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Challenges as' LiH(C appreaches

Critical questions:
o Are We optimizing existing searches?

o Are we doing all the searches  poessible?
Viedels

Lower-Scale: Supersymmetry, Little Higgs

IHigher-Scale: Strongly’ Interacting theeries, Exira
dinmensions

[FeCUS teday on exiiardimensions analiow,
scale gliavity.

YWayrierleamabeut guantinirgravity ana
SirengVinteracine pPRySICs




EXxistinglliterature iocUses on
o Graviton emission and exchange
» lransplanckian regime

» Black holes

KK medes Wil hepeiully: beraccessinle up
e afew eV

Oter possibilitesoutside calculable
iegime




Estimaite black hole production| cross
Seclion

M~TeV=>~100 pb cross section

Not suppressed by gauge couplings or phase space factors




IHeW: mueh couldiwe really ope e learn fiom
plack heles?

o DO WeE EVER produce them?
We will'see:

o LIHC unlikely termake classicaliblack holes states; that
decay withrnighimulupliciy via  Hawkinglradiation

However...all Is not lost




Estimaterwas always a bit eplimstic

Unaerstanaingl Uneertainties and making
iefinements essential

o PDDESsdrop rapidiy:and

o VWerare necessarily near black hoele preduction
threshold

Every termiin original estimate must e
considered carefully
o N gUantum gravity:scale

o Vil B CHaGIeNmESS el atiVeNo CENER Gl Iass
Enenay




Myers-Perry Convention:

Different Normalizations for G,: eg for 5d:
M3, /167 with the convention used in [1], M*/2 with the RS convention, and M}, /47

Convention-dependent Schwarschild Radius:

dimopoulous 8Mpu e Jfeng 2Mpn /2
M3x M33x

Mp, 1.6 My, 2.9 M




Quantumigravity, scale convention
dependent

[Really physicaliguestionis Black hele

tareshoeld relative (e experimental bound

BEegs|question: at What energy: canwe
saiely: say we: are making black hoeles?

Cleanly E=IVI; butinsuificient
INeed suiiicient\ high entrepy




We'll consider ADD and RS type black holes
ADD

» Expenmental bound streng for low: n
o We'll calculate for least constrained case of =6
o M5=900 GeV

RS

o Not usually’considered o phenemenclegicaliblack holes

o People consider either
Pancake (UNV)
Strong bound stateschanacterstic off AdS

IHowever, for k< regime M=<Mg =(IM/K)Z k
liraditionall sd(almost)iatspace black heles
V=500 GEeV.




rg << 1/(ke™")

»How to see this?
»Just use metric with as fundamental variable

»We are just interested in TeV physics here...

»Use conformal coordiwates where flat space metric is manifest

1

ds® =
(e

(dz2 + d:z:i)

And find gravitational action




Mpp=Wi

o AS advertised, not even convention
Independent

2p/(IM/2)<Rs

o IVlore stringent version ol anove

o ADDI(n=6) Vs =4lVI-—almest at'expernmental
limit

o RS Vs =GVl taken seneusiy; snsralreaady
el eREACH




EXpress in terms of threshold parameter
I\/Ithresholdzxmin \Y

Usertul

_ L +n Mgy
a 2 +n TBH




Smalllback reaction on| temperature

VLR CERRIN)| <<1; weak constraint that is readily

Viedel: depeﬂﬂ@nt constraint on black hole
Mass; Vs, brane tension.

Individual’ degree ofi lreedom; sheuld carry,
small fraction| el mass: (n+3) i<Vl

Black hole Ilfetlme pIgger than 1/M

ixeallyblackinoleliietnmergrealeftinaniine

ABIDE X =5

min




Compuie time-dependent decay inciuding
griey-hody lactors

Critical torcompuiting panticle nUMBEr IS
assuUmplion ol decaysion the brane
dE/At=H(EAN Ed k= G(4)

dN/di=HE/N) d*k=G(3)
(Generalinwoeuldihave given: Gn)), Gln:z1)

4 pk(6) ( \-IBH)

W) ~ Mp

3
)= > cigily (4)
> i fiy 1"(4)




o [Decay doii cany: 35 but fier bulk N reguire
3/(n+3) <N>>>1

s BOUNA IS X
(R=6);

=3 for RS, xmin~ 2 ior ADID

Anlinl

But this 1s;one dof!
o Vax x .. withinrreach o ADID: X
yielding S bulk particles!

o Vax X OIS X =1 0lyielding abeuit6
PAllCIES: .

~0

min
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X Should e reasenanly nign

Furthermore, even iffa black hole preduced;
nentrvial x.. epscures anility torextract Vi

from total cross section

IRl principle; energy. dependence gives RUMEN o
dimensions—hut teugh

Differential cressisection (threshoeldivehavior)
coulaive used in prneipleterextract vl

BUlconiused ByAInElasticiiy WenewW diIscuss




VWhat firaction: of coni eNergy gees; Inte; black hole

Impoestant since PDIES Tall rapidiy—eifectively
Increases threshola

Penrese, Death and Payne, Eardley and

Giddings, Yoshine and Ry chKkoy

Parameterize twoe Aichelberg-Sexl shock Waves
(tworhighly: voested particles) intersecting

VWihat lifacton ot Energy. gets tiapped hehina
HOHZeNY

@iFcourse appliesinrelassical regime buiwe tuse
G Estimaie




Witheutinelasticity
o(pp — X) = Z / drydzy fi(21) f;(22)0 (i — X)

Withrinelasticity
Define y=Mz./Al(S)
(pp — BH) Z / 22dz / o / Q) fi(u/v, Q)0 ;. pr(Mpy = us)

y(z)?s
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From Yoshino and Rychkov




1 1 1

dv
olpp — BH) = Z / 2zdz [, a2 / l—jfz‘('v.-Q)fj (u/v,Q)oij—Bu(Mpr = us),
1'] 0 man* u )

yl=)==
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Figure 3: Total black hole cross section in femtobarns, including(solid curves) and not in-
cluding(dashed) nelasticity as a function of Mp for ADD with n = 6 and M for RS1. The
different curves from highest to lowest correspond to rpmin =1 — 6.



Black hole production|taresholdi(Vigy)
RIGhEr tham eriginally: theughnt

Vieans

» LLOWEN PredUCHIon| CleSS SECLIoN

» LLOWErreach In black hoele mass

o lransiates inte lewer entropy: reach asiwell
Don 't produce classical tlieriial Pack
HBIES

o VWhatide we produce?
Wihiathtyperoimultiplicitiesimight We EXPECL?




<IN> calculation net necessarily reliable in
guantun regime

INonetheless, Use asiguide
EVEn iFuntrustwertny...
Conclusion obVIeUS

Feowmultipliciyy inal statesiwill deminaie
and e Wenny el sty
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Figure 4: In the upper plots curves of total cross section for having 6 or more particles,
including(solid curves) and not including(dashed) inelasticity as a function of Mp for ADD
with n = 6 and M for RS1. The different curves from highest to lowest correspond to
Tmin = 1 — 6. In the lower plots the same curves are plotted for having 2 particles instead
of 6 or more.




Figure 5: Curves of constant .1 femtobarn cross section including the effects of inelasticity
and a probability for getting either 2 particles{thicker curve) or greater than 6 particles(thin
curve). In the left hand panel the curves are for ADD with 6 extra dimensions and are
plotted as a function of # = Mgy /Mp and Mp. In the right hand panel the curves are for
RS1 as a function of r = Mgy /M and M.




Even 6 particle production Cress Section has
markeadly lower reachthan 2 panticle siaie

Furthermore we don't trust 6 particle states, to
pe thermmal anyway/!

o Study 2 bedy linal states: jetsiand leptons
o Can they be distinguished fremibackgreund?

o Yes! For jets, transyvensality s key.
@QCDrdominatediby t=channellfexchange: fonvard
SlackielereVentsisemopIc—Iarger iiaNSVESEIXSECHON




Vieasure differentiall cross section

Measure angular dependence through R
(miuich less systemiatic error)

Ry = Nevens(0 < [n) < .5) [Nevenss5 < Jn]) < 1)




VWe doniti (necessarily)!
But

Hopeftlly: haveralready, found KK moedes

Can alse try 1o directly distinguishl from
compositeness

o Distinctive feaitlres oif energy dependenice in
‘compositeness: signall

o Relative lepiton raite




We don't really think we can make: precise
prediclions

VWeluse nmegels ior quantun gravity.
oI see whali o) leok Tor

ake advantage ol potentially rich data
Ask: What are distinguishing features that
EXperimentally prone quantumr gravity.

Alsernoterwe forbid global guantum numiber
Vielating transitionis So WeE focus onl B
CONSErVINgG JEtS andiepionnumbEr cCoRSErVIng
PIrOCESSES




2 |etchannel
Cross section
AnRguiar dependence

o llake advantage ofi t-chamnnel SVl cress
section

o R=0.6 for SV
ook o distinclive characierstics




Giudice, Rattazzi, Wells

E>>Mp

» ook allarge impact parameter elastic collisions
o Smallfangles (linear regime)

» (Classical elasticiscattering regime

o Predictablerperturnatvely

» \Would beltrue distinguishanie gravity: signature

BUit

o Event rate sufiers relative to background at smalllangles
o J3<N<4 for example

» Mass reach relatively lew: theugh could reach aiew lieV.
epumIstcally

VWennsieadhnvestigate largeranglermegionwnere eveni
rate (s, 1vg) shiouldiee larger

IRErestneange WhereNsinepredicianie
ViighiNEZrakneiircuaniumraraVviuy




Figure 6: In the upper plots do /dM;; (units of pb/GeV) vs M;;(T'eV ') is plotted for the case
of SM QCD background, and a n=6 ADD model “black hole” behavior with Mp=1.,2,34
TeV and x,,;, = 1 in the lefthand plot and a RS1 black hole behavior with M/ = 1,2, 3,4 TeV
and 7, = 1 1n the righthand plot. For other values of r,,;, the curves simply start at the
corresponding dijet mass. In the lower two plots the R, is plotted for the same parameters.




Sudden| turn on off Chess Section
And transversality
Even withrsiower tuimenidistinguisihable

Interierence can distinguisiamong| Vls




Viedell: Veneziano amplittde
[EXPECT rEsenance benavior
Ihen dramatic drep: in tianSVErse Cross

seclion
o Cani readily distinguish fron Z

» Can distinguish among different ferms ior
\Venezianoe amplittude
App—ij = Asy Ast
r (1 - 21 +z’7‘)) r (1 —z(l+ -z?‘;")) [ (1 - ﬁg(l - z'))) [ (1 ﬁg(l - 27))

t ; Aer =
I'(2-— ﬁ(l + 1 ) \_2-(1 + 'Z-",’) ST ' '
( 2z )Tz ) r (1 _ ﬁg(l +iv) - ﬁg(l + '?"‘!'))

0o _—
AST=




Figure 8: In the upper plots do /dM;;(units of pb/GeV) vs M;;(TeV') is plotted for the case
of SM QCD background(thicker curve), and a toy stringy behavior with M =1 TeV in the
lefthand plot with v = .1,.3 and M=3 TeV in the righthand plot with v~ = .1, .3,.6. In the
lower two plots the R, is plotted for the same parameters.




Figure 10: In the left plot do/dM;;(units of pb/GeV) vs M;;(TeV) is plotted for the case
of SM QCD background, a toy stringy behavior with M =3 TeV and v = .2 and a massive
colored octet resonance(thicker curve) with mass and width chosen to mimic the differential
cross section behavior near the resonance. In the right hand plot the same curves are plotted
for R,, note the easily discernible difference between field theory resonance and “string”
theorv resonance.

Different
stringy
models




Black hele threshold is M./aL?
Stifing resenances enly visivlerfor smail a.

FUthermere string beund might already.
pe a fiew eV (Anteniadis)

o Vlodell dependent sormayie NMole acecessinle
iange

IfYOUI See strings;, Youlcertainly Woen t' See
plackiplesi (@t LiHC energies’)




Black eles: we assumed nighrenergy.
turn on and distinctive energy. dependence

Alternative: Righer dimension eperators
Possible Seurces:

» Black Foeles
o VUltigraviten exchange

o [HIgh scale stringl theonry (4: fermion fer eriginal
\/eneziane amplitude)

o SUING thECR/ IRWaIREC SPaCE




LEP bounds: on quark-Iepton operators Venry,
streng: ~7 eV (witheut 41y)

Can calculate loop gravity: eliects that generaie
SUch| feur-fermion operators

SEEems; to preclude strong| scale without a lewer

cutofif (suchi as, string| theony)-cuidie, st

I_

o)

OWEVEF, Brane width 1S, alsora natural cutori

Since fermions necessarily en branes when

ack hole production concelvanle

22 2
L2n+2 vs. L2 Ly"
AllewsHowerquantun gravity scales




ERergy dependence

Threshold benavior: extend torlow,
Energies

SpIn structure
Spacetinme symmetries
Charge and gauge struecture




L=1,2,4 TeV (c=1)




Could be higher-dimension fermion 6perators
arise from guantumi gravity

BUt alse could be that signal is Very aiiferent:
s ENergy dependence
o ENEergy onset

o Leplons vs. Jets
Assuming neutrall state 10%: for thermal black holes vs. 20%
fior four-fErmion operators
o IViore dramatic: dorwe preduce neutraillvlack
nole—doesiit shed charge?
ifyes;, lepionirate: muchrhigher

iffeur=fermien (er changed ehject), |Et Jet final state frem ag
pditvsy Eepton inal statenromi g garinitial i




Fellew Ups:

o EXperiments:
Study’eneray-dependent angular dependence
[Doen tiassume particular form

o Phenemenciogy:
\Viente Carlos: allow! decay. torselely tor 2 particles
Viaylbe remnant all there sl
Shedding|oi changein initialistate?

Diiferentpossible distributions of finallstates
o Ilheory
What are possible stiing models?

Remain:

o Charge; spin

s Signatures withrmissingleneray, multiedy iinal statesi(lepten
and et o more Jets),

(COmpPoSItENESS tyPEStudIESTIGREIEKEY
Get as muchinioratias NIghIERERGIES asiPoSSIIE
iAW glanttmaraVvity scale; oppetunitesS areich




Feur-lermion eperators: large lepton
SUppression TeVADD:MD=1

Pdii, alpha, u/s

10

0.1
0.001
0.00001
1.x1077
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1.x10 o

Figure 13: do/dM({units of pb/GeV) vs two body invariant mass(TeV) is plotted for
QCD(the lowest curve) and a set of four fermion operators with A = 1,2,4 TeV for di-
jets in the upper curves. In the lower curves SM Drell-Yan production of leptons is plotted
in combination with a four fermion operator that generates a [*I~ final state with various

A=1,24TeV.




Much higher cross section since large fraction with larger pdfs

Even just losing u/s, alpha

0.1}
0.001
0.00001 §

1.x1077

1.x107?

Figure 15: do/dM (units of pb/GeV) vs two body invariant mass(TeV). The curves from
top to bottom represent black hole cross section for Mp =1 TeV | n =6, and z,,,,, = 1 for
a black hole decaying into [T/~ (assuming any initial gauge charge is radiated softly), black
hole cross section for Mp = 1 TeV and z,,;, = 1 for a “charged” black hole decaying into
lv, and the lowest curve is the Drell Yan background.




Black holesinot as spectacular” as advertisead
BUT

Lots o Infermation anoeut quantum: gravity.
puUred iR 2->2!

Initial iIncrease in rate for more central

processes always occurs

Could be related to ftndamental partens: in
black holes?

IR BEeRavier: v, stringliesenances, diiierent
IerMIS o sting Z all distineclive

hreshelaibenavior Where nternerencelmatiens
INadrERIVS: EEPION CHOSSISECION




Experiment
o Energy-aependent angle studies: in dijets
o Don't assume particular Energy. dependence

Phenemenology.
o Allow 2 particle states inlvionte €arlo

o ISsUES 0l shedding charge-iinal state distrikution
Theory

o Stringltheory medels

Rromising| i low: scale gravity: torgetiinsights inte
PERBVION

Compositeness  studies richl




