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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 abbedeTeV. 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 EearydW' 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 ordinarg’ from the degenerate pair of the first KK excitations of thandZ. 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 numbgs): 12.10—g, 11.10.Kk, 11.25.Mj

[. INTRODUCTION information can be learned by sitting on the KK resonance at
a future lepton collider. A summary and further discussion is
If Kaluza-Klein (KK) excitations of the standard model given in Sec. VI.
(SM) gauge fields exist then analyses of precision elec-
troweak data indicate that the masses of the first excitation of Il. BACKGROUND
the W, Z, y andg must be greater thas4 TeV in the case
of one extra dimension. For such heavy masses the second String or M theory tells us that we live in a world with at
set of excitations will lie beyond the reach of the CERN least six extra dimensions. It is perhaps likely that the size of
Large Hadron CollidefLHC) even at several times design these dimensions are of order the inverse Planck scale,
luminosity. In addition, the limited statistics at such large ~1/M,, and may remain forever hidden from direct experi-
invariant masses willi) most likely render the gluon excita- mental confirmation. However, in the past two years the pos-
tion invisible due to both its large width to mass ratio as wellsibility has re-emergefll] that at least some of these extra
as detector jet energy smearing afiid will not allow the  dimensions may be much larger and not far away from the
photon and Z resonances to be resolved even if they are netectroweak scale; 1/TeV, that is now being probed at col-
exactly degenerate. Thus the CERN LHC will see what apliders. In one appealing scenaiid] due to Arkani-Hamed,
pears to be a degenera@éandW’, something that occurs in  Dimopoulos and Dval{ADD), gravity is allowed to propa-
many more ordinary extended electroweak gauge modelglate in at least two “large” extra dimensions while the fields
Based upon past studies of new gauge boson coupling detedf the SM are confined to D-branes of appropriate dimension
minations at hadron colliders we know that with the avail-transverse to theséHere by “large” we mean compactifi-
able statistics the CERN LHC will not be able to identify cation radii>1/TeV,) Such a structure allows for the Planck
these resonances as KK excitations. How can we resolve thigcale to be brought down from #0GeV to only a few TeV
issue? As we will show below, a lepton collider, even oneoffering a new slant on the hierarchy problem. The specific
operating reasonably far below the apparghtresonance size of these “large” dimensions depend on how many we
will most likely provide evidence compelling enough to re- assume there to be; forextra “large” dimensions the com-
solve this ambiguity. Furthermore, we will demonstrate thatmon compactification radiuR is order ~10°°" 19 m. The
a higher energy lepton collider, sitting on this resonanceich phenomenology of this model has been examined in a
peak, will very easily distinguish the two possibilities not via very rapidly growing series of pape3]. (We note in pass-
an analysis of the line shape but through several factorizatiomg that the ADD scenario assumes that the metric tensor on
tests among electroweak observables. The extension to tilee brane does not depend on the compactified co-ordinates,
case of more than one extra dimension is also discussed. i.e., that it factorizes; this need not be necesgdty If n
This paper is organized as follows: Sec. 2 contains a<6 there can also be some extra “small” longitudinal di-
pedagogical theory background for the definition of the prob-mensions wherein both the SM fields as well as gravity can
lem and the analysis that follows. The details of the probleniive. (Here by “small” we mean compactification radii
outlined above are discussed in Sec. lll. In Sec. IV we dis~1/TeV,) For example, we can imagine there being 4
cuss how a linear collider operating at energies well below'‘large” extra dimensions in which only gravity propagates
the mass of the first KK excitations, presumed discovered aand 2 “small” extra dimensions populated by both gravity
the CERN LHC, will yield strong evidence about its funda- as well as the SM gauge fields. The propagation of the SM
mental nature while in Sec. V we discuss what additionafields into these “small” dimensions can lead to a drastic
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lowering of the GUT scal¢5] due to an almost power-like can place far tighter bounds orRL/or equivalently, the first
running of the couplings. There are many variations on thiexcitation masseprovidedwe make a number of assump-
particular theme depending upon which and how many SMions. First, as is usual in these types of analyses, it is as-
fields we allow to feel the extra dimensions. In what may besumed that the KK fields are thanly source of new physics
the most well motivated and attractive scheme, and the onghat perturb the SM predictions for electroweak quantities.
we consider below, only the SM gauge fielésd the Higgs Secondly, we must assume that the couplings of at least the
field) can propagate in the extra dimensions while the chirafirst few recurrences to the SM fields are not vastly different
fermions only experience the usual four dimensions and thuthan those given by the simple rescaling correction due to the
lie on a 3-brane, i.e., “the wall.(We imagine that all of the normalization of the gauge field kinetic energies discussed
SM gauge fields feel the same number of the extra dimenabove. The reason to worry about this particular assumption
sions in what follows. It is now possible to imagine a viable is clear by considering the limit wherein the effects of KK
scenario wherein the Planck, string, compactification andower exchanges can be written as a set of contact interac-
GUT scales are not too far above a few TeV. tions by integrating out the tower fields. Almost all of the

In addition to probing weak scale gravitg] another test current constraints on the masses of KK states arise from
of this scenario is to search for the Kaluza-KI€iKK) exci-  consideration of this contact interaction limit. In this case
tations of the SM gauge fields. In fact, the hallmftk6] of  tower exchanges lead to new dimension-six operators whose
these KK theories is the existence of regularly spaced resaoefficients can be shown to be proportional to a fixed di-
nances in thé1~, |=v andjj channels at hadron colliders, mensionless quantityy, which can be symbolically written
such as the Tevatron and CERN LHC, which are degenerates[10]
i.e., the first excitationsy™™,z(") W) andg™), have a com-

. .. .. . . * 2

mon mass, in the limit that mixing with the corresponding o 9n
SM zero modes is neglectedn practice, even when mixing V=(MwR) nzl g_(z) n-n’ @
is present the fractional mass shifts are quite negligible for
KK states above 1 TeYAs we will see below, such recur- whereg, is the coupling of then!" KK level labeled by the
rence structures are not always observable making the direget of integersi. M, is theW boson mass which we employ
experimental case for KK scenarios less transparent. For oras a typical weak scalgHere for simplicity of presentation
extra longitudinal dimension, compactification ®}/Z,  we have assumed &,XZ,X ... compactification so that
leads to equally spaced states with masses giverMRy the first KK excitatioris) has a mass R.] Through an analy-
=n/R and with a non-degenerate level structure. Because dis of precision measurements the valud/afan be directly
normalization of the gauge field kinetic energies, the excitarestricted thus leading to an apparent constrainRdor any
tions in the KK tower naively couple to the SM fermions given number of extra dimensions and specified compactifi-
with a strength larger than that of the zero modes by a unieation scenario. However, this seemingly straightforward
versal factor of\2 assuming that the fermions are all local- program runs into an immediate difficulty requiring a some-
ized at the same fixed point on the wgll. (More on this  what detailed digression. The resolution of this difficulty has
point below) For the case of more than one extra dimensioninfluence upon where we anticipate the mass of the KK ex-
the situation is far more complex and depends upon the desitations to lie and, through possible modifications their cou-
tails of the compactifying manifold. Here we find that not plings to the fermions of the SM, their production cross sec-
only are the KK excitation spacings more intricate but manytions at colliders.
of the levels become degenerate and the strength of the cou- Using the naive scaling of the couplings the sum in the
pling in comparison to the zero modes becomes level deperexpression above only convergée a value of Z7_,1/n?
dent. For example, in the case of two additional dimensions= 772/3=3.28987 assuming all the fermions are properly lo-
with a St/Z,x Sz, compactification, assuming both com- calized in the case of a single extra dimension. There are
pactification radii are equal, the first five KK levels occur atseveral ways to deal with this problem. The first and most
masses ofin units of 1R) 1, V2, 2, 5 and/8 with de-  often used[5] approach is to sum over a finite number of
generacies of 2, 1, 2, 2 and 1 and with naive relative couterms, i.e., only those states whose masses lie below the
pling strengths ofy2, 2, V2, 2 and 2, respectively. Alter- string scaleMg, which now acts simply as a cut off. For
native compactifications yield other more intricate patternsxample, in the case of one extra dimension, we cut off the
as do extensions to the case of even more dimensions. sum atn=n,,,=MR and for any fixed assumed value of

What do we know about the size of the compactificationM R we will of course obtain a smaller value than given by
radii for these longitudinal dimensions, i.e., what bounds arghe complete sum. Ifi,,,=5(10,20) we obtain for the par-
there on the masses of the SM excitations? From diredial sum 2.9272@3.09954,3.19233 which are all not far
searches foZ’, W’ and dijet bumps at the Tevatr@], itis  from the value above due to the rapid convergence of the
clear that the masses of the first tower states are in excess géries. While this procedure does not numerically reduce the
~0.7-0.9 TeV. Through cross section and asymmetry measum in any serious manner in the one dimensional case it has
surements at LEP Il the anticipated reach for the first KKa far greater influence in more than one dimension since this
state througlindirect means will be approximately 3 TeV by partial sum is finite. For example, in the case &fxZ,
combining the results of all four experiments assuming adtaking ny,,,=5, so that we include only the first 14 mass
equate luminosity is achieved. However, by examining thestates in the tower, yields a value of 12.7826 for the partial
influence of KK towers on electroweak measuremédisve  sum. Note that this is appreciably larger than in the one

055005-2



TESTING THE NATURE OF KALUZA-KLEIN . .. PHYSICAL REVIEW D61 055005

dimensional case. Taking instea,,,=10(20) yields the thembeyondthe reach of the CERN LHC. Clearly, this re-
corresponding results of 17.0720.4083 which shows an sult persists and becomes even stronger when we go to the
approximate logarithmic growth with increasing,ax. case of more than two extra dimensions.
Given a fixed upper bound on the value Vfthis would
imply that the lower bound on the mass of the first KK
excitation would have to be at least a factor of 2 larger than
in the one-dimensional case. Even though the cross section Given these digressions, the analysis of the precision elec-
for the production of this state would be 4 times larger thanroweak data as presented at Moridi@] by the authors of
in the one dimensional case due to the enhanced coupling Ref.[10] yielded the constraint¢<0.0015-0.0020 depend-
is clear that this state would be too massive to be produced #&ig upon what fraction of the SM Higgs vacuum expectation
the CERN LHC. While this approach regularizes the towervalue arises from a Higgs in the bulk. With the improved
sum, this straightforward truncation technique appears to beata presented at the summer conferefit8sl4), we would
somewhat arbitrary and conceptually inadequate. expect these bounds to slightly tighten. Repeating the analy-
A second possibility is that the KK couplings to four di- sis as presented in RgfL0] with this new data, and assum-
mensional fields have aadditionallevel dependence, above ing that the Higgs boson mass 100 GeV[15], yields a
and beyond that due to the appropriate kinetic energy norsomewnhat stronger bound ¥f<0.0010- 0.0013. Given the
malization factor, that exponentially damps the contributionsdiscussion above it is reasonably straightforward to interpret
from higher terms in the surfil1]. Such a suppression has these results in the case of one extra dimension for reason-
been suggested on several grounds including the high energyle values ofn,,,, using either approach: we obtainRL/
behavior of string scattering amplitudes and also through=M,>3.9 TeV, whereM; is the mass of the first KK exci-
considerations of the flexibility of the wallL1]. In the later  tation. (A similar, somewhat weaker, but more model inde-
case, for a rather rigid wall, the still infinite sum is now of pendent bound of1;>3.4 TeV can be obtained from exist-

Ill. THE PROBLEM

the form ing constraints on charged current contact interactions as has
s been recently shown by Cornet, Relano and Rico in F2g)
V=(M,R) E %i —nenin?, @) In the case of two or more extra.dl_mensmns the bound is
Az S n- ' somewhat harder to interpret but it is clear from the above

discussion and a short numerical study that the masses of the
wherenp,x is as given above. For any given valuergf,,  first KK excitations must be significantly larger than in the
the sum is finite and, ifi,, 54 is Not too small the couplings of case of one extra dimension since the sum over states yields
the first KK excitations hardly differ from their naive values. a significantly larger value. This result is very important in
We note that for the case of one extra dimension takinghat it tells us that if the KK scenario is correct th@nin the
Nmax— 5(10,20) yields the sum 2.6208994538,3.1151)2 case of one extra dimension the radius of compactification
again not far from actual naive sum but somewhat smalleand, hence, the masses of the first excitations must be such
than in the simpler truncation of the summation approach. Inhat the masses of thseecond sebf excitations must lie
addition, by absorbing the exponential into the definition ofabove the reach of the CERN LH®,10] in both the Drell-
their strengths, the corresponding couplings of the first exciYan andjj channels. This implies that the most obvious
tation relative to the zero mode is given bgﬁ/ZgS signal for the KK scenario will not be realized at the CERN
=0.9608(0.9901,0.9975), respectively. Here we see thdtHC even if KK excitations do exist. Alsdji) as mentioned
there is very little suppression in the strength of the cou-above for the case of two extra dimensions, even the masses
plings in comparison to the naive value obtained throughof thefirst KK states will be beyond the reach of the CERN
from the gauge field kinetic term$We note that if we as- LHC unlessn,,,is quite small<5. Table | summarizes our
sume that the wall isiot rigid then all terms in the sum results for the lower bound oM, for different n,,, for
become very highly suppressed and the KK excitations alvarious compactification scenarios in different dimensions
most completely decouple from the SM fermions. In thisemploying either of the above cut off schemes. We see that
case, unfortunately, nothing can be said about the KK excieven with a very smalh,,,, the value ofM; is beyond the
tation masses from experimental daté. we extend this reach of the CERN LHC in the case of three extra dimen-
same approach to the case of two extra dimensions with sions.
Z,XZ, compactification where the sum is naively divergent, At the CERN LHC in the case of one extra dimension
assuming as above that,.,=5(10,20), we now obtain a two extra dimensions with,,,, very smal) we are left with
result of 6.734768.91208,11.08966 Here we see that the the somewhat more subtle KK signature of degene'yét"té
exponential cutoff approach is actually more efficient thanz(®), W) andg®) states. However, even this signature may
the ad hoc termination of the series for fixag,,. As we  not be realized experimentally as the") resonance may be
will see below, ifn,,,,="5 is realized, then the lower bound easily washed out due to both experimental jet energy reso-
on the mass of the first KK excitation in this two- lution and the resonance’s very large width to mass f&]jo
dimensional scenario is 5.6 TeV which should be visible at when its mass lies in the range abowel TeV. More than
the CERN LHC due to the coherence in the production crosikely a shoulder-like structure would remain visible but
section among the degenerate states. However, we note thwuld be difficult to interpref16]. We are thus left with a
important result that for larger values of,,,, the bound degenerate set gfV), Z(Y) andW) as a potential signal for
from V on the masses of the first KK excitations will drive KK scenarios at the CERN LHC. Unfortunately a degenerate
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TABLE I. Lower bound on the mass of the first KK state in TeV
resulting from the constraint oW for the case of more than one
dimension. “T” [“E” ] labels the result obtained from the direct
truncation (exponential suppressipmpproach as discussed in the
text. Cases labeled by an asterisk will be observable at the CERNM
LHC. Z,XZ, andZ3¢ correspond to compactifications in the case
of two extra dimensions whil&,xZ,X Z, is for the case of three
extra dimensions.

do/dM (fb/GeV)

Z,XZ, Zss Z,XZ,X 7,
Nmax T E T E T E

2 569 4.23 6.63 4.77 8.65 8.01
3 6.64 4.87 7.41 543 117 10.8
4 7.20 5.28 7.95 5.83 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 7.83 335 31.8
50 11.2 8.04 12.1 8.75 53.5 50.9

0.4

0.3

pair of new gauge bosord’,W' is not a unique signal for

KK models as many extended electroweak theories predic <
[17] such a situation. Of course the single “resonance” in
the "1~ channel in the KK case is actually a superposition
of both they™® andZ™) and not just &'. Our claim here is
that the CERN LHC will not be able to distinguish these two
possibilities given the rather small number of available ob-
servables due to the rather limited statistics. 00 2000 00 6000 8000
To clarify this situation let us consider the results dis- M (GeV)
played in Figs. 1 and 2 for the case of one extra dimension.
In Fig. 1 we show the production cross sections and forward- FIG. 1. (a) Cross section anth) forward-backward asymmetry
backward asymmetriedrg, in thel 1~ channel with in- for Drell-Yan production. of the deggnerate .neutr.al KK excitations
verse compactification radii of 4, 5 and 6 TeV. In calculatingZ" a@nd " as a function of the dilepton invariant mass at the
these cross sections we have assumed that the KK excitatioff&ERN LHC assuming one extra dimension and naive coupling val-
have their naive couplings and can only decay to the usuglS With 1R=4 (5,6 TeV corresponding to the solidiashed, dot-
fermions of the SM. Additional decay modes can lead tOted)_curve. The second excitation is only shown for the case of
appreciably lower cross sections so that we cannot use th1 R=4 Tev.
peak heights to determine the degeneracy of the KK state.
Note that in the 4 TeV case, which is essentially as small aunlikely that much further information could be obtained
mass as can be tolerated by the present data on precisiabout its couplings and other properties and the values of
measurements, the second KK excitation is visible in theAgg alone cannot determine whether this resonance is com-
plot. We see several things from these figures. First, we caposite no matter how much statistics is available. In fact the
easily estimate the total number of events in the resonancgonclusion ofZ’ analyseq18] is that coupling information
regions associated with each of the peaks assuming the caill be essentially impossible to obtain fat’-like reso-
nonical integrated luminosity of 100 T appropriate for nances with masses in excess of 1-2 TeV at the CERN LHC.
the CERN LHC; we find=300(32,3,0.02) events corre- Furthermore, the line shape of the 4 TeV resonance will be
sponding to the %,6,8 TeV resonances if we sum over both difficult to measure in detail due to both the limited statistics
electron and muon final states and assume 100% leptonand energy smearing. Thus we will never know from CERN
identification efficiencies. Clearly the 6 and 8 TeV reso-LHC data alone whether the first KK resonance has been
nances will not be visible at the CERN LH&ough a mod- discovered or, instead, some extended gauge model scenario
est increase of luminosity will allow the 6 TeV resonance tohas been realized.
become visiblg and we also verify our claim that only the It is often stated6] that the sharp dip in the cross section
first KK excitations will be observable. In the case of the 4at an approximate dilepton pair invariant mass=eM /2
TeV resonance there is sufficient statistics that the KK maswill be a unique signal for the KK scenario. However, there
will be well measured and one can also imagine measuringre several difficulties with this claim. First, it is easy to
Arg since the final state muon charges can be signed. Givetonstruct alternative models with one extra dimension
sufficient statistics, a measurement of the angular distribuwherein either the leptonic or hadronic couplings of the odd
tion would demonstrate that the state is indeed spin-1 and n@ixcitations have opposite sign to the usual assignment, as in
spin-0 or spin-2. However, for such a heavy resonance it ishe model of Arkani-Hamed and Schmalt&S) [7], since

0.1

-""|""|""]\{"'_

055005-4



TESTING THE NATURE OF KALUZA-KLEIN . .. PHYSICAL REVIEW D61 055005

R
10—2 \
E 1074 =
S C
= -8 5]
10
% =
o
1078
10 20 I 50 = 100 200 I I 500
L (fb™)
] FIG. 3. Search reachM ., for the firstz(*)/ y(}) excited state as
] a function of the integrated luminosity assumigige™ collider cen-
E ter of mass energies, from top to bottom, of 1.5, 1, 0.5 TeV. One
] extra dimension is assumed. The solid curves correspond to the case
: of “conventional” couplings while the dashed curves are for the
" ] case of the AS scenar{@].
< ]
] exchange of newd’ bosons with masses typically 6—7 times
[ n greater than/s [18]. Furthermore, analyses have shown that
i 1 with enough statistics the couplings of the ngiwto the SM
L (b) % fermions can be extractdd 9] in a rather precise manner,
[ Lo v v ¢ 1 v 55 5 1 g ¢ v 51 5 59 especially when th&' mass is already approximately known

0.0

2000 4000 6000 8000 from elsewhere, e.g., the CERN LH(Qf the Z’' mass is not
M (GeY) known then measurements at several distinct valuegsof

FIG. 2. Same as the previous plot for the case &=14 Tev ~ Can be used to extract both the mass as well as the corre-
(solid) but now also showing both the SM result for comparison SPOnding coupling$20].) .
(dots as well as the alternative excitation curve for the case where N the present situation, we imagine that the CERN LHC
the naive couplings are altered as in the scenario of Arkani-HameBas discovered and determined the mass @f dike reso-
and Schmaltzdashed [7]. nance in the 4—6 TeV range. Can the LC tell us anything
about this object? The first question to ask is whether the LC

the fermions lie at different fixed points on the wall. Here wecan indirectly detect this excitation via tle¢ e — ff chan-
consider the specific scenario where the quarks and leptomsls. (More precisely, can it probe the entire tower of KK
are at opposite fixed points. In this case the excitation curvestates of which the 4-6 TeV object is the lowest lying one.
will look quite different as shown in Fig. 2 where we see thatTo address this issue we have repeated the Monte Carlo
the dip below the resonance has now essentially disappeareshalyses if18—20 and have asked for the search reach for
Second, even if the dip is present it will be difficult to ob- the first KK excitation as a function of integrated luminosity.
serve directly given the CERN LHC integrated luminosity. To obtain our results we have combined thee,u,7,b,c
The reason here is that if we examine a 100 GeV wide birandt final states, assumed 90% beam polarization and in-
around the location of the apparent minimum, the SM precluded angle cuts, initial state radiation, identification effi-
dicts only 5 events to lie in this bin assuming an integratectiencies and systematics associated with the overall luminos-
luminosity of 100 fb 1. To prove that any dip is present we ity determination. The angular distribution of the various
would need to demonstrate that the event rate is significantlgross sections, the left-right asymmetriég,,, and the po-
below the SM value which would appear to be rather diffi-|arization of ther’s in the final state are simultaneously com-
cultif at all possible. Thus we stick to our conclusion that thepined in this fit. The search reaches are shown in Fig. 3 for
CERN LHC cannot distinguish between an ordindryand  the case of one extra dimension and assume the conventional
the degenerat&(?)/y(*) resonance and we must turn else- naive coupling relationships. Note that the reach is as much
where to resolve this ambiguity. as three times greater than that for a more conventighal
The reasons for this are as follow$) the couplings of the
KK excitations are larger than those of their SM partners by
V2, (i) the complete towers contribute to these deviations
It is well-known that futuree*e™ linear colliders(LC)  and (iii) both " andZ{" towers are present and add co-
operating in the center of mass energy ran@ez 0.5-1.5 herently. If we allow for more than one extra dimension,
TeV will be sensitive to indirect effects arising from the cutting off the KK sum by either of the techniques described

IV. LEPTON COLLIDERS BELOW THE RESONANCE
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FIG. 4. Fitted values of the parametarsand a, following the B \\\ ]
procedures described in the text 804 TeV KK excitation at a 500 1071 - i . 3
GeV e'e™ collider. The contour described the 95% C.L. region N 3
with the best fit value as a diamond. The normalization is such that 10-2 LN ]
the corresponding SM boson’s axial-vector coupling to the elec- N
tron is —1/2. O b
10-3 3 \\ —
above, it is clear that our resulting reach will be significantly . \\ ]
higher in mass due to the greater number of states and th 1074 | (b) .
larger couplings involved. E \
The next step would be to use the LC to extract the cou- s | | | | 1
. . 10 L L S L S —
plings of the apparent resonance discovered by the CERM 100 200 300 _, doo 500 600
LHC; we find that it is sufficient for our arguments to do this L (fb™7)

solely for the leptonic channels. The idea is the following: o _
we measure the deviations in the differential cross sectionfs F'ﬁ\- 5. C-'-l-_ asf?; fl}{”ﬁtioﬂ Offthe "::]egrateld '_“m(;ﬂos'ty rzs_u'“tzg
, H rom the coupling Tits toliowing 1rom the analysis discussed In the
e ETeTaLon ot for b 500 Gev ot a1 Toe < el o
universality (which would be observed in the CERN LHC s_olld (dash-dotted, dottgcturve correspc_mds to a first KK excita-
. . tion mass of 45,6) TeV. In (b) the solid (dotted,dashedcurve
data anyway, that the resonance mass is well deter_mlnedtorrespon ds to a first KK mass of@7) TeV.
and that the resonance is an ordin@rywe perform a fit to
the hypotheticalZ’ coupling to leptonsy,,a,;. To be spe- excitation at both 500 GeV and 1 Ted/ e~ linear colliders.
cific, let us consider the case of only one extra dimensiorFrom this figure we see that the resulting C.L. is below
with a 4 TeV KK excitation and employ a/s=500 GeV =102 for a first KK excitation with a mass of(8,6) TeV
collider with an integrated luminosity of 200 . The re-  when the integrated luminosity at the 500 GeV collider is
sult of performing these fits is shown in Fig. 4 from which 200(500,900) fo! whereas ma 1 TeV for excitation
we see that the coupling values are “well determingt®., masses of &,7 TeV we require luminosities of
the size of the allowed region we find is quite sméaly the  150(300,500) fb?! to realize this same C.L. Barring some
fitting procedure as we would have expected from previousinknown systematic effect the only conclusion that one
analyses oZ’ couplings extractions at linear collide$8—  could draw from such bad fits is that the hypothesis of a
20]. We note that identical results are obtained for this analysingleZ’, and the existence of no other new physics, is sim-
sis if we assume that the KK excitations are of the typeply wrong If no other exotic states are observed below the
discussed by Arkani-Hamed and Schmaltz first KK mass at the CERN LHC this result would give very
The only problem with the fit shown in the figure is that strong indirect evidence that something more unusual that a
the x? is very large leading to a very small confidence level,conventionalz’ had been found. The problem from the ex-
i.e., x’/DOF=95.06/58 or P-C.L.=1.55<10 3. (We note  perimental point of view would be to wonder what fitting
that this result is not very sensitive to the assumption of 90%hypothesis to try next as there are so many possibilities to
beam polarization; 70% polarization leads to almost identicatry. For example, one can imagine trying a t&b scenario
results) For an ordinaryZ’ it has been shown that fits of with the first at 4 TeV, as discovered by the CERN LHC, and
much higher quality, based on confidence level values, araith the secondZ’ at 6 or more TeV, beyond the range of
obtained by this same procedure. Increasing the integratatte CERN LHC. Eventually one might try repeating the
luminosity can be seen to only make matters worse. Figure &bove fitting procedure allowing for two essentially degen-
shows the results for the C.L. following the above approaclterate new gauge bosons with different leptonic couplings
as we vary both the luminosity and the mass of the first KKcould then be shown to yield a good fit to the data. Further-
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more, it is clear from the discussion that all of the analysis

2
performed above will go through in an almost identical man- Aﬁgl(f)= 1D
ner in the case of more than one extra dimension yielding
qualitatively similar results. A
Alg== 3)
LR D ’

V. LEPTON COLLIDERS ON (AND NEAR)
THE RESONANCE

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

In order to be completely sure of the nature of the first KK

— 2 2 2 2 2(\,2 2 2 2
excitation, we must produce it directly at a higher energy P~ (Vitape(vitay)+RI(vo+ay)e(votay)s

lepton collider and sit on and near the peak of the KK reso- +2R(V Vot 818,)e(V1Vo+as8y)s

nance. To reach this mass range will most likely require

either CLIC technology21] or a Muon C_olllde|[22]. Repall A= (2v1a;)e(2V1a;) 1+ R2(2V,3,) o(2Vaay)
that the mass of the KK resonance is already quite well

known from data from the CERN LHC so that the center of T 2R(via,+Voa)e(VidatVoas)e

mass energy of the Muon Collider can be chosen near this - 5 S
value. Ax=(2via)¢(vital)et R (2vaay)i(vo+as)e

The first issue to address is the quality of the degeneracy
of the ) andZ(V) states. If any part of the Higgs bogen
whose vacuum expectati@) value breaks the SM down to
U(1) is on the “wall” then the SMZ will mix with the Z(™
slightly.shifti.ng all their masses; due to the remainmgl) +2R(Vi8,+Voay)e(V1Vet+agay)s (4)
gauge invariance this will not happen to th& thus imply-
ing a slight difference between thg!®) and Z(!) masses. with Ris the ratio of widthsR=T";/T', and thev; 5, a;
Based on the analyses in RE®] we can get an idea of the are the appropriate couplings for electrons and fermions
maximum possible size of this fractional mass shift and weNote that whenR gets either very large or very small we
find it to be of orderNMé/M‘z‘(l)’ an infinitesimal quantity recover the usual “single resonance” results. Examining
for KK masses in the several TeV range. Thus even wheffiese equations we immediately note tAgk is now flavor
mixing is included we find that the/") andz(!) states re- dependentnd that the relationship between observables is
main very highly degenerate so that even detailed line shage? longer satisfied:
measurements may not be able to distinguish fe/z*) AT AROl £ 4 Af
composite state from that ofA . We thus must turn to other Lr Ars(F)# Arg. ©)

parameters in order to separate these two cases. which clearly tells us that we are actually producing more
Sitting on the resonance there are a very large number Gfan gne resonance. Note that the numerical values of all of
quantities that can be measured: the mass and apparent tofghse asymmetries, being only proportional to ratios of vari-

width, the. peak cross section, variqus partial widths and o couplings, are independent of how much damping the
asymmetriesstc From theZ-pole studies at SLC and LEP, « couplings experience due to the stiffness of the wall. In

we recall a few important tree-level results which we wouldyhat foliows we will limit ourselves to electroweak observ-
expect to apply here as well provided our resonance is gpjes whose values are independent of the overall normaliza-
simple Z'. 2':”52' we know that the value oALr=[Ac  {ion of the couplings and the potential exotic decay modes of
=2veac/(vgtag)], as measured on thé by the SLAC  he first KK excitation.
Large DetectofSLD), does not depend on the fermion flavor  of course we need to verify that these single resonance
of the final state and second, that the relationshifelations are numerically badly broken before clear experi-
ALr-ARR(f)=Afg holds, whereARR\(f) is the polarized mental signals for more than one resonance can be claimed.
forward-backward asymmetry as measured forZtet SLC  Statistics will not be a problem with any reasonable inte-
and Al is the usual forward-backward asymmetry. Thegrated luminosity since we are sitting on a resonance peak
above relation is seen to be trivially satisfied onZhr on  and certainly millions of events will be collected. Assuming
az') sinceAEg'(f) =3A; and A,’;B: 2AA;. Both of these decays to only SM final states we estimate that with an inte-
relations are easily shown to fail in the present case of grated luminosity of 100 fb* a sample of approximately
“dual” resonance though they will hold if only one particle half a million lepton pairs will be obtainable for each flavor.
is resonating. In principle, to be as model independent as possible in a
A short exercise shows that in terms of the couplings tonumerical analysis, we should allow the widths to be
¥, which we will callv;, a;, andZ®), now calledv,,a,,  greater than or equal to their SM values as such heavy KK
these same observables can be written as states may decay to SM SUSY partners as well as to pres-
ently unknown exotic states. Since the expressions above
only depend upon the ratio of widths, we Rt ARy where
i _3A Ry is the value obtained assuming that the KK states have
FB 4D only SM decay modes. We then treats a free parameter in

+2R(via,+Vvoa)(Vivot+a;as)e

Az=(2v1ay)e(Vi+ad) i+ R%(2v,a,)e(V3+ad)s
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FIG. 6. (8 AfLR as a function of the parameterfor f =1 (solid), FIG. 7. The quantitiesa) T, and (b) T, as functions of the

f=c (dashed and f=b (dots. (b) Correlations between on-peak parametei. The curves are labeled as in the previous figure.
observables for the same three cases as showa).in varies from

0.2 to 5 along each curve. T.=Al - ARS(f)— AL,

Al - ARSI(F)
what follows and explore the range #3<5. Note that as T.— LR7FB ®)
we takeh —0(e°) we recover the limit corresponding to just 2 Arg '

a y"(zM) being present. _ . _ _

In Fig. 6 we display the flavor dependenceA{fR as a the first of v_vh|(_:h should vanish while the_ second s_hould be
function of . Note that as\ —0 the asymmetries vanish equal to unity independently of the fe_rm|on flavor if only a .
since they® has only vector-like couplings. In the opposite single resonance were present. In this case, both these vari-
limit, for extremely largex, theZ® couplings dominate and ables have values far away from these expectations and are

. . . . shown in Fig. 7 as functions o¥.
a common value ofA gz will be obtained. It is quite clear, g

h that h ; bl I e For completeness, we show in Fig. 8 the ratio of partial
owever, that over the range of reasonable values &z igths Ry c=Ipc/Thag @andR =I";54/T";. Once the param-

is quite obviously flavor dependent. We also show in Fig. Bgter), s fixed the corresponding values of these observables
the correlations between the observatAg§(f) andArg(f)  become uniquely determined. The values of these quantities
which would be flavor independent if only a single resonancewill help to pin down the nature of this resonance as a com-
were present. From the figure we see that this is clearly ndsined Z()/y(1) KK excitation. Recall that onca is fixed,
the case. Note that althoughis ana priori unknown pa- then the values of all of the other asymmetries, as well as the
rameter, once any one of the electroweak observables aratios of various partial decay widths, are all completely
measured the value af will be directly determined. Once  fixed for the KK resonance with uniquely predicted values.
is fixed, then the values of all of the other asymmetries, ahese can then be compared to the data extracted by the
well as the ratios of various partial decay widths, are allMuon Collider and will demonstrate that the double reso-
completely fixed for the KK resonance with uniquely pre- nance is composed of an excited photon @nthe hallmark
dicted values. of the KK scenario.

In order to further numerically probe the breakdown of In Figs. 9 and 10 we show that although on-resonance
the relationship between the on-resonance electroweak olreasurements of the electroweak observables, being qua-
servables in Eq(5) we consider two related quantities: dratic in theZ® and ") couplings, will not distinguish
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FIG. 8. (a) The ratios of thebb (dotg andcc cross sections to  high energy lepton colliders in both the “conventional” scenario
that for all hadrons on top of the 4 TeV KK excitatidip) The ratio  and that of AS[7]. The red curve applies for the final state in
of the hadron cross section to that for leptons on the peak of the Kigither model whereas the greéiue) and cyan(magenta curves
excitation. label theb andc final states for the “conventional(AS) scenario.

between the conventional KK scenario and that of the AStation, any resonance-like structure might be too smeared out
the data below the peak in the hadronic channel will easilyto be observable as a peak. Unfortunately, however, the sec-
allow such a separation. The cross section and asymmetri@nd set of SM excitations will be far too heavy to be pro-
fore"e " —u*u~ (or vice versais, of course, the same in duced and thus the exciting “recurring resonance” signature
both cases. The combination of on and near resonance me@ae anticipates from KK theories is lost. In addition, since
surements will thus completely determine the nature of théhe first excitations are so massive, their detailed properties
resonance. Off-resonance measurements can be made pase not discernable so that the KK excitations of Zrend y
sible through the use of ‘“radiative returns” wherein the will appear to be a singlg’ peak. Thus as far as experiment
emission of initial state photons allow one to perform as scamt the CERN LHC can determine we are left with what ap-
at all energies below the collider desigs. pears to be a degeneraté/W' pair, something which can

We note that all of the above analysis will go throughoccur in many extended electroweak models. In this paper
essentially unchanged in any qualitative way when we conwe have sought to resolve this problem based on information
sider the case of the first KK excitation in a theory with morethat can be gathered at lepton colliders in operation both far
than one extra dimension. below and in the neighborhood of the first KK excitation
mass. To perform this task and to solidify the above argu-
ments we have taken the following steps obtaining important
results along the way.

Present data strongly indicates that if KK excitations of  All constraints on the common mas4,;, of the first SM
the SM gauge bosons exist then the masses of the first tow&K excitations, apart from direct collider searches, rely on a
excitations probably lie near or above 4 TeV if there is onlytwo step process involving a parameter set of parameteys
one extra dimension and the KK states have naive couplingsuch asV introduced in Eq(1). First, given a set of data and
to the SM fermions. For KK masses in the 4—6 TeV rangethe assumption that multiple new physics sources are not
the LHC will have sufficient luminosity to allow detection of conspiring to distort the result, a bound gris obtained. The
these new particles although, for the case of the gluon exciproblem lies in the second step, i.e., converting the bound on

VI. SUMMARY AND CONCLUSIONS
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A B I B L tation arising from the bound ol may lie outside of the
i A range accessible to the CERN LHC unless the parameter
0.6 /o 7 controlling the cut offn,.x, IS quite small. Neither of these

\ ) : ] cut off approaches significantly alter our conclusions for the
case of only one extra dimension.

Given the mass of the apparest resonance from the
CERN LHC, a low energy lepton collider can be used to
attempt an extraction of its leptonic couplings from a simul-
taneous fit to a number of distinct observables. While we
demonstrated that a reasonably small region of the allowed

1 parameter space will be selected by the fit, the confidence
0.0 ) level was found to be very small in contrast to what happens
= 'mloo‘ '2°|°0‘ '30'00' = 'm'oo' = '50'00' "~ e560 in the case of an ordinarg’. For example, a 500 GeV col-
Vs (GeV) lider with an integrated luminosity 6£200 fb ! probing a
KK excitation with a mass of 4 TeV would obtain a fit prob-
ability of only =10 3. This analysis was then generalized
for both other KK masses andrfa 1 TeV collider. We then
argued that such an analysis would strongly indicate that the
apparentZ’ observed by the CERN LHC isot a single
resonance. However, a fit allowing for the existence of a
degenerate double resonance would yield an accepidble

Employing a lepton collider with sufficient center of mass
energy, data can be taken at or near the first KK resonance.
In this case we demonstrated that the familiar relationships
between electroweak observables, in particular the various
] on-pole asymmetries, no longer hold in the presence of two
Lo ol e loowloeswlogyy degenerate resonances. For exam@ler now becomes
1o0: =000 y 3°‘(’;’ v 4000 5000 6000 flavor dependent and the factorization relationship

s (GeV) A r-ARS(f)=AL; was demonstrated to fail. The values of

FIG. 10. Same as the previous figure but now for the observ-aII of the on-pole observables was shown to be u_nlquely
ablesA! . and ARS(f). determmed once the value of. a single parameterwhph

LR Fe describes the relative total widths of thé!) and z(V), is
known. If both KK excitations only decay to SM particles,
éhen)\= 1. Furthermore, we showed that data taken off reso-
nance can be used to distinguish among various models of
he KK couplings and the localization of the fermions on the
all.
It is clear both the CERN LHC and lepton colliders will
ﬁ)@ necessary to explore the physics of KK excitations.

Ag™(f)

R L B B N

Ag!

-0.50 -

V into one onM;. This is usually done in the case of one
extra dimension where one naively sums over the entir
tower of KK modes which converges numerically. However,
we know that this convergence property no longer holdd
when we consider the case of more than one extra dimensiol§
which makesV difficult to interpret in a more general con-

text. Furthermore, the exact nature of the sum depends on t
deta|ls. of the compactification scenario .when we extend thg ACKNOWLEDGMENTS
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