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Relying on the existing estimates for the production cross sections of mini black holes in models with large
extra dimensions, we review strategies for identifying those objects at collider experiments. We further consider
a possible stable final state of such black holes and discuss their characteristic signatures.
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Since the discovery of the Schwarzschild solution [1], black
holes have fired mans imagination. Even more since it has
been pointed out that, according to the theories with large ex-
tra dimensions (LXDs) [2] black holes (BHs) might even be
produced at the Large Hadron Collider (LHC)[3]. We review
possible observables of this conjecture with special emphasis
on the unclear final fate of such a BH and the possible exis-
tence of black hole remnants (BHR) [4—15]. When doing this,
we will rely on the numerous estimates of the black hole pro-
duction cross section, which agree at the level of their order
of magnitude [16].

I. SOLVING THE HIERARCHY-PROBLEM WITH LARGE
EXTRA DIMENSIONS

Models which assume extra spatial dimensions can provide
a solution to the so-called hierarchy problem [2, 17] . They
claim that in contrast to the Planck mass (mp; = 1/v/Gy),
which is related to Newton’s gravitational constant Gy, the
true fundamental scale (My) might be of the order of a few
TeV. The idea of extra dimensions is of course supported by
String Theory [18] but the discovery of LXDs could as lit-
tle proof String Theory as a non discovery could disproof it.
In our further discussion we will therefore treat the model
of Arkani-Hamed, Dimopoulos and Dvali [2] as a self stand-
ing and only focus on its predictions for experiment. In this
model the d extra space-like dimensions are compactified on
tori with radii R. Gravity, as the geometrical theory, sees
of course the entire (3+d)+1-dimensional bulk, while all SM
particles are by construction confined to our 3+1-dimensional
sub-manifold (brane). This leads to a relation between My, R
and mpj

my; = M?”Rd ) )

Testing this model means finding constraints for the free pa-
rameters d and M see e.g. Ref. [19].

II. BLACK HOLE PRODUCTION AND DECAY

The Schwarzschild radius (Ry) in 3 +d dimensions is given
by [20] R, ~ (I/M_f)d+1 M/M;y. In the case of compacti-
fied dimensions, this formula is applicable as long as Ry is
much smaller than the compactification radius R. This radius
is much larger than the Schwarzschild radius corresponding
to the same BH mass in 3+1 dimensions. From the Hoop
conjecture [21] one assumes the formation of a black hole as
soon the impact parameter of two colliding particles is smaller
than the corresponding Schwarzschild radius. Accordingly,
this minimal impact parameter rises enormously in the extra-
dimensional setup. The straight forward approximation of the
LXD-black hole production cross section can be made by tak-
ing the classical geometric cross section

o(M)~nR% | @)

Several aspects of this cross section have been discussed, but
its order of magnitude seems to coincide in the different ap-
proaches [16]. Although we should mention here that it has
recently been argued, that gravitational radiation during the
formation process might carry enough energy to prevent the
matter form collapsing at all [22]. The differential cross sec-
tion in proton-proton collisions is then given by summation
over all possible parton interactions and integration over the
momentum fractions. Due to the steep behavior of the par-
ton distribution functions [23] for small x, most of the black
holes have masses close to the production threshold. Thus,
cross sections like Eq. (2) lead to the exciting prediction that
if large extra dimensions do actually exist, a large number (up
to 10° per year) of black holes will be produced in future col-
liders [3, 12, 24-30] and should in fact, be daily produced in
ultra high energetic cosmic ray events [31, 32]. The order of
magnitude of this prediction is very under a change of the used
parton distribution function.

But what are the measurable signatures of the production
of microscopical BHs in collider experiments? Most of those
signatures are strongly dependent on the evaporation process
[33] of the BH. This evaporation process is often classified in
three phases. In the balding phase, the newly formed black
hole radiates away its angular momentum by gravitational ra-
diation. The second phase is the Hawking phase, where it is
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assumed to enter the semi-classical regime of quantum theory
on the background of curved space-time. According to the
Hawking law, the black hole emits radiation that is distributed
by a purely thermal spectrum. The Hawking temperature is
Ty =My (My /M)l/ (@+1)  This relation looses its validity, as
soon as the BH mass (M) approaches the fundamental mass
M =~ M. For instance it would predict that the temperature
would exceed the BHs mass. This reflects the fact that the BH
entered the regime of quantum gravity, in which no predictive
theory is known and the BH’s behavior and fate is unclear,
so we rely on the rough, intuitive estimates of such specu-
lative scenarios. There are two different approaches used to
model the decay of a black hole numerically. One is assuming
that the BH performs a prompt final decay into 2 — 6 particles
which carry the BH’s charge, momentum and other quantum
numbers [34, 35] The other is that this final decay does not
take place and a remnant is left over. The idea of a remnant
has been put forward to cure the information loss problem. It
is supported by arguments employing the uncertainty relation
[4-6], by introducing corrections to the BH-Lagrangian [8, 9],
by the consideration of axionic charge [10], by leading order
quantum gravity considerations [11], or by quantum hair [36]
arguments. These arguments are mostly made for 3 + 1 di-
mensions, but also apply for extra dimensions.

III. SIGNATURES FOR BLACK HOLES AND BLACK
HOLE REMNANTS

Most signatures are strongly dependent on the black hole
decay. As the details of this decay are far from settled, most
signatures might be artefacts on incomplete modelling. The
task is to find BH signatures which allow conclusions on
the actual physical behavior and are as model independent
as possible. One of the first signatures of this kind the sup-
pression of hadronic di-jet events above the BH production
threshold (at 2E7 > My) energy [26, 28]. It relies on a
Hawking radiation that will be emitted predominantly around
transverse momenta of ~ 50 — 500 GeV. Such radiation can
not mask the standard scattering at higher pr. With the
strongly growing BH cross section for higher energetic colli-
sions this results in a disappearance of high pr (> 500 GeV)
events in the detector. In addition to this general indicator
for BH events the formation of stable BHRs would provide
further interesting new signatures that would even allow for
the identification of such a BHR event at future colliders:

e Flectrically charged BHRs would leave a stiff ionizing
track in the detector. This would allow to identify the
BHR [15] and measure it’s mass directly.

e Neutral BHRs could be identified e.g. by the p; distribu-
tions, multiplicities, and angular correlations [14, 15] 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 pr hadron spectrum in the same event. Here the
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BHR carries a major fraction of the total energy. While
many extensions of the standard model predict missing
energy signatures, here the spray of away-side hadronic
Hawking-jets, above a 10 GeV pr cut off, shows a clear
focusing, see Fig 1. Such events constitute, according to
our simulation a significant fraction of the BHR events.
An event structure like in Fig. (1) is unlikely to be pro-
duced by standard physics, as the emission of a colored
particle in one direction coincides with the emission of
a colored particle in the opposite direction (In the CM
frame).

The very massive black holes will only contribute a marginal
fraction of the total event structure, which makes the question
of the BHR vs. final decay also the the dominant question for
all observables that rely the final state particles.
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FIG. 1: 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 pr > 10GeV. The dashed line represents the BHR transverse
momentum which, in the case of a neutral BHR, would be not visible
in the detector [37].

IV. SUMMARY

In this short report, we pointed out that most black hole
observables rely on the details of the BH evaporation process
and are therefore strongly dependent on the model that tries to
simulate this process. This conceptual problem becomes even
graver, as most black holes are produced close to the produc-
tion threshold and therefore directly enter the final (and least
understood phase) of the evaporation procedure. As a conse-
quence we suggest to look for signatures like the suppression
of hard (TeV) di-jets above the BH formation threshold, which
are as model independent as possible.

On this background we focus on speculations about the
formation of BH remnants. Independent of the detailed
evaporation procedure, charged stable BHRs would leave
single stiff tracks in the LHC detectors, e.g. ALICE, ATLAS,
and CMS. Uncharged BHRs with their very small reaction
cross sections could not be observed that way. In the existing
models for BHRs they could be observed by searching for
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events with ~ 1 TeV missing energy and quenching of the
high pr hadron spectra.
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