in the e�e
tiveLagrangian 
ontribute to measurable quantities.In this arti
le we attempt to rigorously treat gauge �elds whi
h 
anpropagate in 
ompa
t extra dimensions from an e�e
tive �eld theory pointof view. We �nd that in addition to the bulk kineti
 terms for the gauge�eld generally 
onsidered in the literature, there is also a kineti
 term for thegauge �eld lo
alized on branes or at the boundaries of an orbifolded 
ompa
tspa
e. Su
h a term was re
ently 
onsidered by Dvali, Gabadadze, and Shif-man [22℄. The original motivation was to have the �fth dimension in�nite insize, with the brane term allowing one to re
over four dimensional behaviorat short distan
es, but in this arti
le we will show that, as happens in the
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ase of gravity [23℄, it has interesting impli
ations for 
ompa
tspa
es as well. The brane kineti
 term is not suppressed by any power of �
ompared to the 5d 
ouplings whi
h result in the apparently renormalizable4d intera
tions at low energies, and is 
onsistent with all symmetries of thetheory. Thus, from general renormalizability arguments, one expe
ts thatthe term must be in
luded in any 
onsistent des
ription of the theory1. Infa
t, one 
an show from expli
it 
omputation that su
h a term is required to
an
el divergen
es in the �ve dimensional (5d) theory. Thus, its magnitudeshould be treated as an input to the theory, and one might expe
t it to besizeable.In this arti
le, while we have 
hosen to illustrate the physi
s with thespe
i�
 example of bulk gauge �elds, we re
ognize that by no means isthis the only possibility. Any bulk �eld will experien
e renormalizations onbranes or boundaries of the type we are des
ribing. Previous work [23,26�29℄has fo
used on the 
ase of gravity in various ba
kground geometries andnumbers of dimensions, as is motivated by solutions of the hierar
hy problem.We 
hoose to work with gauge theories in �ve dimensions be
ause, aside frombeing well-motivated for the reasons outlined above, they are under bettertheoreti
al 
ontrol than theories with quantum gravity or larger numbersof extra dimensions. We �nd that some of the qualitative results seen inthe gravitational 
ase, su
h as the appearan
e of �
olle
tive� Kaluza�Kleinmodes with small masses and strong 
ouplings, may also be explored in ourframework.The arti
le is organized as follows. In Se
tion 2 we brie�y dis
uss theexisten
e of su
h a brane kineti
 term, and argue that from an e�e
tivetheory point of view it should be in
luded. In Se
tion 3, we 
ompute theresulting spe
trum of KK modes of the gauge �elds and examine the massesand 
ouplings to brane and bulk �elds. In Se
tion 4 we examine some of thephenomenologi
al impli
ations of the modi�
ations to masses and 
ouplings.We reserve Se
tion 5 for our 
on
lusions.2. Framework and brane kineti
 termsWe now dis
uss the existen
e of lo
al gauge kineti
 terms from the pointof view of e�e
tive �eld theory. To illustrate our dis
ussion, we 
onsidera �ve dimensional (5d) theory of gauge �elds AMS = Z d5x�� 14g25FMNFMN � Æ(x5) 14g2aF��F��� ; (1)1 For an example of a string theory model in whi
h gauge kineti
 terms on boundarieso

ur at tree level with 
al
ulable magnitude, see [24, 25℄.
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apital latin letters refer to the full 5d 
oordinates, M = 0; 1; 2; 3; 5,and lower 
ase greek letters refer only to the four un
ompa
ti�ed dimensions,� = 0; 1; 2; 3. Note that written this way, the bulk gauge 
oupling g5 hasmass dimension �1=2 and the gauge �eld AM (x�; x5) has dimension 1. Thebrane 
oupling ga is dimensionless and 
hara
terizes the �opa
ity� of thebrane. Analyses whi
h negle
t the brane term (1=g2a ! 0) 
an be understoodas the �transparent brane� approximation. One may res
ale the bulk termto its 
anoni
al normalization by absorbing 1=g5 into AM , in whi
h 
ase thebrane term has a 
oe�
ient with dimensions of length, r
 = g25=g2a and AMhas dimension 3=2, as usual for a boson in �ve dimensions. F is the usual�eld-strength fun
tional of the gauge �elds,FaMN = �MAaN � �NAaM + fab
AbMA
N ; (2)for a non-Abelian Yang�Mills theory, with the �nal term omitted in theAbelian 
ase. We generally omit the group index on the gauge �elds whereverwe may do so without 
onfusion.The 5th 
oordinate x5 
orresponds to a 
ompa
ti�ed dimension S1=Z2,with ��R � x5 � �R. Under the orbifold Z2, the points �x5 and x5 areidenti�ed, and the �elds transform asA�(x�;�x5) = A�(x�; x5) ;A5(x�;�x5) = �A5(x�; x5) : (3)The a
tion and orbifold are 
ompatible with the 5d subset of gauge trans-formations (AM ! AM � �M�(xM ) for a U(1) theory) with transformationfun
tion �(xM ) 
hosen to be an even fun
tion of x5.It is important to note that we have added only the four-dimensionalpart of the gauge �eld kineti
 term on the brane. If our theory was invariantunder the full 5d set of gauge and Lorentz transformations, these symmetrieswould have for
ed us to in
lude the full 5d gauge kineti
 term. However, the5d Lorentz invarian
e is broken �rstly by the fa
t that one of the dimensionsis 
ompa
t, se
ondly by the orbifold boundary 
onditions, and �nally by
hoosing x5 = 0 as a spe
ial point with di�erent physi
s from the rest ofthe extra dimension. As dis
ussed above, �ve dimensional gauge invarian
eis similarly present only in a restri
ted sense. Thus, one 
ould also 
onsiderin
luding the remaining terms on the brane with a di�erent 
oe�
ientZ dx5Æ(x5)� 12~g2a [��A5��A5�2��A5�5A�+�5A��5A�℄+Intera
tions� : (4)In the thin brane approximation under whi
h we work, all of these termsmay be negle
ted. The �rst two terms vanish be
ause the orbifold boundary
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onditions require A5 to vanish at the orbifold �xed points (and in fa
t wewill impose A5 = 0 everywhere as a 
onvenient gauge 
hoi
e). The last termis somewhat more subtle. Naively the orbifold 
onditions seem to require�5A�, as an odd fun
tion of x5, to vanish at the �xed points. However, aswe will see below the e�e
t of the brane term is to for
e the slope of theKK wave fun
tions to be dis
ontinuous at x5 = 0, implying the derivativeis not well de�ned in the thin brane approximation. However, it is 
learthat when the derivative is understood in terms of the di�eren
e betweenthe wave fun
tion of A� around x5 = 0, the term vanishes.One 
an attempt to 
onsider this problem more 
arefully by introdu
-ing a �nite brane thi
kness. For example, one 
an repla
e the Æ-fun
tionwith any smooth fun
tion sharply peaked about the orbifold �xed point. Ina �fat brane� model, whi
h represents the brane and its attendant lo
alizedfermions as a s
alar �eld whose VEV has a domain wall pro�le along theextra dimension, this fun
tion is related to the s
alar potential whi
h gener-ates the domain wall, and the brane width and shape 
an be adjusted. This�nite thi
kness for the brane will smooth our KK wave fun
tion solutionssu
h that their derivatives will be
ome well-de�ned, and in fa
t the terms inEq. (4) will vanish at x5 = 0. However, the terms still have some non-zeroe�e
t in the region away from x5 = 0, but still inside the brane. Thus,their e�e
t must be proportional to the thi
kness of the brane, and we arejusti�ed in dropping the terms of Eq. (4) in the limit in whi
h we treat thebrane as in�nitely thin. 2.1. Branes are opaqueMany theories in whi
h gauge �elds exist in extra 
ompa
t dimensionsintrodu
e submanifolds, or branes on whi
h �elds may be 
on�ned. A sim-ple appli
ation is to have 
hiral fermions living on a 3-brane. This allowsone to have an e�e
tive 4d theory whi
h is 
hiral, despite the fa
t that�ve (or more) dimensional theories generally produ
e mirror fermions after
ompa
ti�
ation to 4d, and thus are ve
tor-like.The existen
e of a brane violates the 5d Poin
are invarian
e, and thusone would generi
ally expe
t terms living on the brane would be invariantonly under the 4d Poin
are invarian
e of the brane itself. Thus, it would bequite plausible to 
onsider a separate gauge kineti
 term on the brane at treelevel. In fa
t, the existen
e of 
harged matter on the brane demands su
ha term. Loops of the brane matter �elds result in log divergent 
ontributionsto the gauge �eld 2-point fun
tion, lo
alized on the brane itself [22℄. In this
ase, if the brane is approximated as in�nitely thin the 
omputation be
omese�e
tively four-dimensional be
ause the �elds running around in the loopsare four dimensional. In fa
t, the log divergen
e is nothing more than thefamiliar renormalization of the gauge 
oupling by the brane �elds.
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an
ellation of the divergen
e invokes a lo
al term in x5 of the form ofthe gauge �eld kineti
 term, and indi
ates that the bare theory without su
ha term is in
onsistent. After 
an
eling the divergen
e, what is left behindis a term whose 
oe�
ient 
annot be 
omputed in terms of other quantitiesof the theory, but must instead be determined by experiment. As usual,a log term appears in 
onjun
tion with the divergen
e, and its resummationdi
tates that even if one were to imagine a UV 
ompletion whi
h resulted inthe lo
al term being zero at some energy s
ale, a non-zero term will evolveat other energy s
ales through renormalization group evolution. One 
an,of 
ourse, 
hoose the 
oe�
ient 1=g2a to be very small, but unless one 
anderive the small value of 1=g2a within the framework of a more fundamentaltheory, this 
hoi
e 
an be regarded as a �ne-tuning.One may also invoke the fat brane pi
ture, allowing the brane to havea non-zero thi
kness 
orresponding to the width of the transition regionbetween the two limiting values of the VEV. In this 
ase, fermions 
an belo
alized with wave fun
tions whose widths are related to the thi
kness of thefat brane. Loops of su
h fermions will also lead to lo
alized renormalizationof the gauge �elds, but now with a pro�le proportional to the fermion wavefun
tions, and not to the Æ-fun
tion one obtains in the thin brane 
ase. Thedetailed shape of the lo
al term is thus model-dependent in general fat brane
ases. 2.2. Orbifolds are opaqueIt is somewhat 
ounter-intuitive that lo
al terms exist for orbifold the-ories even in the absen
e of lo
alized �elds. However, in theories with anorbifold, the identi�
ation of x5 with �x5 indi
ates that the sign of momen-tum along the �fth dimension is not meaningful, and singles out the orbifold�xed points as spe
ial points where translation invarian
e is violated. Thesee�e
ts may be 
ast into a parti
ularly 
onvenient form by using te
hnologydeveloped in [32℄, in whi
h one writes the bulk �elds obeying orbifold bound-ary 
onditions as a 
ombination of �elds whi
h are un
onstrained. So, forexample, a 5d bulk s
alar � whi
h is odd under the orbifold Z2 is written,�(x�; x5) = 12 [�(x�; x5)� �(x�;�x5)℄ ; (5)where �(x�; x5) is a 5d s
alar �eld without orbifold boundary 
onditions, andthus may be treated 
onventionally. �, by 
onstru
tion, obeys the orbifoldboundary 
onditions. The � propagator in momentum spa
e now 
ontainsterms whi
h �ip the sign of the momentum in the extra dimensionh���i(q; q0) = i2 �Æq5;q05 � Æ�q5;q05q2 � q25 � Æ4(q� � q0�) : (6)
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onserves q5 whereas the se
ond indu
es the sign �ip. If thiss
alar is now 
oupled to a bulk gauge �eld AM , its loop 
ontributions to thegauge �eld two-point fun
tion will also 
ontain a term whi
h 
onserves thegauge �eld momentum, and a term whi
h 
onserves its magnitude but �ipsits sign [32℄. Transforming ba
k to position spa
e, one has the operator�r
4 F��F�� [Æ(x5) + Æ(x5 � �R)℄ ; (7)where r
 
ontains the loop integrals, and is log divergent. Again, this signalsthat the term is in a
tuality tree-level, and all we have divined is the runningfrom the 
ut-o� s
ale to the energy s
ales of interest to us. Therefore, evenuniversal extra dimensions, with no �elds living on the boundaries, willgenerally have kineti
 terms whi
h do live on the boundaries. Note that thesame term is indu
ed on both boundaries, whi
h is important if a KK parityis to be a self-
onsistent symmetry of the low energy dynami
s.2.3. Naive dimensional analysisWhile the e�e
tive �eld theory perspe
tive stri
tly demands the 
oe�-
ient of the brane kineti
 term to be a free parameter of the theory, it isinteresting to see how large one might expe
t this term to be if one makesfurther assumptions. In parti
ular, Naive Dimensional Analysis (NDA) de-termines the size of various 
ouplings under the assumption that all 
ouplingsare strong at the s
ale � [33℄. While NDA estimates are interesting (andsometimes useful in order to judge the appli
ability of perturbation theory),we do not wish to 
onsider them as predi
tions � we take the more pra
ti-
al view that the brane kineti
 terms are remnants of the unknown physi
sbeyond the 
ut-o�, and must be in
luded irrespe
tive of their size in anyvalid e�e
tive �eld theory des
ription.The te
hniques of [34℄ allow us to simply determine the values of the 
ou-plings g5 and r
 at �, and we may use the renormalization group to examinetheir magnitudes at other energy s
ales of interest. The NDA estimate forr
 at � is given by r
 � 6�� (8)and thus r
=R � 6�M
=�. If � is as low as roughly 20 times M
, we haver
=R � 1. At lower energy s
ales r
 will re
eive additional logarithmi

orre
tions under the renormalization group. Sin
e these 
orre
tions aresuppressed by loop fa
tors, they 
an be 
onsidered subdominant 
orre
tionsto the NDA estimates.
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ompositionWe now derive the KK de
omposition for the gauge �elds in the presen
eof the brane kineti
 term. Before starting, it is worthwhile to re
all theresults for transparent branes (r
 ! 0). In the transparent brane 
ase, thea
tion Eq. (1) 
an be de
omposed into1g25 Z dx5��14F��F�� + 12�5A� �5A�� ; (9)where we have 
hosen a gauge in whi
h A5 = 0, 
orresponding to a unitarygauge in whi
h the �fth 
omponents of the gauge �eld are eaten by the4d 
omponents to provide longitudinal degrees of freedom to the massivemodes [35℄. We expand the gauge �eld in a KK towerA�(x�; x5) =Xn fn(x5) A�n(x�) ; (10)where fn(x5) is a set of 
omplete fun
tions whi
h we 
hoose by requiring theKK masses to be diagonal�25fn(x5) = m2n fn(x5) : (11)The solution to this equation 
onsistent with the orbifold boundary 
on-ditions are 
osines, with frequen
ies (masses) mn = n=R, n = 0; 1; 2; 3::: .There is a zero mode, whose wave fun
tion is a 
onstant in x5, and thusproperly normalized is 1=p2�R. The normalization for the 
osine fun
tionsis given by 1=p�R, and this di�eren
e in normalization results in a p2 en-han
ement of the KK gauge boson 
oupling to brane matter 
ompared tothe 
oupling of the gauge boson zero mode (i.e., see Ref. [36℄).3.1. One opaque braneIn this se
tion we derive the KK de
omposition for a �ve dimensionaltheory in the presen
e of a single non-zero lo
alized gauge kineti
 term.For small 
hoi
es of g25=g2a, the brane term is a perturbation on the KKspe
trum, introdu
ing a small amount of mixing between the KK modes ofvarious levels. For g25=g2a � R, these mixing e�e
ts drasti
ally a�e
t the KKde
omposition, and one is no longer justi�ed in treating the brane term asa perturbation, but should instead in
lude its e�e
t on the KK spe
trumab initio.
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e of the brane term, the KK de
omposition will be diagonalif the wave fun
tions fn(x5) satisfy1g25 Z dx5 [1 + r
 Æ(x5)℄ fn(x5) fm(x5) = Zn Ænm ;1g25 Z dx5 f 0n(x5) f 0m(x5) = Znm2n Ænm ; (12)where the prime represents partial di�erentiation with respe
t to x5. In orderto solve these equations simultaneously, we follow a variant of the pro
edureused in Ref. [30℄ to handle s
alar �elds. We begin with the relevant 5dlinearized equation of motion for the gauge �eld�M�MA� � �� ��MAM�+ r
 Æ(x5) f����A� � �� (��A�)g = 0 ; (13)where we have dropped the group index on A for 
onvenien
e. We nowexpand the gauge �eld in a KK tower as in Eq. (10), and determine thefn(x5) by requiring the A�n to satisfy the linearized equation of motion ofa 4d massive gauge �eld����A�n � �� (��A�n) +m2nA�n = 0 : (14)This pro
edure be
omes parti
ularly simple if we make the 5d gauge 
hoi
eA5 = 0. In that 
ase one obtains the equation for the fn��25 +m2n + r
 m2n Æ(x5)� fn = 0 : (15)This equation, whi
h embodies the diagonalization 
onditions in Eq. (12),is the same as the equation found in [30℄ for a s
alar �eld. It bears a strongresemblan
e to the nonrelativisti
 S
hrödinger equation for a Æ-fun
tion po-tential whose strength is energy-dependent, and its spe
trum is thus guar-anteed to have real eigenvalues. Away from x5 = 0, the solutions are sums ofsine and 
osine fun
tions. We thus write solutions pie
e-wise in the regionsx5 < 0 and x5 > 0 and impose periodi
ity and 
ontinuity at x5 = 0fn(x5 � 2�R) = fn(x5) ;fn(0+) = fn(0�) ;f 0n(0+)� f 0n(0�) = �r
m2nfn(0) ; (16)where 0+ and 0� denote the limit as x5 approa
hes zero from above or below.The resulting solutions have quantized masses whi
h are solutions of thetrans
endental equation,r
 mn2 = � tan[� R mn℄ (mn � 0) ; (17)
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m RFig. 1. Graphi
al solution of the eigenmass equation, � tan[�mR℄ = (r
=2R)�mRfor several values of r
=R.whi
h may be solved graphi
ally as in Fig. 1. The 
orresponding wavefun
tions arefn(x5) = Nn( 
os[mnx5℄ + (mn r
2 ) sin[mnx5℄ x5 < 0
os[mnx5℄� (mn r
2 ) sin[mnx5℄ x5 � 0 : (18)We de�ne the 
onstant Nn by normalizing fn su
h that+�RZ��R dx5 f2n(x5) = 1 ; (19)whi
h results in 1N 2n = �R�1 + m2n r2
4 � r
2�R� ; (20)for n � 1 and N0 = 1=p2�R. Inserting this KK de
omposition into ouroriginal 5d a
tion, Eq. (1), and performing the integration over x5 results inkineti
 terms for the gauge �elds whi
h are diagonal:



Branes and Orbifolds are Opaque 2365L04 = Xn ��14 Zn ���An� � ��An�� (��A�n � ��A�n) + Zn m2n2 A�nAn�� ; (21)where Zn is a normalization fa
tor with dimensions of mass. This equationis 
onsistent with Eq. (12), indi
ating that we have su

essfully diagonalizedthe KK de
omposition.Note that Eq. (17) always has a solution for mn=0, and that the 
or-responding f0(x5) is always a 
onstant. Thus, there is always a zero modegauge �eld whose pro�le does not depend on the extra dimension. In thelimit r
 ! 0, in whi
h the brane kineti
 term is negligible, we reprodu
e thestandard KK spe
trum with masses n=R. In Fig. 2, we present the massesof the �rst four KK modes as a fun
tion of r
=R. Clearly, for r
=R � 1,the spe
trum shows some distortion in the spa
ing between the lowest modes.For any r
=R, the higher modes asymptote to equal spa
ing of 1=R as ex-pe
ted, though the spe
trum still shows an over-all shift dependent on r
=R.For r
 � R, the masses asymptoti
ally approa
h n=2R.It is also instru
tive to examine the 
ouplings of the KK tower to var-ious types of �elds, either 
on�ned to branes or living in the bulk. Somerepresentative intera
tion terms in the 5d theory areL = Z dx5(Æ(x5 � x ) � A�
� �+� 1g25 + Æ(x5)g2a � h2(��Aa� � ��Aa�)fab
A�bA�
i+ � 1g25 + Æ(x5)g2a �hfab
fadeA�bA�
Ad�Ae�i) : (22)The �rst term represents 
oupling to a fermion on a brane at x (fora bulk fermion mode with wave fun
tion f (x5) one repla
es Æ(x5 � x )!jf (x5)j2) and the later two terms are the intera
tions among the bulk gauge�elds for a non-Abelian theory. In order to derive the e�e
tive intera
tionsbetween various KK modes, one inserts the KK de
omposition into thisequation, and then res
ales ea
h An by Z�1=2n in order to 
anoni
ally nor-malize its kineti
 terms. Given our 
onvention to normalize the fn(x5), then-mode gauge �eld has ZnZn = � 1g25 + f2n(0)g2a � ; (23)where fn(0) = Nn is the wave fun
tion of the n-th mode evaluated at theorigin.
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Branes and Orbifolds are Opaque 2367For the brane �eld at x this results in 
oupling to the nth KK mode,fn(x )pZn : (24)The wave fun
tions fn(x5) for the �rst two modes are presented in Fig. 3.Note that this implies that the zero mode gauge �eld, whose wave fun
tionis 
onstant, 
ouples universally to all brane matter with 
oupling1g20 = 2�Rg25 + 1g2a (25)irrespe
tive of the lo
ation of the brane. Of 
ourse, in prin
iple a brane
ontaining 
harged matter lo
ated away from x5 = 0 would also be opaque,and should be in
luded in our derivation of the fn(x5). We analyze this 
asein the next se
tions.For �elds lo
alized on the opaque brane itself, the relevant 
oupling tothe higher modes may also be expressed1g2n = 1f2n(0)g25 + 1g2a : (26)In Fig. 2 we show the ratio of g2n to g20 as a fun
tion of r
=R. Evidentfrom the �gure is the usual r
=R = 0 expe
tation that all modes 
oupleequally strongly to the brane �elds, with 
oupling gn = p2g0. However,on
e mn � 1=r
 the brane no longer seems transparent, and the KK modeshave di�
ulty penetrating it, de
oupling from its �elds. This is evident fromthe wave fun
tions (see Fig. 3) themselves, whi
h show signi�
ant distortionaway from the brane on
e the masses are greater than 1=r
.Couplings of the higher KK modes of bulk �elds are model-dependent,being given by integrals of produ
ts of several of the wave fun
tions. Forexample, if there are bulk fermions, the 
oupling of the n-mode gauge �eldto two bulk fermion modes with wave fun
tions f i (x5) and f j (x5) is1pZn Z dx5 fn(x5) f i (x5)� f j (x5) : (27)Thanks to the orthonormality of the fermion KK de
omposition, the zeromode gauge �eld 
ouples only to two fermions of the same mode number,
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oupling g0. For the three- and four-point gauge �eld verti
es,we have:gnml = 1pZnZmZl Z dx5 � 1g25 + Æ(x5)g2a � fn(x5) fm(x5) fl(x5) ; (28)gnmlk = 1pZnZmZlZkZ dx5� 1g25 + Æ(x5)g2a � fn(x5)fm(x5)fl(x5)fk(x5) (29)between the An-Am-Al and An-Am-Al-Ak modes, respe
tively. We havesuppressed the ve
tor and 
olor indi
es, but these are simply restored.The above results 
an be simpli�ed for the verti
es involving the zeromode, be
ause its wave fun
tion is independent of x5 and thus drops out ofthe integration. In the three-point vertex, we �nd that setting l = 0 redu
esthe integration to the same one whi
h diagonalized the kineti
 energy term;thus using Eq. (12) the integration gives ZnÆmn and the vertex fa
tor isf0(0)Æmn=pZ0 = g0Æmn for all modes. In the four-point vertex, settingl = k = 0 results in the same integral, ZnÆmn, and the vertex fa
tor is thusf20 (0)Æmn=Z0 = g20Æmn. Together, these results demonstrate the fa
t thatthe zero mode gauge �eld's 
ouplings take a universal form as di
tated byits unbroken gauge invarian
e, resulting in the same 
oupling to both bulkand brane �elds. 3.2. Two opaque branesIt is relatively simple to generalize our results to in
lude two branes atthe orbifold �xed points, one at x5 = 0 and one at x5 = �R. The a
tionthus 
ontains,S =Z d5x�� 14g25FMNFMN�Æ(x5) 14g2aF��F���Æ(x5��R) 14g2b F��F��� : (30)The wave fun
tions satisfy the eigenvalue equation in terms of ra � g25=g2aand rb � g25=g2b��25 +m2n + ram2nÆ(x5) + rbm2nÆ(x5 � �R)� fn = 0 : (31)Wave fun
tions 
an be 
onstru
ted by the same te
hnique used in the pre-vious se
tion to mat
h solutions a
ross the branes. The resulting solutionsare, fn(x5) = Nn( 
os[mnx5℄ + (mn ra2 ) sin[mnx5℄ x5 < 0
os[mnx5℄� (mn ra2 ) sin[mnx5℄ x5 � 0 ; (32)
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h the dependen
e on rb is hidden inside the quantized masses, whi
hsatisfy the relation0 = �ra rbm2n � 4� tan[mn�R℄� 2 (ra + rb)mn : (33)This equation may be redu
ed to the form mn = a fun
tion of tan[mn�R℄using the quadrati
 equation, and solved numeri
ally as before. This deter-mines the mass spe
trum and 
ouplings of the KK gauge bosons. Continuingto normalize the integral of f2n to one, the Zn normalization fa
tors areZn = � 1g25 + f2n(0)g2a + f2n(�R)g2b � : (34)The 
ouplings of given modes or 
ombinations of modes are derived fromthese results. For brane �eld 
ouplings to a single KK mode, one �nds thesame equation (24) as before in terms of the new wave fun
tions. The
ouplings among gauge modes aregnml = 1pZnZmZl Z dx5 � 1g25 + Æ(x5)g2a + Æ(x5 � �R)g2b �� fn(x5) fm(x5) fl(x5) ; (35)gnmlk = 1pZnZmZlZk Z dx5 � 1g25 + Æ(x5)g2a + Æ(x5 � �R)g2b �� fn(x5)fm(x5)fl(x5)fk(x5) : (36)In parti
ular, the zero mode 
oupling is1g20 = 2�Rg25 + 1g2a + 1g2b : (37)Before 
onsidering spe
i�
 two-brane 
on�gurations, we note that manyof these formulae are easy to generalize. In parti
ular, the Zn generalizeinto an obvious sum of 1=g25 plus f2n(xi)=g2i for ea
h opaque brane at xi with
oe�
ient 1=g2i . The 
oupling to brane matter �elds always takes the sameform, and the bulk 
ouplings generalize to an integral over the same produ
tof the fn times 1=g25 plus Æ(x5 � xi)=g2i . What remains is to determine theeigenmass equation and asso
iated wave fun
tions for a given set of branes,a straight forward (but in the 
ase of many branes, tedious) exer
ise.
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 branesFor our �rst example, 
onsider equal brane kineti
 terms, ra = rb � r
.This is the 
ase indu
ed by radiative 
orre
tions to 5d theories with orbifoldboundary 
onditions and no brane �elds. Note that this set-up preservesa Z2 symmetry under whi
h even number KK modes are even and oddnumber modes are odd. This KK parity for
es 
ouplings involving an oddnumber of odd-mode �elds to vanish. The resulting mass spe
trum satis�esthe equation, r
mn2 = 
os[mn�R℄� 1sin[mn�R℄ (mn � 0) ; (38)and is shown for the �rst few KK modes in Fig. 4. The + sign in theequation is realized for the �rst KK mode, and higher modes are realizedfor alternating signs. An interesting feature of the two brane 
ase is evidentfor r
=R � 1, in whi
h the mass of the �rst KK mode approa
hes zeroand the remaining modes approa
h their 
anoni
al values of (n � 1)=R.This 
ontrasts with the one brane 
ase, for whi
h the �rst KK mode masswas always greater than 1=2R. One 
an solve exa
tly for a solution withm1R � 1 by expanding the sin and 
os in the eigenmass equation. Theresult is m21 = 4r2
 �1 + r
�R� � 4� r
R : (39)This lightest KK mode 
an be understood to be a sort of �
olle
tive mode�,
omposed of a tiny amount of every wave fun
tion in the otherwise unper-turbed tower. The 
oupling of the n-mode gauge �elds to �elds 
on�ned oneither opaque brane may be expressed as,1g2n = 1g25f2n(0) + 2g2a (40)and is plotted for the �rst few modes in Fig. 4. Unlike the rest of the tower,whi
h exhibits similar de
oupling from the branes seen in the one brane
ase, the 
olle
tive mode's 
oupling approa
hes the zero mode 
oupling inthe limit of large r
=R. We have 
hosen to extend Fig. 4 up to r
=R = 100in order to display the asymptoti
 behavior as a fun
tion of r
=R. For
ompleteness, in Fig. 5 we show the behaviour of the �rst and se
ond KKmode wave fun
tions.One 
an gain intuition into the reason why this feature appears in the
ase with two opaque branes by 
onsidering an observer living on the braneat x5 = 0 and measuring the gauge 
oupling at that brane by s
attering
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harged matter at various energies. At distan
es somewhatshorter than the size of the extra dimension, the observer fails to realizethat the other brane is present, and s
attering between matter lo
alized ondi�erent branes should 
ease. Furthermore, at these energies the distan
esprobed are too short to realize that there is a se
ond opaque brane at all,and the observed 
oupling should not depend on gb. At very high energies,the distan
es probed are short enough that the fa
t that there is an extradimension be
omes irrelevant and the 
oupling should be dominated by the
oupling present on the brane, and thus must approa
h ga. However, in
ontrast to the one brane 
ase, the zero mode 
oupling does not approa
hga, but to a 
ombination of ga and gb. Thus, something is needed to re-store the 
orre
t behavior, and the higher KK modes will not serve be
ausethey de
ouple from the brane. Thus, the 
olle
tive mode's 
ouplings mustapproa
h the zero mode 
oupling (for ga = gb) with an appropriate relativesign in order for the net for
e to be des
ribed by ga alone.One 
an further explore this intuitive pi
ture by examining the e�e
tive
oupling between �elds either on the same brane or on di�erent branes. Inthe KK des
ription of the theory, the net for
e between them is a sum overall of the KK modes14�Xn�0 gingjnQ2 +m2n = �0Q2 0�1 +Xn�1 gingjn=�01 +m2n=Q21A! �ij(Q2)Q2 ; (41)where Q2 is the momentum transfer, gin is the 
oupling of the n-th KKmode to the i-th brane, and �ij(Q2) is an e�e
tive 
oupling whi
h in
ludesthe ex
hange of all KK modes in the intera
tion of brane �eld i with brane�eld j. Using our numeri
al solution for the symmetri
 two brane 
ase,we 
an expli
itly 
ompute the e�e
tive intra- and inter-brane 
ouplings.The result is shown in Fig. 6, and illustrates the physi
s des
ribed above.At low Q2 the ex
hange is dominated by the zero mode, and the two e�e
tive
ouplings are equal to the zero mode 
oupling. The e�e
t of the 
olle
tivemode appears rather early, thanks to its small mass, and the 
ouplings beginto di�er. For Q2 & 1=�2R2, intera
tions o

ur at distan
e s
ales smallerthan the separation between the two branes, and the intra-brane 
ouplingvanishes as ea
h brane fails to realize that the other is there. Finally, atvery large momentum transfer the brane �eld fails to realize that there isan extra dimension, and the physi
s is des
ribed entirely by its own (fourdimensional) gauge term with 
oupling ga.
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tive 
oupling between two �elds on the same brane (upper line) andtwo �elds on di�erent branes (lower line) as a fun
tion of momentum transfer,Q2.3.2.2. Asymmetri
 branesAnother interesting 
ase has two branes with di�erent terms. For sim-pli
ity, we �x the term on the �rst brane (at x5 = 0) to ra = r
 and allowthe term on the se
ond brane (at x5 = �R) to vary as rb = zra. For z 6= 1,this 
on�guration expli
itly violates KK parity. As motivation, one mightimagine a 
onstru
tion in whi
h some fermions (for example, the leptons)are 
on�ned to the brane at x5 = 0 while some others (for instan
e, thequarks) are 
on�ned to the other brane at x5 = �R. This 
on�guration 
ansuppress lo
al operators leading to una

eptably fast proton de
ay be
auseof a low Plan
k s
ale [2℄. Given the asymmetry between the two branes, itwould be somewhat 
ontrived if the gauge kineti
 terms living on them werethe same. In addition, the mu
h larger number of quark degrees of freedomwill imply very di�erent quantum 
orre
tions to both terms, so the 
hoi
e ofequal 
ouplings at the two branes is only justi�ed in some parti
ular 
ases.The KK masses are now solutions of the general two brane eigenmassequation (33). In terms of z and r1 its solutions 
an be expressedmnr1 = (1 + z)�p(1 + z)2 + 4 tan2 [mn�R℄z tan [mn�R℄ ; (42)where again the + sign is realized for the �rst KK mode solution, and su

es-sive modes are realized for alternating signs. Results are plotted for r1 = Rand r2 = zR in Fig. 7. The features are roughly similar to those evident in
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 two brane 
ase, in
luding the existen
e of a 
olle
tive modein the limit of r1; r2 � R with very small massm21 = 2zr21 �2 + r1(1 + z)�R � � 2(1 + z)z� r1R : (43)Having found the masses, the next step is to examine the wave fun
tions.We expe
t that for asymmetri
 branes, the larger brane term will dominate,pushing the wave fun
tions further away from that brane. This implies thatthe higher KK modes 
ouple more weakly to brane �elds on one of theopaque branes than to those �elds on the other. This is evident in the wavefun
tions, plotted for the �rst two modes in Fig. 8. For z = 1 we see, apartfrom an over-all sign, equal 
oupling at both branes, whereas for z � 1 thewave fun
tions be
ome very small on the brane at x5 = �R. This has theimpli
ation that the KK modes 
ouple mu
h more strongly to �elds lo
atedon the less opaque brane than to �elds lo
alized on the more opaque brane.We plot these 
ouplings in Fig. 7, and �nd that the e�e
t is quite striking forz � 1. One 
an understand this feature in terms of the e�e
tive 
ouplingson ea
h brane. z � 1 implies that g2b is very small, and thus dominates thezero mode 
oupling. This in turn implies that, sin
e the e�e
tive 
oupling inthe ultra-violet should 
onverge to the lo
al brane terms, KK modes shouldrapidly de
ouple from the se
ond brane, while they must 
ouple relativelystrongly to the �rst one in order to make up the di�eren
e between the zeromode 
oupling and the lo
al term on that brane.4. Impli
ations for phenomenologyOur results 
an have profound impli
ations for the phenomenology ofmodels in whi
h gauge �elds propagate in the bulk. The standard pi
turefor this situation is that high energy 
olliders 
an identify an extra dimensionby dis
overing the tower of KK modes with masses n=R and 
ouplings p2times greater than the zero mode 
oupling to brane-lo
alized matter [15,36℄.In the limit of a very small gauge-kineti
 term on the brane these results willapproximately hold for a large number of KK modes, and this phenomeno-logi
al pi
ture will remain valid. However, the results above indi
ate thatthese theories have, in addition to the parameter R whi
h 
ontrols the sizeof the extra dimension and thus the masses of the KK modes, at least oneother, �hidden� parameter, r
, whi
h will distort the KK spe
trum and mod-ify the 
ouplings to brane �elds. Sin
e it is e�e
tively a tree level 
oupling,it is somewhat arbitrary to set it equal to zero.
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aseAs a simple example of what the lo
al brane 
ouplings may do to limitsfrom 
olliders, let us 
onsider the e�e
t of virtual KK photon and Z ex
hangeon the pro
ess e+e� ! ff . This was dis
ussed for the transparent brane 
asein Ref. [36℄. At energies far below the mass of the �rst KK mode, the e�e
tof the virtual KK photon ex
hange 
an be in
luded model-independently asa four-fermion operatorO
 = �e2QeQf Vm2W [e
�e℄ �f
�f� ; (44)where the dependen
e on R is hidden inside the 
oe�
ient VV = m2W Xn�1 �n=�0M2n ; (45)where Mn is the mass of the nth KK gauge boson and �n the produ
t of its
ouplings to the e and f �elds.In the transparent brane 
aseV = m2WR2 Xn�1 2n2 = 2m2WR2�(2) (r
 = 0) ; (46)with the fa
tor of 2 a result of the KK mode 
ouplings being p2 timesthe zero mode 
ouplings, and the sum over n in
ludes all KK states, whosemasses are n=R. In the �ve dimensional 
ase we 
onsider the sum is 
on-vergent to �(2) as indi
ated (though the result 
hanges only by about 5% iftrun
ated at n = 10), but in higher dimensions it would have to be 
ut-o�in some fashion, introdu
ing dependen
e on the UV 
ompletion. Similaroperators 
an be written for KK modes of the W� and Z (and in the 
aseof OZ will generally interfere with O
 in physi
al pro
esses). In the r
 ! 0limit, the quantity V will be the same for all of the bulk gauge �elds. Thus,in
luding all relevant operators, Ref. [36℄ dedu
es that with 200 pb�1 ofps = 195GeV LEP data the rea
h extends up to V . 4:5� 10�3 whi
h 
or-responds to R�1 . 2:2 TeV. At the NLC with ps = 500 GeV and 
olle
ting500 fb�1 of data the bound be
omes V . 1:2� 10�4 or R�1 . 13 TeV.The situation with r
�R 
an be quite di�erent. For example, we 
on-sider the one-brane 
ase with both e and f �elds living on the opaque brane.To 
ompute V one must return to the de�nition, Eq. (45) where �n and Mnare now 
ompli
ated fun
tions of R and r
, as shown in Fig. 2. The leadingterm (from the �rst KK mode) may be somewhat enhan
ed by the massof that mode being lighter than 1=R, but is also somewhat de
reased by
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oupling to brane �elds. The suppression dominates the en-han
ement. The higher KK number states are still approximately equallyspa
ed in mass, but their 
ouplings to brane �elds be
ome highly suppressed,and the sum in Eq. (45) 
onverges mu
h more qui
kly than the r
 = 0 ex-pression in Eq. (46). Using the new expression for V , we translate the LEPand NLC bounds on V (whi
h are independent of the new physi
s) into theplane of 1=R and r
=R. For r
=R & 1 the limits on 1=R 
an be substantiallymodi�ed; for the LEP (proje
ted NLC) limits derived above, we have, forr
=R � 1, R�1&2TeV (12TeV) and for r
=R�10, R�1&1:3TeV (8.1TeV).Another interesting possibility is the fa
t that ea
h gauge group in thebulk may have a separate r
 on the brane. This would allow mass splittingsbetween the KK modes mu
h larger than one would normally 
onsider fromradiative 
orre
tions. This allows ea
h gauge boson to have its own V ,whi
h would not be expe
ted from the simple extra-dimensional pi
turewith transparent branes. It further has the e�e
t that the KK modes forthe neutral weak boson se
tor 
an have a di�erent Weinberg angle than theone observed for the zero modes, and thus may be poorly approximated asKK modes of the ordinary photon and Z, and better represented as di�erentmixtures of heavy 
opies of the SU(2) and U(1) neutral bosons. A similare�e
t 
an also o

ur when some of the weak gauge groups and/or Higgs�elds are 
on�ned to a brane [37℄.4.2. Two branes and split fermionsWhen there are two or more branes, the lightest KK mode is generallya 
olle
tive mode whi
h does not de
ouple from the brane, and whose massis not 
hara
terized by R�1, but instead by 1=pRr
. This leads to theinteresting possibility in whi
h a �rst KK mode 
an be dis
overed, but highermodes (whose masses are 
hara
terized by R�1 and whose 
ouplings to brane�elds are suppressed) remain out of rea
h. This is very di�erent from thetransparent brane 
ase in whi
h one expe
ts evenly spa
ed KK modes, sothat the se
ond mode has mass twi
e as large as the �rst mode and the same
oupling strength. The dis
overy potential for the 
olle
tive mode will besimilar to existing sear
hes for standard W 0 and Z 0 bosons, 
olorons [38℄,and so forth.In models with low-s
ale quantum gravity, there is motivation to 
on-sider the possibility that quarks and leptons live on separate branes, inorder to prevent dangerous operators whi
h would mediate proton de
ayin 
on�i
t with existing bounds [2℄. The simplest implementation of su
ha pi
ture has two branes, one 
ontaining the quarks (and possibly the glu-ons) and the other 
ontaining the leptons. One is thus for
ed to 
onsider theweak gauge bosons propagating in the bulk, and loops of the brane fermionsshould indu
e kineti
 terms for the weak gauge �elds lo
alized on ea
h brane.
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s whi
h lo
alizedthe quarks on one brane but the leptons on the other, it seems natural thatone brane (i.e. the quark brane) 
ould have a larger kineti
 term than theother one (i.e. the lepton brane), and the results of Se
tion 3.2.2 
ould berelevant to the phenomenology of the KK modes. This leads to two inter-esting variations on the usual phenomenology of bulk gauge �elds. The �rstis that, owing to the larger repulsion from the quark brane than from thelepton brane, the KK modes may 
ouple more weakly to quarks than toleptons. This would alter the expe
ted relative produ
tion 
ross se
tions at,say high energy e+e� 
olliders and hadron 
olliders, and would further a�e
tthe bran
hing ratios into a given spe
ies of fermion. Furthermore, at largemomentum transfers, the two branes lose sight of ea
h other, and at veryhigh energies, quarks and leptons miss ea
h other be
ause of their separationin the extra dimension [39℄. This is evident in our two-brane results for thee�e
tive 
oupling between �elds lo
ated one on ea
h of the two branes (seeFig. 6) whi
h approa
hes zero at high Q2. In 
ontrast, quark�quark andlepton�lepton intera
tions remain appre
iable even at large Q2.Models whi
h separate not only quarks from leptons, but also left- andright-handed quarks and leptons from ea
h other, may naturally explainthe observed hierar
hy of fermion masses [2�4℄ by generating small Yukawa
ouplings for the zero modes as the tiny overlap in fermion wave fun
tions.Ea
h lo
alized fermion demands a renormalization of the gauge �eld whoseshape is related to the pro�le of the fermion KK modes, and a full theory of�avor 
ould have as many separate 
ontributions as there are fermions. Theresulting pi
ture is therefore rather 
ompli
ated and model-dependent, andis beyond the s
ope of this work, but we 
an divine some general featuresfrom the simple 
ases we have studied.First, we would see the high energy suppression of 
ross se
tions outlinedabove for split quarks and leptons for any two di�erent fermions, in
ludingsame �avor fermions with di�erent heli
ities! Sin
e the indu
ed lo
alizedgauge kineti
 terms are sensitive to the shape of the fermion zero modewave fun
tions, produ
tion 
ross se
tions and de
ay bran
hing ratios 
ouldbe �avor-dependent in a 
ompli
ated way. The properties of the KK gaugebosons thus provide one with a powerful test of extra-dimensional �avordynami
s, exploring the 
artography of the extra dimension [40℄.Se
ond, models with split fermions have strong �avor-
hanging neutral
urrent (FCNC) 
onstraints from Kaluza�Klein modes of gauge �elds [4,41,42℄, be
ause while the gauge �elds 
ouple �avor-diagonally, the KK modes
ouple �avor-dependently, indu
ing FCNC's after the CKM rotation fromthe gauge to mass basis is performed. The limits derived in this way onR�1 from the Kaon system are quite strong, of order R�1 & 100�1000 TeV.However, these limits 
ould be relaxed quite substantially if appre
iable r




2382 M. Carena, T.M.P. Tait, C.E.M. Wagnerterms are in
luded. Su
h terms will for
e the KK modes of the gauge �eldsto try to avoid the pla
es where fermions are lo
alized, and would limit thestrength of the FCNC's. 5. Con
lusionsTheories with extra dimensions o�er both unique solutions to the puz-zles of parti
le physi
s as well as unique theoreti
al 
hallenges. To date,all known des
riptions must be regarded as e�e
tive theories, and withouta deeper model to des
ribe the underlying physi
s responsible for the 
om-pa
ti�
ation of dimensions, generation of branes and boundary 
onditions,and 
on�nement of �elds to brane world-volumes, the best one 
an do is towrite down e�e
tive des
riptions whi
h are self-
onsistent. The theoreti
almotivations are many, and the resulting phenomenology intriguing.We have explored a simple 
onsequen
e of any theory with gauge �eldsin the bulk of the extra dimensions, and 
harged matter either in the bulksubje
t to orbifold boundary 
onditions, or 
on�ned to a brane. Radiative
orre
tions to these theories mandate that su
h branes or boundaries arenot transparent to the gauge �elds � instead they are opaque. While theopa
ity of the brane, parameterized by the size of a kineti
 term for thegauge �eld living on the brane or boundary, is not 
al
ulable in terms ofother parameters in the theory without introdu
ing assumptions about thenature of the UV 
ompletion, this does not justify ignoring it. Su
h termsmay very well be large, and 
omprise an important part of relating a theorywith extra dimensions to the real world. The e�e
t on phenomenology 
anbe sizable, and the result qualitatively di�erent from the situation in whi
hthey are negle
ted. For example, 
harged �elds 
on�ned to an opaque branewill de
ouple from the high Kaluza�Klein modes of the gauge �eld, 
ontrast-ing with the standard pi
ture under with all KK modes 
ouple equally tobrane �elds. This de
oupling of the higher KK modes is somewhat similarto the e�e
t of dimensional de
onstru
tion [43, 44℄, whi
h repla
es an extradimension with a 
hain of 4d gauge theories linked by s
alar �elds. In thede
onstru
ted 
ase, the analogues of the KK modes of bulk �elds naturallydistort and terminate at some high energy s
ale. In the 
ase of the brane ki-neti
 term, the KK spe
trum remains in�nite, but nevertheless the 
ouplingto brane �elds be
omes arbitrarily small for arbitrarily heavy modes.In addition, the existen
e of lo
al gauge kineti
 terms implies there maybe 
olle
tive KK modes whose masses are not related to the size of the extradimension, but instead to the size of the brane kineti
 term. These 
olle
tivemodes typi
ally do not de
ouple the way the higher KK modes do, and thushave unique phenomenology 
ompared with the typi
al expe
tations of extradimensional theories. Finally, theories whi
h have di�erent types of matterliving at di�erent lo
ations in an extra dimension 
an show the interesting
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tions between di�erent parti
lesare suppressed. At very high energies, the parti
les miss ea
h other be
auseof their extra-dimensional separation.Our framework has been �ve dimensional theories with gauge �elds livingin all �ve dimensions. We have 
hosen this framework be
ause it is simpleand predi
tive, but there are many alternatives to explore. Our results arerepresentative for any bulk �eld, and suggest that a 
omplete, self-
onsistente�e
tive theory in
luding 
ompa
t dimensions has a few more parametersthan one might naively guess. The appearan
e of divergen
es, whi
h mustbe renormalized, implies that it is more generi
 to treat these e�e
ts as tree-level 
ouplings, in 
ontrast to the naive expe
tation that they arise as loope�e
ts. It would also be interesting to explore larger numbers of 
ompa
tdimensions, to see the results in theories with six or more dimensions. Inaddition, it would be ex
iting to see if our results 
ould be exploited inmodel-building, allowing new extra dimensional theories to better explainthe puzzles of the Standard Model.The authors are grateful for 
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