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Es gibt verschiedene Modelle mit Extra-Dimensionen,
die das Hierarchie Problem lösen:
- Arkani-Hamed, Dimopoulos und Dvali (ADD)  ...

*N. Arkani-Hamed, S. Dimopoulos and G. R. Dvali, Phys. Lett. B 429, 263 (1998) [arXiv:hep-ph/9803315]
**L. Randall and R. Sundrum, Phys. Rev. Lett. 83, 4690 (1999) [arXiv:hep-th/9906064]

**
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Es gibt verschiedene Modelle mit Extra-Dimensionen,
die das Hierarchie Problem lösen:
- Arkani-Hamed, Dimopoulos und Dvali (ADD)  ...

Eigenschaften des Modells:

• 3+d Raumdimensionen
• Die zusätzlichen d Dimensionen sind mit Radius 

• Die Gravitation wirkt in alle 3+d Raumrichtungen
• Die Kräfte und Teilchen des SM existieren nur auf 

R aufgerollt

den drei nicht aufgerollten
räumlichen Dimension

*N. Arkani-Hamed, S. Dimopoulos and G. R. Dvali, Phys. Lett. B 429, 263 (1998) [arXiv:hep-ph/9803315]
**L. Randall and R. Sundrum, Phys. Rev. Lett. 83, 4690 (1999) [arXiv:hep-th/9906064]

*
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Schwarze Löcher
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Schwarzschild Radius in 3+d Dimensionen:

Symmetrische Lösung der Einstein 
Feldgleichungen in 3+d Dimensionen:

RH ≈ 1
Mf

(
M

Mf

)1/(d+1)

*Myers and M. J. Perry Ann. Phys. 172, 304-347 (1986).

*

RAB −
1
2
gABR =

TAB

Md+2
f
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Einfache Abschätzung des Wirkungsquerschnitts:

*T. Banks and W. Fischler [arXiv:hep-th/9906038]

Im Fall von kleinem        kann diese 
Schwelle im Labor erreicht werden:

Mf

**http://wugrav.wustl.edu/research/projects/final_report/nasafinal3.html

*

σ(
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s) ≈ πR2
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http://wugrav.wustl.edu/research/projects/final_report/nasafinal3.html
http://wugrav.wustl.edu/research/projects/final_report/nasafinal3.html
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(LHC = Large Hadron Collider)

lPbPb ≈ 0.5 · 1027 1
cm2s

lpp ≈ 1034 1
cm2s

Große Anzahl von Schwarzen Löchern möglich.

Te
va
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n

Te
va

tro
n

*B.Koch, M. Bleicher, H. Stöcker, Angenommen in J.Phys. G [arXiv:hep-ph/0702187]

*
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- „Balding“ Phase:          (bald=Glatze)

*John Wheeler:    „Black holes have no hair“

Abstrahlung zusätzlichen Freiheitsgraden (wie Deformationen 
und Drehimpuls) durch Graviationsstrahlung

- Hawking Phase:
Thermische (Hawking) Strahlung TH =

d + 1
4πRH

- Planck Phase:
Die Hawking Näherung verliert ihre Gültigkeit und das Schwarze 
Loch geht einem ungewissen Schicksal entgegen:
• Komplettes Zerstrahlen
• Bildung eines stabilen Zustands (BHR=“Black Hole Remnant“) 

*

**S. Hawking. Black holes and thermodynamics. Phys. Rev., D13:191–197, 1976.

**
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Fig. 3. Multiplicity distributions for charged hadrons for minimum bias triggering in ALICE.

10
-7

10
-5

10
-3

10
-1

10

10
3

10
5

10
7

10
9

0 1 2 3 4 5 6

p+p, sqrt(s)=14 TeV
charged hadrons

ALICE tracking acceptance
Minimum Bias trigger

4 months running 

@ L=10
31

 cm
-2

 s
-1

100 Hz DAQ rate

e
v
e
n
ts

 /
 0

.1
 T

e
V

/c
 b

in

summed p
T
 / event (TeV/c)

QCD only

BH (black 
symbols)

M
P
 = 1 TeV

2 TeV

5 TeV

Fig. 4. Summed pT per event distributions for charged hadrons for minimum bias triggering in
ALICE

Verbreiterung der Transversalimpuls-
Spektren.

* T. J. Humanic, B. Koch and H. St ̈ocker, [arXiv:hep-ph/0607097]
**S. Hossenfelder,[arXiv:hep-ph/0412265]      *** B. Koch, M. Bleicher and S. Hossenfelder, JHEP 0510 (2005) 053 [arXiv:hep-ph/0507138]

*

**
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Fig. 7. ∆φ plots for the ALICE tracking acceptance for simulated BH and QCD events for two
kinematic regions.

for MP = 1 TeV can easily be detected above the QCD background, whereas for
MP = 2 TeV detection is already becoming problematic.

3. Summary

Models with Large Extra Dimensions have exciting consequences including the pos-
sible creation of mini-BHs at the LHC. Under the proper conditions experiments
such as the ALICE experiment have the capability to detect BHs from charged
hadronic observables for higher-dimensional Planck masses ranging from 1 to 5

Abschwächung der 180 ° Struktur in 
der Winkelkorrelation.

Verbreiterung der Transversalimpuls-
Spektren.

* T. J. Humanic, B. Koch and H. St ̈ocker, [arXiv:hep-ph/0607097]
**S. Hossenfelder,[arXiv:hep-ph/0412265]      *** B. Koch, M. Bleicher and S. Hossenfelder, JHEP 0510 (2005) 053 [arXiv:hep-ph/0507138]

*

**
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5

production is shown as a full line for pp interactions at
√

s = 14 TeV. The dashed line

and the dashed-dotted line depict the expected cut-off behavior if black hole formation

is included [15]. The Hawking radiation from the decay of the black hole will be emitted

predominantly around transverse momenta of ∼ 50 − 500 GeV and can therefore not

mask the high pT cut-off from the black hole formation. However, particles originating

from the Hawking radiation in the pT range below the ∼ 1 TeV cut-off should cause
multiple mono-jets (see e.g. Fig. 2, right).
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Figure 2. Left figure: Normalized spectral densities from Eq. (5) with MR = 4TeV,
the condition (6) gives the dotted line, the modified entropy (8) with a0 = 2 (denoted
by a 0) gives the dashed line, and a1 = 1 gives the dashed-dotted line, where all other
coefficients ai = 0. Right figure: Transverse momentum distribution of a single BH
event at the LHC with an initial energy of 2 TeV and a BHR mass of 1 TeV and
pT > 10GeV. The dashed line represents the BHR transverse momentum which, in the
case of a neutral BHR, would be not visible in the detector [53].

6. Signatures for black hole remnants

The formation of stable BHRs would provide interesting new signatures that allow for

the identification of such a BHR event at future colliders:

Electrically charged BHRs would leave a stiff ionizing track in the detector. This would

allow to identify the BHR [23] and measure it’s mass directely.

Neutral BHRs could be identified e.g. by the pt distributions, multiplicities, and angular
correlations [22, 23] of the Hawking evaporated SM particles. Here we propose a new

signal for uncharged BHRs, namely the search for events with ∼TeV missing energy

plus a quenched high pT hadron spectrum in the same event. Here the BHR carries a

major fraction of the total energy. While many extensions of the standard model predict

missing energy signatures, here the spray of awayside hadronic Hawking-jets, above a

10 GeV pT cut off, shows a clear focussing, see Fig 2, right. Such events constitute,
according to our simulation a significant fraction of the BHR events. As most BHs are

expected to be produced close the the production threshold, MBH ∼ Mf , the total event

structure would then be dominated by this particular BHR event topology.
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Geladene BHR´s könnten direkt 
gemessen und Ihre Masse rekonstruiert 
werden.

Neutrale BHR´s könnten über die 
kombinierte Beobachtung von 
fehlender Energie und einem einseitig 
fokussierten Hadron- Spektrum in 
einem Ereignis identifiziert werden.

*B. Koch Doktorarbeit

*

**B.Koch, M. Bleicher, H. Stöcker, Angenommen in J.Phys. G [arXiv:hep-ph/0702187]

**
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Fig. 3. Energy loss (in GeV/(g/cm2)) of a proton propagating through the atmo-
sphere as a function of the lab-frame energy for Mf = 2 TeV and d = 2, 4, 6.

similar shape for the energy loss as those shown in Figs. 2 and 3. However,
the omission of the correct kinematics of the energy loss Eq. (15) results in a
dramatic overestimation of the gravitational energy loss effect by several orders
of magnitude. In addition, the simple extension of the standard formula with
a modified phase space factor on the integrated cross sections results in a
violation of the unitarity bound.

Even though the energy loss into gravitational waves in our (very optimistic)
scenario is much lower than expected from previous approximations, it might
still have observable consequences for very high energy cosmic rays. Therefore
we implemented Eq. (15) and the elastic cross sections into a complete cosmic
ray air shower simulation (SENECA) [57,58] to study the modifications of the
shower properties in detail.

Fig. 4 gives the relative energy loss as a function of the incident energy E.
The calculation is averaged over incident zenith angles dcos(θ) in the range
0◦ ≤ θ ≤ 60◦. The full lines indicate the calculations with six extra dimensions,
while the dotted lines show the results for four extra dimensions (Mf = 1 TeV
is shown by thick lines, Mf = 2 TeV is shown by thin lines). For the case of two
extra dimensions, deviations from the non-modified shower properties are very
small even for the most optimistic cases. However, for four extra dimensions
first deviations from the standard calculation become visible at energies higher
than 5 · 1010 GeV. For d = 6 the gravitational radiation becomes sizeable and
already leads to deviations around 5 · 109 GeV. At the highest energies, the
integrated relative energy loss due to gravitational radiation might even exceed

10

Emission von (nicht beobachtbarer)
Gravitationsstrahlung wird durch 
große Extra-Dimensionen verstärkt.
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visible energy increases strongly with increasing energy. Hence, for UHECRs
the interpretation of experimental data might have to be modified in scenarios
with large extra dimensions.

Presently available data from Hires and AGASA do not allow one to observe
the predicted suppression pattern, because even in our most optimistic sce-
nario the flux is reduced only by a factor of 0.5 for the highest energies. How-
ever, with the expected high statistics data from the Pierre Auger Observatory
a detailed exploration of this phenomenon might be possible.

As a remark, we want to point out that in our calculation, gravitational wave
emission does not give new insights into phenomena at lower energies (E ≤
1018 eV) and can not be considered as a candidate to explain the famous knee
in the cosmic ray spectrum.

5 Conclusion

The energy loss into gravitational waves is calculated for ultra high energy
cosmic rays. In contrast to previous estimates, quasi-elastic particle scattering
in the ADD scenario with 4 or 6 extra dimensions has no observable influence
on the properties of cosmic ray air showers at incident energies below 5·1018 eV.

cut-off.

12

Dieser Effekt führt zu einer 
Modifikation der Rekonstruktion des 
Spektrums der hochenergetischen 
kosmischen Strahlung.

* B. Koch, H. J. Drescher and M. Bleicher, Astropart. Phys. 25 (2006) 291; [arXiv:astro-ph/0602164]

*

*
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in the ADD scenario with 4 or 6 extra dimensions has no observable influence
on the properties of cosmic ray air showers at incident energies below 5·1018 eV.

cut-off.
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Dieser Effekt führt zu einer 
Modifikation der Rekonstruktion des 
Spektrums der hochenergetischen 
kosmischen Strahlung.

* B. Koch, H. J. Drescher and M. Bleicher, Astropart. Phys. 25 (2006) 291; [arXiv:astro-ph/0602164]

*

*



Zusammenfassung
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Man sucht Observablen, die für möglichst viele von Modelle 
mit großen Extra-Dimensionen gelten.

Untersucht wurden:

• Dijet Unterdrückung 
• Verschiebung der       Spektren 
• Veränderung von Winkelkorrelationen

• Direkte Beobachtung geladener BHRs
• Suche nach „exotischen“ Ereignissen 

- Indirekte Signale aus der Erzeugung von Schwarzen
  Löchern:

- Signale aus der Formation von stabilen BHRs:

- Gravitationsstrahlung und verändertes Spektrum
   der hochenergetischen Kosmischen Strahlung

&E

pT
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Topologie der schwarzen Löcher
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- Kleine Schwarze Löcher:
RH ! R

RH ! R

RH ≈ 1
Mf

(
M

Mf

)1/(d+1)

RH ≈ M

M2
p

S2+d

- Große Schwarze Löcher:

S2 × U(1)d



Motivation für BHRs
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- Unschärfe Relation:
   Aber,

   was ein Widerspruch ist.

- Informationsverlust:

-Weitere:

MBH < Mf ⇒ RBH <
1

MBH
= λ

M ∼ p ≤ 1
λ

- Y. B. Zel’dovich, in: ”Proc. 2nd Seminar in Quantum Gravity”, edited by M. A. Markov 
   and P. C. West, Plenum, New York (1984).
- R. J. Adler, P. Chen and D. I. Santiago, Gen. Rel. Grav. 33, 2101 (2001)
- J. D. Barrow, E. J. Copeland and A. R. Liddle, Phys. Rev. D 46, 645 (1992).
- S. Coleman, J. Preskill and F. Wilczek, Mod. Phys. Lett. A6 1631 (1991).

- S. Hossenfelder, M. Bleicher, S. Hofmann, H. Stocker and A. Kotwal, Phys. Lett. B 566, 233

- T.G. Rizzo, hep-ph/0601029 

- Gerard ’t Hooft. On the quantum structure of a black hole. Nucl. Phys., B256:727, 1985.



Die Simulation
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Charybdis*: (Scylla)

Pythia

1. Generate black hole
2. Hawking decay according
    to Planck statistics
3. As soon as MBH<Mf perform
    final n-body decay on remaining
    black hole
4. Check charges, and Pythia does
    particle evolution etc. 

1. Generate black hole
2. Hawking decay according
    to modified Planck statistics
3. No final decay,but stop as soon
    as MBH-MR<1GeV

4. Check charges, and Pythia does
    particle evolution etc. 

*C. M. Harris, P. Richardson and B. R. Webber, JHEP 0308, 033 (2003) [arXiv:hep-ph/0307305]



Die Mehr Ergebnisse
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Umrechnungen ungefähr
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1
GeV

≈ 0.1978fm

1fm = 10−15m

1barn = 10−28m2

8.617 eV ≈ 105 Kelvin

Größen ungefähr

*

Mp ≈ 1019GeV
mp ≈ mn ≈ 1GeV

me ≈ 511 keV

mπ ≈ 140 MeV

mstrange ≈ 100 MeV

ρ0 ≈ 0.1
GeV

fm3
rproton

rAtom
≈ 10−5



Viskosität und Vorhersage:
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Tµν = (uµuν(p + ρ)− pgµν)︸ ︷︷ ︸− η︸︷︷︸ ∂µuν

diagonal Viskosität
η ∼ λn < p >
s ∼ n

η

s
∼ λ < p >

*Giorgio Torrieri: Loud breefing in Cafeteria
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∼ 1
4π

*

AdS5 × S5

ZADS(T, V ) = ZCFT (T, F )

lim
Nc→∞

N4 SYM
gs ∼

1
gY M

lim
gY M→∞

= 0

AdS5+1 × S5
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Tµν = (uµuν(p + ρ)− pgµν)︸ ︷︷ ︸− η︸︷︷︸ ∂µuν

diagonal Viskosität
η ∼ λn < p >
s ∼ n

η

s
∼ λ < p >

Miklos

∼ 1

∂tf + v∂xf = coll

coll =
∫

dv2

∫
dv3

∫
dv3σ(1, 2→ 3, 4)(f(v1)f(v2)− f(v3)f(v4))

Boltzmann:

C. Greiner und Co: coll(2→ 3)

∼ 0.1

*Giorgio Torrieri: Loud breefing in Cafeteria

*

∼ 1
4π

*

AdS5 × S5

ZADS(T, V ) = ZCFT (T, F )

lim
Nc→∞

N4 SYM
gs ∼

1
gY M

lim
gY M→∞
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Viskosität in Schwerionen Collision

23Benjamin Koch



Viskosität in Schwerionen Collision

23Benjamin Koch

V2



Viskosität in Schwerionen Collision

23Benjamin Koch

V2

*

*

Mach Kegel
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V2

*
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Mach Kegelη



LHC Detektoren
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*
Atlas

CMS



Randall-Sundrum
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*

GI II

ds2 = exp(−kr|y|) ηµνdxµdxν + r2dy2

m = m0 exp (−krπ)

Λ = −24M3
f k2 2M2

p =
M3

k
[1− exp(−2krπ)]


