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Abstract: I\'ll give a broad review of various ways of looking for large, small, and warped extra dimensions and will give only a brief review of the
black-hole business, particularly an introduction based on the original paper we wrote and recent work on Randall-Sundrum black holes.
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The nineties...
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-~ Note: Some Hierarchies are Surprisingly Stable..
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» Fine tuning (required to keep a large hierarchy
stable) exists in Nature:
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irsa: 07110045 Page 31/113

| T



» 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 =

Pirsa: 07110045 Page 32/113 ;



» 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 (M)

Pirsa: 07110045 Page 33/113



» 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 =

Pirsa: 07110045 Page 34/113



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

— Solar eclipse: angular size of the sun is the same as the
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1.000061 ()
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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!)

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

— Numerology: 987654321/123456789 =
8.000000073 (1)

(Food for thought: is it really numerology?)

Pirsa: 07110045 Page 36/113



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

— Solar eclipse: angular size of the sun is the same as the
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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!)

— Politics: Florida recount, 2,913,321/2,913,144 =
1.000061 (1)
— Numerology: 987654321/123456789 =
8.000000073 ()
(Food for thought: is it really numerology?)

» Alternative: the anthropic principle

— Properties of the universe are so special because we
happen to exist and be able to ask these very questions

Pirsa: 07110045 Page 38/113



» 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 (1)
— Numerology: 987654321/123456789 =
8.000000073 (')
(Food for thought: is it really numerology?)

» Alternative: the anthropic principle

— Properties of the universe are so special because we
happen to exist and be able to ask these very questions

— Not covered In this talk
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» But: what if there is no other scale, and
SM model is correct up to Mg,?

— Give up naturalness: inevitably leads to
anthropic reasoning

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

1998): maybe the fundamental Planck ~ Put we do not feel that as it is diluted
scale is only ~ 1 TeV?!! by the large volume of the bulk space

» Gravity is made strong at a TeV scale Gy =1/(Mp;™)* = 1IMp% Mp ~ 1 TeV
due to existence of large (r ~ Tmm — rn-+2 -
1fm) extra spatial dimensions: (A[ B_t_ ~ M Pl/ Tﬂ)

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

—Gravity is the only force that permeates SIS S REEE St S

[ ” r_ .
bulk”™ space ) 8x 10%m. n= 1—-\
» What about Newton’s law? - 1 Mpi\ 7" _ ) 0.Tmm. n—2
VaxMp \ Mp 3nm. n=23
V(p) = 1. ”*}*”li ot 1 s ”’1”7’1—'! 6x1002m. n=4
Mg, p*™ (u,':i—n'_) s \_ =3
e ]
. . ol « Amazing as it is, but as of 1998 no one
» Ruled out for infinite ED, but does not has testged Newton'’s law to distances
apply for compact ones: less than — 1mm!
%
) i 1 mymz o _ « Thus, the fundamental Planck scale
(p) = —e————— WP 3
iy (1 I:_.a*,-._-) 2 rnp could be as low as 1 TeV for n 2,101
P
: J
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« Simultaneously, another idea
has appeared:

~ \ gravitational — EXplore modification of force
behavior in (3+n)-dimensions to
achieve low-energy grand
unification [Dienes, Dudas,
Gherghetia, PL B436, 55
(1998)]

To achieve that, allow other
force carriers (g, v, W, and Z) to
propagate in an extra

dimension, which is
“longitudinal” to the SM brane

and compactified on a “natural”
EW scale:
‘R~1TeV'~10""m

Inverse Strength

Pirsa: 07110045 Page 41/113



* Randall-Sundrum (RS) model [PRL 83,
3370 (1999): PRL 83, 4690 (1999)]

—One + brane — no low energy effects

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

—L ow energy effects on SM brane are
given by A_; for kr ~ 10, A_~ 1 TeV and

the hierarchy problem is solved naturally

irsa: 07110045
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* Randall-Sundrum (RS) model [PRL 83,
3370 (1999): PRL 83, 4690 (1999)]

—One + brane — no low energy effects

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

—L ow energy effects on SM brane are
given by A_; for kr~ 10, A_~ 1 TeV and

the hierarchy problem is solved naturally
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* Randall-Sundrum (RS) model [PRL 83,
3370 (1999): PRL 83, 4690 (1999)]

—One + brane — no low energy effects

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

—L ow energy effects on SM brane are
given by A_; for kr ~ 10, A_~ 1 TeV and

the hierarchy problem is solved naturally

Anti-deSitter space-time metric:

ds®> = e 20y dx*dz” — r’de’

—
5
|
-
f:bl
%
1-3
)

k — AdS curvature
Reduced Planck mass:

SM brane Planck brane —_

(0=) ©=0 | Mp = Mp/V8m
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ADD Paradigm: TeV-' Scenario: RS Model:

* Pro: “Eliminates” the }- Pro: Lowers GUT * Pro: A rigorous solution
hierarchy problem by | scale by changing the | tothe hierarchy
stating that physics running of couplings problem via localization
ends ata TeV scale |. Only gauge bosons of gravity

. iy i : A “live” i 's | * Gravitons (and possibl
Only gravity lives in (g/v/WIZ) “live” in ED’s — partié = p y

th_e “bUIk Space = Size Of ED!S "'t1 TBV'1 propagate in 3 Single
» Size of ED’s (n=2-7) or~10¥ m-i.e, ED, with special metric
between ~100 um natural EWSB size - Black holes at the LHC
and ~1 fm e Con: Gravity is not in and in UHE cosmic rays
- Black holes at the the picture - Con: Somewhat
L HC and in the UHE disfavored by precision

EW fits

cosmic rays

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

Strength

Inverse

%

Ilrsa 07110045
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ADD Paradigm:
= Winding modes with

energy spacing ~1/r, L.e.
1 meV — 100 MeV

* Experimentally can't
resolve these modes —
they appear as
continuous spectrum

- Coupling: G, per mode;

compensated by large
number of modes

E4
~1 TeV

TeV-! Scenario:

« Winding modes with
nearly equal energy
spacing ~1/r,i.e. ~ 1

TeV

 Can excite individual
modes at colliders or
look for indirect effects

« Coupling: ~g,, per mode

M, = /Mg + i/

Kiein Spectrum

RS Model:

« “Particle in a box” with
special AdS metric

 Energy eigenvalues are
given by the zeroes of
Bessel function J,

« Light modes might be
accessible at colliders

» Coupling: G, for the zero
mode; 1/A_? for the others

E
I ~Mg,

s
Iy
M;. 1.83M,. 2.66M;.

o
EEQ
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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

. R<0.16 mm (M, > 1.7 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

— Ultimately push the
sensitivity by a factor of two
in terms of the distance

* No sensitivity to the TeV-' and
RS models
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¢~ Large ED: Gravity at Short Distances

[J. Long, J. Price, hep-ph/0303057]
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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

« R<0.16 mm (M > 1.7 TeV)
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¢~ Large ED: Gravity at Short Distances

[J. Long, J. Price, hep-ph/0303057] « Sub-millimeter gravity

measurements could probe
only n=2 case only within the
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¢~ Large ED: Gravity at Short Distances

[J. Long, J. Price, hep-ph/0303057]
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- Large ED: Gravity at Short Distances

[J. Long, J. Price, hep-ph/0303057] « Sub-millimeter gravity
measurements could probe
only n=2 case only within the

- 1 ADD model
o *’""::"::“ | — The best sensitivity so far
P | have been achieved in the
s | Modulus U of Washington torsion
R ~_~Colorado  E.Adelberger et al. balance experiment — a
Modulus | PRL 86, 1418 (2001)] high-tech “remake” of the
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" o il 1 experiment
' | Diaton | « R<0.16 mm (M > 1.7 TeV)
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+ Dimension 4
' Radius
10.3 E Modulus
r Vacuum energy<_ |
:r_ Constraints Axion
e S S :
107 107 107 107

Pirsa: 07110045

A (meters)




» Sub-millimeter gravity
measurements could probe
only n=2 case only within the

-
g

colorade E_Adelberger et al.
PRL 86, 1418 (2001)

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

- i experiment
@l T paden : . R<0.16 mm (M, 2 1.7 TeV)
10° | compact/ L Washington | . Sensitivity vanishes quickly
_ Dimension r-”" = with the distance — can’t push
L Radius/ A limits further down
10° - T '~vine | significantly
- Vanum_m/ i — Started restricting ADD with
M | Constraints Axion g 2 extra dimensions; can't
10 P - probe any higher number
5 5 -4 -3 -2 -1
10 10 10 0 " 1o — Ultimately push the
/ (meters) sensitivity by a factor of two
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in terms of the distance

» No sensitivity to the TeV-' and
RS models
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at Short Distances

» Sub-millimeter graviéy
measurements could probe
only n=2 case only within the

T T T T ADD model

9
L — The best sensitivity so far
1 hav? been achieved in the
6 U of Washington torsion
10" E.Adelberger et al. balance expgriment 2
PRL 86, 1418 (2001) | high-tech “remake” of the
4 ' 1798 Cavendish
| 1071 experiment
- R<0.16 mm (M > 1.7 TeV)
10° } » Sensitivity vanishes quickly
with the distance — can’t push
limits further down
10° F significantly
— Started restricting ADD with
< Irvine/UW-2K 2 e}étra dimﬁnﬁions; cat?’t
10 s s s asasal 5 3 s & sasal L s s ssaasl A s rasssl A 5 & 5 aaaa I'O e an i er num er
10° 10° 10 10° 10° 10 5 i

— Ultimately push the
/ (meters) sensitivity by a factor of two
in terms of the distance

» No sensitivity to the TeV-' and
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Use an atomic

interferometer for i

precision measurement
of acceleration "

Stanford experiment:
10m Mach-Zehnder
space-time
interferometer (Hogan)
Measure phase shift in
the presence of a test
mass placed near the 4
interferometer

Several ideas in the =
pipeline on sensitivity
increase; projected 8
ultimate sensitivity

(w
o
Q
—_

irsa: 07110045

1S In Gravity Measurements

Expected Sensitivity

-3

Existing Limits

. [J.Wacker. SUSY’07]

-2 0 2
iy Page 55/113
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- Supernova cooling due to graviton ~ * Overclosure of the universe,
emission — an alternative cooling matter dominance in the early
mechanism that would decrease the unhiverse, Fairbairn [Phys. Lett.

dominant one via neutrino emission  B308, 335 (2001)] Fairbairn,
— Tightest limits on any additional RIS ER AL G S

cooling sourcesfcomg from the —M;p > 86 TeV (n=2)
measurement of the SN1987A =
neutrino flux by Kamiokande and s e L (n- 3_)
IMB « Neutron star y-emission from
— Application to the ADD scenario: radiative decays of the gravitons
Cullen and Perelstein [PRL 83, 268 trapped during the supernova
(1999)]: Hanhart, Phillips, Reddy, collapse, Hannestad and Raffelt
?élgo?ﬁ?fage [Nucl. Phys. B595, 335 [PRL 88, 071301 (2002)]:
- M, > 25-30 TeV (n=2) —M; > 1700 TeV (n=2)
- Mp > 2-4 TeV (n=3) —M; > 60 TeV (n=3)
» Distortion of the cosmic diffuse » Caveat: there are many known
gamma radiation (CDG) spectrum (and unknown!) uncertainties, so
ue to the Gy — yy decays: Hall the cosmological bounds are
and Smith [PRD 60, 085008 (1999)]: reliable only as an order of
—My > 100 TeV (n=2) magnitude estimate

e ool > 5 TeV (n=3) » Still, n=2 is largely disfavoredss::



Kaluza-Klein gravitons couple o

the energy-momentum tensor, and
therefore contribute to most of the

SM processes

For Feynman rules for Gy, 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

Pirsa: 07110045
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Real Graviton Emission
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jres 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:

Monojets at hadron colliders

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

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

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

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

be ~M, (and likely < Mp)

The two processes are
complementary

Single VB at hadron or e*e" colliders

i i
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jres 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:

Monojets at hadron colliders

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

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

« Graviton emission: direct . G & 3
sensitivity to the fundamental
Planck scale M, i G
» Virtual effects: sensitive to the = v -

ultraviolet cutoff Mg, expected to Virtual Graviton Effects
be ~M;, (and likely < Mp) Fermion or VB pairs at hadron or e*e” colliders |

« The two processes are f f v
complementary G Gy
Pirsa: 07110045 T ? e 59/#[3

Single VB at hadron or e*e” colliders




Direct Graviton Emission

ete- > vG ee ~26
Experiment I n=2 n=3 n=4 |n=5 |n=6 |n=2 [n=3 |n=4 | n=5 |n= Color coding
ALEPH |128 (097 |078 |066 |057 | 035 |022 |017 |0.14 [0.12 [ <184 GeV
DELPHI | 138 [102 |084 |068 |058 <189 GeV
L3 102 |081 |067 (058 [051 |060 [038 |029 |024 |021 | >200 GeV
OPAL 109 |086 |071 |061 |053 ,~G=L-1 h=+1

All limits are in TeV

Virtual Graviton Exchange

—xperiment

T

Pirsa: 07110045

ete- | WU qq ff Y  WW ZZ Combined

Al EPH 104 | 065 | 0.60 053/057 | 1.05 | 0.81 | 0.75/1.00 (<189)
0.81 | 0.67 | 0.62 | (46/0.46 (bb) | 0-84 | 0.82

JELPHI 059 | 056 | 0.60 | 0.83 | 0.60/0.76 (ff) (<202)

0.73 | 0.65 0.76 | 0.91 |

E ' 098 | 056 | 0.58 049 049 084 | 099 | 0.68 | 1.0/1.1 (<202)
106 | 069 | 054 | 1.00 | 084 | 0.79

JPAL 1.15 0.62 062 | 089 0.63 [1.17/1.03 (<209)
100 0.66 0.66 | 0.83 0.74

Page 60/113
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IXPERTMENTAL OBSERVATTON OF EVENIS WITH LARGCE MISSIEG TRANSVERSE ENERCY

ACCCMPANIED BY A JET OR A PHOTON(S) IK pp COLLISIONS

AT /s = 540 GeV

[PL, 139B, 115 (1984)]

UAl Collaboration, CEEN, Ceneva, Switzerland

Abstract

we repcr:t the cobservatiom of five events ia which a missing transverse
energy larger tham £0 G2V is associated with a narrow hadremic jet and of Cwo
similar avents with a neutral electromagnetic cluster (either ome or w=ore
closely spaced photons). We cannot find an explamation for such events in

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

Pirsa: 07110045
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ojets: Tainted History

IXPERIMENTAL OBSERVATTON OF EVENTS WITH LARGE MISSING TRANSVERSE ENERCY

ACCCMPANIED BY A JET OR A PHOTCN(S) IK pp COLLISIONS

AT /s = 540 GeV

[PL, 139B, 115 (1984)]

UAl Collaboration, CEEN, Ceneva, Switzerland

Abstract

e repoxrt the sETVarl £ i
jarted witk s nsrrow hadromic jet and of Cwo
similar avents with a neutral electromagnetic cluster (either ome or wmore
closely spaced photons). - snnot find an explanat

terms of backgrounds or within the expectactions of - rdard Moc
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¢~ Monojets: Tainted History

IXPERIMENTAL OBSER ION OF EVENIS WITH LARGE MISSIKG TRANSVERSE ENERGY
ACCCMPANIED BY A JET OR A PHOICHN(S) IN ..r.'. COLLISTIONS

AT /s = 540 GCeV

[PL, 139B, 115 (1984)]

UAl Collaboration, CEEN, Ceneva, Switzerland

VOLUME 54, NUMEER 6 PHYSICAL REVIEW LETTERS 11 FEBRUARY 1983

Menojets from Z Decay without Extra Neutrinos or Higgs Particles

Stephen F. King
Lyman [otoratery of Pisics, Harvard University, Cambruige. Massackusens 02138
IRecziverd 26 November 1984)

The recent discovery of monojets by Arnis
at the CERN pp collider has caused npples of excite-
ment throughout the partlcle physms world, since they

Ty - e e - P 3 i1 N i

] T - - '] == | - i = L
kBB L R ANFK L ...l"n. LA ) B N i Ly W . L 533833033 RKE1 FLial 1 %WbEsl Wd e R WL N LY
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= Monojets: Tainted History

(s
1

Events / 100 Gev!

T

]
s 1]
-

* These monojets turned out to be due to
unaccounted background

* [ he signature was deemed doomed and
nearly forgotten

|t took many years for successful monojet
analyses at a hadron collider to be
- ofe@mpleted (CDF/DQ)
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- Tainted History

AF, iBeV)
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= PSS : Cary Taubes
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*These monojets turned out to be due to
unaccounted background

*The signature was deemed doomed and
nearly forgotten

-lt took many years for successful monojet
analyses at a hadron collider to be
- oniz@mpleted (CDF/DQ)
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is Tough?

» Jets tend to fluctuate wildly:

-
— Large shower fluctuation % - 1\1“
— Non-linear calorimeter response -

— Non-compensation (i.e.,e/h = 1)

— Fluctuations in the e/h energy ratio
 Instrumental effects:

— Dead or "hot” calorimeter cells

10°-
10

700 200 300 400 500 600 700 S00 900 1000

— Cosmic rays _— e
] = E MET inciudes celle with E-0 (na CH)
— Poorly instrumented area of the s BB |

detector = m T

* Note that in Run |l D@ showed the

Bad coilsftowers wore romoved

first results in this channel only in 10
2005 (4 years into the run); CDF
made their results public and 10

published them in 2006

» Likely not an early LHC running
measurement! - Raw ME; spectrum at the lTevatron
" and that after thorough cleattiy

=k
a 50 100 130 200 250 300 350 400
Missing ET, GeV



F - Large ED Search via Monojets

———

. jets + MET final state 1 ———
180
« Z(vv)+jets is irreducible background g e J
—Challenging signature due to large 3*4"4: } e LED nﬂ”‘ﬁ_e
instrumental backgrounds from jet 2] it L SRR
mismeasurement, cosmics, efc. g’: t J-h+
« D@ pioneered this search and set . .
limits [PRL, 90 251802 (2003)] s0- +L|‘|
M, > 1.0-0.6 TeV for n=2...7 20 5
* New CDF analysis w/ 1.1 b AT e S~

-c:DFn (1.1 b7
£ Do (Runl)
_: " LEP Combined

—Central jet w/ E; > 150 GeV
—ME; > 120 GeV
—No other jets w/ E; > 60 GeV

— 779 events observed with 819 £ 71
expected (half comes from Z(vv)+j)

— Set limits on the fundamental Planck
scale between 0.88 and 1.33 TeV g N
Page67/l§

> .
Pz o'Shilar results with looser MET, EF cuts "'"i’ﬂ""E"'“D'“m

M, Lower Limit (TeV)

SRS



——

Monojets: Monophotons:

— ATLAS fast simulation for 30 —ATLAS and CMS simulations for
and 100 fb-' (caveat: no 100 fb-' and 30 fb', respectively
instrumental bckg. included) =

] ' : i
E | _inu'l'- _ ] E‘ WE E :
i - | . ) £ F A |
5 ey ST %%
- g 53:: i\‘ i
o oE—
- 20 E
w' .-
= 10—
. .__h;__d.__._.:__-.__..._ _ SN 1 15 2 25 3 35 4 45 5
g - M, [TeV]
§ | Mp=* (TeV) | MB= (TeV) || MpP*™
LL.30f~! | HL. 100! || (TeV) 6 | Mpe=(TeV) || MZ*™
2 77 9.1 ~ 4 HL, 100 b~ || (TeV)
pirsa; 0;7:110045 tj'z :'” = 2 4 ~ 3.5 Page 68/113
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f f » Expect an interference with the SM
Gy Gy fermion or boson pair production
(_#e  __Losy )
F f v dcos@*dM ~ dcos@=dM

a(n) o M) + *® 0. M
SM Prediction| D@ Run Il Preliminary | Data | | /s Tuioonil, XX e falcost, ))

Run I, 200 pb

« High-mass, low |cosB+| tail is a
characteristic signature of LED
Cheung, GL [PRD 62 076003 (2000)]

« Best limits on the effective Planck scale
come from new DO Run |l data:

~ M, > 1.1-1.6 TeV (n=2-7)

» Combined with the Run | D@ result:
— M; > 1.1-1.7 TeV — tightest to date

» Sensitivity in Run Il and at the LHC:

Run II, 2 fb*LHC, 100 fb™*
e'e+ W |13-19TeV| 6.5-10 TeV
Y 1.5-2.4TeV| 7.5-12 TeV

e'e + U+ 7Y|1,5-2.5 TeV|7.9-13 TeV ;
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Vhile the DO data are consistent with the SM, the two hlghest-mass
candldates have anomalously low value of cos6™ typical of ED signal:

Event Callas: M__ = 475 GeV, cosn* = 0.01 Event Farrar: M_ = 436 GeV, cosn™ = 0.03

Pirsa: 07110045 Page 70/113
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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 100 pb-’

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

105, - s W= S
100+ o |
g5 ADD Discovery Limit ]

=

3

20} s
85+ : . o™

i —

—

O

aok

TS5+

M, reach, TeV

So: Mg > 5.1 TeV =
- M. =4.7 TeV, n=3

M,,. GeV
=3 mesvev PP =YY

: : 17l 3
: 0 w  we = f S50: Mc > 6.6 TeV %>
integrated Luminosity. fb' | M. =4.7 TeV

CMS reach for large ED in the dimuon channel _ m;h:-—

1w’ e

65+
60+

55+~

50 F
45¢
40
15

3.0

25

;;;;;;;;

. | " T - |
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* Intermediate-size exira Antoniadis, Benaklis, and Quiros
dimensions with ~TeV-! radius [PL B460, 176 (1999)]

* Introduced by Antoniadis 10° | Lo =
[PL B246, 377 (1990)] in the string _//;“}1 LHC
theory context / \\

- Used by Dienes, Dudas, and £ N
Gherghetta [PL B436, 55 (1998)] 10° / 2 :/\1
to allow for low-energy unification KK\ I'\\L//f\

— Expect Z. Wik, 9k resonances at : \ ﬂ"‘h—“*
the LHC energies . /j \

— At lower energies, can study effects \ L \ o=t
of virtual exchange of the Kaluza- i
Klein modes of vector bosons \ !,f’

(MR =3TeV)

Events /GaV

 Current m_d!rect constraints come W o s e
from precision EW measurements: 1R (GeV)

—1/r~06 TeV
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LimitsonTeV-'ED

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

I [1\ _:- Tes I_.l-“'. = ) .’,_EJ:' | [.'\.

LEP 2:

'

hadronic cross section. ang. dist.. By - 033 :,:: 0.12 5.3
g1 T cross section & ang. dist 0.09 *3- 18 0.42 2.8
ee cross section & ang. dist. 0.62 _':i-::, 0.16 1.5
LEP combined 0.28 * o 0.076 6.6
HERA:
NC 5 1.59 1.4
CC 0.057 35 2.45 1.2
HERA combined T 1.25 1.6
TEVATRON:
Drell-van 087 ']é; 1.96 1.3
levatron dijet 0. 16 :;; 1.0 1.8
levatron top production 0.53 :_T, 9.2 0.60
Tevatron combined L 0.65 23
All combined 0.29 :HE:: 0.071 6.8
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Search for TeV-'ED

* While the Tevatron sensitivity is
SM Prediction| D@ Run Il Preliminary [ Data |  nferior to indirect limits, it explores
200 pb™, e*e’ the effects of virtual KK modes at
E;E;é higher energies, i.e. complementary
to those in the EW data

o8 * DO has performed the first dedicated

! X 0.6 R :
- 04 1 &8s search of this kind in the dielectron
o
6003001008 © S 1
s gﬁnoﬁ digm 208001008 & channel based on 200 pb-' of Run
= dﬂtﬂ (ZKK, ‘{KKﬂ E+e*)

 The 2D-technique similar to the
search for ADD effects in the virtual

exchange yields the best sensitivity
in the DY production Cheung, GL
[PRD 65, 076003 (2002)]

« Data agree with the SM predictions,
which resulted in the following limit:

TeV'ED,1/R=0.8 TeV —1r>112TeV @ 95% CL
m —r<175x10"m
Page 74/113
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30~

KK Z production

20

; \\ \ r 60fb’
5L . 30fb’
: N
N

Significance
Luminosity (fb™)

k \ +» 10fb’
S

4 Q
u:l_lI.LI_I.I.LLLI_I.LI.LI_J._'I.:LI.I_I..I_

3 45 5 5.5 6 =

I 0 N v O I

AR RN R AR RARRNARARRRRARERARAE RRRR
I.|.J..l.l‘l..l.l..l.l.l..l.il..I..I.ll.l.l.il.J.l..IJJ..I..l.J.l..I.I.I.lJ.].l.l.I.IIll

L |
-
\
|
-4
-

;4‘5;, . .5;,;
(a) M {TEV:"CZ) M {TEV:’Cz)

-
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. 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 £/ prf,

which determines the graviton width

Drell-Yan at the LHC —

Ty . T
- o~ H""-\_\__‘_
—— T_J T~ ———
e N | T
LS I\ k/'M N — ]
[T N | P1 S
ﬁ 3 g -"’ff F Ly !
[+ \‘\ S ]
- 0% \ﬂ-_:' l , W AR —
.ﬂ._ s et \_'.-' \ -\“'a.._._..-—"_"'--._ -
b % ]
- 1078 — S~ -
M |
{b} H""--..\_\_‘_\_’-'I ..-1
ﬂ :ﬂ L i |. = P !. i !. L i i ] i i
1000 2000 00O +{00D SCCO BODn
M, (GeV)
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» To avoid fine-tuning and non-

*« 0.01 =

» Gravitons are narrow
- Similar observables for Z,/gyx In

k/ Mp

TeV-! models

perturbative regime, coupling
can’'t be too large or too small
A‘.-’;:Urpl <0.10 is the

expected range

020y

0.10

un’rg r Allowed Region

3 f

. Tevatron

|Rgl<MZ

A, <10 TeV

J-l-LlJ-MJ-iIJ-I-I-I-HMLIJILNLJ- 4 -I-

4]

—%

0. ﬂﬁ —

[— I

E |
0.03 ) -
oozH- Obligue Parameters =3
u-ul L i L I I’

1000 2000 3000 4000 5000
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Events |/ 24 GeV

3

:

3

DO Runll, 275pb’ a) :

a OData

DIiEM Mass (GeV)

Runll, 246 pb’' b)
@ Data
w— SM Background
500 GeV RS Grawiton

(T

000 300 oo 00 Goo 700 200
Graviton Mass (GeV)

Assume a fixed K-factor of 1.3 for the signal
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- - -
- A
B
! .
1 |

Latest limits are 10% higher
than the original ones despite
4x statistics

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

k/M_ vs RS Graviton Mass Exclusion

pl
- 01 ,
= - Tevatron Run Il Preliminary f(
= 0095
. —— CDF:vv +e'e (0.8-121") /
0.08¢
. —— DO:vy +ee (1.1 ) /
0.07: j
0.05-  excluded region /V
0.04= // |
0.03- /f/
0.025 F\
“. : pis bl aa s basaanlana Laisasls il il
_— %90 300 400 S00 600 700 800 900

Graviton Mass [Gewr.z)

IJ‘zm:n m 400 5m 500 'mu m sm
Graviton mass M, (GeV)
Hﬁ#ﬁﬁﬁﬁmm&duﬁnnm
= 0.1 :
T

"qh sm m 70e0° '88%° so0_
M, (GeV/ic)

Li
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ns: Discovery Channel

« Excellent resolution 5-10%/VE, GeV (calorimeter based) and
detection efficiency

 Low background above ~1 TeV

N (/ 150 GeV/c?)

10l
o

Pirsa: 07110045

KK 7 Ge=001|G,e=01 SSM Z'
M 4.0 6.0 1.5 %5 1.0 5.0
M, | 3545|5067 | 147-1.52 3.30-3.65 | 0.92-1.07 | 4.18-5.51
N, 5.6 1.05 18.8 7.30 72020 0.58
Np 0.13 0.005 416 0121 85.5 0.025
S 25 3.0 6.39 6.83 225 l.63
7 i o
@@ 5

(/0 GeV/e )

CMS, 30 fb?

Z production

13 14 145 15 155 r‘%.l
M (Ted)
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*» |f jet energy scale is fixed with early
data, dijets channel is also sensitive
to KK modes

— CMS 0.1-10 fb ' simulations

— Caveat: PDF uncertainties are large:
poor reach in the ADD scenarin

Reonime Moded o, (1 Buchded Muss | TV  Descovensd Mass | Tw’-

0eb ™ | 1 10 0pb™ | I 108

Excited Quark T-36 | 07 -48 A7 -5 7-25 |07-34 | 07-44
Avrrivon or Colrann 7-35 | 07 -45 - 53 T-22 107-33 | BT -43
E; dquark= 7-48 | 17 -54 7 -a1 B-70 | 08-37 | A8-51
Codour Ocliet b = 07-24 | 07-33 7 -4 j 27| &7
Ramdall- =omirom i7-11 | 07-11 -1

Geaviton I3-186| L13-18 N/A N/A N/A
W § -9 L 8. 10 N/A N/A N/A
T N/A N/A 21-25 NA N/A MNA

» Ditau channel is less studied for
BSM discovery reach by the LHC
collaborations, but still can be
accessible for early physics

— N.B. The first Tevatron Run |l precision

measurement paper was DG Z(tT)
cross section determination

» Very interesting reach for MSSM

rHggesand other resonances:; could
also be tricky?

Fraction of QCD

: = 18 F
2.:—::-131:*3:& 3 ftolg‘:‘

[l — 35% L Sgnal 10 £

- . : U -
gt : Saal

z - i

| 5 ; Eﬂ

e : 1 ¢

B i | g

L 1 @

L A ¥ Jl o
O Pt || r’F“ H e

C _ ' 10
0.5 um=1f" e O

L jetni<t g

1[}[}[) EGIEH} 30&) 40(!) snm

Dijets at the LHC

— Excitod Qo
—— Amguon or Coloms
— == 2quars

Dijet Mass [GeV]

4 5
Mass (TeV)

1 fb! ditau surpnse at the Tevatron

150 200 250 300 ©
Myis (GeV)

50 100

100 150

o] =0
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* Not in the early running!

— “One event — discovery; two evenis — cross section measurement;

three events — angular distributions”

Pirsa: 07110045

1a*

Grawiton Mass (GeV)

1000 1500 2000 2500 3000 3500 %000

Fvents/il
A

cos(B=)

100 fb?

Page 83/113

Lis



» Simple RS model has many

potential problems: FCNC, CP-

violation
—T'hose can be solved by
putting fermions in the bulk
» Top quark is localized near the
SM brane; light fermions are
near the Planck brane

» Graviton mainly couples to the
top quark, and thus the
dominant decay mode is a pair
of top quarks

May be More Complicated!

« For graviton masses ~2-3 TeV,

top quarks emerge highly
boosted, which makes it
challenging to reconstruct them

B o

» Several challenges:

—for 3-jet top decays jets are
often merged in a single “fat”
jet

—b-tagging efficiency drops
dramatically, as the opening
angle between the tracks
becomes small.
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. Several have been suggested:

— Use of top-jet mass: poorly defined; depends on the jet algorithm and
pile-up/underlying event; depends on the calorimeter granularity

— 3D b-tagging
— kr algorithm with small D ~ 0.1-0.2 within the “fat” jet
» Requires serious experimental studies with realistic detector
effects
— Work started in Les Houches 2007 by the ATLAS and CMS members

O =T = =
| dR b-W vs top pT | drbWvin | qg (from W) vs top pT | gl
— Mean x 470
g Meany 1171

RMS x 045

[G.Brooijmans
Les Houches 2007]

:

T I"]'TT'T T !TTT TT ITI' T . .' -

i i) i i i = i La
Pirsa: 07110049 200 40000 800 1000 1200 1400 1600 1800 2000 ¢ 2\ M R W N TN MR W “'Egz%ym

pr(top), GeV pr(top). G



2s:- Universal ED

The most “democratic” ED model: all the SM fields are free to propagate in exira
dimension(s) with the size r = 1/M_ ~ 1 TeV-! Appelquist, Cheng, Dobrescu

[PRD 64, 035002 (2001)]

— Instead of chiral doublets and singlets, model contains vector-like quarks and leptons
— Gravitational force is not included in this model

« The number of universal extra dimensions is not fixed:
— it's feasible that there is just one (MUED)

— the case of two extra dimensions is theoretically attractive, as it breaks down to the
chiral Standard Model and has additional nice features, such as guaranteed proton
stability, etc.

- Every particle acquires KK modes with the masses M 2=My;2+M2, n=0,1, 2, ...

- Kaluza-Klein number (n) is conserved at tree level. le.n, = n, +n; = ... =0;
consequently, the lightest KK mode cold be stable (and is an excellent dark matter
candidate Cheng, Feng. Matchev [PRL 89, 211301 (2002)])

» Hence, first level KK-excitations are produced in pairs, similar to SUSY particles

= Consequently, current limits (dominated by precision electroweak measurements,
particularly T-parameter) are sufficiently low (M_ ~ 300 GeV for one ED and of the
same order, albeit more model-dependent for >1 ED)
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_ First level KK-states spectroscopy B

Cheng, Matchev, Schmaltz B(g.—Q.Q) ~ 50%
[PRD 66, 056006 (2002)] " (g:_}q{‘q ) ~ 50%

g1 B(q,—qy,) ~ 100%

Q a B(t,—W.b, H, b) ~ 100%
B(Q,—QZ,:W,:y,) ~ 33%:65%:2%
B(W,—vL,:v,L) = 1/6:1/6 (per flavc
B(Z,—vv,:LL,) ~ 1/6:1/6 (per flavo
B(L,—vy,L) ~ 100%

B(v,—y,v) ~ 100%

B(H, —vyy,, HYy,) ~ 100%

Production:

g:q; + X — ME; + jets (~0;,,4/4): bL
low ME+

Q,Q+ X—>V,V', +jets 5 2-4 7 + )
(~c /4)
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m Can Succeed in Searches
in the Four-Lepton Mode

Only the gold-plated 4-
leptons + ME; mode has

been considered in the Cheng, Matchev, Schmaltz [PRD 66, 05600¢

original paper

Even at the Tevatron

sensitivity can exceed 102
current limits

Much more promising
channels:

— dileptons + jets + ME; + ~
X (X9 cross section)

— ftrileptons + jets + ME +
X (x5 cross section)

Detailed simulations is

—
o
[=]

=
o |
L is per exper
(single experi

10~1

: -2
required: CompHEP and 1° 41E,
PYTHIA implementations AR=2
now exist 10-3 WA
1000 1500

-l frawv)



Proper detector calibration, alignment, and detailed simulation is required

A daunting task, which easily takes several years

« Searches typically look for one event in a million; that means that the
detector often has to be understood to the 10 level!

« Use calibration samples of well understood nature:

Test beams (initial calibration)
Cosmic runs (alignment, efficiency)
Minbias data (channel-by-channel calibration)

“Standard candles”™ — Z, W, top (efficiency, non-Gaussian tails in
resolution, b-tagging)

Z(ee) and y + jets (jet energy calibration and resolution)
High-p; dijets (saturation, ME; resolution and tails)

- Easily a subject for several dedicated talks; not covered here in detail:

» Note: while a few spectacular discoveries may happen as early as 2008,
most would require two-three years of accelerator running and operating
the detectors!

Gear up for a long(er) ride!
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looking like compositeness (or instrumental effect!)
» Reduces the reach; requires different optimization of the

search

Example: bulk Z,, in RS model

| T = 800 GeV for point A (0.2 M,)
' = 200 GeV tor powmnt B (0.05 M)
[' = 170 GeV tor pont C (0.04 M)

- m,. =4 TeV

10°E [ Lar=300 "

L
10 B — .
000 2000 3000 4000 S000 6000 7000 8000

m.,.(Gel")
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~ Challenges: ATLAS

lectron efficiency drops fast with mass when “standard”

;olation cut is used | |
- Loosely confirmed by full simulation

lew set of isolation cuts is being developed to recover
fficiency at high masses

e - [ ——— Fo e
:. 2B - ] e e eyt
as- ol e -
BT otk
E F o ——
- ¥ -

“': e D& :
o I ..t AtlFastvl204 E

_ 1 o2} a2t Without 1solation cut
| e L | = =
E AtlFastv]2.04 "t FullSm v12.0.31 o1k

200 00 o000 2 S000 10000 B0 e RS

M- {Ge) 2008 4000 6000 8000 10080
4 - IED |I1' - a =
2 LD 2 J-.:_
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Black Holes on Demand NYT, 9/11/01  SeSomllokimes

Scientists are explonng 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:

grawtational 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 immedhately 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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» 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

[PRD 65, 056010 (2002)]

» Extends previous, more theoretical studies
by Argyres/Dimopoulos/March-Russell
[PL B441, 96 (1998)], Banks/Fischler
[JHEP, 9906, 014 (1999)], Emparan/ PROTON
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.o.m. energy reaches
the fundamental Planck scale, a BH is
formed!

« Also true in the RS models where A Is the
characteristic scale

o | —
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Comparable with that of the top-quark
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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

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 Mg, » Mg;
only consider Mg, > M,

Clearly, these are important limitations, but there is no way

drfund them without the knowledge of QG



» Schwarzschild radius is given by

Argyres et al. [hep-th/9808138], after

Myers/Perry [Ann. Phys. 172, 304
(1986)]; it leads to:

. 2 s 1 | MggST (%) -
E}-{WIIB[IF.RQ _‘lfﬁ)l {_‘;IP! ”—j

» Use parton luminosity approach with
quark momentum distribution given

by parton distribution functions

D
-fo--p;}—l*jiﬁ_-"’" — f;lf;‘ a(ab— BH)| s=Mgy
- jﬂuz / = (Méﬂ)
d‘u‘aﬂ o i
E ”3[1 3 /

« Note: at c.o.m. energies ~1 TeV the
dominant contribution is from quark-

quark interactions (BH w/ color,

071100

Dimopoulos, GL [PRL 87, 161602 (2001)]
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» Schwarzschild radius is given by

Argyres et al. [hep-th/9808138], after

Myers/Perry [Ann. Phys. 172, 304  Dimopoulos, GL [PRL 87, 161602 (2001)]
(1986)]; it leads to:

. 2y a1 [Mpgsr(=3)]™
E—rr» = —‘I'IEII' — W R-"-: i _'U{ll-'_:l [JIPE n—+2

» Use parton luminosity approach with
quark momentum distribution given

G, = 0.5 nb
(M, = 2 TeV, n=7)

dal/dM . ph/GeV

by parton distribution functions oL 0 ;=120 b
.Ir:r-pp—-BH—_'sl _dL b BH i) (MP = 6 Tev‘l n:3)
da\lgnm dA g5 J[” — } '_”:’H = -
M. =1TeV
iL 2Mgg [ dz, Wiy ey
iMER Z / T a\ La)Jb ( ST ) '\[__—'_:Te\'
L sl S B T M, =7 TeV

II:I‘I.lI|II|.II.InilI.IlII.I:!III:I:IIIiI:IJlIIl‘II:II L il

2000 4000 6000  S000 10000 12000
My, GeV

* Note: at c.o.m. energies ~1 TeV the
dominant contribution is from quark-
quark interactions (BH w/ color,
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- Hawking temperature: RgT, = (n+1)/4=n
(nnaturalunits i=c=4k=1)

» BH radiates mainly in our 3D world:
Emparan/Horowitz/Myers
[PRL 85, 499 (2000)]
— k.~ 2T, > 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

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

» Democratic couplings to ~120 SM
d.o.f. yield probability of Hawking
evaporation into v, /*, and v ~2%, 10%,
and 5% respectively

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

Pirsa: 07110045

Stefan’s law T ~ 10-26

age 98/113

S

Al



- Hawking temperature: RgT, = (n+1)/4=n
(innaturalunits i=c=4k=1)

BH radiates mainly in our 3D world:

Emparan/Horowitz/Myers

[PRL 85, 499 (2000)]

— i~ 2T, > R4 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

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

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

evaporation into v, /*, and v ~2%, 10%,
and 5% respectively

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

-3
Pirsa: 07110045 H

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

- Note that the formula for (N) is
- strictly valid only for (N) » 1 due

% (N

z

- If taken into account, it increase
- multiplicity at low (N)

. to the kinematic cutoff E < Mg,,/2;
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Dimopoulos, GL [PRL 87, 161602 (2001)]

> [ M=s,,
- "-__“E-l::ln l—Llef: —

| 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
| log,,(Mg,,/1 TeV)

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

— 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

Perimeter, November 6. 2007 Greg Landsberg: Out-of-this-World Physics - Probing QG in the Lab 57




| 1
83 . TEV InTy =— In Mgy + const

o/ n+1

0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
log,,(My,,/1 TeV)
- Relationship between log T, and logMg, allows to find the number of ED

— 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
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» 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 5"

dimension by e-k=)

* Nevertheless, the comparison with the ADD BH is trivial, GL

[J. Phys. G32, R337 (2006)]

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

flat space (ignoring the AdS curvature at the SM brane ~kZ << 1)
. For BH production, A_ in the RS model plays the same role as the
fundamental Planck scale M, in the ADD model

Recent paper by Meade/Randall [arXiv:0708.3017] used a different
characteristic scale: M /pe "

it

" which resulted in a more conservative

- SIRSS section estimate



- "I, = 1/(27Rs) (ADD formula in 5D)

C

nllke the ADD, the 5D Planck scale, M, is of order of M;:
M3 M3

’L[ = | e—?rrkr ~ " *_?\[2
= ( ) 2 |
. . 1 | UBH
The Schwarzschild radius: k. = | e
1 f' M, 1
Given M3 = kM,;,,2 =A ke |, — P e
‘ 3TNV kA A,
1 [8Mgg

Compare with: "7 (5D) =

Mg\ 30,

Then if one sets A_ = Mj and k = 1/8x = 0.04, the RS formula
turns into the ADD one!

Thus, the two cases are equivalent within the approximations
we used!
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S & Wien's Law

100 fb-' @ the LHC

)

'; Hi_ — “i — . - “" =
=~ 10F — " s i B i e
g A =5 K=1/8x |% |
" B e _1":
SUNS =
& F =
£10% = 02
105
104 ,
:
10°*:
E 0
10 5
] ; 'Impresswe precision
3 5 |1} -
i . In proving n=1! |
1 - e b on el s o b o o b oon o Foax ol o o0 s o
0 1 2 3 4 s 6 7 s 2 10 02 03 04 05 06 07 08 09 1
M. TeV log,,(Mgy'1 TeV)
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- Example: Higgs with the mass of 130 GeV decays predominantly into bb

— Tag BH events with leptons or photons, and look at the dijet invariant
mass; does not even require b-tagging!

» Use typical LHC detector response to obtain realistic results
l?llm-ﬂ. X/ nd* %63 / 37

=150k ©

il i
. e -

-------- Mo =1 TeV, 1 LHC-hour (!)

10 150 00 59 o0
_\‘l“_. GeV

we-  Dijet invariant mass, one b-tag | ¥~ S5» | 3

8] ¢

Events

Events

100 150 250

= = e
Pirsa: ({'@h‘r? PRL 88. 181 801 (2002)]

30
M,,. GeV
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Events
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» Example: Higgs with the mass of 130 GeV decays predominantly into bb

— Tag BH events with leptons or photons, and look at the dijet invariant
mass; does not even require b-tagging!

» Use typical LHC detector response to obtain realistic results

D_?el invariant mass X/ ndf 2663 /| 37 bmst
I t
M. GeV

o, Dijetinvariantmass,oncbtag | y/ne _ &w v * Higgs observation in the black hole
o b) decays is possible at the LHC as

B

-
--------

M. = 1 TeV, 1 LHC-hour (!)

early as in the first day of running
even with the incomplete and
poorly calibrated detectors!

- ForM; =1, 2, 3, and 4 TeV one

needs 1 day, 1 week, 1 month, or 1 _
year of running to find a 5o signal

» Higgs is just an example — this

e s PRE S8, 151001 QIGDY | Mcv | TRPES KETROGE OLEMENSE-—
: : particles with the mass ~100° G&V




.ll.l

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

— CMS - TRUENOIR, GL/CHARYBDIS
* The hunt is going on!

Simulated bla;:k hole event in the
AJLAS detector, from ATLAS-Japan Group

il

Simulated black hole event in the, GMS
detector, A. de Roeck & S. Wynhoff
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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
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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 9 years, both on the
theoretical/phenomenological and on experimental sides
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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 9 years, 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 9 years, 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 sca

holes at t
spectacu
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e of gravity is ~1 TeV, copious production of black
ne LHC is likely to be an early and definitely most
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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 9 years, 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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