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The Standard Model 

Carrier Force Group 
γ photon E&M U(1) 
g gluon Strong SU(3) 

Z 
W 

Weak SU(2) 



Marcus Bleicher, RANP 2013 

How to include gravity? 

•  String theory 
 
 
 
 
 
 

•  Essential result:    - More dimensions 
    - Noncommutative space 

Taken from Jan Louis, DESY 
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Motivation for extra dimensions 

•  Kaluza-Klein (last century 1920ies) 
•  String theory/M-theory/SUGRA 
à10/11 dimensions 

•  Hierarchy problem can be solved 
(why is the Planck scale so much  
different from the electro-weak scale?!) 

•  Usually compactified extra-dimensions on 
radii R~1/MPlanck (hard to observe) 
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Extra dimensions 

•  Arkani-Hamed, Dvali, Dimopoulos (1998) 
à 1-7 large extra dimensions 
à only for gravity 
à R~ fm … mm (yi are compactified) 
à new fundamental scale Mf~TeV 
 

See also RS model à 1 warped extra dim. R~10 l_Planck  

N. Arkani-Hamed, S. Dimopoulos and G. R. Dvali, PLB 429, 263 (1998); 
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Einstein-Hilbert action 

•  Expansion of the metric (KK-towers) 
•  Integration of the d spatial dimensions 
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Matching Newton‘s law 
Newton with LXDs: 

Newton as we know him: Matching: 

r < R: 

r > R: 
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Observables of LXDs 

More than 2 XD 
Newton checked to µm 
range 

400 TeV ultra high 
energetic cosmic rays 
 

14 TeV Large  
Hadron Collider  LHC 

TeV region todays 
colliders 

MeV region 
supernova and  
neutron star cooling 

Measuring  
Newtons law 

CM Energy 

Possible observables: 
- microscopic black holes 
 
- graviton production-modified 
cross sections missing ET 
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Tests of Newtonian Gravity 
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Gravity in Extra Dimensions 
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Black Holes 

•  Solutions to Einstein’s 
equations 

•  Schwarzschild radius 
rs ~ GMBH – requires 
large mass/energy in 
small volume 

•  Light and other 
particles do not 
escape; classically, 
BHs are stable 



Marcus Bleicher, RANP 2013 

The Schwarzschild radius 

D-dimensional Einstein Eq. gives the Schwarzschild radius  
for a D-dimensional Black Hole 

Surface 
gravity: 

I.e. Rs ~ M/m2
grav  

Reduction of mgrav è increase in Rs  

Myers, Perry 1984 
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BHs from Particle Collisions 

Penrose (1974) 
Banks, Fischler (1999) 

Bleicher, Hossenfelder (2001) 

•  Effect: Rs
4d(1 TeV) ~ 10-38 fm 

           Rs
lxd(1 TeV) ~ 10-4 fm 

•  BH cross section is 
 
à σ(p1p2àBH) ~ 400 pb 
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Black Holes at Colliders 
•  BH created when two 

particles of high enough 
energy pass within ~ rs .   

 
Eardley, Giddings, PRD (2002) 
Yoshino, Nambu, PRD (2003) 

 Dimopoulos, Landsberg, PRL (2001) 

 

•  Large Hadron Collider:  
ECOM = 14 TeV 
pp à BH + X 

 
•  LHC prediction: 100 

black holes per second 

109 BH 
per year 

LHC: S. Hossenfelder, M.B., et al., PRD 66 (2002) 
Tevatron: M. Bleicher et al., PLB548 (2002) 
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Signatures 

•  Event shapes (thermal emission) 
•  Modifies hadron spectra 
•  Exotic particle production 
•  Cut-off in pT spectra 
•  Remnants? 



Constraints from LHC 

•  Exotic particle search 
•  Constraints on the exchange of gravitons 
•  Kaluza-Klein excitations 
•  Direct searches for black holes 

Marcus Bleicher, RANP 2013 
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Figure 1. Figure 1a: Tree-level graviton exchange generating the dimension-8 operator T . Fig-

ure 1b: One-loop graviton exchange generating the dimension-6 operator Υ.

2. Tree-level exchange of gravitons (figure 1a) generating the effective dimension-8 op-

erator T [2–4]

Lint = cT × T =
8

M4
T

× 1

2

�
TµνT

µν − Tµ
µ T ν

ν

δ + 2

�
, (1.2)

where Tµν is the SM energy-momentum tensor. As discussed in section 3, in most

cases the dominant contribution to this operator comes from the ultraviolet end of

the graviton spectrum. Therefore the parameter MT cannot be computed without

knowledge of the underlying quantum-gravity theory. The case δ = 1 (and, to a

certain extent, δ = 2) provides an interesting exception.

3. Virtual graviton exchanges at one-loop level (figure 1b) can become more important

than tree-level effects because they induce dimension-6 effective operators, as opposed

to the dimension-8 T operator [5]. For pure graviton virtual intermediate states, a

unique dimension-6 operator is generated

L = cΥ ×Υ, Υ =
1

2

� �

f

f̄γµγ5f

�� �

f

f̄γµγ5f

�
, (1.3)

where f is any SM quark or lepton. As in the case of tree-level graviton ex-

change, the coefficient cΥ is fully sensitive to the ultraviolet completion of the theory

and can be related to the fundamental parameters MD and δ only by specifying

a cutoff procedure.

4. Dijet events at large invariant mass and large rapidity separation. In this kinematic

regime, gravitational scattering can be reliably computed in the eikonal approxima-

tion [6]. This is because scattering processes at center-of-mass energy larger than

MD (the so-called transplanckian region) are governed by classical dynamics and any

quantum-gravity effect is subdominant.

5. Black holes. Black-hole formation and decay is expected to occur in the trans-

planckian region when the impact parameter becomes smaller than the corresponding

Schwarzschild radius [22–24]. Therefore it supplants gravitational scattering, in the

limit of small rapidity separation. While transplanckian gravitational scattering can

be perturbatively calculated, black-hole formation occurs in the regime in which

gravitational interactions are strong.
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Experiment Process + −
LEP [7] e+e− → γγ 0.93 TeV 1.01 TeV

LEP [8–11] e+e− → e+e− 1.18 TeV 1.17 TeV

H1 [12] e+p and e−p 0.74 TeV 0.71 TeV

ZEUS [13] e+p and e−p 0.72 TeV 0.73 TeV

CDF [14] pp̄→ e+e−, γγ 0.99 TeV 0.96 TeV

DØ [14] pp̄→ e+e−, γγ 1.28 TeV 1.14 TeV

DØ [15] pp̄→ jj 1.48 TeV 1.48TeV

CMS at 7TeV with 40/pb [16] pp→ µ−µ+
1.6 TeV 1.6 TeV

CMS at 7TeV with 36/pb [30] pp→ γγ 1.74 TeV 1.71 TeV

ATLAS at 7 TeV with 3.1/pb pp→ jj 2.2 TeV 2.1 TeV

ATLAS at 7 TeV with 36/pb pp→ jj 4.2 TeV 3.2 TeV

CMS at 7TeV with 36/pb pp→ jj 4.2 TeV 3.4 TeV
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Bounds on graviton exchange at tree level

Table 1. Tree-level graviton exchange: 95% CL limits on the coefficient MT (known as Hewett

normalization [4]) of the dimension-8 operator T of eq. (1.2) for positive and negative interference.

The last three limits are derived in this work.

Furthermore brane fluctuations (massless ‘branons’) give rise to the same effect 1 (as in

δ = 6) and 2 (as in δ = 4) [25]. In its first stage with low statistics, LHC is particularly

sensitive to the operator in eq. (1.2), because its high dimensionality means that the high

energy of the LHC collisions is the key factor.

In section 2 we show that the present low-statistics data about pp→ jj already set a

bound on the coefficient 8/M4
T of the effective operator (1.2) which is significantly stronger

than those obtained from any previous experiment, as summarized in table 1. In section 3

we discuss how MT can be related to MD and δ, and derive explicit expressions for the

full graviton-exchange amplitude, including both gravitons at the ultraviolet end of the

spectrum and gravitons that can be produced at LHC. In section 4 we compare the full

amplitude to LHC data. Section 5 contains our conclusions.

2 Fit to the graviton-exchange effective operator

We compare the first LHC data to the new physics described by eq.s (1.2) and (1.3). Since

the δ-dependent double trace term in T is irrelevant for collisions of particles with masses
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Limits on the tree level exchange 

from R.Franceschini et al, 

J
H
E
P
0
5
(
2
0
1
1
)
0
9
2

Figure 1. Figure 1a: Tree-level graviton exchange generating the dimension-8 operator T . Fig-

ure 1b: One-loop graviton exchange generating the dimension-6 operator Υ.

2. Tree-level exchange of gravitons (figure 1a) generating the effective dimension-8 op-

erator T [2–4]
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where Tµν is the SM energy-momentum tensor. As discussed in section 3, in most

cases the dominant contribution to this operator comes from the ultraviolet end of

the graviton spectrum. Therefore the parameter MT cannot be computed without

knowledge of the underlying quantum-gravity theory. The case δ = 1 (and, to a

certain extent, δ = 2) provides an interesting exception.

3. Virtual graviton exchanges at one-loop level (figure 1b) can become more important

than tree-level effects because they induce dimension-6 effective operators, as opposed

to the dimension-8 T operator [5]. For pure graviton virtual intermediate states, a

unique dimension-6 operator is generated
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where f is any SM quark or lepton. As in the case of tree-level graviton ex-

change, the coefficient cΥ is fully sensitive to the ultraviolet completion of the theory

and can be related to the fundamental parameters MD and δ only by specifying

a cutoff procedure.

4. Dijet events at large invariant mass and large rapidity separation. In this kinematic

regime, gravitational scattering can be reliably computed in the eikonal approxima-

tion [6]. This is because scattering processes at center-of-mass energy larger than

MD (the so-called transplanckian region) are governed by classical dynamics and any

quantum-gravity effect is subdominant.

5. Black holes. Black-hole formation and decay is expected to occur in the trans-

planckian region when the impact parameter becomes smaller than the corresponding

Schwarzschild radius [22–24]. Therefore it supplants gravitational scattering, in the

limit of small rapidity separation. While transplanckian gravitational scattering can

be perturbatively calculated, black-hole formation occurs in the regime in which

gravitational interactions are strong.
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Kaluza-Klein excitations 
•  3+d space like dimensions 

•  d dimensions on d-torus with radii R 

•  only gravity propagates in all dimensions (bulk) 

•  all other in 4-dim. space time (brane) 



Randall-Sundrum KK (II) 

Evan Wulf Columbia University ATLAS

G → γγ, G →ee

• The G → γγ and G → ee channels are quite 
similar, in terms of both physics and detector 
response

• No 2011 photon result is ready to be shown, but 
the 2011 electron result is quite relevant
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Randall-Sundrum KK (I) 

Evan Wulf Columbia University ATLAS

Randall-Sundrum Gravitons

• The model predicts a 
tower of Kaluza-Klein 
graviton states with TeV 
scale masses

• A range of couplings 
between these gravitons 
and SM particles are 
possible:

3
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Figure 7: Individual resonances of the Randall-Sundrum gravitons.

SG given by equations (1) and (6), and a part accounting for the interactions
between matter and gravity:

S = SG +
�

d4xdy
√
−gLM (Φ, gMN ),

where Φ stands for the fields residing on the branes.
For small graviton perturbations around the background metric

gMN = e−2AηMN → g�MN = e−2A(ηMN + hMN ),

we expand the matter Lagrangian in Taylor series up to first order:

LM (Φ, g�MN ) = LM (Φ, gMN ) + hµν
δLM

δg�µν

�

g�
µν=gµν

+O(h2).

Using the definition (3) of the energy-momentum tensor,

Tµν =
−2√
−g

δ
√
−gLM

δgµν
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µν=gµν

= −LMgµν − 2
δLM
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,

and the formula
�

det(ηµν + hµν) = 1 + h/2 + O(h2) with h = gµνhµν , we
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• values of k/Mpl between 0.01 and 0.1 are favored

• The values of the mass of the lowest KK excitation and the coupling
       fully specify the model

arXiv:hep-ph/9909255v1

Marcus Bleicher, RANP 2013 from Evan Wulf (ATLAS) 



Evan Wulf Columbia University ATLAS
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2010 Analysis Results

ATLAS-CONF-2011-044

2010 Data
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Randall-Sundrum KK (III) 
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Randall-Sundrum KK (IV) 

Evan Wulf Columbia University ATLAS
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• 1/fb Graviton search

• Full analysis 
presented by D. 
Olivito in the 
previous talk
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2011 Data 

k/Mpl = 0.1
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e- 
e+ 

Black Hole Evaporation 

•  Quantum mechanically,  
black holes are not stable –  
they emit Hawking radiation 

•  Temperature: TH ~ 1/Rs 

 Lifetime: τ ~ (MBH)3 

•  For MBH ~ Msun, TH ~ 0.01 K. 
Astrophysical BHs emit only 
photons, live ~ forever 
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Exotic particle production 

sQuarks 

MPl=1 TeV, MBH=3 TeV 

MPl=2 (3) TeV, MBH=5 TeV 

MPl=3 (5) TeV, MBH=7 TeV 

SM 
Gluino 

d=4 

C
ham

blin, C
ooper, N

ayak P
R

D
 (2004) 

see also Landsberg P
R

L (2002) 
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9 Jet event, S_T=2.6 TeV 

Direct black hole search 



Marcus Bleicher, RANP 2013 

Event Characteristics 

De Roeck (2002) 

Decay Signature 
Average of ~ 6 particles for each 
decay, emitted spherically 
~120 Particle degrees of freedom  
 
Summing over spin and color gives: 

75 % quarks and gluons 
10 % charged leptons 
5 % neutrinos 
5 % photons or W/Z bosons 
Also get new particles 
around 100-1000 GeV,  

Small fraction of invisible neutrinos 
and gravitons  
à BH’s easy to reconstruct 
10% high PT leptons à  trigger S. Vahsen (2008) 
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Hadron spectrum 

•  Get hadron spectrum from parton fragmentation 
 
 
 

•  Charged hadrons from BHs 
exceed pQCD at high pT 

•  Bump near Hawking  
temperature 
From I. Sarcevic et al (2007) 



Direct black hole search (I) 
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Figure 2: Total transverse energy ST, for events with multiplicities a) N ≥ 3, b) N ≥ 4, and c)
N ≥ 5 objects in the final state. Data are depicted as solid circles with error bars; the shaded
band is the background prediction (solid line) with its uncertainty. Also shown are black hole
signals for three different parameter sets.
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•  Search for high E_T  
multi-particle final states 

•  Similar results for N>2 final 
state particles 

•  No deviations from 
Standard Model observed! 
 
 

CMS, arxiv:1012.3375 !"!"

!"#"

!"##$%&'

()*&+$*,&-./0,.0$0-0,1'$23(4$5),$0/0-*.$67*8$9$):;0<*.$7-$*80$=3$

S_T is summed E_t is acceptance 



Direct black hole search (II) 
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•  95% percent exclusion 
limits 

•  All cases (rotating, non 
rotating, remnant 
formation) are strongly 
constrained 

CMS, arxiv:1012.3375 
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Figure 6. Minimum black hole mass excluded at 95% CL as function of the reduced Planck scale for
various BlackMax black hole models without the stable remnant and number of extra dimensions
of two, four, and six (Top left). The minimum black hole mass, excluded at 95% CL, as function
of the reduced Planck scale for various charybdis black hole models with or without the stable
remnant and number of extra dimensions n of (top right) two, (bottom left) four, and (bottom
right) six. The areas below each curve are excluded by this search.

For a specific subset of the black hole models [7] that are being probed, we also set

dedicated limits on semiclassical and quantum black hole and string-ball production per-

forming counting experiments using optimized ST and N selections. It should be noted

that the semiclassical approximation used for deriving the cross section within respective

benchmark scenarios is expected to break down for many of the points probed, a point

emphasized in a recent critique [42]. Thus, these limits should be treated as indicative,

rather than precise.

The signal (S) significance is optimized in the presence of background (B) using a test

statistic S/
√
S +B for each set of model parameters. The optimum choices of ST and N

for a few illustrative benchmark scenarios are listed in table 2, as well as the predicted
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CMS, JHEP04 (2012)61 



Conclusion 

•  Mini Black Holes, Gravitons, extra 
dimensions are still an interesting idea 

•  However: 
- No signals of BHs observed at LHC 
- Also no signal of Gravitons at LHC 
- (Also no signal of non-commutativity) 

Marcus Bleicher, RANP 2013 



Backup 

Marcus Bleicher, RANP 2013 
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Remnants 

•  Include remnant in 
Charybdis by a 
modification of the 
emission spectrum 

•  Try direct measurement 
of heavy charged 
remnant 

à Ashes of the black hole 

MPl=1TeV, Mrem=1 TeV 

See also  
Bonano, Reuter (Renormalized coupling constant) and Rizzo et al (Modified gravity) 
 
à Same effect, different origin 
 

Koch, Hossenfelder, Bleicher (2007) 
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Black Holes from Cosmic Rays 

•  Cosmic rays –  
Nature’s free collider 

•  Observed events with      
1020 eV produces 

ECOM ~ 500 TeV 

•  But meager fluxes.  Can 
one use this energy?  

Kampert, Swordy (2001) 
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Auger Observatory 
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•  Currently no such 
events seen à  
stringent bound on 
extra dimensions. 

•  Auger can detect 
~100 black holes in 
3 years. 
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Black holes from cosmic neutrinos 
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AMANDA/IceCube 

•  Neutrino telescopes: 
promising BH detectors 

•  Similar rate: ~10 BH/year 

•  Complementary information 
•  BH branching ratios (jets 

vs. muons) 
•  Angular distributions 

Kowalski, Ringwald, Tu, PLB (2002) 
Alvarez-Muniz, Feng, Han, Hooper, Halzen, PRD (2002) 

Harbach, Bleicher, subm. Astroparticle Phys.(2005) 
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Pb+Pb vs pp 

Luminosity difference: 1027 vs 1034 /cm/s 
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Conclusions 
•  Gravity is either weak or is strong but diluted by 

extra dimensions 

•  If gravity is strong at the 
TeV scale, we will find 
microscopic black holes 
at LHC! 

•  Black hole production 
is a leading test 
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lower bounds 
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Black Hole evaporation? 
- "Balding phase":BH gets rid of its hair  
   mainly via gravitational radiation  ->not visible in detector 
 

- Hawking phase: decay 
   mainly into standard-model particles. 

- R. Emparan, G. T. Horowitz and R. C. Myers Phys. Rev. Lett. 85, 499 (2000) 
- S. B. Giddings and S. Thomas, Phys. Rev. D 65 056010 (2002). 
- C. M. Harris, M. J. Palmer, M. A. Parker, P. Richardson, A. Sabetfakhri and B. R.  
   Webber, [arXiv:hep-ph/0411022]...  

- Final state: Two possible scenarios 
- Hawking radiation continues until MBH....Mf and then 
  performes something like a final decay 
- Rapid decay slows down to form quasi-stable remnant 
- 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 (2002) 
- M. Bonanno, M. Reuter, Phys. Rev. D 73 (2006) 

s
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Still vital discussion of this 
(classical) cross sections 

 
- S. Dimopoulos and G. Landsberg Phys. Rev. Lett. 87, 161602 (2001). 
- M. B. Voloshin, Phys. Lett. B 518, 137 (2001); Phys. Lett. B 524, 376 (2002). 
- S. B. Giddings, ed. N. Graf, eConf C010630, P328 (2001). 
- S. N. Solodukhin, Phys. Lett. B 533, 153 (2002). 
- H. Yoshino and V. S. Rychkov, Phys. Rev. D 71 (2005) 104028 ... 

Consensus finally... 
most calculations confirm the geometrical estimate of cross section; 
 
 
 
Graviton radiation, etc. that modify the cross sections are included in 
many new calculations 
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Figure 2. Distribution of the total transverse energy, ST, for events with multiplicity: a) N ≥ 3,
b) N ≥ 4, c) N ≥ 5, d) N ≥ 6, e) N ≥ 7, and f) N ≥ 8 objects (photons, electrons, muons, or jets)
in the final state. Observed data are depicted as points with error bars; the solid line with a shaded
band is the background prediction and its systematic uncertainty. Also shown are the expected
semiclassical black hole signals for three parameter sets of the BlackMax nonrotating black hole
model. Here, Mmin

BH
is the minimum black hole mass, MD is the multidimensional Planck scale, and

n is the number of extra dimensions.
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