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We define a minimal model with universal extra dimensions, and begin to study its phenomenology. The
collider signals of the first Kaluza-KleifKK) level are surprisingly similar to those of a supersymmetric
model with a nearly degenerate superpartner spectrum. The lightest KK péltidhe is neutral and stable
because of KK parity. KK excitations cascade decay to the LKP yielding missing energy signatures with
relatively soft jets and leptons. Level 2 KK modes may also be probed via their KK number violating decays
to standard model particles. In either case we provide initial estimates for the discovery potential of the
Fermilab Tevatron and the CERN Large Hadron Collider.
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[. INTRODUCTION terms lead to mass splittings between KK modes and affect
their decays. In Secs. Il and IV we discuss the phenomenol-
The new ideas of extra dimensions and localized gravityogy of the first and second level KK states, respectively. We
have recently attracted a lot of interest. They not only offeridentify possible decay modes and branching ratios, and we
exciting new avenues for theoretical exploration but also preestimate the discovery reach at the Tevatron and the LHC.
dict signals which can soon be tested at the upcoming cofSection V contains our conclusions and speculations about
lider experiments at the Fermilab Tevatron and the CERNhe cosmology of UEDs.
Large Hadron CollidefLHC).
The focus of this paper is on universal extra dimensions Il. MINIMAL UNIVERSAL EXTRA DIMENSIONS
(UEDs [1], a model in which all standard model fields
propagate in extra dimensions of siRe 1~ TeV. Although The simplest UED scenario has all of the standard model
there are many theoretical reasons for studying Ukddsc-  fields (no supersymmetjypropagating in a single extra di-
troweak symmetry breakini®], proton decay3], the num- mension. In 41 dimensions, the fermions
ber of generationf4], neutrino massgs$], etc), we are pri-  [Q;,u;,d;,L;,€,i=1,2,3, where uppeflower) case letters
marily motivated by their collider phenomenology. represenSU(2) doubletgsinglets] are four-component and
Experimental bounds allow Kaluza-Klei(KK) modes in  contain both chiralities when reduced teé- B dimensions. To
UEDs to be as light as a few hundred G¢V,6,7. The produce a chiral 4D spectrum, we compactify the extra di-
production cross section at the LHC for KK excitations of mension on ar§, /Z, orbifold. Fields which are odd under
qguarks and gluons weighing only a few hundred GeV istheZ, orbifold symmetry do not have zero modes, hence the
enormous. However, as we discuss in this paper, their subsenwanted fields(zero modes of fermions with the wrong
quent detection is nontrivial because they decay nearly invischiralities and the 5th component of the gauge fietds be
ibly. The phenomenology of UEDs shows interesting paral{rojected out. The remaining zero modes are just the stan-
lels to supersymmetry. Every standard model field has KKkdard model particles in-81 dimensions.
partners. The lowest level KK partners carry a conserved The full Lagrangian of the theory comprises both bulk
guantum number, KK parity, which guarantees that the lightand boundary interactions. Gauge and Yukawa couplings and
est KK particle(LKP) is stable. Heavier KK modes cascade the Higgs potential are contained in the bulk Lagrangian in
decay to the LKP by emitting soft standard model particlesone-to-one correspondence with the couplings of the stan-
The LKP escapes detection, resulting in missing energy sigdard model. The boundary Lagrangian interactions are local-

nals. ized at the orbifold fixed points and do not respect five di-
In the following section we define minimal universal extra mensional Lorentz invariance.
dimensions(MUEDSs). The model is defined in five dimen- Ignoring the localized terms for the moment, the mass of

sions with one dimension compactified on®n'Z, orbifold.  the nth KK mode is
All fields propagate in the bulk and have KK modes with

masses approximately equal to the compactification scale. 2

The Lagrangian of the model includes interactions which are m2=n_ +m2, (1)
localized at the boundaries of the orbifold. These boundary
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whereR is the radius of the compact dimension, ang is 650 650
the zero mode mass. The spectrum at each KK level is highly - E
degenerate except for particles with large zero mode masse
(t,W,Z,h). The bulk interactions preserve the 5th dimen-
sional momentum(KK numbep. The corresponding cou-
pling constants among KK modes are simply equal to the
SM couplings(up to normalization factors such §€). The
Feynman rules for the KK modes can easily be deriteed.,

see Refs[8,9]).

In contrast, the coefficients of the boundary terms are not
fixed by standard model couplings and correspond to new
free parameters. In fact, they are renormalized by the bulk o—
interactions and hence are scale dependéftll. One -
might worry that this implies that all predictive power is lost. —, L TeVr
However, since the wave functions of standard model fields 54| € 1 e00
and KK modes are spread out over the extra dimension anu
the new couplings only exist on the boundaries, their effects FIG. 1. One-loop corrected mass spectrum of the first KK level
are volume suppressed. We can get an estimate for the size i@fMUEDs for R"t=500 GeV, AR=20 andm; =120 GeV.
these volume suppressed corrections with naive dimensional
analysis by assuming strong coupling at the cutoff. The resukécalar and gaugino masses. Thus the model of MUEDs is
is that the mass shifts to KK modes from boundary terms arextremely predictive and has only three free parameters:
numerically equal to corrections from loopgsmZ/m?
~g?/1672. {RA, My}, 3

We will assume that the boundary terms are symmetric . )
under the exchange of the two orbifold fixed points, whichWherems is the mass of the standard model Higgs boson.
preserves the KK parity discussed below. Most relevant to 1he low energy KK spectrum of MUEDs depends on the
the phenomenology are localized kinetic terms for the sppPoundary terms at low scales which are determined from the
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fields, such as high energy parameters through the renormalization group.
Since the corrections are small we use the one-loop leading

8(Xs) + 8(xs— mR) _ . log approximations. In addition to the boundary terms we
A [G4(FW)2+ F,PiDV+FgWys05W], also take into account the nonlocal radiative corrections to

@) KK masses. All these were computed at one-looplid).
A typical spectrum for the first level KK modes is shown

where the dimensionless coefficiefds andF; are arbitrary in Fig. 1. Figure 2 shows the dependence of the splittings

and not universal for the different standard model fieldsPetween first level KK modes on the cutoff scale Typi-

These terms are important phenomenologically for severdially, the correptions for KK modes.with strong interactio_ns
reasons{(i) they split the near-degeneracy of KK modes atare>_10% while those for states vylth only electrowea}k in-
each level(ii) they break KK number conservation down to teractions are a few percent. We find that the corrections to
a KK parity under which modes with odd KK numbers are "€ masses are such thafg >mg >mg > My ~mz
charged(iii ) they introduce possible new flavor violation.
Since collider signatures depend strongly on the values of
the boundary couplings it is necessary to be definite anc
specify them. A reasonabiensatzis to take flavor-universal A
boundary terms. Nonuniversalities would give rise to flavor 30r-
changing neutral currents as in supersymmetry with flavorg
violating scalar masses. This still leaves a large number o>~ |
free parameters. For definiteness, and also because we firp. 20}
the resulting phenomenology especially interesting, we make} [
the assumption that all boundary terms are negligible at somej.
scaleA>R™ . This defines our model. lE 10
Note that this is completely analogous to the case of the~=
minimal supersymmetric standard mo{&ISSM) where one
has to choose a set of soft supersymmetry breaking coupling
at some high scale, before studying the phenomenology. Dif-
ferentAnsazefor the parameters can be justified by different t ! ! ! !
theoretical prejudices but ultimately one should use experi- 0 10 R0 AR 30 40 50
mental data to constrain them. In a sense, our choice or
boundary couplings may be viewed as analogous to the sim- FIG. 2. Radiative correctionén %) to the spectrum of the first
plest minimal supergravity boundary condition—universalkK level for R"1=500 GeV, versus\R.

40 T T T T

R™'=500 GeV
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>m_ >m >m, . The lightest KK particley;, is a mixture of

the first KK modeB; of the U(1)y gauge bosoiB and the
first KK modeM of the SU(2),y W® gauge boson(The
possibility of the first level KK graviton being the LKP is
irrelevant for collider phenomenology, since the decay life-
time of y; to G; would be of cosmological scalg¢dVe will
usually denote this state by;. However, note that the cor-
responding “Weinberg” angled; is much smaller than the
Weinberg anglé,, of the standard mod¢L0], so that they,
LKP is mostlyB; andZ, is mostly\/\/(l). The mass splittings
among the level 1 KK modes are large enough for the
prompt decay of a heavier level 1 KK mode to a lighter level
1 KK mode. But since the spectrum is still quite degenerate,
the ordinary SM patrticles emitted from these decays will be
soft, posing a challenge for collider searches.

The terms localized at the orbifold fixed points also vio-
late the KK number by even units. However, assuming that
no explicit KK-parity violating effects are put in by hand,
KK parity remains an exact symmetry. The boundary terms FIG. 3. Qualitative sketch of the level 1 KK spectroscopy de-
allow higher >1) KK modes to decay to lower KK picting the dominanisolid) and rare(dotted transitions and the
modes, and even level states can be singly prodest resulting decay product.
smaller cross sections because the boundary couplings are
volume suppressedThus KK number violating boundary always open and have similar branching fractioB¢g,
terms are important for higher KK mode searches as we will- Q,Qg)=B(g;—q10,) =0.5.
discuss in Sec. IV. KK quarks.The case o§U(2)-singlet quarksd,) is very

simple—they can only decay to the hypercharge gauge boson
Ill. FIRST KK LEVEL B, hence their branchings &, are suppressed by the level
. , _ 1 Weinberg angle#;<6: B(q;—Z;qo)=sir6;~10 2

Once the radiative corrections are included, the KK mass_ 14-3 \yhile B(qy— v10o) =Cc0S6,~1. Thusg, production

degeneracy at each level is lifted and the KK modes deca%elds jets plus missing energy, the exception being

promptly. The collider phenomenology of the first KK level W[ by andt,—H; by (the latter will be in fact the domi-

is therefore very similar to a supersymmetric scenario in . .
y persy nant source oH, production at hadron colliders

which the superpartners are relatively close in mass—all o
perp Y SU(2)-doublet quarks@,) can decay taV; , Z; or ;.

squeezed within a mass window of 100—-200 Gel¢pend- =) .
ing on the exact value d?). Each level 1 KK particle has an [N the limit sinf, <1, SU(2)y-symmetry implies
B(Q1— Wi Qp)=2B(Q;—Z;Qo) (4)

exact analogue in supersymmetBy; <« b-ino, g;< gluino,
and furthermore for massle§k, we have

Z,

1

Q1(gy) « left-handed(right-handed squark, etc. The decay
cascades of the level 1 KK modes will terminate in the
LKP (Fig. 3. Just as the neutralino LSP is stableRiparity
conserving supersymmetry, thg LKP in MUEDSs is stable 2.2 , 2 2
due to KK parity conservation and its production at colliders B(Q1—2Z,Qp) 92 Taq(Mg, —mz,)
results in generic missing energy signals. B(Q;— v1Qq) 9% Yé(mé -m2)’
It is known that supersymmetry with a stable neutralino 1o
LSP is difficult to discover at hadron colliders if the super- ; ;
partner spectrum is degenerate. Hence the discovery of lev hereg, (9,) is theSU(2)y [U(L)y] gauge coupling, and

. i : . 3 and Y stand for weak isospin and hypercharge, corre-
1 KK modes in MUEDSs at first sight appears problematic asspondingly. We see that th@, decays toSU(2) gauge

Yésgl_lthngd?:t)ésprrggucgse rt% SOUIS“:f? ;;?Terifg:zme?(nsert;r?]tévr?tz:bosons, although suppressed by phase space, are numerically
observation at hadror): colliders. This issue is thep subject nhanced by the ratio of the couplings and quantum num-
: ! ers. With typical values for the mass corrections from Fig.

this section. : +
. . , Egs. (4) and (5 yield B(Q;—Wj Q()~65%, B(Q,
Before we address the possible level 1 discovery channe?s Z.04)~33% andB(Qy— y,Q4) ~2%.

in some detail, we need to determine the allowed decays at’ . ) .
level 1 and estimate their branching fractions. For any given iKK W- and Z-bosonsVith tﬁelr hadronic decays closed,.
set of input parameter®) the mass spectrum and couplings Wy +and Zl+decay ciemoi:ratlcally to all lepton f@/ors.
of the KK modes in MUEDs are exactly calculabz0]. B(Wi—vilg)=B(Wi —Live)=5 and B(Z;—vivg)
Hence one obtains very robust predictions for the mair=B(Z;—LiLgj)=4¢ for each generatiorz,—I; | decays
branching ratios of interest for phenomenology. are suppressed by £#.

KK gluon. The heaviest KK particle at level 1 is the KK KK leptons.The level 1 KK modes of the charged leptons

gluongs. Its two-body decays to KK quark®; andq, are  as well as the neutrinos decay directlyytp As a resultw;

®
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and Z, always effectively decay aw/; — y,Lq v and Z; : ' '
—>y1L§L§ or Z,— y1vovg, With relatively largee and 10°
yields.

KK Higgs bosonsTheir decays depend on their masses. ,q1 [ Tevatron ]
They can decay into the KKV, Z bosons or KKt, b quarks ;
if they are heavier and the phase space is open. On the oth¢ 5
109 ¢ =

hand, if they are lighter thaw,, Z,, t;, b; (as in the
example of Fig. 1, their tree-level two-body decays will be
suppressed. Then they will decay 49 and the correspond- 1071 b
ing virtual zero-level Higgs boson, or tg,vy, through a
loop.

_ _ -2 § 41 ]
We are now able to discuss the optimum strategy for - AR?;O
MUEDSs KK searches at hadron colliders. Level 1 KK states -
necessarily have to be pair produced, due to KK parity con- 1073 L— : L —Ll— —Ll—— :
; . 0 500 1000 1500 2000
servation. The approximate mass degeneracy at each lev R (GeV)
ensures that strong production dominates, with all three sub-
processegquark-quark, quark-gluon and gluon-glyomav- FIG. 4. Discovery reach for MUEDs at the Tevatron and the
ing comparable ratels,12]. LHC in the 4+ channel. We require ad excess or the observa-

For an estimate of the reach at the Tevatron or the LHCtion of 5 signal events, and show the required total integrated lumi-
we need to discuss the final state signatures and the relatedsity per experimentin fo™') as a function ofR™%, for AR
backgrounds. The signature with the largest overall rate is-20. (In either case we do not combine the two experimgnts.
E++N=2 jets, which is similar to the traditional squark and
gluino searchegl3]. It arises from inclusivedirect or indi-
rec) g,q; production. Roughly one quarter of thetal
strong production cross-sectianfa? materializes ing;q;

events. However, in spite of the large missing mass in thes

gvig:félgggezﬁﬁrfﬁ: I:ﬁlgrg eg?r%;?erlgiir\]/eerl Sr;:fltl,rzlcr;(;ﬁr:t variant mass cut. There are now several relevant background
9y y gsources, including multiple gauge boson and/or top quark

jets. As a conservative rough guide for the discovery reach . ,
o . roduction[17], fakes, leptons fronb-jets etc. We conserva-
we can use existing studies of the analogous supersymmetric

; 1 Uvely assume a background level of 50 events after cuts per
case. One might expect that Run Il can proBRe

_l . . .
~300 GeV[14] while the LHC reach foR™ ! is no larger 100 fb = (1 year of running at high luminosity Our LHC

. : ) reach estimate is presented in Fig. 4. Without combining ex-
than 1.2 TeV[15]. While the jetty signatures can be poten- . . S .
tially used fgg di]scovery furtJherystu%ies in an MUEDF; con- periments, we plot the total integrated luminoityequired

. for either an observation of 5 signal events or @ &xcess
text are needed. Here we prefer to discuss the much cleang\r/er the background. The reach, shown as a solid line, is
multilepton final states arising from dibosoW{ or Z,) defined as the Iargér of the t\,/vo and extends Rol '
production.

Consider inclusi ducti h i ~1.5 TeV.
onsiderinc “S'V@,}gl production, whose cross-ses: 'ON " Other leptonic channels such as two or three leptons with
also roughly equalg oy . The subsequent decays @f's

X o T S NS Er may also be considered. They have more backgrounds
yield Wy Wy, Wy Z, andZ,Z, pairs in proportiord:4:1. 1t take advantage of the larger branching fraction Gar

The Wi and Z, decays in turn provide multilepton final —W; Q/ and offer higher statistics, which may prove useful
states with up to 4 leptons plus missing energy, all of WhiChespeciaIIy for the case of the Tevatron.
may offer the possibility of a discovery. In the following we |5 conclusion, note that at a hadron collider all signals
concentrate on the gold-plated#; signature. from level 1 KK states look very much like
We shall conservatively ignore additional si+gnal ContribU'supersymmetry—aII SM particles have “partners” with simi-
tions from direct diboson production ar@; Wy or Qi1Z;  |ar couplings, and identifying the extra-dimensional nature of
processes. For the Tevatron we use the single lepton triggefie new physics becomes rather challenging. Nevertheless,
pr(1)>20 GeV and| n(e)|<2.0, | 7(u)|<1.5; or the miss- there are three features which distinguish the MUEDs sce-
ing energy triggeE>40 GeV. Because the channel is very nario from ordinary supersymmetry. First, the spins are dif-
clean, we use relatively soft off-line cutspr(l)  ferent, but this “bosonic” nature of the newly discovered
>{15,10,10,5 GeV, | 5(1)|<2.5 andEr>30 GeV. The re-  “supersymmetry” will most likely escape detection at a had-
maining physics background comes frafZ—1~1"7"7~  ron collider. Second, the analogy with the MSSM is incom-
—4lE+ whereZ stands for a real or virtuad or y [16], and  plete, as MUEDs do not have analogues of the “heavy”
can be reduced by invariant mass cuts for any pair of oppoHiggs bosons of the MSSM. To be more precise, the level 1
site sign, same flavor leptonkn;, —Mz|>10 GeV andm, KK modes of the Higgs bosons have exactly the same gauge
>10 GeV. As a result, the expected background is less thaguantum numbers as the MSSM Higgs bosbtsA®, H*.
1 event in all of Run Il and we require 5 signal events forBut since they carry KK parity, their behavior is similar to
discovery. The reach is shown in Fig. 4. We see that Run llhhat of Higgsinos instead. Now recall that there are regions

of the Tevatron will go slightly beyond the current indirect
bounds R™1>300 GeV) from precision datil].

For the LHC we usept(l)>{35,20,15,19 GeV with
E”(|)|<2'5' which is enough for the single lepton trigger. In
addition, we requirdt;>50 GeV and the same dilepton in-
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of the MSSM parameter space where the LHC can only disproduction ofg, in association with another level 2 colored
cover the SM-like Higgs boson, and misses the other threparticle then yields a uniqué+N>2 jet signature, where
Higgs states of the MSSM. MUEDSs could easily be confusedhe invariant mass of the two leading jets reconstructs to
with this scenario. This leaves us with the single smokingﬂgz. In the absence of a problematic physics background, we
gun signature for MUEDs—the presence of higher level KKrequire 10 events before cuts and efficiencies for discovery,

modes.

IV. SECOND KK LEVEL

leaving us with a reach fdR ! of just below 1 TeVW, , Z,
andy, searches in their hadronic modes will be very similar.
Branching fractions to leptonic decay modes are very small

Through KK number preserving interactions a level 2 kk &nd do not permit a significant reach. Notice thathas no

state can decay to two level 1 KK modes, or to another level(K Preserving decay modes left open, henzgB(y,
2 KK state and a SM particle. For example, the level 2 fer-— fofo)=1.

mion decay widthgfor masslesd$, and in leading order of
5m) are easily computed at tree level using the Feynma

rules for KK modes. We find
3c?g’my,
8w

smy, vaz) 2

F(f,—V, o)~ m, m,

(6)

[(f—Vyf)=~

11c2g2m;_ [ dm;.  omy.  om; | *?

2 2 1 1

- - (D
16\/577

where dm represents the total mass correction ant a
Clebsch factor. For a level 2 gauge boson

- A 2
c’g’my, [ omy,  omy,
A7 B '

m, 2m; 2my

[(Vo— 1, fo)=~ (8)

my ms
312

)

ngzm\/2 ’5mv2 3mf1 ’5mfi
F(Vo—fify~ - -

6\/577

m, 2m;  2my

The usualW’/Z’ and coloron searches are sensitive to
singly produced level 2 KK gauge bosons. However, the

Yeach is inferior due to the smallness of the KK number

violating couplings, which are only a fraction of the SM
gauge couplings—typically 10—20 % for quarks and only a
few percent for leptons.

V. CONCLUSIONS

Universal extra dimensions with compactification radius
near the TeV scale promise exciting phenomenology for fu-
ture colliders. All standard model particles have KK partners
which can be produced with enormous cross sections at the
LHC. As we showed in this paper, the detection of KK par-
ticles at the LHC is nontrivial as they decay to very soft
standard model particles which are diffic(fiut not impos-
sible) to see above background. Clearly, more realistic simu-
lations of the phenomenology of MUEDs are necessary and
studies for different values of the boundary couplings would
be of interest as well.

A lepton collider running at the center of mass energy of

counting both KK chiralities in the last case. All of t_he de-_ the second level photon @is ideal for measuring the small
cays(6)—(9) are phase space suppressed, once again leavifgass splittings between states and determining spins. How-

rather little visible energy deposited in the detector.

ever, the required center of mass energy2(R™ %) may be

Alevel 2 KK gauge boson, however, can also decay diygg high for the next generation linear collider.

rectly to two SM patrticles via KK number violating interac-

tions[10]. The width is

F(Vy—fofg)~

. sy 2
c’g’my, [ 6my,  omy,

127

mo mo

Finally, we note that similarly to the neutralino LSP in
supersymmetry, the; LKP of MUEDS is a great cold dark
matter candidate, whose annihilation rate&d helicity sup-
pressed. A study of the resulting abundance and detection
opportunities is underwayl8].

where 5m only contains the mass corrections due to the

boundary termgthough typically?Sm:Em). These decays
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