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Abstract

The production of high transverse momentum events comi@inharged leptons and
jets has been measured, using 1.04' fbf data recorded by the ATLAS detector in 2011
at v/s = 7 TeV. No excess beyond Standard Model expectations is wakeand upper
limits on dfective cross sections are set. Using models for string Ioalkdack hole pro-
duction and decay, exclusion contours are determined ascidn of mass threshold and
the fundamental gravity scale.



1 Introduction

Low-scale gravity models allow the existence of non-pddtive gravitational states such as black holes
and, within the context of weakly-coupled string theoryingf balls. Were such a new physics scale to be
in the TeV range, the exploration of these states would k&ilfnat the Large Hadron Collider (LHC).

Models proposing extra spatial dimensions can providetienis to the hierarchy problem in which
the gravitational field propagates into the { 4) dimensions, whera is the number of extra spatial
dimensions, whilst Standard Model (SM) fields are consg@ito lie in our (3+ 1)-dimensional brane.
Consequently, the observed gravitational field is weakeviddrespect to the fundamental gravitational
field strength. The resulting Planck scale im+ 4) dimensionsMp, is greatly diminished compared
to the 4-dimensional analogu®&)p;, and should be near the other fundamental scale, the elexiko
scale, as a solution to the hierarchy problem. Two partituliateresting extra-dimension scenarios,
which could provide similar TeV-scale gravitational irdetion signatures at the LHC, are the “warped”
models [1] and the large, compactified extra dimensionaletsof?, 3]. In the original warped scenario,
there is a single warped extra dimensian=£ 1) which separates two 3-dimensional branes by some
distance. Gravitons can propagate in this warped dimersmhthe &ective Planck scale on the 3-
dimensional brane where the Standard Model fields residetermiined by the curvature of the extra
dimension, also referred to as the warp factor. In the laxge@imension scenario, there are a number
n > 1 of additional flat extra dimensions, alMb is determined by the volume and shape of the extra
dimensions. Within the context of this model, experimefdaler limits on the value oMp have been
obtained from experiments at LEP [4] and the Tevatron [5aSjwell as at ATLAS [7] and CMS [8], by
searching for production of the heavy Kaluza-Klein gravi@ssociated with the extra dimensions. The
most stringent limits [7] come from the LHC analyses thatdedor non-interacting gravitons recoiling
against a single jet (monojet and large missing transvansegg), and range frolMp > 2.0 TeV, for
n=6,toMp > 3.2 TeV, forn = 2. Due to the greatly enhanced strength of gravitationarautions
at short distances, or high energies, the formation of rentupbative gravitational states such as black
holes or string balls at the LHC is another signature of edinaensional models.

Although inspired by string theory, the large extra dimensil paradigm is not based on it. However,
embedding large extra dimensions into weakly-coupledgttheory could provide an understanding
of the strong-gravity regime and the picture of the evolutad a black hole at the last stages of evap-
oration [9, 10]. In this picture, black holes end their Hamgievaporation when their mass reaches a
critical massMs. At this point they transform into high-entropy string gsit- string balls — without ever
reaching the singular zero-mass limit.

Both the large extra dimension and warped models of blacksh@nd string balls) assume classical
general relativity for their production and semi-clastldawking evaporation for the decays, resulting in
final states distinguished by a high multiplicity of higk-particles. Black hole production at a particle
collider is assumed to occur with a continuous mass digtdbuanging from a mass thresholiity,
somewhere abowelp, up to the proton-proton collision energy/s. Semi-classical approximations used
in the modelling are valid only well abovd, motivating the use of a minimal threshdidry to remove
contributions where the modelling is not reliable. The peaenass valueMty > Mp), above which the
production of such high multiplicity states is feasible icartain. A conservative interpretation [11, 12]
is that Mty > 3Ms for string balls andMty > 5Mp for black holes, wheréVis is the string scale in
weakly-coupled string theory. Theoretical predictions itack hole production cross sections usually
assume that all incoming parton centre-of-mass energydSdnem black hole, which forms when half the



impact parameter of the colliding partons is less than tigbdtmdimensional radius for a black hole of
mass equal to this energy [13].

Thermal radiation is thought to be emitted by black holestduguantum #&ects [14]. A black hole of
given mass and angular momentum riiextra dimensions) is characterised by a Hawking tempezatur
which is higher for a lighter, or more strongly rotating, ¢kahole. Grey-body factors modify the spec-
trum of emitted particles from that of a perfect thermal Blaody [15], by quantifying the transmission
probability through the curved space-time outside thezwori All Standard Model particles are emitted,
with relative emissivities that are dependent upon themiper of degrees of freedom, spimand the
properties of the black hole. Baryon and lepton number ddaeé to be conserved in black hole decay.

If black hole or string ball states are produced at the LHG ttheey will decay to final states with a
relatively high multiplicity of highpt particles, most commonly jets. Though generally high, tkecce
multiplicity spectrum is rather model dependent: for exéamthe inclusion of black hole rotation leads
to a rather lower multiplicity of higher energy emission8]10ne of the few relatively robust predictions
of these models is the expectation that particles are pemtlapproximately according to the Standard
Model degrees of freedom and are nffeated by the strengths of the forces described by the Standar
Model. This is the “democratic” or “universal” coupling ofayity. Hence, these models predict the
existence of at least one high-leptort in a significant fraction{ 15— 50 %) of final states for black
holes or string balls wittMp andMty values in the range accessible to LHC experiments and reaajr
excluded. The largest theoretical uncertainties in theetiog) of these states are the limited knowledge
of gravitational radiation and the resultant cross sedfiaring the formation phase, and the uncertainties
of the decay process as the black hole mass approach#&4sthighe treatment of the remnant state).

Searches for these states have previously been performewdstigating final states with multiple
high-pt objects [17, 18, 19], higlpr jets only [20], and in dimuon events [21]. This analysis skas
for an excess of multi-object events produced at Bighy, defined as the sum @k of the reconstructed
objects considered in this note (hadronic jets, electrasnauons). Only events containing at least one
isolated electron or muon are selected. While jets shouidimiate the decays of black hofeshe rate
for lepton production is anticipated to be sizable, as nateal/e, and the requirement of a highlepton
significantly reduces the dominant QCD multi-jet backgmbusf which our knowledge of the production
at LHC energies is limited, whilst maintaining a higfiieiency for black hole events.

The method presented here is not sensitive to two-body fiaws If the process is such that a black
hole decays to only two bodies, as in so-called quantum biatk states [22] (characterised as having
masses ned¥lp, the mass scale of quantum gravity), a dedicated two-baalgkeas the best way to rule
out this scenario [23]. Therefore this search considers $iisdes with three or more objects, including
electrons, muons, and jets amongst the selected objects.

2 The ATLAS Detector

The ATLAS detector [24] is a multipurpose particle physipparatus with a forward-backward symmet-
ric cylindrical geometry and nearlyrcoverage in solid angfe The layout of the detector is dominated

Throughout this note “lepton” denotes electrons and muaohg o

2In this note, when referring to black holes, we are also rafgrto string balls, unless otherwise stated.

SATLAS uses a right-handed coordinate system with its oragithe nominal interaction point in the centre of the detecto
and thez-axis along the beam pipe. Cylindrical coordinate®) are used in the transverse plapeéheing the azimuthal angle
around the beam pipe. The pseudorapigitg defined in terms of the polar angldy = — Intan@/2).



by four superconducting magnet systems, which comprisenastiienoid surrounding inner tracking
detectors and three large toroids supporting a large mwmkdr. The inner detector consists of a sil-
icon pixel detector, a silicon microstrip detector (SCTHamntransition radiation tracker (TRT). In the
pseudorapidity regiotyy| < 3.2, high-granularity liquid-argon (LAr) electromagnetiENl) sampling
calorimeters are used. An iron-scintillator tile caloriereprovides hadronic coverage ovgr < 1.7.
The end-cap and forward regions, spannitlg ¥ |7 < 4.9, are instrumented with LAr calorimetry
for both EM and hadronic measurements. The muon spectrorsetmunds these, and comprises a
system of precision tracking chambers, and detectorsifiydring.

3 Trigger and Data Selection

The data used in this analysis were recorded between MactBudy 2011, with the LHC operating at a
centre-of-mass energy of 7 TeV. Application of detectoaeatality requirements gives a total integrated
luminosity of 1.04 fbl, with an uncertainty of 3% [25].

Events are required to pass either a single electron or éesingon trigger, for the electron and muon
channels respectively. Tha thresholds of these triggers are 20 GeV and 18 GeV for thdéreteand
muon triggers respectively. The triggeffieiency turn-on curves reach the plateau region for elestron
and muons at transverse momenta values substantially hkeéowminimum threshold used in this anal-
ysis of 40 GeV, with typical trigger fiaciencies for leptons selected foffilme analysis of: 96% for
electrons [26], 75% for muons witly| < 1.05 and 88% for muons with.@5 < || < 2.0 [27]. To
assure good data quality, only runs for which all ATLAS suledeors are preforming well are used.

4 Monte Carlo Samples

Monte Carlo (MC) simulated event samples are used to dewahopvalidate the analysis procedure,
to help estimate the SM backgrounds in the signal region andvestigate specific signal models.
Samples of QCD jet events are generated Ritbhia [28], using theMRST2007L0* modified leading-
order parton distribution functions (PDF) [29], which arged with all leading-order (LO) Monte Carlo
generators. Production of top quark pairs is simulated W@@BNLO [30] (with a top quark mass of
1725 GeV) and the next-to-leading order (NLO) PDF §8EQ6.6 [31], which is used with all NLO
MC generators. Samples @f and Zy* Monte Carlo events with accompanying jets are produced with
Alpgen [32], using theCTEQ6L1 PDFs [33], and events generated wilierpa [34] are used to assess
the systematic uncertainty associated with choice of MGegaor. Diboson\WW, WZ, ZZ) production

is simulated withHerwig [35] and single top-quark production wiC@NLO [30]. Fragmentation and
hadronisation for thaalpgen andMC@NLO samples are performed witlerwig, using Jimmy [36] for
the underlying event. All MC samples are produced using aiip@ATLAS parameter tune [37] and the
ATLAS full GEANT4 [38] detector simulation [39].

Signal samples are generated with@harybdis [16] andBlackmax [40, 41] generators. The shower
evolution and hadronisation usBgthia, with the CTEQ6.6 PDF sets using the black hole mass as the
QCD scale. No radiation losses in the formation phase areetigod TheCharybdis samples are
generated with both low and high multiplicity remnants, lshihe Blackmax samples use the final
burst remnant model, which gives high multiplicity remnatates [40]. Samples are generated for both
rotating and non-rotating black holes for six extra dimensi Focus is placed on models with six extra
dimensions due to the less stringent limits Mg. String ball samples are produced witharybdis
for both rotating and non-rotating cases, for six extra digiens, and a string couplings, of 0.4. Two



Charybdis samples with six extra dimensions are used to guide the sinayd illustrate the potential
signal properties: a non-rotating black hole sample wWithy = 4.0 TeV andMp = 0.8 TeV, and a
rotating stringball sample with a 3 TeV threshold avid = 1.0 TeV.

A set of benchmark samples are produced, for rotating blat&shand for rotating and non-rotating
string balls (usingCharybdis with a high multiplicity remnant state), witMp ranging between .8
and 25 TeV, andMty varying from 2 TeV to 5 TeV. Two rotating black hole samplessate generated,
with Hawking evaporation phases terminated etting remnant models: one with a high multiplicity
remnant state, generated usBigackmax and another using a low multiplicity (two-body) remnantesta
produced usingharybdis. These samples are used in setting exclusion contours Mgh#& 4 plane.

5 Object Reconstruction

Electrons are reconstructed from clusters in the electgmatic calorimeter matched to a track in the
inner detector [42]. A set of electron identification critebased on the calorimeter shower shape and
track quality and track matching with the calorimeter obusire described in Ref. [42] and are referred
to as ‘loose’, ‘medium’ and ‘tight’. Preselected electr@re required to haver > 40 GeV, || < 2.47

and to pass the ‘medium’ electron definition. Electron cdatis are required to be isolated: the sum
of the transverse energy deposited within a conaRf< 0.2 around the electron candidate (excluding
the electron candidate itself, and corrected for trangver®wer leakage and pile-up from additioppl
collisions) is required to be less than 10% of the elecpgnElectrons with a distance to the closest jet
of 0.2 < AR < 0.4 are discarded, wher®R = +/(An)? + (A¢)2. For electrons in the signal region, the
quality criterion is raised to ‘tight’.

Preselected muons are the result of a combined track in thom mpectrometer and in the inner de-
tector. Muons are required to haye > 40 GeV. Muon candidates are required to have an associated
inner detector track with ghicient hits in the pixel, SCT and TRT detectors to ensure a goedsure-
ment. Additional requirements are made on the muon systesiirhdrder to guarantee the best possible
resolution at highpr: muon candidates must have hits in at least three preciaiggrs and no hits in
detector regions with limited alignment precision. Thesguirements fectively restrict the muon ac-
ceptance to the barrel regioty|(< 1.0) and a portion of the end-cap region31< |7 < 2.0) [43].
Muons with a distance to the closest jetAR < 0.4 are discarded. In order to reject muons resulting
from cosmic rays, tight cuts are applied to the origin of theoms relative to the primary vertex (PV)
(120l = 1z, = zpvl < 1 mm and|do| < 0.2 mm, wherezg anddy are the impact parameters of each muon
in the longitudinal and transverse planes, respectivdi§filons must be isolated: ther sum of tracks
within a cone ofAR < 0.3 around the muon candidate (excluding the muon candidzeH)its required
to be less than 5% of the mugn.

Jets are reconstructed using the dqtiet clustering algorithm [44] with a radius parameter o4.0
The inputs to the jet algorithm are clusters seeded fromricaéter cells with energy deposits signifi-
cantly above the measured noise [45]. Jets are correcteaffémts from calorimeter non-compensation
and inhomogeneities through the usepgt andn-dependent calibration factors based on Monte Carlo
corrections validated with test-beam and collision dat].[4This calibration corresponds to the scale
that would be obtained applying the jet algorithm to stalalgiples at the primary collision vertex. Pre-
selected jets are required to hgee > 40 GeV andn| < 2.8. Events with jets failing jet quality criteria
against noise and non-collision backgrounds [47] are tefec Jets within a distanc&R < 0.2 of a
preselected electron are also rejected.



The missing transverse momentdﬂﬁ‘iSS in this analysis is the opposite of the vectora sum of
reconstructed objects in the event, comprising jets with- 20 GeV, leptons selected according to the
description above, any additional identified non-isolatagbns, and calorimeter clusters not belonging
to any of the aforementioned object typeE.’F‘iSS is not considered as an object in this analysis, nor
included in} pr, primarily due to the large uncertainties on its modellingthe Monte Carlo signal
event generators, and is used solely in the definitions abmsgor background estimation.

Photons and hadronically-decaying tau leptons are nofakplidentified in this analysis, and are
reconstructed as jets.

6 Event Selection

Events are required to have a reconstructed primary vedsaciated with at least five tracks. During
the data-taking period considered, an electronic failarthe LAr barrel calorimeter resulted in a small
“dead"” region, in which up to 30% of the incident jet energyyrba lost. Should any of the four leading
jets withpr > 40 GeV fall into this region, the event is vetoed. This is apto all data and Monte Carlo
events, and results in a loss of signfil@ency of~ 15— 20% for the models considered. Additionally,
electrons incident on this region are removed. Selectedtgwmntain at least one high- (> 40 GeV)
isolated lepton. Two statistically independent samplesdafined by separating events for which the
leading lepton (that of highegtr) is an electron (muon) into agectron (muon) channel sample. The
corresponding single lepton trigger is required to havedfire

High multiplicity final states of interest can be separatfdatively from Standard Model background

events using the quantity:
Dpr= > pri. (1)

i=objects

which is the scalar sum of the transverse momenta of seléicigidstate reconstructed objects (leptons
and jets), described in Section 5. The signal, containintiphel high-pt objects, manifests itself at high

2 pr.

Preselection requirements are used to select a sample misewéh similar kinematics and compo-
sition to the signal regions for this search. Events areireduo have at least three objects passing the
40 GeV pr threshold and have a modergiepr > 300 GeV. Additionally, the electron channel requires
an electron to pass the ‘tight’ selection. Control regioBf), used to evaluate the backgrounds using
data-driven methods, consider subsets of events pas&sg fiteselection requirements. Figure 1 shows
the transverse momentum of the leading lepton after eversefgction requirements for electron and
muon channels, where the background distributions have beenalised to be in agreement with data
in selected control regions, as described in Section 7.

For the signal region (SR), thg pr and objectpr cuts are raised further. Events are required to
contain at least three reconstructed objects with> 100 GeV, at least one of which must be a lepton.
These events are required to have a mininjgmpy of 700 GeV. To determine limits on théective cross
section, this threshold is varied between 700 and 1500 Gemadking exclusion contours in thdp-
Mty plane, using the benchmark models described in Sectionifigke signal region is used, defined
by a, pr > 1500 GeV requirement.
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Figure 1: Transverse momentum of the highest momentum demfier preselection. The Monte
Carlo distributions are rescaled to be in agreement with daselected control regions, as described
in Section 7. The yellow band indicates the uncertainty anekpectation from finite statistics, jet
and lepton energy scales and resolutions. Two representsitinal distributions are overlaid for com-
parison purposes. The signal labelled “Black ®lole” is a natating black hole sample with = 6,

Mp = 0.8 TeV andMrty = 4 TeV. The signal labelled “Stringball” is a rotating stribgll sample with
n=6 Mp =126 TeV,Ms = 1 TeV andMty = 3 TeV. Both signal samples were generated with
the Charybdis generator. The last bin in the signal sample histogramseigntiegral of all events with
pr = 760 GeV.



7 Background Estimation

The backgrounds are estimated using a combination of datandand MC-based techniques. The dom-
inant Standard Model sources of background akésjets, Z/y*+jets, tt and other QCD multi-jet pro-
cesses. In QCD events, one jet fakes a hpgHepton. InW+jets, Z/y*+jets andtt events, events are
produced with prompt leptons, and associated additiomg-py jets.

The contribution to the muon channel signal region from QCltijets is predicted by MC simula-
tions to be negligible. This has been cross-checked by astigin data the contribution using a sample
of events containing non-isolated muons, dominated by QCi4et processes, and extrapolating the
result to the signal selection criteria.

The QCD multi-jet contribution to the electron channel iSreated using a data-driven matrix method,
described in detail in Ref. [48]. Using the signal region wighn, a QCD multi-jet enhanced region
is defined by loosening the electron identification criteritsed in the event selection from ‘tight’ to
‘medium’. The numbers of data events in this “looser” elestsample which pas$fasd and fail (Nrair)
the final, tighter lepton selection criteria are countigly andN;ake are defined as the numbers of events
for which the electrons are real and fake, respectively. folewing relationships hold:

Npass: €realNreal + €fakeNrake, (2

Ntail = (1 = €rea)Nreal + (1 — €fake) Niake- (3

Simultaneous solution of these two equations gives a piedifor the number of events in data in the
signal region which are events with fake leptons:

Nrail — (1/ €real — 1)Npass

NPass
1/€ake — 1/ €real

take — €takeNrake =

(4)

The dficiency ke is determined from a data control region defined by 308 pr < 700 GeV and
E$“SS < 15 GeV, in which events must have a least three reconstratfiedts passing preselection crite-
ria, with at least one preselected electron. QCD multi-pghohated samples are obtained by loosening
the electron identification criteria used in the event pegimn from ‘tight’ to ‘medium’. The éiciency
for misidentifying fake electrons is measured for thesenevdy considering the fraction which pass
the tighter electron identification requirement. Accoglio MC simulation, the contribution from QCD
processes to this sample~is85%. The #iciency is corrected to account for the small fraction of pppm
real electrons, using the prediction from MC simulationee Hependence efke on leptonpr andy; pr
is considered.

The dficiencyeeeq is evaluated in a second control region, again containiegat three reconstructed
objects, but with at least two opposite-sign electronsBatig 80< my, < 100 GeV (.e. electron pairs
with invariant mass near thé mass). The ficiency for identifying real, prompt electrons is obtained
through the ratio of “medium-medium” to “medium-tight” ews. The MC simulation predicts that more
than 99% of the electron candidates in this control regi@real, prompt electrons.

The numbers oE/y*+jets events in the SR for each channel are estimated by niegdhbe ratio of
the number of events in data to the number of events in MC sitioml in a control region with: two
opposite-sign leptons (two electrons or two muons) with<8®,, < 100 GeV, at least three preselected
objects, and 30& ) pr < 700 GeV. This ratio is a scaling factoBF) that is then used to rescale the



pure MC prediction in the signal region. These scaling factoe found to b&F = 0.85+ 0.04+ 0.14
andSF = 0.93+ 0.03+ 0.08, for muons and electrons, respectively, where the firstgare statistical
and the second are systematic.

The number ofV+jets andtt events in the SR is estimated in a similar fashion, by defiaiggntrol
region containing events with: exactly one electron (or museparately) with 46 Mt < 100 GeV,
where M is the “transvers&V mass” calculated from the components of the lepton momeitans-
verse to the beam direction and the missing transverse momevector; 30< E$“SS < 60 GeV, at
least three objects; and 360, pt < 700 GeV. Due to their similar behaviour i pr, W+jets andtt
events are treated as a single background; a scaling factterived and used to rescale the pure MC
prediction in the signal region. These scaling factors atenél to beSF = 1.05+ 0.02 + 0.12 and
SF = 0.93+ 0.02 + 0.14, for muons and electrons, respectively, where the firsrgare statistical and
the second are systematic.

8 Systematic Uncertainties

In this analysis, the dominant sources of systematic uaicgyton the estimated background event rates
are: choice of the control regions used to derive the backgicestimates (for the QCD arifkjets
backgrounds), MC modelling uncertainties assessed udieqative samples produced withfidirent
generators (for th&+jet, W+jet andtt backgrounds) and the calibration of the jet energy scal&)JE
Other uncertainties include the jet energy resolution taggty (JER), uncertainties in lepton reconstruc-
tion and identification (momentum scales, resolutions acdmstruction ficiencies), PDF uncertainties
and the uncertainties in théfects of initial and final-state radiation. For tAejets, W+jets anctt back-
grounds the use of a CR region in data to renormalise the M@igitens, as described in Section 7,
mitigates the ffects of most of the systematic uncertainties, which actgriignto vary the overall mag-
nitude of the predicted backgrounds. The residual sysiematertainty in the signal region is due to
alterations of the shapes of thepr distributions. For the background estimatesZefiet, W+jet and

tt processes, the dominant uncertainties are those assbuiitethe extrapolation of the background
shape to the signal region, followed by the calibration efj#t energy scale. The sizes of the systematic
uncertainties described above vary, depending on the ehamd on the, pr range of the SR, but are
typically 15— 20%, except for the highest pr bins for which the MC statistics are small and larger
fluctuations are observed.

The JES and JER uncertainties are applied to Monte Carldaietljets, and are propagated through-
out the analysis to assess thdiieet. The JES uncertainties applied are those measured theirgpm-
plete 2010 dataset using the techniques described in R&f. The JER measured with 2010 data [49]
is applied to all Monte Carlo simulated jets, with théfeience between the nominal and recalibrated
values taken as the systematic uncertainty. Additionalrdmrtions are added to both of these uncertain-
ties to account for theffect of high luminosity pile-up in the 2011 run. Thffext of in-time pile-up on
other analysis-level distributions was investigated asuhtl to be negligible, as is expected in light of
the highpr objects populating the signal region.

9 Results

The observed and predicted event yields, following therestions described in Section 7, are given in
Tables 1 and 2, as a function of minimumhpr. The agreement between the data and the background
model expectation is good, and the distributionyppr is shown in Figure 2. The distribution gk of



the object with the highest value gf is shown in Figure 3. No evidence of a signal is observed, with
SM background estimates in good agreement with the obselated for all choices o, py threshold.

> pr (GeV) QCD W-jetgitt Z+jets Total SM Data
> 700 137+ 10+ 45 371+ 10+ 77 119+ 4 + 22 627+ 15+ 92 | 586
> 800 75+ 7+ 25 210+ 6+ 42 74+ 4+ 13 358+ 10+ 51 | 348
> 900 42+ 5+ 14 122+ 5+ 28 46.9+ 2.8+ 8.6 210+ 8+ 33 196
> 1000 24.6+4.2+8.0 73+ 3+17 22.2+1.8+4.5 119+ 5+ 20 113
> 1200 81+25+27 285+18+76 9.1+10+19 457+3.2+83| 41
> 1500 1.3+1.1+04 6.3+0.8+25 26+05+05 102+14+26| 8

Table 1: Background estimation summary as a functiopy @f in the electron channel, using the meth-
ods described in the main body of this note. The first quoteat®are statistical, the second systematic.
All other backgrounds consideredV, ZZ andW2Z) are estimated to have negligible contributions.

> pr (GeV) W+ijetgitt Z+jets Total SM Data
> 700 236+ 7+ 43 49+ 3+ 11 285+ 8+ 44 241
> 800 129+ 4+ 25 32.0+24+75 161+ 5+ 26 145
> 900 71+3+16 195+ 1.7+ 5.0 91+ 3+ 16 78
> 1000 389+23+83 13.1+1.3+3.1 52.0+2.6+8.9| 46
> 1200 99+12+36 4.0+06+1.2 14.0+1.3+38| 15
> 1500 22+05+11 06+02+04 28+05+1.1 2

Table 2: Background estimation summary as a functiop, @f in the muon channel, using the methods
described in the main body of this note. The first quoted erewe statistical, the second systematic.

All other backgrounds consideretViV, ZZ, WZ and QCD multi-jet processes) are estimated to have
negligible contributions.
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Figure 3: Final distributions fopy of the object (jet or lepton) with the largest value @f for the
signal region. Background processes are shown accorditigebodata-derived estimates, as described
in the text. The yellow band indicates the uncertainty onekgectation from finite statistics, jet and

lepton energy scales and resolutions. Two rep

entagwaldistributions are overlaid for comparison
purposes. The signal labelled “Black Hole” is a non-ro@thiack hole sample witm = 6, Mp

0.8 TeV andMty = 4 TeV. The signal labelled “Stringball” is a rotating stribgll sample withh = 6,
Mp = 1.26 TeV,Ms = 1 TeV andMyy = 3 TeV. The last bin in the signal sample histograms is the

integral of all events witlpr > 1400 GeV.



10 Interpretation

No excess is observed beyond the Standard Model expectatieaiues for the signal regions are in
the range @3 - 0.47. Therefore, model-independent exclusion limits aremeined on the féective
cross sectiongt, for new physics that results in these final states as a fuamaf minimum . pr.
The dfective cross section is defined aser = o (pp = €X) - €ec - €ace Whereo (pp — €X) is the
production cross section for a high-pr multi-object state containing a highr (> 100 GeV) isolated
lepton inside experimental acceptance. For the modelsdemesl €. - €xcc Varies; its average values
are 74% for the electron channel and 51% for the muon charifle full range ofeec - €acc is 60 —
90% for the electron channel and 40 — 60% for the muon chaiiinel acceptance for the muon channel
is lower than that for the electron channel because of theidvigger dficiency (Section 3) and the
more stringent requirements (Section 5) needed to guardinéebest possible resolution at high For
the models considered, the total signal acceptance isyhigbbel-dependent, driven primarily by the
fraction of events containing a lepton in the final stated,arerages about 10% and 5% for the (mutually
exclusive) electron and muon channels respectively. tviekt for the low multiplicity, low mass states
(small values oMt /Mp, or Mty andMp) that are theoretically or experimentally disfavoured.

The observed and expected event counts and their uncestaare used to set limits on the allowed
effective cross section for black hole production, as a funatioy, pr threshold. These exclusion regions
are obtained using the Glprescription [50], and are shown in Figure 4. The 95% confidelevel
(C.L.) upper limits on the cross section are summarised bi€Ta. A similar search [19] performed by
the CMS collaboration, also using a data sample correspgridian integrated luminosity of 1 fb™2,
found upper limits of about 3 fb, for the highest valuesppr + ErTniss (> 3.5 TeV), but for an inclusive
multi-object final state (without a lepton requirement).

> pr(GeV) | o 95% C.L. Upper Limit (fb)
Observed (Expected)
Muon Channel Electron Channel
> 700 77 (94) 169 (188)
> 800 51 (58) 102 (112)
> 900 32 (39) 65 (73)
> 1000 20 (24) 43 (45)
> 1200 13 (12) 20 (22)
> 1500 4.8 (4.8) 8.7 (9.7)

Table 3: Upper limits on theffective cross sectionsrfs = o (pp — €X) - ec - €aco) for black hole
production, at the 95% C.L., for muon and electron chanredsthe models considereggc- excc varies,
averaging 74% (51%) for the electron (muon) channel. Thierdwige oferec - €acc is 60 — 90% for the
electron channel and 40 — 60% for the muon channel. Then@dthod is used to obtain the limits.

The observed counts of data events in the signal regiorp{for > 1500 GeV) along with the back-
ground expectations are used to obtain exclusion contadreiplane oMp and My for several bench-
mark models (rotating and non-rotating black holes or gthalls) that are considered representative of
the gravitational states to which this analysis has sertgitiNo theoretical uncertainty on signal predic-
tion is assessed; that is, the exclusion limits are set ettact benchmark models as implemented in
theBlackmax andCharybdis generators. Experimental systematic and luminosity uairgtes, along
with the larger statistical error on the signal acceptanaesincluded in deriving the exclusion contours,
and are found to be less than 10%. Some of the theoreticattamtees, such as thdfects of rotation,
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Figure 4: 95% C.L. upper limits on thefective cross sectionotgs = o (pp — €X) - €ec - €aco aS a
function of 3. pr cut. The expected and observed limits according to thepEéscription are shown, as
well as the & bounds on the expected limit. For the models considetggh, eacc varies, averaging 74%
(51%) for the electron (muon) channel. The full range;gf - €accis 60 — 90% for the electron channel
and 40 — 60% for the muon channel.

or spin, are discussed in Section 1. One of the more signtftbaoretical uncertainties is that associated
with the decay of the state as its mass approadligs Common prescriptions are to assume thermal
emissions as the mass falls beldWy, all the way down to complete evaporation, or to end thermal
emissions at some mass closeMg, at which point the state decays immediately to a remnatd,dtze
multiplicity of which is uncertain. Theficiency of the event selection in analyses couldledisignif-
icantly according to the remnant model choice, particylfok samples in which a limited number of
Hawking emissions are anticipated, motivating the comatiten of multiple remnant models.

The 95% exclusion contours in tidp-M1y plane Ms-Mty plane for string balls) for dierent mod-
els are obtained using the ¢prescription. Figure 5 shows exclusion contours for ratblack hole
benchmark models with high- and low-multiplicity remnaeicdys. Their comparison allows an assess-
ment of the &ect of this modelling uncertainty on the analysis, whicmevitably greatest in the regime
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of low Mty/Mp. Limits for rotating and non-rotating string ball modelsahown in Figure & The
string ball models illustrated were simulated using a hghitiplicity remnant model.

5 1 — T
= : ATLAS Preliminary
2 Vs =TTeV, L =1.04fb~"
I
=

0!

ATLAS Prelimi
V3 =T7TeV, L =1.04fb~"

nary

4= o W R o
I n: VB e I
NN e e N
F —— observed limit B —— observed limit B
- - - - expected limit - - - - expected limit
wem expected 1sigma | - Mrr =k Mp wem expected 1sigma | - Mrg =k Mp
expected 2 sigma expected 2 sigma
gb—— I . | I |
1 2 1 2
Mp [TeV] Mp [TeV]

(a) Rotating black holes, with decays ending in a hi@#)- Rotating black holes, with decays ending in a low-

multiplicity remnant state, generated wihackmax.

multiplicity remnant state, generated witharybdis.

Figure 5: 95% C.L. limit in theMy4-Mp plane, both channels combined, for a rotating black holeehod
with six extra dimensions. The solid (dashed) line showstheerved (expected) limits, with the green
and yellow bands the expected &And 2r variations of the expected limits. The dotted blue linesasho
lines of constank = Mt/Mp. The irregularities of the limit contours are caused by tisemteness of

the grid samples used and their interpolation into a cootisuine.

4The narrowing of the limit bands &fls ~ 0.75 TeV is due to the presence of a sample point lying direatlyhe limit; at

other points, a longer interpolation is needed.
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Figure 6: 95% C.L. limit in theMty-Mp plane, both channels combined for rotating and non-rajatin
string balls with six extra dimensions. The solid (dashew shows the observed (expected) limits, with
the green and yellow bands the expectedahd 2r variations of the expected limits. The dotted blue
lines show lines of constakt= Mty /Mp. All samples were produced with tl#harybdis generator.
The irregularities of the limit contours are caused by treeiteness of the grid samples used and their
interpolation into a continuous line.

11 Summary

This note presents a search for microscopic black holestaing ball states in ATLAS using a total inte-
grated luminosity of 1.04 fit. This search has considered final states with three or mgrettansverse
momentum objects, at least one of which was required to bptarigelectron or muon). No deviation
from the Standard Model was observed in either the electréimeomuon channels. Consequently, limits
are set on TeV-scale gravity models, interpreted in a twoedlisional parameter grid of benchmark mod-
els (theMp-Mry plane). 95% C.L. upper limits are set on theetive cross sections for new physics
in these final statesregr = o (pp — €X) - €rec * €aco Whereo (pp — €X) is the production cross section
for a high>, pt multi-object state containing a highr (> 100 GeV) isolated lepton inside experimental
acceptance. Fax, pt > 1.5 TeV, the upper limits on the cross section argéf® for the electron channel
and 48 fb for the muon channel, at 95% C.L.
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