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Bosonic supersymmetry? Getting fooled at the CERN LHC
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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-Klein~KK ! level are surprisingly similar to those of a supersymmetric
model with a nearly degenerate superpartner spectrum. The lightest KK particle~LKP! 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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I. INTRODUCTION

The new ideas of extra dimensions and localized gra
have recently attracted a lot of interest. They not only of
exciting new avenues for theoretical exploration but also p
dict signals which can soon be tested at the upcoming
lider experiments at the Fermilab Tevatron and the CE
Large Hadron Collider~LHC!.

The focus of this paper is on universal extra dimensio
~UEDs! @1#, a model in which all standard model field
propagate in extra dimensions of sizeR21; TeV. Although
there are many theoretical reasons for studying UEDs~elec-
troweak symmetry breaking@2#, proton decay@3#, the num-
ber of generations@4#, neutrino masses@5#, etc.!, we are pri-
marily motivated by their collider phenomenolog
Experimental bounds allow Kaluza-Klein~KK ! modes in
UEDs to be as light as a few hundred GeV@1,6,7#. The
production cross section at the LHC for KK excitations
quarks and gluons weighing only a few hundred GeV
enormous. However, as we discuss in this paper, their su
quent detection is nontrivial because they decay nearly in
ibly. The phenomenology of UEDs shows interesting par
lels to supersymmetry. Every standard model field has
partners. The lowest level KK partners carry a conser
quantum number, KK parity, which guarantees that the lig
est KK particle~LKP! is stable. Heavier KK modes cascad
decay to the LKP by emitting soft standard model particl
The LKP escapes detection, resulting in missing energy
nals.

In the following section we define minimal universal ext
dimensions~MUEDs!. The model is defined in five dimen
sions with one dimension compactified on anS1 /Z2 orbifold.
All fields propagate in the bulk and have KK modes w
masses approximately equal to the compactification sc
The Lagrangian of the model includes interactions which
localized at the boundaries of the orbifold. These bound
0556-2821/2002/66~5!/056006~6!/$20.00 66 0560
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terms lead to mass splittings between KK modes and af
their decays. In Secs. III and IV we discuss the phenome
ogy of the first and second level KK states, respectively.
identify possible decay modes and branching ratios, and
estimate the discovery reach at the Tevatron and the L
Section V contains our conclusions and speculations ab
the cosmology of UEDs.

II. MINIMAL UNIVERSAL EXTRA DIMENSIONS

The simplest UED scenario has all of the standard mo
fields ~no supersymmetry! propagating in a single extra di
mension. In 411 dimensions, the fermions
@Qi ,ui ,di ,Li ,ei ,i 51,2,3, where upper~lower! case letters
representSU(2) doublets~singlets!# are four-component and
contain both chiralities when reduced to 311 dimensions. To
produce a chiral 4D spectrum, we compactify the extra
mension on anS1 /Z2 orbifold. Fields which are odd unde
theZ2 orbifold symmetry do not have zero modes, hence
unwanted fields~zero modes of fermions with the wron
chiralities and the 5th component of the gauge fields! can be
projected out. The remaining zero modes are just the s
dard model particles in 311 dimensions.

The full Lagrangian of the theory comprises both bu
and boundary interactions. Gauge and Yukawa couplings
the Higgs potential are contained in the bulk Lagrangian
one-to-one correspondence with the couplings of the s
dard model. The boundary Lagrangian interactions are lo
ized at the orbifold fixed points and do not respect five
mensional Lorentz invariance.

Ignoring the localized terms for the moment, the mass
the nth KK mode is

mn
25

n2

R2
1m0

2 , ~1!
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whereR is the radius of the compact dimension, andm0 is
the zero mode mass. The spectrum at each KK level is hig
degenerate except for particles with large zero mode ma
(t,W,Z,h). The bulk interactions preserve the 5th dime
sional momentum~KK number!. The corresponding cou
pling constants among KK modes are simply equal to
SM couplings~up to normalization factors such asA2). The
Feynman rules for the KK modes can easily be derived~e.g.,
see Refs.@8,9#!.

In contrast, the coefficients of the boundary terms are
fixed by standard model couplings and correspond to n
free parameters. In fact, they are renormalized by the b
interactions and hence are scale dependent@10,11#. One
might worry that this implies that all predictive power is los
However, since the wave functions of standard model fie
and KK modes are spread out over the extra dimension
the new couplings only exist on the boundaries, their effe
are volume suppressed. We can get an estimate for the si
these volume suppressed corrections with naive dimensi
analysis by assuming strong coupling at the cutoff. The re
is that the mass shifts to KK modes from boundary terms
numerically equal to corrections from loopsdmn

2/mn
2

;g2/16p2.
We will assume that the boundary terms are symme

under the exchange of the two orbifold fixed points, whi
preserves the KK parity discussed below. Most relevan
the phenomenology are localized kinetic terms for the S
fields, such as

d~x5!1d~x52pR!

L
@G4~Fmn!21F4C̄ iD” C1F5C̄g5]5C#,

~2!

where the dimensionless coefficientsG4 andFi are arbitrary
and not universal for the different standard model fiel
These terms are important phenomenologically for sev
reasons:~i! they split the near-degeneracy of KK modes
each level,~ii ! they break KK number conservation down
a KK parity under which modes with odd KK numbers a
charged,~iii ! they introduce possible new flavor violation.

Since collider signatures depend strongly on the value
the boundary couplings it is necessary to be definite
specify them. A reasonableAnsatzis to take flavor-universa
boundary terms. Nonuniversalities would give rise to flav
changing neutral currents as in supersymmetry with fla
violating scalar masses. This still leaves a large numbe
free parameters. For definiteness, and also because we
the resulting phenomenology especially interesting, we m
the assumption that all boundary terms are negligible at s
scaleL.R21. This defines our model.

Note that this is completely analogous to the case of
minimal supersymmetric standard model~MSSM! where one
has to choose a set of soft supersymmetry breaking coup
at some high scale, before studying the phenomenology.
ferentAnsätzefor the parameters can be justified by differe
theoretical prejudices but ultimately one should use exp
mental data to constrain them. In a sense, our choice
boundary couplings may be viewed as analogous to the
plest minimal supergravity boundary condition—univers
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scalar and gaugino masses. Thus the model of MUED
extremely predictive and has only three free parameters:

$R,L,mh%, ~3!

wheremh is the mass of the standard model Higgs boson
The low energy KK spectrum of MUEDs depends on t

boundary terms at low scales which are determined from
high energy parameters through the renormalization gro
Since the corrections are small we use the one-loop lea
log approximations. In addition to the boundary terms
also take into account the nonlocal radiative corrections
KK masses. All these were computed at one-loop in@10#.

A typical spectrum for the first level KK modes is show
in Fig. 1. Figure 2 shows the dependence of the splittin
between first level KK modes on the cutoff scaleL. Typi-
cally, the corrections for KK modes with strong interactio
are .10% while those for states with only electroweak i
teractions are a few percent. We find that the correction
the masses are such thatmgn

.mQn
.mqn

.mWn
;mZn

FIG. 1. One-loop corrected mass spectrum of the first KK le
in MUEDs for R215500 GeV,LR520 andmh5120 GeV.

FIG. 2. Radiative corrections~in %! to the spectrum of the firs
KK level for R215500 GeV, versusLR.
6-2
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.mLn
.mln

.mgn
. The lightest KK particleg1, is a mixture of

the first KK modeB1 of the U(1)Y gauge bosonB and the
first KK mode W1

0 of the SU(2)W W3 gauge boson.~The
possibility of the first level KK graviton being the LKP i
irrelevant for collider phenomenology, since the decay li
time of g1 to G1 would be of cosmological scales.! We will
usually denote this state byg1. However, note that the cor
responding ‘‘Weinberg’’ angleu1 is much smaller than the
Weinberg angleuW of the standard model@10#, so that theg1

LKP is mostlyB1 andZ1 is mostlyW1
0. The mass splittings

among the level 1 KK modes are large enough for
prompt decay of a heavier level 1 KK mode to a lighter lev
1 KK mode. But since the spectrum is still quite degenera
the ordinary SM particles emitted from these decays will
soft, posing a challenge for collider searches.

The terms localized at the orbifold fixed points also v
late the KK number by even units. However, assuming t
no explicit KK-parity violating effects are put in by hand
KK parity remains an exact symmetry. The boundary ter
allow higher (n.1) KK modes to decay to lower KK
modes, and even level states can be singly produced~with
smaller cross sections because the boundary couplings
volume suppressed!. Thus KK number violating boundary
terms are important for higher KK mode searches as we
discuss in Sec. IV.

III. FIRST KK LEVEL

Once the radiative corrections are included, the KK m
degeneracy at each level is lifted and the KK modes de
promptly. The collider phenomenology of the first KK lev
is therefore very similar to a supersymmetric scenario
which the superpartners are relatively close in mass—
squeezed within a mass window of 100–200 GeV~depend-
ing on the exact value ofR). Each level 1 KK particle has an
exact analogue in supersymmetry:B1↔ b-ino, g1↔ gluino,
Q1(q1)↔ left-handed~right-handed! squark, etc. The deca
cascades of the level 1 KK modes will terminate in theg1
LKP ~Fig. 3!. Just as the neutralino LSP is stable inR-parity
conserving supersymmetry, theg1 LKP in MUEDs is stable
due to KK parity conservation and its production at collide
results in generic missing energy signals.

It is known that supersymmetry with a stable neutrali
LSP is difficult to discover at hadron colliders if the supe
partner spectrum is degenerate. Hence the discovery of l
1 KK modes in MUEDs at first sight appears problematic
well—the decay products resulting from transitions betwe
level 1 KK states may be too soft for reliable experimen
observation at hadron colliders. This issue is the subjec
this section.

Before we address the possible level 1 discovery chan
in some detail, we need to determine the allowed decay
level 1 and estimate their branching fractions. For any giv
set of input parameters~3! the mass spectrum and couplin
of the KK modes in MUEDs are exactly calculable@10#.
Hence one obtains very robust predictions for the m
branching ratios of interest for phenomenology.

KK gluon.The heaviest KK particle at level 1 is the KK
gluon g1. Its two-body decays to KK quarksQ1 andq1 are
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always open and have similar branching fractions:B(g1
→Q1Q0).B(g1→q1q0).0.5.

KK quarks.The case ofSU(2)-singlet quarks (q1) is very
simple—they can only decay to the hypercharge gauge bo
B1, hence their branchings toZ1 are suppressed by the lev
1 Weinberg angleu1!uW : B(q1→Z1q0).sin2u1;1022

21023 while B(q1→g1q0).cos2u1;1. Thusq1 production
yields jets plus missing energy, the exception beingt1

→W1
1b0 and t1→H1

1b0 ~the latter will be in fact the domi-
nant source ofH1

1 production at hadron colliders!.
SU(2)-doublet quarks (Q1) can decay toW1

6 , Z1 or g1.
In the limit sinu1!1, SU(2)W-symmetry implies

B~Q1→W1
6Q08!.2B~Q1→Z1Q0! ~4!

and furthermore for masslessQ0 we have

B~Q1→Z1Q0!

B~Q1→g1Q0!
.

g2
2 T3Q

2 ~mQ1

2 2mZ1

2 !

g1
2 YQ

2 ~mQ1

2 2mg1

2 !
, ~5!

whereg2 (g1) is theSU(2)W @U(1)Y# gauge coupling, and
T3 and Y stand for weak isospin and hypercharge, cor
spondingly. We see that theQ1 decays toSU(2) gauge
bosons, although suppressed by phase space, are numer
enhanced by the ratio of the couplings and quantum nu
bers. With typical values for the mass corrections from F
2, Eqs. ~4! and ~5! yield B(Q1→W1

6Q08);65%, B(Q1

→Z1Q0);33% andB(Q1→g1Q0);2%.
KK W- and Z-bosons.With their hadronic decays closed

W1
6 and Z1 decay democratically to all lepton flavors

B(W1
6→n1L0

6)5B(W1
6→L1

6n0)5 1
6 and B(Z1→n1n̄0)

5B(Z1→L1
6L0

7). 1
6 for each generation.Z1→ l 1

6l 0
7 decays

are suppressed by sin2u1.
KK leptons.The level 1 KK modes of the charged lepton

as well as the neutrinos decay directly tog1. As a resultW1
6

FIG. 3. Qualitative sketch of the level 1 KK spectroscopy d
picting the dominant~solid! and rare~dotted! transitions and the
resulting decay product.
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and Z1 always effectively decay asW1
6→g1L0

6n0 and Z1

→g1L0
6L0

7 or Z1→g1n0n̄0, with relatively largee and m
yields.

KK Higgs bosons.Their decays depend on their mass
They can decay into the KKW, Z bosons or KKt, b quarks
if they are heavier and the phase space is open. On the o
hand, if they are lighter thanW1 , Z1 , t1 , b1 ~as in the
example of Fig. 1!, their tree-level two-body decays will b
suppressed. Then they will decay tog1 and the correspond
ing virtual zero-level Higgs boson, or tog1g0 through a
loop.

We are now able to discuss the optimum strategy
MUEDs KK searches at hadron colliders. Level 1 KK sta
necessarily have to be pair produced, due to KK parity c
servation. The approximate mass degeneracy at each
ensures that strong production dominates, with all three s
processes~quark-quark, quark-gluon and gluon-gluon! hav-
ing comparable rates@8,12#.

For an estimate of the reach at the Tevatron or the LH
we need to discuss the final state signatures and the re
backgrounds. The signature with the largest overall rat
E” T1N>2 jets, which is similar to the traditional squark an
gluino searches@13#. It arises from inclusive~direct or indi-
rect! q1q1 production. Roughly one quarter of thetotal
strong production cross-sections tot

had materializes inq1q1

events. However, in spite of the large missing mass in th
events, themeasuredmissing energy is rather small, since
is correlated with the energy of the relatively soft recoili
jets. As a conservative rough guide for the discovery re
we can use existing studies of the analogous supersymm
case. One might expect that Run II can probeR21

;300 GeV@14# while the LHC reach forR21 is no larger
than 1.2 TeV@15#. While the jetty signatures can be pote
tially used for discovery, further studies in an MUEDs co
text are needed. Here we prefer to discuss the much cle
multilepton final states arising from diboson (W1

6 or Z1)
production.

Consider inclusiveQ1Q1 production, whose cross-sectio
also roughly equals14 s tot

had . The subsequent decays ofQ1’s
yield W1

6W1
6 , W1

6Z1 and Z1Z1 pairs in proportion4:4:1.
The W1

6 and Z1 decays in turn provide multilepton fina
states with up to 4 leptons plus missing energy, all of wh
may offer the possibility of a discovery. In the following w
concentrate on the gold-plated 4lE” T signature.

We shall conservatively ignore additional signal contrib
tions from direct diboson production andQ1W1

6 or Q1Z1

processes. For the Tevatron we use the single lepton trig
pT( l ).20 GeV anduh(e)u,2.0, uh(m)u,1.5; or the miss-
ing energy triggerE” T.40 GeV. Because the channel is ve
clean, we use relatively soft off-line cuts,pT( l )
.$15,10,10,5% GeV, uh( l )u,2.5 andE” T.30 GeV. The re-
maining physics background comes fromZZ→ l 6l 7t1t2

→4lE” T whereZ stands for a real or virtualZ or g @16#, and
can be reduced by invariant mass cuts for any pair of op
site sign, same flavor leptons:umll 2MZu.10 GeV andmll
.10 GeV. As a result, the expected background is less t
1 event in all of Run II and we require 5 signal events
discovery. The reach is shown in Fig. 4. We see that Run
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of the Tevatron will go slightly beyond the current indire
bounds (R21.300 GeV) from precision data@1#.

For the LHC we usepT( l ).$35,20,15,10% GeV with
uh( l )u,2.5, which is enough for the single lepton trigger.
addition, we requireE” T.50 GeV and the same dilepton in
variant mass cut. There are now several relevant backgro
sources, including multiple gauge boson and/or top qu
production@17#, fakes, leptons fromb-jets etc. We conserva
tively assume a background level of 50 events after cuts
100 fb21 ~1 year of running at high luminosity!. Our LHC
reach estimate is presented in Fig. 4. Without combining
periments, we plot the total integrated luminosityL required
for either an observation of 5 signal events or a 5s excess
over the background. The reach, shown as a solid line
defined as the larger of the two and extends toR21

;1.5 TeV.
Other leptonic channels such as two or three leptons w

E” T may also be considered. They have more backgrou
but take advantage of the larger branching fraction forQ1

→W1
6Q08 and offer higher statistics, which may prove use

especially for the case of the Tevatron.
In conclusion, note that at a hadron collider all signa

from level 1 KK states look very much like
supersymmetry—all SM particles have ‘‘partners’’ with sim
lar couplings, and identifying the extra-dimensional nature
the new physics becomes rather challenging. Neverthe
there are three features which distinguish the MUEDs s
nario from ordinary supersymmetry. First, the spins are d
ferent, but this ‘‘bosonic’’ nature of the newly discovere
‘‘supersymmetry’’ will most likely escape detection at a ha
ron collider. Second, the analogy with the MSSM is inco
plete, as MUEDs do not have analogues of the ‘‘heav
Higgs bosons of the MSSM. To be more precise, the leve
KK modes of the Higgs bosons have exactly the same ga
quantum numbers as the MSSM Higgs bosonsH0,A0,H6.
But since they carry KK parity, their behavior is similar t
that of Higgsinos instead. Now recall that there are regio

FIG. 4. Discovery reach for MUEDs at the Tevatron and t
LHC in the 4lE” T channel. We require a 5s excess or the observa
tion of 5 signal events, and show the required total integrated lu
nosity per experiment~in fb21) as a function ofR21, for LR
520. ~In either case we do not combine the two experiments.!
6-4
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of the MSSM parameter space where the LHC can only
cover the SM-like Higgs boson, and misses the other th
Higgs states of the MSSM. MUEDs could easily be confus
with this scenario. This leaves us with the single smok
gun signature for MUEDs—the presence of higher level K
modes.

IV. SECOND KK LEVEL

Through KK number preserving interactions a level 2 K
state can decay to two level 1 KK modes, or to another le
2 KK state and a SM particle. For example, the level 2 f
mion decay widths~for masslessf 0 and in leading order of
d̂m) are easily computed at tree level using the Feynm
rules for KK modes. We find

G~ f 2→V2 f 0!'
3c2g2mf 2

8p
S d̂mf 2

m2
2

d̂mV2

m2
D 2

, ~6!

G~ f 2→V1 f 1!'
11c2g2mf 2

16A2p
S d̂mf 2

m2
2

d̂mV1

2m1
2

d̂mf 1

2m1
D 3/2

, ~7!

where d̂m represents the total mass correction andc is a
Clebsch factor. For a level 2 gauge boson

G~V2→ f 2 f 0!'
c2g2mV2

4p
S d̂mV2

m2
2

d̂mf 2

m2
D 2

, ~8!

G~V2→ f 1 f 18!'
c2g2mV2

6A2p
S d̂mV2

m2
2

d̂mf 1

2m1
2

d̂mf
18

2m1
D 3/2

, ~9!

counting both KK chiralities in the last case. All of the d
cays~6!–~9! are phase space suppressed, once again lea
rather little visible energy deposited in the detector.

A level 2 KK gauge boson, however, can also decay
rectly to two SM particles via KK number violating interac
tions @10#. The width is

G~V2→ f 0 f 0!'
c2g2mV2

12p
S d̄mV2

m2
2

d̄mf 2

m2
D 2

, ~10!

where d̄m only contains the mass corrections due to
boundary terms~though typically d̂m. d̄m). These decays
arenot phase space suppressed, and deposit a lot of en
hence they offer the best opportunity for a level 2 discove

Level 2 KK gauge bosons can be pair-produced throu
KK number preserving interactions, or singly produc
through their suppressed KK number violating couplings
SM quarks and leptons. We first concentrate on theg2 signal.
Using Eqs.~8!–~10!, we findB(g2→Q0Q0 ,q0q0).0.1. The
D

ll
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production ofg2 in association with another level 2 colore
particle then yields a uniqueE” T1N.2 jet signature, where
the invariant mass of the two leading jets reconstructs
mg2

. In the absence of a problematic physics background,
require 10 events before cuts and efficiencies for discov
leaving us with a reach forR21 of just below 1 TeV.W2

6 , Z2

andg2 searches in their hadronic modes will be very simil
Branching fractions to leptonic decay modes are very sm
and do not permit a significant reach. Notice thatg2 has no
KK preserving decay modes left open, hence( fB(g2
→ f 0f 0).1.

The usualW8/Z8 and coloron searches are sensitive
singly produced level 2 KK gauge bosons. However,
reach is inferior due to the smallness of the KK numb
violating couplings, which are only a fraction of the SM
gauge couplings—typically 10–20 % for quarks and only
few percent for leptons.

V. CONCLUSIONS

Universal extra dimensions with compactification radi
near the TeV scale promise exciting phenomenology for
ture colliders. All standard model particles have KK partne
which can be produced with enormous cross sections at
LHC. As we showed in this paper, the detection of KK pa
ticles at the LHC is nontrivial as they decay to very so
standard model particles which are difficult~but not impos-
sible! to see above background. Clearly, more realistic sim
lations of the phenomenology of MUEDs are necessary
studies for different values of the boundary couplings wo
be of interest as well.

A lepton collider running at the center of mass energy
the second level photon orZ is ideal for measuring the sma
mass splittings between states and determining spins. H
ever, the required center of mass energy (;2 R21) may be
too high for the next generation linear collider.

Finally, we note that similarly to the neutralino LSP
supersymmetry, theg1 LKP of MUEDs is a great cold dark
matter candidate, whose annihilation rate isnot helicity sup-
pressed. A study of the resulting abundance and detec
opportunities is underway@18#.
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