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Abstract. Modelsin which gravity and/orStandardVlodel gaugebosonspropagatén morethan

threespatialdimensionshave implicationsthat canbe testedat currentcolliders. In this paper we

reporton theresultsfrom searchesor extra dimensionsatthetwo TevatronexperimentsCDF and

D@, which utilize upto 200pb~* of pp collision datafrom Runll takenat /s = 1.96TeV between
spring2002andfall 2003.

INTRODUCTION

ThehierarchyproblembetweerthePlanckscale(Mp) andtheelectraveakscale(Mg,,,)

(10 hasmotivatedanumberof extensiongo the StandardModel (SM) [1]. Modelsin
which particlescanpropagaten additionalspatialdimensionshave beenproposed?].
In the modelproposedy Arkani-Hamed,DimopoulosandDvali (ADD) [3], SM par
ticles are confinedon to a spatial3-D membraneand gravity is allowedto propagate
in the n extra dimensiongED). In the (4+n)-D world which correspondso the funda-
mentalPlanckscale, Mg (sometimescalled asthe string scale),gravity is asstrongas
othergaugeforces,however, it is weakin the Planckscale(My, ~10° TeV) in 4-D.
The relation betweenthe two Planckscalesis governedthroughthe size of the extra
dimensionR(MFz,, ~ R”Mg+2). Large extradimensiongLED) is satisfiedby the ADD
model.AssumingMg is nearthe TeV range,R becomesslarge as~10'8 km, whichis
alreadyruled out by the classicaldescriptionof gravitationalforce. The LED arecom-
pactifiedandthe gravitationalfield in the (4+n)-D spacecanberepresenteth seriesof
Kaluza-Klein(KK) towers.

Randalland Sundrum(RS) proposea non-factorizablegeometryin 5-D spaceo ad-
dresseshe hierarchyproblem.The extra dimensionis warpedby anexponentiafactor
exp(—2kre@), wherek is the curvaturescaleandr. is the size of the 5th dimension4]
and the model predictsgraviton resonancesThe propertiesof the RS Kaluza-Klein
statesareusuallyexpressedn termsof adimensionlessouplingparameterc = k/M, ,
the relative strengthof k to the effective Planckscale.A third model, TeV-1 ED, is
proposedo achieve gaugecoupling unification at a scalemuch lower thanthe GUT
scale[5, 6]. In this model, matterresideson a p-brane(p > 3), with chiral fermions
confinedto the ordinary3-D world and SM gaugebosonsalsopropagatingn the extra
dimensionsall of which areinternalto the p-brane.The SM gaugebosonghat propa-



TABLE 1. Summaryof Tevatronsearchesliscussedn the
paper

Signature | Mode
Graviton emission | jets+ By | ADD

Graviton exchange | dilepton,diphoton| ADD, RS

Gaugebosonexchange| dielectron | Tev-1ED

gatein theED areequivalentto n KK towerswith massed/, = /M3 +n?/RZ, whereR

is the sizeof the compactdimensionof the compactificatiorscale M, andR = Mgl.

The existenceof extra dimensionscan manifestitself in pp collisions through ex-
change®f KK towersof gravitonsyielding difermionor dibosonfinal statesor through
productionof real gravitons alongwith a recoiledphotonor jet yielding a high unbal-
ancedtrans\erseenegy (ET) dueto the missinggraviton. The CDF [7] and DD [8]
experimentsof Tevatron Run Il [9] have searchedor ED modelsusing up to about
200 pb~! of pp collisions at /s = 1.96 TeV collectedbetweenspring 2002 and falll
2003. Table 1 outlinesthe signaturesand the modelsprobedat the Tevatron for the
abore-mentionediata-takingperiod.

GRAVITON EXCHANGE SEARCHES

ADD Virtual Graviton Exchange

In the ADD model,the separatiorbetweenthe KK towers of the graviton is small
dueto the large size of the extra dimensions.The SM diphoton productionand the
Drell-Yan pair productionof leptonsare modifiedin the existenceof a KK exchange
throughtheinterferenceermsresultingin a continuummassspectrum(Figurel1). The
effect of KK exchanges expressedhroughan “effective” crosssectionparameterized
by asinglevariable,ng = ﬁ/M‘S‘, where.# is adimensionlesparametethatreflects
thedependencen the numberof extra dimensionsThe effective crosssectionis linear
in ng for theinterferencéermandquadratian n for the puregraviton exchangeterm.
Differentformalismsexist for interpretingthe effectsof LED through.# [10, 11, 12].
Thesearelistedin Eq. (1).

(GRW),
Z = { logs),(n=2), 2, (n>2) (HLZ), (0
A2 (Hewett).

Both CDFandD@ experimenthave searchedor thelargeED signalin thevirtual gravi-
ton exchangemode.The D@ experiments most sensitve channelis “diEM" sample,
whichis acombinationof dielectronanddiphotonchannelgo maximizedetectioneffi-
cieng/ [13]. The basicselectionrequirementsaretwo electromagneti€EM) objectsin



TABLE2. 95%C.L.lowerlimits onMgin TeV for LED with the200pb~! D@ Runl!
diEM sampleandthe combinedimits for Runl andlil.

GRW HLZ Hewett
n=2 n=3 n=4 n=5 n=6 n=7 A=+1
Runll 136 156 161 136 1.23 1.14 1.08 1.22

Runl+ll, combined 143 167 170 143 129 120 114 1.28

thecalorimeteE; > 25GeV)with trackisolation.OneEM objectis central(|n| <1.1),
theothercanbecentralor in theend-capcalorimeter(1.5< |n| < 2.4). Themainback-
groundcontributionsto theanalysisareSM Drell-Yananddiphotonproductionandone
or morejets misidentifiedasan EM object(instrumentabackground)The systematic
uncertaintyfor the backgrounds 7—20%,dominatedby the statisticaland systematic
uncertaintie®f theinstrumentabackgroundThesignalsystematiaincertaintyis 12%,
which includeserrorson signalacceptancandefficiency, choiceof partondistribution
functions(PDF) andthe higher order correctionfactor K, (=1.3). The uncertaintyis
dominatedoy the 10%erroron the K;. The D@ diEM invariantmassspectrunfor the
candidatesventsin dataandits comparisorwith the predictedbackgrounds shavn in
Figurel. Similarcomparisorior thediEM cosB* distribution,wheref8* is thescattering
anglein thecenterof-masdrame,is alsoshavn in thesamefigure. Thedataagreeswith
thebackgroundxpectation.

D@ employs asearchstratgy which involvesa 2-D fit to theinvariantmassand(un-
signed)cosf* spectraUsing a Bayesianik elihoodfitting technique 95% Confidence
Level (C.L.) lower limits on the effective crosssectionparametern, are placedand
translatedonto lower limits on Mg. The resultsof the D@ searchesisingdiEM chan-
nel arelistedin Table2. A combinationwith the Run| [14] analysisresultgiveslower
boundson Mg ashighas1.43TeV (GRW).

D@ hasalsoresultsfrom thedielectronanddimuonchannelsywherebothchannelsise
thesamdimit settingtechniqueasin thediEM channelThedielectronchannekelection
requirementsare similar to the diEM analysiswith the exceptionof a modificationto
allow for atleastoneEM clusterto have a matchingtrackandthetrackingisolationcut
isremovedto increaseefficiency [15]. Thelowerlimit obtainedusingdielectronchannel
is 1.11TeV in the GRW formalism.The LED virtual effectsin the dimuonchannelis
searchedusing 100 pb ! data[16]. An upperlimit of 0.88 TeV is placedon Mg in
the GRW formalism.The dileptonLED resultsfrom the D@ experimentis outlinedin
Table4.

The CDF experimenthas also searchedor a LED signalin the dielectronchan-
nel using 200 pb~! of data[17]. The requirementsn the analysisare two electrons
(E; > 25GeV),isolatedin the calorimeteywith atleastoneelectronmatchedo atrack
andpresenin thecentralcalorimeter(|n| <1.0). Theseconcelectroncanalsobein the
plug calorimeter(1.0 < |n| <3.0). The mainbackgroundso CDF dielectronsignalare
from the Drell-Yan processand from misidentifiedelectronsin QCD multijet events.
OtherSM processesBk e dibosonandtt productionarealsotakeninto accountalthough
their contribution for the high masssearchregion is negligible. The comparisorof the
obsenred dielectroninvariantmassspectrumto the predictedbackgrounds showvn in



TABLE 3. 95% C.L. lower limits on Mg in TeV for LED
modelwith 200 pb~1 CDF dielectronsample.

GRW HLZ Hewett
n=3 n=4 n=5 n=6 n=7 A=-1 A=+1

111 1.17 0.99 089 0.83 0.79 0.99 0.96

Figure2. The main sourcesf systematiaincertaintiesarechoiceof PDF, enegy scale
andresolutionfor the acceptancandefficiency, luminosity andbackgroundshapeand
normalizationerrors.The overall signaluncertaintyis about8%. The backgrounddue
to misidentifiedjets is about50%. In the absenceof an excessin the obsened data,
CDF proceeddo setlimits on Mg, usinga Bayesianbinnedlik elihoodmethodon the
dielectroninvariantmassspectrumThe 95% C.L. limits on s , wherethe corvention

iS Ng = Anenat/M3, areusedto constrainthe string scale.Table 3 summarize<CDF
dielectronlimit resultsfor M.

Gauge Boson Exchangein TeV—1 ED

The crosssectionfor Drell-Yan pair productionincluding TeV—1 ED effects from
the higherorderKK-statesof the SM gaugebosonsare parametrizedn a form similar
to that of LED effective crosssection,wherethe parameteiis n, = m/3M.? and
M is the compactificationscaleof the TeV! ED. D@ hassearchedor TeV ! ED
signaturesor thecaseof asingleED, using200pb—1 datain thedielectronchanne[15].
The analysisusesthe samedielectronsampleas the LED searchdescribedearliet
Figure2 showvs the dielectroncandidatesn the DG dataandthe predictedbackground.
Also shown in this figure is the effect of the TeV—1 ED signal for Ne =5.0 TeV—2.
Systematiauncertaintyon the signalis taken similar to the LED searchandis 12%.
A 10%systematiaincertaintyis estimatedor backgroundgrocessegjominatedoy the
uncertaintiesn theinstrumentabackgroundontribution. Limits on M. aresetusingthe
2-D fitting apparatuslevelopedfor LED searchyia areplacemenof ng with n.. The
lower limit onthe compactificatiorscaleis obtainedasM > 1.12TeV. The combined
indirectsearcHimit from LEPis M > 6.6 TeV andthegloballimit is M > 6.8 TeV at
95%C.L.[18].

RS Graviton Resonance Searches
The CDF experimenthassearchedor a RS graviton signalof the first excited state

in both dilepton and diphotonchannels. The dielectronsampleusedfor the search
is the sameasthe CDF LED search.The CDF searchfor RS graviton in the dimuon

1 As of writing this paper D@ presentedesultson RS graviton searchesn the diEM channelusing
200pb~1 data[19].



TABLE 4. 95%C.L. lower limits
on Mg in TeV for LED with D@ di-
electronanddimuonsample.

GRW

ee(200pb™1) 111
up (100pb~t)  0.88

channelis performedusing 200 pb~! data, similar to that of the dielectronchannel.
The muon pair selectionis basedon requiringtwo muonsisolatedin the calorimeter
(pr > 20 GeV/c). One muonshouldbe centralin the CDF detector(|n| < 1.0), the

othercanbe presentn the trackingregion, |[n| < 1.5. The backgroundsn the dimuon

channelaretheirreducibleDrell-Yan, misidentifiedjets andcosmicrays.Variousother
SM processearealsotakeninto accountascontributorsto thetotal backgroundasseen
in Figure 3. The figure shavs the comparisorof the obsened datato the background
estimategor the dimuonmassspectrum.The uncertaintyin the signalis about8% and

thebackgroundincertaintiemreestimatedo be 5% (directdimuonfinal statefrom SM

processesand20—-30%(fakesandcosmicrays).

CDF recentlyincreasedts sensitvity to RS gravitonswith the additionof thedipho-
ton channel[20]. The resultpresenteditilizes also 200 pb~1 dataandthe photonpair
candidategE; > 15 GeV, M, > 30 GeV/) areconstrainedo be central(|n| < 1.0)
andisolated.The mainbackgrounccontributionsarefrom SM hard-scatterediphoton
productionandfrom eventsin which oneor morejets canbe misidentifiedasa photon.
The total uncertaintyfor the signalis about15% andis 20—-25%for the background
dependingon the diphotonmass.The dominantuncertaintyin this analysisis from the
dependencef thejet backgroundntheselectiorrequirementsThe obsereddiphoton
spectrunis comparedo the predictionin Figure3.

TheCDFdilepton/diphotordatais in agreementvith the StandardModel predictions.
Thereforelimits areplacedon a RS graviton particleof thefirst excited state. The CDF
dileptonlimits are placedby a Bayesianbinnedlik elihood methodusingthe dilepton
invariantmassspectrum.The diphotonlimits are placedvia a Bayesiantechniqueas
a function of RS graviton referencemassesand using a 30 masswindow around
eachreferencemass.Table 5 summarizeghe CDF RS graviton searchresults.The
o - BRlimits areinterpretedaslimits on a spin-2resonancearticle,which arefurther
usedto constrainthe RS graviton massas a function of k/M,. The acceptancéimes
efficiengy of thediphotonchannels abouthalf of thatof theindividualdileptonchannels
(the total dielectronefficiengy to detecta 600 GeV/EZ RS graviton is about45%).
Thereforethe o - BR limits from the diphotonchannelis not assensitve for the same
luminosity[20]. Thestringentconstraintdo theRSgraviton parametespacas from the
diphotonchanneto whichthegraviton hastwice the BR ascomparedwith its individual
dileptondecays.
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FIGURE 1. D@ diEM massandcosf* spectrafor the candidatesn data(pointswith error bars),for
the misidentifiedjet background(filled histogram)andfor the total expectedbackgroundncluding the
SM predictions(solid line). In the massspectrumplot, the dashedine representshe effect of the LED
signalfor ng = 0.6 Tev™.

GRAVITON EMISSION SEARCHES

D@ hasanalyzed5 pb~! of Runll datato searchfor evidenceof a signalof LED with

graviton emissiorsignaturen jet(s)+ EET channe[21]. Theanalysisrequiresli-l- > 150
Ge\, a high p; leadingjet in the centralregion (p; > 150 GeV/c),no secondet with

pr > 50 GeV/c, no high p; leptonsin the event, and an angularseparatiorbetween
theleadingjet and ET (A®). Themain SM backgroundsomefrom Z+jets production
(throughinvisible decayf Z) anda smallercontribution from W+jetsproduction.The
dominatingbackgroundat low EET is misidentifiedQCD events.Figure 5 shaws the
total ET distribution before the secondjet and A® requirementsare appliedin the
analysisdata. The expectednumberof eventsis 100 &+ 6 (stat.) &= 8 (theory). The
currentresultis limited by the large Monte Carlo simulationand datajet enegy scale
uncertaintiesyhich yields uncertaintiesof 20% for the signal efficiency and +50%, -

30%for the backgroundorediction.Total signalefficiency is 5% and 63 eventsin data
are obsered. In the absenceof excessin datawith respectto the expectationsfrom

backgroungrocessedpwer limits on M areplacedusingthe LEP CLs approach22].

The correspondingupper limits on the numberof signal eventsis 84 event for an
expectedlimit of 111.4 (median)or 123.8+28 events(average)from ensembleests.
Figure6 shavsthelower limits on M, asafunctionof ny, togethemwith thelimits from

Runl CDF[23] (K; = 1.0)andRunl D@ [24] andthecurrentmoststringentimits from

LEP[25]. Oncetheuncertaintiesettled the analysiswill bemorecompetitve.
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FIGURE 2. The CDF (left) andD@ (right) dielectroninvariantmassspectra.The CDF data(points)
are comparedwith the total backgroundpredictions(solid line) from Drell-Yan (unfilled histogram),
multijet QCD backgrounddark) and various SM processesslisted (light). The D@ data(points) are
comparedwith the total predictedbackground(solid line) asthe sum of the instrumentalbackground
(filled histogram)andthe Drell-Yan backgroundThe plot on the right alsorepresentdeV-1 ED signal
contributionfor ne = 5.0 TeV—2 addedto the predictecbackgrounddashedine).
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FIGURE 3. ObsenredCDF dimuon(left) anddiphoton(right) massspectracomparedo the predicted
backgroundsslistedin thetext. The diphotonspectrumhasthreeeventsabove M, = 200 GeV/&; the
highestonebeingat 405GeV/c.

SUMMARY AND CONCLUSION

With the Tevatronandits detectorgperformingvery well, the CDF andD@ experiments
have analyzedlarge samplesof pp datataken since spring 2002. The experiments
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TABLES5. 95%C.L.upperlimits onog - BR(G—£T£~, yy)
andlower limits on Mg with 200 pb~! CDF dileptonand
diphotonsamplefor k/Mp, = 0.1.

ee up yy

0-BR(pb) (Mg > 600GeV/®) ~50 ~50 ~ 100
Mg (GeV/id) 620 605 675
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FIGURE 6. Lowerlimits on M, for variousnumberof extra dimensions, for D@ Runll (solidline),
D@ Runl (dashed-dottedlCDF Run| (dotted)andLEP (dashed).

are actively engagedn extra dimensionsearchesn dielectron,diphotonand dimuon
channelsaswell asjets+ EET channelNo evidenceof higherdimensionamodelshave
beenfoundyet. Preliminary95%C.L. limits have beenplacedontheparametespaceof
suchmodels.CurrentLED limits of the Tevatronexperimentsexceedpublishedlimits
of previous direct searchesThe collaborationsalso pioneerthe searchstratgies and
explorationof somemodels.Additional extra dimensionsignaturesarebeingexplored,
suchasy + E+. The sensitvity to ED searchewill increasewith more Run Il data.
Neartheendof thedecadeexperimentsaat LHC will exploreextradimensiormodelsup
to multi-TeV scaleg26]. In caseof no discovery, parametespacegor ED modelswill

begreatlyrestrainecandsomemodelswill possiblybecompletelyruledout.
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