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Abstract: If large extra dimensions exist, microscopic black holes may be created in TeV particle colliders and in Earth\'s atmosphere by the
collisions of ultrahigh-energy cosmic rays with atmospheric nuclei. The decay of these black holes could soon be observed at the Large Hadron
Collider or the Pierre Auger Observatory. Monte Carlo codes have been developed to simulate these events. In thistalk | will introduce two of these
codes (CATFISH for the LHC and GROKE for the PAO), and discuss how mini black holes can be distinguished from standard model or susy
events.
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Braneworlds

(Arkani-Hamed, Dimopoulos & Dvali 1998; 1999; Antoniadis, Arkani-Hamed & Dvali 1998)

¢ The space time i1s D-dimensional (D>4)

¢ SM fields are confined on a 3-brane in a higher-
dimensional space time

¢ Only gravity propagates in the n=D-4 extra
dimensions
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Fundamental scale of gravity may
be at the TeV scale

Perturbative effects (Energy < M)

(Giudice et al. 1998; Mirabelliet al. 1998; Han et al. 1998; Hewett 1999)

¢ Kaluza-Klein modes
¢ Graviton production

|

Nonperturbative effects (Energy > M)

(Banks & Fischler 1999; Amati et al. 1987)
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Micro-black hole formation

{(Giddings & Thomas 2001; Landsberg & Dimopoulos 2001)

¢ Scattering of two particles with c.o.m. E > TeV
scale and impact parameter < TeV-! forms a BH

¢ BH Is unstable and decays — can be observed

¢ Decay signatures very distinctive

¢ Process may leave a remnant
(Koch, Bleicher & Hossenfelder 2005)
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Micro-black bh~ie formation

¢ Scattering of two particles with c.o.m. E > TeV
scale and impact parameter < TeV-! forms a BH

¢ BH Is unstable and decays — can be observed

¢ Decay signatures very distinctive

¢ Process may leave a remnant
(Koch, Bleicher & Hossenfelder 2005)
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How do we probe micro-BHs?

HECRs: CM energy ~400 TeV .. -- N\ fmosew
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Cross section rough estimate

{(Landsberg & Dimopoulos 2001; Giddings & Thomas 2002)

2% T T3 2)

(2 +n)

Black disk

¢ Uncharged, non-rotating, spherically symmetric BH

= (811)

¢ Cross section = black disk (semiclassical regime)

¢ Form factor = 1
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Experiments compared

¢ UHECR (neutrino-proton to BH):
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Phenomenology

(Giddings & Thomas 2002)

¢ Very large and steep cross section

¢ Visible transverse energy / High sphericity events

¢ High multiplicity events (hadronic jets + leptons
+ hard quanta at the end of decay)

¢ Ratio of hadronic to leptonic activity ~ 5:1

¢ Large missing energy

¢ Suppression of hard perturbative scattering processes
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Cross section rough estimate

(Landsberg & Dimopoulos 2001; Giddings & Thomas 2002)

2 T 1433 2)
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Black disk

¢ Uncharged, non-rotating, spherically symmetric BH

g (s n)

¢ Cross section = black disk (semiclassical regime)

¢ Form factor = 1
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Phenomenology

(Giddings & Thomas 2002)

¢ Very large and steep cross section

¢ Visible transverse energy / High sphericity events

¢ High multiplicity events (hadronic jets + leptons
+ hard quanta at the end of decay)

¢ Ratio of hadronic to leptonic activity ~ 5:1

¢ Large missing energy

¢ Suppression of hard perturbative scattering processes
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Uncertainties

¢ Collisional energy loss / inelasticity effects
¢ Minimal BH formation mass

¢ Rotation, recoil?
¢ Charge effects, QCD effects

¢ Hawking phase, greybody factors

¢ Quantum gravity effects, thermal fluctuations
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Inelasticity

(Yoshino & Nambu, 2003, Yoshino & Rychkov 2005, Cardoso, Berti & Cavaglia“, 2005)

S Fraction of trapped energy

=3

LT{(n+3) 2)
(2 +757)
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Gravitational loss effects

' oe Without inelasticity

with inelasticity 5

= - PES,
1 100 10
Energy (TeV)
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Minimum parton
momentum
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Greybody factors & multiplicity

(Cavaglia® 2003, Cardoso, Cavaglia’® & Gualtieri 2006a, 2006b)

Do BHs really decay
on the brane?
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Minimal Standard Model

100%

80%

S =
60% B Scalars

B Fermions
_1 Bosons
B Gravitons

40%

20%
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Gravity at the LHC
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(End of commissioning: 2008)
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LHC Collision points

Systeme o ~ . Arréts des
d acceleration / 7 b faisceaux

Mettoyage Mettoyage
des faisceaux des faisceaux

(Courtesy of CERN) L=1034cm2s-1
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Differential cross section

do ., ..(x.sn) vdv . I .
2 - ’ ——J Q) (2T V. )5, [ X8, 1)
dM o, =3
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LHC Collision points

Systeme g ~_ . Arréts des
d acceleration ~ 7 L . faisceaux

Mettoyage Mettoyage
des faisceaux des faisceaux

(Courtesy of CERN) L=1034cm2s-1
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Differential cross section

(f(_-)_ o — bh (X.8$.1) l* {h‘ 3 ; : ! '
2 ;: b — (L) (X7 y. O Yo (xsin)
d\f ,, .y
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BH mass distribution
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" (Visualization by P. Sonnek)

A simulated event
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Welcome to the Catfish website
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{Background image courtesy of CERN)
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CATFISH: Collider grAviTational Flelc
Simulator for black Hole

¢ Mass of the BH = CM energy (14 TeV) - beam remnant - inelasticity

¢ Multiplicity with statistics, counting of d.o.f. and
exact greybody factors

¢ |sotropic distribution of emitted quanta

¢ Final N-body decay when ~ My is reached

¢ Conservation of charge/momentum
B/L not conserved

¢ Allows for spacetime minimum length/remnant
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CATFISH output
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CATFISH output
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Analysis

Missing and visible
transverse momentum
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A lot of
transverse
momentum!

Simulation based on
CMS detector response
using IGUANACMS

(Visualization by R. Godang)
Marco Cavaglia - Experimental Search for Quantum Gravity, Perimeter Instiiute, Nov. 5 - 9, 2007
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Simulation based on CMS

detector response using
IGUANACMS

_ Copyright 2006 R. Godang
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White: CMS tracker
Blue: EM calorimeter
Yellow: Hadron calorimeter
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BHs versus SUSY
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Event-shape
variables and jets
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Missing energy
and P
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Missing energy
and P+
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Missing energy
and P-
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Dilepton events

Invariant mass

Cutoff at ~ 100 GeV
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Dilepton flavor
and charge
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Multilepton events

Fox-Wolfram moment
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Gravity at the Pierre Auger
Observatory
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Ultra High Energy Cosmic Rays

Primary energy > 1020 eV

Composition: hadrons, v’s

1

(Courtesy of Agasa)

(Courtesy of University of Chicago)
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Pierre Auger Observatory

"QE?HERE

Hybrid
Detector
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Ground
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Ground

e s |
(Courtesy of Auger project)
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Fluorescence

Marco Cavaglia - Experimental Search for Quantum Gravity, Perimeter Institute, Nov. 5 - 9, 2007



The Unitversity of Mississippi
Fluorescence
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Experimental signatures in
airshowers

¢ Large cross section
(Landsberg & Dimopoulos 2001; Giddings & Thomas 2001)

¢ Excess of horizontal showers
(Feng & Shapere, 2002)

¢ Hadronic-like showers
(Ahn, Ave, Cavaghia® & Olinto, 2003; Ahn & Cavaglia“, 2006)

¢ Tau double bang

{Ahn, Ave, Cavaglia’ & Olinto, 2003, Cardoso et. al 2004)

Marco Cavaglia - Experimental Search for Quantum Gravity, Perimeter Institute, Nov. 5 - 9, 2007
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Groke: The Monte Carlo for
airshowers

¢ Mass of the BH from differential cross section, inelasticity.
¢ Multiplicity with statistics, counting of d.o.f. and greybody factors
¢ Initial- and final-state radiation, fragmentation, beam remnant (PY THIA)

¢ Secondaries generated with AIRES (same interaction point
except tau’s)

¢ Zenith angle: 70°, First interaction point: 10 Km

¢ CC-v_dominates (CC-v_/v;: iInvisible high-energy m#,
NC: smaller cross section/invisible v )

Marco Cavaglia - Experimental Search for Quantum Gravity, Perimeter Institute, Nov. 5 - 9, 2007
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Excess of horizontal showers

Number of events
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IR RN

BH vs. SM airshowers

Black hole = SM v_-CC

Muon content High Low
Development Quick Slow
Peak fluctuations Small Large
Average total energy Varying Stable

Marco Cavaglia - Experimental Search for Quantum Gravity, Perimeter Institute, Nov. 5 - 9, 2007
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Shower profile
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~Ground: pt p-at X +AX vs. e* e at X,
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Ground: p* pvs.e* e at X +AX

BH
showers
are pn-rich

AT d o TRy
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~Ground: pt pat X +AX vs. e* e at X,

BH
showers
are p-rich
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Ground: p* pvs.e* e at X +AX

BH
showers
are pn-rich
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Effect of BH parameters

Benchmark
Planck mass 1 TeV
No. of extra dimensions 6
Formation model Black disk
Minimum-allowed mass 2M,
Quantum threshold 1M,
No. of final hard quanta 2
Momentum transfer )
EM charge conservation YES
Minimum spacetime length 0

Marco Cavaglia - Experimental Search for Quantum Gravity, Perimeter Institute, Nov. 5 - 9, 2007
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Can we detect graviton loss?
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Can we measure n or Planck mass?

(Ahn & Cavaplia’, 2008)
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Can we detect a minimum length?
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Summary of BH parameters

X, £ rms error

None (benchmark) 1566+6
My=3 TeV 154516
n=3 155145
M.,=10 TeV 154616
Q.in=2 TeV 155917
Neutral remnant 154916
Charged remnant 1564+6
YN model 1547+6
YR model 1547+5
| .n=2.5/Mj 1519+4

Marco Cavaglia - Experimental Search for Quantum Gravity, Perimeter Institute, Nov. 5 - 9, 2007
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What about rotation?
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Most of the BH are slow rotating — Graviton emissivity x 10
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Tau double bang
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A few words on experimental
bounds
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Experimental contraints from BH-
iInduced air showers
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Neutrino flux uncertainty

Protheroe-Johnson

(Protheroe - Johnson 1598)
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Realistic bounds on Mg:

M,~02-05forn=2...6

Less stringent than collider bounds
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Conclusion

¢ Something must happen at the TeV scale: Maybe gravity?

¢ Possible observation of strong gravitational effects at:
e Particle colliders
e Cosmic ray observatories

¢ If not, constraints on the Planck scale.
If yes, new physics!

¢ Possible tests of strong gravitational
effects (Hawking radiation, minimum length)

¢ Other nonperturbative gravitational objects
(string balls, branes, etc...)
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