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¥ Outline
 The Hierarchy Problem

o Setting the scene: Extra Dimensional
Paradigms

— Omit Universal Extra Dimensions
e Collider Phenomenology
e Current Limits
« The LHC Discovery Reach
o Black Holes at the LHC

—Only basics; omit RS Black Holes and
String Balls

e Conclusions
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Measurement Fit  |O™@_QM/cMea
o 1.2 3 1.5 E
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I,[GeV]  2.4952+0.0023  2.4957 1 2 E
ol [nb]  41.540+0.037  41.477 $in2f} 3 T
R, 20.767 £0.025  20.744
0,
A% 0.01714 £ 0.00095 0.01645 ey
A(P) 0.1465+0.0032  0.1481
Ry 0.21629 + 0.00066 0.21586
R, 0.1721 £0.0030  0.1722
AY° 0.0992 + 0.0016  0.1038
AL 0.0707 £0.0035  0.0742
A, 0.923 £ 0.020 0.935
A, 0.670 % 0.027 0.668
A(SLD) 0.1513+0.0021  0.1481 ’ ¢
sin“0P(Q,) 0.2324 £0.0012  0.2314 z =
m, [GeV] 80.398+0.025  80.374 L CKAM . e <o
I, [GeV]  2.140+0.060 2.091 A8 fip
m, [GeV] 170.9+ 1.8 171.3 s 0.5 0 0.5 1 1.5
| P
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We Still Have Things to Do...
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¥ We Still Have Things to Do...

The only Higgs
observed in Nature
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The only stop decay
The only Higgs observed in Nature
observed in Nature
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The only dark matter
observed in Nature

WWW. darkerpro,‘ects.cm }'{,ﬁ?

The only stop decay
The only Higgs observed in Nature
observed in Nature
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The only dark matter
observed in Nature

The only stop decay
The only Higgs observed in Nature
observed in Nature
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Puzzie: Mass and Gravity

» [saac Newton: the force that makes ° Charles Coulomb: opposite electric
the apple fall is the same force that charges attract!
keeps the moon going around the
Earth!

» Mass is analogous to electric charge?!

* But gravity is 10%8=100,000,000,000,000,000,000,000,000,000,000,000,000
(hundred trillion trillion trillions!) times WEAKER than electricity!

» The hierarchy problem: Mp, = G2 = 10'° TeV » Mg, ~ 1 TeV ~ 1000 M,

January 2010 Greg Landsberg, Discovering Extra Dimensions & Black Holes at the LHC 5
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4+ large Hierarchies
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January 2010

Tend to Collapse...
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Collapse of the Soviet Union

A
% Soviat. Union dssclved Dec 91 Al
&3 A

1990
Doy 71
A Eysgyzstan

Tashhem : W
Spfl
‘ ikt

<

Afghanistan
» Soviet. troops
DALART A 71 withdawn
Feb 89

© 1906 Matthew Whte

The nineties...
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-|- - Even More Large Hierarchies
This decade...
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4+ ButKeepinMind..
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+~ But Keep in Mind...

* Fine tuning (required to keep a large hierarchy
stable) exists in Nature:
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+ ButKeepin Mind..

* Fine tuning (required to keep a large hierarchy
stable) exists in Nature:

— Solar eclipse: angular size of the sun is the same as
the angular size of the moon within 2.5% (pure
coincidence!)
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* Fine tuning (required to keep a large hierarchy
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— Politics: Florida recount, 2,913,321/2,913,144 =
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. Flne tuning (required to keep a large hierarchy
stable) exists in Nature:

— Solar eclipse: angular size of the sun is the same as
the angular size of the moon within 2.5% (pure
coincidence!)

— Politics: Florida recount, 2,913,321/2,913,144 =
1.000061 (!!)
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o Flne tuning (required to keep a large hierarchy
stable) exists in Nature:

— Solar eclipse: angular size of the sun is the same as
the angular size of the moon within 2.5% (pure
coincidence!)

— Politics: Florida recount, 2,913,321/2,913,144 =
1.000061 ()
— Numerology: 987654321/123456789 =
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. Flne tuning (required to keep a large hierarchy
stable) exists in Nature:

— Solar eclipse: angular size of the sun is the same as
the angular size of the moon within 2.5% (pure
coincidence!)

— Politics: Florida recount, 2,913,321/2,913,144 =
1.000061 (!!)

— Numerology: 987654321/123456789 =
8.000000073 ()
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+ ButKeepinMind..

* Fine tuning (required to keep a large hierarchy
stable) exists in Nature:

— Solar eclipse: angular size of the sun is the same as
the angular size of the moon within 2.5% (pure
coincidence!)

— Politics: Florida recount, 2,913,321/2,913,144 =
1.000061 (!!)

— Numerology: 987654321/123456789 =
8.000000073 ()

(Food for thought: is it really numerology?)
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4+ 1998: Large Extra Dimensions

. But. what if there is no other scale, and
SM model is correct up to M,?

— Give up naturalness: inevitably leads to
anthropic reasoning

— Radically new approach — Arkani- . I
Hamed, Dimopoulos, Dvali (ADD, Gravity is fundamentally strong force,

1998): maybe the fundamental Planck but we do not feel that as it is diluted

scale is only ~ 1 TeV?!! by the Iarge[ Xo]lume of the bulk space
- Gravity is made strong at a TeV scale = 1/(Mg;™)? = 1/Mp?; Mp ~ 1 TeV
due to existence of large (r ~ 1mm — 9 5
1fm) extra spatial d|men3|ons (Mn+ ~ Mpl/rn)

—SM particles are confined to a 3D “brane”

_Gravity is the only force that permeates __ More precisely, from Gauss’s law:

“bulk” space ( 8 x 102m, n= 1\
- 2/n
« What about Newton’s law? R Mp\*/ _ ) 0.7Tmm, n=2
VAT Mp 3nm, =3
L muw L UOUL 6 x 107 '%m, n =4
V(p) - D n-+1 — n-+2 n+1 ’
Mg, p (MlL?}+"]> p . .
— « Amazing as it is, but as of 1998 no one
apply for compact ones: less than ~ Tmm! (Even now it's been
1 mym tested to only 0.16mm!
Vip) ~ = L2 forp > r y )
(M[3+ ])n TP * Thus, the fundamental Planck scale
Pl could be as low as 1 TeV forn > 1
January 2010 Greg Landsberg, Discovering Extra Dimensions & Black Holes at the LHC 10
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4+~ TeWl Extra Dimensions

« Simultaneously, another idea

has appeared:

— Explore modification of force

. \ Gravitational
\\\ \  Force behavior in (3+n)-dimensions to
\ \ achieve low-energy grand
= Real | \ unification: Dienes, Dudas,
=3 GUT Scale \ Gherghetta [PL B436, 55
% | | (1998)]
Q 2 H’ngcrgharge | Virtual © — To achieve that, allow other
T 'I force carriers (g, v, W, and Z) to
E W—— propagate in an extra
dimension, which is
“longitudinal” to the SM brane
Strong Force and compactified on a “natural’
MPI M, EW scale:
— | . er~1TeV'~101"m
Mz Ms Mgyr  Maur IogE
January 2010 Greg Landsberg, Discovering Extra Dimensions & Black Holes at the LHC 1
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4+ Randall-Sundrum Model

* Randall-Sundrum (RS) model [PRL 83,

3370 (1999); PRL 83, 4690 (1999)] <

—One + brane — no low energy effects AG

_Two + and — branes — TeV Kaluza-Klein AdS_| .
modes of graviton = —

—Low energy effects on SM brane are "
given by A_; for kr ~ 10, A_~ 1 TeV and y
the hierarchy problem is solved naturally

f

January 2010 Greg Landsberg, Discovering Extra Dimensions & Black Holes at the LHC
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4+ Randall-Sundrum Model

* Randall-Sundrum (RS) model [PRL 83,

3370 (1999); PRL 83, 4690 (1999)] /\

—One + brane — no low energy effects A\G
AdS | .
.

—Two + and — branes — TeV Kaluza-Klein
modes of graviton

—Low energy effects on SM brane are o T
given by A_; for kr ~ 10, A_~ 1 TeV and y S
the hierarchy problem is solved naturally
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+ Randall-Sundrum Model
* Randall-Sundrum (RS) model [PRL 83,

3370 (1999); PRL 83, 4690 (1999)] /

—One + brane — no low energy effects . k

Ad

—Two + and — branes — TeV Kaluza-Klein
modes of graviton

—Low energy effects on SM brane are o T
given by A_; for kr ~ 10, A_~ 1 TeV and W S
the hierarchy problem is solved naturally

\

¢

Anti-deSitter space-time metric:

ds® = e‘2kr|¢|7yuydz“daﬁ” — r?de?

—krm *k 2
A, = Mpe g r :.
k — AdS curvature &&
Reduced Planck mass: ?

SM brane Planck brane
(9 =) (9=0) ( Mp; = Mpi /v 871') Hi

4 h
January 2010 Greg Landsberg, Discovering Extra Dimensions & Black Holes at the LHC 12

*"o“‘
*

-rl"‘,

Wednesday, January 13, 2010




4 Extra Dimensions: a Brief Summar
.

- ADD Paradigm:

* Pro: “Eliminates” the
hierarchy problem by
stating that physics
ends at a TeV scale

* Only gravity lives in
the "bulk™ space

» Size of ED’s (n=2-7)
between ~100 um
and ~1 fm

 Black holes at the

LHC and in the UHE
cosmic rays

» Con: Doesn’t explain
why ED are so large

January 2010

TeV-! Scenario: RS Model:

* Pro: Lowers GUT
scale by changing the
running of couplings

* Only gauge bosons
(gly/W/Z) “live” in ED’s

* Size of ED’s ~1 TeV-!
or~10""m-i.e.,
natural EWSB size

» Con: Gravity is not in

to the hierarchy
of gravity

other particles)
propagate in a single

the picture « Con: Somewhat
disfavored by precision
EW fits
A : ‘ New Usual
: GUT GuUT
;*gzmw : Scale Scal /
- i &
g g —_— /{ — :‘: —— — D [ ——
£ Ji — 1
Slr&v:_;-Fa’_n;l : o0 o
\O! e
1 TeV 20 TeV 10"’657 ?‘o‘a(\e \o‘a(\
Energy

Greg Landsberg, Discovering Extra Dimensions & Black Holes at the LHC

* Pro: Arigorous solution

problem via localization

 Gravitons (and possibly

ED, with special metric

 Black holes at the LHC
and in UHE cosmic rays

13
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ADD Paradlgm: TeV-1 Scenario: RS Model:

» Winding modes with » Winding modes with » “Particle in a box” with
energy spacing ~1/r,i.e. | nearly equal energy special AdS metric
eV ey spacing ~1/r, 1.e. ~ 1 « Energy eigenvalues are

« Experimentally can't TeV given by the zeroes of
[re]solve these modes — | . can excite individual Bessel function J,
€y appear as modes at colliders or

éont”:_uoesG spectrumd | ook for indirect effects
« Loupling: 5 per moae; § Coupling: ~g,, per mode

compensated by large
M; = \/ Mg+ 2/

» Light modes might be
accessible at colliders

« Coupling: G for the zero
mode; 1/A 2 for the others
E4

number of modes

E a ~MP|
~1 TeV Et
~Mgur
“ )
M,
M;
>
L
M, My =0; M; =M;— =
> I > L1
My, 1.83M,, 2.66M;, 3.48Mj, ...
January 2010 Greg Landsberg, Discovering Extra Dimensions & Black Holes at the LHC 14
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4 Collider Signatures for Large ED

 Kaluza-Klein gravitons couple to Real Graviton Emission
the energy-momentum tensor, and
therefore contribute to most of the
SM processes

« For Feynman rules for G, see:

— Han, Lykken, Zhang [PRD 59,
105006 (1999)]

— Giudice, Rattazzi, Wells [NP
B544, 3 (1999)]

« Graviton emission: direct
sensitivity to the fundamental
Planck scale M

* Virtual effects: sensitive to the
ultraviolet cutoff Mg, expected to

be ~M; (and likely < M)

 The two processes are
complementary

Monojets at hadron colliders

January 2010 Greg Landsberg, Discovering Extra Dimensions & Black Holes at the LHC
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4 Collider Signatures for Large ED

 Kaluza-Klein gravitons couple to Real Graviton Emission
the energy-momentum tensor, and
therefore contribute to most of the
SM processes

« For Feynman rules for G, see:
— Han, Lykken, Zhang [PRD 59,
105006 (1999)]

— Giudice, Rattazzi, Wells [NP
B544, 3 (1999)]

« Graviton emission: direct
sensitivity to the fundamental

Monojets at hadron colliders

Single VB at hadron or e*e" colliders

* Virtual effects: sensitive to the
ultraviolet cutoff Mg, expected to

be ~M; (and likely < M)

 The two processes are
complementary

January 2010 Greg Landsberg, Discovering Extra Dimensions & Black Holes at the LHC

v
G v v
Planck scale My Gy
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4 Collider Signatures for Large ED

 Kaluza-Klein gravitons couple to Real Graviton Emission
the energy-momentum tensor, and
therefore contribute to most of the
SM processes

« For Feynman rules for G, see:
— Han, Lykken, Zhang [PRD 59,
105006 (1999)]

— Giudice, Rattazzi, Wells [NP
B544, 3 (1999)]

Monojets at hadron colliders

Single VB at hadron or e*e" colliders

- Graviton emission: direct v G " ’
sensitivity to the fundamental
Planck scale M . G
. = KK v KK

* Virtual effects: sensitive to the
ultraviolet cutoff Mg, expected to  Virtual Graviton Effects

be ~Mj, (and likely < Mp) Fermion or VB pairs at hadron or e*e” colliders

 The two processes are
complementary
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¥ Monojets: Tainted HISIOW

EXPERIMENTAL OBSERVATION OF EVENTS WITH LARGE MISSING TRANSVERSE ENERGC
ACCOMPANIED BY A JET OR A PHOTON(S) IN pp COLLISIONS

AT /s = 540 GeV

[PL, 139B, 115 (1984)]

UAl Collaboration, CERN, Ceneva, Switzerland

Ab_’.': tract

we report the observation of five events in which & missing Ctransverse
energy larger than 40 GeV is associated with a narrow hadronic jet and of two
similar events with a neutral electromagnetic cluster (either one or more
closely spaced photons). We cannot find an explanation for such events 1in

terms of backgrounds or within the expectations of the Standard Model.

TR

January 2010 Greg Landsberg, Discovering Extra Dimensions & Black Holes at the LHC 16
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¥ Monojets: Tainted HISIOW

EXPERIMENTAL OBSERVATION OF EVENTS WITH LARGE MISSING TRANSVERSE ENERGC
ACCOMPANIED BY A JET OR A PHOTON(S) IN pp COLLISIONS

AT /s = 540 GeV

[PL, 139B, 115 (1984)]

UAl Collaboration, CERN, Ceneva, Switzerland

Ab_:': tract

Wwe report the observat ) f five ven in which & missing Ctransy
iIrger an ¢ GeV 1 315 ¢ iated with a narrow hadronic jet and of two

similar events with a neutral electromagnetic cluster (either one or more
closely spaced photons). We cannot find an explanation for ich events '

terms of backgrounds or within the expectations of th standard Model.
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~ Monojets: Tainted History

A€, (GeV)
0 20 30 &0 50 507 i 70

i

-~
o

Cos 89 >»-08

INOBEL

—
=
1

Events / 100 CeV

; e Bl .. 8 A
R | -1 M 10 1 n 1 n Poccer, Devcert and the Ultinmte Experiment
0 1000 2000 3000 4000 5000

(AE, ¥ (GeV?)

*These monojets turned out to be due to
unaccounted background

*The signature was deemed doomed and
nearly forgotten

oIt took many years for successful monojet
analyses at a hadron collider to be
completed (CDF/DQ)

January 2010 Greg Landsberg, Discovering Extra Dimensions & Black Holes at the LHC

Background frem UA1
2t flucheations
Single jets
~ Cary Taubes

| DREAMS
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- Tevatron: Large ED Search via Monojets

D JetS + ME; final state 200- —I_
180
« Z(vv)+tjets is irreducible background 4 M Predistion

] = SM + LED (n=2,M_,=1TeV
_ : : >140
Challenging signature due to large % {}

instrumental backgrounds from jet 22 ]
100—

—— Data

CDF Il Preliminary (1.1 fb™)

mismeasurement, cosmics, etc.

g 80—
» DG pioneered this search and set " 60
limits [PRL, 90 251802 (2003)] 40-2
My > 1.0-0.6 TeV for n=2...7 20-
o
 CDF analysis based on 1.1 fb-" 00 Misang E., ooy 040
_ Central jet w/ E; > 150 GeV 16 0 coFi (1.1 107
= ; IIIIIIIII DO (Runl)
— ME; > 120 GeV 3 14 {... LEP Combined
— No other jets w/ E; > 60 GeV E 1= E—
— 779 events observed with 819 + 71 :'-', -
expected (half comes from Z(vv)+j) § i
_ Set limits on the fundamental Planck %
scale between 0.88 and 1.33 TeV B . . I .
— Similar results with looser MET, E7i cuts > Number of Extra Dimensions ~ ©
January 2010 Greg Landsberg, Discovering Extra Dimensions & Black Holes at the LHC 17
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Tevatron Searches for ED in Monophotons

« Both CDF and D@ completed monophoton searches

* While easier than the monojet one, the sensitivity is
typically not as good, especially for low number of

ED

— CDF monophoton limits approach monojet ones at large n,

but require twice the luminosity

I -] SRR TR CDF Run Il Preliminary
> .
}S_) — CDF *E, (20 )
=Nl | «
s CDF Jet +§. (1.1 4
E : «+++ LEP Combine d '
"~ 1.2_

-

[«})

=

(o)
=1

(o)
=

' ' i i L
2 3 4 5 6
Number of Extra Dimensions

January 2010

;2:

£ 1.8 w .+ expected limit
< 16 a = observed limit
1 4* ® CDF 2.0 fb limit
E A LEP combined limit
1.2 A
I Yvenm
1F 0TI T .
0.8: -
0.6 >
0.4 DO, Run Il preliminary 2.7 &'
0.2:-
? 2 3% U= B B S B

Number of Extra Dimensions

Greg Landsberg, Discovering Extra Dimensions & Black Holes at the LHC
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~ Why ME, is Tough?

E . Fake MET appears naturally in multijet > 4e

EFFECT OF THE CLEAN UP CUTS ON THE MET DISTRIBUTION

CDF Run 11 Preliminary, 254 pb’ [ Before basic cuts

the LHC
- Jets tend to fluctuate wildly: -
— Large shower fluctuation

— Fluctuations in the e/h energy ratio
— Non-linear calorimeter response

| After basic cuts

E

events, which have enormous rate at 8
§1 H\ ‘ I After 3 jets cut

— Non-compensation (i.e., e/h = 1)

» Instrumental effects: ;§'°1§ TR e
— Dead or “hot” calorimeter cells " —| R
— Cosmic ray bremsstrahlung B Sadcotenowon wororomewes
— Poorly instrumented area of the 10’
detector
- Consequently, it will be a challengeto ™

use in early LHC running

* Nevertheless, MET is one of the most
prominent signatures for new physics °

and thus must be pursued
January 2010 Greg Landsberg, Discovering Extra Dimensions & Black Holes at the LHC 19

0 50 100 150 200 250 300 350 400
Missing ET, GeV

Raw ME; spectrum at the Tevatron
and that after thorough clean-up
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ME: In GMS in Gollision Data

Very encouraging performance seen in first LHC
collision data: both PF and Calorimeter based ME+t

18000_ | T T T T T T | T T T T T T T T | T T T ] 18000_ | T T T T ] T T T T T T T T | T T T T ]
CCMS 2009 pre"mmary \JE-QOO GeV — MC ] :CMS 2009 Prellmlnary s=900 GeV —MC -
16000 — Data —  16000— — Data E
14000— - 14000:— —:
: CaloMET? ™ CaloMET -
12000 - 12000— ]
10000 1 10000/ =
8000 - 8000 =
6000[— - 6000(— —
4000 — 4000 3
2000 — 2000 3
15 10 15 15 - 5 10 15
CaloMETX [GeV] CaloMETY [GeV]
; : -&ta PF S\ 607\ T ‘ L ‘ T T ‘ L ‘ T T ‘ T T ‘ T \7
é a5 . Pr 8 - CMS Preliminary .
= = = l .
4 sor ]
T ~ “"MC CanMET .
o 35 Er L
= aF W o [CMS/| 7]
T 3 [S) H [
25 50— H—rd ]
25— —
; 5:_ R, 20— 13.06/7 | ]
“E A 1.484 + 0.2922
o s r B 1.033 £ 0.0305 | |
= 10— c 0.02324 = 0.001859 | ]|
05— D 81.91+ 3.656
0_““"""""'“"""'["""""""""' ol b b b b e b 1
0 10 20 20 40 50 60 70 80 20 0 200 400 600 800 1000 1200 1400
SumEt [GeV] ZET (GeV)
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¥ CMS Monoiet Analysis

e Look for deviations from the SM in the negative vector sum of jet
transverse energies (MHt > 250 GeV) - more robust than ME~

A\\\\;\\\\;\\\\;\\\\;\\\\;\\\\l\\\

|
!!Hi

i

""""
. H
- :
. :
o
03

5=2

P il

—— ADD (M _=2TeV,5=2)
I I D 1 T 11
(a) Wi+Jets (DQ'
= Single Top :
CMS /| :
/: = - Z(vv)+Jets 10
oo ttbar+Jets
e s
; B OONNNNEE | -eeeee- QcD
1 CMS Preliminary,\'s=10 TeV
1
10° = P - P T T RN T ke S O : ? e
0 300 400 600 800 1060 1200 1400
MHT (GeV)
-1
5=2 5=4 10
Mp=1TeV | Mp=2TeV | Mp=3TeV | Mp =1TeV | Mp =2 TeV
95% C.L. 0.2 1.1 10 0.5 49
50 17 14 160 6.0 68 1.5 2

Table 3: Minimum integrated luminosity (pb~') needed for a 95% C.L. exclusion or a 5¢ dis-
covery, for different ADD points.

Most recont 95% C1 smor lamist n the fundamoental Pla:

Expennment and channel n=2 n

LEP Combined |12 1.60 1.20

CDF monophotons, 2.0 fb 18 1.08 1.00
DO monophotons, 2.7 b 19 097 0.9
CDF monojets, 1.1 fb~ 7 |2 1.31 1.08
CDF combined |18 1.42 1.16
January 2010 Greg Landsberg, Discovering Extra Dimensions & Black Holes at the LHC
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Tevatrnn \lll'tllal Graviton Effects

» Expect an interference with the SM
Gy Gy fermion or boson pair production
@ d?c _ dPogm 4 h
I ¥ Vv dcosO0*dM ~— dcosO*dM

a’(n)f (cos 0%, M) + b(n) fg(COS 0%, M)

E * w DO PRL 86, 1156 (2001) | N . /
=, - expected limit « High-mass, low |cos6+| tail is a
M ~observed limit characteristic signature of LED
Focereromeny Cheung, GL [PRD 62 076003 (2000)]
2 bbbt 1 . .
; e 10N - Best limits on the effective Planck
. T scale come from 1 fb-' DG Run |l data:
, R — Mg > 1.3-2.1 TeV (n=2-7) - tightest to
1 | date
. 1 : 1 .|+ Recent results from dijets yield similar
= » Ntmber o? Extra DI?nenslonZ (n) sensitivity
D@ Signature GRW 2 HLZ [11]

n=2 n=3 n=4 n=5 n=06 n=7
ee +vv, 1.1 fb~! 21 1.62 2.09 194 162 146 136 1.29
Dijets, 0.7 fb—! [22 1.56 1.85 156 141 131 124

January 2010 Greg Landsberg, Discovering Extra Dimensions & Black Holes at the LHC 22
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4+ Wirtual Graviton Effects at the LHC

« Clean signature, with a huge potential of a quick discovery in
dimuon, dielectron, and diphoton channels:

— Factor of ~3 gain over the Tevatron/Cosmic Ray limits in just 1 fb-"

— Will also probe generic compositeness models with similar increase in
sensitivity compared to the existing limits

> 105 r - v - - 1’; : E- 1
© 100 ' : ] g by 10fb
. 955 ADD Discovery Limit : ] - 10" : . )
5 : ol = - o.ga e j e ———— ]
g ;:‘ %10 r " 1,:
‘-n 3 0 2 - ™ aa LL‘
s 7 T 107 T om

. - 50t M > 5.1 TeV 2

7.0 s e B

6.5 107 My =4.7 TeV, n=3 o EEGY

6.0 1000 1800 2000 2800 3000 3800 4000

‘0 / . 1ts mym3 1y PP =YY

35 —d = 5 g h‘_\_L‘_l

3.0 : - > | -

25 AT . S — % [ 50: MS > 6.6 TeV

( 1 10 100 ) 1000 | M =4.7 TeV
Integrated Luminosity, fb | T A e
10" SM
| 1 L
2z 1 o 1 2
N
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4+ Early GMS Search: vy

» Virtual graviton effects inthe & F 7T 7 T T S rev n te ]
diphoton channel 8 D Moatevn®oe |
. P v M;=25TeV, =2 .
« Higher sensitivity thanee or 8 S rTev s |
= M; =2.5 TeV, =6 |J
M S Mq = 3 TeV, nE;Eg 4 |3
» Use My, >700 GeV cutand 2 OB LT 3
central photons S
n ; ; - ; -
— B=0.40eventsfor 100 —~ 4s £5.5. 7 e 3
pb- A8y . CIVIS Prellmlnary =
< 10 R I I L I I B 3 5 : ; ; ;
8 1F 10TV T prionder
8 10_1 : o Diiet 2 ................................................................................................................................ _:
'(\c:)_ 2 éﬁff*_(, S I\Dllrsell-2v.gr'll'ev, n,=4 / : : : o
\g 123 Ty o - D - L | E—— S ...................... PAS_EXO_09_004
E OOOOOOOO o 111 | | I | | | T | | T | L1 1 1 L1 1 1 —
10°E E 0 50 100 150 200 250 300
10°E T - . . -1
10_6E 53 — A Integrated luminosity (pb™)
s e 50pb~t 100 pb~! 200 pb~!
10°E 2 25TeV 27TeV  29TeV
10° ; 3 30TeV 33TeV 35TeV Factor of two higher 1
oL CMS Preliminary 4 4 26TeV 28TeV 3.0TeV
10 E = I % 2 20TV 28TV 30TV sensitivity with 100 pbr
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¥ Current Limits on TeV-'ED

From Cheung & GL [PRD 65, 076003 (2002)]

1

n (TeV™2) nes (TeV™%) .U('f.;b ("TeV)
LEP 2:
hadronic cross section, ang. dist., Rp.c 0.33 :8:% 0.12 5.3
pt, T cross section & ang. dist. 0.09 18;}2 0.42 2.8
ee cross section & ang. dist. 0.62 393 0.16 1.5
LEP combined 0.28 *8:095 0.076 6.6
HERA:
NC e Bl - 1.59 1.4
CC 0.057 *13% 2.45 1.2
HERA combined 1.23 1589 1.25 1.6
TEVATRON:
Drell-van 087 50 1.96 1.3
Tevatron dijet 0.46 *333 1.0 1.8
Tevatron top production 0.53 *5.3 9.2 0.60
Tevatron combined 0.38 ’_23% 0.65 2.3
All combined 0.20 <0 0.071 6.8
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 Dramatic reach even with ~1 fb-1

8 30 [ T l T 17T l T T l T T ] T 1T 71 l T ] ‘.“\ : l T T l I I T 1 I :
= \ ] £ eof s
2 25F \ CMS : KKZ - ee ‘ = 705_ KK Z production E
€ f ! ] 8 f :
2t - c 60 &
o 20 1 E - 3
L - = - —
[ 1 = % ]
15 - a0k E
; ] 30F k
10 - E ]
[ ] 20 E
Y : 0- TRER e BY ;r—" IA PUREE SRR T N VN TR RN W N VNN TN RN W N ]
0 i 1 l Ll 1 1 l LA 1 1 l Ll 1 1 l Ll 1 1 ' 1 i 4 4.5 5 5.5 6
< 4.5 5 5.5 6
, M (TeV/c?)
(a) M (TeV/c")
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o Need only two parameters to
define the model: k and r

* Equivalent set of parameters:

—The mass of the first KK mode, M,

—Dimensionless coupling k/Mep1,
which determines the graviton width

* To avoid fine-tuning and non-

« Gravitons are narrow
« Similar observables for Z,/gxk In

TeV-' models

perturbative regime, coupling

can’t be too large or too small
¢ 0.01 <k/Mp<0.10 is the

expected range

---------------------------- 0.20 7 ™
10-2 |- Drell-Yan at the LHC [ Tevatron
F ) IRg|<Mj
—~ : ae “ 0 010~ | 3
é‘ 1074 - N ’," 'xx‘ k/M Pl 1 007F Allowed Region :
= N \ / 2 B A, <10 TeV
B W\ - 0,05 | LHC -3
- 1076 - L R 1 = ' E
: N [ 0,035
ki 10-8 - = 002:::' Oblique Parameters =
M1 : oliq aram ]
(b) I
10 10 La .”1 1V .“ ..... - .' Ak h A ’... b A ".' ..... “v‘ e L~ A 1 R J s R < L
1000 2000 2000 o 1WLo oo 500 1000 2000 3000 4000 5000
h’.“ ((a(‘.\ ) m, (Cc\r)
Davoudiasl, Hewett, Rizzo [PRD 63, 075004 (2001)]
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. Latest limits are 10% higher
than the original ones despite
4x statistics

— Tevatron sensitivity has really
maxed out - need higher energies!

} 0.09F \\ | expected limit

[ excluded at 95% CcL

DO PRL 95, 091801 (2005)

— — excluded by precision ewk

CDF Il preliminary I Ldt =23’
sc 1 = < 1 - . 0'01 Z s L
S F 1 -+ - ;W:’::::":’“ Madkan 200 300 400 500 600 700 800 900
— » = %% © o-Lxpenments H
= | uu, 23 fb M 55% of Preudo Expermens B G_rawton mass M_1 (GeV)
1 I ' = k/M_ vs RS Graviton Mass Exclusion Plot
. F N EE. ™, =001 Pl
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Nb events / 20 GeV/c?
>

Early GMS Analysis: Dielectrons

Discovery reach up to

Z'|Gkk(ee) 1.2-1.3 TeV for SM-like Z

IIIIIII| T TTH

10 TeV, pseudo-experiment | L dt =100 pb”’ 10 TeV
T T | T T T | T T T | T T T | T T T | T T T |_ 104 C — | — | — | —r | — — | —
. pseudo-data - CMS preliminary
—all SM + Z’ - 5o discovery
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CMS % E {(e; bg. oL [oms , .
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-
o
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integrated luminosity (pb")

i
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107F
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January 2010
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« Large ED diphoton analysis can be
reused in inventive ways:

— Low background above certain mass
— Search for yy resonances (e.g. RS

gravitons)

— Search for other diphoton spectrum

enhancements (e.g. due to

unparticles)
| Limit on parameters for RS G* to diphotons |
0.18
£ -
20.16- CMS Preliminary CMS |
o C !
©oqaf-  ~-50/pb ’
- -+ 100/pb
0125 = 200/pb
01 A< 10TeV
C == Electroweak Limits
0.08
0.06[—
0.04]
002 T e e
O:IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII
700 800 900 1000 1100 1200 1300 1400 1500
Mass (TeV/c/r2)
January 2010

| Dlphoton Invariant Mass |

-~ Early GMS Analysis: nlllllﬂlﬂlls
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4+ But: Life May he More Complicated!

e Simple RS model has many  For graviton masses ~2-3 TeV,
potential problems: FCNC, CP- top quarks emerge highly
violation boosted, which makes it

—Those can be solved by challenging to reconstruct them
putting fermions in the bulk

* Top quark is localized near the > t"_"é
SM brane; light fermions are
near the Planck brane e Several Cha”enges:

* Graviton mainly couples to the —for 3-jet top decays jets are
top quark, and thus the often merged in a single “fat”
dominant decay mode is a pair jet

of top quarks —b-tagging efficiency drops

dramatically, as the opening
angle between the tracks
becomes small.

light
fermions t
R

Planck Brane

>
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January 2010

I

New techniques in jet reconstruction and b-tagging
Work in progress at both ATLAS and CMS

Preliminary CMS studies show that boosted top tagging
efficiency can reach ~40% with a few per cent mistag rate -

similar to b-tagging performance!

[ Top-Jet Tagging Efficiency

| CMS Preliminary
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4+~ High-pr Muons in ATLAS and CMS

Very clean and spectacular events

* Plethora of important information (alignment,
bremsstrahlung magnetlc field mapplng)

8881967, LS 160, Orbit 167062444, BX 2545

January 2010 Greg Landsberg, Discovering Extra Dimensions & Black Holes at the LHC 35

Wednesday, January 13, 2010



¥ Black Holes at the LHC?

January 2010
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Black Holes on Demand NYT, 9/11/01 Sy lorkGnes’

Scientists are exploring the possibility of producing miniature black holes on demand by smashing particles
together. Their plans hinge on the theory that the universe contains more than the three dimensions of
everyday life. Here's the idea:

Particles collide in three
dimensional space, shown
below as a flat plane.

TE—

gravitational force

As the particles approach ~ When the particles are ex- The extra dimensions would Such a black hole would
in a particle accelerator, tremely close, they may enter  allow gravity to increase immediately evaporate,
their gravitational attraction  space with more dimensions, more rapidly so a black hole  sending out a unique pat-
Increases steadily. shown above as a cube. can form, tern of radiation.
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~ Black Holes in General ﬂﬂlﬂll\llw

* Black Holes are direct prediction of Einstein’s general
relativity theory, established in 1915 (although they
were never quite accepted by Einstein!)

* In 1916 Karl Schwarzschild applied GR to a static
non-spinning massive object and derived famous
metric with a singularity at a Schwarzschild radius

r = Rg = 2MG,/c? :

[1- e 0 0 0 \}time |
0 —(1- 2]\ch2¥1\;>—1 0 0 3
Juv = (<)
0 0 20 . §
w
\ 0 0 0 —r?sinf /J

- If the radius of the object is less than Rg, a black hole
with the event horizon at Ry is formed

* The term “black-hole” was introduced only around y |
1967 by John Wheeler (IR e

January 2010 Greg Landsberg, Discovering Extra Dimensions & Black Holes at the LHC
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* Naively, black holes would only grow once they are formed

* In 1975 Steven Hawking showed that this is not true
[Commun. Math. Phys. 43, 199 (1975)], as the black hole
can evaporate by emitting pairs of virtual photons at the
event horizon, with one of the pair escaping the BH gravity

» These photons have a perfect black-body spectrum with
the Hawking temperature: e

TH

- 4hkR

e In natural units (2 = ¢ = k, = 1), one has the
following fundamental relationship: RqT,, = (4m)-! ¢

o If T, is high enough, massive particles can also be —
produced in evaporation

* Information paradox: if we throw an encyclopedia
in a black hole, and watch it evaporating, where
would the information disappear?

» This paradox is possibly solved in the only model
of quantum gravity we know of: string theory
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¥ BH atLHC: Theoretical Framework

» Based on the work done with Dimopoulos a  Artist’s view:
few years ago [PRL 87, 161602 (2001)] .
and a related study by Giddings/Thomas S‘LIEE:'.IDL[

[PRD 65, 056010 (2002)]

« Extends previous, more theoretical studies
by Argyres/Dimopoulos/March-Russell el
[PL B441, 96 (1998)], Banks/Fischler SN A
[JHEP, 9906, 014 (1999)], Emparan/ PROTON ’ TN GURUNIVERSE
Horowitz/Myers [PRL 85, 499 (2000)] to
collider phenomenology

 Big surprise: BH production is not an exotic Cross section is given by a black
remote possibility, but the dominant effect! disk approximation

* Main idea: when the c.0.m. energy reaches
the fundamental Planck scale, a BH is parton
formed!

« Also true in the RS models where A_is the
characteristic scale !

GRAVITONS

N
M?=s

parton

Q.._, 4_6 o~nRg?~1TeV 2 ~10"* m?~ 100 pb

Comparable with that of the top-quark
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+ Assumptions and Approximations

 Fundamental limitation: our lack of knowledge of quantum
gravity effects close to the Planck scale

« Consequently, no attempts for partial improvement of the
results, e.g.:
— Grey body factors
— BH spin, charge, color hair
— Relativistic effects and time-dependence

 Many subsequent publications tried to study those, but it's not
strict science

* The underlying assumptions rely on two simple qualitative
properties:
— The absence of small couplings;
— The “democratic” nature of BH decays

* We expect these features to survive for light BH

- Use semi-classical approach strictly valid only for Mgy » M;
only consider Mgy > Mg

» Clearly, these are important limitations, but there is no way
around them without the knowledge of QG

January 2010 Greg Landsberg, Discovering Extra Dimensions & Black Holes at the LHC
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. Schwarzschlld radius is given by
Argyres et al. [hep-th/9808138], after
Myers/Perry [Ann. Phys. 172, 304

Dimopoulos, GL [PRL 87, 161602 (2001)]

dL/AdM, 1/GeV

(1986)]; it leads to: .

R 1 Mgy 8T (”—+3)
o(§= M2.,) = TR% = 2
[ ( BH) S Mlgl [ ]\4131 n + 2

» Use parton luminosity approach with  *
quark momentum distribution given
by parton distribution functions

—
=

[
=

—
=

\

do(pp—BH+X) 4L
dMpy - dMgn

dx M2
dL _ _ 2M a BH
T T Z / o’ fo(Ta) fo ( = )

& & 4 & n & o i -

5(ab— BH)|_yg,

—
=

[
=

,..
=
s

-

=
-
-

a

. Mgu/s J
* Note: at c.o.m. energies ~1 TeV the

-

=
N
e

-
T

-
=
i

[y
=
i
-
™

Total
i +dd

244

dominant contribution is from quark- I
quark interactions (BH w/ color,
B = 0)

January 2010
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l‘|||

. Schwarzschlld radius is given by
Argyres et al. [hep-th/9808138], after
Myers/Perry [Ann. Phys. 172, 304
(1986)]; it leads to:

2

1 [MBH 8T (2t2) | 7

o(§ = M2,) = TR% =
( BH) S M1:2>1 ]\4131 n+2

» Use parton luminosity approach with
quark momentum distribution given
by parton distribution functions

~\

do(pp—BH+X)

dL

dz, M?2
> [ Ze g (22)
y
* Note: at c.o.m. energies ~1 TeV the
dominant contribution is from quark-

quark interactions (BH w/ color,
B = 0)

5(ab— BH)|_yg,

Dimopoulos, GL [PRL 87, 161602 (2001)]

do/dM . ph/GeV

‘Lo =120 fb
- (Mp =6 TeV, n=3)

Oyt = 0.5 nb

(Mp =2 TeV, n=7)

3

F M, =1TeV

3

g Deehade M, =3 Tel 4

g M, =7 Tel
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4+ Black Hole Decay

- Hawking temperature: RsT = (n+1)/4xn
(in naturalunits a=c=k=1)

» BH radiates mainly in our 3D world:
Emparan/Horowitz/Myers
[PRL 85, 499 (2000)] 104
— A~ 27/T, > Rg; hence, the BH is a point 3

radiator, producing s-waves, which
depends only on the radial component

— The decay into a particle on the brane 10}
and in the bulk is thus the same

— Since there are much more particles on
the brane, than in the bulk, decay into
gravitons is largely suppressed 1024-

* Democratic couplings to ~120 SM
d.o.f. yield probability of Hawking

evaporation into y, 7, and v ~2%, 10%, )
and 5% respectively — 1
- Averaging over the BB spectrum gives .

"

14000

TR F ( "T’»\ é‘

average multiplicity of decay products: % "’“"4000 A 000 2
il e\ —

’ , Ge —

L 2000 e i M =

<N> — MBH 0“ 2000 §

2T, 3

’ = —

Stefan’s law: Tt ~ 102 s =
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4+ Black Hole Decay

- Hawking temperature: RsT = (n+1)/4xn
(in naturalunits a=c=k=1)

» BH radiates mainly in our 3D world:

Emparan/Horowitz/Myers A :
[PRL 85, 499 (2000)] ! Note that the formula for (N) is

35 strictly valid only for (N) » 1 due

L to the kinematic cutoff E < Mg,,/2;
w0t If taken into account, it increases
- multiplicity at low (N)

[Dimopoulos, GL, PRL 87, 161602 (2001)]

—h~ 271/T, > Rg; hence, the BH is a point
radiator, producing s-waves, which
depends only on the radial component

— The decay into a particle on the brane

and in the bulk is thus the same 251 n=2
— Since there are much more particles on !
the brane, than in the bulk, decay into 20
gravitons is largely suppressed -
* Democratic couplings to ~120 SM 15f
d.o.f. yield probability of Hawking ? i
n=4 _.-

evaporation into vy, /%, and v ~2%, 10%, mf
and 5% respectively 3

 Averaging over the BB spectrum gives st
average multiplicity of decay products:

(' -Ai:;_ A._l,,l - - LVA;J.J._.L.I ._IVL_.L .A,.j,_J_A,-L LL.L_LJ _J_‘l-l.,l,- PR R .
2 3 Rl 5 6 7 8 9 10

M 0 1 <
N) ~ —BH M, /M,
o

Stefan’s law: t ~ 1046 s
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- Black Hole Factory

Dimopoulos, GL [PRL 87, 161602 (2001)]
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Spectrum of BH produced at the LHC with subsequent decay into final states
tagged with an electron or a photon
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0.3 el ”1*:2)_‘ n+1

— This result is independent of their shape!

— This approach drastically differs from analyzing other collider signatures and

would constitute a “smoking cannon” signature for a TeV Planck scale

January 2010 Greg Landsberg, Discovering Extra Dimensions & Black Holes at the LHC
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log,,(My,/1 TeV)

- Relationship between logT, and logMg allows to find the number of ED

1
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4+ Black Hole Events

* Detailed studies ongoing in ATLAS and CMS

— ATLAS —CHARYBDIS (HERWIG-based generator with an
elaborated decay model by Harris/Richardson/\Webber)

— CMS - TRUENOIR (GL)/CHARYBDIS/CATFISH
(Cavaglia) /BLACKMAX (Dai et al.)

— The hunt is going on!

Simulated black hole event in the Simulated black hole event in the CMS
ATLAS detector detector
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ATLAS Early Search Ior Black IInIes

. ConS|dered two 2"
selections: Z 10
— Sum E7 selection: St>2.5 % 1
TeV, pt' > 50 GeV 210"
— Multiplicity selection: g .
require at least four =10
energetic objects (pt > 200 10°
GeV) in the final state; at 10
least one is lepton
« ForMpof1TeVa P S—
discovery of 6-7 TeVBH's ~ §°°
is possible with a fraction ~ £°-
of fb’ B0
o 1
« Analogous analysis is i
ongoing in CMS i

50 discovery

10.4 o b b b by b b by b by
5 5.5 6 6.5 7 7.5 8 8.5 9 9.5

BH Mass Threshold [TeV]
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¥ Conclusions
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¥ Conclusions

« Possibility of Extra Dimensions in space is a bold theoretical
idea, which recently has acquired a new face:

— Attempts to solve the hierarchy problem and other problems of the SM
via an alternative framework
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+ Conclusions

» Possibility of Extra Dimensions in space is a bold theoretical
idea, which recently has acquired a new face:

— Attempts to solve the hierarchy problem and other problems of the SM
via an alternative framework

 Enormous amount of interest in the past decade, both on the
theoretical/phenomenological and on experimental sides

January 2010 Greg Landsberg, Discovering Extra Dimensions & Black Holes at the LHC 49

Wednesday, January 13, 2010



+ Conclusions

« Possibility of Extra Dimensions in space is a bold theoretical
idea, which recently has acquired a new face:
— Attempts to solve the hierarchy problem and other problems of the SM
via an alternative framework
 Enormous amount of interest in the past decade, both on the
theoretical/phenomenological and on experimental sides

« Spectacular signatures, large cross sections make these
models extremely attractive for full exploration at the LHC

— Some of the signatures may nevertheless be quite
challenging!
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Possibility of Extra Dimensions in space is a bold theoretical

idea, which recently has acquired a new face:

— Attempts to solve the hierarchy problem and other problems of the SM
via an alternative framework

Enormous amount of interest in the past decade, both on the
theoretical/phenomenological and on experimental sides

Spectacular signatures, large cross sections make these
models extremely attractive for full exploration at the LHC

— Some of the signatures may nevertheless be quite
challenging!
If the scale of gravity is ~1 TeV, copious production of black

holes at the LHC is likely to be an early and definitely most
spectacular signature for extra dimensions
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4+ Conclusions

« Possibility of Extra Dimensions in space is a bold theoretical
idea, which recently has acquired a new face:
— Attempts to solve the hierarchy problem and other problems of the SM
via an alternative framework
 Enormous amount of interest in the past decade, both on the
theoretical/phenomenological and on experimental sides

« Spectacular signatures, large cross sections make these
models extremely attractive for full exploration at the LHC

— Some of the signatures may nevertheless be quite
challenging!
* If the scale of gravity is ~1 TeV, copious production of black

holes at the LHC is likely to be an early and definitely most
spectacular signature for extra dimensions

« Such a possibility would fulfill our dreams for Grand
Unification of an ultimate kind: that of particle physics,
astrophysics, and cosmology!
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