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Large Hierarchies

Collapse of the Soviet Union
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itational Hierarchy Collapse

With thanks to Chris Quigg and the
B44 restaurant in San Francisco
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* Human Castles in Catalonia
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* 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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* 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 =
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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 ()
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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 (")
— Numerology: 987654321/123456789 =
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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 (I

— Numerology: 987654321/123456789 =
8.000000073 ()
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4+~ 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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* 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?)

 Alternative: the anthropic principle
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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 (I

— 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
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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 (I

— 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 M,?
— Give up naturalness: inevitably leads to
anthropic reasoning

Radically new approach — Arkani-

Hamed, Dimopoulos, Dvali (ADD,

1998): maybe the fundamental Planck

scale is only ~ 1 TeV?!!

» Gravity is made strong at a TeV scale
due to existence of large (r ~ Tmm —
1fm) extra spatial dimensions:

—SM particles are confined to a 3D “brane”
—Gravity is the only force that permeates

 Gravity is fundamentally strong force,
but we do not feel that as it is diluted
by the large volume of the bulk space
v =1/(MgT™)? = 1/Mg2; Mg ~1 TeV

(Mg+2 - Mgl/rn)

» More precisely, from Gauss’s law:

“bulk” space 8 x 102m, n= 1\
« What about Newton’s law? ] (MP1>2/n ) 0.7mm, =0
VarMp \ Mp 3nm, n=23
V(p) = — MMz _, L mamy 6 x 10 12m, n =4
Mg, prtt 34+n]\ "2 pnt \. 5
(a3)

 Amazing as it is, but as of 1998 no one

* Ruled out for infinite ED, but does not has tested Newton’s law to distances

apply for compact ones:

mi1msa

1
V(p) (M]?ﬁn])nj%

Lisbon, November 10, 2008

Y

,forp > r
r"p

less than ~ 1mm!

* Thus, the fundamental Planck scale
could be as low as 1 TeV forn > 1

Greg Landsberg: Searching for Extra Dimensions and Black Holes 7




« Simultaneously, another idea
has appeared:

\ gravitational — EXplore modification of force
behavior in (3+n)-dimensions to
achieve low-energy grand

Real : unification [Dienes, Dudas,
GUT Scale Gherghetta, 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

Strong Force and compactified on a “natural”
My EW scale:
‘R~1TeV-1~10""m

EM/Hypercharge

_C
)
(@)}
C
Q
—
)
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Q
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.
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Weak Force
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%+ 1999: Randall-Sundrum Model
* Randall-Sundrum (RS) model [PRL 83,

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

—One + brane — no low energy effects Ac
—Two + and — branes — TeV Kaluza-Klein A4S | .~

fi

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

Lisbon, November 10, 2008 Greg Landsberg: Searching for Extra Dimensions and Black Holes




s —
s %

oS ;a}__r—
T N
& & Je——-
o] [ujg.
l u

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

—One + brane — no low energy effects

—Two + and — branes — TeV Kaluza-Klein A4S _| .
modes of graviton -

—Low 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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¥ 71999: Randall-Sundrum Model
* Randall-Sundrum (RS) model [PRL 83,

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

—One + brane — no low energy effects AG
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

Anti-deSitter space-time metric:

ds® = 6_2’”|¢|77Wd:c“dx” — 7“2d¢2

n»

p—— . G

k — AdS curvature

Reduced Planck mass:

SM brane Planck brane |
(9 =) (9=0) (MPI = Mp/V8 ) Bl

-*a}?.’»,s:.
"%ﬁk *gg@ﬂ

R TR S AR
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= 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

Lisbon, November 10, 2008

= Extra Dimensions: a Brief Recap

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

TeV-! Scenario:

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

* Only gauge bosons
(g/y/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
the picture

A : i New i Usual

Hypercharge;  :Scale i Scale
Force : : :

0%
§ qc, Weak Forc —

- T C— 0 —— — e —
=7 s

Strong Forceé \6(\ o 6\\ > (i)
P > © ‘a(\e ‘0‘6(\
1TeV 20 TeV 10" GEV ©
Energy
Greg Landsberg: Searching for Extra Dimensions and Black Holes 10
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= ADD Paradigm:

« Winding modes with
energy spacing ~1/r, i.e.
1 meV — 100 MeV

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

« Coupling: Gy per mode;
compensated by large
number of modes

E A
~1 TeV

v

Lisbon, November 10, 2008

TeV-1 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

Mi = \/M(%‘FZQ/T'Q

Eu

~Mgur

S
5 S '\,»_ -
T N
C N S
N T 7 I m— .
— |
@] R n

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 2 for the others

E4
~M;,

>

Q

I
My, 1.83M;, 2.66 M, 3.48M, ...
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arge ED: Gravity at Short Distances

« 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 (My 2 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

Greg Landsberg: Searching for Extra Dimensions and Black Holes 12
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[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, 2 1.7 TeV)
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arge ED: Gravity at Short Distances

« 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 (My 2 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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« 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 (My 2 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

12

HUBniinun.




2y
g
g

=

 ‘Large ED: Astro & Cosmo Constraints

Lisbon, November 10, 2008

* 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)
e Distortion of the cosmic diffuse

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

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

Greg Landsberg: Searching for Extra Dimensions and Black Holes

* 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

o Still, n=2 is largely disfavored

13




« Kaluza-Klein gravitons couple to
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
[INP 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

= /;\v"“‘:.\e;? —— — —
& :i/ I—
)@

Real Graviton Emission
Monojets at hadron colliders

Lisbon, November 10, 2008 Greg Landsberg: Searching for Extra Dimensions and Black Holes 14




« Kaluza-Klein gravitons couple to
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
INP 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

Lisbon, November 10, 2008
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Real Graviton Emission
Monojets at hadron colliders

Single VB at hadron or e*e" colliders

\'/
KK
Gk v Gk
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« Kaluza-Klein gravitons couple to
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
[INP 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

Lisbon, November 10, 2008
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Real Graviton Emission
Monojets at hadron colliders

Single VB at hadron or e*e" colliders

\'/
KK
Gk v Gk

Virtual Graviton Effects
Fermion or VB pairs at hadron or ete colliders

f f Vv
GKK GKK
f f Y
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Direct Graviton Emission
ete- > 1G ete- > Z2G
Experiment | n=2 | n=3 | n=4 [n=5 |n=6 | n=2 | n=3 |n=4 | n=5 | n=6 || Colorcoding
ALEPH 128 [ 097 |0.78 | 066 |[057 | 035 |0.22 0.17 0.14 0.12 <184 GeV
DELPHI 1.38 [1.02 | 0.84 |0.68 | 0.58 <189 GeV
L3 1.02 | 0.81 | 0.67 |0.58 | 0.51 0.60 | 0.38 0.29 0.24 0.21 >200 GeV
OPAL 1.09 | 0.86 | 0.71 0.61 | 0.53 A=-1 A=+
GL
All limits are in TeV Virtual Graviton Exchange
Experiment ete- | Wu- | THT qq ff YW | WW | ZZ |Combined
ALEPH 1.04 | 0.65 | 0.60 0.53/0.57 1.05 | 0.81 0.75/1.00 (<189)
0.81 | 0.67 | 0.62 0.46/0.46 (bb) 0.84 | 0.82
DELPHI 0.59 | 0.56 0.60 | 0.83 0.60/0.76 (ff) (<202)
0.73 | 0.65 0.76 | 0.91 =
L3 0.98 | 0.56 | 0.58 |0.49 0.49| 0.84 | 0.99 | 0.68 1.0/1.1 (<202) §
1.06 | 0.69 | 0.54 1.00 | 0.84 | 0.79 =
OPAL 1.15 0.62 0.62 | 0.89 0.63 [1.17/1.03 (<209) E
LEP Combined: 1.2/1.1 TeV &
Lisbon, November 10, 2008 Greg Landsberg: Searching for Extra Dimensions and Black Holes 15 =




= Monojets: Tainted History

EXPERIMENTAL OBSERVATION OF EVENTS WITH LARGE MISSING TRANSVERSE ENERGY
ACCOMPANIED BY A JET OR A PHOTON(S) IN p; COLLISIONS

AT /5" = 540 Gev

[PL, 139B, 115 (1984)]

UAl Collaboration, CERN, Geneva, Switzerland

Abstract

We report the observation of five events in which a missing transverse
energy larger than 40 GeV is associated with a narrow hadremic 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 in

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

Lisbon, November 10, 2008 Greg Landsberg: Searching for Extra Dimensions and Black Holes



f_”MOIIOIeIS Tainted History

{ENTAL OBSERVATION OF EVENTS WITH LARGE MISSING TRANSVERSE ENERGY
ACCOMPANIED BY A JET OR A PHOTON(S) IN pp COLLISIONS

AT /5" = 540 Gev

[PL, 139B, 115 (1984)]

UAl Collaboration, CERN, Geneva, Switzerland

Abstract

We report the observation of five events in which a missing transverse
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 in

terms of backgrounds or within the expectations of the Standard Model.
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+- Monojets: Tainted History

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

AT /5" = 540 Gev

[PL, 139B, 115 (1984)]

UAl Collaboration, CERN, Geneva, Switzerland

VOLUME 54, NUMBER 6 PHYSICAL REVIEW LETTERS 11 FEBRUARY 1985

Monojets from Z Decay without Extra Neutrinos or Higgs Particles

Stephen F. King
Lyman Laboratory of Physics, Harvard University, Cambridge, Massachusetts 02138
(Received 26 November 1984)

The recent discovery of monojets by Arnison ez al.’
at the CERN pp collider has caused ripples of excite-
ment throughout the particle physics world, since they
cannot be explained by the minimal standard model.?

Lisbon, November 10, 2008 Greg Landsberg: Searching for Extra Dimensions and Black Holes



:= Monojets: Tainted History

AEy (GeV) E___.——_—
020 30 40 50 60 70 ==
T T T T T T ———
| Background from UA1
jet fluctuations . .
N Single jets Gary Taubes
= 201 —
: Cos Ap>-08
=S .
S NOBE
2
g 101 §
i
WtV
|—>jet
F ED ¢C B A Poiier. Poceit e ]
ol L--- “h M5 | 2 | ) Power, Deceit and the Ultimate Experiment
0 1000 2000 3000 4000 5000
“...one of those rare science s that tell about science
(AE,, )2 (GeV?) e of th books that fell about science

*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)

in the course of telling abowt the luman comedy.”
Los Angeles Times

Lisbon, November 10, 2008 Greg Landsberg: Searching for Extra Dimensions and Black Holes 16




vatron: Large ED Searcn via Monojets

. Jets + ME- final state 200

—e— Data
180- -
« Z(vv)+jets is irreducible background 4 ~—— SM Predicton
Chall . i t d to | >140: N ——— SM +LED (n=2,M,=1TeV
—Challenging signature due to large 3

—H: CDF Il Preliminary (1.1 fb™)

instrumental backgrounds from jet o120
mismeasurement, cosmics, etc. §100-

g 80—
« D@ pioneered this search and set W eo]
limits [PRL, 90 251802 (2003)] 40
My > 1.0-0.6 TeV for n=2...7 204
 CDF analysis based on 1.1 fb-" LT s A e
— Central jet w/ E; > 150 GeV 1| S : - CDFII (1.1 b7)
N Y 7 YL : DO (Runl)
— |V|E-|- > 120 GeV E, 1.4 : LEP Combined
— No other jets w/ E; > 60 GeV ‘E TS E—
— 779 events observed with 819 + 71 E', :
expected (half comes from Z(vv)+j) § -
o 08
— Set limits on the fundamental Planck = ]
scale between 0.88 and 1.33 TeV 08 | | | |
— Similar results with looser MET, ETj cuts 2 Nun?ber of Ext‘}'a Dimenssions ®
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4 Tevatron Searches for ED in Monophotons
Both CDF and DG completed monophoton searches

* While easier than the monojet one, the sensitivity is

typically not as good, especially
ED

— CDF monophoton limits approach monojet ones at large n,

but require twice the luminosity

for low number of

= expected limit

= observed limit

® CDF 2.0 fb" limit
A LEP combined limit

------------
..........

D@, Run Il preliminary 2.7 '

| | | | | |

S 2
| l ! ' S 1.8F
. = 1.8
186 CDF Runll Preliminary | & 4 cF
E — CDF v+ ET (20 fbV1) : 1.4 E_
g 1.4 W COF Jet + B, (1.1107) 1 1.2F
Iz ---- LEP Combined e e
4 v
g 0.8F
E 0.6
! 0.4
. -
0.2
C |
0

2 3 4 5 6
Number of Extra Dimensions

3 4 5 6 7 8
Number of Extra Dimensions
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-~ Why ME, is Tough?

« Fake MET appears naturally in multijet >1o'
events, which have enormous rate at

the LHC m'“‘
- Jets tend to fluctuate wildly: g
— Large shower fluctuation 10°

— Fluctuations in the e/h energy ratio 10

— Non-linear calorimeter response
— Non-compensation (i.e., e/h = 1)

EFFECT OF THE €LEAN UP CUTS ON THE MET DISTRIBUTION

CDF Run II Preliminary,

-1
234 pb [ | Before basic cuts

[ After 3 jets cut
[ | After basic cuts

100 200 300 400 500 600 700 800 900 1000

Er [GeV]

. Instrumental effects: ?05
— Dead or “hot” calorimeter cells o]
— Cosmic ray bremsstrahlung
— Poorly instrumented area of the 10
detector

- Consequently, it will be a challengeto
use in early LHC running

MET includes cells with E>0 (ho CH)
No correction

Bad runs were removed

Noisy events were removed

=
]
]
]

Bad cells/towers were removed

0

* Nevertheless, MET is one of the most
prominent signatures for new physics *
and thus must be pursued
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e .
250 300 350 400

Raw ME spectrum at the Tevatron
and that after thorough clean-up
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—
s e—
- —
e

ME;inCMS

o Parameters: - CMS Preliminary
. A=1.48 GeV (noise term) - s,
= B =1.03 GeV'?2 (sampling term) | F ;

= C =0.023 (constant term; dominates
at large Sr)

= D =82 GeV (2ZEt with no beam)

13.06 /7

=  Apart from the resolution an E 1484 = 0.2022

1.033 = 0.0305

Important characteristic is the E 0.02324 = 0.001859

81.91= 3.656

0 _l 1 1 I 11 1 1 1 11 1
0 200 400 600 800 1000 1200 1400

non-Gaussian tails
SE; (GeV)

Better performance at the low A y—
. : o 1%/3%/5%| o
end is expected from particle flow § | -

_ _ “I'hot/dead | .o

= Very hard to simulate; will have ' R
to wait for real data to see how

large the effect is %, QCD Sample

= A few special cases have been , Aoy
looked at already, e.g. the . W L]
effect of hot/dead channels -y
Lisbon, November 10, 2008 Greg Landsberg: Searching for Extra Dimensions and Black Holes
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* 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) w

n S0 ] :
g V8=14TeV _ g 705 CMS g-
3w b E mwiew), wisw & F 30 fb! i
8 [ jwiey -S' 60: / _
1n‘§— e jZ(vv) @ 505
r = total background E
“.5_ - ® signal 5=2 M, =4 TeV 40:
il el 53 w5 ToV 30E
F m signal 3=4 M,=5TeV -
20F
10F
: 0:lll‘llll llll'llll llll’llll lllli:-l._l_-l.illl;l.:-l-..:-
0 250 1000 1280 1800 :::I..(Gm MD [TeV']
5 | Mper (TeV) | Mpe® (Tev) || Mppin
LL,30fb~ | HL,100 b1 || (TeV) § | Mpew (TeV) || Mpyim
2 7.7 9.1 ~4 HL, 100 fb—! || (TeV)
6.2 7.0 ~ 4.5
4 5.2 6.0 ~5 2 4 ~ 3.5
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+- New GMS Monojet Analysis
-+ Jet Er > 350 GeV (|n| < 1.7) and MET > 400 GeV
« Second jet veto (ET <40 GeV, |n| < 3)

« Dominated by the irreducible background (determined from W+jets)

'30103—""|' AR EN L LN L O‘F 8 L LN L LI B B N B B T T T - T T T T T UL N B T
Q = imi —mee Wejet 7 C 7] .
g CMS Preliminary Z(V]\?} fje‘s b) I: A  ivary B 3 §m_ ICMS Brellmlhary )
A0 [ i - . - tt o \ S F .
] E QCD 1 - d=2 L :
e T — ADD M,=26=2 ] oL £ a0 i
g 10} - \ 90 §™°T
° . 5 \ 7
1= ar 7; B
g C . o/ 1 |
_ oE : \ 20 wol 95 A) LJL E /
1 caveat T N f00pby /1 M |
w2kl ¢ i1 Caveat: S I S .~ B \ p ] 2o 7 i
E. : I . Similar Shapes E EI T I A W B I ..:..;.;.';""1"1-74. s doabadoniog] | |E -| P P -.-‘1.-::‘.‘."{,1 T T T T O T A |-
qobii e Liniilis.yl Ly L = 3 4 5 7 0 3 4 5 ) 7
400 500 600 700 800 900 1000 M, (TeV) M, (TeV)

E7* (GeV)

N — o | CMS reach w/ 100 pb*
I'able 1: Most recent 95% CL lower limits on the fundamental Planck scale Mp (in TeV). 95% CL exclusion'
Experiment and channel n=2 n=3 n=4 n=5 n=6 i
LEP Combined [12 160 120 0904 077 o066 |n=2-4.8TeV
CDF monophotons, 2.0 fb=' [18] 1.08 1.00 097 093  0.90 n=4 - 3.6 TeV
D@ monophotons, 2.7 fb~! [19] 097 090 087 08 083 50 observation:

CDF In()no'jets, .1..1 fb—* [20] 1.31 1.08 098 091 0.88 n=2 - 2.8 TeV
CDF combined (18| 1.42 1.16 1.06 099 095

n=4 -1.8 TeV
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[
= f Y/
GKK GKK
f f Vv

S 3C ,
s I w 'ID0 PRL 86, 1156 (2001)
< | -.expected limit

—observed limit

D@, 1.05 fb'

.z;\;\_#;,
0 [ I E

* Expect an interference with the SM

fermion or boson pair production

7

\.

dcos0*dM =~ dcos0*dM
b
%fl((?@se*a M) + (n)f2((3059*

N

M)

J

« High-mass, low |cos6| tail is a

characteristic signature of LED

Cheung, GL [PRD 62 076003 (2000)]

» Best limits on the effective Planck
scale come from 1 fb! DG Run |l data:

n=2

n=3 n=4 n=5 n=6 n=7

Dijets, 0.7 fb=1 [22]  1.56

ee + 77, 1.1 fb~1 [21] 1.62 2.09

194 162 146 136 1.29
1.8 156 141 131 1.24

Lisbon, November 10, 2008 Greg Landsberg: Searching for Extra Dimensions and Black Holes

- — Mg > 1.3-2.1 TeV (n=2-7) - tightest to
£ date
A . | . I | - Recent results from dijets yield similar
2 3 N?meer of5 Extra Di?nensionz (n) sensitivity
D@ Signature GRW |2 HLZ [11]
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:= Virtual 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 100 pb-

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

10.5 ————rrrrr = F
E) 100 F ‘ | ‘ ] s F 10 fb"
. 95 ADD Discovery Limit ! N 107 bttt
S g0l | 100 fb™ | s F —
© 9.0 C " | E n e ——
O 85 T'°F
o 80Ff > °F
= 7.5 % 107
70f - 50: Mg > 5.1 TeV
651 , : 107 M =4.7 TeV, n=3
6.0 ! - o BT 1 x5 x| 1
55 [ : - 1000 1500 2000 2500 3000 3500 4<30e0\0,)
50} : : / . é-
25 i :' - ‘
4.0 ' | v ; - Nn=3 M =3 TeV —
35 : ; ; — PP — vy
3.0 E i S 103:—
0.1 1 10 100 1000 S & 50: Mg > 6.6 TeV «
Integrated Luminosity, fb” - Mo=4.7 Tov
- . i m = ‘
CMS reach for large ED in the dimuon channel B e =]
PR T T ST T [N TR N SO T N SR TR T SR AN TR SR S S
-2 -1 o 1 2
n
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+ Hrst High-pr Muons in CMS
* While waiting for the collision data, CMS is already
looking for high-pt muons from cosmic rays

Charge ratio for atmospheric muons agrees with other
measurements and approaches their precision

<R>=1.282 i'0.004(stat) iOOO7(SYSt) CRAFT - GLBMuons1LegBarrelOnly_cmb

L -~ CMS MTCC data R=1.216+0.004
L3+C (2004)

7 Rastin et al. (1984)
- — Baxendale et al. (1975)

N
o
T

First Look at CRAFT
{ (300 mIn triggers)

-
(&)

T
ettt

5.
+
i
-—
(©
—
]
()
—
©
L
O

JEEN
(&)

uncorrected N“, / Nw

| Raw measurement

or just to demonstrate
72006 MTCC ,(jata, Ll the sensitivity & reach
10 107 10° T e s

p [GeV] b, [GeV]

—
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* Intermediate-size exira Antoniadis, Benaklis, and Quiros
dimensions with ~TeV-! radius [PL B460, 176 (1999)]
* Introduced by Antoniadis 10°

[PL B246, 377 (1990)] in the string
theory context

» Used by Dienes, Dudas, and
Gherghetta [PL B436, 55 (1998)] 10
to allow for low-energy unification
— Expect Z, Wik, 9k resonances at

the LHC energies

— At lower energies, can study effects D=1
of virtual exchange of the Kaluza-
Klein modes of vector bosons

e Current |n.d!rect constraints come 000 3000 4000 s000 600 7000
from precision EVW measurements: 1/R (GeV)

—1/r~6 TeV

LHC
(1/R=3TeV)

D=2

Events /GeV

Lisbon, November 10, 2008 Greg Landsberg: Searching for Extra Dimensions and Black Holes 26

HUBniinun.




- -
rrent Limits on TeV' ED
From Cheung & GL [PRD 65, 076003 (2002)]
i (TeV—2) nos (TeV™?) ME (TeV)
LEP 2:
hadronic cross section, ang. dist., Hp ¢ 0.33 *913 0.12 5.3
jt, 7 cross section & ang. dist. 0.049 18;}2 0.42 2.8
ee cross section & ang. dist. 0.62 *5.5 0.16 4.5
LEP combined 0.28 9922 0.076 6.6
HERA:
NC 2.74 *18 1.59 1.4
CC 0.057 *135 2.45 1.2
HERA combined 1.23 “5a 1.25 1.6
TEVATRON:
Drell-yvan 0.87 1}-_3% 1.96 1.3
Tevatron dijet 0.46 *524 1.0 1.8
Tevatron top production 0.53 :8‘,3; 9.2 .60
Tevatron combined 0.38 :8‘,3% 0.65 2.3
All combined 0.29 *5550 0.071 6.8
Lisbon, November 10, 2008 Greg Landsberg: Searching for Extra Dimensions and Black Holes 27
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D@ Run Il Preliminary

200 pb1, ete
210! 210
10 10
@102 @102
W 10 W 10
10" : 1{1-11
102 04 % 107

2004 060080
(ﬁEM'Mass,Gégu

ED Signal

»10° Interference effecy 1¢¢,
£10° €103
2102 2102
w10 W 104
10" 10-1‘
10 X 102
10° g 10°

Bu.iz S
: 0080
AiEM Mass, Gey

0

200400¢ 080
diEM Mass, Gec\}}o

QCD Background

diEM Mass, Gev

00 600 g

TeV-1ED, 1/R = 0.8 TeV %
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4= First Dedicated Search for TeV'ED

While the Tevatron sensitivity is
inferior to indirect limits, it explores
the effects of virtual KK modes at
higher energies, i.e. complementary
to those in the EW data

D@ has performed the first dedicated
search of this kind in the dielectron
channel based on 200 pb-' of Run |l
data (Zyk, Ykk — €'€’)

The 2D-technique similar to the
search for ADD effects in the virtual
exchange yields the best sensitivity
Cheung, GL[PRD 65, 076003
(2002)]

Data agree with the SM predictions,

which resulted in the following limit:
—1/r>1.12TeV @ 95% CL
—r<1.75x10"m

From dijets (700 pb-') the limit is:
— 1/r>1.4TeV @ 95% CL

28




ATLAS e'e”
T I T T T I T T T ]0 2 T . .
102 — SM §
M1 M =4 TeV 3
M2 My =4 TeV
210 4 =0E
o = o -
< 3 3 C
S ] = [
8 1 &L
e 1 E | o E
2 E 3 o E
© = 7 ] C
2 ] s I
“olL i w10 '
10 ‘2— 1 -:n'i _ 10 E |
5000 L L
2000
F
q 2h Z600;||||||||||||||||||||||;_
> 10”8 o= 4 TV
o - M, =5 TeVid L —electrons cMmsS, | -
o | M, = B TV i
8 10 — M, =7 TeVi? - positrons
% 10* 400
o
T 10°
5
10 200
10”
10°
100020003000400050006000700080009000 0 '2'161'2'

(b)
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;-

ATLAS M_=4 TeV

Electrons

| IIIIIL\l—

muons

11 IIIIII[

(a)

1
4000

| .
6000

m, (GeV)
o LLE LA BLELELEL BLRLELELE BLELELELE B
N electrons
> 1 -
Q i .
(5 : ----posnrons
82000- -
- 3
Z
1000} .
CMS, |
A -"E...I....I..“L tynea |1
1000 2000 3000 4000 5000
E (GeV)

(b)
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- KKResonance Reach at the LHC

Dramatic reach even with ~1 fb-

llllll

KKZ — ee KK Z production

Significance
Luminosity (fb™

CMS, |

#—.I--I.’ 1 1 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1

4 4.5 5 5.5 6

4 4.5 5 5.5 6

T T[T T T[T T T T [TT I [ TT T [T I T[T [ TTTT[TTTT
|||||||||I||||I||||I||||I|||||||||I||||I||||

2
M (TeV/C ) 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 k/Mp,
which determines the graviton width

I B B B LA
Drell-Yan at the LHC —

1072

deg/dM (pb/GeV)

10—10 L1

1
600!

1
5000

2000 3000

My (GeV)

4000

Lisbon, November 10, 2008

* To avoid fine-tuning and non-
perturbative regime, coupling
can’t be too large or too small

* 0.01 < k/Mp<0.10 is the
expected range

 Gravitons are narrow

- Similar observables for Z,,/gxk In
TeV-" models

0.20 U T T T | T T T T I T T T T I T T T T
B /
Tevatron ,/ i
2 4
[Rs|<Mj5 ,/
0.10 - — —
= 7 -
0.07 i: Allowed Region /,/// 7 :i
E— " A,<10 TeV —3
a = e / E
I 0.05 - Vi —
~ F =
~ C / E
/ ]
0.03 — / / —
/
C / /
0.02 - / Oblique Paf‘ameters —]
/
/ /
/// /
/ /
[ | l I I

0.01"

2000 3000 4000 5000

m, (GeV)

1000

Davoudiasl, Hewett, Rizzo [PRD 63, 075004 (2001)]
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D@ Run I, 275 pb'  a)

o Data
=== Total Background
SM Background
BB QCD Background
) 300 GeV RS Graviton

EE 0 1:-\I LI I LI I LI L L I LI I LI I LELEL ;:
= 0.00F . DO Run 11246-275pb' £ -
Xx UYE i
E N RS Model 95% C.L. Excluded Domain  §
0.08F- =
= \. uu ee+yy & combined § ]
| 0.07¢ [PRL\ 95, 091801 (2005)] E
100 200 300 400 500 600 700 800 0.06F 4 =
DiEM Mass (GeV) - i E
> 0.05F i 3
° D@ Run Il, 246 pb'  b) - & .
ﬁ o Data 0'04:_ ' —:
..3 —— SM Background - - - - -
I% £ 300 GeV RS Graviton 3 0.03 :_ ) -, "'E
0.02F i e

o 01:1 1 lﬂ'1'1'g’f.| -

200 300 400 500 600 700 800
Graviton Mass (GeV)

Assume a fixed K-factor of 1.3 for the signal

100 200 300 400 500 600 700 800
Dimuon Mass (GeV)
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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!

~0.09c Y\ | expected limit

CDF Il preliminary JLdt=2.3 fb™!
1 :ZZIZZIZZIZZIZZIIZ‘.‘%ZZ.ZZI'QLI.ZZZIZZIZZIZZIZZZIZZIZZZZZIZZIZ§ZIZZIZZIZZIZZIZZZIZZIZZIZZIZZ1122IZZIZZIZZIIZZIZZIZZIZZIZ
e 1 - -4 - Pseudo-Experiments' Median

95% C.L. Limits onc x Br(G*—pupu ) (pb)

1 11 l 1 11 I 11

I : 2 3 f b 1 68% of Pseudo-Experiments
~ ’ uu, . P 95% of Pseudo-Experiments
CoAMNG é

i KM, =0.07 f 0.08

- KM, =01 : -

.\ ............... , ...... 0.07: c
Moo ............... 4 o.oef .

':::::'_,\:'5 : SR i 0.055—

- excluded at 95% CL

DO PRL 95, 091801 (2005)

—— — excluded by precision ewk

0.01 ’
200 300 400 500 600 700 800 900
Graviton mass M, (GeV)

§ ' k/ﬁpI vs RS Graviton Mass Exclusion Plot

kle =0.01

| . KM = 0015 s 0.1¢
: kiM_, =0.025 = -
G kM =0.035 0.09
- k,Mm =0.05

P SR 0.045

\ .............. . ........... 0.035

' ........ 921GeV 0.025_ A ’ fL e 118t

11 l 11 1 l 11 1

!

1 0 : 1 fxl" IIIIIIIIIII I L1l I L1l I L1 11 I 11
0 0.2 0.4 ° 8 1. 2M (:'I':Vlc ) 0'02100 300 400 500 600 700 800 900
G* M, (GeV/c )
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— LHC: Randall-Sundrum Graviton Reach

IR <M?

Region of Interest

10 fb'30 b 601b1

lllll

8 30- T T ' T LI I LI T I LI B B § I i 8 30_! LI \I nrri I LI I T I L) I l-
c I ] c 1 ©
o o5 G — ee with¢c=0.01 0 5L \ G- eewithc=10.1
e - e o - 1
'c c i ] 10
o [ o [ ]
[ v 60fb’ : ]
155 30fb’ ] 15F ]
[ o 10fb" - )
AN ] o :
5F i 5k i
: \ : r N
r —— - — ]
1] | | PR 0 ' P | M T T 10.2
1 15 2 25 25 3 35 4 45
2 2
M (TeV/c) M (TeVic")
(a) (b)
g Coupling constant ¢ | Estimator [ 11h~T [ 101h~"
310 Sp | 075 | 120
L 0.01 Se | 077 | 121
g C.
: P s, | o078 | 13
10 | Sp | 121 | 172
— 0.02 Se | 12| 17
X S 122 | 174
- 1 E Sep 1.83 248
Pl 0.05 Su | 185 | 249
DA i s, 185 | 251
Q"¢ CMS ; Sp | 234 | 3l
c t 7 ! 01 Se | 236 | 313
e 0l St 236 | 3.16
] “4 : :
— %/ , . ‘ L i
1000 1500 2000 2500 3000 3500 4000

Dimuon mass, GeV
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* Not in the early running!

— “One event — discovery; two events — cross section measurement;
three events — angular distributions”

~l -
g «f g f : St 100 fb!
S t S aol- 100 fb 1 s [
> L > o i
2 [ i 2 | o Z"E Spinl
200 I
I e 12 N -
+ 20 10 ;
10- i
© - [
8
[ M=1.25TeV/c? CMS /1 + M = 2.5 TeV/c? '
t‘!1'III-0|.SIIIltl)llllt.\.lsllll1 g(!1.||'-0I.5IIII(;IIIIO.IE";'I|I1 3_
cos6* . I
10T T
o L
g 2
[ 1 .S.INI. L3
_ 0 0.5 0 05
e 4 B cos(8%)
ATI-ASH
20 Spin-! Bxchaion (10b-1) -
— 3 Spin! Exchaion (100 b1)
e 30 Spin! Bxchaion 200 b-1)
102 |'.|l|||:'|l1|||l11|||11||||11||||t||||
1000 1500 2000 2500 3000 3500 4000
Graviton Mass (GeV)
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-+ 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 t
R

Planck Brane

>
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- Possible Remedies
« 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

— dedicated groups in both ATLAS and CMS are exploring this topic

dR b-W vs top pT drbWvth dR from W) vs top pT draqvth
| £e | Entries 208914 | ____ 99 ( ) EP | Entries 104457
35 Meanx 4694 | 5 3.5 Mean x 470
; y Meany 1.035| &5~ [ :Izqasn Y 1am
9 x i
2 Y i Emg; orres T 3 RMSy 0.8075
N [G.Brooijmans =
© 2.5
2 Les Houches 2007] T
T 2

J\III|IIII|III.\_L

II|III|III|II\lIII|III-|III|\II|I\I|III
200 400 600 800 1000 1200 1400 1600 1800 2000

pr(top), GeV pr(top), GeV
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The most “democratic” ED model: all the SM fields are free to propagate in extra
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=My2?+M2,n=0,1, 2, ...

Kaluza-Klein number (n) is conserved at tree level, i.e.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)

CDF unpublished Run | analysis based on 90 pb-' set M. > 280 GeV
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« Naively, one would expect large
clusters of nearly degenerate
states with masses around
1/r, 2/r, ...

« Cheng, Feng, Matchev, Schmaltz:
not true, as radiative corrections
tend to be large (up to 30%); thus
the KK excitation mass spectrum
resembles that of SUSY!

 Minimal UED model with a single
extra dimension, compactified on
an S,/Z, orbifold

— Odd fields do not have 0 modes,
so we identify them w/ “wrong”
chiralities, so that they vanish in
the SM

+= UED Phenomenology

e Q,L(q,l)are SU(2) doublets
(singlets) and contain both
chiralities

Cheng, Matchev, Schmaltz
[PRD 66, 056006 (2002)]

650 650
Mc = 1/r =500 GeV |
te
600 q - 600
g §—tn ]
=
550 - -1 550
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!1' e T
500 |- -+ 500
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* First level KK-states spectroscopy Bty

Cheng, Matchev, Schmaltz B(9,—Q,Q) ~ 50%
[PRD 66, 056006 (2002)] B(g,—0,q) ~ 50%

g B(g,—qy4) ~ 100%

Q q 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 flavor)
B(Z,—vv,:LL,) ~ 1/6:1/6 (per flavor)
B(L,—y4L) ~ 100%

B(v,—y.v) ~ 100%

B(H, —>vv;, Hy;) ~ 100%

Production:
q49, + X —» ME; + jets (~0,,,4/4); but:

low ME-
Q,Q+ X—» V. V', +jets —» 24 / + ME;
(~Ghad/4)
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* Only the gold-plated 4-
leptons + ME; mode has
been considered in the

original paper and the
subsequent studies

e Other promising
channels:
— dileptons + jets + ME; +
X (x9 cross section)
— ftrileptons + jets + ME; +
X (x5 cross section)
— Single production of the

second KK excitation
(via one loop)

 Detailed simulations are
required: CompHEP and
PYTHIA implementations
now exist

Lisbon, November 10, 2008

Cheng, Matchev, Schmaltz [PRD 66, 056006 (2002)]
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Very recently approved analysis by the
LIP group

Consider 4e, 4, 2e2u channels

Tight selection for low 1/R and looser
selection for high 1/R

Signal is found at low dilepton invariant
mass

Background is dominated by the physics
(ZIy*)(Z/y*) background
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Black Holes on Demand NYT, 9/11/01  "@heiNygtogk B

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.

=9

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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BH at LHC: Theoretical Framework

"« Based on the work done with Dimopoulos a  Artist’s view:
few years ago [PRL 87, 161602 (2001)] A
and a related study by Giddings/Thomas BLACK HOLE

[PRD 65, 056010 (2002)]

« Extends previous, more theoretical studies
by Argyres/Dimopoulos/March-Russell e T — .
[PL B441, 96 (1998)], Banks/Fischler Ve Ry B
[JHEP, 9906, 014 (1999)], Emparan/ PROTON * S SURUNIVERSE
Horowitz/Myers [PRL 85, 499 (2000)] to w
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 M2 _ é\
formed!

« Also true in the RS models where A_is the
characteristic scale 3

Q.._, _Q o~nRg?~1TeV 2~ 10" m?~ 100 pb
Comparable with that of the top-quark

Black hole pair production!

GRAVITONS

parton
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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, > Mp

» Clearly, these are important limitations, but there is no way
around them without the knowledge of QG
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» Schwarzschild radius is given by
Argyres et al. [hep-th/9808138], after
Myers/Perry [Ann. Phys. 172,
304(1986)]; it leads to:

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

Total
uu+dd

Mgl Mp] = 2

S
3
\—H)
dL/dM, 1/GeV

1 | Mgy 8T (22
(%éM&>m% on T (5

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

244

~\

do(pp—BH+X)  dL
dMpn - dMgn

5(ab— BH)|_yg,

M2 [|}_1“
fa(xa)fb < BH)
a STq
\ Mgy /s y B

* Note: at c.o.m. energies ~1 TeV the "L

1 1
2000

1 1 1 1 1
4000 6000 8000 10000

dominant contribution is from quark- ’
quark interactions (BH w/ color,
B =0)
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» Schwarzschild radius is given by
Argyres et al. [hep-th/9808138], after
Myers/Perry [Ann. Phys. 172,
304(1986)]; it leads to:

2

n+1

1
Mg,

Me 8T (*5°)

(s = M]_g)H) — WR% — Sy A——

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

~\

do(pp—BH+X)

dL

dz, M?2
Z / T, fa(xa)fb < S;iH)
J

* Note: at c.o.m. energies ~1 TeV the
dominant contribution is from quark-
quark interactions (BH w/ color,

B =0)
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5(ab— BH)|_yg,
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Dimopoulos, GL [PRL 87, 161602 (2001)]

= F
% 10 ;_ Gtot_ 0.5 nb
(=5 C —_— —
=, L (Mp =2 TeV, n=7)
z
s af
g1 F
o LHC
-_,5 n=4
10 F
_4 —
10 Otot 1 20 fb .“\
m"‘;- (Mp =6 TeV, n= 3)
of M =1TeV
10 F
7 M =3TeV
w e M, =5 Tel
¥ T M, =7 TeV
10’9||||| 4
0 2000 4000 6000 8000 10000 12000
My, GeV
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Aok =
s —
hE] [mg.

= . Hawking temperature: RgT, = (n+1)/4x
(in naturalunits a=c=k=1)

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

— 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 y, /*, and v ~2%, 10%,
and 5% respectively

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

N =5

2T,
Lisbon, November 10, 2008
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ack Hole Decay

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

» BH radiates mainly in our 3D world:
Emparan/Horowitz/Myers
[PRL 85, 499 (2000)]
—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 25

— Since there are much more particles on

(N)

30

the brane, than in the bulk, decay into 20

gravitons is largely suppressed

* Democratic couplings to ~120 SM 155

d.o.f. yield probability of Hawking

evaporation into y, /*, and v ~2%, 10%, IOf

and 5% respectively

« Averaging over the BB spectrum gives s

average multiplicity of decay products:

_ MBH
N~

Lisbon, November 10, 2008

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

- Note that the formula for (N) is
- strictly valid only for (N) » 1 due
[ to the kinematic cutoff E < Mg,,/2;

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

10

My, /M,

Stefan’s law: t ~ 1046 s
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1= Black Hole Factory

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

Black-Hole Factory

I IIII|T|| I IIIIIII| I IIIIIII|

I IIIII|T| I IIIIIII| I IIIIIII| I IIIIIII|

10
Mg, TeV

Spectrum of BH produced at the LHC with subsequent decay into final states
tagged with an electron or a photon

e
—
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W
=
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S
~J
e
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+ " Shape of Gravity at the LHC

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

9 _"‘n‘(M-:::

@ 8 ""!:.'.*__STQ"/ InTy = — ! In Mgy + const
= 0.3- T2 hs) T o+l .
— ) T ‘Ipit'

— <. L

: .o

—

~—

=

=YV

=

- 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
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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 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

Recent paper by Meade/RandaII [arXiv:0708.3017] used a different
characteristic scale: \/pe T which resulted in a more conservative
cross section estimate
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:damples & Wien's Law

100 fb' @ the LHC

E 10 8| ¥/ (P % ‘xl"\g,
X r = .
=107 ot 0 -
E0F A, = MD =< b,
= ; T ) )
> 6 I = N F'f
é 10 E_ 0.2_ o ) -
: y N = -
- yy 'y —e—i X
w0t |, M=2 10y, 2
10 4—
i < 0-
10’ ‘
o L o) |Impressive precision
= S .___E '
1 LI B R L T T T T T ,—,—,-.E--,_,-, T Ilnl lplrloylﬂgll lnl 1 1 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1
0 1 2 3 4 5 6 7 8 9 10 02 03 04 05 06 07 08 09 1
Mgy, TeV log,,(Mpy/1 TeV)
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4+~ New Physics in BH Decays

« 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_p'et invariant mass [ %*/ndf

26.63 / 37

50 100 " 150 " 200 280 © 300
ij, GeV
£ 100] Dijetinvariant mass, one b-tag [ x*/ndf 4549 | 37
@ ]
2 75 b)
. y T4
25 P PECEEE sl el i
e L LN
50 © 100 50T T 2000 T T 2% " 300

Dijet invariant mass, two b-tags | x*/ndf

Events

so0 100 1o 7 200

[GL, PRL 88, 181801 (2002)]
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2= New Physics in BH Decays

« 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_p'et invariant mass [ %*/ndf 26.63 | 37

E 200- a) boost
—  t
S T 1bo "150 200 C 2% T T 300
ij, GeV
£ 100] Dijetinvariant mass, one b-tag [ x*/ndf 4549 | 37
g ] b)
2 75
50-
% LA i
e L LN
' T 150 T 2000 T T 2% 7 T 300

Dijet invariant mass, two b-tags | x*/ndf

Events

+
50 100 " 150 " 200 250 300

[GL PRL 88, 181801 (2002)] M,,, GeV
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= New Physics in BH Decays

« 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

< ] Dijjet invariant mass [ %*/ndf 26.63 | 37
R ¢ a) boost
EE oc=15nb
L Xt TR — &
e M; = 1 TeV, 1 LHC-hour (!)
50 1bo 150 200 C 2% T T 300

M., GeV
Dijet mvariant mass, one b-tag |/ner @ 7 5] * Higgs observation in the black hole

decays is possible at the LHC as
early as in the first day of running
: even with the incomplete and
G5_0 ' U 150 2000 0 2% 300 pOOI’ly 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

: T * Higgs is just an example — this
K R S TIRE i applies to most of the new
[GL, PRL 88, 181801 (2002)] o particles with the mass ~100 GeV
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* Detailed studies already started in ATLAS and CMS

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

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

Simulated black hole event in the
ATLAS detector, from ATLAS-Japan Group  Simulated black hole event in the CMS
detector, A. deRoeck & S. Wynhoff
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« Considered two
selections:
— Sum ET selection: St

>2.5TeV, pt > 50
GeV

— Multiplicity selection:
require at least four
energetic objects (pT >
200 GeV) in the final
state; at least one is
lepton

* For Mp of 1 TeV
discovery of >5 TeV
BH'’s is possible with
a fraction of fb-"

Lisbon, November 10, 2008

~ ATLAS Early Search tor Black IIoIes
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- Conclusions
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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 10 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 10 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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= Gonclusions

« 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 10 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
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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 10 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!

Lisbon, November 10, 2008 Greg Landsberg: Searching for Extra Dimensions and Black Holes




