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Introduction

Hierachy problem:large sepaation between:

2 weakinteractionscale:W mass» 100GeV

2 gravitationscale:PlankmassMp, ~ (Gg)i 2 » 10" GeV
Possibleappoach:exploitgeometryof space-time:
Postulatethat we livein 3-d "brane"emleddedn higherdimensionapace
Hierachyis generatedby geometrnyof extradimensiongED)
Possibilly that matterandnon-gravitationdbrcescon nedon 3-lraneandgraviy
propagateshroughhigherdimensionalolume("bulk™)
Sincewe do not observealeviationfrom Newton'sforce at a distancels mm
extra-dimensiomaustbe compacti edwith radiusR 55 mm
Numbker of perceivediimensiondegendson whethembservecanresolve

compacti catiorradiusR




Two ways of establishingpierachythroughextra-dimension:

2 ArkhaniAhmed Dimopulos,Dvali(ADD):
Trough"Large" °at extra-dimensionspmpacti econ torus.
2 Gravitationastrengthdilutedby volumeof n extradimensionsM 3, = M3*2R" with Mp scaleof
graviy in the bulk
2 To accountfor hierachy:Mp » 1 TeV) R A 1=TeV\Large"ED
2 EW measurementsst SM gauge eldsto distances 1=TeV

) SM eldslocalizedon a brane

2 RandalSundrumRS):
Througha curvedgeometryof the extra-dimension
2 Onlyoneextradimension

2 hierachyfrom expnentialwarp facta in nonfactaizablegeometryz,,= Mpei K¢

In both casesthe presencef compacti eddimensiongivesriseto a Kaluza-Kleiriower of excited
statesfor the gravitons:Manystrikingsignaturegredictedat Colliderdy thesemadels
ED theaieshaveemergedafter desigrof detectos completed idealway of verifyingrobustnesef

detecto for unfaeseersignatures




ADD: Loneringthe scaleof graviy

Consider single ED, compacti ed with X
periaicity R

Spacevaiablesare x; y; z andw.

Fr a eld A propagating in ED,
Aw) = Aw + R) .
A point massat w = O will appea as a

sequencef massewith spacingRk alongw

Calculatéhe gravitationaforce F felt by a unit massat a distance fromthe origin

Useof Gausslaw in n dimensionw/hichcanbe written as:
“Fdaz= S,G Menc

WhereS, isthe surfaceareaof a unit n-sphereM ¢nc is the massenclosedh the

Gaussianolumeand G, iIs the n-dimensiona\lewton'sconstant




Surfaceareaof unit sphere:
i iIsgammafunction:

S :%{}:ﬁ i(ni )=(ni Di(nj 1)
n i % i(l):l i(%):p74

Sy= 4Ys Sy= Y%

Z Fda= S;GMenc

Casel:r ¢ R) onlythemassat W = 0 contributedo the eld
Usingthe factthat F © F(r), and"da= r"i S,

. . z M
3 dimensions da=4%? ) F = G?’ﬁ

) RecoveNewton'daw
M

4 dimensions da= 2%2r2 | F = G4ﬁ
The form of Newton'daw is madi ed at shat distances

Shat-distanceexperimentcanin principleverifythis




Case2: r A R: masssourceappeas asa wirewith unifom massdensiy M =R
Cylindricabeometryfor calculatingeld at distance fromthe wireconsidern 4-d
cylindemwith sidelengthL andendcapscommsedof 3-d spheresf radiusr.

In 4-d: "da= 4%°L, Sy = 2%%, Menec = M (L=R). Substitutingnto Gaussheaem:
L 2v% 1
F4vi?L = 2Y3G4M — F=GM——
) GMp ) CM R
At largedistancesve recovethe 1=r? dependence.

Generalisinfp n spacedimensions:

S, Ghn M
2 | 3 ( | 3) —_— n n
“da= 4vg2LNi Menc= M (L=R)'"™ ) F = AR 372
ldentifyinghe n-dimensiondbrmulato Newton'daw with Gy~ Ga:
Sn Gn M M Sn Gn
= Gn— Gn =
wRvarz T Oz ) ON T

WhereV,; 3y = R" 3 isthe volumeof the (n j 3)-dimensionaompacti edspace
The strengthof the gravitationalnteractionasfelt at longdistancdGy ) is equalto

the strengthin n dimensiomilutedby the extradimensiowvolume




De nex” nj 3of previougerivationnumter of extra-dimensions

De nethe chaacteristiomassscalesMp; = (Gy)i 2 » 10° GeVand

We obtainthe reductionformula:

M B, = 8YR*M 5+

+
Assumaionvy Mp » 1 TeV:solvehierachyproblem t R(mm)
6
R» 10%7*3 Gevl) R » 16%4 6 mm 1 10
+ = 1 carespndsto astronomicatlistances:ex- 2 1
i 6
cluded 3 5£ 10
_ o , 4 10 @
+ = 2 at the limit of presenttestsof Newton'daw
5 10 10




Experimentatestsof Newton'daw

Cavendishype experimentausingtorsionpendulum
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Kaluza-Kleirtowers

Featuref compacti edextra-dimensiondueto periaicity conditionof eldsin
extradimensionA(y + 2n¥R) = A(y) wherey is extradimension
Spacingf Kaluza-Kleirstatescanbe understod with heuristicconsiderations
Standingnvavesn box:

2 Wavelengths suchasthesizel = 2¥R of the box is a multipleof |

2 Thewavenumlerk satis esk © 2=, = n=R with n integer

2 Energyis quantizece = hk
Compactdimensionsanbe assimilatedo a nite box.

2 Expectin compacti eddimensiompaticleswith massspectrumchaacteristiocof
standingwvaves).e. quantizedn unitsof 1=R

Theseoscillationsre calledKaluza-Kleinmodes




Caseof a singleED

Standad relativisticformulaE 2 = p2+ m3 reads:
E®= p®+ pg+ mg

Whereps is momentumn fth dimensionquantisedsps = hks = nh=R

Thusin centerof masgp = 0) oneobtainsthe follovingenergyspectrum:

2 223
5> _g_o N°h
E°=§mg+ Wﬁ

A 5-dimensionld isidenti edin 4 dimension a tower of paticlesregulaly
spacedn masssquaed,the gapbeingthe inversef the compactdimensiorsize

) For each eld propagatingn the bulk, with masamy, if mg ¢, 1=R in the theay
will appea anin nite sequencef stateswith masse4=R, 2=R, 3=R.....
Studywhether for the di®erentmplementationsf the modeltheseKK statescanbe

detectedat the LHC




ADD phenomenology

Two paametergle ningthe madel: numter of ED +, compacti catiorscaleM p

ED compacti edwith radiusR. connectedo + andMp by reductiorformula
M3 = 8YRIM5*

For Mp » TeV, ExtraDimension8Large" mms R. 5 fm for £ from2to 6
EW+strongforcestesteddonvnto 10 > mm: SM "elds con nedon a 3-rane) only
gravily probesexistencef ExtraDimensions

Graviy propagatesn bulk: K K tower of spin-2graviton elds

2 Equallyspacednassesvith my = r A2=RZ, wheren = (ny; ny; :::ny) labelsthe KK

excitationlevel

2 Couplingo the Standad Modelwith universatrengthM j,*

Two classesf possiblecollidersignaturesrealemissiomf KK gravitonsyirtual

gravitonexchange




Directgravitonproduction

Gravitoncouplingstrength» 1=M g but large number of accessiblEK mades
Spacingpf madesl=R, for = 2,Mp = 1 TeV,¢C mgk ¢ eV

In collidemprocesswith energye, (ERc)* massivé&KK madesaccessiblezor + = 2
andE = 1 TeV havelC(*® mades

Usingthe reductiorformula,sumoverall modesexactlycancels> 1-M | degendence
0 p — 14

1 S.”

bk

MZ °Mp

1 P__ ..
Yk » (SR
) Sizablecross-sectiofor processes:

gg! gG™: gg! ogG®™:;gg! gGW:4q! °GW

q 9 q q 9 9




DirectgravitonproductionanalysigATLAS)
DirectlyproducedG®) interactsweaklywith ordinay matterandgoesundetected
Signaturas large E+ from undetectedjraviton+ a highP+t jet or photon
Singlget analysisequiring:

2 EYf¥'> 1TeV,| jef < 25

Rs =14 TeV
W(en), j\W(m)

D jW(tn)
10°F iz

10" =

Events / 20 GeV

2 Veto leptons

2 Veto¢,! hadrons

== total background
104

E ® signal d=2 M, =4TeV
O signal d=2 M, =8TeV
A signal d=3 M, =5TeV
m signal d=4 M, =5TeV

Signal emergesfrom backgroundat
highE

103;

10°

Dominant SM  contribution IS
Z! ©°9+] jet

10 &
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E,miss (GeV)

Applystandad cut at E+ > 1 TeVto evaluatadiscoverypotential

E®ectivéow-energyheay: validupto Mp. Truncatecross-sectiowheng > M3




Signi cancdor j G production % L C ATLRAST _ch:;lgg
asa functionof EX* cut u

Smax = S:p B :

Smin = S=p ®B with®» 7, accounts - ALY

for the fact that the backgrounaali-
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Reachn Mp: Shax > 5, ., 100signalevents, EjT‘at >1 TeV
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100fbi 1 100fbi ! M is Mg belov which analysisresults not
2 7.7 9.1 » 4 reliable pecausdnigh-scal@hysica®ectsesults
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Virtual gravitonexchange

Exchangef a virtual gravitonsaltersthe crosssectionfor paticle pair production

I g

Mostpromisingchannelpp! G°! "*'i  pp! G°! °°
Interferencavith SM: e®ecpaametrizedn termsof ™ = M%‘
d% _ d¥am N

dMdcosf dMdcos)i
Sumovergravitonstatesdivergentassumeut-o®at M.

“fint(M;cosp +  “fxk (M:cosp)

Explicitform of F dependson (unknavn) quantumgraviy theay, perturbative
appoachno mae validwheng » M2

Gluon-gluomitial statecontributedo f ¢ ¢ for leptons




In conventiowhereF = 1, inde@ndentfrom numker of extra-dimensions:

Studyinvaiant massspectrumfor both =~ and®°, M-..~~ < 0:9M g (regulaization)

v [l
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Establishminimalcut on M-- .~ to optimizesensitivig
For 10(100)fbi *:
Ms> 51(67) TeV(°°) Mg> 54(70)TeV( ') Mg> 57(7:4) TeV (combined)

Reachdeendscruciallyon systematicontrolof m-- andm- at highmasses




Te\Vl 1 ExtraDimensions
Standad ADD madel:
EW precisiommeasuremerteést SM gauge eldsto distances 1=TeV) SM elds
cannot propagatan "Large" ED andare localizedon a brane
Variationon the maodel: \asymmetric"maodelswheredi®erentED havedi®erent

compacti catiorradii. Two typesof ED:
2 \large" ED whereonlygravily propagates
2 \small" (R » 1=TeV)extradimensionwhereboth graviy andSM elds propagate

This schemeouldbe picturedasa \thick" branein sidewihciSM elds propagate,
Immerseadn the usuallarge” ADD bulk

Variousmaodels,degendingon whichSM  elds propagatan the bulk:
2 Onlygauge elds: descrik it today

2 Both fermionandgauge elds (UED)




Generasignaturdor modelswith compacti edeD: regulaly spacedaluzaKlein

excitation®f elds propagatingn the bulk

KK massspectraandcouplinggivenby compacti catiorschemeandnumler of ED

In caseof one"small" ED with radiusR. = 1M
2 Excitationgquallyspacedvith masses:
MZ2=ME+ n°M2
2 Couplinggqualto g 2£ gaugecouplings

Minimumexcitationmasscompatiblevith EW precisiormeasurement TeV

Consideexcitationdor all SM bosons:
2 7=°, discoverghanneldecg into "* i
2 W, discoverghanneldec® into ©

2 gluon,width» 2®M (g"), di+cult to observaboveQCDbackground




Minimumexcitationmassconsideredd TeV: naturalwidth

» 2£ (W) £ (M=100)GeW 200GeV
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neededslongas¥(E )=E better better than 2-3%.
Experimentalidth dominatesgor t 11 ) usemuonsonlyfor discoverynot for

measurements
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. ———1———— Analysigequirements:
—  M_=4TeV

----- Drell-Yan

2 Two leptonswith P; > 20GeVin| j < 25

---------- t WW WZ 2Z

2 m->1TeV

Reducibldackgrounddt, WwW, WZ, ZZ
For m(e*e' ) > 1000GeV» 60 backgroun@vents

Observehaacteristicdepletionw.r.t Drell-Yan due

to interference®ects
00

I | ¢ HE | | | | | ””

2000 4000
m, (GeV)

Resonancmcludesxcitationof both © andZ, two resonancesannot be resolved

()]
O L

Evaluatenumber of eventan peakasa functionof massof rst excitation(M k)
RequireS:p B > 5and> 10eventsn peak,summedvertwo lepton°avours
ReacHor 100fbi 1 » 5:8 TeV

In no caseseconKK peakobservable




DataanalysisW

en-M_=4TeV
. . . _ T T T ]
Analysigequirements: 102 . N
2 Oneleptonwith P; > 200GeVinj j < 2.5 R L Top .
o 10 _ Electrons —
2 Er > 200GeV S -
> - _
2 mr(°)) > 1TeV = E
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If no newphysic$H00eventsfrom o®-shell :: _
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Reducibldackgroundsonsideredit; WW; ZZ

For m(°) > 1TeV» 75backgroun@gventsdominatecoy WW andWZ

With maderatejet vetoat 100GeV,backgroundeducedo » 20eventsput biasfor
studyof Jacobiarsha

Reachor 100fbi 11 » 5:8 TeV




Evenif no eventan peak,canobservalepletionn invaiant (transversejnass

distributiono®-@ak
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Counteventswith resgctively:1000< M- < 2500GeV(Z=°)
1000< Mt < 2500GeV(W)

Require{N (Mo i N(SM))= N(SM) > 5 (two lepton°avours)
Reachfor 100fbi 1 » 8 TeVfor Z=°, » 9 TeVfor W

Deviationfrom SM at sensitivig limit: » 15%) needsystematicontrolon DY




If z(W=>W) gbservedstudydistributionof pola anglecogt® for M (Z1) = 4 TeVand

di®erentnodels:

10

i Z(l)

m

i

| HM |

10

7.5

;Z(l), model

il

w

0
-1 -05 0 05 1

2 AlternativeZ Y madel

2 Z%moaodelwith Standad Model couplings 10
2 Gravitonexchangevith G°! ¢g'e

TroughKolmogoov test studydiscriminatiopower:

RejectZ ° hypothesisat 95%CL in 52%of cases 0 i

15;"" T 6
l t
0.5 N
gg5 G
0 Ll ‘ Ll ‘ L1l ‘ L1

RejectG” ! e'e hypothesisat 95%CL in 94%o0f

casSes




KK excitation®f the gluon

Requiranothird jet with Pt abovel00GeV

T T T T T T T T T | T T T T E . .
102 4 Large deviationfrom SM QCD spectrum,
0 Py 4 but
g 1_1? E Needto understandhowv well we know jet
210 & E
2, 2 E pr spectrum:
E 4F -
gl & s 2 PDF uncertainites
10" L %
105k 2 NLOcarections
3 E
6 _
10 ol b I I I
000 5000 3000 2000 2 Detecto lineaity at highpr.....
pt(jet 1)

Alsoneedto studyif peakfrom s-channedj* exchangeanbe seermabovesmath
SM+KK background

Dizxcult dueto largewidth of resonancesnd complexnulti-resonancgattern




Randall-Sundrumodel

y coordinayte

Oneadditionadimensiom whichgravily propagates

ED compacti ecbn S'=Z, (circlefoldedonitself” orbifold)

y=pr

Two branesat extremalaluesof compacti cation: .
y coordinate: ED| _—~

/

2 Tev-banewhereSM elds (us) constrained y=0 Standard Mode

Gravity

2 Planckbrane:y=0, wheregraviy localized y=pr

Metric for this scenao is non-factozable:

ds? = @ Y, dx dx | dy?; (1)
Exponentialterm: "warp facta". Parameterk of orderPlanckscalegovernsurvature
of space
Consistencygf low energytheay: k=M p; 5 0:1 withMp = M p|:p 8vu= 24£ 108

beingthe reduced!-d Planckscale.




Write actionfor gravitationaleld in 4-d e®ectivéheay (like it wasdonefor ADD),

obtainform for 5-dimfundamentascaleM s
. M3
M 5 = 75 (2)

Scaleof all physicaprocessesn the TeV branedescribedby:

Oy, . Wme‘ KRcYs

a,,» 1TeV providedha kR = 10

0.20 r—

T T | T T T T T T T T | T
— Tevatron
Two paametergle nethe madel: Re|<MZ
5 5
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k/ 1\TPI
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|lll

l|llll

0.03 |
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Oblique Parameters
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closedegionin paameterspace

(m]_ = 3:8%0 1/)




Randall-SundruniNarow gravitonstates

Masse®f KK gravitonobtainedrom Besseexpansiomeplacing-ourierexpansioof
°at geometry

Massm,, of excitationG("™ at:
k

P
wherex, aretheroots of the rst orderBessefunction.x; = 3:83) » TeV scale

mp = x ke e = x, o,

for massof rst excitation

. total
= g-gbar

10 . gluon-gluon

Coupling®f G to SMelds» 1=a.,)

Cross Section (fb)

2 gjzablecross-sectioat the LHC

2 Narow resonances = c=001

Couplingdrivenby facta ¢ = k=M p, S TR TR
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G(1)!

e"el in CMS(full simulation)

Gravitoncouplego all SM paticles

MostfavourablehannelG(1)! e'e:

2 Optimalexpgerimentaresolution

2 Minimalbackground

Studyachievablsigni canceas a functior

of massf rst excitedstate

Usec = O:1 andc = 0:01for couplings

Randall Sundrum Graviton

»
[3)]

G® ee

IS

CMS: Full Simulation

w
3]

and reconstruction

w

c=0.1and ()- =100 o™

# Events (/56.67 GeV/c 2)
N
o

o =
o U = U N

3.6

38 4 42
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Significance

I Randall-Sundrum Graviton
B G ® ee with c=0.1
25+
I CMS: Full simulation
B and reconstruction
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Coveragef paameterspace

With oneyea at the LHC (highlumi) full coveragef paameterspace

© 1
5 20 fb
*aE'J' | IR <M 10 fo™ 100 fb’
10
E 22
6_5 | Region of Interest
= n
= - /
o
3 I & | .
O i N Discovery Limit of
R Randall-Sundrum Graviton
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L and Reconstruction
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Spindeterminatiomf gravitonresonance

Gravitonis spin-2paticle. Angula distributionof decg productsdepgendson

productionmechanismandon spinandmassof decg products

Process Distribution Plot

gg! G! ff Si? (2 ~2sin? 1) a

9! G! ff 1+ cof | 4 2sin’ | cof |’ b

gg! G! °°;gg 1+ 6Cos | + cost | c
9! G! °°;gg 1j cos'y’ a
gg! G! Ww;zZ 1i “2sif+ & 4sin e d
! G! WW;ZZ |2 "1+ cosif) + 3 4sifffcosp| e
gg! G! HH sin® L° f

9! G! HH sin? | cos p° g

~ isv=cof decy products

Gluonfusiondominatesgontributionfrom &q °attensdistribution
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For m; = 1500GeV and 100 fbi 1 can
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distinguisifrom spinl case

0 gy g e {:‘; i A Test model cross section
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10%F ¥ 95% CL
m 99%CL
Test spin hyptheseswith a likelihad 10
technique |
1
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90%CL upto m; = 1720GeV 107
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BlackHoles

Geometricademi-classicatasoning:

Possibiliy of blackholeformationwhentwo collidingpatonshaveimpactpaameter

smallethanthe radiusof a blackhole

Considetwo collidingpatonswith CMSenergyp 8= Mgy

Dimensionahnalysispatonic X-sectiorfor formation

of blackholeof massM gy is b<Rs

8= MZy) » YRS
WhereRs is Schvarzchildradiusof blackhole

2 3 1
n+
1 2MBHg 1

Rs> Poms " Mp

In extra-dimensiotheagiesMp » Tev) , for Mgy » Mp, ¥» (TeV)i 2» 400pb

Potentiallylarge productioncross-section

Theaeticaldebateon geometricalormationfactas. Possibléig suppession




BlackHoleproduction

Convolvéhe paton-levekross-sectiowith paton distributionfunctions
For n > 2 dimensionBttle deendence®n n becausef assumedorm of formation

facta in CHARYBDIS)enerato(Camlnidgegroup)

4

10 E T | T T T | |

103 = MPL - 1 TeV -
e YR form factor
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— 2
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Q .
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= 100
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4 6 8 10
Mgy (TeV)

At highluminosy, > 1 blackholeper secondwith MgH > 5 TeV




BlackHoledecy

Decy throughHawkingradiation

Detailsof decy extremelynadel-depndent.

Simplifyingassumptionsall patonic energygoesinto BH formation,all Havking
radiationthroughSM Particleson the brane

Thermalradiation:blackbody energyspectrum

dN °E?

= T

dE / (5= 8§ 1) " )
§ appliego fermionsandbosons T, is the Havkingtemperature

n+ 1 .1
T = /| MIn+T 4
H 4]/4.5 BH ( )

° isa(4+ n)-dimensionarey-lody facta: absoptionfacta from propagationn

curvedspace




ATLAS Atlantis Event: BlackHole 000001 000001.xml
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Eventchaacteristicof BH decgs

2 Fromintegrating®ux: large multiplicitiesof paticlesin nal state
2 Hawkingdecy isotropic:sphericaéventdmare sphericathan SUSY)

2 Highmass:High” pr of nal statepaticles

Event
Event

0 10 20 30 40 -
0 2500 5000 7500 10000

Event Multiplicity Sp- (GeV)
Py (€

No signi cantSM background




Demaraticdecg of BH into all typesof SM paticles

Large numler of eventscontaininga highP+ neutrino

£+ distributionevenin excessf SUSY

Particle type Particle emissivit (%)
Quaks 61.8
Gluons 12.2
Chagedleptons 10.3
Neutrinos 5.2

Photon 1.5

Z° 2.6

W* andWi 5.3
Higgsboson 1.1

Arbitrary Scale

10 T T T T T T T T I T T T T |

10° — P p® QCD (P; > 600 GeV)
__ SUSY (SUGRA point 5)
— 5TeVBH (n=6)

5 TeV BH (n=2)

3000

Missing P, (GeV)

Alsolarge productionof gaugebosonsandhiggsesBH decg evenbe privileged

productionmaode for higgsboson




Blackholemasaneasurement

Simplysumthe 4-momentunof all reconstructe@aticlesin the event
Testprocedureon two BH massangesaround5 and8 TeV for n between2 and6
Requireat least4 jets with resgctivelyP T > 500400 300GeV

To impgovemasgseconstructiorrejecteventsvith E+ > 100GeV

Exciencybetweenl5and30%dependingon massandn
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Achievamasgesolutiorof 3-5%
Mgy carelatedio Ty, but largetheaeticaluncertainties

Usefubenchmek procesdor studyof high multiplicitiesandenergie# the detecto

Vigaousfull simultione®ot ongoingn ATLASto verifytheseresults




Conclusions

ExtraDimensioriheaieso®eran attractiveway of solvingthe hierachyproblem
basedorthe space-timgeometrof space

The presencef elds propagatingn the extra-dimensionsoduceKaluzaKlein
towersof paticles

The massscaleof the lonestlying of the KK towersis typicallyappoximatelyin th
rangeof LHC

The detailsof the KK elds dependon the speci ¢ madelimplementationFor the
mainmaodelsavailabledetaileastudiegperfamedto test the LHC potential

In generathe LHCwill be sensitiveéo the nexphenomenologiedsingfrom ED

theaiesfor scalesipto afewTeV




