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Abstract

To explain the large di erence betweenthe Planck scaleand the electroweak scale, models
in which gravity propagatesin more than four dimensions have recertly been proposed. In
this paper, results from seartiesfor extra dimensionsat the Tevatron pp collider are presened.
Limits are set on the higher dimensional Planck scale,and expectations for the LHC pp collider
are given.

1 Intro duction

Precisiontests have shonvn a remarkable agreemen betweenexperimental data and predictions from
the Standard Model, especially in the electroveak sector [1]. Howewer, the Standard Model does
not explain the huge value of the Planck scale(Mp|) with respect to the electrowveak scale(Mgw ):
Mp=Mgw  10%. It hasrecerlly been pointed out that this hierarchy problem can be solved if
gravity propagatesin more dimensionsthan the Standard Model particles.

Arkani-Hamed, Dimopoulos and Dvali (ADD) proposeda model [2] in which gravity propagates
freely in n extra, compact spatial dimensions. In their model, the electroveak scaleis the only
fundamenal scale,and the apparert large Planck scalefollows directly from the existenceof extra
dimensions. From a generalization of the gravitational potential in 4 + n dimensions,they nd for
the radius R of these extra dimensions: R MAS(M p1=M )%™, where M g is the fundamertal scale
in 4+ n dimensions, and Mp, is the apparert 4-dimensional Planck scale. Taking Ms ' Megw,
R'" I1mmforn=2andR. 1nmforn 3. It is remarkable that from direct gravitational
measuremelrs, only n 2 has beenexcluded at presen [3]. Note that in the ADD approad, the
size of the extra dimensionsis \large" with respect to 1=Mgy .

Randall and Sundrum (RS) proposea 5-dimensionalmodel [4] in which the 4-dimensionalmetric
is multiplied by an exponertial \warp" factor e % | where k is the 5-dimensional Planck scale.
The fth dimension appearsasa nite interval O whosesizeis given by r.. Evenif r¢ is
small, a large hierarchy can be generatedby this exponertial factor. In other words, the size of the
extra dimensionin the RS model is relatively small comparedto the size of the extra dimensionsin
the ADD approad.

In both models, e ects of the extra dimensionscould becomevisible in collider experiments at
the TeV scale.

IPreserted at the International Europhysics Conferenceon High Energy Physics, Aachen, Germany, July 2003.



1.1 Exp erimental Signatures

In hadron-hadron collisions, real gravitons can be produced in assaiation with a jet or a photon
[5]. The graviton propagatesin the extra dimensionsand is therefore invisible in a detector. It will
manifest itself as missing transverseenergy (Er).

Virtual graviton exchangewill modify the crosssection for di-lepton and di-photon production.
The exact experimental obsenation is dierent for the two models. In the RS model, the size of
the extra dimension is small and thus the separation betweenthe Kaluza-Klein modes (quantized
energy levelsin the nite extra dimension) of the graviton is large. Therefore, the graviton will be
producedresonartly. However, in the ADD model the separationbetweenthe graviton Kaluza-Klein
modesis small (as small as 2 keV for n = 4 [5]) due to the size of the extra dimensions. This will
lead to an overall modi cation of the crosssection at high di-lepton or di-photon invariant mass.

The crosssection for di-lepton or di-photon production in the presenceof extra dimensionscan
be written as

d2
dM dcos
with ¢ =F :Mg‘. The parameter M is the invariant massof the two particles and s the scattering
angle in the certre-of-mass frame. The term fgy describesthe Standard Model crosssection, f iy
the interferenceof the graviton-induced amplitude with that of the Standard Model processesand
fkk describesthe pure graviton exdiangeterm. Dierent formalisms exist for the dimensionless
parameter F :
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F = %M A (HLZ [6]); (3

F =22 2 (Hewett [7]): (4)

In the remainder of this paper, experimertal seardiesfor graviton emissionand exchange at the
Tevatron pp collider will be preserted. During Run I, the pp cerre-of-mass energy was 1.8 TeV
whereasduring the ongoing Run I1l, it has beenincreasedto 1:96 TeV, with higher instantaneous
awd integrated luminosities. In addition, a brief overview of prospects at the LHC pp collider

s = 14 Te&V) is given. This is discussedin more detail in [8].

2 Experimental Results

2.1 Graviton Emission in the ADD Mo del

The CDF collaboration has searted for graviton emissionin the jets + Er channel, basedon an
integrated luminosity of 84 pb ! collected during Run I. The main badground in this channel is
Z + jets production, wherethe Z bosondecays invisibly in a neutrino-antineutrino pair. As can be
seenfrom the Et distribution in Fig. 1, the data agreewell with expectation in the absenceof extra
dimensions.

This leads to lower limits on Mg of 1 TeV, 770GeV, 710GeV for n = 2; 4; 6, respectively’.
Theseresults are very similar to the previously establishedD limits in this channel [10]. A similar

2All limits are given at 95% con dence level.



Figure 1: Distribution of Et in jets + Et everts in CDF Run | data.

seard by the CDF collaboration in the + Er channel givesno excessabove the expectation from
the Standard Model and thus lower limits on Mg of 549 GeV, 581 GeV, 602 GeV for n = 4; 6; 8,
respectively. The sensitivity in the jets + Er sampleis higher due to the larger crosssection.

At the LHC, with 100fb ! of integrated luminosity, discovery of extra dimensionsin the jets + Er
channel is possibleup to high massscales. As showvn by the ATLAS collaboration [8], signi cant
signalscan be found up to valuesof Mg of 9.1 TeV, 7.0 TeV, 6.0 TeV for n = 2; 3; 4.

2.2 Graviton Exchange in the ADD Mo del

Both the CDF and D collaborations have searted for virtual graviton exdange in the ADD
model. CDF analyzedthe invariant massspectrum of photon pairs from an integrated luminosity of
approximately 95pb !, collectedduring Run I. The selectedsampleagreeswell with the expectation
from Standard Model induced di-photon production and from misidentied di-photon events. A
similar agreememn was found in a di-electron sample, leading to lower limits on Mg in the Hewett
corvertion (seeEq. (4)) givenin Table 1.

The D collaboration presered results on di-muon everts in 30 pb ! of integrated luminosity
in Run II. Background to graviton exdange in this decay mode is mainly causedby Standard
Model di-muon production, estimated from a Monte Carlo simulation, and by heavy quark decay,
estimated from the data itself. Similarly, di-photon and di-electron everts were studied in 120pb !
of integrated luminosity in Run Il. Background from Standard Model di-photon and di-electron
production was estimated from Monte Carlo simulations, and badkground from misidertied QCD
events was derived from the data sample. In both channels, a good agreemen between data and
badkground estimates was obsened in distributions of both the invariant massand the scattering
angle.



= 1 = +1

ee 826 808
899 797
di-EM 939 853

Table 1: Lower limits on Mg in GeV (Hewett corvertion) in the di-electron, di-photon and conbined
samplesfrom CDF Run I.

GRW HLZ Hewett
n=2 n=7 = +1

d-EM 128 142 1.01 1.14
0.79 0.68 0.63 0.71

Table 2: Lower limits on Mg in TeV in the combined di-electron and di-photon sample and in the
di-muon samplefrom D Run |l data.

A 10-15% higher sensitivity to graviton exdange is expected from tting the data in the M
versuscos plane [9] instead of in M only. This is illustrated in Fig. 2. In the di-muon sample,
such a two-dimensional t (seeEq. (1)) vields ¢ = 0:02 1.:35TeV 4 and in the combined di-
photon, di-electron sample ¢ = 0:0 0:15TeV 4. This translates into lower limits on Mg given in
Table 2.

2.3 Graviton Resonance Pro duction in the RS Mo del

The CDF collaboration has performed a seart for graviton resonanceproduction in the di-muon
and di-electron deca channels, using an integrated luminosity of 72 pb * collected during Run 1.

The invariant massdistribution found in this data in both channelsagreeswell with the expectation

from the Standard Model, as shown in Fig. 3 for the di-electron channel. This leadsto lower limits

on the RS graviton, givenin Table 3. The ATLAS collaboration expects a sensitivity up to a mass
of 2 TeV in 100fb ! of integrated luminosity at the LHC [8].

ee combined
535 370 550

Table 3: Lower limits on RS graviton massin GeV for k=Mp, = 0:1, in the di-electron and di-muon
channels,and combined, from CDF Run Il data.
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Figure 2: Distributions of invariant mass of electron and photon pairs versus scattering angle in
D Run Il data for (top-left) Standard Model expectation, (top-right) data, (bottom-left) Standard
Model plus an extra dimensionssignal, and (bottom-right) QCD badkground.
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Figure 3: Invariant massdistribution of electron pairs in CDF Run |1 data.



3 Conclusion and Outlo ok

To explain the large di erence betweenthe Planck scale and the electronveak scale, models have
been proposedin which gravity propagatesin more than four dimensions. The e ects of these
higher dimensional models were searded for at the Tevatron, and were not found, yet. Lower limits
on the higher dimensional Planck scalewere set, reaching over 1 TéV in current Tevatron Run Il
data. The combined di-photon and di-electron sampleof D  provides the most stringent limits on
the ADD model. In the near future, more data from Run |l at the Tevatron will becomeavailable,
increasing the sensitivity to extra dimensions. After 2007, the experiments at the LHC will take
over and explore and possibly discover extra dimensionsup to multi-T e/ scales.
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