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Abstract: It is an open question why gravity is so much weaker than the other three interactions we know. One possible answer which has been
suggested is that this mismatch is only apparently so, and a feature we observe on large distances.
The strength of gravity on small distances could grow faster than an extrapolation of Newton\'s law would imply, such that it becomes comparable
to the other interactions at distances that will be testable in the soon future. The concrete scenario for this is that our world could have additional
compactified extra dimensions. If that was the case, quantum gravitational effects could become observable at the Large Hadron Collider. The most
prominent features in these models are the production of mini black holes, and graviton emission.
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Research departs more and more from our every day experience
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New experiments require more and more preparation/technology



Light Microscope

* Uses light (photons)
® Directed with mirrors and lenses

* Resolution limited by wavelength

Of light _[ Jbectwe Lenses
Ar ::-;. l o — stage wath Stage Clips
@

* Typically: size of cells or crystals
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Electron Mic roscope

e Uses beams of electrons

¢ Directed with electric and
magnetic fields

o The faster, the better the
resolution  , _ h

p

* Typically: about the size of
an atom Diamond [110] Silicon [112]




Particle accelerator

® Fixed Target or Collider
¢ Examine Debris of Collision
® | inear or Circular

¢ FPresent resolution:

proton sub-structure (quarks)

e Circular: Synchroton radiation loss
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The current Frontier of our Knowledge:
The Standard Model of Particle Physics
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Standard Model of
FUNDAMENTAL PARTICLES AND INTERACTIONS

force carriers
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The Higgs

* Gives particle masses (breaks electroweak symmetry
through a non-zero vacuum expectation value)

* The standard model needs the Higgs for consistency

* It is theoretically predicted to become observable at
energies around 150 GeV (TeVatron might just have

missed it)

Only confirmed
sighting of a Higgs so far:

Peter Ware Higgs
(Bom May 29, 1929)
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The Higgs
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through a non-zero vacuum expectation value)
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Supersymmetry

* Every boson is paired with a fermion (gluon-gluino,
electron — selectron, graviton- gravitino...)

* Charges are not maodified
e Doubles the number of particlefa in the SM

* Supersymmetric partners are considerably heavier —
otherwise we had already seen them (the symmetry
is ‘broken’)

* An essential feature of string theory

* Expected to become observable at the LHC (around
energies of ~ TeV)



Looking closer

¢ Where is gravity?

¢ Cravity is much weaker than the other interactions:
= the Hierarchy problem’

* Extrapolating the strength of torces, one expects
gravity to show quantum effects at the so-called
Planck-scale: 10 3> cm

¢ (Can we trust this 6xbrapolation? N S

The electromagnetic force between

two electrons is 1042 times larger
than the gravitational one!

inverse strenght

F;'age 16/5:‘5 mp
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Looking even Closer

* What if quantum effects of gravity aren’t
ao far off as we thought they are?

* Surprisingly: we wouldn’t have yet noticed

e (Concrete scenario: extra dimensions

Oskar Klein
{(Sep 15,1884 - Feb 5, 1977)

Theodor Franz Eduard Kaluza
(Nov 9, 1885 — Jan 19, 1954)




Extra Dimensions

e Why do we live in a 3 dimensional space?
— Nobody knows

¢ Could there be more dimensions that we have
not noticed so far...?

— ... because they are curled up to small circles?

* Extra dimensions are required for consistency
in string theory.

e How could we find out?
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The FPlanck Scale

* Weakness of gravity could be a result of compactified
extra dimensions:

* Unlike other interactions, gravitational force lines
dilute into all dimensions

* Therefore gravity thins out faster

* At distances larger than the extra dimensions, it
behaves as usual, but the total strength is lowered

Quantum Gravity could be just around the corner...
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Higher Dimensional Gravity

* Gravitational potential in 5 dimensions, coupling

usual gravitational constant G =1/ mp2

* Gravitational pol:ential in 3+d dimensions, with new
higher dimensional coupling

* Matching at ~ R: relation between true’ higher
dimensional coupling and apparent coupling

=
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Higher Dimensional Gravity

* Gravitational potential in 5 dimensions, coupling

usual gravitational constant G =1/ mp2

* Gravitational pol:ential in 3+d dimensions, with new
higher dimensional coupling

¢ Matching at ~ R: relation between ‘true’ higher
dimensional coupling and apparent coupling




How ‘Large’ is Large?

If the ‘true’ higher dimensional scale for gravity is
around the ElectroWeak scale then:

- R=101- m (excluded)

* 10-! mm (sub-mm tests of Newion’s law)
. R=10°fm

e d=4 - R=10° fm

.

™
™!
U9 DD =

T

L
=

Large means: much larger than the Flanck scale
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Higher Dimensional Gravity

* Gravitational potential in 5 dimensions, coupling

usual gravitational constant G =1/ mP2

* Gravitational pcrbentia[ in 3+d dimensions, with new
higher dimensional coupling

* Matching at ~ R: relation between true’ higher
dimensional coupling and apparent coupling




How ‘Large’ is Large?

If the ‘true’ higher dimensional scale for gravity is
around the ElectroWeak scale then:

.
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™ !
99 DD

L
=

Large means: much larger than the Flanck scale
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Higher Dimensional Gravity

* Gravitational potential in 5 dimensions, coupling

usual gravitational constant G =1/ mp2

* Gravitational pol:entia[ in 3+d dimensions, with new
higher dimensional coupling

* Matching at ~ R: relation between ‘true’ higher
dimensional coupling and apparent coupling




How ‘Large’ is Large?

If the ‘true’ higher dimensional scale for gravity is
around the ElectroWeak scale then:

.
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Large means: much larger than the Flanck scale
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The Large Hadron Collider

* The World's Largest Microscope

e At CERN in Geneva (where the Web was born)
* |5 expected to confirm the Higgs

* Hoped for:

— Supersymmetry?
— @Quark sub-structure?
— Dark Matter candidates?

— Extra Dimensions?

E Expect the unexpected...
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LHC: some numbers

¢ (Circumference: 20.0 km

¢ Tunnel is 50-150 m underground (re-used from LEF)
¢ Collides two proton beams a 7 TeY energy

¢ Will resolve distances as small as 10 ' m

* Dipole magnets are cooled to 1.9 K

* Yacuum in beam pipe comparable to outer space

* 1 proton makes 11,245 circuits every second

* Beam energy is influenced by the moon and the lake
* Cost: approx 3 Billion EUR.
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Quantum Gravity at the LHC

* Production of gravitons: energy loss because
gravitons escape in the extra dimensions

>

Extra-Dimensions

* Virtual graviton contributions modify calculations of
the standard model

* Black Hole production becomes poeaible!!

P@D 2ution: We still don't know how to consistently quantize gravity reaesrE

______ - - R e s e S e sl L= e o N - R T T e T iy e DR I e T A



Gravitons

e [n the presence of extra dimensions, gravity is
513I"OI’I@6F at Qma” d'@tﬁ Nnces (compared to no extra dimensions)

e Results in noticeable graviton emmission close
by the fundamental scale

* Gravitons can propagate into all directions —
momentum into extra dimensions is
(geometrically) quantized

* This makes the gravitons appear as towers of
massive particles on the submanifold
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Gravitons

1
D, OCE — apparent mass

But these gravitons are not captured in the detector

So, this leads to a missing energy signal, denoted E



Inverse FProblem

ITS ELEMENTARY.
MY DEAR WATSON!

irsa: 07080061 Page 40/55



Black Holes at the LHC

* In the presence of extra dimensions, gravity is
Qtl"Ol"lger‘ at E—Dma” dl@tﬂ Nces (compared to no extra dimensions)

® This means: the horizon is at a larger radius

e Or: the compression of energy into a volume
needed to cause a collapse can be reached at

the LHC
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Information Content of Black Holes

Thermodynamics
General Relativity

Quantum Field Theory

Stringtheory

Loop Gravity
Particle Physics




Black Hole Cross-Section

e Estimate cross-sectionwith o = 7R
Improve by using colliding wave-packages and
examine for collapse condition

LHC is a hadron collider = integrate over parton

distribution functions

Far less highest energetic collisions than for

lepton collider

7‘4(’61 S)fB(V'HS)O-(S)



Black Hole Cross-Section
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Expected pmduction: 1 Black Hole per second
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Are these Black Holes dangerous?

* Hawking (1979): black holes have temperature
the Hawking radiation’ with T ~ m /M

® The smaller the black hole, the larger its
temper'ature

e Plack holes at LHC are extremely hot
— approx 200 GeV or 101 K I

* They evaporate within approx 10 seconds

= They dont have time to grow
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JRSCHUNG & TECHNIK

Big Bang Machine: Will it destroy Earth?

The London Times July 18, 1999
ELCHENPHYSIK

Angst vor dem
groRen Knall

Physiker wollen bei New York den
Aniang des Universums eriorschen
ind losen Endzeitstimmung aus

Creation of a black hole on Long Island?

A NUCLEAR accelerator designed to replicate
the Big Bang is under investigation by
international physicists because of fears that it
might cause 'perturbations of the universe' that
could destroy the Earth. One theory even
suggests that it could create a black hole. [...]

The committee will also consider an alternative,
although less likely, possibility that the coll;chg
could achieve such a high
R e they would form a mini black hole. In space
fassTCp b T AT SRS B black holes are believed to generate intense
gravita-tional fields that suck in all surrounding
_ e e e e S matter. The creation of one on Earth could be
e | szarressen e disastrous. [...]

[ p— e CRASH-TESTS MIT ATONEN SIMULIEREN URENALL
i T, - -

John Nelson, professor of nuclear physics a
Birmingham University who is leading the British
scientific team at RHIC, said the chances of an
accident were infinitesimally small - but
Brookhaven had a duty to assess them. "The big

is whether the planet will disappear in
the twinkling of an eye. It is astonishingly unlikely
that there is any nsk - but | could not prove &," he
said.
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Big Bang Machine: Will it destroy Earth?
The London Times July 18, 1999

Creation of a black hole on Long Island?

A NUCLEAR accelerator designed to replicate
the Big Bang is under investigation by
international physicists because of fears that it
might cause 'perturbations of the universe' that
could destroy the Earth. One theory even
suggests that it could create a black hole. [...]

The committee will also consider an alternative,
although less likely, possibility that the collu:hg
particles could achieve such a high

they would form a mini black hole. In space_
black holes are believed to generate intense
gravita-tional fields that suck in all surrounding
matter. The creation of one on Earth could be
disastrous. [...]

John Nelson, professor of nuclear physics a
Birmingham University who is leading the British
scientific team at RHIC, said the chances of an
accident were infinitesimally small - but
Broockhaven had a duty to assess them. "The big

is whether the planet will disappear in
the twinkiing of an eye. It is astonishingly unlikely
that there is any nsk - but | could not prove i," he
said.
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Evaporation is faster than Mass Gain

The mass loss of the black hole from the evaporation

diM ~ 10°GeV/fm
[

i much larger than any possible mass gain even in a very hot
and dense medium (QGF, neutron star)

diM+ =R;T" =107 GeV/fm
.

(even with a very high y factor ~ 10%)

= The black hole decays and can not grow
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Evaporation is faster than Mass Gain

The mass loss of the black hole from the evaporation

diM ~ 10°GeV/fm
[

i much larger than any possible mass gain even in a very hot
and dense medium (QGF, neutron star)

diM+ =R;T" =107 GeV/fim
.

(even with a very high y factor ~ 10%)

= The black hole decays and can not grow

irsa: 07080061 Page 50/55



Black Hole Eva poration

Three phases:
— DBalding phase: multipole moments are radiated off
some enerqy is lost into gravitational radiation
— Hawking phase: Spin down tollowed by thermal
radiation into all particles of the SM and gravitons
= Depends on number and size of extra
dimensions: possibility to examine space-time
geometry
— Planck phase: final decay or stable remnant,

nobody knows exactly

B
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Black Hole Event at the LHC

i

q

9 —/°
e
4

QCD:-
Two partons scatter inelastically

Outgoing particles hadronize
And create a ‘jet’
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QG:
Two partons GG“E:IP% to a black hole
The black hole decays with a thermal
ﬁpectrum
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Black Hole Event at the LHC

QCD:
Two partons scatter inelastically Two partons collapse to a black hole
Outgoing particles hadronize The black hole decays with a thermal
And create a jet spectrum

0000000000000
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Homework Assignment

e Why are the particle masses what they are?
e Why are there three generations?

e Why are there three families?

¢ Why are there three large dimensions?

e Why these interactions?
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Summary

“Somewhere, something incredible is waiting to be known.”
~ Carl Sagan
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