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Testing the nature of Kaluza-Klein excitations at future lepton colliders

Thomas G. Rizzo
Stanford Linear Accelerator Center, Stanford University, Stanford, California 94309

~Received 8 September 1999; published 8 February 2000!

With one extra dimension, current high precision electroweak data constrain the masses of the first Kaluza-
Klein ~KK ! excitations of the standard model gauge fields to lie above.4 TeV. States with masses not much
larger than this should be observable at the CERN LHC. However, even for first excitation masses close to this
lower bound, the second set of excitations will be too heavy to be produced, thus eliminating the possibility of
realizing the cleanest signature for KK scenarios. Previous studies of heavyZ8 andW8 production in this mass
range at the CERN LHC have demonstrated that very little information can be obtained about their couplings
to the conventional fermions given the limited available statistics and imply that the CERN LHC cannot
distinguish an ordinaryZ8 from the degenerate pair of the first KK excitations of theg andZ. In this paper we
discuss the capability of lepton colliders with center of mass energies significantly below the excitation mass
to resolve this ambiguity. In addition, we examine how direct measurements obtained on and near the top of
the first excitation peak at lepton colliders can confirm these results. For more than one extra dimension we
demonstrate that it is likely that the first KK excitation is too massive to be produced at the CERN LHC.

PACS number~s!: 12.10.2g, 11.10.Kk, 11.25.Mj
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I. INTRODUCTION

If Kaluza-Klein ~KK ! excitations of the standard mod
~SM! gauge fields exist then analyses of precision el
troweak data indicate that the masses of the first excitatio
the W, Z, g andg must be greater than.4 TeV in the case
of one extra dimension. For such heavy masses the se
set of excitations will lie beyond the reach of the CER
Large Hadron Collider~LHC! even at several times desig
luminosity. In addition, the limited statistics at such lar
invariant masses will~i! most likely render the gluon excita
tion invisible due to both its large width to mass ratio as w
as detector jet energy smearing and~ii ! will not allow the
photon and Z resonances to be resolved even if they are
exactly degenerate. Thus the CERN LHC will see what
pears to be a degenerateZ8 andW8, something that occurs in
many more ordinary extended electroweak gauge mod
Based upon past studies of new gauge boson coupling d
minations at hadron colliders we know that with the ava
able statistics the CERN LHC will not be able to identi
these resonances as KK excitations. How can we resolve
issue? As we will show below, a lepton collider, even o
operating reasonably far below the apparentZ8 resonance
will most likely provide evidence compelling enough to r
solve this ambiguity. Furthermore, we will demonstrate t
a higher energy lepton collider, sitting on this resonan
peak, will very easily distinguish the two possibilities not v
an analysis of the line shape but through several factoriza
tests among electroweak observables. The extension to
case of more than one extra dimension is also discussed

This paper is organized as follows: Sec. 2 contain
pedagogical theory background for the definition of the pr
lem and the analysis that follows. The details of the probl
outlined above are discussed in Sec. III. In Sec. IV we d
cuss how a linear collider operating at energies well be
the mass of the first KK excitations, presumed discovere
the CERN LHC, will yield strong evidence about its fund
mental nature while in Sec. V we discuss what additio
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information can be learned by sitting on the KK resonance
a future lepton collider. A summary and further discussion
given in Sec. VI.

II. BACKGROUND

String or M theory tells us that we live in a world with a
least six extra dimensions. It is perhaps likely that the size
these dimensions are of order the inverse Planck sc
;1/M pl , and may remain forever hidden from direct expe
mental confirmation. However, in the past two years the p
sibility has re-emerged@1# that at least some of these ext
dimensions may be much larger and not far away from
electroweak scale,;1/TeV, that is now being probed at co
liders. In one appealing scenario@2# due to Arkani-Hamed,
Dimopoulos and Dvali~ADD!, gravity is allowed to propa-
gate in at least two ‘‘large’’ extra dimensions while the fiel
of the SM are confined to D-branes of appropriate dimens
transverse to these.~Here by ‘‘large’’ we mean compactifi-
cation radii@1/TeV.! Such a structure allows for the Planc
scale to be brought down from 1019 GeV to only a few TeV
offering a new slant on the hierarchy problem. The spec
size of these ‘‘large’’ dimensions depend on how many
assume there to be; forn extra ‘‘large’’ dimensions the com-
mon compactification radiusR is order;1030/n219 m. The
rich phenomenology of this model has been examined i
very rapidly growing series of papers@3#. ~We note in pass-
ing that the ADD scenario assumes that the metric tenso
the brane does not depend on the compactified co-ordina
i.e., that it factorizes; this need not be necessary@4#.! If n
,6 there can also be some extra ‘‘small’’ longitudinal d
mensions wherein both the SM fields as well as gravity c
live. ~Here by ‘‘small’’ we mean compactification rad
;1/TeV.! For example, we can imagine there being
‘‘large’’ extra dimensions in which only gravity propagate
and 2 ‘‘small’’ extra dimensions populated by both gravi
as well as the SM gauge fields. The propagation of the
fields into these ‘‘small’’ dimensions can lead to a dras
©2000 The American Physical Society05-1
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THOMAS G. RIZZO PHYSICAL REVIEW D 61 055005
lowering of the GUT scale@5# due to an almost power-like
running of the couplings. There are many variations on t
particular theme depending upon which and how many
fields we allow to feel the extra dimensions. In what may
the most well motivated and attractive scheme, and the
we consider below, only the SM gauge fields~and the Higgs
field! can propagate in the extra dimensions while the ch
fermions only experience the usual four dimensions and t
lie on a 3-brane, i.e., ‘‘the wall.’’~We imagine that all of the
SM gauge fields feel the same number of the extra dim
sions in what follows.! It is now possible to imagine a viabl
scenario wherein the Planck, string, compactification a
GUT scales are not too far above a few TeV.

In addition to probing weak scale gravity@3# another test
of this scenario is to search for the Kaluza-Klein~KK ! exci-
tations of the SM gauge fields. In fact, the hallmark@1,6# of
these KK theories is the existence of regularly spaced re
nances in thel 1l 2, l 6n and j j channels at hadron colliders
such as the Tevatron and CERN LHC, which are degene
i.e., the first excitations,g (1),Z(1),W(1) andg(1), have a com-
mon mass, in the limit that mixing with the correspondi
SM zero modes is neglected.~In practice, even when mixing
is present the fractional mass shifts are quite negligible
KK states above 1 TeV.! As we will see below, such recur
rence structures are not always observable making the d
experimental case for KK scenarios less transparent. For
extra longitudinal dimension, compactification onS1/Z2
leads to equally spaced states with masses given byMn
5n/R and with a non-degenerate level structure. Becaus
normalization of the gauge field kinetic energies, the exc
tions in the KK tower naively couple to the SM fermion
with a strength larger than that of the zero modes by a u
versal factor ofA2 assuming that the fermions are all loca
ized at the same fixed point on the wall@7#. ~More on this
point below.! For the case of more than one extra dimens
the situation is far more complex and depends upon the
tails of the compactifying manifold. Here we find that n
only are the KK excitation spacings more intricate but ma
of the levels become degenerate and the strength of the
pling in comparison to the zero modes becomes level dep
dent. For example, in the case of two additional dimensi
with a S1/Z23S1/Z2 compactification, assuming both com
pactification radii are equal, the first five KK levels occur
masses of~in units of 1/R) 1, A2, 2, A5 andA8 with de-
generacies of 2, 1, 2, 2 and 1 and with naive relative c
pling strengths ofA2, 2, A2, 2 and 2, respectively. Alter
native compactifications yield other more intricate patte
as do extensions to the case of even more dimensions.

What do we know about the size of the compactificat
radii for these longitudinal dimensions, i.e., what bounds
there on the masses of the SM excitations? From di
searches forZ8, W8 and dijet bumps at the Tevatron@8#, it is
clear that the masses of the first tower states are in exce
;0.720.9 TeV. Through cross section and asymmetry m
surements at LEP II the anticipated reach for the first K
state throughindirect means will be approximately 3 TeV b
combining the results of all four experiments assuming
equate luminosity is achieved. However, by examining
influence of KK towers on electroweak measurements@9# we
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can place far tighter bounds on 1/R, or equivalently, the first
excitation massesprovidedwe make a number of assump
tions. First, as is usual in these types of analyses, it is
sumed that the KK fields are theonly source of new physics
that perturb the SM predictions for electroweak quantiti
Secondly, we must assume that the couplings of at least
first few recurrences to the SM fields are not vastly differe
than those given by the simple rescaling correction due to
normalization of the gauge field kinetic energies discus
above. The reason to worry about this particular assump
is clear by considering the limit wherein the effects of K
tower exchanges can be written as a set of contact inte
tions by integrating out the tower fields. Almost all of th
current constraints on the masses of KK states arise f
consideration of this contact interaction limit. In this ca
tower exchanges lead to new dimension-six operators wh
coefficients can be shown to be proportional to a fixed
mensionless quantity,V, which can be symbolically written
as @10#

V5~MwR!2(
n51

` gn
2

g0
2

1

n•n
, ~1!

wheregn is the coupling of thenth KK level labeled by the
set of integersn. Mw , is theW boson mass which we emplo
as a typical weak scale.@Here for simplicity of presentation
we have assumed aZ23Z23 . . . compactification so tha
the first KK excitation~s! has a mass 1/R.# Through an analy-
sis of precision measurements the value ofV can be directly
restricted thus leading to an apparent constraint onR for any
given number of extra dimensions and specified compac
cation scenario. However, this seemingly straightforwa
program runs into an immediate difficulty requiring a som
what detailed digression. The resolution of this difficulty h
influence upon where we anticipate the mass of the KK
citations to lie and, through possible modifications their co
plings to the fermions of the SM, their production cross s
tions at colliders.

Using the naive scaling of the couplings the sum in t
expression above only converges~to a value of 2(n51

` 1/n2

5p2/3.3.28987 assuming all the fermions are properly
calized! in the case of a single extra dimension. There
several ways to deal with this problem. The first and m
often used@5# approach is to sum over a finite number
terms, i.e., only those states whose masses lie below
string scale,Ms , which now acts simply as a cut off. Fo
example, in the case of one extra dimension, we cut off
sum atn5nmax.MsR and for any fixed assumed value o
MsR we will of course obtain a smaller value than given
the complete sum. Ifnmax55(10,20) we obtain for the par
tial sum 2.92722~3.09954,3.19233!, which are all not far
from the value above due to the rapid convergence of
series. While this procedure does not numerically reduce
sum in any serious manner in the one dimensional case it
a far greater influence in more than one dimension since
partial sum is finite. For example, in the case ofZ23Z2
taking nmax55, so that we include only the first 14 mas
states in the tower, yields a value of 12.7826 for the par
sum. Note that this is appreciably larger than in the o
5-2
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TESTING THE NATURE OF KALUZA-KLEIN . . . PHYSICAL REVIEW D61 055005
dimensional case. Taking insteadnmax510(20) yields the
corresponding results of 17.0790~21.4083! which shows an
approximate logarithmic growth with increasingnmax.
Given a fixed upper bound on the value ofV this would
imply that the lower bound on the mass of the first K
excitation would have to be at least a factor of 2 larger th
in the one-dimensional case. Even though the cross sec
for the production of this state would be 4 times larger th
in the one dimensional case due to the enhanced coupli
is clear that this state would be too massive to be produce
the CERN LHC. While this approach regularizes the tow
sum, this straightforward truncation technique appears to
somewhat arbitrary and conceptually inadequate.

A second possibility is that the KK couplings to four d
mensional fields have anadditional level dependence, abov
and beyond that due to the appropriate kinetic energy n
malization factor, that exponentially damps the contributio
from higher terms in the sum@11#. Such a suppression ha
been suggested on several grounds including the high en
behavior of string scattering amplitudes and also throu
considerations of the flexibility of the wall@11#. In the later
case, for a rather rigid wall, the still infinite sum is now
the form

V5~MwR!2(
n51

` gn
2

g0
2

1

n•n
e2n•n/nmax

2
, ~2!

wherenmax is as given above. For any given value ofnmax
the sum is finite and, ifnmax is not too small the couplings o
the first KK excitations hardly differ from their naive value
We note that for the case of one extra dimension tak
nmax55(10,20) yields the sum 2.62089~2.94538,3.11512!,
again not far from actual naive sum but somewhat sma
than in the simpler truncation of the summation approach
addition, by absorbing the exponential into the definition
their strengths, the corresponding couplings of the first e
tation relative to the zero mode is given byg1

2/2g0
2

50.9608(0.9901,0.9975), respectively. Here we see
there is very little suppression in the strength of the c
plings in comparison to the naive value obtained throu
from the gauge field kinetic terms.~We note that if we as-
sume that the wall isnot rigid then all terms in the sum
become very highly suppressed and the KK excitations
most completely decouple from the SM fermions. In th
case, unfortunately, nothing can be said about the KK e
tation masses from experimental data.! If we extend this
same approach to the case of two extra dimensions wi
Z23Z2 compactification where the sum is naively diverge
assuming as above thatnmax55(10,20), we now obtain a
result of 6.73478~8.91208,11.08966!. Here we see that the
exponential cutoff approach is actually more efficient th
the ad hoc termination of the series for fixednmax. As we
will see below, ifnmax55 is realized, then the lower boun
on the mass of the first KK excitation in this two
dimensional scenario is.5.6 TeV which should be visible a
the CERN LHC due to the coherence in the production cr
section among the degenerate states. However, we not
important result that for larger values ofnmax, the bound
from V on the masses of the first KK excitations will driv
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thembeyondthe reach of the CERN LHC. Clearly, this re
sult persists and becomes even stronger when we go to
case of more than two extra dimensions.

III. THE PROBLEM

Given these digressions, the analysis of the precision e
troweak data as presented at Moriond@12# by the authors of
Ref. @10# yielded the constraintsV<0.001520.0020 depend-
ing upon what fraction of the SM Higgs vacuum expectati
value arises from a Higgs in the bulk. With the improve
data presented at the summer conferences@13,14#, we would
expect these bounds to slightly tighten. Repeating the an
sis as presented in Ref.@10# with this new data, and assum
ing that the Higgs boson mass is>100 GeV@15#, yields a
somewhat stronger bound ofV<0.001020.0013. Given the
discussion above it is reasonably straightforward to interp
these results in the case of one extra dimension for rea
able values ofnmax using either approach: we obtain 1/R
5M1>3.9 TeV, whereM1 is the mass of the first KK exci-
tation. ~A similar, somewhat weaker, but more model ind
pendent bound ofM1.3.4 TeV can be obtained from exis
ing constraints on charged current contact interactions as
been recently shown by Cornet, Relano and Rico in Ref.@9#.!
In the case of two or more extra dimensions the bound
somewhat harder to interpret but it is clear from the abo
discussion and a short numerical study that the masses o
first KK excitations must be significantly larger than in th
case of one extra dimension since the sum over states y
a significantly larger value. This result is very important
that it tells us that if the KK scenario is correct then~i! in the
case of one extra dimension the radius of compactifica
and, hence, the masses of the first excitations must be
that the masses of thesecond setof excitations must lie
above the reach of the CERN LHC@6,10# in both the Drell-
Yan and j j channels. This implies that the most obvio
signal for the KK scenario will not be realized at the CER
LHC even if KK excitations do exist. Also,~ii ! as mentioned
above for the case of two extra dimensions, even the ma
of the first KK states will be beyond the reach of the CER
LHC unlessnmax is quite small<5. Table I summarizes ou
results for the lower bound onM1 for different nmax for
various compactification scenarios in different dimensio
employing either of the above cut off schemes. We see
even with a very smallnmax the value ofM1 is beyond the
reach of the CERN LHC in the case of three extra dime
sions.

At the CERN LHC in the case of one extra dimension~or
two extra dimensions withnmax very small! we are left with
the somewhat more subtle KK signature of degenerateg (1),
Z(1), W(1) andg(1) states. However, even this signature m
not be realized experimentally as theg(1) resonance may be
easily washed out due to both experimental jet energy re
lution and the resonance’s very large width to mass ratio@6#
when its mass lies in the range above.4 TeV. More than
likely a shoulder-like structure would remain visible b
would be difficult to interpret@16#. We are thus left with a
degenerate set ofg (1), Z(1), andW(1) as a potential signal for
KK scenarios at the CERN LHC. Unfortunately a degener
5-3
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THOMAS G. RIZZO PHYSICAL REVIEW D 61 055005
pair of new gauge bosonsZ8,W8 is not a unique signal for
KK models as many extended electroweak theories pre
@17# such a situation. Of course the single ‘‘resonance’’
the l 1l 2 channel in the KK case is actually a superpositi
of both theg (1) andZ(1) and not just aZ8. Our claim here is
that the CERN LHC will not be able to distinguish these tw
possibilities given the rather small number of available o
servables due to the rather limited statistics.

To clarify this situation let us consider the results d
played in Figs. 1 and 2 for the case of one extra dimens
In Fig. 1 we show the production cross sections and forwa
backward asymmetries,AFB , in the l 1l 2 channel with in-
verse compactification radii of 4, 5 and 6 TeV. In calculati
these cross sections we have assumed that the KK excita
have their naive couplings and can only decay to the us
fermions of the SM. Additional decay modes can lead
appreciably lower cross sections so that we cannot use
peak heights to determine the degeneracy of the KK st
Note that in the 4 TeV case, which is essentially as sma
mass as can be tolerated by the present data on prec
measurements, the second KK excitation is visible in
plot. We see several things from these figures. First, we
easily estimate the total number of events in the resona
regions associated with each of the peaks assuming the
nonical integrated luminosity of 100 fb21 appropriate for
the CERN LHC; we find.300(32,3,0.02) events corre
sponding to the 4~5,6,8! TeV resonances if we sum over bo
electron and muon final states and assume 100% lept
identification efficiencies. Clearly the 6 and 8 TeV res
nances will not be visible at the CERN LHC~though a mod-
est increase of luminosity will allow the 6 TeV resonance
become visible! and we also verify our claim that only th
first KK excitations will be observable. In the case of the
TeV resonance there is sufficient statistics that the KK m
will be well measured and one can also imagine measu
AFB since the final state muon charges can be signed. G
sufficient statistics, a measurement of the angular distr
tion would demonstrate that the state is indeed spin-1 and
spin-0 or spin-2. However, for such a heavy resonance

TABLE I. Lower bound on the mass of the first KK state in Te
resulting from the constraint onV for the case of more than on
dimension. ‘‘T’’ @‘‘E’’ # labels the result obtained from the dire
truncation~exponential suppression! approach as discussed in th
text. Cases labeled by an asterisk will be observable at the CE
LHC. Z23Z2 andZ3,6 correspond to compactifications in the ca
of two extra dimensions whileZ23Z23Z2 is for the case of three
extra dimensions.

Z23Z2 Z3,6 Z23Z23Z2

nmax T E T E T E

2 5.69* 4.23* 6.63* 4.77* 8.65 8.01
3 6.64 4.87* 7.41 5.43* 11.7 10.8
4 7.20 5.28* 7.95 5.85* 13.7 13.0
5 7.69 5.58* 8.36 6.17* 15.7 14.9

10 8.89 6.42 9.61 7.05 23.2 22.0
20 9.95 7.16 10.2 7.83 33.5 31.8
50 11.2 8.04 12.1 8.75 53.5 50.9
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unlikely that much further information could be obtaine
about its couplings and other properties and the values
AFB alone cannot determine whether this resonance is c
posite no matter how much statistics is available. In fact
conclusion ofZ8 analyses@18# is that coupling information
will be essentially impossible to obtain forZ8-like reso-
nances with masses in excess of 1–2 TeV at the CERN L
Furthermore, the line shape of the 4 TeV resonance will
difficult to measure in detail due to both the limited statist
and energy smearing. Thus we will never know from CER
LHC data alone whether the first KK resonance has b
discovered or, instead, some extended gauge model sce
has been realized.

It is often stated@6# that the sharp dip in the cross sectio
at an approximate dilepton pair invariant mass of.M1/2
will be a unique signal for the KK scenario. However, the
are several difficulties with this claim. First, it is easy
construct alternative models with one extra dimens
wherein either the leptonic or hadronic couplings of the o
excitations have opposite sign to the usual assignment, a
the model of Arkani-Hamed and Schmaltz~AS! @7#, since

N

FIG. 1. ~a! Cross section and~b! forward-backward asymmetry
for Drell-Yan production of the degenerate neutral KK excitatio
Z(n) and g (n) as a function of the dilepton invariant mass at t
CERN LHC assuming one extra dimension and naive coupling
ues with 1/R54 ~5,6! TeV corresponding to the solid~dashed, dot-
ted! curve. The second excitation is only shown for the case
1/R54 TeV.
5-4
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TESTING THE NATURE OF KALUZA-KLEIN . . . PHYSICAL REVIEW D61 055005
the fermions lie at different fixed points on the wall. Here w
consider the specific scenario where the quarks and lep
are at opposite fixed points. In this case the excitation cur
will look quite different as shown in Fig. 2 where we see th
the dip below the resonance has now essentially disappe
Second, even if the dip is present it will be difficult to o
serve directly given the CERN LHC integrated luminosi
The reason here is that if we examine a 100 GeV wide
around the location of the apparent minimum, the SM p
dicts only 5 events to lie in this bin assuming an integra
luminosity of 100 fb21. To prove that any dip is present w
would need to demonstrate that the event rate is significa
below the SM value which would appear to be rather di
cult if at all possible. Thus we stick to our conclusion that t
CERN LHC cannot distinguish between an ordinaryZ8 and
the degenerateZ(1)/g (1) resonance and we must turn els
where to resolve this ambiguity.

IV. LEPTON COLLIDERS BELOW THE RESONANCE

It is well-known that futuree1e2 linear colliders~LC!
operating in the center of mass energy rangeAs50.521.5
TeV will be sensitive to indirect effects arising from th

FIG. 2. Same as the previous plot for the case of 1/R54 TeV
~solid! but now also showing both the SM result for comparis
~dots! as well as the alternative excitation curve for the case wh
the naive couplings are altered as in the scenario of Arkani-Ha
and Schmaltz~dashed! @7#.
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exchange of newZ8 bosons with masses typically 6–7 time
greater thanAs @18#. Furthermore, analyses have shown th
with enough statistics the couplings of the newZ8 to the SM
fermions can be extracted@19# in a rather precise manne
especially when theZ8 mass is already approximately know
from elsewhere, e.g., the CERN LHC.~If the Z8 mass is not
known then measurements at several distinct values ofAs
can be used to extract both the mass as well as the co
sponding couplings@20#.!

In the present situation, we imagine that the CERN LH
has discovered and determined the mass of aZ8-like reso-
nance in the 4–6 TeV range. Can the LC tell us anyth
about this object? The first question to ask is whether the

can indirectly detect this excitation via thee1e2→ f f̄ chan-
nels. ~More precisely, can it probe the entire tower of K
states of which the 4-6 TeV object is the lowest lying on!
To address this issue we have repeated the Monte C
analyses in@18–20# and have asked for the search reach
the first KK excitation as a function of integrated luminosit
To obtain our results we have combined thef 5e,m,t,b,c
and t final states, assumed 90% beam polarization and
cluded angle cuts, initial state radiation, identification e
ciencies and systematics associated with the overall lumin
ity determination. The angular distribution of the vario
cross sections, the left-right asymmetries,ALR

f , and the po-
larization of thet ’s in the final state are simultaneously com
bined in this fit. The search reaches are shown in Fig. 3
the case of one extra dimension and assume the convent
naive coupling relationships. Note that the reach is as m
as three times greater than that for a more conventionalZ8.
The reasons for this are as follows:~i! the couplings of the
KK excitations are larger than those of their SM partners
A2, ~ii ! the complete towers contribute to these deviatio
and ~iii ! both g (n) and Z(n) towers are present and add c
herently. If we allow for more than one extra dimensio
cutting off the KK sum by either of the techniques describ

re
d

FIG. 3. Search reach,Mc , for the firstZ(1)/g (1) excited state as
a function of the integrated luminosity assuminge1e2 collider cen-
ter of mass energies, from top to bottom, of 1.5, 1, 0.5 TeV. O
extra dimension is assumed. The solid curves correspond to the
of ‘‘conventional’’ couplings while the dashed curves are for t
case of the AS scenario@7#.
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above, it is clear that our resulting reach will be significan
higher in mass due to the greater number of states and
larger couplings involved.

The next step would be to use the LC to extract the c
plings of the apparent resonance discovered by the CE
LHC; we find that it is sufficient for our arguments to do th
solely for the leptonic channels. The idea is the followin
we measure the deviations in the differential cross sect
and angular dependentALR

f ’s for the three lepton generation
and combine those witht polarization data. Assuming lepto
universality ~which would be observed in the CERN LH
data anyway!, that the resonance mass is well determin
and that the resonance is an ordinaryZ8 we perform a fit to
the hypotheticalZ8 coupling to leptons,v l ,al . To be spe-
cific, let us consider the case of only one extra dimens
with a 4 TeV KK excitation and employ aAs5500 GeV
collider with an integrated luminosity of 200 fb21. The re-
sult of performing these fits is shown in Fig. 4 from whic
we see that the coupling values are ‘‘well determined’’~i.e.,
the size of the allowed region we find is quite small! by the
fitting procedure as we would have expected from previ
analyses ofZ8 couplings extractions at linear colliders@18–
20#. We note that identical results are obtained for this ana
sis if we assume that the KK excitations are of the ty
discussed by Arkani-Hamed and Schmaltz@7#.

The only problem with the fit shown in the figure is th
thex2 is very large leading to a very small confidence lev
i.e., x2/DOF595.06/58 or P5C.L.51.5531023. ~We note
that this result is not very sensitive to the assumption of 9
beam polarization; 70% polarization leads to almost ident
results.! For an ordinaryZ8 it has been shown that fits o
much higher quality, based on confidence level values,
obtained by this same procedure. Increasing the integr
luminosity can be seen to only make matters worse. Figu
shows the results for the C.L. following the above approa
as we vary both the luminosity and the mass of the first

FIG. 4. Fitted values of the parametersv l andal following the
procedures described in the text for a 4 TeV KK excitation at a 500
GeV e1e2 collider. The contour described the 95% C.L. regi
with the best fit value as a diamond. The normalization is such
the corresponding SMZ boson’s axial-vector coupling to the elec
tron is 21/2.
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excitation at both 500 GeV and 1 TeVe1e2 linear colliders.
From this figure we see that the resulting C.L. is belo
.1023 for a first KK excitation with a mass of 4~5,6! TeV
when the integrated luminosity at the 500 GeV collider
200(500,900) fb21 whereas at a 1 TeV for excitation
masses of 5~6,7! TeV we require luminosities of
150(300,500) fb21 to realize this same C.L. Barring som
unknown systematic effect the only conclusion that o
could draw from such bad fits is that the hypothesis o
singleZ8, and the existence of no other new physics, is s
ply wrong. If no other exotic states are observed below t
first KK mass at the CERN LHC this result would give ve
strong indirect evidence that something more unusual th
conventionalZ8 had been found. The problem from the e
perimental point of view would be to wonder what fittin
hypothesis to try next as there are so many possibilities
try. For example, one can imagine trying a twoZ8 scenario
with the first at 4 TeV, as discovered by the CERN LHC, a
with the secondZ8 at 6 or more TeV, beyond the range o
the CERN LHC. Eventually one might try repeating th
above fitting procedure allowing for two essentially dege
erate new gauge bosons with different leptonic couplin
could then be shown to yield a good fit to the data. Furth

at

FIG. 5. C.L. as a function of the integrated luminosity resulti
from the coupling fits following from the analysis discussed in t
text for both~a! a 500 GeV or~b! a 1 TeVe1e2 collider. In ~a! the
solid ~dash-dotted, dotted! curve corresponds to a first KK excita
tion mass of 4~5,6! TeV. In ~b! the solid ~dotted,dashed! curve
corresponds to a first KK mass of 5~6,7! TeV.
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more, it is clear from the discussion that all of the analy
performed above will go through in an almost identical ma
ner in the case of more than one extra dimension yield
qualitatively similar results.

V. LEPTON COLLIDERS ON „AND NEAR …

THE RESONANCE

In order to be completely sure of the nature of the first K
excitation, we must produce it directly at a higher ener
lepton collider and sit on and near the peak of the KK re
nance. To reach this mass range will most likely requ
either CLIC technology@21# or a Muon Collider@22#. Recall
that the mass of the KK resonance is already quite w
known from data from the CERN LHC so that the center
mass energy of the Muon Collider can be chosen near
value.

The first issue to address is the quality of the degener
of the g (1) andZ(1) states. If any part of the Higgs boson~s!
whose vacuum expectation~s! value breaks the SM down t
U(1) is on the ‘‘wall’’ then the SMZ will mix with the Z(n)

slightly shifting all their masses; due to the remainingU(1)
gauge invariance this will not happen to theg (n) thus imply-
ing a slight difference between theg (1) and Z(1) masses.
Based on the analyses in Ref.@9# we can get an idea of th
maximum possible size of this fractional mass shift and
find it to be of order;MZ

4/MZ(1)
4 , an infinitesimal quantity

for KK masses in the several TeV range. Thus even w
mixing is included we find that theg (1) and Z(1) states re-
main very highly degenerate so that even detailed line sh
measurements may not be able to distinguish theg (1)/Z(1)

composite state from that of aZ8. We thus must turn to othe
parameters in order to separate these two cases.

Sitting on the resonance there are a very large numbe
quantities that can be measured: the mass and apparent
width, the peak cross section, various partial widths a
asymmetriesetc. From theZ-pole studies at SLC and LEP
we recall a few important tree-level results which we wou
expect to apply here as well provided our resonance
simple Z8. First, we know that the value ofALR5@Ae

52veae /(ve
21ae

2)#, as measured on theZ by the SLAC
Large Detector~SLD!, does not depend on the fermion flav
of the final state and second, that the relations
ALR•AFB

pol( f )5AFB
f holds, whereAFB

pol( f ) is the polarized
forward-backward asymmetry as measured for theZ at SLC
and AFB

f is the usual forward-backward asymmetry. T
above relation is seen to be trivially satisfied on theZ ~or on
a Z8) sinceAFB

pol( f )5 3
4 Af and AFB

f 5 3
4 AeAf . Both of these

relations are easily shown to fail in the present case o
‘‘dual’’ resonance though they will hold if only one particl
is resonating.

A short exercise shows that in terms of the couplings
g (1), which we will callv1 , a1, andZ(1), now calledv2 ,a2,
these same observables can be written as

AFB
f 5

3

4

A1

D

05500
s
-
g

y
-

e

ll
f
is

cy

e

n

pe

of
otal
d

a

p

a

o

AFB
pol~ f !5
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ALR
f 5

A3

D
, ~3!

wheref labels the final state fermion and we have defined
coupling combinations

D5~v1
21a1

2!e~v1
21a1

2! f1R2~v2
21a2

2!e~v2
21a2

2! f

12R~v1v21a1a2!e~v1v21a1a2! f

A15~2v1a1!e~2v1a1! f1R2~2v2a2!e~2v2a2! f

12R~v1a21v2a1!e~v1a21v2a1!e

A25~2v1a1! f~v1
21a1

2!e1R2~2v2a2! f~v2
21a2

2!e

12R~v1a21v2a1! f~v1v21a1a2!e

A35~2v1a1!e~v1
21a1

2! f1R2~2v2a2!e~v2
21a2

2! f

12R~v1a21v2a1!e~v1v21a1a2! f , ~4!

with R is the ratio of widthsR5G1 /G2 and thev1,2i , a1,2i
are the appropriate couplings for electrons and fermionf.
Note that whenR gets either very large or very small w
recover the usual ‘‘single resonance’’ results. Examini
these equations we immediately note thatALR

f is now flavor
dependentand that the relationship between observables
no longer satisfied:

ALR
f
•AFB

pol~ f !ÞAFB
f , ~5!

which clearly tells us that we are actually producing mo
than one resonance. Note that the numerical values of a
these asymmetries, being only proportional to ratios of va
ous couplings, are independent of how much damping
KK couplings experience due to the stiffness of the wall.
what follows we will limit ourselves to electroweak obser
ables whose values are independent of the overall norma
tion of the couplings and the potential exotic decay modes
the first KK excitation.

Of course we need to verify that these single resona
relations are numerically badly broken before clear exp
mental signals for more than one resonance can be claim
Statistics will not be a problem with any reasonable in
grated luminosity since we are sitting on a resonance p
and certainly millions of events will be collected. Assumin
decays to only SM final states we estimate that with an in
grated luminosity of 100 fb21 a sample of approximately
half a million lepton pairs will be obtainable for each flavo
In principle, to be as model independent as possible i
numerical analysis, we should allow the widthsG i to be
greater than or equal to their SM values as such heavy
states may decay to SM SUSY partners as well as to p
ently unknown exotic states. Since the expressions ab
only depend upon the ratio of widths, we letR5lR0 where
R0 is the value obtained assuming that the KK states h
only SM decay modes. We then treatl as a free parameter in
5-7
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what follows and explore the range 1/5<l<5. Note that as
we takel→0(`) we recover the limit corresponding to ju
a g (1)(Z(1)) being present.

In Fig. 6 we display the flavor dependence ofALR
f as a

function of l. Note that asl→0 the asymmetries vanis
since theg (1) has only vector-like couplings. In the opposi
limit, for extremely largel, theZ(1) couplings dominate and
a common value ofALR will be obtained. It is quite clear
however, that over the range of reasonable values ofl, ALR

f

is quite obviously flavor dependent. We also show in Fig
the correlations between the observablesAFB

pol( f ) andAFB( f )
which would be flavor independent if only a single resonan
were present. From the figure we see that this is clearly
the case. Note that althoughl is an a priori unknown pa-
rameter, once any one of the electroweak observables
measured the value ofl will be directly determined. Oncel
is fixed, then the values of all of the other asymmetries,
well as the ratios of various partial decay widths, are
completely fixed for the KK resonance with uniquely pr
dicted values.

In order to further numerically probe the breakdown
the relationship between the on-resonance electroweak
servables in Eq.~5! we consider two related quantities:

FIG. 6. ~a! ALR
f as a function of the parameterl for f 5 l ~solid!,

f 5c ~dashed! and f 5b ~dots!. ~b! Correlations between on-pea
observables for the same three cases as shown in~a!. l varies from
0.2 to 5 along each curve.
05500
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e
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re
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ll
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T15ALR
f
•AFB

pol~ f !2AFB
f

T25
ALR

f
•AFB

pol~ f !

AFB
f , ~6!

the first of which should vanish while the second should
equal to unity independently of the fermion flavor if only
single resonance were present. In this case, both these
ables have values far away from these expectations and
shown in Fig. 7 as functions ofl.

For completeness, we show in Fig. 8 the ratio of par
widths Rb,c5Gb,c /Ghad andRl5Ghad /G l . Once the param-
eterl is fixed the corresponding values of these observab
become uniquely determined. The values of these quant
will help to pin down the nature of this resonance as a co
bined Z(1)/g (1) KK excitation. Recall that oncel is fixed,
then the values of all of the other asymmetries, as well as
ratios of various partial decay widths, are all complete
fixed for the KK resonance with uniquely predicted value
These can then be compared to the data extracted by
Muon Collider and will demonstrate that the double res
nance is composed of an excited photon andZ, the hallmark
of the KK scenario.

In Figs. 9 and 10 we show that although on-resona
measurements of the electroweak observables, being
dratic in theZ(1) and g (1) couplings, will not distinguish

FIG. 7. The quantities~a! T1 and ~b! T2 as functions of the
parameterl. The curves are labeled as in the previous figure.
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between the conventional KK scenario and that of the A
the data below the peak in the hadronic channel will ea
allow such a separation. The cross section and asymme
for e1e2→m1m2 ~or vice versa! is, of course, the same i
both cases. The combination of on and near resonance
surements will thus completely determine the nature of
resonance. Off-resonance measurements can be made
sible through the use of ‘‘radiative returns’’ wherein th
emission of initial state photons allow one to perform as s
at all energies below the collider designAs.

We note that all of the above analysis will go throu
essentially unchanged in any qualitative way when we c
sider the case of the first KK excitation in a theory with mo
than one extra dimension.

VI. SUMMARY AND CONCLUSIONS

Present data strongly indicates that if KK excitations
the SM gauge bosons exist then the masses of the first to
excitations probably lie near or above 4 TeV if there is on
one extra dimension and the KK states have naive coupl
to the SM fermions. For KK masses in the 4–6 TeV ran
the LHC will have sufficient luminosity to allow detection o
these new particles although, for the case of the gluon e

FIG. 8. ~a! The ratios of theb̄b ~dots! and c̄c cross sections to
that for all hadrons on top of the 4 TeV KK excitation.~b! The ratio
of the hadron cross section to that for leptons on the peak of the
excitation.
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tation, any resonance-like structure might be too smeared
to be observable as a peak. Unfortunately, however, the
ond set of SM excitations will be far too heavy to be pr
duced and thus the exciting ‘‘recurring resonance’’ signat
one anticipates from KK theories is lost. In addition, sin
the first excitations are so massive, their detailed proper
are not discernable so that the KK excitations of theZ andg
will appear to be a singleZ8 peak. Thus as far as experime
at the CERN LHC can determine we are left with what a
pears to be a degenerateZ8/W8 pair, something which can
occur in many extended electroweak models. In this pa
we have sought to resolve this problem based on informa
that can be gathered at lepton colliders in operation both
below and in the neighborhood of the first KK excitatio
mass. To perform this task and to solidify the above ar
ments we have taken the following steps obtaining import
results along the way.

All constraints on the common mass,M1, of the first SM
KK excitations, apart from direct collider searches, rely on
two step process involving a parameter~or set of parameters!
such asV introduced in Eq.~1!. First, given a set of data an
the assumption that multiple new physics sources are
conspiring to distort the result, a bound onV is obtained. The
problem lies in the second step, i.e., converting the bound

K

FIG. 9. Cross sections andAFB for e1e2→m1m2 bb̄ andcc̄ at
high energy lepton colliders in both the ‘‘conventional’’ scenar
and that of AS@7#. The red curve applies for them final state in
either model whereas the green~blue! and cyan~magenta! curves
label theb andc final states for the ‘‘conventional’’~AS! scenario.
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THOMAS G. RIZZO PHYSICAL REVIEW D 61 055005
V into one onM1. This is usually done in the case of on
extra dimension where one naively sums over the en
tower of KK modes which converges numerically. Howev
we know that this convergence property no longer ho
when we consider the case of more than one extra dimen
which makesV difficult to interpret in a more general con
text. Furthermore, the exact nature of the sum depends on
details of the compactification scenario when we extend
analysis to the case of more than one dimension. As spe
examples we explored the case of two extra dimensions
suming either aS1/Z23S1/Z2 , Z3 or Z6 compactification
employing both a direct cut off of the tower sum as well
the better motivated exponential damping of the higher m
couplings. Depending upon the details of this cut off pro
dure in the case of more than one extra dimension we h
shown that the lower limit on the mass of the first KK exc

FIG. 10. Same as the previous figure but now for the obse
ablesALR

f andAFB
pol( f ).
B
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tation arising from the bound onV may lie outside of the
range accessible to the CERN LHC unless the param
controlling the cut off,nmax, is quite small. Neither of these
cut off approaches significantly alter our conclusions for
case of only one extra dimension.

Given the mass of the apparentZ8 resonance from the
CERN LHC, a low energy lepton collider can be used
attempt an extraction of its leptonic couplings from a sim
taneous fit to a number of distinct observables. While
demonstrated that a reasonably small region of the allow
parameter space will be selected by the fit, the confide
level was found to be very small in contrast to what happ
in the case of an ordinaryZ8. For example, a 500 GeV col
lider with an integrated luminosity of.200 fb21 probing a
KK excitation with a mass of 4 TeV would obtain a fit prob
ability of only .1023. This analysis was then generalize
for both other KK masses and for a 1 TeV collider. We then
argued that such an analysis would strongly indicate that
apparentZ8 observed by the CERN LHC isnot a single
resonance. However, a fit allowing for the existence o
degenerate double resonance would yield an acceptablex2.

Employing a lepton collider with sufficient center of ma
energy, data can be taken at or near the first KK resona
In this case we demonstrated that the familiar relationsh
between electroweak observables, in particular the vari
on-pole asymmetries, no longer hold in the presence of
degenerate resonances. For example,ALR now becomes
flavor dependent and the factorization relationsh
ALR•AFB

pol( f )5AFB
f was demonstrated to fail. The values

all of the on-pole observables was shown to be uniqu
determined once the value of a single parameter,l, which
describes the relative total widths of theg (1) and Z(1), is
known. If both KK excitations only decay to SM particle
thenl51. Furthermore, we showed that data taken off re
nance can be used to distinguish among various model
the KK couplings and the localization of the fermions on t
wall.

It is clear both the CERN LHC and lepton colliders w
be necessary to explore the physics of KK excitations.
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