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¥ Outline
» The Hierarchy Problem

» The LHC & Detectors

o Setting the scene: Extra Dimensional
Paradigms

o Tabletop Experiment Limits

o Constraints from Astrophysics and
Cosmology

o Collider Phenomenology and Limits

» Limits from (the lack of) Black Holes at
the LHC

. Conclusions
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Large Hierarchies Tend to Gollapse...
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4+ ButKeepinMind..
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+ ButKeepinMind...

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

— 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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¥ 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 Iarge3¥olume of the bulk space
» Gravity is made strong at a TeV scale = 1/(M™)* = 1Mp% Mp ~ 1 TeV
due to existence of large (r ~ 1mm — 2
1fm) extra spatial d|men3|ons (MTH_ ~ 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
V 47TMD 377,777,, n=3
L muw L M1y 6 x 107 %m, n =4
V(p) - D n-+1 — n-+2 n+1 ’
Mg, p (M[3+n]> P \_ )
Pl
—— « 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 for n > 1
NR Workshop, Madeira 2011 Greg Landsberg, Constraints on TeV Gravity 5
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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
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—One + brane — no low energy effects A\G
AdS | .
.
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modes of graviton
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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_%"“'(b'nw,dz“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 87T) Hi

4 h
NR Workshop, Madeira 2011 Greg Landsberg, Constraints on TeV Gravity 6
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4% [Extra Dimensions: a Brief Summary

- 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

RS Model:

» Pro: Arigorous solution to the
hierarchy problem via localization of
gravity

» Gravitons (and possibly other

particles) propagate in a single ED,
with special metric

* Black holes at the LHC and in UHE
cosmic rays

« Con: Somewhat disfavored by
precision EW fits

NR Workshop, Madeira 2011 Greg Landsberg, Constraints on TeV Gravity 7
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ADD Paradlgm: RS Model:

» Winding modes with energy spacing » “Particle in a box” with special AdS
~1/r, i.e. 1 meV — 100 MeV metric

* Experimentally can’t resolve these - Energy eigenvalues are given by the
modes — they appear as continuous zeroes of Bessel function J,

spectrum

« Coupling: Gy per mode; compensated

by large number of modes

~1 TeV

 Light modes might be accessible at
colliders

 Coupling: Gy, for the zero mode; 1/A 2
for the others

E
1 ~Mp,

M1I

%z&%z%ﬁw

NR Workshop, Madeira 2011

My, 1.83M, 2.66M1, 3 AR M
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4+ Large ED: Gravity at Short Distances

[D. Kapner et al., PRL 98 (2007) 0211001]
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« Sub-millimeter gravity
measurements could probe

only n=2 case only within
the ADD model

—The best sensitivity so far
have been achieved in the
U of Washington torsion
balance experiment — a
high-tech “remake” of the
1798 Cavendish
experiment

e R<37 mm
(Mp = 2 TeV)

« Sensitivity vanishes quickly
with the distance — can't
push limits further down
significantly

— Started restricting ADD
with 2 extra dimensions;

can’t probe any higher
number

* No sensitivity to the RS
models

Greg Landsberg, Constraints on TeV Gravity 9
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* Supernova cooling due to graviton
emission — an alternative cooling
mechanism that would decrease the
dominant one via neutrino emission

— Tightest limits on any additional
cooling sources come from the
measurement of the SN1987A
Inl\ﬁ%trino flux by Kamiokande and

— Application to the ADD scenario:
Cullen and Perelstein [PRL 83, 268
(1999)]; Hanhart, Phillips, Reddy,
and Savage [Nucl. Phys. B595, 335
(2001)]:

. My > 25-30 TeV (n=2)
« My > 2-4 TeV (n=3)
* Distortion of the cosmic diffuse

amma radiation (CDG) spectrum
ue to the Gy« — yy decays: Hall

and Smith [PRD 60, 085008 (1999)]:
~ Mg > 100 TeV (n=2)
_ My > 5 TeV (n=3)

NR Workshop, Madeira 2011 Greg Landsberg, Constraints on TeV Gravity

4+ large ED: Astro & Cosmo Constraints

* Overclosure of the universe,

matter dominance in the early

universe, Fairbairn [Phys. Lett.

B508, 335 (2001)]; Fairbairn,

Griffiths [JHEP 0202, 024 (2002)]
— My > 86 TeV (n=2)

—Mp >7.4TeV (n=3)

« Neutron star y-emission from

radiative decays of the gravitons
trapped during the supernova
collapse, Hannestad and Raffelt
[PRL 88, 071301 (2002)]:

_M, > 1700 TeV (n=2)

— My > 60 TeV (n=3)

» Caveat: there are many known

(and unknown!) uncertainties, so
the cosmological bounds are
reliable only as an order of
magnitude estimate

« Still, n=2 is largely disfavored

10
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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

NR Workshop, Madeira 2011 Greg Landsberg, Constraints on TeV Gravity

11

Sunday, September 4, 11



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
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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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+" The LHC - Aerial View
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LHC: facts

Energy. [ x 7 TeV (started at 3.5 x 3.5 TeV), i.e. 7 (3.5) times more
powerful than the previous big machine, the Tevatron

Circumference: 26.7 km

Number of proton bunches: 2808 x 2808; 1.15 x 10" protons/bunch
Magnetic field: 8.3 T

Luminosity: 1034 cm2s-!' = 102 pb-'s-' = 7 top pairs/s = 100 W(ev)/s
Energy stored in magnets: 10 GJ = A380 at cruise speed of 700 km/h.

Can heat and melt 12 tons of
copper!

Energy stored in a single beam: 360MJ = 90 kg of TNT = 8 liters of
gas = 15 kg of chocolate L G ‘T}‘ ) -om

NR Workshop, Madeira 2011 Greg Landsberg, Constraints on TeV Graity 13

Sunday, September 4, 11



And if You Think That Was a Lot...
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4+~ Andif You Think That Was a Lot..

* The electricity consumption is expected to match that
for the whole canton of Geneva and run about $25M/
year

NR Workshop, Madeira 2011 Greg Landsberg, Constraints on TeV Gravity 14

Sunday, September 4, 11



¥ Andif You Think That Was a Lot...

* The electricity consumption is expected to match that
for the whole canton of Geneva and run about $25M/
year

* The amount of liquid helium in the machine is 60 tons
or 120 thousand gallons

NR Workshop, Madeira 2011 Greg Landsberg, Constraints on TeV Gravity 14

TR

Sunday, September 4, 11



¥ Andif You Think That Was a Lot...

* The electricity consumption is expected to match that
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 LHC is the coldest place within the solar system with
the temperature of 1.9K
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year
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vacuum in the pipe containing the beams at 10-13 atm
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And If You Think That Was a Lot...

The electricity consumption is expected to match that
for the whole canton of Geneva and run about $25M/
year

The amount of liquid helium in the machine is 60 tons
or 120 thousand gallons

LHC is the coldest place within the solar system with
the temperature of 1.9K

It's also the emptiest place in the solar system with the
vacuum in the pipe containing the beams at 10-13 atm

The cost of the machine and detectors is $10B CHF or
$11.5B
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- And if You Think That Was a Lot..

. The electricity consumption is expected to match that
for the whole canton of Geneva and run about $25M/
year

* The amount of liquid helium in the machine is 60 tons
or 120 thousand gallons

 LHC is the coldest place within the solar system with
the temperature of 1.9K

 |t's also the emptiest place in the solar system with the
vacuum in the pipe containing the beams at 10-13 atm

 The cost of the machine and detectors is $10B CHF or
$11.5B

« Everything about LHC is at least 10 times bigger than
ever attempted before!

NR Workshop, Madeira 2011 Greg Landsberg, Constraints on TeV Gravity 14
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% How Much Data Does it Produce?

« Nearly 1 GB of data is recorded every second
— 15,000 TB/year = 15 PB/year '
— It's like recording a DVD every 4 sec s
— Enough to fill your hard drive in 2 min

* Processed all around the world via

LHC Computing Grid <3

NR Workshop, Madeira 2011 Greg Landsberg, Constraints on TeV Gravity
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+  Assembling the CMS
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GMS in December, 2007
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+ GMS in January 2008
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+  GMS in January 2008 =3
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< — Hrst [ Te\l Collisions - 30/3/10

Accelerator *"Q’ %
f
Control Room sl Aes
(é& ’# 7

n
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The LHC Luminosity Plan

. Dellvered 50 pb1in 2010

e Expect ~5 fb' in 2011 and ~20-30 fb-! by the end of 2012

e Possibly run at 8.0-8.5 TeV next year

e Shut down for ~1.5 years either at the end of 2012 or at
the beginning of 2013 and then go to ~14 TeV

>90% data taklng efﬁuency 95% data taking efficiency

CMS Total | 2011 (Ma 2 16:10 UTC)
3.0; - —~

w
o

ATLAS Online Luminosity \s=7 Tev
3 - LHC Delivered

! D ATLAS Recorded
2.5/ ,
Total Delivered: 268 b

Totad Recorded: 255"

- Delivered 2.63 b ’
w— Recorded 2,38 b J

<
.~
-

25"
2.0
1.5

1.0

Total Integrated Luminosity [fo )

05

0
: 0
xl'& 01/03 31/03 30/04 31/05 30/06 30/07 30"08

Day in 2011
g, Constraints on leV Gravity 21
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-|- Tevatron Searches in Monojets and Monophotons

« CDF has published a 1/fb monojet search
 Both CDF and DG completed 2/fb 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

S 2
| ] | B 18k w ..~ expected limit
g | e : CODF Run Il Preliminary I < 4 6? 2 = observed limit
% . — CDF ,';,'{ (2 ,:,1!": 1 4_— e CDF?O 'D."If']'l
C 14 : CDF Jet +&. (1.1 1 1'2? 4 LEP combined limit
- J T ) 1 2 A
E 3 1 H ===+ LEP Combined I Tuvann
5 1.2§ : | ot 8. 0.
a;, ' | 0.8: -
) 0.6 2
-~ s
20 0.4 D@, Run Il preliminary 2.7 f5'
0.2~
. - . - . 0= 3 4 5 5 7 8
: g Number of Extra Dimensions
Number of Extra Dimensions
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search for Monojets at the LHC

Both ATLAS and CMS published 2010 data search (36/pb)
* They also presented preliminary results with 2011 data (1.1/fb)
« Dominated by irreducible Z(vv)+jets background (determined from

W(ev/uv)tjets) _

o)

> :I T T T | T T T I. | I. T T | T T 1771 | T T 1771 | T T T I: 8

O el MS Preliminary -~ ADDM22 | B
Eg IL dt=1.1fo" at\s=7 TeV S SV‘;V':
N0°E M -
= 19F ms CJaco
2 al =" Clz-rr .
QCJ 10 . @ Data 3
T, o :
Y o? MEr > 350 GeV
10° -

10

1

P

I I I | IIII|IIII
200 300 400 500 600 700 800
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CMS Preliminary

[ 1
- %
o
- . :
o, :
‘e
- ., :
o,
v,
(R
N N -
g
‘e
0
‘e

10°F

\/§=7 TeV' Lim=

11"

--------- 1 95% CL Expecfed limits
95% CL Observed limits
107 = | Theor. prediction (LO)
E'.’,. = IR “ Theor. prediction (NLO)
\i\\\\§ \\g\\\\g\\\\g\\\\g\\\\\\\
1 1.5 2 2.5 3 3.5 4
M, (TeV)

CMS limits w/ 1.1 fb™"
@ 95% CL

n=2: Mp > 3.7 TeV
n=6: Mp > 2.3 TeV

ATLAS limits w/
1.0 fo' @ 95% CL

n=2: Mp > 3.4 TeV
n=6: Mp > 2.1 TeV
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search for Monojets at the LHG

Both ATLAS and CMS published 2010 data search (36/pb)
* They also presented preliminary results with 2011 data (1.1/fb)

« Dominated by irreducible Z(vv)+jets background (determined from
W(ev/uv)+jets)

m— _I T 1T | T T TT | T T 1T | TT T | T T 1T | T T 1T | T T 1T | T T 1T | IIIIIIII ]

E 5 B s —e— data 2011 N

> LI N |. T |. LI B I I O Y 10 = ATLA Prellm’nary Total BG =

® , ¢ CMS Preliminary ~-ADDMp2s2 | & = S zcz i w) +jets 5

o 10°F . —— 1 5 E f Ldt=11b ) :

- |Ldt=1.1fb at\s=7 TeV CIWoly 3 > B W (—=1v) +jets .

"‘Nj 5[ = - 1 W 10 ADD (n=2, M_=2.0 TeV) 5

100 s | DgCD 3 2 - ADD (n=6,M_=15TeV) J

2 0 A Er - ]

QC_) 10 = -@ Data E K 1 = =

> 3 Z N Y 5 B —— = Tttt 3

] S C “

o MEr > 350 GeV : :

= 10'15— ST

10° - T
10 10t

250 300 350 400 450 500 550 600 650 700 750

ET™ [GeV]

I I I | ||||||||| —
2 4 7 o -
R = Ry e VY TSR RE Sl ATLAS limits wi

@ 95% CL 1.0 fb" @ 95% CL
n=2: Mp > 3.7 TeV n=2: Mp > 3.4 TeV
n=6: Mp > 2.3 TeV n=6: Mp > 2.1 TeV
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. Flrst analysis of a kind at the LHC
« Similar techniques to the monojet analysis

 lrreducible background from Z(vv)+jets
CMS Preliminary \'s = 7 TeV
CMS Preliminary s =7TeV <& . ls NLO (b )
C | 1T 1T | 1T 17T | T 1T | T T | [ | 1T 1T 177 - 1 CM N
%) B g SM + ADD (M =1 TeV, n=2) | L%ZQ; Ldt=1.14fb" CMS LO (Y(.ZE) )E
¢ 10 =| Ldt=1.14fb —e— DATA E = 2F s CDF (y+E) =
; - B8 Total bkg uncertainty . § 1.8 [ I DO (v+F ) -
- B Zy— vy 7 —~ 1 6: e — LEP (Y"'E ) ]
QC) 1 W- ev E g 1'45 ]
> & I Miss ID Photon (QCD) a = .
- acoy, wy AL T ;
1 0-1 - BeamHalo _§ ED 1 :— --------------- :
[Cm ] 0.8 -
102 W= 0.6
- 0.4
10_3 ....................................... Oi
2 3 4 5 6
10 Number of Extra Dimensions
CMS limits w/ 1.14 b
100 200 300 400 500 600 700 95% CL
Er (GeV) n=2: Mp > 1.0 TeV
n=6: Mp > 1.2 TeV
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¥ Tevatron: Virtual Graviton Efiects

- f -
G KK GKK
f f '

« Expect an interference with the SM
fermion or boson pair production

“ d?c _ dPogm + =
dcos0*dM =~ dcos0*dM
a’(n)f (cos 0%, M) + b(n) fg(COS 0%, M)
E ’ w DO PRL 86, 1156 (2001) \ /
= - expected limit « High-mass, low |cos6| tail is a
- ~observed limit characteristic signature of ED
2__ , Cheung, GL [PRD 62 076003 (2000)]
; DO, 1.05 - Best limits on the effective Planck
<al- e L i scale come from ~1 fb-! D@ data:
* R — Mg > 1.3-2.1 TeV (n=2-7) diphotons
1 — Ms > 1.3-2.0 (n=2-7) dijets
2 3 a 5 6 7
Number of Extra Dimensions (nd)
D@ Signature GRW 2 HLZ [11]
n=2 n=3 n=4 n=5H n=06 n="7
ee + vy, 1.1 fb~! [21] 1.62 2.09 194 162 146 136 1.29
Dijets, 0.7 fb~! [._._ 1.56 1.85 156 141 131 124
NR Workshop, Madeira 2011 Greg Landsberg, Constraints on TeV Gravity 25

Sunday, September 4, 11



'..

Virtual Graviton Effects at the LHC

. Clean signature, with a huge potential of a quick discovery in dimuon,
dielectron, and d|photon channels

« CMS published yy with 2010 data (36/pb), Ms > 1.6-2.3 TeV

« ATLAS has preliminary 36/pb yy result
« CMS preliminary 2011 yy and uu results with 1.1-1.2/fb
V-

Entries/20 GeV

10!

102

107

CMS Preliminary eobserved

. —Diphoton
o 1.1fb"at7 Tev

By +jet
B Dijet

ESyst. Uncertalnty

200 300 400 500 600 700 800 900 1000

Events /(20 GeV)

M, [GeV]

ngp =2 ngpp =3 ngp=4 ngp =95 npp

6 Mraliminar\/
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i Need only two parameters to » To avoid fine-tuning and non-
define the model: k and r perturbative regime, coupling

* Equivalent set of parameters:

can’t be too large or too small
¢« 0.01 <k/Mr;m<0.10 is the

—The mass of the first KK mode, M, expected range

—Dimensionless coupling k/Mp, « Gravitons are narrow
which determines the graviton width  , Similar observables for Z Qi N

TeV-' models

YT Y ’ T ' """"" 020: ™7 l T r T T T ™ I
10-2 |- Drell-Yan at the LHC — [ [Tevatron
; | E 1 IRg|<Mj
= : Y 1 010 | : 3
K- 1074 - N, ! k/M Pl - 007f | Allowed Region 3
S <[\ \ I - 2 A, <10 TeV 3
5 N ; & o005 | LHC -3
= 107° - NN \, - = | E
: A | 00af-)
- 10°8 M =y 0.02 :"’ Oblique Parameters =
(b) !
10 10 Lo b aVa e - .' A A ’... Ak ".' i A “v‘ e L; A 1 R J s A R Ry L SRt
1000 2000 200 o 4000 oo 500 1000 2000 3000 4000 5000
My, (GeV) m, (GeV)
Davoudiasl, Hewett, Rizzo [PRD 63, 075004 (2001)]
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+" Most Recent Tevatron Limits on G

excluded at 95% CL

_- Latest limits are just ~10% S ool

DO PRL 95, 091801 (2005)

higher than the original ones 0BF N m— oo
despite 5x statistics |

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

0.1 - ! 1 T T s M T 7
E RS- i — 1 0.1 == L
0.09 f RS-model 95% CL exclusion J ; 200 300 400 500 600 700 800 900
0.08 b analvsi K ] Graviton mass M, (GeV)
TR ee ysis K ] k/M vs RS Graviton Mass Exclusion Plot
. ’ - = 0.1 ;
0.07 L vy analysis RA : I R = /
0.06 F S { oo
o F — ee+yy analysis ] 0.08-
I= 0.05 F : : £ U
2 g : 0.07F , '
0.04 | ) E -
F : 0.06
0.03 L s . ] 005k
0.02 | I ] 0.04F-
0.01 foeeeer™™ e+yy, 5.4-5.7 fb-! 1 e
0 - ; ' : : 0.021- Ldt= 1.1-1.3fb"
400 500 600 700 800 900 1000 1100 b i
: 2 U0 "300 400 500 600 700 800 900,
Graviton Mass (GeV/c) M, (GeV/c?)
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4+ Most Recent Tevatron llmlts on Gk

 Latest limits are just ~10%

higher than the original ones
despite 5x statistics

— Tevatron sensitivity has really
maxed out - need higher energies!
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expected limit
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RS Gravitons at the LHC

. Same analyses can be reinterpreted as search for resonances
decaying into pair of photons or letons (e.g., Gkk)

» Significantly exceeds the Tevatron limits with ~1/fb

E 0_22:I IIIII I T 1T I T 1T I T 1T I IIIIIIIIIIII ~\-\I\I T I:
% 0.2 RS-Graviton 95% CL limits Y 3
0.183— -~ ATLAS Expected (L. = _f
0.16 f_ —e— ATLAS Observed _f
014 — DOyy+ee (L =541 =
0.12:_—CDFyy( —54fb) 3
0.1
0.08F
0.06F
004;_ NN é
0.02F o= | | | (ATLAS Preliminary E

0 |||||||||||||||||||||||||||||||||| ]

500 600 700 800 900 1000 1100 1200 1300
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= 0.12
I=

o 0.1

k/

CMS Preliminary
-- Electroweak Limits ’ CMmS -

—95% CL Limit
---Expected Limit
My > 10TeV

1.1fb'at 7 TeV

)
- -

e =4

:s:eilllllllllllllllllll
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k

0.01 0.02 0.03 0.04 005 006 007 008 0.09 010 0.11
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CMS: ee+uu @1.1/fb
M > 1450-1780 GeV

for k/IMp; =
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RS Gravitons at the LHC

. Same analyses can be reinterpreted as search for resonances
decaying into pair of photons or letons (e.g., Gkk)

» Significantly exceeds the Tevatron limits with ~1/fb

|§E0-12_|' L I I I I UL I I I B
2 13 CMS Preliminary 1.1fb'at7 TeV /
> T T~ T T T - T~ T 1 173 o Y9I ]
O - 1 — Estimated bkg 1 B o A 'CMb |
O % _[ L dt =36 pb- [[]Bkg extrapolation syst uncertainty 1 a = EIeCtrowe_ak_ Limits Z B
© 102 "% o Datavs < 7TeV [ 1o bkg uncertainty band (stat+syst) 5 8 0.08 —  —95% CL Limit b ] n
..g - % alavs = rle [[J2c bkg uncertainty band (stat+syst) - @) B ----Expected Limit o i
B 1=0.03 K/My=0.05 K/Mj=0. i
G>J B T MC G;/E:\g GZ\?S Groo GZ\?S Gio00 60;\1/ N 0.06 B MD > 10TeV ]
L 10§ 3 | ]
B 1 o004f \
e E \
i 1 0.02 N
10" E . .
- ATLAS Preliminary . O 800 900 1000 1100 1200 1300 1400 1500 1600 1700
qoll 1 LN L M, [GeV]
200 400 600 800 1000 1200 k 0.01 0.02 0.03 0.04 0.05 006 0.07 008 0.09 010 0.11
[GeV] M [TeV] 077 1.05 120 131 141 149 157 163 1.69 174 1.78 |
ATLAS: ee+uu @1/fb: CMS: ee+uu @1.1/fb =
M > 1630 GeV for k/Mp; = 0.1 M > 1450-1780 GeV =
for k/Mp = 0.05-0.10 =
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+ String Resonances at the LHC

. nghly-degenerate excitations of quarks & gluons, decaying into
Q4. 99, 99
* Look for “oumps” on top of steeply falling QCD spectrum

« Similar limits apply to quantum BH’s, decaying into pair of initial
partons (see Andy’s talk for ATLAS results on that)

I I | I - 3 s | T T | TV I T T | T TW | 1T 1T | T ISItr Ingl RIelsolnalnlcel
—~ I__I T T T T T T T T T T T T T T T T T T T T T T L] | \ ,*‘ ‘\ - 1 .
% 10 = ’C MS —e— CMS (1.0 fb™) 3 \?; k o meees Excited Quark
0] - 4 . . Axigluon/Coloron
= ~ — Fit < 11 E, Diquark —
'8_ 1E e __1 ----- QCD Pythia + CMS Simulation 5 X C -- W ]
E E N JES Uncertainty E m B E,S Graviton i
o 10™ E- S (1,9 Tev) ... Excited Quark = x : :
_8 E - - - String Resonance E c i 1
0% 7 = 0
: "fd’*‘;1 5 Tev)’ S 1) 1 O 10 MS > 4 O TeV
10°% . - +4 2 - ' ]
= = @O [ cms@.of -
oL e y 1 @ [ Vs=7Tev ]
= Gserrev | T@3ITV 3 O Il <2.5, 1Anl <1.3
105 ;_ ml <2.5, 1Anl < 1.3 q _; @) 95% CL Upper Limit
E  Wide Jets = 1072 — - Gluon-Gluon 'CMS,
Q DY e s — e T E - —e— Quark-Gluon
% (1);_ ............................. ..o : — Quark Quark ,,— :—l
= -1 SEGRUNRURIRREE BN  RERERRNCI SIS s NI = | | | - | 1 11 | | | - | | | | [ I | | | O | )
g) 2E 1 OOO 1 O ......... . e E 1 OOO 1 500 2000 2500 3000 3500 4000
n 500 2000 2500 3000 3500 4000
Dijet Mass (GeV) Resonance Mass (GeV)
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¥ ‘But: Life May he More Complicated!

« 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

e 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

Planck Brane
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£~ Searches for tt Resonances in I+jets

. Can also look for tt — |+jets; sensitive at the intermediate

c F . .
m a SS eS S 0.22[ CMS simulation —top
° ;\/§=7Tev ...V+lets Q 1000_| T T T 1 T 7T T T T 1 T 7 — T 1 ]
Eo2- QCD multijet S B QR ATLAS Preliminary I:In ]
) 180 -+ =2, M=2TeV/c? 5 L Iz - _
s - - _ [ Single top -
50.16? __5 ! Y 800 Ldt= 1.04 o’ ) Fakes ]
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= N : = | L -e- Data 2011 i
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:é_ median expected limit HT+EIPiSS (GeV)
— — observed limit (95% C.L.)
= — central 1o expected limit oy I L
41-3 — central 20 expected limit = - — gqq, /9, =020 -+ Expected limit |
< 1 , o . cg — gqqgi:/g - -0.25 | Expected = 1o
N 10 = - Topcolor Z', 3.0% width, Harris et al. 12 Yoag /g -0.30 Expected + 20 _|
T — - Topcolor 7', 1.2% width, Harris et al. = — gqqgi:/g =-035 _. Observed limit 3
> N . ]
< N gt ]
c - \s=7TeV .
o
£ - :
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Boooooooooosted Top Searches

. New techniques in jet reconstruction and b-tagging
- E. g Cambrldge-Aachen Algorithm (CMS)

_CMS Preliminary, 886 pb' at\'s =7 TeV
AT, P B N e T —

2 3

6:6 l e Type 1+1 .

o = Type 142 3

3 3

K] =

= ! . =

oo

| CMS E

e =

0 IR AR R AP BRI AR B AP
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Jet P, (GeVlc)
3‘ rrrT I T I T 50.757\\ [RERRNRARRN RN REREE RERRE
c — — F ]
g ™ —— 1§ orf E
E F.:H ——t ..% r T%’LLT T H Jet Pruning Algorithm -

L — bl o CMS Simulation
g’ 04— —— —— ] L; 0-65; }H‘ HTTTT at\'s = 7TeV E
§ . 5 0.6[ Tl HFL .
= r ] o Eod ! 7
S o3 —+ - F oss[ —t— 3
—— ; F >L
- ] 05f E
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- 3 ] L E
o I(N\b Top Tagging i 0_4? I(N\b ] {
011~ ~ | CMS Simulation : = 1
- ~ . Ns=7TeV g 035 | 7 =
i - —_|| i F . ]
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Boooooooooosted Top Searches

* New techniques in jet reconstruction and b-tagging

« E.g., Cambridge-Aachen Algorithm (

Top Tagging Efficiency

=
!( N‘b Top Tagging
01— CMS Simulation
- \s=7TeV
i e ]
ol | PSP AT ITR A A | [T AT |

200 400 600 800 10001200 14001600 18002000

Jet P, (GeV/c)
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o
3
o

CMS)

CMS Preliminary, 886 pb” at\/'s = 7 TeV
e e Y e

Mistag Rate

o Type 1+1
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W Tagging Efficiency
o
S o ©°
(2] (3 ~
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2]
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Jet Pruning Algorithm
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©300 2
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+ Boooooooooosted Top Searches

* New techniques in jet reconstruction and b-tagging
« E.g., Cambridge-Aachen Algorithm (CMS)

CMS Preliminary, 886 pb™ at /s =7 TeV
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¥+~ Boooooooooosted Top Searches

. New techniques in jet reconstruction and b-tagging
-_ E g Cambrldge-Aachen Algorithm (CMS)

CMS Preliminary, 886 pb™ at /s =7 TeV
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¥ Black Holes at the LHC?

See Andy Parker’s talk for
production and decay properties

NR Workshop, Madeira 2011
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4+ Randall-Sundrum Black Holes

* Not nearly as studied as BH in large ED
Originally suggested in Anchordoqui, Goldberg, Shapere [PRD 66,
024033 (2002)]
A few authors extended work to various cases: Rizzo [JHEP 0501, 28
(2005); hep-ph/0510420; hep-ph/0603242]; Stojkovic [PRL 94,
011603 (2005)]
The event horizon has a pancake-like shape (squashed in the 5t
dimension by e-km)

* Nevertheless, the comparison with the ADD BH is trivial, GL
[J. Phys. G32, R337 (2006)]

If Rse-*= << nr the BH is still “small” and can be treated as a 5D BH in

flat space (ignoring the AdS curvature at the SM brane ~k2 << 1)
For BH production, A_in the RS model plays the same role as the

fundamental Planck scale M in the ADD model
Meade/Randall [arXiv:0708.3017] used a different characteristic

—kmr

scale: Mpe . which results in a more conservative cross section
estimate
NR Workshop, Madeira 2011 Greg Landsberg, Constraints on TeV Gravity 35
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» s

+~ RS to ADD Mapping

 Unlike the ADD, the 5D Planck scale, M, is of order of M,

M omm. ) MP
R e
k K
« The Schwarzschild radius: Rq = 1_k = \/ MEE': =
aMe™" ¢ | 3Me "¢

: 1 M 1
« Given M3 ~ kMp° = A_2ke2R¢ R = g /iZABH e
where k = k/M,

« Compare with: RZ"°(5D) = SMBH

J_M

- Thenifonesets A_=Myandk = 1/8rn = 0.04, the RS formula turns into

the ADD one! Thus, the two cases are equivalent within the
approximations we used!

« Ty=1/(2nRs) (ADD formula in 3D)
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Dlmopoulos/Emparan,

hep-ph/0108060 — an attempt to

account for stringy behavior for
Mgy ~ Ms

- GRis applicable only for Mg, >
M., ~ Ms/gs?, where gg is the

min

string coupling; M, is typically less

than M,

« They show that for Mg <M <M_,,
a string ball, which is a long Jagged

string, is formed

* Properties of a string-ball are
similar to that of a BH: it
evaporates at a Hagedorn

temperature: M
o 242n

into a similar democratic mix of

particles, with perhaps a larger

bulk component
NR Workshop, Madeira 2011

+ String Balls at the LHC

Cross section of the string ball
production is numerically similar to
that of BH, due to the absence of a
small coupling parameter:

[ gi M35
U

M, < Msp < M./g,,

Mgp T %
\ ."v pl \ 3T H .
( iy ) a9y < Mo

1’

7
|

| M

It might be possible to distinguish
between the two cases by looking
at the missing energy in the
events, as well as at the production
cross section dependence on the
total mass of the object

Very interesting idea; more studies
of that kind to come!
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4+ Black Hole Event Simulation

— Advanced Monte Carlo generators are available:
CHARYBDIS2 (HERWIG-based generator with an
elaborated decay model by Harris/Richardson/Webber);
CATFISH (Cavaglia); BLACKMAX (Dai et al.); QBH
(Gingrich)

Simulated black hole event in the Simulated black hole event in the CMS
ATLAS detector detector

NR Workshop, Madeira 2011 Greg Landsberg, Constraints on TeV Gravity 38
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-~ Black Holes in CMS

LHC crscye07 20080910
- SREETES T
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First dedicated collider search based : oS Simulation
on the 2010 data published earlier this EEL s =7 TeV
year [Phys. Lett. B697 (2011) 434] il

Based on St = 2E7, where the sum is
over all the objects with Et > 50 GeV,
iIncluding MEr~ - very robust against the -
fine details of evaporation 10%H

Completely data-driven QCD
background determination using a 107
novel technique: St-invariance of

the final state multiplicity oo T e S “g‘f(G;‘\’f)‘)

Empirically found and tested with ,
various MC generators (PYTHIA, Also see Andy Parker’s talk
ALPGEN) up to high jet multiplicity

— Came as an initial surprise to all the theorists we mentioned it to
- now trying to explain it from basic QCD principles!

— Note that one naively would expect such scaling for the
invariant mass, which is simply the sum of total energy in the
detector

* Does work as well: object minimum ET thresholds, pile-up!

—
Q,
|

—_
o

Arbitrary Unit

—
o
LI

N
N
N
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First dedicated collider search based 51 7__ oS Simua
on the 2010 data published earlier this g F%gi 'mulation

year [Phys. Lett. B697 (2011) 434] 32 \s=7TeV

« Based on St = 2ET, where the sum is I
over all the objects with Er > 50 GeV, o}
iIncluding MEr~ - very robust against the ¢
fine details of evaporation 10"

« Completely data-driven QCD

QCD Pythia6
—N=2

background determination using a I Hﬁ _
novel technique: St-invariance of T T I
the final state multiplicity 01000 2000 3000 4000 5000

Inv. Mass (GeV)
« Empirically found and tested with

various MC generators (PYTHIA, Also see Andy Parker’s talk
ALPGEN) up to high jet multiplicity

— Came as an initial surprise to all the theorists we mentioned it to
- now trying to explain it from basic QCD principles!

— Note that one naively would expect such scaling for the
invariant mass, which is simply the sum of total energy in the

detector
* Does work as well: object minimum ET thresholds, pile-up!
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New Analysis with 2011 Data (1/ih]

. Establlshed the empirical scaling with the data, using
exclusive N = 2 and 3 multiplicities

« Assign shape uncertainty due to fit parameter variation
and template function choice
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New Analysis with 2011 Data (1/ih]

. Establlshed the empirical scaling with the data, using
exclusive N = 2 and 3 multiplicities

« Assign shape uncertainty due to fit parameter variation
and template function choice
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T
« Used the N=2 shape with its
uncertainties, to fit higher

multiplicities, where the signal

Is expected to be most
prominent

 (Given no excess, set limits on

the minimum BH mass
» Despite lack of excess, see

some truly spectacular events!

Limits on Black Holes
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¥~ Model-independent Limits

* First, set generic model-independent limits on new physics
deScay_ing to high-mass, high-multiplicity final states, with St
> Stmin

« These limits, as a function of St™" are in a 1 fb range and

can be used to probe generic black hole models, including
trapped surface losses, bulk radiation, etc.

* They are also useful for other models of new physics, e.qg.
heavy resonances decaying into multijet states
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semi-Glassical Limits

* Not very useful at these relatively low masses, but give one

an idea on the typical mass reach

* Important point is low sensitivity on the parameters of the
production and decay model, such as remnant, rotation, etc.
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An attempt to see the sensitivity of our results to
quantum effects is to interpret our limits in terms of
string balls - quantum precursors of black holes

* First limits on strlng balls from a collider experiment
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ATLAS Search for Quantum BH

Decay very fast, possibly before thermalization
 Dominant decay mode: 2 jets (Meade-Randall model)
« Search for bumps in the dijet mass spectrum and

an excess of central

events using dijet angular

distribution

 See Vicki Moeller’s talk for
other channels

n
Extra Dimensions

Expected
Limit (TeV)

2

N O U =W

2.91
3.08
3.20
3.29
3.37
3.43
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. In some models, the space-time may be lower-
dimensional at short distances, perhaps just 1+1-
dimensional

* |In this case, the black hole cross section is given by
[Calmet/GL, arXiv:1008.3390]: 4 = S

OQBH — 1677‘]\_4}2)6(\/_ — Mp)

* This is large cross section and the LHC will be able

to probe thiscaseaswell
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. Black holes produced in particle collisions generally have a
non-zero angular momentum:

n+42 —1_
n=1 |8C(2ft3) | Tt
L = MBHR5/2 — \/_ {]\]\4411}11} [ 7S+2 )]

While L is small for Msn = Mpy, it grows with Msx and can
reach ~10 (in the units of 7), which is non-negligible

Such a spinning black hole is described by the Kerr solution
and has an enhanced emission of gravitons (super-radiance)

Unfortunately, the grey-body factor for spin-2 particles for the
case of Kerr black hole in d > 3 dimensions has not been
calculated, so it's hard to quantify the effect

This is important for collider searches, as gravitons result in

large missing transverse energy and reduced observable
energy in the detector
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We haven'’t seen any signs of TeV-scale gravity yet
— The LHC became the key player in this field in the just past 9 months
The fantastic machine and detector performance allowed us to probe

TeV-scale Planck scale up to ~3-4 TeV thus significantly extending
previous limits

We have excluded various classes of black holes and their precursors
with masses less than ~4-5 TeV

There is little chance left that we can see quantum gravity effects at
the 7 TeV machine

— This chapter has been simply closed in the last few months!

The 14 TeV LHC upgrade and new high-energy run of ~2015 would
allow to probe significantly higher scales and ultimately decide if TeV-
scale gravity can be a solution to the hierarchy problem

However given the existing constraints, it is clear that if we produce
black-hole-like objects at 14 TeV, they will be highly non-classical

Possible description of these objects is where the theoretical effort
should be focused in order to lead us in the new chapter on this
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Thank You!
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