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1 Introduction

A long-standing problem in particle physics is the very large difference between two appar-

ently fundamental energy scales: the electroweak scale at O(0.1TeV) and the gravitational

(Planck) scale MPl = O(1016TeV). Models postulating extra spatial dimensions into which

the gravitational field propagates attempt to address this hierarchy problem [1–4]. In most

of these models, the Standard Model (SM) fields are constrained to the one time and three

spatial dimensions of our universe, whilst the gravitons also propagate into the n “bulk”

extra dimensions. In these models, the fundamental gravitational scale in the full (n+ 4)

space-time dimensions, MD, is dramatically lower than MPl, and represents an effective

scale appropriate for probes of the gravitational interactions at low energies. A value of

MD in the TeV range would allow for the production of strong gravitational states such as

microscopic black holes at energies accessible at the Large Hadron Collider (LHC) [5–7].

Two well-motivated extra-dimensional models are those with large flat extra dimensions
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(ADD models [2, 3]) and those with small, usually warped, extra dimensions (RS mod-

els [4]). This analysis considers ADD models, for which the n = 1 case is ruled out and

the n = 2 case is disfavoured by current astrophysical and tabletop experiments [8]. Thus,

benchmark models with two, four and six additional spatial dimensions are considered.

Estimates of the black hole production cross-sections invoke semiclassical approxima-

tions, the validity of which require the production centre-of-mass energy to be significantly

above MD. This motivates the introduction of a production mass threshold Mth, well above

MD. In the black hole formation stage, some energy is expected to be lost to gravitational

or SM radiation. This has recently been calculated using numerical simulations of general

relativity [9].

Once a black hole has formed and settled into a Schwarzschild [10] (non-rotating)

or Myers-Perry [11] (rotating) state, it is assumed to lose mass and angular momentum

through the emission of Hawking radiation [12]. All types of SM particles are emitted,

although the graviton emission spectra have been calculated only for the non-rotating

case [13, 14]. The emission energy spectrum is characterised by the Hawking temperature,

which depends on n, and is larger for lower mass and for more rapidly rotating black holes.

It is not a pure black-body spectrum, being modified by gravitational transmission coeffi-

cients (“grey-body factors”) [15–20]. These encode the probability of transmission through

the gravitational field of the black hole, and act primarily to disfavour low-energy emis-

sions. The relative particle emissivities depend on n, the black hole angular momentum

and temperature, and the spin of the emitted particle. In the rotating case, the fluxes for

vector field emission are enhanced several-fold, due to the effect of super-radiance [17, 20].

Emissions reducing the angular momentum of the black hole are favoured kinematically.

As the black hole evolves, its mass decreases, and, upon approaching MD, quantum gravi-

tational effects become important and evaporation by emission of Hawking radiation is no

longer a suitable model. This is the “remnant phase”, in which the theoretical modelling

uncertainties are large. The conventional treatment by the event generators used in LHC

simulations is to decay the black hole remnant to a small number of SM particles [21].

Strong gravitational states include, in the context of weakly coupled string theory,

highly excited string states (string balls) [22].1 In these models, the string scale MS [23]

and string coupling gS define MD = g
−2/(n+2)
S MS and determine the string ball properties.

Black hole production and evaporation proceeds as described above, except that black holes

evolve into highly excited string states once their mass drops below the correspondence

point of ∼ MS/g
2
S. Thereafter, the string states continue to emit radiation, with a modified

characteristic temperature.

The experimental signature of black hole decays is an ensemble of high-energy particles,

the composition of which varies both with model assumptions and MD; for example, a

rotating state leads to fewer emissions of more highly energetic particles. However, the

universality of the gravitational coupling implies that particles are produced primarily

according to the SM degrees of freedom (modified by the relative emissivities). This leads to

1Hereinafter all references to black holes also apply to string balls, unless otherwise stated.
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a branching fraction to final states with at least one charged lepton2 of ∼ 15–50%, where the

range is primarily a consequence of varying average multiplicities of the decay for different

models and values of the parameters MD and Mth. The most significant uncertainties in

the theoretical modelling of these states, which motivate exploration through benchmark

models, arise from possible losses of mass-energy and angular momentum in the production

phase, the lack of a description of graviton emission in the rotating case, and the treatment

of the black hole remnant state at masses near MD. The latter can strongly impact the

multiplicity of particles from black hole decays.

This paper describes a search for an excess of events over SM expectations in 20.3 fb−1

of ATLAS pp collision data collected at
√
s = 8TeV in 2012. The analysis considers events

at high
∑

pT, defined as the scalar sum of the pT of the selected reconstructed objects

(hadronic jets and leptons), containing at least three high-pT objects (leptons or jets), at

least one of which must be a lepton. It is similar to a previous search [24], using
√
s = 7TeV

data, which excluded at 95% confidence level (CL) black holes with Mth < 4.5TeV for MD

= 1.5TeV and n = 6. Greater sensitivity in this analysis comes from the higher centre-

of-mass energy, more integrated luminosity, as well as from the use of fits to improve

background estimates at very high values of
∑

pT. Searches for black holes have also been

performed at
√
s = 8TeV in like-sign dimuonic final states [25], as well as predominantly

multi-jet final states [26]. The limits set by these two analyses, at 95% CL, for rotating black

holes with MD = 1.5TeV and n = 6 are Mth > 5.5TeV and Mth > 6.2TeV, respectively.

Corresponding limits for MD = 4TeV and n = 6 are Mth > 4.5TeV and Mth > 5.6TeV.

Two-body final states have also been reported elsewhere [26–29], with sensitivity to so-

called quantum black holes, where the mass is close to MD.

2 The ATLAS detector

ATLAS [30] is a multipurpose detector with a forward-backward symmetric cylindrical

geometry and nearly 4π coverage in solid angle.3 Closest to the beamline, the inner detector

(ID) utilises fine-granularity pixel and microstrip detectors designed to provide precise

track impact parameter and secondary vertex measurements. These silicon-based detectors

cover the pseudorapidity range |η| < 2.5. A gas-filled straw-tube tracker complements the

silicon tracker at larger radii. The tracking detectors are immersed in a 2 T magnetic field

produced by a thin superconducting solenoid located in the same cryostat as the barrel

electromagnetic (EM) calorimeter. The EM calorimeters employ lead absorbers and use

liquid argon as the active medium. The barrel EM calorimeter covers |η| < 1.5 and the

end-cap EM calorimeters cover 1.4 < |η| < 3.2. Hadronic calorimetry in the region |η| < 1.7

is performed using steel absorbers and scintillator tiles as the active medium. Liquid-argon

calorimetry with copper absorbers is used in the hadronic end-cap calorimeters, which

2Throughout this paper, “lepton” denotes electrons and muons only.
3ATLAS 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 along 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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cover the region 1.5 < |η| < 3.2. The forward calorimeter (3.1 < |η| < 4.9) uses copper

and tungsten as absorber with liquid argon as active material. The muon spectrometer

(MS) measures the deflection of muon tracks within |η| < 2.7, using three stations of

precision drift tubes (with cathode strip chambers in the innermost station for |η| > 2.0)

located in a toroidal magnetic field of approximately 0.5 T and 1 T in the central and

end-cap regions of ATLAS, respectively. The muon spectrometer is also instrumented with

separate trigger chambers covering |η| < 2.4. A three-level trigger is used by the ATLAS

detector. The first-level trigger is implemented in custom electronics, using a subset of

detector information to reduce the event rate to a design value of 75 kHz. The second and

third levels use software algorithms to yield a recorded event rate of about 400 Hz.

3 Trigger and data selection

The data used in this analysis were recorded in 2012, while the LHC was operating at a

centre-of-mass energy of 8 TeV. The integrated luminosity is 20.3 fb−1. The uncertainty on

the integrated luminosity is ±2.8%. It is derived, following the same methodology as that

detailed in ref. [31], from a preliminary calibration of the luminosity scale derived from

beam-separation scans performed in November 2012. Events selected by single-electron

and single-muon triggers under stable beam conditions and for which all detector subsys-

tems were operational are considered. Un-prescaled single-lepton triggers with different

pT thresholds are combined to increase the overall efficiency. The thresholds are 24GeV

and 60GeV for electron triggers and 24GeV and 36GeV for muon triggers. The lower

threshold triggers include isolation requirements on the candidate leptons, resulting in in-

efficiencies at higher pT that are recovered by the triggers with higher pT thresholds. The

trigger isolation criteria are looser than the requirements placed on the final reconstructed

leptons. Accepted events are required to have a reconstructed primary vertex with at least

five associated tracks with pT > 0.4 GeV. In events with multiple reconstructed vertices

the one with the largest sum of the squared pT of the tracks is taken as the primary

interaction vertex.

4 Monte Carlo simulation

Monte Carlo (MC) simulated events are used to help determine SM backgrounds and

signal yields in the analysis. Background MC samples are processed through a detector

simulation [32] based on GEANT4 [33] or a fast simulation using a parameterised response

of the showers in the electromagnetic and hadronic calorimeters [32]. Additional scale

factors are applied to bring the simulation into better agreement with the 2012 dataset.

These include factors for lepton trigger, reconstruction and identification efficiencies.

Samples of W and Z/γ∗,4 Monte Carlo events with accompanying jets are produced

with Sherpa 1.4.1 [34], using the CT10 [35] set of parton distribution functions (PDFs).

Events generated with Alpgen 2.14 [36] use the CTEQ6L1 [37] PDF set and are inter-

faced to Pythia 6.426 [38] for parton showers and hadronisation with the Perugia2011C

4Hereinafter, all mention of Z+jets refers to the Z/γ∗+jets process.
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tune; these Alpgen samples are used to assess modelling uncertainties. The cross-section

normalisations are set to the inclusive next-to-next-to-leading-order (NNLO) prediction

from the DYNNLO program [39].

The production of top quark pairs (tt̄) is modelled using POWHEG r2129 [40] for the

matrix element using the CT10 PDF set, with the top quark mass set to 172.5 GeV. Parton

showering and hadronisation are performed with Pythia 6.426 with the Perugia2011C

tune. Modelling uncertainties are assessed using events generated with Alpgen 2.14, using

the CTEQ6L1 [37] PDF set and interfaced to Herwig 6.5.20 [41] for parton showers

and hadronisation. The tt̄ cross-section is normalised to 253+13
−15 pb, calculated at NNLO

in QCD including resummation of next-to-next-to-leading logarithmic (NNLL) soft gluon

terms with Top++ 2.0 [42–47].

Samples are generated separately for each of the three single-top production modes:

s-channel, t-channel and Wt-channel. For the s- and Wt-channel, events are generated

with MC@NLO 4.06 [48], interfaced to Herwig++ 2.6.3 [49] for parton showering and

hadronisation. The t-channel events are generated with AcerMC 3.8 [50] interfaced to

Pythia 6.426. For all three channels, the CT10 PDF set is used with the AUET2B [51]

tune, and events are reweighted using the NNLO+NNLL cross-sections as given in refs. [52–

54]. Diboson (WW , WZ, ZZ) production is simulated with Herwig 6.5.20 using the

CTEQ6L1 PDF set and the AU2 tune [55], normalised to the NLO prediction of MCFM

6.2 [56, 57].

The canonical Monte Carlo generators for the production of black hole signals are

Charybdis 2.104 [58] and Blackmax 2.2.0 [59, 60]. Both programs are able to simulate a

range of rotating and non-rotating black hole and string ball states, exploring the theoreti-

cal modelling uncertainties discussed in section 1. A variety of potential black hole signals

simulated with both generators are used to illustrate possible black hole models. They are

described in detail below and summarised in table 1. The shower evolution and hadronisa-

tion of all signal samples uses Pythia 8.165 [61], with the MSTW2008LO [62] PDF set

and the AU2 tune. The mass of the black hole is used as the factorisation and renormal-

isation scales. The detector response is simulated using the ATLAS fast simulation [63].

The benchmark event samples are generated for two, four and six extra dimensions.

Both Monte Carlo generators are able to include the effects of the black hole angular

momentum, with similar treatments of the Hawking evaporation. Moreover, they contain

complementary and different modelling options for the more uncertain decay phases. Both

generators model losses of mass and angular momentum in the production phase: Charyb-

dis uses a model based on the Yoshino-Rychkov bounds [58, 64], favouring smaller losses of

mass and angular momentum in the form of gravitons, whereas Blackmax parameterises

the losses as fixed fractions of their initial-state values. For each generator, a benchmark

model including these loss models is used to investigate their effect. The Blackmax sam-

ple assumes a 10% loss into photon modes. Blackmax can also model graviton emission

in the non-rotating case, which is considered in another benchmark sample. The mod-

elling of the remnant phase can have large effects on the event multiplicity, and hence the

experimental signature. Blackmax uses a final-burst remnant model, which gives high-

multiplicity remnant states [59]; Charybdis benchmarks are generated with both low-
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Generator Angular Mom. Description n considered

Charybdis Non-rotating Black holes: High multiplicity remnant 2, 4, 6

Rotating Black holes: High multiplicity remnant 2, 4, 6

Rotating Black holes: Low multiplicity remnant 2, 4, 6

Rotating Production loss model (gravitons) 2, 4, 6

Charybdis Non-rotating String balls 6

Rotating String balls 6

BlackMax Non-rotating Black holes: High multiplicity remnant 2, 4, 6

Rotating Black holes: High multiplicity remnant 2, 4, 6

Non-rotating Black holes with graviton 2, 4, 6

Rotating 10% Production loss model (photons) 2, 4, 6

Rotating Lepton number conservation 4

Table 1. Summary of the TeV-scale gravity benchmark models considered.

and high-multiplicity remnant decays, corresponding to fixed two-body decay, and variable

decay with a mean of four particles, respectively. The high-multiplicity options of both gen-

erators produce similar distributions of particle multiplicities and pT. Baryon and lepton

numbers may not be conserved in black hole interactions [65, 66]; however, both generators

conserve baryon number to avoid problems with colour in hadronisation. The default gen-

erator treatment is to violate lepton number, though both options are available. A bench-

mark sample with lepton number conservation is produced with Blackmax, for n = 4 only.

String ball samples are produced with Charybdis for both rotating and non-rotating cases,

six extra dimensions, a string coupling gS = 0.4, and MD = g
−2/(n+2)
S MS = 1.26 MS.

For each benchmark model, samples are generated with MD varying from 1.5 to 4TeV

(MS varying from 1 to 3TeV for string ball models) and Mth from 4–6.5TeV, so as to cover

the production cross-sections to which the current data are sensitive. The productions

cross-sections are calculated by the event generators.

5 Object reconstruction

Jets are reconstructed using the anti-kt jet clustering algorithm [67] with radius parameter

R = 0.4. The inputs to the jet algorithm are clusters seeded from calorimeter cells with

energy deposits significantly above the measured noise [68]. Jet energies are corrected [69]

for detector inhomogeneities, and the non-compensating response of the calorimeter, using

factors derived from test beam, cosmic ray and pp collision data, and from the full detector

simulation. Furthermore, jets are corrected for energy from additional pp collisions (pile-

up) using a method proposed in ref. [70], which estimates the pile-up activity in any given

event, as well as the sensitivity of any given jet to pile-up. Selected jets are required to have

pT > 60 GeV and |η| < 2.8. Events containing jets failing to satisfy the quality criteria

that discriminate against electronic noise and non-collision backgrounds are rejected [69].

Electrons are reconstructed from clusters in the electromagnetic calorimeter associated

with a track in the ID [71], with the criteria re-optimised for 2012 data. Two sets of
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electron identification criteria based on the calorimeter shower shape, track quality and

track matching with the calorimeter cluster are referred to as “medium” and “tight”, with

“tight” offering increased background rejection over “medium” in exchange for some loss

in identification efficiency. Electrons are required to have pT > 60 GeV, |η| < 2.47 and

to satisfy the “medium” electron definition. Candidates in the transition region between

barrel and end-cap calorimeters, 1.37 < |η| < 1.52, are excluded. Electron candidates

are required to be isolated: the sum of the pT of tracks within a cone of size ∆R =
√

(∆η)2 + (∆φ)2 = 0.2 around the electron candidate is required to be less than 10% of

the electron pT.

Muon tracks are reconstructed from track segments in the various layers of the muon

spectrometer and then matched to corresponding tracks in the inner detector [72]. In order

to ensure good pT resolution, muons are required to have at least three hits in each of the

layers of either the barrel or end-cap region of the MS, and at least one hit in two layers of

the trigger chambers. Muon candidates passing through known misaligned chambers are

rejected, and the difference between the independent momentum measurements obtained

from the ID and MS must not exceed five times the sum in quadrature of the uncertainties

of the two measurements. Each muon candidate is required to have a minimum number of

hits in each of the subsystems of the ID, and to have pT > 60GeV and |η| < 2.4. In order

to reject muons resulting from cosmic rays, requirements are placed on the distance of each

muon track from the primary vertex: |z0| < 1 mm and |d0| < 0.2 mm, where z0 and d0
are the impact parameters of each muon in the longitudinal direction and transverse plane,

respectively. To reduce the background from non-prompt sources such as heavy-flavour

decays, muons must be isolated: the pT sum of tracks within a cone of size ∆R = 0.3

around the muon candidate is required to be less than 5% of the muon pT. Ambiguities

between the reconstructed jets and leptons are resolved by applying the following criteria:

jets within a distance of ∆R = 0.2 of an electron candidate are rejected; furthermore, any

lepton candidate with a distance ∆R < 0.4 to the closest remaining jet is discarded.

The signal selection places no requirement on whether or not selected jets originate

from the hadronisation of a b-quark (b-jets). However, b-jets are used in the definition of

control regions, either by requiring at least one b-tagged jet, or by vetoing any event with

at least one b-tagged jet. To identify b-jets, the employed algorithm [73] uses multivariate

techniques to combine information derived from tracks within jets, such as impact parame-

ters and reconstructed vertices displaced from the primary vertex. The efficiency of tagging

a b-jet in simulated tt̄ events is estimated to be 70%, with charm jet, light-quark jet and

τ lepton rejection factors of about 5, 147 and 13, respectively. Scale factors associated

with the identification efficiencies of b-jets are applied to bring the simulation into better

agreement with the data [74].

The missing transverse momentum ~pmiss
T , with its magnitude Emiss

T , is defined as the

negative vectorial pT sum of reconstructed objects in the event, comprising selected lep-

tons, jets with pT > 20 GeV, any additional non-isolated muons with pT > 10 GeV, and

calorimeter clusters not belonging to any of the aforementioned object types [75]. Emiss
T

is only used to define control regions for the background estimation and not to define the

signal region. The transverse mass, mT, is also used in the definition of control regions. It
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Figure 1. The
∑

pT, after event preselection, in the electron (left) and muon (right) channels.

The Monte Carlo distributions are rescaled using scale factors derived in the appropriate control

regions, as described in the text. The lower panels show the ratio of the data to the expected

background, with the statistical uncertainty on data (points), and separately, the fractional total

uncertainty on the background (shaded band).

is calculated from the lepton transverse momentum vector, ~p ℓ
T, and the missing transverse

momentum vector ~pmiss
T :

mT =
√

2 · p ℓ
T · Emiss

T · (1− cos(∆φ(~p ℓ
T, ~p

miss
T ))) . (5.1)

6 Event selection

The selected events contain at least one high-pT isolated lepton and at least two additional

objects (leptons and jets). Two statistically independent channels are defined, based on

whether the highest-pT lepton matching a lepton reconstructed by the trigger is an electron

or a muon. This lepton is called the “leading” lepton. For the electron channel, the leading

electron is required to pass the “tight” selection criteria. The muon channel has a lower

acceptance, due to the stringent hit requirements in the muon spectrometer.

The high multiplicity final states of interest are distinguished from SM background

events using the quantity:

∑

pT =
∑

i=objects

pT,i if pT,i > 60 GeV, (6.1)

the scalar sum of the transverse momenta of the selected leptons and jets with pT > 60GeV,

described in section 5. Events with 700GeV <
∑

pT < 1500GeV constitute a preselection

sample from which special control regions are defined by adding other selection criteria.

Figure 1 shows the
∑

pT distribution for preselected events, for the electron and muon

channels. The signal, containing multiple high-pT leptons and jets, would manifest itself

as an excess of events at higher
∑

pT, and is entirely negligible in the preselection region.
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Quantity
Region

Sideband Signal
∑

pT 1000–2000GeV > 2000GeV

Object multiplicity at least 3 objects above 100GeV

Leading lepton at least 1 lepton with pT > 100GeV

Table 2. Definitions of the sideband and signal regions.

For the signal region, in order to reduce the SM background contributions, events are

required to contain at least three reconstructed objects with pT > 100GeV, at least one

of which must be a lepton, as well as to have a
∑

pT of at least 2000GeV. In each of the

channels, the signal region above
∑

pT = 2000GeV is divided into multiple slices, with
∑

pT thresholds increasing in steps of 200 GeV. This allows the analysis to be sensitive to

a wide range of signal models, and values of MD and Mth. Events in the range 1000GeV

<
∑

pT < 2000GeV, but otherwise with the same requirements as the signal region,

constitute a “sideband” region. The contributions from signal models not yet excluded by

earlier analyses to the sideband region are well below 1%. The selection criteria for the

sideband and signal regions are summarised in table 2.

7 Background estimation

The dominant sources of Standard Model background in this search are the production

of W and Z bosons in association with jets, tt̄ production and multi-jet processes. There

are three sources of leptons that can contribute to the background. Firstly, the leptonic

decays of W and Z bosons and top quarks produce events with real leptons, with associated

high-pT jets (hereinafter called “prompt” backgrounds). Secondly, leptons can arise from

semileptonic decays of heavy flavour hadrons. These are typically non-prompt and not

isolated. Thirdly, other objects such as jets can be misidentified.

The backgrounds are estimated using a combination of data-driven and MC-based tech-

niques. Prompt backgrounds are estimated using MC samples, normalised in data control

regions that are dominated by a single background component and kinematically close to

the signal region. The multi-jet contribution is estimated using a data-driven technique that

is more reliable than simulation for determining “fake” lepton backgrounds, due to its inde-

pendence from MC modelling uncertainties such as hadronisation and detector simulation.

At very high
∑

pT, the number of events in the simulated samples becomes small,

and therefore subject to large statistical fluctuations. Therefore, for each background

component, the
∑

pT distribution is fitted to a functional form to smooth the backgrounds

and extrapolate them to very high
∑

pT.

7.1 Prompt background estimation from control regions

The background estimates for processes involving prompt leptons are based on MC sim-

ulations normalised in control regions, each dominated by a single process, as discussed

above. The normalisation factors are determined, separately for the electron and muon

– 9 –
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Quantity Control Region

Z+jets W+jets tt̄
∑

pT 700–1500GeV

Object multiplicity at least 3 objects (leptons or jets) with pT > 60GeV

Leading lepton at least 1 lepton with pT > 60GeV

mℓℓ 80–100GeV n/a

Emiss
T n/a > 60 GeV n/a

Lepton multiplicity
exactly 2, opposite sign

exactly 1
same flavour

b-jet multiplicity n/a exactly 0 > 1

Jet multiplicity n/a > 3

Table 3. Definitions of the SM background-dominated control regions. The first three rows repre-

sent the preselection criteria.

channels, for the three main backgrounds: Z+jets, W+jets and tt̄. The control regions are

defined in table 3. For the Z+jets control region, events passing preselection requirements

are required to contain two electrons or muons of opposite charge and to have dilepton in-

variant mass between 80GeV and 100 GeV. The W+jets control region consists of events

with exactly one lepton, no b-tagged jets and Emiss
T greater than 60 GeV, where the last

two requirements help to reduce the tt̄ and Z+jets/multi-jet contributions, respectively.

The tt̄ control region consists of events with exactly one lepton and at least four jets, of

which at least two must be tagged as b-jets. The final criterion ensures no overlap with

the W+jet control region and preferentially selects for the top quark decays. The purities

of the Z+jets, W+jets and tt̄ control regions are estimated from Monte Carlo simulations

to be about 98%, 70% and 90%, respectively.

The number of events predicted by the MC simulation is compared to the observed

number of events in data in each of the control regions, to derive the scale factors used to

normalise the backgrounds. Due to non-negligible contamination by W+jets events in the

tt̄ control region and vice-versa, two coupled equations determine the two normalisations

that lead to agreement between data and MC simulation. The derived scale factors to

be applied to the background predictions in the electron (muon) channels are 1.00 (1.08)

for tt̄, 0.76 (0.81) for W+jets, and 0.90 (0.93) for Z+jets. They are compatible between

channels within their statistical uncertainties.

The much smaller contributions from single-top and diboson processes are estimated

to comprise approximately 2% and 0.5%, respectively, of the events in the sideband and

signal regions. Their estimates are taken directly from Monte Carlo simulations.

Figure 2 shows the good agreement obtained in kinematic distributions in the con-

trol regions. The
∑

pT distribution for each control region is shown in figure 3, which

demonstrates good modelling of the background shape.
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Figure 2. Kinematic distributions for the three control regions (CR). The Monte Carlo samples

are normalised to data using scale factors, according to the method described in section 7. The

regions are defined in table 3. Some background contributions are very small in specific control

regions. The lower panels show the ratio of the data to the expected background, with the statistical

uncertainty on data (points), and separately, the fractional total uncertainty on the background

(shaded band).
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Figure 3.
∑

pT distributions for each control region (CR). The Monte Carlo samples are normalised

to data using scale factors, according to the method described in section 7. The regions are defined

in table 3. Some background contributions are very small in specific control regions. The lower

panels show the ratio of the data to the expected background, with the statistical uncertainty on

data (points), and separately, the fractional total uncertainty on the background (shaded band). .
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7.2 Backgrounds from misidentified objects and non-prompt leptons

The backgrounds from misidentified objects and non-prompt leptons are estimated with

a data-driven matrix method, described in detail in ref. [76]. In the electron channel,

this contribution is dominated by the misidentification of hadronic jets, resulting in “fake”

electrons. In order to make an estimate using this method, a sample enriched in multi-jet

events is obtained by relaxing the electron selection criteria so as to increase the contribu-

tion from fakes. This is achieved by loosening the leading electron identification criteria

from “tight” to “medium”. The contribution from two or more fake electrons is found to

be negligible.

The numbers of data events in the sample which pass (Npass) and fail (Nfail) the

nominal tighter lepton selection requirements are counted. Defining Nprompt and Nfake as

the numbers of events for which the leptons are prompt and fake, respectively, the following

relationships hold:

Npass = ǫpromptNprompt + ǫfakeNfake, (7.1)

and

Nfail = (1− ǫprompt)Nprompt + (1− ǫfake)Nfake , (7.2)

where ǫprompt and ǫfake are the relative efficiencies for prompt and fake leptons to pass the

nominal selection, given that they satisfy the looser selection criteria. The simultaneous

solution of these two equations gives a prediction for the number of events in data with

fake leptons satisfying the nominal criteria, taken to be the estimated number of multi-jet

events:

Nfake =
Nfail − (1/ǫprompt − 1)Npass

1− ǫfake/ǫprompt
. (7.3)

The efficiencies ǫprompt and ǫfake are determined from control regions enriched in

prompt-lepton or fake-lepton events, respectively. A fake-enhanced control sample is ob-

tained starting from the preselection region, selecting events with exactly one lepton that

satisfies the relaxed lepton criteria described above, mT < 40 GeV and mT + Emiss
T <

60 GeV. No
∑

pT dependence in ǫfake and ǫprompt is observed, and the minimum
∑

pT
requirement for these regions is set to 500 GeV, compared with

∑

pT > 700GeV for the

other control regions, in order to gain statistical power.

The efficiency for identifying fakes as prompt leptons is given by the fraction of the

events in this control region that also pass the nominal lepton selection, after subtracting,

in both instances, the estimated contribution from prompt-lepton backgrounds (derived

from MC simulations, renormalised to match data in control regions, as described above).

For the electron channel, some dependence on the pT and η of the leading electron is

observed, which is taken into account by using pT- and η-dependent ǫfake; they vary in the

range 0.26–0.42.

An equivalent procedure is followed for the muon channel, where the dominant contri-

bution arises from non-prompt muons resulting from semileptonic decays, usually of heavy

flavour. An event sample enhanced in these is formed by removing both the jet-muon

overlap and muon isolation requirements. For the muon channel, ǫnon−prompt is found to
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be negligibly small, consistent with zero: 0.0043 ± 0.0040 (stat), or < 0.011 at 95% CL;

the resultant predicted background is negligible.

The efficiency ǫprompt is evaluated in a region with the same selection as the Z+jets

control region, except for the relaxed
∑

pT requirement, 500 GeV <
∑

pT < 1500 GeV,

to match that used in the control region for fake and non-prompt leptons. The relative

efficiency for identifying prompt leptons is obtained through the ratio of the number of

events in which both leptons pass the nominal selection to those in which only one does.

The measured values of ǫprompt are 0.960±0.007 and 0.942±0.007 for electrons and muons,

respectively, where the quoted uncertainties are statistical only.

7.3 Background smoothing with fits

At high
∑

pT, particularly beyond
∑

pT ≈ 3500GeV, the numbers of events in the simu-

lated background samples are small and consequently have large statistical uncertainties.

To provide a more robust prediction in the signal region, the
∑

pT distributions of each in-

dividual background are fitted to an empirical function that enables the background shape

to be smoothed and extended without being strongly affected by statistical fluctuations.

This method reduces the statistical uncertainty, by using information at lower
∑

pT to

constrain the shape of the distribution, but introduces systematic uncertainties from the

choice of binning and normalisation region, and from the choice of fit function. These are

further discussed in section 8. The fit function used is given by:

F = (1− x)p0 xp1xp2 log(x) , (7.4)

where x =
∑

pT/
√
s, and p0, p1 and p2 are the parameters to be fitted. The overall

normalisation is fixed by a combination of p0, p1 and p2. The function was chosen for

its stable and reliable description of the shape of the distributions over the full range

of
∑

pT. In previous studies [77–79], ATLAS and other experiments have found that

this ansatz provides satisfactory fits to kinematic distributions. The fit range begins at
∑

pT = 700GeV, and ends where the number of simulated events in a given bin is below

five. The start- and end-points of the fit range, as well as the binning, are varied, and the

results are consistent with the nominal fit within the statistical uncertainty. Although the

default fits (shown in figures 4 and 5) are of high quality and stability, there is an uncertainty

associated with the choice of background fit function. To assess this, an alternative function

was chosen that succeeds in describing the distributions at low and intermediate
∑

pT but

has a different shape than the nominal function at high
∑

pT, where the numbers of

simulated events are smaller. This function is given by:

Falt =
p0
x

(1− p1x)
p2 , (7.5)

where x =
∑

pT/
√
s, and p0, p1 and p2 are the parameters to be fitted.

In the bins where the prediction from this alternative function falls outside the nom-

inal fit uncertainty, the difference between the nominal and alternative functions is used

as the fit uncertainty, i.e. an envelope of them is taken and symmetrised, to be conserva-

tive, ensuring that the total fit uncertainty covers alternative functions and the inherent

uncertainty of the fit itself.
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The
∑

pT distributions for each MC-simulated prompt-lepton background are dis-

played in figure 4; the curves shown represent the results of the binned maximum likelihood

fits. The multi-jet background in the electron channel estimated from data is fitted to the

same function, as shown in figure 5. The fit quality is high, with typical χ2/d.o.f. values

between 0.9 and 1.6.

The fitted shapes of the individual backgrounds are combined according to their relative

predicted contributions (as discussed in the preceding sections, computed in a subset of

the sideband region, 1000 <
∑

pT < 1500GeV) to give an overall background template

shape. In order to reduce the systematic uncertainty, this is normalised to data in this

same region by a minimisation of the χ2 difference between the data and the background

template. This results in a normalisation consistent with that determined from the control

regions within the 4% uncertainty resulting from the statistical uncertainty on the data in

these bins. The resulting background estimate gives a smooth and stable prediction at all

values of
∑

pT.

8 Systematic uncertainties

Sources of systematic uncertainty in the background prediction are taken into account.

These are reduced by the normalisation to data in the control regions, making the analysis

insensitive to
∑

pT-independent uncertainties, such as those on the luminosity measure-

ment (this uncertainty is applied to the signal expectation). Uncertainties on the shape of

the
∑

pT distribution, on the other hand, can have an impact on the background prediction.

The uncertainty from the fit to the backgrounds is the dominant systematic uncertainty.

Its impact on the background yield varies from 25% (20%) for the
∑

pT > 2000GeV region,

to 140% (190%) for the
∑

pT > 3200GeV region, for the electron (muon) channel. The

systematic uncertainties resulting from variations of the fit range and alternative choices

for the
∑

pT region used to normalise the background template are found to be negligible.

The experimental uncertainties are small compared to the fit uncertainty in all signal

regions considered. Their impact is assessed by applying each systematic uncertainty to

the background samples, changing both the relative fractions of the backgrounds and their

shapes. This is then propagated to the fits, and a new spectrum is obtained. The dif-

ference between the nominal prediction and the new prediction determines the systematic

uncertainty. The most important experimental systematic uncertainty comes from the jet

energy scale. This is determined using in situ techniques [69], and gives rise to system-

atic uncertainties of 2–10% for the lower
∑

pT signal regions, and no more than 20% for

the highest
∑

pT signal regions. Systematic uncertainties from jet energy resolution and

b-tagging [73, 80] are found to be small (< 5%), even for the highest
∑

pT thresholds con-

sidered, while uncertainties from missing transverse energy, and lepton scale, identification

and resolution are found to be completely negligible. Additional uncertainties arise from

the choice of MC generators (5–10%, comparing the nominal generators for the three main

prompt backgrounds with Alpgen) and limited knowledge about the parton distribution

functions at high
∑

pT (2–10%). The latter includes both the appropriate PDF error set

(CT10 for all major backgrounds) and variations in choice of PDF through comparison
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Figure 4. The
∑

pT distributions and fit curves for (a, b) Z+jets; (c, d) W+jets (+ diboson);

and (e, f) tt̄ (+ single-top) MC-simulated events. Distributions for the electron channel are on the

left while those for the muon channel are on the right. The shaded bands on the fit curves reflect

the total uncertainty on the fit, including the systematic uncertainty discussed in section 7.3. The

length of the black line indicates the
∑

pT range fitted. The lower panels show the ratio of the MC

prediction to the fit, with the statistical uncertainty on the MC prediction (points), and separately,

the fractional uncertainty on the fit (shaded band).
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Figure 5. The
∑

pT distribution and fit curve for the multi-jet background in the electron channel.

The shaded band on the fit curve reflects the total uncertainty on the fit, including the systematic

uncertainty discussed in section 7.3. The length of the black line indicates the
∑

pT range fitted.

The lower panel shows the ratio of the matrix method’s prediction to the fit, with the statistical

uncertainty on the matrix method’s prediction (points), and separately, the fractional uncertainty

on the fit (shaded band).

with MSTW2008nlo. Uncertainties from the choice of hadronisation and factorisation

scales were considered and found to be negligible.

Uncertainties on the signal yields include the detector response uncertainties discussed

above, luminosity and statistical uncertainties. Uncertainties that affect both the back-

ground and the signal are taken to be completely correlated. In addition, a 5% systematic

uncertainty is included on the signal normalisation, corresponding to the maximum ob-

served acceptance difference between MC-simulated samples using full GEANT4 simula-

tion and the fast simulation. The effect of PDF variations on the signal acceptance is found

to be negligible. The theoretical and modelling uncertainties on these states motivate the

choice of benchmark models and are discussed in section 4; limits are set for exactly these

benchmark models.

9 Results and interpretation

The
∑

pT distributions observed from data and predicted from SM processes for the elec-

tron and muon channels in the sideband and signal regions are given in figure 6, with two

representative signal distributions superimposed: rotating black holes with n = 6 and Mth

= 5TeV, one with MD = 2TeV, the other with MD = 3.5TeV.5 The yields in the signal

region for various choices of
∑

pT threshold are shown in table 4. In both channels, the

fraction of the W+jets background, already dominant at lower
∑

pT, increases further for

higher
∑

pT. The W+jets background constitutes 45% (66%) of the background yield

above
∑

pT = 2000GeV in the electron (muon) channel; the contribution from Z+jets is

5These points have cross-sections of 46.3 pb and 12.9 pb, respectively, as calculated by Charybdis.
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Electron Channel Muon Channel

Min.
∑

pT [GeV] Expected Background Data Expected Background Data

2000 44± 12 47 22.8± 5.4 27

2200 19± 7 22 10.1± 3.2 12

2400 8.2± 3.7 5 4.5± 1.9 7

2600 3.5± 2.1 2 2.0± 1.3 2

2800 1.5± 1.2 0 0.89± 0.82 2

3000 0.65+0.69
−0.65 0 0.40+0.53

−0.40 0

3200 0.28+0.40
−0.28 0 0.18+0.34

−0.18 0

Table 4. Expected SM background and observed event yields for the electron and muon channels,

for the signal regions of this search. The quoted uncertainties on the background yields are the

combined statistical and systematic uncertainties.

19% (17%), whereas tt̄ accounts for 15% (17%), with the remainder in the electron channel

being multi-jet events. For both channels, no data events are observed above
∑

pT =

3000GeV, in agreement with the background estimate.

No significant excess is observed beyond the Standard Model expectation for all choices

of
∑

pT threshold: p-values for the background-only hypothesis are in the range 0.2 -

0.5.6 Consequently, limits are set on the fiducial cross-section and on TeV-scale gravity

benchmark models, using the modified frequentist CLs prescription described in ref. [81].

It compares the number of observed events in data with the SM expectation, using the

profile likelihood ratio as test statistic. All systematic uncertainties and their correlations

are taken into account via nuisance parameters.

Limits on the fiducial cross-section σfid
pp→ℓX , defined as that part of the total cross-

section which is within the kinematic limits of the measurement, are calculated at 95% CL.

This requires the determination of a reconstruction efficiency factor, Cpp→ℓX , that converts

the observed signal yield (Nsignal) to the yield in the fiducial region at the generator level:

σfid
pp→ℓX =

Nsignal

L · Cpp→ℓX
, (9.1)

where L is the integrated luminosity used in the analysis.

The fiducial regions at generator level7 for the electron and muon channels are de-

fined from the simulated Charybdis signal events with final states that pass the following

requirements: the leading lepton is a prompt electron or muon8 within the experimental

acceptance, with pT > 100 GeV and separated from jets with pT > 60GeV by ∆R(lepton,

jet) > 0.4; there are at least two additional jets or leptons with pT > 100 GeV present in

6The p-value is truncated at 0.5, since only upward fluctuations of the background are taken into account.
7This includes parton showering and jet clustering, using the anti-kt algorithm with R = 0.4 on stable

particles.
8Electrons and muons originating from τ leptons, heavy gauge bosons or directly from the black hole

are considered to be prompt.
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Figure 6. The
∑

pT distributions in the (a) electron and (b) muon channels. Two representative

signal distributions for rotating black holes with n = 6 are overlaid to illustrate the signal properties.

The lower panels show the ratio of the data to the expected background, with the statistical

uncertainty on data (points), and separately, the fractional total uncertainty on the background

(shaded band).
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Figure 7. Upper limits on the fiducial cross-sections σfid
pp→ℓX for the production of final states with

at least three objects passing a 100GeV pT requirement including at least one lepton, and
∑

pT
above threshold, for all final states with at least one electron or muon. The observed and expected

95% CL limits according to the CLs prescription are shown, as well as the ±1σ bounds on the

expected limit.

the event, and
∑

pT is above the signal region threshold. The requirements are summarised

in table 5. Additionally, given the appropriate Cpp→ℓX , the channels can be combined to

set a limit on σfid
pp→ℓX for anomalous production of final states with a lepton (e or µ). In

this “lepton” channel limit, the expectations of the two channels are summed, with the

uncertainties combined, taking their correlations into account. For the wide range of mod-

els considered (black hole states, string ball states, rotating and non-rotating, low- and

high-multiplicity remnant states, etc.), Cpp→ℓX varies from 47% to 82% (22% to 46%) for

the electron (muon) channel, and 34–64% for the combined case. It is lowest for two extra

dimensions, due to the lower multiplicity of the final state. The fiducial cross-section limits

are given in table 6, where the lowest overall values of Cpp→ℓX within the range of the

model dependence are used (which correspond to n = 2). Figure 7 shows the limits on

σfid
pp→ℓX for the combined channels using this most conservative value of Cpp→ℓX .

Exclusion contours are obtained in the plane of MD and Mth for several benchmark

models. In each of the channels, the signal region above
∑

pT = 2000GeV is divided

into multiple slices, with
∑

pT thresholds increasing in steps of 200 GeV. This allows the

analysis to be sensitive across a wider range of signal models, and values of MD and Mth.

For each point in the MD-Mth plane, the
∑

pT slice that gives the best expected

limit is used.9 The resulting exclusions for the statistical combination of the electron and

muon channels, for benchmark black hole models simulated with Charybdis, for two, four

and six extra dimensions, are shown in figure 8. The exclusions tend to be stronger for

higher n, due to the larger signal cross-sections. They also tend to be stronger for the

non-rotating case than for the rotating case, due to a larger number of Hawking emissions

9The combined exclusions use the same thresholds in the two channels.
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Figure 8. The exclusion limits in the Mth–MD plane, with electron and muon channels combined,

for (a) non-rotating and (b) rotating black hole models in two, four and six extra dimensions,

simulated with Charybdis. The lower panes show limits for (c) rotating black holes with low

multiplicity remnant decays and (d) with production phase losses turned on. The solid (dashed)

lines show the observed (expected) 95% CL limits, with the shaded band illustrating the expected

± 1 σ variation of the n = 6 expected limits. The ±1σ variation is comparable for the n = 2 and

n = 4 models. Masses below the corresponding lines are excluded. The lighter grey lines indicate

constant k = Mth/MD.

(and consequently higher object multiplicity and probability of a leptonic final state). This

is most apparent for low values of Mth/MD, where there are the fewest Hawking emissions

(and where the semiclassical production assumptions are least valid). The lower panes

of figure 8 show the equivalent exclusions for rotating black holes with low-multiplicity

remnant states and with the Charybdis model of production losses. A low multiplicity
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Figure 9. The exclusion limits in the Mth–MS plane, with electron and muon channels combined,

for rotating and non-rotating string ball models with six extra dimensions. The solid (dashed)

lines show the observed (expected) 95% CL limits, with the band illustrating the expected ± 1 σ

variation of the expected limits for the non-rotating case. The ±1σ variation is comparable for the

rotating case. Masses below the corresponding lines are excluded. The lighter grey lines indicate

constant k = Mth/MS.

Object Selection

Object Requirement

Electrons pT > 60GeV, 1.37 < |η| or 1.52 < |η| < 2.47

Muons pT > 60GeV, |η| < 2.4

Jets anti-kt truth jet, R = 0.4

pT > 60GeV, |η| < 2.8

Overlap removal remove jet if ∆R(electron, jet) < 0.2

then, remove lepton if ∆R(lepton, jet) < 0.4

Event Selection

leading lepton pT > 100GeV (flavour defines channel)

number of objects above 100GeV > 2

appropriate
∑

pT threshold

Table 5. Event selection defining the fiducial regions, used in the determination of the reconstruc-

tion efficiency Cpp→ℓX . All selection requirements are at generator level.

remnant state weakens the exclusion reach, due to the reduced number of objects and

leptonic event fraction, whilst the suppressed cross-section of the latter benchmark model

reduces the exclusion by about 0.5TeV for a given value of MD. Exclusion limits for string

ball models with six extra dimensions are shown in figure 9. Again, the exclusion for the

non-rotating case is slightly stronger than for the rotating case.
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Figure 10. The exclusion limits in the Mth–MD plane, with electron and muon channels combined,

for (a) non-rotating and (b) rotating black hole models two, four and six extra dimensions, simulated

with Blackmax. The lower panes show limits for (c) non-rotating black holes with graviton

emission and (d) rotating black holes with production phase losses turned on. The solid (dashed)

lines show the observed (expected) 95% CL limits, with the shaded band illustrating the expected

± 1 σ variations of the n = 6 expected limits. The ±1σ variation is comparable for the n = 2 and

n = 4 models. Masses below the corresponding lines are excluded. The lighter grey lines indicate

constant k = Mth/MD.

The equivalent black hole exclusion contours for Blackmax models are given in fig-

ure 10. The exclusions show the same general features as the ones obtained with the

samples generated by Charybdis. The Blackmax model of production losses does not

result in a reduction of the exclusion reach, due to the emission of photons, rather than

gravitons. Graviton emission in non-rotating black hole models weakens the exclusion
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Figure 11. The exclusion limits in the Mth–MD plane, with electron and muon channels com-

bined, for a rotating black hole models with lepton number conservation or violation in four extra

dimensions. The solid (dashed) lines show the observed (expected) 95% CL limits, with the band

illustrating the expected ± 1 σ variation of the expected limits for the model with lepton number

conservation. The ±1σ variation is comparable for the lepton violating model. The lighter grey

lines indicate constant k = Mth/MD

σfid
pp→ℓX 95% CL Upper Limit [fb]

Min.
∑

pT Observed (Expected)

[GeV] Electron Muon Combined

Channel Channel Channels

2000 3.04
(

2.77+0.94
−0.69

)

4.18
(

3.44+1.16
−0.94

)

5.17
(

4.47+1.57
−1.27

)

2200 1.96
(

1.67+0.61
−0.43

)

2.62
(

2.16+0.90
−0.43

)

3.22
(

2.67+0.99
−0.74

)

2400 0.72
(

0.80+0.33
−0.19

)

2.15
(

1.61+0.61
−0.41

)

1.59
(

1.59+0.60
−0.39

)

2600 0.51
(

0.55+0.21
−0.14

)

1.15
(

1.12+0.38
−0.21

)

0.89
(

0.99+0.36
−0.26

)

2800 0.32
(

0.32+0.13
−0.01

)

1.19
(

0.92+0.33
−0.13

)

0.72
(

0.72+0.28
−0.17

)

3000 0.31
(

0.31+0.01
−0.01

)

0.68
(

0.68+0.01
−<0.01

)

0.43
(

0.44+0.14
−0.01

)

3200 0.31
(

0.31+0.01
−0.01

)

0.67
(

0.67+0.01
−0.01

)

0.43
(

0.43+0.01
−<0.01

)

Table 6. The observed and expected 95% CL upper limits on the fiducial cross-sections (σfid
pp→ℓX)

for the production of final states with at least three objects passing a 100GeV pT requirement,

including at least one isolated lepton, and
∑

pT above threshold. The limits are shown for the

muon and electron channels separately and combined, using the most conservative reconstruction

efficiency. The CLs method is used to obtain the limits.

slightly, as a greater number of decay products carry missing, rather than visible, energy.

Figure 11 shows limits for a rotating black hole model with lepton conservation imposed,

for four extra dimensions. The effect on the excluded region for this model choice is small,

showing that the analysis is not sensitive to this model assumption.
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Angular Mom. Description
Excluded Mth value [TeV] for:

MD = 1.5TeV MD = 4TeV

Non-rotating Black holes: High multiplicity remnant 6.2 5.7

Rotating Black holes: High multiplicity remnant 6.0 5.4

Rotating Black holes: Low multiplicity remnant 6.0 5.2

Rotating Production loss model (gravitons) 5.5 4.8

MS = 1.2TeV MS = 2.5TeV

Non-rotating
String balls

5.7 5.1

Rotating 5.5 4.7

Table 7. Limits for n = 6 for the Charybdis models detailed in section 4.

Angular Mom. Description
Excluded Mth value [TeV] for:

MD = 1.5TeV MD = 4TeV

Non-rotating Black holes: High multiplicity remnant 6.2 5.6

Rotating Black holes: High multiplicity remnant 6.1 5.6

Non-rotating Black holes with graviton 6.2 5.6

Rotating 10% Production loss model (photons) 6.1 5.5

Table 8. Limits for n = 6 for the Blackmax models detailed in section 4.

Tables 7 and 8 summarise the exclusion limits for all models considered in the n = 6

case. For MD = 1.5TeV, threshold masses below 5.5–6.2TeV are excluded at 95% CL,

depending on model assumptions. For MD = 4TeV, threshold masses below 4.8–5.7TeV

are excluded.

10 Summary

A search for microscopic black holes and string ball states in the ATLAS detector at the

LHC using a total proton-proton integrated luminosity of 20.3 fb−1 at
√
s = 8TeV is

presented. The search considers final states with three or more high-pT objects, at least

one of which is required to be an electron or a muon. No deviation from the Standard

Model is observed in either the electron or the muon channel. Consequently, limits are

set on a wide range of black hole and string ball models. For rotating black holes and six

extra dimensions, mass thresholds below 6.0TeV (5.4TeV) are excluded for a fundamental

Planck scale MD of 1.5TeV (4.0TeV). Upper limits, at 95% CL, are also set on the fiducial

cross-sections for new-physics production of high-
∑

pT multi-object final states containing

a high-pT (above 100GeV) lepton within the experimental acceptance. For final states with
∑

pT > 3200GeV a limit of 0.43 fb is set considering both channels combined. The limits

set by this analysis are the strongest published by the ATLAS Collaboration, and consider a

substantially wider range of extra-dimensional models. Together with the limits published

by the CMS Collaboration, they represent the strongest current bounds on these models.
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Slovenia; DST/NRF, South Africa; MINECO, Spain; SRC and Wallenberg Foundation,

Sweden; SER, SNSF and Cantons of Bern and Geneva, Switzerland; NSC, Taiwan; TAEK,

Turkey; STFC, the Royal Society and Leverhulme Trust, United Kingdom; DOE and NSF,

United States of America.

The crucial computing support from all WLCG partners is acknowledged gratefully,

in particular from CERN and the ATLAS Tier-1 facilities at TRIUMF (Canada), NDGF

(Denmark, Norway, Sweden), CC-IN2P3 (France), KIT/GridKA (Germany), INFN-CNAF

(Italy), NL-T1 (Netherlands), PIC (Spain), ASGC (Taiwan), RAL (U.K.) and BNL

(U.S.A.) and in the Tier-2 facilities worldwide.

Open Access. This article is distributed under the terms of the Creative Commons

Attribution License (CC-BY 4.0), which permits any use, distribution and reproduction in

any medium, provided the original author(s) and source are credited.

References

[1] I. Antoniadis, A possible new dimension at a few TeV, Phys. Lett. B 246 (1990) 377

[INSPIRE].

[2] N. Arkani-Hamed, S. Dimopoulos and G.R. Dvali, The hierarchy problem and new

dimensions at a millimeter, Phys. Lett. B 429 (1998) 263 [hep-ph/9803315] [INSPIRE].

[3] 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. B 436 (1998) 257

[hep-ph/9804398] [INSPIRE].

[4] L. Randall and R. Sundrum, A large mass hierarchy from a small extra dimension,

Phys. Rev. Lett. 83 (1999) 3370 [hep-ph/9905221] [INSPIRE].

[5] L. Evans and P. Bryant, LHC machine, 2008 JINST 3 S08001 [INSPIRE].

[6] S.B. Giddings and S.D. Thomas, High-energy colliders as black hole factories: the end of

short distance physics, Phys. Rev. D 65 (2002) 056010 [hep-ph/0106219] [INSPIRE].

– 26 –

http://creativecommons.org/licenses/by/4.0/
http://dx.doi.org/10.1016/0370-2693(90)90617-F
http://inspirehep.net/search?p=find+J+Phys.Lett.,B246,377
http://dx.doi.org/10.1016/S0370-2693(98)00466-3
http://arxiv.org/abs/hep-ph/9803315
http://inspirehep.net/search?p=find+EPRINT+hep-ph/9803315
http://dx.doi.org/10.1016/S0370-2693(98)00860-0
http://arxiv.org/abs/hep-ph/9804398
http://inspirehep.net/search?p=find+EPRINT+hep-ph/9804398
http://dx.doi.org/10.1103/PhysRevLett.83.3370
http://arxiv.org/abs/hep-ph/9905221
http://inspirehep.net/search?p=find+EPRINT+hep-ph/9905221
http://dx.doi.org/10.1088/1748-0221/3/08/S08001
http://inspirehep.net/search?p=find+J+JINST,3,S08001
http://dx.doi.org/10.1103/PhysRevD.65.056010
http://arxiv.org/abs/hep-ph/0106219
http://inspirehep.net/search?p=find+EPRINT+hep-ph/0106219


J
H
E
P
0
8
(
2
0
1
4
)
1
0
3

[7] S. Dimopoulos and G.L. Landsberg, Black holes at the LHC,

Phys. Rev. Lett. 87 (2001) 161602 [hep-ph/0106295] [INSPIRE].

[8] Particle Data Group collaboration, J. Beringer et al., Review of particle physics,

Phys. Rev. D 86 (2012) 010001 [INSPIRE].

[9] U. Sperhake, E. Berti and V. Cardoso, Numerical simulations of black-hole binaries and

gravitational wave emission, Comptes Rendus Physique 14 (2013) 306 [arXiv:1107.2819]

[INSPIRE].

[10] K. Schwarzschild, On the gravitational field of a mass point according to Einstein’s theory,

Sitzungsber. Preuss. Akad. Wiss. Berlin (Math. Phys. ) 1916 (1916) 189 [physics/9905030]

[INSPIRE].

[11] R.C. Myers and M.J. Perry, Black holes in higher dimensional space-times,

Annals Phys. 172 (1986) 304 [INSPIRE].

[12] S.W. Hawking, Particle creation by black holes, Commun. Math. Phys. 43 (1975) 199.

[13] R. Emparan, G.T. Horowitz and R.C. Myers, Black holes radiate mainly on the brane,

Phys. Rev. Lett. 85 (2000) 499 [hep-th/0003118] [INSPIRE].

[14] V. Cardoso, M. Cavaglia and L. Gualtieri, Hawking emission of gravitons in higher

dimensions: non-rotating black holes, JHEP 02 (2006) 021 [hep-th/0512116] [INSPIRE].

[15] D. Ida, K.-y. Oda and S.C. Park, Rotating black holes at future colliders: greybody factors for

brane fields, Phys. Rev. D 67 (2003) 064025 [Erratum ibid. D 69 (2004) 049901]

[hep-th/0212108] [INSPIRE].

[16] D. Ida, K.-y. Oda and S.C. Park, Rotating black holes at future colliders. II. Anisotropic

scalar field emission, Phys. Rev. D 71 (2005) 124039 [hep-th/0503052] [INSPIRE].

[17] D. Ida, K.-y. Oda and S.C. Park, Rotating black holes at future colliders. III. Determination

of black hole evolution, Phys. Rev. D 73 (2006) 124022 [hep-th/0602188] [INSPIRE].

[18] G. Duffy, C. Harris, P. Kanti and E. Winstanley, Brane decay of a (4 + n)-dimensional

rotating black hole: spin-0 particles, JHEP 09 (2005) 049 [hep-th/0507274] [INSPIRE].

[19] M. Casals, P. Kanti and E. Winstanley, Brane decay of a (4 + n)-dimensional rotating black

hole. II. Spin-1 particles, JHEP 02 (2006) 051 [hep-th/0511163] [INSPIRE].

[20] M. Casals, S.R. Dolan, P. Kanti and E. Winstanley, Brane decay of a (4 + n)-dimensional

rotating black hole. III. Spin-1/2 particles, JHEP 03 (2007) 019 [hep-th/0608193] [INSPIRE].

[21] S. Dimopoulos and R. Emparan, String balls at the LHC and beyond,

Phys. Lett. B 526 (2002) 393 [hep-ph/0108060] [INSPIRE].

[22] D.M. Gingrich and K. Martell, Study of highly-excited string states at the Large Hadron

Collider, Phys. Rev. D 78 (2008) 115009 [arXiv:0808.2512] [INSPIRE].

[23] T. Damour and G. Veneziano, Selfgravitating fundamental strings and black holes,

Nucl. Phys. B 568 (2000) 93 [hep-th/9907030] [INSPIRE].

[24] ATLAS collaboration, Search for TeV-scale gravity signatures in final states with leptons

and jets with the ATLAS detector at
√
s = 7TeV, Phys. Lett. B 716 (2012) 122

[arXiv:1204.4646] [INSPIRE].

[25] ATLAS collaboration, Search for microscopic black holes in a like-sign dimuon final state

using large track multiplicity with the ATLAS detector, Phys. Rev. D 88 (2013) 072001

[arXiv:1308.4075] [INSPIRE].

– 27 –

http://dx.doi.org/10.1103/PhysRevLett.87.161602
http://arxiv.org/abs/hep-ph/0106295
http://inspirehep.net/search?p=find+EPRINT+hep-ph/0106295
http://dx.doi.org/10.1103/PhysRevD.86.010001
http://inspirehep.net/search?p=find+J+Phys.Rev.,D86,010001
http://dx.doi.org/10.1016/j.crhy.2013.01.004
http://arxiv.org/abs/1107.2819
http://inspirehep.net/search?p=find+EPRINT+arXiv:1107.2819
http://arxiv.org/abs/physics/9905030
http://inspirehep.net/search?p=find+EPRINT+physics/9905030
http://dx.doi.org/10.1016/0003-4916(86)90186-7
http://inspirehep.net/search?p=find+J+AnnalsPhys.,172,304
http://projecteuclid.org/euclid.cmp/1103899181
http://dx.doi.org/10.1103/PhysRevLett.85.499
http://arxiv.org/abs/hep-th/0003118
http://inspirehep.net/search?p=find+EPRINT+hep-th/0003118
http://dx.doi.org/10.1088/1126-6708/2006/02/021
http://arxiv.org/abs/hep-th/0512116
http://inspirehep.net/search?p=find+EPRINT+hep-th/0512116
http://dx.doi.org/10.1103/PhysRevD.67.064025
http://arxiv.org/abs/hep-th/0212108
http://inspirehep.net/search?p=find+EPRINT+hep-th/0212108
http://dx.doi.org/10.1103/PhysRevD.71.124039
http://arxiv.org/abs/hep-th/0503052
http://inspirehep.net/search?p=find+EPRINT+hep-th/0503052
http://dx.doi.org/10.1103/PhysRevD.73.124022
http://arxiv.org/abs/hep-th/0602188
http://inspirehep.net/search?p=find+EPRINT+hep-th/0602188
http://dx.doi.org/10.1088/1126-6708/2005/09/049
http://arxiv.org/abs/hep-th/0507274
http://inspirehep.net/search?p=find+EPRINT+hep-th/0507274
http://dx.doi.org/10.1088/1126-6708/2006/02/051
http://arxiv.org/abs/hep-th/0511163
http://inspirehep.net/search?p=find+EPRINT+hep-th/0511163
http://dx.doi.org/10.1088/1126-6708/2007/03/019
http://arxiv.org/abs/hep-th/0608193
http://inspirehep.net/search?p=find+EPRINT+hep-th/0608193
http://dx.doi.org/10.1016/S0370-2693(01)01525-8
http://arxiv.org/abs/hep-ph/0108060
http://inspirehep.net/search?p=find+EPRINT+hep-ph/0108060
http://dx.doi.org/10.1103/PhysRevD.78.115009
http://arxiv.org/abs/0808.2512
http://inspirehep.net/search?p=find+EPRINT+arXiv:0808.2512
http://dx.doi.org/10.1016/S0550-3213(99)00596-9
http://arxiv.org/abs/hep-th/9907030
http://inspirehep.net/search?p=find+EPRINT+hep-th/9907030
http://dx.doi.org/10.1016/j.physletb.2012.08.009
http://arxiv.org/abs/1204.4646
http://inspirehep.net/search?p=find+EPRINT+arXiv:1204.4646
http://dx.doi.org/10.1103/PhysRevD.88.072001
http://arxiv.org/abs/1308.4075
http://inspirehep.net/search?p=find+EPRINT+arXiv:1308.4075


J
H
E
P
0
8
(
2
0
1
4
)
1
0
3

[26] CMS collaboration, Search for microscopic black holes in pp collisions at
√
s = 8TeV,

JHEP 07 (2013) 178 [arXiv:1303.5338] [INSPIRE].

[27] CMS collaboration, Search for narrow resonances and quantum black holes in inclusive and

b-tagged dijet mass spectra from pp collisions at
√
s = 7 TeV, JHEP 01 (2013) 013

[arXiv:1210.2387] [INSPIRE].

[28] ATLAS collaboration, Search for new phenomena in photon+jet events collected in

proton-proton collisions at
√
s = 8TeV with the ATLAS detector,

Phys. Lett. B 728 (2014) 562 [arXiv:1309.3230] [INSPIRE].

[29] ATLAS collaboration, Search for quantum black-hole production in high-invariant-mass

lepton+jet final states using proton-proton collisions at
√
s = 8 TeV and the ATLAS

detector, Phys. Rev. Lett. 112 (2014) 091804 [arXiv:1311.2006] [INSPIRE].

[30] ATLAS collaboration, The ATLAS experiment at the CERN Large Hadron Collider,

2008 JINST 3 S08003 [INSPIRE].

[31] ATLAS collaboration, Improved luminosity determination in pp collisions at
√
s = 7TeV

using the ATLAS detector at the LHC, Eur. Phys. J. C 73 (2013) 2518 [arXiv:1302.4393]

[INSPIRE].

[32] ATLAS collaboration, The ATLAS simulation infrastructure,

Eur. Phys. J. C 70 (2010) 823 [arXiv:1005.4568] [INSPIRE].

[33] GEANT4 collaboration, S. Agostinelli et al., GEANT4: a simulation toolkit,

Nucl. Instrum. Meth. A 506 (2003) 250 [INSPIRE].

[34] T. Gleisberg et al., SHERPA 1.alpha: a proof of concept version, JHEP 02 (2004) 056

[hep-ph/0311263] [INSPIRE].

[35] H.-L. Lai et al., New parton distributions for collider physics,

Phys. Rev. D 82 (2010) 074024 [arXiv:1007.2241] [INSPIRE].

[36] M.L. Mangano, M. Moretti, F. Piccinini, R. Pittau and A.D. Polosa, ALPGEN, a generator

for hard multiparton processes in hadronic collisions, JHEP 07 (2003) 001 [hep-ph/0206293]

[INSPIRE].

[37] J. Pumplin et al., New generation of parton distributions with uncertainties from global QCD

analysis, JHEP 07 (2002) 012 [hep-ph/0201195] [INSPIRE].
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R. Bartoldus144, A.E. Barton71, P. Bartos145a, V. Bartsch150, A. Bassalat116, A. Basye166,
R.L. Bates53, L. Batkova145a, J.R. Batley28, M. Battaglia138, M. Battistin30, F. Bauer137,
H.S. Bawa144,e, T. Beau79, P.H. Beauchemin162, R. Beccherle123a,123b, P. Bechtle21, H.P. Beck17,
K. Becker176, S. Becker99, M. Beckingham139, C. Becot116, A.J. Beddall19c, A. Beddall19c,
S. Bedikian177, V.A. Bednyakov64, C.P. Bee149, L.J. Beemster106, T.A. Beermann176, M. Begel25,
K. Behr119, C. Belanger-Champagne86, P.J. Bell49, W.H. Bell49, G. Bella154, L. Bellagamba20a,
A. Bellerive29, M. Bellomo85, K. Belotskiy97, O. Beltramello30, O. Benary154,
D. Benchekroun136a, K. Bendtz147a,147b, N. Benekos166, Y. Benhammou154, E. Benhar Noccioli49,
J.A. Benitez Garcia160b, D.P. Benjamin45, J.R. Bensinger23, K. Benslama131, S. Bentvelsen106,
D. Berge106, E. Bergeaas Kuutmann16, N. Berger5, F. Berghaus170, E. Berglund106, J. Beringer15,
C. Bernard22, P. Bernat77, C. Bernius78, F.U. Bernlochner170, T. Berry76, P. Berta128,
C. Bertella84, G. Bertoli147a,147b, F. Bertolucci123a,123b, D. Bertsche112, M.I. Besana90a,
G.J. Besjes105, O. Bessidskaia147a,147b, M.F. Bessner42, N. Besson137, C. Betancourt48,
S. Bethke100, W. Bhimji46, R.M. Bianchi124, L. Bianchini23, M. Bianco30, O. Biebel99,
S.P. Bieniek77, K. Bierwagen54, J. Biesiada15, M. Biglietti135a, J. Bilbao De Mendizabal49,
H. Bilokon47, M. Bindi54, S. Binet116, A. Bingul19c, C. Bini133a,133b, C.W. Black151, J.E. Black144,
K.M. Black22, D. Blackburn139, R.E. Blair6, J.-B. Blanchard137, T. Blazek145a, I. Bloch42,
C. Blocker23, W. Blum82,∗, U. Blumenschein54, G.J. Bobbink106, V.S. Bobrovnikov108,
S.S. Bocchetta80, A. Bocci45, C. Bock99, C.R. Boddy119, M. Boehler48, J. Boek176, T.T. Boek176,
J.A. Bogaerts30, A.G. Bogdanchikov108, A. Bogouch91,∗, C. Bohm147a, J. Bohm126, V. Boisvert76,
T. Bold38a, V. Boldea26a, A.S. Boldyrev98, M. Bomben79, M. Bona75, M. Boonekamp137,
A. Borisov129, G. Borissov71, M. Borri83, S. Borroni42, J. Bortfeldt99, V. Bortolotto135a,135b,
K. Bos106, D. Boscherini20a, M. Bosman12, H. Boterenbrood106, J. Boudreau124, J. Bouffard2,

– 32 –



J
H
E
P
0
8
(
2
0
1
4
)
1
0
3

E.V. Bouhova-Thacker71, D. Boumediene34, C. Bourdarios116, N. Bousson113, S. Boutouil136d,
A. Boveia31, J. Boyd30, I.R. Boyko64, I. Bozovic-Jelisavcic13b, J. Bracinik18, A. Brandt8,
G. Brandt15, O. Brandt58a, U. Bratzler157, B. Brau85, J.E. Brau115, H.M. Braun176,∗,
S.F. Brazzale165a,165c, B. Brelier159, K. Brendlinger121, A.J. Brennan87, R. Brenner167,
S. Bressler173, K. Bristow146c, T.M. Bristow46, D. Britton53, F.M. Brochu28, I. Brock21,
R. Brock89, C. Bromberg89, J. Bronner100, G. Brooijmans35, T. Brooks76, W.K. Brooks32b,
J. Brosamer15, E. Brost115, G. Brown83, J. Brown55, P.A. Bruckman de Renstrom39,
D. Bruncko145b, R. Bruneliere48, S. Brunet60, A. Bruni20a, G. Bruni20a, M. Bruschi20a,
L. Bryngemark80, T. Buanes14, Q. Buat143, F. Bucci49, P. Buchholz142, R.M. Buckingham119,
A.G. Buckley53, S.I. Buda26a, I.A. Budagov64, F. Buehrer48, L. Bugge118, M.K. Bugge118,
O. Bulekov97, A.C. Bundock73, H. Burckhart30, S. Burdin73, B. Burghgrave107, S. Burke130,
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R. Mandrysch62, J. Maneira125a,125b, A. Manfredini100, L. Manhaes de Andrade Filho24b,
J.A. Manjarres Ramos160b, A. Mann99, P.M. Manning138, A. Manousakis-Katsikakis9,
B. Mansoulie137, R. Mantifel86, L. Mapelli30, L. March168, J.F. Marchand29, G. Marchiori79,
M. Marcisovsky126, C.P. Marino170, M. Marjanovic13a, C.N. Marques125a, F. Marroquim24a,
S.P. Marsden83, Z. Marshall15, L.F. Marti17, S. Marti-Garcia168, B. Martin30, B. Martin89,
T.A. Martin171, V.J. Martin46, B. Martin dit Latour14, H. Martinez137, M. Martinez12,m,
S. Martin-Haugh130, A.C. Martyniuk77, M. Marx139, F. Marzano133a, A. Marzin30, L. Masetti82,
T. Mashimo156, R. Mashinistov95, J. Masik83, A.L. Maslennikov108, I. Massa20a,20b, N. Massol5,
P. Mastrandrea149, A. Mastroberardino37a,37b, T. Masubuchi156, T. Matsushita66, P. Mättig176,
J. Mattmann82, J. Maurer26a, S.J. Maxfield73, D.A. Maximov108,r, R. Mazini152,
L. Mazzaferro134a,134b, G. Mc Goldrick159, S.P. Mc Kee88, A. McCarn88, R.L. McCarthy149,
T.G. McCarthy29, N.A. McCubbin130, K.W. McFarlane56,∗, J.A. Mcfayden77, G. Mchedlidze54,
S.J. McMahon130, R.A. McPherson170,h, A. Meade85, J. Mechnich106, M. Medinnis42,
S. Meehan31, S. Mehlhase36, A. Mehta73, K. Meier58a, C. Meineck99, B. Meirose80,
C. Melachrinos31, B.R. Mellado Garcia146c, F. Meloni17, A. Mengarelli20a,20b, S. Menke100,
E. Meoni162, K.M. Mercurio57, S. Mergelmeyer21, N. Meric137, P. Mermod49, L. Merola103a,103b,
C. Meroni90a, F.S. Merritt31, H. Merritt110, A. Messina30,x, J. Metcalfe25, A.S. Mete164,
C. Meyer82, C. Meyer31, J-P. Meyer137, J. Meyer30, R.P. Middleton130, S. Migas73, L. Mijović21,
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50 (a) INFN Sezione di Genova; (b) Dipartimento di Fisica, Università di Genova, Genova, Italy
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Italy
73 Oliver Lodge Laboratory, University of Liverpool, Liverpool, United Kingdom
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