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This conference report presents a compilation of some of thelatest re-
sults on prospects for Extra Dimensions and Extra Gauge Bosons Models
with two general purpose detectors of the Large Hadron Collider (LHC) at
the European Laboratory for Particle Physics (CERN): A Toro idal LHC
ApparatuS (ATLAS) and the Compact Muon Solenoid (CMS). The r esults
presented here correspond, in most of the cases, to full simulation and full
reconstruction of the hadron interactions at 14 TeV center of mass energy
at low and(or) high luminosity. In general, theoretical and systematic un-
certainties are considered in the �nal results.

PACS numbers: 12.90.+b, 14.80.�j

1. Introduction

Theoretical arguments predict the existence of physics Beyond the Stan-
dard Model (BSM). This is one of the reasons why the Large Hadron Col-
lider (LHC) and its detectors are being built at the European Laboratory for
Particle Physics (CERN). In this conference report, the most recent results,
from the experimental (simulation) point of view, on Extra D imensions and
Extra Gauge Bosons searches will be reviewed. In particular,the A Toroidal
LHC ApparatuS (ATLAS) and the Compact Muon Solenoid (CMS) Collab-
orations analyses will be considered here. The last sectionof this chapter
will be devoted to an extremely important subject: once a signature is dis-
covered in the detector, what is the theoretical model that better �ts the
experimental data? This issue gets raised because many BSM scenarios (in-
cluding Supersymmetry) predict the same kind of topologies(however the
discrimination between Supersymmetry and other BSM models will not be
addressed here). This paper is organized as follows: Section 2 is devoted to
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Extra Dimensional Models; Section 3 to Extra Heavy Bosons theories; Sec-
tion 4 explains how to distinguish di�erent BSM signatures; � nally Section 5
contains the Conclusions.

2. Extra dimensional models

2.1. Introduction

The main motivation for the development of theories beyond the Stan-
dard Model (SM) is the hierarchy problem, i.e., why the gravity energy
scale (or Planck Mass,M Pl ) and the electroweak energy scale (M EW ) are
so di�erent: � 1019 GeV compared to � 103 GeV, respectively. Several
possibilities have been suggested to solve this �naturality� problem: per-
turbative solutions like Supersymmetry, and non-perturbative solutions like
Compositeness and Technicolor. Alternatively, one can exploit the geometry
of space-time via Extra Dimensional Theories. In this section the experi-
mental prospects for the following four Extra Dimensional models will be
reviewed: Arkani�Dimopoulos�Dvali (ADD) Model [1], Randa ll-Sundrum
(RS) or warped extra dimensions [2], TeV� 1 size extra dimensions [3] and
Universal Extra Dimensions (UED) [4].

2.2. The ADD model

There are two ways of producing Kaluza�Klein (KK) gravitons (GKK )
in ADD models: via direct graviton production and via virtua l exchange.

Direct graviton production:
ATLAS results for pp ! jet + GKK [5]: the topology consists of a jet
with high transverse energy (ET > 500GeV), and a high missing transverse
energy (E miss

T > 500GeV) from the undetected gravitons. The analysis also
vetoes the leptons via isolation and identi�cation criteria. The irreducible
SM background consists of jet+ Z ! jet �� and jet + W ! jet l � . The
analysis was based on ATLAS fast simulation and reconstruction programs.
Fig. 1 (left) shows the E miss

T for the di�erent signals and backgrounds for
100 fb� 1 of integrated luminosity and 14 TeV of center of mass energy (

p
s).

For S=
p

B > 5 (S and B are the number of signal and background events,
respectively, that pass the selection criteria), withS > 100and pjet

T > 1 TeV
the following discovering limits are achieved:M Pl(4+ � ) (M D in the plot) =
7.7 : 6.2 : 5.2 for� = 2 : 3 : 4, respectively. � is the number of extra
dimensions compacti�ed in a radius (R). M Pl(4+ � ) , the Planck mass in the
4+ � dimensions, is the compacti�cation scalei.e. a fundamental scale above
which new physics enters and modi�es the results of the theory.
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Fig. 1. Left: E miss
T for di�erent ADD signals (di�erent values of the parameter

space) with jet and missing transverse energy in the �nal state and the correspond-
ing irreducible backgrounds [5]. Right: ADD discovery limit of the compacti�cation
scale as a function of the integrated luminosity for graviton virtual production with
2 muons in the �nal state and for di�erent values of the number of extra dimensions
(� ) [7,9].

CMS results for pp ! 
 + GKK [6,7]: Another interesting signal at LHC
is the production of a GKK in association with a photon. Although the
rates are much lower than in the jet case, and the region (�; M Pl(4+ � ) ) which
can be probed is much more limited, this signature could be used as a
con�rmation after the discovery in the jet channel. This top ology will not be
detectable in the low pT region because the cross-section of the background,
in particular the irreducible one, is too large. Therefore,a minimum pT >
400 GeV is consistently requested. The topology consists of a high ET
photon, produced in the central pseudo-rapidity region andback-to-back
with respect to the missing transverse energy from the undetected gravitons.
The irreducible SM background is Z
 ! ��
 . Other backgrounds also
considered in this analysis are:W ! e(�� )� , W 
 ! e�
 , 
 +jets, Quantum
Chromodynamic (QCD) background, di-
 , Z 0+jets. The estimated rates
for cosmic muons (the biggest background in CDF detector at the Tevatron
Collider in Fermilab) and beam halo muons for apT > 400 GeV are 11 Hz
and 1 Hz, respectively. Those backgrounds have not been considered in the
CMS analysis yet. The results given in Table I correspond to CMS full
simulation and reconstruction programs, with the signi�cance calculated
according to the expression [8]:

S = 2(
p

(S + B ) �
p

B ) > 5: (2.1)

As indicated in the table, the 5� discovery reach ofM Pl(4+ � ) > 3:5 TeV is
not possible when including theoretical uncertainties.
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TABLE I

Integrated luminosity needed in CMS for a 5� signi�cance discovery of the di�erent
parameter space values of the direct production of gravitons in the 
 and missing
energy �nal state [6].

M Pl(4+ � ) =� 2 3 4 5 6

1.0 TeV 0.21 fb� 1 0.16 fb� 1 0.14 fb� 1 0.15 fb� 1 0.15 fb� 1

1.5 TeV 0.83 fb� 1 0.59 fb� 1 0.56 fb� 1 0.61 fb� 1 0.59 fb� 1

2.0 TeV 2.8 fb� 1 2.1 fb� 1 1.9 fb� 1 2.1 fb� 1 2.3 fb� 1

2.5 TeV 9.9 fb� 1 8.2 fb� 1 8.7 fb� 1 9.4 fb� 1 10.9 fb� 1

3.0 TeV 47.8 fb� 1 46.4 fb� 1 64.4 fb� 1 100.8 fb� 1 261.2 fb� 1

3.5 TeV 5� discovery not possible when including
theoretical systematic uncertainties

Virtual production of gravitons:
CMS results for pp ! GKK ! �� [7, 9]: the topology consists of two op-
posite sign muons with an invariant mass above 1 TeV. The cross-section
is the sum of the SM contribution, the extra dimensional contribution and
an interference term that is a function of M Pl(4+ � ) , � and

p
s. The irre-

ducible background is the Drell�Yan production of two muons. Other back-
grounds also considered areZZ; W Z; W W and tt , but they are successfully
suppressed after the selection cuts. The signal and background were fully
simulated and reconstructed. The following systematic uncertainties were
taken into consideration: theoretical uncertainties, muon and tracker mis-
alignment and trigger uncertainties. Fig. 1 (right) shows the M Pl(4+ � ) (M S
in the plot) 5 � signi�cance discovery reach, withS computed according to
Eq. (2.1) for di�erent values of � .

2.3. The RS model

CMS results for pp ! GKK
1 ! ��; ee; � � [7,10�12]: at the LHC the RS

GKK
1 (the �rst KK excitation of the graviton) would be seen as difermion

or diboson resonances, since the coupling of each KK mode is only TeV
suppressed. The two model parameters are:c (the ratio of k, a scale of the
order of the Planck scale, andM Pl ) and � � (the scale of physical processes in
the TeV brane). Fig. 2 shows theGKK

1 mass reach for dielectrons, diphotons
and dimuons �nal states for di�erent values of c and integrated luminosity.
The region of interest is the one to the left of the curve� � < 10TeV (which is
theoretically preferred [13]) and up toc = 0 :1 becausec > 0:1 is disfavoured
on theoretical grounds as the bulk curvature becomes too large (larger than
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the 5-dim Planck scale). The 5� signi�cance discovery areas are the regions
to the left of the straight lines. The sensitivity to GKK

1 mass is calculated
using the likelihood estimator [14] based on event countingsuited for small
event samples:

S =
p

(2[(S + B ) log(1 + S=B) � S]) > 5: (2.2)

The CMS analysis is based on full simulation and reconstruction, and in-
cludes the study of theoretical and experimental systematic uncertainties.
As an example, Fig. 2 at the bottom shows the one sigma theoretical and
experimental systematic uncertainties in�uence on the discovery limit. The
misalignment scenario taken into account in the result corresponds to the
�rst period of detector alignment obtained with � 1 fb� 1 of data. During
this period the muon reconstruction e�ciency will be una�ec ted, while the
momentum resolution will be reduced from 1�2% to 4�5%.

Fig. 2. GKK
1 mass reach for dielectrons, diphotons and dimuons �nal states, respec-

tively, for di�erent values of c and integrated luminosity. The 5� signi�cance dis-
covery is the region to the left of the colored lines. The dimuon plot also shows the
1� theoretical and experimental uncertainty on the integrated luminosity needed
to reach the 5� signi�cance [7,10�12].
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2.4. The TeV� 1 model

CMS results for pp ! Z KK
1 =
 KK

1 ! ee [7,10]: the topology of this signa-
ture consists of two highpT and isolated electrons produced from the decay
of the �rst KK excitation of the Z or the 
 . The electromagnetic energy
associated to the electron candidate is corrected, among other things, for
the energy leak in the hadronic calorimeter and for the Electromagnetic
Calorimeter electronics saturation (because of the limited dynamic range
of the Multi-Gain-Pre-Ampli�er). The saturation takes pla ce for energies
above 1.7 TeV in the barrel and 3 TeV in the end-caps. The irreducible
background is the Drell�Yan production of a pair of electrons. The sig-
nal and background are fully simulated and reconstructed with pile-up at
low luminosity ( � 1033 cm� 2s� 1). Theoretical systematic uncertainties were
also studied in detail. The discovery potential of the compacti�cation scale
(R� 1) is determined using Eq. (2.2). The results are shown in Fig.3 (left).
As can be seen, with an integrated luminosity of� 80 fb� 1, CMS will be able
to detect a peak in thee+ e� invariant mass distribution if R� 1 < 6 TeV.

Fig. 3. Left: Five sigma discovery limit of the Z KK
1 / 
 KK

1 in the M1 TeV � 1 Extra
Dimensional model. The x-axis is the compacti�cation scale and the y-axis is
the integrated luminosity needed to reach a 5� discovery [7, 10]. Right: Invariant
transverse mass distribution of e� , for the M1 model, for di�erent values of the
compacti�cation scale (R� 1) [16]. The histograms are normalized to 100 fb� 1.

ATLAS results for pp ! Z KK
1 =
 KK

1 ! ll ( l = e; � ) [15]: ATLAS also
performed a detailed study of the leptonic signatures from the production
of Z KK

1 =
 KK
1 . The production and decay of the �rst excitations were fully

simulated and the resulting particles were passed through aparameterized
simulation of the ATLAS detector. The 5 sigma signi�cance expression used
to compute the results is the following:

S =
S � B
p

B
> 5 with S > 10: (2.3)
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The results show that with an integrated luminosity of 100 fb� 1, ATLAS will
be able to detect a peak in the lepton�lepton invariant mass if
R� 1 < 5.8 TeV.
ATLAS results for pp ! W KK

1 ! �l [16]: The selection cuts to search for
the decay of the �rst KK excitation of the W into � l consist of requiring one
high pT and isolated lepton (> 200 GeV) uniquely identi�ed as an electron
or muon. The events are also characterized by a high transverse momentum
imbalance. The invariant mass of the pair (l; � ) should be larger than 1 TeV.
A jet veto algorithm is also applied. The irreducible background is the SM
production of W ! � l ; other backgrounds also considered in the analysis
but successfully suppressed werett; W W; ZZ and W Z . The 5� signi�cance
expression used to compute the discovery limit is the one given in Eq. (2.3)
with at least 10 events summed over the two lepton �avors. Fig. 3 (right)
shows the invariant transverse mass distribution of e� , for the M1 model [16],
for di�erent values of R� 1. The histograms are normalized to 100 fb� 1. It
is found that with an integrated luminosity of 100 fb� 1 the ATLAS detector
will be able to detect a peak in the lepton-neutrino invariant transverse mass
if R� 1 < 6 TeV.
ATLAS results for pp ! gKK

1 ! bb; tt [17]: The presence of gluon excita-
tions (gKK

1 ) is detected by analyzing deviations in the dijet cross-section.
An alternative proposal by ATLAS is detecting gKK

1 by analyzing its decays
to heavy quarks. The two b's �nal state topology is selected requesting two
b-tagged jets with pb

T cut which is a function of the m(gKK
1 ). In the case

of the gKK
1 decaying into two tops, one top is forced to follow a leptonic

decay. Therefore the selection criteria request a lepton with pl
T > 25 GeV,

E miss
T > 25 GeV, and two b-tagged jets (from the decay of the second top)

with a given angular separation and apb
T cut which is a function of the

m(gKK
1 ). The SM backgrounds taken into account werebb, tt, 2 jets and

W + jets. The fast simulation and reconstruction programs of ATLAS were
used to perform the analysis. The best discovery potential is achieved with
the tt channel and corresponds toR� 1 = 3 :3 TeV for 300 fb� 1 of accumu-
lated data. Although this limit cannot compete with the dije t channel, the
decay into two tops could be used to con�rm the presence of agKK

1 in case
that an excess of events is observed in the dijet channel.

2.5. Universal extra dimensions

CMS results for
pp ! gKK

1 gKK
1 =QKK

1 QKK
1 =gKK

1 QKK
1 ! 4l + m jets + 2
 KK

1 [18]: The �nal
state consists of four lowpT isolated leptons (two pairs of opposite sign
same �avor leptons), am number of jets and missing transverse energy from
the two undetected 
 KK

1 . To improve the background rejection over the sig-
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nal b-tagging andZ -tagging vetoes are applied. The irreducible backgrounds
are tt + m jets, 4b, ZZ and Zbb. A study at the parton level indicated that
other backgrounds, such asttbb; Zcc; Zcc+ m jets and W W Z , either have
negligible cross-sections or can be suppressed by basic kinematical cuts. The
discovery sensitivity for di�erent values of R� 1 and di�erent luminosities is
shown in Fig. 4 (left).

Fig. 4. Left: Required luminosity for a 5� discovery in CMS of UED signals in
the 4 leptons channel [18]. The systematic uncertainty corresponds to the level
of 10�30 fb� 1. Additional systematic uncertainties expected in the init ial phase
(< 1 fb� 1) are not included. Right: Variation of the signi�cance of th e signal from
fat brane scenarios as a function of the mass of the �rst KK excitation state for
100 fb� 1 [19].

ATLAS results for
pp ! gKK

1 gKK
1 =QKK

1 QKK
1 =gKK

1 QKK
1 ! 2 jets + 2GKK [19]: the topology of

these processes from fat brane scenarios, consists of two back-to-back ener-
getic jets and large missing transverse energy from the undetected gravitons
( > 775 GeV). To improve the signal to background ratio a veto on isolated
leptons is applied. The irreducible SM backgrounds areZ (! �� )jj and
W (! l� )jj . The signal and background were generated with PYTHIA [20],
which does not generate the two jets from matrix element calculations but
with initial and �nal state QCD radiation and parton showeri ng. Therefore
the results contain a systematic error due to this approximation. The gener-
ated events were further processed by the fast simulation and reconstruction
programs of the ATLAS detector. The cascade decays were suppressed. On
the other hand, the second KK level is suppressed by kinematics and the
proton top �avor content ignored. The 5 � discovery reach in ATLAS for
100 fb� 1 is shown in Fig. 4 (right).
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3. Extra gauge bosons ( Z 0, W 0)

CMS results for pp ! Z 0 ! �� [7, 21]: the selection cuts to discriminate
the signal from the background look for two opposite sign muons. The energy
associated to the muon candidates is corrected for electromagnetic processes.
The irreducible background isZ ! �� . Other backgrounds areZZ , W Z ,
W W , tt at the level of few % of the Drell�Yan and further suppressed with
selection cuts. Other potential backgrounds like cosmic, jet�jet, W �jet,
bb, hadron punch through and poorly measuredZ ! �� , have not been
studied yet. Authors claim that they will be also negligible compared to
Drell�Yan. The signal and backgrounds were generated including the full

 � =Z=Z0 interference. Exotics decays are closed. The generated events
were further processed by the full simulation and reconstruction programs
of CMS including low (5 events) and high (25 events) luminosity pile-up. The
studied systematic uncertainties include theoretical andmuon and tracker
misalignment uncertainties. Fig. 5 (left) shows the integrated luminosity
needed to discover with a 5� signi�cance severalZ 0 masses from di�erent
Extra Gauge Bosons models. The signi�cance calculation was done with the
likelihood-ratio-based test statistics (unbinned) givenby:

SL =
p

2 ln(L S+ B =L B ) > 5; (3.1)

where L S+ B and L B are the maximum likelihood value obtained in the full
S+ B and B unbinned maximum likelihood �t, respectively. Without tak ing
into account systematic uncertainties, an integrated luminosity < 0:1 fb� 1

Fig. 5. Integrated luminosity needed to discover with a 5� signi�cance severalZ 0

masses (in the two muons [7,21] and two electrons [7,10] channels respectively) for
di�erent heavy bosons theories in GUT; ZSSM is the Sequential Standard Model;
ZLRM and ZALRM arise in the framework of Left�Right and Alter native Left�
Right models. Symbols indicate fully-simulated-reconstructed mass-luminosity
points, while lines are interpolations.
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and non optimal alignment of the tracker and muon detectors,is enough to
discover aZ 0 of 1 TeV (� 50% less data is needed to reach the same signal
signi�cance if the optimal alignment is achieved). Ten fb� 1 is su�cient
to reach 5� signi�cance at � 3 TeV for most (but not all) the Z 0 models
considered if the optimal alignment is achieved. Finally, 100 fb� 1 does not
allow to obtain 5� signi�cance at � 5 TeV with only the Z ! �� channel
for any of the models considered. The mass reach is between 3.9 TeV and
4.9 TeV.
CMS results for pp ! Z 0 ! ee [7, 10]: this analysis is the same as the
one described in Sec. 2.4 (CMS results forpp ! Z KK

1 =
 KK
1 ! ee). Fig. 5

(right) shows the integrated luminosity needed to discoverwith a 5� signif-
icance severalZ 0 masses from di�erent Extra Gauge Bosons models. The
signi�cance is calculated according to Eq. (2.2).
CMS results for pp ! W 0 ! �� [7,22]: the topology of this process con-
sists of an isolated and well identi�ed muon with high pT . The analysis
was done at low luminosity with � 3 pile up events, using full simulation
and reconstruction. CMS looks for charged spin-1W 0 from the Reference
Model by Altarelli [23]. The irreducible background is W ! �� . Other
backgrounds also studied areZ ! ��; W W; ZW and tt. Such a boson
is expected to be discovered, if exists, with a mass up to 4.6 TeV for an
integrated luminosity of 10 fb� 1. The range can be expanded to 6.1 TeV for
300 fb� 1 as shown in Fig. 6 (left). If no signs for a newW 0 boson appears,
95% C.L. exclusion limits of 4.7 TeV and 6.2 TeV can be set, respectively.

Fig. 6. Left: Integrated luminosity needed to discover with a 5� signi�cance several
W 0 masses within the Reference Model by Altarelli [7, 22]. Right: Region in the
plane (c = k=MPl ; m(GKK

1 )) where RSGKK
1 can be distinguished fromZ 0 with 2 �

signi�cance if one treats the two spin hypothesis symmetrically. The region which
can be probed lies to the left of the lines [7].
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4. How to discriminate between models

Once a resonance is discovered in the detector, the study of the angular
distributions and the Forward�Backward asymmetry ( AFB ) provides a way
to investigate the nature of the new particles as it will be described in the
following. In this section only the CMS discrimination method [7] is pre-
sented, but in Ref. [15] a complete description of the ATLAS discrimination
method can be found.

In order to distinguish the spins of a spin-1Z 0 boson and a spin-2 gravi-
tons in a dilepton decay mode, CMS considers a unbinned likelihood ratio
statistics incorporating the angles of the decay products as described in [24].
The statistical interpretation of this statistics is discussed in detail in [25],
which also considers the possibility of spin 0. The method has been ap-
plied to fully-reconstructed Z 0 and RS gravitons. Details of the simulation,
trigger and reconstruction are given in [7]. Fig. 6 (right) shows the region
in the plane (c = k=MPl , RS graviton mass) in which RS gravitons can be
distinguished from Z 0 with 2� signi�cance if one treats two spin hypothesis
symmetrically for a few representative values of the integrated luminosity.
The results shown in the �gure correspond to the long term misalignment
scenario and theZ 0 production cross section is assumed to be equal to that
of the RS graviton with the given c value. Since the production cross sec-
tion falls rather steeply with mass, the integrated luminosity needed for
spin discrimination increases with mass. For RS gravitons the production
cross section scales withc2, therefore, the integrated luminosity required
for spin discrimination quickly increases asc gets smaller, and so does the
number of signal events, because the larger background contamination. As
discussed in [25], discriminating either spin-1 or spin-2 from spin-0 requires
signi�cantly more events than discriminating spin-2 from spin-1.

5. Conclusions

This conference report compiles the most recent results, from the exper-
imental (simulation) point of view, on Extra Dimensions and Extra Gauge
Bosons theories. In particular, the CMS and the ATLAS Collaborations
analyses have been considered here. Almost all the analyseshave included
theoretical and experimental systematic errors in the discussion of the �nal
results. The center of mass energy considered has been 14 TeVwith low
and/or high luminosity scenarios. In general, the �rst year of data taking at
high luminosity will allow discovering BSM signatures up to few TeV with
a 5� signi�cance. The conference report also addresses an extremely im-
portant subject: once a signature is discovered in the detector, what is the
theoretical model that better �ts the experimental data. It has been demon-
strated that through the study of the angular distributions , the nature of
the new particles can be disentangled.
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