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The hierarchy problem is a major weakness of the Standard Model. Theories with extra spatial
dimensions have a potential to solve this problem since they bring the Planck scale close to the
TeV scale. Atthe LHC, one of the interesting signals resulting from such a low Planck scale is the

production of mini black holes. Here, we discuss the analysis method for detecting black holes

with the ATLAS detector and the potential for discovery at the LHC.
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1. Introduction

The large difference between the Planck scale and the electroweak symmetry breaking scale is
known as the hierarchy problem. Several approaches have been investigated for solving the prob-
lem, among which scenarios with extra dimensions, pioneered by Arkani-Hamed, Dimopoulos and
Davali (ADD) [1, 2, 3], and Randall and Sundrum (R}, B]. In these models, only the gravita-
tional field is allowed to propagate in to the bulk, which includes additional large compactified flat
dimensions (ADD) or a single warped extra dimension, whereas other standard model particles are
confined to our 3-brane. As a result, gravity appears very weak in our 4 dimensional space-time,
but, the D-dimensional fundamental Plank sddle can be as low as the TeV-scale instead of the
Planck scaléVp; ~ 10'°GeV.

If Mp is as low as~TeV, the LHC could generate TeV-scale mini black holes. Observation
of such black holes would yield information on extra dimensions, testing general relativity and
models of quantum gravity.

There exist many direct and indirect approaches to investigate the presence of extra dimen-
sions, using table-top and particle accelerator experiments, or from cosmic ray data and astro-
physical measurements. These measurements set limits on the fundamental Planck scale of about
Mp >1TeV [6].

In this study, the parton level cross section for black hole production assumes a semi-classical
model:

Oab—BH = nrﬁ (1.1)

where a and b are the interacting partons gnid the horizon radius of the generated black hole.
This assumption is valid only when the mass of the black Myg > Mp. For this reason, we

will limit our analysis to black holes wittMgy >5TeV and>8TeV for Mp = 1TeV. Such mini

black holes decay immediately(10-2%s), with most of its energy emitted by Hawking radiation.
The event generator Charybdig fvas used for this study. It implements the effects of grey-body
factors but does not account for graviton emission, expected to be small. Details of this study can
be found inB]

2. Event topology and event selection

A black hole will emit particles of the Standard Model with a relative probability which de-
pends only on their number of degrees of freedom, measured in quantum variables (spin, charge,
color, etc (Figd). A break from perfect democratic decay would result from conservation of quan-
tum variables, from the effect of grey-body factors and from the decay in the Planck Phase.

As can be seen in Fi@, many particles emitted in black hole decay have hpghThis allows
reliable trigger of such events, most of which (>99%) can be triggered by the requirement of a
high pr single jet. The energy spectrum of emitted particles by Hawking radiation depends on the
Hawking temperature, which depends on the number of extra dimensipridf andMgy. For
highern values, the Hawking temperature is higher and therefore emitted particles havegigher
and the particle multiplicity is lower (Fi¢8).

A simple set of variables can be useful for distinguishing black hole events from backgrounds.
In black hole events, the fourth leading particle have higiethan in backgrounds. In Fi@,
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Figure 1: PDG code of particles emitted from blafkgure 2: pr distributions of all particles emitted
hole decay

from the black hole
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Figure 3: Particle multiplicity of black hole event
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Figure 4: pr distributions of 4th leading particle Figure 5: =|pr| distributions

this distribution is shown with a green thick dashed line for the black hole signal, a pink solid line
for QCD multi-jet events! and a black dotted line for other background, includiagd vector
boson + jets events. Fi§.shows the scaler sum @i of all particles in an event(pr|). With

the use of these variables, two event selections were studied. One regpires- 2.5 TeV and

at least one of 50 GeV lepton (electron or muon). The requirement of faigbpton especially
suppresses QCD multi-jet processes. Another event selection is based on the multiplicity of high



The discovery reach for mini black holes with the ATLAS Detector atthe LHC ~ Michiru KANEDA

Table 1: Acceptance of the multi-object requirements for each dataset in fb. 90% confidence limits are used
when no events passed the requirements.

Dataset Before selection After multi-object After lepton requirement Acceptance
(fb) requirement (fb) (fb)
n=2m>5TeV 40.7 x 10° 389+0.4x10° 140+0.2 x 10° 0.34
n=4m>5TeV 243 x 10° 17.940.3x 10° 45214126 0.19
n=7,m>5TeV 22.3x 10° 9953+ 185 1956+ 82 0.087
n=2m>8TeV 338 338+4 164+ 3 0.49
tt 833x 10° 129+ 27 36732 43x10°°
QCD dijets 12.8 x 10P 389+19x10° 61307 5.6x 107
W+iets 560x 10° 9928 5623 1x10°3
Z+jets 51.8 x 10° 2930 193 4x1074

pr particles. It requires multi-object: at least four objects vgth> 200GeV, at least one of which

is a lepton. The two event selections result in approximately the same efficiency and suppression
of background. Here, we show the result of the multi-object selection. The result &f g
selection and further details can be found8h [

3. Discovery potential

Tablell shows the efficiencies and rejection powers of the multi-object selection. All SM
backgrounds are strongly suppressed.

Fig.l6 shows the reconstructed black hole mass distribution, obtained from the vector sum of
all particle 4-momenta in events. Missifg was also included gg, less and mass less patrticles to
account for non-interacting particles. Since the signal has a high cross section and high acceptance;
the mass distribution would reveal a clear signal.
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Figure 7: Discovery potential for black hole with the

Figure 6: Reconstructed mass of black hole - ;
multi-object selection

The discovery potential was calculated as the luminosity required for a signifi§ag@> 5
and a minimum signalS > 10 (Fig.'7). Since the semi-classical model cannot describe the mass
rangeMgy ~ Mp, a cut on the minium mass of the black hole must be applied. The abcissa 8f Fig.
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refers to the value of this cut. The errors shown in the figure include statistical uncertainties and
systematic uncertainties from detector performance such as the lepton identification efficiency and
theoretical uncertainties from black hole production. These were evaluated by varying parameters
of the Charybdis generator.

4. Conclusions

The observation of TeV-scale mini black holes would provide clear evidence for the existence
of extra dimensions, as predicted by some models which attempt to solve the hierarchy problem.
Since the LHC is a TeV scale accelerator,it has the potential of producing them. We have studied
methods to detect such mini black holes with the ATLAS detector. If the semi classical cross
section estimations are valid, only a few plare needed to discover black hole of minimum mass
of 5 TeV [for Mp = 1 TeV]. With 1 fb~1, 8 TeV black holes could be discovered. Methods to
measure the information of extra dimensions saci Mp were also investigated. Details of these
could be found in8].
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