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Abstract

A search for mini black holes has been performed in a same sign dimuon final state using
31 pb−1 of proton-proton collision data collected by the ATLAS detector at a centre of mass
energy of 7 TeV at the CERN Large Hadron Collider. Using the total number of charged
particles to define the signal region, the data are found to be consistent with the expectation
from the Standard Model. These results are used to set upper limits on the cross section for
new physics to this final state. Exclusion contours are derived in the context of a low scale
gravity model.



1 Introduction

Models introducing extra dimensions can provide a solution to the hierarchy problem in which the Planck
scale MPl ∼ 1015 TeV is much larger than the electroweak scale. In some models of extra dimensions, the
gravitational field can propagate into (n+4)-dimensions, where n is the number of extra dimensions, while
the Standard Model particles are restricted to four dimensional space-time. Therefore, the gravitational
field as measured in four dimensions is reduced in strength from the fundamental gravitational field. As
a result, the fundamental Planck scale in (n + 4)-dimensions MD would be much smaller than the Planck
scale in four dimensions MPl, and possibly comparable to the electroweak scale.

One model of extra dimensions is the ADD model, which is a model of large flat extra dimensions,
proposed by Arkani-Hamed, Dimopoulos, and Dvali [1, 2, 3]. The experimental lower limits on the value
of MD in this model from collider experiments are MD > 1.60, 1.20, 1.04, 0.98, 0.94, 0.80 TeV for n =2,
3, 4, 5, 6, and 7, respectively [4, 5, 6].

If extra dimensions exist and MD is in the TeV range, microscopic black holes with TeV scale mass
can exist and they could be produced by the Large Hadron Collider. Black holes are thought to be
produced when half the classical impact parameter of two colliding partons is less than the higher-
dimensional horizon radius corresponding to a black hole with mass m equal to the invariant mass of
the colliding parton system [7, 8]. This paper considers higher-dimensional Schwarzschild solutions,
as well as Kerr solutions for black holes with initial angular momentum equal to the relative angular
momentum between the two colliding partons; parton spin is ignored. The decay of a black hole is
expected to have the characteristics of Hawking radiation [9].

The production of black holes in a proton-proton collider occurs with a continuous mass distribution
ranging from approximately the reduced Planck scale MD to the proton-proton centre of mass energy of
7 TeV. The classical approximations used for black hole production and the semi-classical approxima-
tions for its decay are only valid for masses well above the Planck scale. A lower threshold MTH is thus
applied to the black hole mass to reduce the contributions from regions where the models are invalid.
The production cross section is set to zero if the parton-parton center of mass energy is below MTH.

Once produced, a black hole evaporates initially by Hawking radiation. The black hole emits all par-
ticles kinematically allowed including quarks, gluons, leptons, W-bosons, where the relative fractions are
determined by the number of degrees of freedom of each particle and the emissivity for the decay of each
type of particle. Black hole events should therefore have a high multiplicity of high-pT particles which
is the characteristic feature exploited in this analysis. No graviton initial-state radiation or emission from
the black hole is considered in this paper. As a result of the emission of Hawking radiation, the mass
of the produced black hole declines. When the mass of the black hole approachesMD, quantum gravity
effects become important, but these are not considered in this paper. In the final stage of the black hole
decay, the classical evaporation is no longer a good description. In such cases where the black hole mass
is near the Planck scale, the burst model adopted by the BM event generator [10, 11] is used to
model the final part of the decay.

A search for mini blackholes in a multijet final state is presented in Ref. [12, 13]. In this complemen-
tary analysis, a final state with two muons of the same charge is considered since the Standard Model
has low rates of production to this final state. Muons can be produced directly from the black hole; these
muons have very little activity around them in the detector (isolated muons). On the other hand, muons
which are produced in cascade decays of the black hole to t-quark, and from the semi-leptonic decay
of b, c quarks can have several other tracks close by (non-isolated muons). In order to maintain good
acceptance for a possible signal, only one of the muons is required to be isolated in this analysis.

The decay of the black hole to multiple high pT objects is used to divide the observed events into
background rich and potentially signal rich regions. This is done by using the total number of charged
tracks as the criterion to assign events to each region. Black hole events typically have a high number
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of tracks per event, while Standard Model processes have sharply falling track multiplicity distributions.
After this event selection, the number of events in data are compared to the background prediction.

The backgrounds from Standard Model processes are divided into two categories; processes that
produce same-sign dimuons in distinct decay trees and processes where the two muons come from con-
nected decay trees following the characterization in Ref. [14]. Dimuon events in distinct decay trees arise
predominantly from the W+jets process, where the leading isolated muon comes from W-boson decay
and the other muon comes from a π/K decay-in-flight, or the semi-leptonic decay of a b or c hadron.
This background also has contributions from the Z+jets process, and low pT QCD. The background from
distinct decay trees is the largest background and is estimated completely from data.

Dimuon events in connected decay trees are produced in the decays of tt̄ events and bb̄ events. In tt̄
events, the most likely case is that the leading isolated muon arises from the decay of a W-boson from
one of the top-quarks, and the other muon of same charge comes from the semileptonic decay of a b-
quark from the other top-quark. In bb̄ events, the leading muon arises from the semileptonic decay of
one b-quark; the other muon comes from the sequential decay b → cX → µX′. Same-sign dimuons can
also be produced due to B0B̄0 mixing. The backgrounds from tt̄ and bb̄ are estimated from MC samples.

2 Experimental Setup

The ATLAS detector [15] covers nearly the entire solid angle 1 around the collision point with layers
of tracking detectors, calorimeters and muon chambers. The inner detector (ID) is immersed in a 2 T
magnetic field along z-axis and provides charged particle tracking in the range |η| < 2.5. The silicon
pixel detector covers the vertex region and typically provides three measurements per track, followed
by the silicon microstrip tracker (SCT) which provides four measurements from eight strip layers. The
silicon detectors are complemented by the transition radiation tracker (TRT) which provides more than
30 straw-tube measurements per track and improves the inner detector momentum resolution.

The calorimeter system covers the pseudorapidity range |η| < 4.9. Lead-liquid argon (LAr) elec-
tromagnetic sampling calorimeters cover the range |η| < 3.2, with an additional thin LAr presampler
covering |η| < 1.8 to correct for energy loss in material upstream of the calorimeters. Hadronic calorime-
try is provided by a scintillator-tile calorimeter within |η| < 1.7 and two copper/LAr endcap calorimeters.
The solid angle coverage is completed with forward copper/LAr and tungsten/LAr calorimeters for elec-
tromagnetic and hadronic measurements respectively.

The muon spectrometer comprises of separate trigger and high-precision tracking chambers which
measure the deflection of muon tracks in a magnetic field with a bending integral of approximately 2 to 8
Tm in the central region. The magnetic field is generated by three superconducting air-core toroids. The
chamber system covers the region |η| < 2.7 with three layers of monitored drift tubes. The muon trigger
system covers the range |η| < 2.4 with resistive plate chambers in the barrel, and thin gap chambers in
the endcap regions.

3 Data and Monte Carlo samples

The data used in this analysis were collected in 2010 with the LHC operating at a centre of mass energy
of 7 TeV. The total integrated luminosity after stable beam, and basic detector and data-quality require-
ments is 31 pb−1, with an uncertainty of 3.4% [16]. The data were collected with a single muon trigger

1ATLAS uses a right-handed coordinate system with its origin at the nominal interaction point (IP) in the centre of the
detector and the z-axis coinciding with the axis of the beam pipe. The x-axis points from the IP to the centre of the LHC ring,
and the y-axis points upward. Cylindrical coordinates (r,φ) are used in the transverse plane, φ being the azimuthal angle around
the beam pipe. The pseudorapidity is defined in terms of the polar angle θ as η = −ln tan(θ/2).
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with threshold of 15 GeV on the muon’s transverse momentum. The trigger efficiency is independent of
pT for the muons above 20 GeV that are used in this analysis.

Background Monte Carlo (MC) simulated samples were generated for the tt̄ and bb̄ processes. The
tt̄ events were generated with MC@NLO [17, 18] with an assumed top-quark mass of 172.5 GeV,
and with the leading order MRST2007 [19] parton distribution function (PDF) set. Fragmentation and
hadronization of the events is done with H [20] using J [21] for the underlying event model.
The bb̄ MC sample used in this analysis is generated and hadronized with P with the MRST2007
PDF set. It is produced with a filter at the generator level requiring two muons with pT > 4 GeV each.
The bb̄ sample is limited in statistics. A crosscheck of the bb̄ prediction in the signal region is done by
comparing the prediction with an alternate bb̄ + cc̄ sample which has four and half times the integrated
luminosity of the bb̄ sample. The bb̄ + cc̄ sample is generated with P with the MRST2007 PDF set.
It has been filtered at the generator level to have two muons with pT > 10 GeV each. This filter is close
to the offline pT selection for candidate muons and makes this sample unusable as the nominal sample.
For each of the tt̄ and bb̄ samples the other parameters are as described by the ATLAS MC09 tune [22].

Signal MC samples were generated using BM 2.01 and the hadronization was done with
P . The samples were generated with the CTEQ66 [23] and MRST2007 PDF sets with the mass of
the blackhole used as the QCD scale. The two PDF sets are considered since the difference in estimates
from either one is outside the range of errors on each. For the signal samples, MD was varied between
0.5 TeV and 2 TeV, MTH was varied between 2 TeV and 5 TeV. In each case, samples were generated
with 2, 4 and 6 extra dimensions.

4 Event Selection

Events passing the trigger are required to have at least one vertex reconstructed offline with at least five
tracks. Events are discarded if a jet2 associated with out-of-time activity or calorimeter noise is present.

Muon candidates are reconstructed from tracks measured in the muon spectrometer (MS). The MS
tracks are then matched with tracks found in the inner detector (ID) using a procedure that takes mate-
rial effects into account. The parameters for the resulting matched muon candidates are obtained by a
statistical combination of the measurements in the MS and the ID. Requirements are made to ensure that
the muon candidates point back to the primary vertex in the event, and the ratio of momenta measured in
the MS and the ID is used to reduce the background from π/K decay-in-flight. The muon candidates are
required to have |η| < 2.4 and the inner detector track associated to the muon is required to have sufficient
hits in the pixel, SCT and TRT detectors to ensure a good measurement. At least two muon candidates
passing these selections are required in each event. The muon with the highest transverse momentum is
required to have pT > 20 GeV. This leading muon is also required to be isolated by requiring that the
sum of transverse momenta of tracks in a cone in η − φ space of radius 0.2 around the muon is less than
1.8 GeV. The muon with the next highest transverse momentum is required to have pT > 10 GeV and
have the same charge as the leading muon.

The track multiplicity is constructed by counting the number of tracks with pT > 8 GeV in the inner
detector. These tracks are required to have |η| < 2.4, to have the same hit requirements as the muons, and
to point back to the primary vertex. By definition, the track count will include the two muon candidates.
The signal region is defined by selecting events with at least ten tracks, while events with less than ten
tracks are used to validate the background estimates.

All selections except the trigger and bad jet veto are made in MC events. To account for the trigger
efficiency, the MC events are weighted with the efficiency measured in data, while the differences in muon

2Jets are reconstructed from clusters of calorimeter cells using the anti-kt jet clustering algorithm [24] with a size param-
eter R = 0.4. Jets are corrected for calorimeter non-compensation, and other effects using pT and η dependent calibration
factors [25]. Only jets with pT > 20 GeV and |η| < 2.5 are considered.
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reconstruction and identification are accounted for by applying pT and η dependent scale factors [26, 27]
to the MC events when calculating the acceptance. The tracking efficiency in data is well reproduced by
the MC [28] and no scale factors are needed.

5 Background Estimation

5.1 Data based background estimate

The background from disconnected decay trees is estimated in two steps. First, the probability for a
track to be reconstructed as a muon is measured in a control sample of events in data. This ‘fake’
probability is then applied to data events with one muon and one or more tracks to obtain a prediction
for µ+fake dimuon events. The control sample consists of a selection of W-boson + track events. Events
are selected with at least one isolated muon with pT > 20 GeV and missing transverse energy (Emiss

T )
satisfying 20 GeV < Emiss

T < 80 GeV. Emiss
T is constructed from the vector sum of all calorimeter cells

contained in topological clusters and is corrected for the presence of muons in the event. The transverse
mass of the muon and the Emiss

T
3 is required to be between 40 GeV and 100 GeV. These selected events

are also required to have at least one track not matching the ‘W-muon’, with pT > 10 GeV, and of
the same charge as the muon. If an event has more than one such track, then all tracks are included
for the measurement. The events are also required to have fewer than ten tracks to remove the signal
contribution. This forms the denominator.

For the numerator, an additional muon passing analysis selection criteria with pT > 10 GeV and
of the same charge as the W-muon is required. This gives us the rate of obtaining a second muon of
the same charge given a track. To avoid double-counting, the contributions to the rate from tt̄ and bb̄
processes are estimated from MC and subtracted from the rate. The per-track rate is measured to be
(5.8 ± 0.9) × 10−3. This rate is then applied to all events in data with one muon and at least one track
of the same charge with pT > 10 GeV. If more than one track is found, then each track is considered in
calculating a total probability for the event to be reconstructed as a dimuon event. The uncertainty on the
background estimate from the nominal fake rate measurement is 13%.

To obtain an estimate of the corresponding systematic uncertainty, the fake rate is parametrized
as a function of track pT. The difference in background estimates from the nominal rate and the pT-
dependent rate gives a 65% systematic uncertainty. The fake rate is found to be independent of η. To
estimate the systematic effect of the use of the W-boson control region, the rate is measured in a Z-boson
control region. Events with two muons of opposite charge satisfying an invariant mass requirement
(|Mµµ − 91.0| < 15 GeV) are selected. In these events, the denominator is formed by requiring a track
with pT > 10 GeV unmatched to the Z-muons. The numerator is formed by requiring a third muon with
pT > 10 GeV. The rate thus measured in the Z-boson control region agrees with the rate measured in the
W-boson control region within statistical uncertainties.

5.2 MC based background estimate

The background from tt̄ production is obtained completely from MC simulation. The NLO production
cross section of 164.6 pb [29, 30] is used to normalize the MC prediction to data. The systematic uncer-
tainty on the tt̄ background is evaluated following the prescription in Ref. [30]. The sources considered
are choice of generator, amount of initial and final state radiation (ISR/FSR), the top-quark mass, and
the uncertainties on the PDF. The largest uncertainty is 13% from the difference in tt̄ estimate by using
the CTEQ66 and the MRST2007 PDF sets. The uncertainty due to the choice of generator is evaluated

3The transverse mass is defined as
√

2pµT pνT[1 − cos(φµ − φν)] where the measured Emiss
T vector provides the neutrino infor-

mation.
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Source Muon+fake (%) tt̄ (%) bb̄ (%)
Nominal fake rate 13

pT dependence of fake rate 65
PDF 13

ISR/FSR 10.1
t-quark Mass 9.7
Cross section +7

−9.6
Generator 5.5

Luminosity 3.4
µ reco/trig 2.2 1.8

Nominal bb̄ control region 5.3
Alternate bb̄ control region 4.5

Total uncertainty 66 22 7

Table 1: Systematic uncertainties in percent on the background estimates in the signal region from vari-
ous sources. µ reco/trig stands for the uncertainty due to trigger efficiency weight and muon reconstruc-
tion scale factors applied to the MC events. The other labels are explained in the text.

by comparing the predictions of MC@NLO with those of P [31] interfaced to both H or
P. The P samples are generated using the CTEQ6L1 PDF set. The uncertainty due to top-
quark mass is obtained by generating tt̄ samples with top mass ±5 GeV from the nominal choice of 172.5
GeV. The ISR/FSR uncertainty is determined by using the AMC generator [32] interfaced to P,
and by varying the parameters controlling ISR and FSR. There is also an additional 2.2% uncertainty on
the tt̄ estimate from trigger weight and muon reconstruction scale factors.

The background from bb̄ production is obtained from MC samples, but the overall rate is normalized
to data in a bb̄ control region. The contribution from cc̄ to the same-sign dimuons is expected to be much
smaller than that from bb̄. Same sign dimuon events from cc̄ are kinematically similar to those from bb̄
and the bb̄ MC sample is used to model the kinematics from both bb̄ and cc̄ events. The bb̄ control region
is selected by requiring two muons of the same charge with pT > 20, 10 GeV respectively. The leading
muon is required to be non-isolated by inverting the isolation requirement. The impact parameter (d0) of
the muon is defined as the transverse distance of closest approach of the track to the primary vertex. The
impact parameter significance (d0/derror

0 ) for the leading muon is required to be larger than 2. The ratio
of transverse momenta measured in the muon spectrometer and the inner detector for the second muon
is used to remove residual π/K contamination. The Emiss

T is required to be less than 20 GeV and events
are required to have less than ten tracks. The prediction from the bb̄ MC sample is normalized to data
in this control region. The systematic uncertainty on the normalization factor is obtained by defining
an alternate selection of the control region; the impact parameter signficance selection for the leading
muon is changed to larger than 3 and the ratio of transverse momenta selection for the second muon is
removed.

The measured normalization factor is 1.12±0.08 where the uncertainty is from combined statistical
and systematic contributions. There is an additional 1.8% uncertainty on the bb̄ estimate from the trigger
weight and muon reconstruction scale factors. The shapes of the distributions of muon pT and track
multiplicity in the MC sample have been verified with those seen in data. The bb̄ MC has no events
left in the signal region after all selections are made. An estimate of the bb̄ background is obtained
in the following way. The bb̄ + cc̄ sample, as described in Section 3, is verified to reproduce the track
multiplicity distribution of the nominal bb̄ sample. The ratio of events with more than ten tracks to events
with less than ten tracks is measured in the bb̄ + cc̄ sample. This ratio is then applied to the number of
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Process Events
bb̄ 154 ± 14(stat) ± 12(syst)
tt̄ 32 ± 0.3(stat) ± 8(syst) ± 1.1 (lumi)

µ+fake 146 ± 1(stat) ± 35(syst)
Predicted 332 ± 14(stat) ± 38(syst)
Observed 297

Table 2: Number of expected events from Standard Model processes and number of observed data events
in the background region.
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Figure 1: The leading and second muon pT distributions for all same-sign dimuon events. The back-
ground histograms are stacked. The signal expectation for a non-rotating black hole model with param-
eters MD = 630 GeV, MTH = 3 TeV, and one extra dimension is overlaid for illustrative purposes. The
overflows are shown in the last bin along X-axis.

events predicted by the nominal bb̄ MC sample with less than ten tracks to obtain an estimate in the
signal region (≥ ten tracks). The statistical uncertainty on the prediction is 100%.

Table 1 shows a summary of the systematic uncertainties in signal region for all the backgrounds.
The background estimation is tested in a control region. This region is defined using the same

selections as the signal region, except for the track multiplicity requirement which is inverted to be
less than ten tracks. The prediction from the Standard Model along with the number of observed events
in data in the background region is shown in Table 2. The signal contribution in the background region
has been checked to be less than one event for various choices of signal parameters. The observation
agrees well with the prediction.

6 Results

Figures 1 and 2 show the pT distributions for the muons and the track multiplicity in all same-sign dimuon
events respectively. The prediction for a sample signal point with MD = 630 GeV, MTH = 3 TeV, and one
extra dimension is also shown. The background predictions peak at low values of the track multiplicity
whereas the signal contribution for different choices of parameters has a higher number of tracks. The
signal region is defined to have at least ten tracks. The observed distributions in data agree well with the
predictions from the Standard Model. Table 3 shows the expected and observed number of same-sign
dimuon events in the signal region. No excess over the Standard Model predictions is observed in the

6



NTracks

5 10 15 20 25 30 35 40 45 50

E
ve

nt
s

-110

1

10

210
ATLAS Preliminary

-1
L dt = 31 pb∫= 7 TeV, s

Data

Standard Model

+fakeµ

tt

bb
=3 TeVTHM

Figure 2: The track multiplicity distribution for all same-sign dimuon events. We select the region with
NTracks ≥ 10 as the signal region. The background histograms are stacked. The signal expectation for a
non-rotating black hole model with parameters MD = 630 GeV, MTH = 3 TeV, and one extra dimension
is overlaid for illustrative purposes.

data.

Process Events
bb̄ 0.26 ± 0.26(stat) ± 0.02(syst)
tt̄ 3.97 ± 0.10(stat) ± 0.88(syst) ± 0.13(lumi)

µ+fake 4.0± 0.3(stat) ± 2.7(syst)
Predicted 8.2 ± 0.4(stat) ± 2.8(syst) ± 0.13(lumi)
Observed 4

Signal MTH = 3000 GeV 22.7 ± 1.3(stat)

Table 3: Number of expected background events and number of observed data events in the signal
region. The signal expectation for a non-rotating black hole model with parameters MD = 630 GeV,
MTH = 3 TeV, and one extra dimension is also shown.

7 Interpretation

Using the observed number of data events and the background expectations, upper limits are set on the
cross section (σ) × the branching ratio to dimuons (BR) × the acceptance (A) of non Standard Model
contribution in the signal region. The profile likelihood method with the q̃µ test statistic [33] is used
to derive the upper limits. All statistical and systematic uncertainties on the background are taken into
account. The 95% confidence level limit on σ × BR × A derived from the data in the signal region is
0.148 pb. This limit is stronger than the expected limit of 0.277 pb and falls between the 1σ and 2σ
ranges of the expected limit. To avoid the statistical fluctuation that strengthened the result, ATLAS
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quotes as the final result of the measurement a limit of 0.184 pb, which is not based on the signal region
data but instead lies 1σ below the estimated median sensitivity.

Limits on the reduced Planck mass (MD) and the minimum mass of the black hole (MTH) are set for
several models. No theoretical uncertainty on signal prediction is assessed, that is, the exclusion limits
are set for the exact benchmark models as implemented in the BlackMax generator. The signal yield is
affected by the choice of PDF used for generation. For the signal prediction, two choices of PDFs are
considered, CTEQ66 and MRST2007, and the exclusion limits are derived for each of those sets. No PDF
uncertainty is included in the limit calculation, rather the difference between CTEQ66 and MRST2007
prediction illustrates the size of the effect. This approach is motivated by the fact that the difference
between CTEQ66 and MRST2007 predictions is larger than the uncertainty estimated from the CTEQ66
error set. At the large values of MTH near the quoted limits, the invariant mass of the incoming partons
is large and the PDFs are being used in a range of x where they are not well constrained. The signal
prediction from MRST2007 is typically 40 to 50% higher than that from CTEQ66 for MD = 1 TeV,
MT H = 3.5 TeV, while the error on the CTEQ66 prediction is of the order of 3% for these parameters.
The difference from the two PDF sets gets larger at higher masses.

The observed results are used to obtain exclusion contours in the plane of MD and MTH. For a large
number of points in the (MD,MTH) plane, the signal acceptance is measured using generator level truth
information. This truth-level acceptance is compared to the acceptance from full detector simulation for
a smaller set of model points. To account for the difference in acceptances, the truth level acceptance
is scaled by a constant factor of 0.85 ± 0.05 which is measured using the set of fully simulated points.
The uncertainty is obtained from the RMS of the distribution of difference in acceptance between truth
level and fully reconstructed level. Therefore the uncertainty on the signal prediction includes three
components: the uncertainty on the scaling factor, on the luminosity of the data sample, and a statistical
uncertainty due to the finite MC statistics.

Figure 3 shows the expected and observed exclusion contours for the non-rotating black hole scenario
for 2, 4, and 6 extra dimensions. As explained above, ATLAS quotes as the final result a limit that is
1σ stronger than the median sensitivity (the solid line on the plots), instead of the unconstrained limit
obtained from data (the dash-dotted line). Figure 4 shows the contours for rotating black holes. In both
rotating and non-rotating cases, the contours are shown for the CTEQ66 case and the MRST2007 case.
The higher signal prediction in case of MRST2007 leads to a larger exclusion region. The figures also
show lines of constant slope (MD/MTH) of 3, 4 and 5. The semi-classical approximations used for black
hole production and decay are only valid for slopes much larger than 1.

In summary, a search for extra dimensions in the same-sign dimuon final state has been performed.
No excess over the Standard Model was observed and exclusion contours were obtained in the plane of
the reduced Planck scale (MD) and the mass of the black hole (MTH), as well as a model independent
limit on any new physics contribution in the signal region was also set.

References

[1] N. Arkani-Hamed, S. Dimopoulos, and G. R. Dvali, The hierarchy problem and new dimensions at
a millimeter, Phys. Lett. B429 (1998) 263–272, arXiv:hep-ph/9803315.

[2] I. Antoniadis, N. Arkani-Hamed, S. Dimopoulos, and G. R. Dvali, New dimensions at a millimeter
to a Fermi and superstrings at a TeV , Phys. Lett. B436 (1998) 257–263,
arXiv:hep-ph/9804398.

[3] N. Arkani-Hamed, S. Dimopoulos, and G. R. Dvali, Phenomenology, astrophysics and cosmology
of theories with sub-millimeter dimensions and TeV scale quantum gravity, Phys. Rev. D59 (1999)
086004, arXiv:hep-ph/9807344.

8



k
=

3

k
=

4

k
=

5

0.5 1 1.5 2
MD [TeV]

3

3.5

4

4.5

M
T

H
[T

eV
]

ATLAS preliminary√
s = 7TeV, L = 31 pb−1

MTH = k MD

unconstrained limit
constrained limit
expected limit
expected 1 sigma
expected 2 sigma

k
=

3

k
=

4

k
=

5

0.5 1 1.5 2
MD [TeV]

3

3.5

4

4.5

M
T

H
[T

eV
]

ATLAS preliminary√
s = 7TeV, L = 31 pb−1

MTH = k MD

unconstrained limit
constrained limit
expected limit
expected 1 sigma
expected 2 sigma

(a) Exclusion contour for non-rotating black holes with 2 extra dimensions
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(b) Exclusion contour for non-rotating black holes with 4 extra dimensions
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(c) Exclusion contour for non-rotating black holes with 6 extra dimensions

Figure 3: 95% C.L. exclusion contours for non-rotating black holes taking into account all statisti-
cal and systematic uncertainties. The top row is for two extra dimensions, the middle for four, and
the bottom for six extra dimensions. The left(right) column corresponds to signal generation with the
CTEQ66(MRST2007) PDF set. The dashed blue line shows the expected exclusion contour with the 1
and 2 σ uncertainty in green and yellow respectively. The solid black line shows a constrained limit at
the 1σ boundary of the estimated sensitivity, which is quoted as the final result. The region below the
contour has been excluded by this analysis. The dash-dotted line is the unconstrained limit derived from
data. It lies within the 2σ band of the expected limit, however this yellow band is not shown on that side
of the sensitivity contour. The figures show lines of constant slope equal to 3,4, and 5. Only slopes much
larger than 1 correspond to physical models.
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(a) Exclusion contour for rotating black holes with 2 extra dimensions
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(b) Exclusion contour for rotating black holes with 4 extra dimensions
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(c) Exclusion contour for rotating black holes with 6 extra dimensions

Figure 4: 95% C.L. exclusion contours for rotating black holes taking into account all statistical
and systematic uncertainties. The top row is for two extra dimensions, the middle for four, and the
bottom for six extra dimensions. The left(right) column corresponds to signal generation with the
CTEQ66(MRST2007) PDF set. The dashed blue line shows the expected exclusion contour with the
1 and 2 σ uncertainty in green and yellow respectively. The solid black line shows a constrained limit
at the 1σ boundary of the estimated sensitivity, which is quoted as the final result. The region below the
contour has been excluded by this analysis. The dash-dotted line is the unconstrained limit derived from
data. It lies within the 2σ band of the expected limit, however this yellow band is not shown on that side
of the sensitivity contour. The figures show lines of constant slope equal to 3,4, and 5. Only slopes much
larger than 1 correspond to physical models.
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Figure 5: 95% confidence level exclusion contours for non rotating black holes taking into account all
statistical and systematic uncertainties. Figures 5(a), 5(b), and 5(c) show the contours for two, four and
six extra dimensions respectively. The constrained limits are shown for signal generated with CTEQ66
and with MRST2007 PDF sets.
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Figure 6: 95% confidence level exclusion contours for rotating black holes taking into account all statis-
tical and systematic uncertainties. Figures 6(a), 6(b), and 6(c) show the contours for two, four and six
extra dimensions respectively. The constrained limits are shown for signal generated with CTEQ66 and
with MRST2007 PDF sets.
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