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Introduction
One of the primary aim of the LHC physics program is to search for 
experimental answers to many open questions in the Standard Model:

EWSB mechanism, fundamental particle spectrum, real nature of space-time, 
unification of forces ...

The ability to reconstruct with accuracy physics signals with energies and 
momenta from few hundreds of MeV to multi-TeV, place ATLAS in a 
privileged position to fulfill such a goal

I’ll review here the current status of the ATLAS experiment searches for 
signals from Exotic BSM physics, trying to focus on most recent ones ...

Note: no enough time to cover everything here. A full and daily updated list of all the ATLAS 
results, with details on each analysis is available here: 

https://twiki.cern.ch/twiki/bin/view/AtlasPublic 

https://twiki.cern.ch/twiki/bin/view/AtlasPublic
https://twiki.cern.ch/twiki/bin/view/AtlasPublic


Same final state probing very different models or topics
Experimentally a topological signature-based approach is more natural:

practical
less model dependent
allows to cover every possible signature

A topic-based approach is more convenient in presenting the analysis results:
no jumps between different types of physics being addressed
easier to combine constraints on models from different signatures
in some cases same topology do not imply a simple re-interpretation: different optimizations/analysis 
strategies 

Topological or Topic-based?
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in this talk I’ll try to follow a topic-based approach ...
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A very long list of models x signatures

 Many extensions of the SM have been 
developed over the past decades: 

 Supersymmetry

 Extra-Dimensions

 Technicolor(s)

 Little Higgs

 No Higgs

 GUT

 Hidden Valley

 Leptoquarks

 Compositeness

 4th generation  (t', b')

 LRSM, heavy neutrino

 etc...

 1 jet + MET

 jets + MET

 1 lepton + MET

 Same-sign di-lepton

 Dilepton resonance

 Diphoton resonance

 Diphoton + MET

 Multileptons

 Lepton-jet resonance

 Lepton-photon resonance

 Gamma-jet resonance

 Diboson resonance

 Z+MET

 W/Z+Gamma resonance

 Top-antitop resonance

 Slow-moving particles

 Long-lived particles

 Top-antitop production

 Lepton-Jets

 Microscopic blackholes

 Dijet resonance

 etc...(for illustration only)
stolen from Henri Bachacou@LP2011



Outline
- The ATLAS experiment

status and performances

- EXOTIC searches with ATLAS
Search for new gauge bosons, excited quarks, new color resonances ...
Doubly charged Higgs
Extra Dimensions
Techni-hadrons
4th generation fermions
Lepto-Quarks

- Summary and future perspectives
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ATLAS@CERN
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ATLAS and CMS @ LHC
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ATLAS

CMS

LHC

ALICE

LHCb

⇒ General purpose detectors at the LHC ! different design choices

⇒ Technological/design diversity for the harsh LHC environment

ATLAS CMS
Magnets 2T solenoid 

3 air-core toroids
3.8T solenoid

iron return
Tracking silicon + transition 

radiation tracker
all silicon

EM Calorimetry sampling 
LAr technology

homogeneous 
scintillating crystals

Hadron 
Calorimetry

plastic scintillator (barrel) 
LAr technology (endcap)

plastic scintillator

Muon independent system
with trigger capabilities

muon id and trigger

- general purpose detector
- design optimized for severe LHC environment



Data sample
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2011

        2010 / 2011 (today)   @ √s = 7 TeV
L       ~0.2    / ~3.6  1033 cm-2s-1

∫Ldt   ~0.05 / ~5.3  fb-1

results presented here are based on the first 1-2 fb-1 ...



ATLAS Performances: physics objects
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ATLAS performances close to or exceeding design specs in all compartments 

New advanced b-tagging  
algorithms:

- x 2÷5 mistag rate reduction at 
same tagging efficiency of 2010 
taggers

- can be operated at ≥70% 
efficiency, with acceptable light-
jets rejection → promising for NP
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 T EYMinBias: fit 0.45 

 T EYQCD di-jets: fit 0.51 

 T EY ee: fit 0.42 AZ

 T EY: fit 0.44 µµ AZ

ATLAS
Data 2010

-1Ldt=36 pb0
 = 7 TeVs

Jets: energy scale uncertainty 
2-4% for pT > 20 GeV

Electrons & Muons: already 
close to nominal performances

Missing ET: better than project specs



ATLAS Precision Measurements
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- very precise measurements with detailed 
understanding of the systematic uncertainties 

- surprisingly good data/MC agreement 

ATLAS has already managed to measure 
most of the known SM processes

ideal conditions to search for 
new physics effects ...

Precision measurements provide also a probe for BSM by themselves ... 

- tt production in SM symmetric under charge conjugation
-asymmetry may arise in BSM processes, via vector/axial 

couplings or by interference with the SM 

Example: Charge Asymmetry in tt production Δ|Y|

also studied tt/single top production, tt spin correlations, 
W polarization in top decays, FCNC: in all cases good agreement with SM expectation found  ... 

ATLAS-CO
NF-2011-106



New Gauge Bosons: ll and l+MET channels

9no significative deviations observed from SM expectations ...

New Gauge Bosons present in the particle spectrum of many extensions of the Standard Model:
Sequential SM: Z’/W’ with same couplings as in SM
GUT-inspired theories E6, SO(10): heavy gauge bosons
Randall-Sundrum Kaluza-Klein gravitons, Little/Littlest Higgs heavy gauge bosons, narrow techni-hadrons

No precise prediction for mass scale of such resonances
di-lepton and lepton+MET spectrum: a very clean place to look
Experimental signature: bumps or Jacobian peaks in the invariant mass distributions

Experimental challenges:
detector resolution and efficiency at very high 
momentum (with almost no control samples)

Backgrounds:
tails of SM processes

arXiv:1108.1316 - arXiv:1108.1582

mT =

q
2plTE

miss
T (1� cos�l�)

l+MET

ll



New Gauge Bosons: ll and l+MET channels
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arXiv:1108.1316 - arXiv:1108.1582

95% CL Limits Excluded Mass 

SSM Z’ 1.83 TeV

E6 Z’χ 1.64

E6 Z’ψ 1.49

MW’ > 2.15 TeV/c2@95% CL

Mass Limits



Z′as tt resonance

11

Search for narrow ttbar resonances in the leptons+jets sample
Sensitive to effects from new strong dynamics: Technicolor, Topcolor, ...
Benchmark models: 

Leptophobic model IV Topcolor: extra Z’ boson with O(TeV) mass with coupling only to quarks (width = 1.2% M(Z’))
Kaluza-Klein gluon resonance in Randal-Sundrum models

ATLAS-CO
NF-2011-087 - ATLAS-CO

NF-2011-123

Expected exclusion: ~500 GeV
stat. fluctuation in low-mass region → no observed exclusion

- search for Z’→tt in l+jets: 1 hadronic, 1 leptonic top
- use mtt as discriminating observable

- search in the dilepton channel: 2 leptonic top
- use HT+MET as discriminating observable
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Figure 4: Expected and observed limits on cross section times branching ratio at 95% C.L. and expected
cross section for a Randall-Sundrum KK-gluon gKK . Cross sections were calculated using the MRST
2007 LO! PDF.

Table 3: Expected and observed lower limits on the KK-gluon mass in the Randall-Sundrum model
Mass Limit (TeV)

gqqgKK /gs Expected Observed
-0.20 0.80 0.84
-0.25 0.88 0.88
-0.30 0.95 0.92
-0.35 1.02 0.96

KK-gluon production as well as upper limits at 95% C.L. on the mass of the KK-gluon in the Randall-
Sundrum model of 0.84 TeV.

For resonance masses above approximately 1 TeV, the top quark decay products start to become
strongly collimated. A search taking into account such final state topologies as well as reconstruction of
the resonance mass is the subject of a forthcoming analysis.

9
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Model 95% CL Limit

[TeV]

Excited quark 2.99

Axigluon 3.32

Colour Octet Scalar 2.99

Excited quarks/Axigluons/new Colour Resonances
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Resonant new physics limits:

arXiv:1008.6311 - arXiv:1103.3864 (NJP 13(2011)053044)

Also provides model-independent limits
- assuming mjj gaussian distributed 
- mean mG∈[0.9,4] TeV/c2, σG/mG∈[5%,15%]

Check the di-jet invariant mass distribution against expectations from QCD
resonances predicted in numerous models (excited quarks, strong gravity, contact interactions ...)
probed jets with transverse momenta up to multi-TeV
search for “bumps” in mjj, describing QCD shape via a smooth functional form



also search in the γ+Jet sample
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Resonant production of X → γ+Jet 
Complementary with di-jet, di-γ searches
Benchmark model:  q*→qγ:  BR~2%, much lower than q*→qg~85% but with lower background
Similar strategy as di-jet: search for “bumps” in mγj, describing BG shape via a smooth functional form

Mq* > 2.46 TeV/c2 @ 95% CL
Just Released
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Doubly-charged Higgs: SS di-leptons
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Doubly-charged Higgs particles present in many NP scenarios: L-R symmetric models, Little 
Higgs, Higgs triplets models ...

ATLAS-CO
NF-2011-127

M(HL++) > 375 GeV@95% CL
M(HR++) > 295 GeV@95% CLassuming 100% BR(μμ), and Drell-Yan production

- dominant production: pair production
- search for signals in the same-sign di-muon invariant mass spectrum
- clean signature: SS leptons production in SM very rare, main 

background from non prompt b/c semi-leptonic leptonic decays and 
K/π decay in flight

- BG estimated via data-driven methods



Doubly-charged Higgs: 4-leptons
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Search H∓∓ directly in 4 leptons events that contains no identified Z→l+l- decays
- very low expected background outside the ZZ kinematic region  

efficiency dominated by lepton reconstruction → 
results can be applied in other NP processes within the same fiducial region

Table 1: Expected background contributions (ZZ and fake lepton) and observed events inside the ZZ
control region in 1.02 fb�1, for events with two opposite-sign same-flavor pairs, each with mass m`` 2
[66, 116] GeV, and four-lepton mass m```` < 300 GeV. The first quoted uncertainty is statistical; the
second systematic. See Section 4 for discussion of the fake background uncertainty.

Process e+e�e+e� µ+µ�µ+µ� e+e�µ+µ� µ+µ�e+e�

ZZ 1.25 ± 0.08 ± 0.06 2.49 ± 0.14 ± 0.14 1.68 ± 0.10 ± 0.07 1.86 ± 0.11 ± 0.08
Fake 0.01+0.02

�0.01
+0.02
�0.01 0.25+0.88

�0.25 ± 0.20 0.00+1.03
�0.00

+0.75
�0.00 0.00+0.01

�0.00
+0.01
�0.00

Total Bkg. 1.26 ± 0.08 ± 0.06 2.74+0.89
�0.30 ± 0.25 1.68+1.03

�0.10
+0.75
�0.07 1.86 ± 0.11 ± 0.08

Data 2 6 0 1

Table 2: Expected backgrounds and observed events inside the fake lepton control region for 1.02 fb�1,
for events with fewer than two opposite-sign same-flavor pairs. Pairs labelled as `` are either opposite-
flavor or same-sign. Both pairs are required to have m`` 2 [66, 116] GeV and the four-lepton mass
m```` < 300 GeV. The first quoted uncertainty is statistical; the second systematic. See Section 4 for dis-
cussion of the fake background uncertainty. The statistical uncertainty on the ZZ prediction for categories
with zero prediction is negligible.

Process e+e�`` µ+µ�`` e±µ⌥`` 4 same-sign
ZZ 0.07 ± 0.01 ± 0.01 0.08 ± 0.01 ± 0.01 0.00 ± 0.00 ± 0.00 0.00 ± 0.00 ± 0.00
Fakes 0.00+1.03

�0.00
+0.75
�0.00 0.00+1.03

�0.00
+0.75
�0.00 0.00+1.03

�0.00
+0.75
�0.00 0.00+1.03

�0.00
+0.75
�0.00

Total Bkg. 0.07+1.03
�0.01

+0.75
�0.01 0.08+1.03

�0.01
+0.75
�0.01 0.00+1.03

�0.00
+0.75
�0.00 0.00+1.03

�0.00
+0.75
�0.00

Data 0 0 0 0

in an almost pure sample of ZZ events. To be orthogonal with the signal region for the graviton search,
mZZ < 300 GeV is required. A comparison between the SM ZZ expectation and the observation shows
agreement within statistics (see Table 1), indicating satisfactory modeling of ZZ production.

Requiring fewer than two OS-SF pairs but still explicitly looking inside the ZZ mass window rejects
nearly all of the SM ZZ production, so that one may test the fake lepton background estimate. This
region is still orthogonal to the non-ZZ and G ! ZZ signal regions, and, within limited statistics, shows
agreement between expectation from the fake lepton model and observation (see Table 2).

6 Search for four leptons from sources other than ZZ

Figure 2 shows the mass of the first dilepton pair, after application of the selection criteria described in
Section 3.

To search for physics beyond SM ZZ production, four-lepton events in which the first dilepton pair
is not an opposite-sign same-flavor pair with m`` 2 [66, 116] GeV are examined. Table 3 shows the total
number of expected and observed events after the Z veto. A total of 0.7+1.3

�0.6(stat) +0.9
�0.5(syst) events are

expected from SM processes. No events are observed.

5

NSM(exp.):
N(obs):       0 events

events

Fiducial Region:
- 4l (e/μ), pT>15 GeV, |η|<2.5
- no opposite charge, same flavor pairs with mll∈[66,116] GeV

ATLAS-CO
NF-2011-144



Search for Randal-Sundrum Gravitons
Graviton excitations expected in the di-photon 
and di-lepton spectra in R-S warped extra 
dimension models

16

Limits in the mG - k/MPL plane

MG > 920 GeV (k/MPL = 0.1)

l+

l-

Early γγ analysis with 2010 data: Di-lepton analysis: same as for Z’→ll, 
only different interpretation

MG > 1.63 TeV/c2 @ 95% CL for k/MPl=0.1

ATLAS-CO
NF-2011-044 - arXiv:1108.1582
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TABLE IV: 95% C.L. lower limits on the masses of E6-
motivated Z! bosons and RS gravitons G" for various values
of the coupling k/MPl. Both lepton channels are combined.

E6 Z! Models RS Graviton
Model/Coupling Z!

! Z!

N Z!

" Z!

I Z!

S Z!

# 0.01 0.03 0.05 0.1
Mass limit [TeV] 1.49 1.52 1.54 1.56 1.60 1.64 0.71 1.03 1.33 1.63

Limits are set on the cross section times branching frac-
tion !B. The resulting mass limits are 1.83 TeV for the
Sequential Standard Model Z ! boson, 1.49!1.64 TeV for
various E6-motivated Z ! bosons, and 0.71 TeV!1.63 TeV
for a Randall-Sundrum graviton with couplings (k/MPl)
in the range 0.01!0.1. The Z ! boson limits are the most
stringent to date, including indirect limits set by LEP2.
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Analyze events with two identified Z→ll in the 4-leptons dataset 

- search for RS Graviton decaying in two Z bosons 

- also sensitive to other di-boson resonances as in GUT theories, TC models
- 4-events excess at mZZ~327 GeV seen by CDF recently, but no excess seen in lljj 

or ll+MET

... and in ZZ → 4-leptons
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CDF

Table 5: Background estimates in 1.02 fb�1 of data in the high mass mZZ > 300 GeV signal region.
Also shown are expected yields for G ! ZZ samples for a coupling of k/M̄pl = 0.1. The first quoted
uncertainty is statistical; the second systematic. See Section 4 for discussion of the fake background
uncertainty.

Process Total
ZZ 1.85 ± 0.11 ± 0.09
Fakes 0.02+1.03

�0.01
+0.75
�0.02

Total Bkg. 1.87+1.04
�0.11

+0.75
�0.09

Data 3
G(350 GeV) 71 ± 3 ± 4
G(500 GeV) 12 ± 0.5 ± 0.6
G(750 GeV) 1.5 ± 0.08 ± 0.07
G(1000 GeV) (2.7 ± 0.2 ± 0.1) ⇥ 10�1

G(1250 GeV) (6.6 ± 0.4 ± 0.3) ⇥ 10�2

G(1500 GeV) (1.9 ± 0.1 ± 0.1) ⇥ 10�2

Process e+e�e+e� µ+µ�µ+µ� e+e�µ+µ� µ+µ�e+e�

ZZ 0.32 ± 0.03 ± 0.01 0.63 ± 0.04 ± 0.03 0.53 ± 0.04 ± 0.03 0.37 ± 0.03 ± 0.02
Fakes 0.00+0.04

�0.00
+0.03
�0.00 0.00+1.03

�0.00
+0.75
�0.00 0.00+1.03

�0.01
+0.75
�0.00 0.02 ± 0.02 ± 0.02

Total Bkg. 0.32+0.05
�0.03

+0.03
�0.01 0.63+1.03

�0.04
+0.75
�0.03 0.54+1.03

�0.04
+0.75
�0.03 0.39 ± 0.04 ± 0.03

Data 0 2 1 0
G(350 GeV) 12 ± 1 ± 1 23 ± 2 ± 1 20 ± 2 ± 1 16 ± 1 ± 1
G(500 GeV) 2.1 ± 0.2 ± 0.1 4.0 ± 0.3 ± 0.2 3.2 ± 0.2 ± 0.2 2.3 ± 0.2 ± 0.1
G(750 GeV) 0.30 ± 0.02 ± 0.01 0.46 ± 0.03 ± 0.01 0.43 ± 0.03 ± 0.01 0.26 ± 0.02 ± 0.01
G(1000 GeV) (6.0 ± 0.5 ± 0.5) ⇥ 10�1 (8.5 ± 0.6 ± 0.5) ⇥ 10�1 (8.6 ± 0.6 ± 0.6) ⇥ 10�1 (4.3 ± 0.4 ± 0.5) ⇥ 10�1

G(1250 GeV) (1.3 ± 0.1 ± 0.1) ⇥ 10�2 (2.0 ± 0.1 ± 0.1) ⇥ 10�2 (2.4 ± 0.2 ± 0.1) ⇥ 10�2 (0.9 ± 0.1 ± 0.1) ⇥ 10�2

G(1500 GeV) (4.1 ± 0.3 ± 0.2) ⇥ 10�3 (5.6 ± 0.4 ± 0.2) ⇥ 10�3 (7.0 ± 0.5 ± 0.3) ⇥ 10�2 (2.6 ± 0.2 ± 0.2) ⇥ 10�3

Table 6: For spin-2 RS graviton models, the theoretical prediction of �(pp! G ! ZZ) using a coupling
of k/M̄pl = 0.1; acceptance of the G ! ZZ fiducial region defined in the text, and the e�ciency of the
selection described in the text; the median expected and observed 95% C.L. upper limits on �(pp !
G ! ZZ) using the fiducial cross-section limit. We use BF(G ! ZZ)=4.5% [32] and �(pp ! G) at
leading order from pythia. The lowest selection e�ciency (61%) is used to set limits on all mass points.

Graviton Theory Fiducial Selection Expected Observed
Mass [GeV] [pb] Acceptance E�ciency Limit [pb] Limit [pb]
350 41.70 27% 61% 3.3 3.3
500 6.45 28% 63% 3.2 3.2
750 0.69 31% 66% 2.9 2.9
1000 0.13 32% 66% 2.8 2.8
1250 0.03 33% 67% 2.7 2.7
1500 0.01 35% 66% 2.6 2.6
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Expected Signal k/MPl=0.1

MG > 575 GeV (k/MPL = 0.1)

ATLAS-CO
NF-2011-144



Search for Large ED in monojets+MET
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Look for a high-pT jet, MET and no other activity 
Experimentally challenging:

Understanding Z(→νν)+Jets SM production
Instrumental background

ATLAS-CO
NF-2011-096

Interpreted in ADD Large ED model: MD > 3.39÷2.12 TeV for n=2÷6

Large Extra Dimension (ADD)
large flat ED
bring the Plank scale down to the TeV scale
only Gravitons propagate in the bulk → can escape detection, 
providing a missing energy signature

Sh. Rahatlou

MONO-JET + MET
• Similar challenge to monophoton

– 1 jet  and MET

– main background from invisible Z measured
with data driven method

• Comparable limits in MD from both experiments

29
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Signal Generation & Limits 
ADD: Existing Limits 
 
 
 
 
 
Cross sections (LO, in pb) are large: 

2 2 Trigger and data samples

LEP CDF ATLAS CMS jet+Emiss
T

� ⇥ + Emiss
T combined jet+Emiss

T [LO] [LO] [NLO]
2 1.60 1.420 2.3 2.29 2.56
3 1.20 1.160 2.0 1.92 2.07
4 0.94 1.040 1.8 1.74 1.86
5 0.77 0.990 1.65 1.74
6 0.66 0.950 1.59 1.68

Table 1: The 95% confidence limits on MD (in TeV/c2) from CDF [7], LEP [10], ATLAS [11], and
CMS [2] in the ⇥ + Emiss

T and jet+Emiss
T signatures.
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Figure 2: Trigger efficiency and turn-on curves for HLT CentralJet80 MET80HF , shown
separately for Emiss

T (left) and jet pT (right). For the plot of Emiss
T , pT(j1) > 80 GeV is required.

Similarly for the leading jet pT, Emiss
T > 80 GeV is required.

2 Trigger and data samples36

The primary trigger for our search in 2011 data is HLT_CentralJet80_MET80HF and is un-37

prescaled. This trigger requires a Level 1 seed with a Emiss
T (without HF) larger than 30 GeV38

(L1_ETM30). At the HLT trigger level, the primary requirements for the Emiss
T and leading jet39

(j1) are as follows:40

Emiss
T (with HF) > 80 GeV (1)

pT(j1) > 80 GeV (2)
|⇤(j1)| < 2.6 (3)

EMF(j1) > 0.01 (4)

For a recent run (166408), the trigger selected about 50% physics events and about 50% events41

that are filtered at an early stage of the analysis (25% noise or beam halo in ECAL, 15% noise in42

HCAL, 10% beam halo). The trigger turn-on curves are shown in Figure 2, and are calculated43

from an independent sample of events from the HLT_Mu30 trigger path (unprescaled). Trigger44

cuts listed in eqns. 1–4 are applied, except for the cut under study (and the lepton event veto,45

as we use the HLT_Mu30 sample for this study). Our trigger path becomes fully efficient at46

�110 GeV for pT(j1) and �150 GeV for Emiss
T .47

The data are reconstructed with the CMSSW_4_2_4 release (May 10, 2011 ReReco and Prompt48

v4). The good-run list and luminosity have been obtained by using the JSON file certified on49
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Without including the effect of the LAr hole, the factor is close to unity. Similar detector to particle
level correction factors are obtained when the LowPt and veryHighPt thresholds are considered. The
correction factors are used to compute model-independent upper limits on the fiducial cross sections, as
determined within each different kinematic range. This results into 95% CL cross section upper limits of
2.02 pb, 0.13 pb, and 0.045 pb for the LowPt, HighPt, and veryHighPt regions, respectively.

5.2.2 Lower limits on MD

New improved 95% CL lower limits are set on the value of MD as a function of the number of extra
dimensions considered in the ADD LED model. The CLs approach is used, including statistical and
systematic uncertainties. For the latter, the uncertainties on the signal cross section and signal acceptance,
the background predictions, and the luminosity are considered, and correlations between systematic
uncertainties on signal and background predictions are taken into account.

Separate observed and expected limits are computed for the different analyses, and the results are
collected in Table 2. The sensitivity of the observed limits onMD to the ultraviolet behavior of the theory
is also considered, for which the limits on MD are re-calculated using the truncated phase space region
with ŝ<M2

D (see Table 3).

95% CL limits onMD for the ADD model
LowPt selection HighPt selection veryHighPt selection

n expected [TeV] observed [TeV] expected [TeV] observed [TeV] expected [TeV] observed [TeV]
2 2.38 2.21 2.98 3.16 3.04 3.39
3 1.94 1.82 2.44 2.56 2.48 2.71
4 1.73 1.64 2.18 2.27 2.25 2.42
5 1.63 1.55 2.03 2.10 2.12 2.26
6 1.55 1.47 1.92 1.99 1.98 2.12

Table 2: Expected and observed 95% lower limits onMD as a function of the number of extra dimensions
in the ADD model for the LowPt, HighPt, and veryHighPt selections.

For the LowPt and HighPt regions, the truncation of the ADD cross sections translates into no
significant change in the case of 2 and 3 extra dimensions, and reduces the quoted observed limits by
about 9%, 12% and 16% for 4, 5 and 6 extra dimensions, respectively. In the case of the veryHighPt
analysis, the effect of the truncation is larger and modifies the observed limits on MD by 7% to 26% for
n varying between 4 and 6.

95% CL limits on MD for the ADD model (ŝ<M2
D)

LowPt selection HighPt selection veryHighPt selection
n observed [TeV] observed [TeV] observed [TeV]
2 2.20 3.16 3.39
3 1.76 2.50 2.55
4 1.54 2.15 2.26
5 1.37 1.89 1.90
6 1.24 1.68 1.58

Table 3: Observed 95% lower limits onMD as a function of the number of extra dimensions in the ADD
model for the LowPt, HighPt and veryHighPt selections using truncated (ŝ<M2

D) cross sections.

The HighPt selection is used for the final results. It provides better expected limits than the ones
obtained in the LowPt region, and the results are comparable with those for the veryHighPt region
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33 pb-1! 36 pb-1! 1 fb-1!

ATLAS-CONF-2011-096

CMS: PAS EXO-11-059

!
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Search Black Holes/String Balls with leptons & jets

19

ATLAS-CO
NF-2011-147

Upper limits on σ×A for multiple benchmark sets: rotating/
non rotating BH/SB, w/ varying MD and MTH, produced with 

Blackmax and Charybdis

Microscopic black-holes decaying through Hawking radiation predicted in low-scale gravity 
models

also String Balls in the context of weakly-coupled string theory
General assumption: at LHC if produced then will decay isotropically and democratically in all particle species...

high multiplicity final states → look for many leptons and jets at high mass/pT

muon+X channel



... and in same-sign di-muon pairs

20

Background to BH search can be further 
reduced searching in like-sign di-muon decays

Strategy: 
- high pT track multiplicity discriminates signal and 

background effectively
- counting experiment in a pre-defined signal region

- muon+fake background from data (W+jets, QCD)
- other backgrounds (tt, bb) from MC

Set limits in two dimensions of MD and the mass of 
the black hole MTH for  different number (n) of extra 
dimensions in the ADD low gravity scale model

arXiv:1111.0080

Model independent limit:
σ⋅B⋅A < 0.018 pb @95% CL

excluded
region



Search for signals from Technicolor

21

TC: new strong dynamics to provide alternate mechanism of EWSB
no fundamental Higgs boson
new strong gauge interactions (like SU(NTC))
new fermions sensitive to TC (techni-quarks)

In ATLAS searches in the context of the Low-Scale TC model
QCD-like particle spectrum with scale O(ΛTC)~100 GeV: πT, ρT, ωT ~mass degenerate, aT at higher mass 
with Walking TC: V→nπT forbidden ⇒ narrow resonances

Main decay modes:
ρT, ωT → ll, Z/Wγ, WZ, Z/W πT (πT→jj)

Since techni-mesons are narrow, spin 1, resonances, 
the same analysis methodology used for the Z’ 
searches in di-leptons can be used w/o modifications

ρT/ωT A x Eff. VS mee

ATLAS-CO
NF-2011-125



✸

Search for tchni-mesons in dileptons

22

Limit on M(ρT): > 470 GeV @ 95% CL
assume:  M(πT) = M(ρT) - 100 GeV

Exclusion in the M(ρT) VS M(πT) plane
- significant improvement over Tevatron
- LSTC interpretation of CDF Wjj excess fall into 

the excluded region

ATLAS-CO
NF-2011-125



SM Background

Q4 (M=350 GeV) 

4th generation quarks

Final states with leptons and jets produced by 4th generation chiral quarks
signature: 2l + 2jets + MET
dominant background: ttbar decays, controlled using Mcoll VS HT

- HT	 = scalar sum of ET from leptons, jets and MET
- Mcoll = Q4 reconstructed mass in collinear approximation for neutrinos

23
Limit 95% CL  Obs (Exp)

MQ4 > 270 (284) GeV

ATLAS-CO
NF-2011-022

������������������������������
����
��������������� ��!�� �"����#$������%���� ��#����
 7$

�$
�����&��=�
�.
� L
��������
�����������,-��0�/���7�
� �����$
��� ���#���

� �����������)������������-���������������#����
�����������

������
���#����
�

�������0���-���

� ���D���������-#��	����	��#���$
��� �7�
��������#���

� M��������������N/�P�������
�UV UW�	���������X�$������������������

��#���#�<����		����������
���
'���L��������������

������
�-�
���#������1����������4

��#���

��$
��

��	�
�

��=%���
�����

��#���

��$
��

6

���
��6
�
�
	�
��9-

���)")��;5<�!2�2�*6��&���'8
"9-�?��A@�&�C-'�E�4

�#�
�'�
��G"H�	����1��P4/��-L:�JGH�;�3

�#�
�'�
��L"I�	����1��P4/���L:�J5��;�3
1��P&�
����P9(%B9�6(9(%B��9�!��! �

��R�)/��!�"G5�I4

UV UW

�#������UV UW

������0���-��

�L�1�DJG!�;�34

J5�$���

�����	�������

��	��
��
��	

���	�����	����
�

��	���	����

+��
:

Simple and natural extension of the Standard Model
provides a source of CP Violation in Bs decays, accommodate a heavy Higgs boson
a benchmark model for more general new scenarios with heavy fermions (Little Higgs, strong 
EWSB: Composite Higgs, TC etc...)
Multiple searches performed in ATLAS, exclusive and inclusive ...
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Search for heavy vector‐like quarks coupling to light quark

Single production of vector-like heavy quarks (GUT, ED, ...) decaying to a jet 
and a vector boson

signature: a high-pT W or Z + 2jets
signals peak in the invariant mass of W/Z and one jet

24

Limits 95% CL
MQ > 900 GeV  (W channel) 
MQ > 760 GeV  (Z channel)
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Figure 1: Vector-like quark production and decay diagrams.

ers contained within a 2 T solenoidal magnetic field (ID). Outside of the solenoid are the liquid argon62

electromagnetic (EM) and hadronic tile calorimeter subsystems that allow for tagging of electrons and63

reconstruction of jets, both essential for this analysis. Outside of the calorimeter systems is a muon spec-64

trometer (MS) that uses drift chambers to record muon trajectories and momenta in a toroidal magnetic65

field. A three level trigger is used to select interesting events and subsequent o!ine analysis. Events66

recorded when a subsystem is malfunctional are not used in this analysis.67

The analysis is subdivided into four channels: charged and neutral current (CC and NC, respectively),68

each with electrons or muons in the final state. The object selection is the same for all channels, but signal69

and control regions for the CC and NC channels are defined independently.70

Events are considered in which there is at least one vertex reconstructed with at least three tracks. For71

each vertex, the pT sum of the associated tracks is evaluated, and the one with the greatest magnitude72

is designated the primary vertex. The trigger requires at least one cluster in the EM calorimeter with73

pT > 20 GeV or at least one muon candidate in the MS with a track originating from the interaction74

point with pT > 18 GeV.75

Electron candidates are required to pass tight [21, 22] quality selection criteria based on the calorime-76

ter shower shape, track quality, and track matching with the calorimeter cluster. They must have pT >77

25 GeV and lie in a pseudorapidity region |!| < 2.47, excluding the regions 1.37 < |!| < 1.52 of transition78

between detector sub-elements. During some run periods, a small region (! 1%) of the EM calorimeter79

was ine"cient. Electrons falling into this region are removed in data and in the same proportion of sim-80

ulated events. Finally, no more than 4 GeV of transverse energy is allowed outside the core cluster of the81

electron within a cone defined as #R =
!

(#!)2 + (#")2) = 0.2.82

Muon candidates are reconstructed by combining tracks from both the inner detector and the MS.83

They are required to pass ID hit requirements [23] and have pT > 25 GeV and |!| < 2.4. To suppress84

cosmic rays, muon candidates must have a distance of closest approach to the primary vertex in the85

longitudinal direction |z0| < 5 mm and in the transverse plane d < 0.1 mm. Isolated muons are selected86

by requiring that the ID track transverse momentum in a surrounding cone of #R = 0.2 divided by the87

pT of the muon be less than 0.1.88

Jet four-vectors are reconstructed from calorimeter clusters using the anti-kT algorithm with a size89

parameter of 0.4 [24]. After correcting for calorimeter non-compensation and inhomogeneities by using90

pT and ! dependent calibration factors, jets must have pT > 25 GeV and |!| < 4.5. Events containing91

assuming VLQ-light quark coupling κqQ = v/mQ  

Just Released



Inclusive Model-independent search
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ATLAS-CO
NF-2011-126, ATLAS-CO

NF-2011-139

Search for inclusive non SM production of two prompt, isolated muons with the same electric 
charge:
- sensitivity to a variety of NP models: 4th generation quarks/doubly-charged Higgs/heavy Majorana neutrinos/

SUSY/UED ...
- very inclusive analysis: no requirements on the activity of the event, broad range for muon kinematics
- upper limits on contributions from NP expressed as fiducial cross-sections limits

fiducial volume

Lower limit on fiducial x-section VS Mμμ

1 Introduction

Production of like-sign lepton pairs is a key signature of many new physics models. In particular, since

the LHC is a pp collider, the production of two positively charged muons is sensitive to a variety of new

physics signatures arising from new high-mass objects decaying to leptons.

Like-sign top quark production has recently received attention because its rate could be enhanced

by flavor-changing neutral current processes that in turn could be responsible for the anomalously large

forward-backward asymmetry observed in tt̄ production at the Tevatron [1–6]. The most stringent limit

to date on the like-sign top quark pair production cross section for pp collisions at
!
s = 7 TeV was

set by the CMS collaboration as 17 pb [7]. The CDF collaboration has also constrained this model by

placing a limit of (!tt + !t̄t̄) " BR(W # "#)2 < 54 pb in pp̄ collisions at
!
s = 1.96 TeV [8]. The

production process is illustrated in Figure 1 for the exchange of a Z$ boson that couples to u and t quarks.

The charge conjugate (ūū # t̄t̄) is also possible, but due to the higher flux of u versus ū quarks at high
Bjorken-x, this has a much smaller cross section at a pp collider: in this model the ratio of the t̄t̄ to tt

production is only about 0.6-2.1% depending on the Z$ mass. A broader class of models that would lead

to the same signature of like-sign top pair production has been discussed in [9].

u

u

Z’

t

t

Figure 1: Diagram for like-sign top quark pair production via the exchange of a flavor-changing Z’

boson.

In this note, an extension of the inclusive search by the ATLAS Collaboration for prompt µ±µ± pro-

duction [10] is presented. In Section 2, the µ+µ+ process is analyzed alone using identical experimental

methods as those described in a previous note [10]. The data are then presented in terms of an upper

limit on the µ+µ+ cross section within a kinematic range matched to the experimental selection cuts in

Section 3. These fiducial cross-section limits are intepreted in the context of like-sign top quark pair

production in Section 4.

2 Search for µ+µ+ Production

The ATLAS collaboration has recently presented an analysis of like-sign muon pairs where the sum of

positively and negatively charged muon pairs was considered [10]. The same analysis is here repeated

considering only pairs where both muons have a positive electric charge.

The primary selection criteria are to require two positively charged muons with transverse momentum

pT > 20 (10) GeV for the leading (subleading) muon and pseudo-rapidity |$| < 2.5. Both muons must
pass tight criteria on the impact parameter with respect to the event’s primary vertex and be isolated from

other tracks in the event, and at least one of them must be within the acceptance of the muon trigger

chambers (|$| < 2.4). Background arising from muons from hadronic decays (non-prompt muons) is
estimated directly from data, while backgrounds due to prompt muons, mostly from diboson production,

1

Same analysis set also best limits on anomalous production of top pairs with the same 
electrical charge via a flavor-changing Z′ boson:

Table 4: Upper limit at 95% C.L. on tRtR production cross section for four Z
! mass points in four ranges

of dimuon invariant mass.

Mass range [GeV]

!95(tt) (pb)

m(Z!) = 100 GeV m(Z!) = 150 GeV m(Z!) = 200 GeV m(Z!) " 1 TeV
exp. obs. exp. obs. exp. obs. exp. obs.

m(µ+µ+) > 15 GeV 24.8 21.8 23.0 20.3 22.4 19.7 36.6 32.2

m(µ+µ+) > 100 GeV 5.4 3.6 4.7 3.1 4.4 2.9 6.1 4.1

m(µ+µ+) > 200 GeV 4.1 4.1 3.3 3.3 3.0 3.0 2.9 2.9

m(µ+µ+) > 300 GeV 5.5 5.5 4.1 4.1 3.7 3.7 2.8 2.8

The resulting cross-section upper limits are listed in Table 4 for the four scenarios and the four mass

ranges.

The most stringent expected limits are obtained for m(µ+µ+) > 200 GeV. For this cut value, the

observed cross-section limits for tRtR production range between 2.9 and 4.1 pb depending on the Z
!

boson mass.

5 Conclusions

An earlier analysis by the ATLAS collaboration for like-sign dimuon pairs has been extended to sep-

arately evaluate µ+µ+ pairs. The data are found to be in agreement with the background expectation

and upper limits on the cross section for anomalous production of µ+µ+ pairs within a fiducial range are

determined. These fiducial cross-section limits are used to infer limits on the production cross section

of pairs of right-handed top quarks with the same electric charge in the context of a t-channel exchange

of a flavor-changing Z! boson. The cross-section limits range between 2.9 and 4.1 pb depending on the

Z! mass and represent a significant improvement compared to current constraints. The limits are signif-

icantly more stringent than previous results, and severely challenge the flavor-changing neutral current

interpretation of the reported forward-backward asymmetry at the Tevatron.
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acceptance relative to 
d4d4→Wt Wt→bWW bWW→ll + X

10/22/2011 Sergio Grancagnolo - HU Berlin 9

Search channels for heavy quarksSearch channels for heavy quarks
•• QQ44QQ44WW++qWqW--qqll++ννqqll--ννq q 

•• SameSame--sign sign dileptondilepton

•• Anomalous Anomalous dimuondimuon productionproduction

•• Anomalous missing EAnomalous missing ETT in in tttt eventsevents

_ ___

_



T→t+A0
Search for a pair-produced exotic top partner T, which always decays to a top 
quark and a stable, neutral weakly-interacting scalar particle A0 

T has quark-like quantum numbers, produced as tt through qq annihilation and gluon fusion. 
Signature: same as ttbar, but with large missing transverse energy from the undetected A0’s.

26

arXiv:1109.4725

MT excluded up to 420 GeV/c2 and A0 up to 140 GeV/c2

2

measurements up to |!| of 2.7.
The analysis is based on data recorded by the AT-

LAS detector in 2011 using 1.04 fb!1 of integrated lu-
minosity. The data were collected using electron and
muon triggers. Requirements that ensure the quality of
beam conditions, detector performance and data are im-
posed. Monte Carlo (MC) event samples with full AT-
LAS detector simulation [14] based on the Geant4 pro-
gram [15] and corrected for all known detector e!ects are
used to model the signal process and most of the back-
grounds. The multi-jet background is modeled using data
control samples rather than the simulation. The back-
ground sources are separated into four main categories
according to their importance: dilepton tt (where both
W bosons decay to a lepton-neutrino pair: W ! "#);
single-lepton tt and W+jets; multi-jet production; and
other electroweak processes, such as diboson production,
single top, and Z+jets. The tt and single top samples
are produced with MC@NLO [16], while the W+jets
and Z+jets samples are generated with Alpgen [17].
Herwig [18] is used to simulate the parton shower and
fragmentation, and Jimmy [19] is used for the underlying
event simulation. The diboson background is simulated
using Herwig. The tt cross-section is normalized to ap-
proximate next-to-nextto-leading order (NNLO) calcula-
tions [20], the inclusiveW+jets and Z+jets cross-sections
are normalized to NNLO predictions [21], and the cross-
sections of the other backgrounds are normalized to NLO
predictions [22]. Additional corrections to the MC pre-
dictions are extracted from the data, as described below.
Electron and muon candidates are selected as for other

recent ATLAS top quark studies using the single-lepton
signature [23]. Jets are reconstructed using the anti-
kt [24] algorithm with the distance parameter R = 0.4.
To take into account the di!erences in calorimeter re-
sponse to electrons and hadrons, a pT- and !-dependent
factor, derived from simulated events and validated with
data, is applied to each jet to provide an average energy
scale correction [25] corresponding to the energies of the
reconstructed particles.
In the calorimeter, the energy deposited by particles is

reconstructed in three-dimensional clusters. These clus-
ters are calibrated according to the associated recon-
structed high-pT object. The energy of these clusters
is summed vectorially, and projections of this sum in the
transverse plane correspond to the negative of the Emiss

T
components [26]. Clusters not associated with any high-
pT object and muons reconstructed in the MS are also
included in the Emiss

T calculation.
Events are selected with exactly one isolated electron

or muon that passes the following kinematic selection cri-
teria. Electrons are required to satisfy ET > 25 GeV
and |!| < 2.47. Electrons in the region between the bar-
rel and the endcap electromagnetic calorimeters (1.37 <
|!| < 1.52) are removed. Muon candidates are required
to satisfy pT > 20 GeV and |!| < 2.5. These selected
leptons lie in the e"ciency plateau of the single-lepton
triggers. Only events with four or more reconstructed

jets with pT > 25 GeV and |!| < 2.5 are selected. To
reduce the W+jets background, events are required to
have Emiss

T > 100 GeV and mT > 150 GeV, where mT is
the transverse mass of the lepton and Emiss

T [27]. Events
with either a second lepton candidate with pT > 15 GeV
or a track with pT > 12 GeV, with no other tracks with
pT > 3 GeV within #R = 0.4 (#R "

!

#!2 +#$2), are
rejected in order to reduce the contribution from tt dilep-
ton events. In particular the isolated track veto is useful
in reducing single-prong hadronic % decays in tt dilepton
events. A summary of the background estimates and a
comparison with the observed number of selected events
passing all selection criteria are shown in Table I. A total
yield of 101 ± 16 events is expected from SM sources, and
105 events are observed in data. The background com-
position is similar in the electron and muon channels.

TABLE I: Summary of expected SM yields including statisti-
cal and systematic uncertainties compared with the observed
number of events in the signal region.

Source Number of events
Dilepton tt 62 ± 15

Single-lepton tt/W+jets 33.1 ± 3.8
Multi-jet 1.2 ± 1.2

Single top 3.5 ± 0.8
Z+jets 0.9 ± 0.3

Dibosons 0.9 ± 0.2
Total 101 ± 16
Data 105

The dominant background arises from tt dilepton final
states in which one of the leptons is not reconstructed,
is outside the detector acceptance, or is a % lepton. In
all such cases, the tt decay products include two high-
pT neutrinos, resulting in large Emiss

T and mT tails. In
MC, the second lepton veto removes 45% of the dilepton
tt and 10% of the single-lepton tt in the signal region.
The veto performance is validated in the data in several
control regions both enhanced and depleted in dilepton
tt, and in all cases the veto e"ciencies in MC and data
agree within 10%.
The next largest background comes from single-lepton

sources, including W+jets and tt with one leptonic W
decay. Both the normalization and the shape of the mT

distribution for this combined background are extracted
from the data. First, the yield of the single-lepton back-
ground estimated from simulation is normalized in the
control region 60 GeV < mT < 90 GeV to the data which
gives a correction of (#5 ± 3)%. Next, the shape of the
mT distribution in MC is compared with data in various
signal-depleted control regions, where events satisfy the
signal event selection but have fewer than four jets. In
these control samples events with identified b-jets, based
on lifetime b-tagging [23], are rejected in order to reduce
the dilepton tt̄ background, such that these control sam-
ples are dominated by W+jets events; the corresponding
loss of single-lepton tt̄ from this b-jet veto is accounted



LeptoQuarks (LQ)
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Produced in pair at LHC→ search for final states with jjll or jjlν  
Low background expected due to the high mass of the LQ

Experimental discriminants:
- LQ Transverse mass
- event transverse energy

mT
LQ =

q
2pjTE

miss
T (1� cos�j)

ST = pl1T + pl2T + pj1T + pj2T

Limit 95% CL for β=1
1st  gen. M > 376 GeV
2nd gen. M > 422 GeV

arXiv:1104.4481 - Phys. Rev. D83 112006 (2011)

LQ are new particles that arise in various extensions of SM (GUT, ETC, compositeness ...) 
and couple to both lepton and quarks and carry color



Grand Summary
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+ many new/updated analyses on track to be approved for HCP!
check the daily updated list in: https://twiki.cern.ch/twiki/bin/view/AtlasPublic

https://twiki.cern.ch/twiki/bin/view/AtlasPublic
https://twiki.cern.ch/twiki/bin/view/AtlasPublic


Outlook and future perspectives
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With less than 2 fb-1 of integrated luminosity ATLAS has been able to produce world class 
quality results, extending the parameter space explored at previous facilities with just 1 year 
of data taking ...

- heavy resonances excluded past 2 TeV 
- 4th generation/techni-hadrons excluded up to ~0.4 TeV
- gravitions up to ~1.6 TeV
- excited quarks/axigluons excluded past 3 TeV

... but so far only exclusion limits, no hint of new physics yet

... the discovering journey has just begun!  

∼0.4-0.5 fb-1/week end of 2011

Additional 3 fb-1 already under analysis, O(10) expected in 2012 → access to the multi-TeV scale
  - higher center-of-mass energy perhaps a better option than a x10 data at 7 TeV 

arXiv:1101.3201
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Figure 12: Ratio of parton luminosity for ud̄ interactions in pp collisions at
p

s = 8 TeV to luminosity at 7 TeV (logarithmic scale).
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BKUP SLIDES



In UED models (but also GMSB) sizable yields of γγ+MET events compared to SM  
- in UED the lightest KK particle γ* can decay gravitationally to γ+G
- the graviton G is one of a tower of eV-spaced graviton states, leading to a distribution of graviton mass 

between 0 and 1/R (compactification radius)
- Two decay chains per event → γγ+MET, with MET due to the escaping graviton in the ED

Analysis strategy:
- two photons (ET>30 GeV) + large MET (>125 GeV)
- looks for excess on the MET spectrum
- main backgrounds estimated using control samples

- QCD: γγ, γ+j, jj
- W+jets, tt

Search for UED in γγ+MET
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exclude 1/R < 961 GeV @95% CL

6 The ATLAS Collaboration: Search for Diphoton Events with Emiss
T with the ATLAS Detector

Table 1. Numbers of observed !! candidates, SM background candidates estimated from the QCD! and electron-photon
control samples and W (! e") + jets/! and tt̄(! e") + jets MC, and expected signal events from GGM with (mg̃/m"̃0

1
) =

(600/300) GeV and UED with 1/R = 900GeV, given in various Emiss
T ranges. The uncertainties are statistical only. The first

row, for Emiss
T < 20GeV, is the control region used to normalise the QCD background to the number of observed !! candidates.

The total predicted background events also include the small contribution from W (! e")!! and Z(! "")!! events.

Emiss
T range Data Predicted background events Expected signal events
[GeV] events Total QCD W/tt̄(! e") + jets/! GGM UED
0 - 20 698 - - - 0.05 ± 0.01 0.02± 0.01
20 - 75 63 61.4 ± 2.3 58.3 ± 2.2 2.99± 0.12 0.59 ± 0.05 0.25± 0.02
75 - 125 1 0.38± 0.08 0.17± 0.08 0.19± 0.03 0.96 ± 0.06 0.43± 0.02
> 125 0 0.10± 0.04 0.034 ± 0.034 0.057 ± 0.015 4.66 ± 0.14 5.35± 0.11

widths. The resulting estimate of the photon identifica-
tion e!ciency, tuned in this way, was within 5% of that
of the un-tuned MC for all values of ET and !. A system-
atic uncertainty was assigned to the tuning according to
the uncertainty on the background contamination in the
data sample, as well as by replacing the data with a MC
sample generated with the inactive material in the region
between the interaction point and calorimeter surface in-
creased in a manner that reflects the uncertainty on the
actual material distribution. An additional systematic un-
certainty on the overall photon selection arises from the
uncertainty on the overall amount of material in front of
the calorimeter, and has been estimated using the same
MC sample. The systematic uncertainty associated with
removing photons in problematic regions of the calorime-
ter was derived by comparing, in MC and data, the frac-
tion of photons within a fiducial region surrounding areas
of degraded detector response. Combined in quadrature,
these sources yielded a systematic uncertainty of 3.6% for
both GGM and UED.

The systematic uncertainty on the e!ciency of the iso-
lation requirement was estimated by comparing distribu-
tions of the isolation variable for identified photons, after
subtracting the estimated contributions from jets mistak-
enly identified as photons, with distributions of the isola-
tion variable for MC photons. This yielded an uncertainty
between 8.3% and 0.5% (GGM) and of 1.5% (UED). The
systematic uncertainty arising from the photon energy
scale (known better than 1.5%) was found to be negligi-
ble. The influence of pileup, evaluated by comparing MC
samples with di"erent pileup configurations, led to a sys-
tematic uncertainty of 1.0%. Systematic e"ects due to the
Emiss

T reconstruction, estimated by varying the cluster en-
ergies within established uncertainty ranges, and by vary-
ing the expected Emiss

T resolution between the measured
performance and MC expectations, contributed an uncer-
tainty of 10.9% to 0.8% (GGM) and 2.1% to 0.9% (UED)
on the signal e!ciency. Finally, an uncertainty between
3.8% and 1.1% was attributed to the limited statistics of
the MC signal samples. Added in quadrature, the total
systematic uncertainty on the signal yield varies between
15.1% and 5.6% (GGM) and 5.8% and 5.4% (UED).

In the case of GGM, the dominant theoretical uncer-
tainties arise from the limited knowledge of the proton
PDF and the appropriate factorisation and renormalisa-

tion scales. The PDF uncertainties in the GGM cross sec-
tions were evaluated by using the CTEQ6.6M PDF error
sets [47] in the PROSPINO cross section calculation and are
estimated to be between 12% and 25%. The factorisation
and renormalisation scales in the NLO PROSPINO calcula-
tion were increased and decreased by a factor of two, lead-
ing to a systematic uncertainty between 16% and 19%.
The total theoretical uncertainty for GGM ranges from
20% to 31%. In the case of UED, the LO cross section
was used with no assignment of theoretical uncertainty,
since higher order corrections are not available for this
model.

10 Extraction of limits

Based on the observation of zero events with Emiss
T >

125GeV and the expected background of 0.10±0.04(stat)±
0.05(syst) events, a 95% CL upper limit was set on the
number of events from new physics in the signal region.

Frequentist limits were derived using a profile likeli-
hood ratio "(s) [48], with the likelihood function of the
fit given by L(n|s, b, #) = PS ! CSyst; n represents the
number of observed events in data, s the strength of the
new physics signal under consideration, b the expected

Table 2. Relative systematic uncertainties on the expected
signal yield for GGM with (mg̃/m"̃0

1
) = (600/300) GeV and

UED with 1/R = 900GeV. No PDF and scale uncertainties
are give for the UED case as the cross section is evaluated only
to LO. More detail is provided in the text.

Source of uncertainty Uncertainty
GGM UED

Integrated luminosity 3.4%
Trigger 0.7%
Photon identification 3.6%
Photon isolation 3.4% 1.5%
E!ect of pileup 1.0%
Emiss

T reconstruction and scale 3.7% 1.1%
Signal MC statistics 2.6% 1.2%
Total signal uncertainty 7.6% 5.4%
PDF and scale 25% "
Total 26% 5.4%
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1
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widths. The resulting estimate of the photon identifica-
tion e!ciency, tuned in this way, was within 5% of that
of the un-tuned MC for all values of ET and !. A system-
atic uncertainty was assigned to the tuning according to
the uncertainty on the background contamination in the
data sample, as well as by replacing the data with a MC
sample generated with the inactive material in the region
between the interaction point and calorimeter surface in-
creased in a manner that reflects the uncertainty on the
actual material distribution. An additional systematic un-
certainty on the overall photon selection arises from the
uncertainty on the overall amount of material in front of
the calorimeter, and has been estimated using the same
MC sample. The systematic uncertainty associated with
removing photons in problematic regions of the calorime-
ter was derived by comparing, in MC and data, the frac-
tion of photons within a fiducial region surrounding areas
of degraded detector response. Combined in quadrature,
these sources yielded a systematic uncertainty of 3.6% for
both GGM and UED.

The systematic uncertainty on the e!ciency of the iso-
lation requirement was estimated by comparing distribu-
tions of the isolation variable for identified photons, after
subtracting the estimated contributions from jets mistak-
enly identified as photons, with distributions of the isola-
tion variable for MC photons. This yielded an uncertainty
between 8.3% and 0.5% (GGM) and of 1.5% (UED). The
systematic uncertainty arising from the photon energy
scale (known better than 1.5%) was found to be negligi-
ble. The influence of pileup, evaluated by comparing MC
samples with di"erent pileup configurations, led to a sys-
tematic uncertainty of 1.0%. Systematic e"ects due to the
Emiss

T reconstruction, estimated by varying the cluster en-
ergies within established uncertainty ranges, and by vary-
ing the expected Emiss

T resolution between the measured
performance and MC expectations, contributed an uncer-
tainty of 10.9% to 0.8% (GGM) and 2.1% to 0.9% (UED)
on the signal e!ciency. Finally, an uncertainty between
3.8% and 1.1% was attributed to the limited statistics of
the MC signal samples. Added in quadrature, the total
systematic uncertainty on the signal yield varies between
15.1% and 5.6% (GGM) and 5.8% and 5.4% (UED).

In the case of GGM, the dominant theoretical uncer-
tainties arise from the limited knowledge of the proton
PDF and the appropriate factorisation and renormalisa-

tion scales. The PDF uncertainties in the GGM cross sec-
tions were evaluated by using the CTEQ6.6M PDF error
sets [47] in the PROSPINO cross section calculation and are
estimated to be between 12% and 25%. The factorisation
and renormalisation scales in the NLO PROSPINO calcula-
tion were increased and decreased by a factor of two, lead-
ing to a systematic uncertainty between 16% and 19%.
The total theoretical uncertainty for GGM ranges from
20% to 31%. In the case of UED, the LO cross section
was used with no assignment of theoretical uncertainty,
since higher order corrections are not available for this
model.

10 Extraction of limits

Based on the observation of zero events with Emiss
T >

125GeV and the expected background of 0.10±0.04(stat)±
0.05(syst) events, a 95% CL upper limit was set on the
number of events from new physics in the signal region.

Frequentist limits were derived using a profile likeli-
hood ratio "(s) [48], with the likelihood function of the
fit given by L(n|s, b, #) = PS ! CSyst; n represents the
number of observed events in data, s the strength of the
new physics signal under consideration, b the expected

Table 2. Relative systematic uncertainties on the expected
signal yield for GGM with (mg̃/m"̃0

1
) = (600/300) GeV and

UED with 1/R = 900GeV. No PDF and scale uncertainties
are give for the UED case as the cross section is evaluated only
to LO. More detail is provided in the text.
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GGM UED

Integrated luminosity 3.4%
Trigger 0.7%
Photon identification 3.6%
Photon isolation 3.4% 1.5%
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Total 26% 5.4%



Search techni-mesons in W+jets

32

Repeat CDF study of W+2jets production
sensitive to ρT→W+πT(→jj)
keep selection as close as possible to CDF
harder than at Tevatron: worst S/B  (signal x4, W+jets BG x20)

no significative discrepancy seen between data and simulation 
p-value in “CDF region” [120,160] GeV = 0.3 (0.5σ)

ATLAS-CO
NF-2011-097

Selection:
ET > 25 GeV (e), pT > 20 GeV (μ)
MET > 25 GeV, mT > 40 GeV
pT(jet) > 25 GeV, |η|<2.8
pTjj > 4 GeV, |Δηjj|>2,5
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Search channels for heavy quarksSearch channels for heavy quarks
•• QQ44QQ44WW++qWqW--qqll++ννqqll--ννq q 

•• SameSame--sign sign dileptondilepton

•• Anomalous Anomalous dimuondimuon productionproduction

•• Anomalous missing EAnomalous missing ETT in in tttt eventsevents

_ ___

_d4→Wt and Heavy Neutrinos in same-sign di-leptons
Search for 4th generation d-quark decaying to Wt

d4d4→Wt Wt→bWW bWW → ll + 6j + MET 
analysis sensitive to many NP models: SUSY/UED/Majorana neutrinos/... 
done in the context of a generic same-sign di-lepton search
strong BG reduction by requiring same-sign leptons and high MET

33

arXiv:1108.0366

Md4 > 290 GeV/c2 @95% CL

Same analysis set limits on heavy neutrinos as 4th generation particles: 
- N2N2→N1Z N1Z→ll + 2j + MET 
- model: 4-fermions effective vector operator MN1 > 460 GeV/c2 @95% CL 

assuming NP scale Λ=1 TeV



Left-Right Symmetry

• production of a Heavy Majorana Neutrino via WR decay
— No mixing of Heavy Majorana Neutrinos case (left)
— Mixing between Heavy Majorana Neutrinos case (right)

When
Mass(WR)  Mass(Nl)

Merging of the 
two jets is possible

Reza Yoosoofmiya - University of Pittsburgh 3

The first implementations of LRS were developed by
J.C.Pati and A.Salam (Phys. Rev. D 10, 275 (1974)), 
and R.N.Mohapatra and J.C.Pati (Phys. Rev. D 11, 
566, 2558 (1975)).

Heavy Neutrinos and WR in 2l+2jets
Benchmark: heavy neutrinos in L-R symmetric extension of Standard Model

WR→N1 l → ll′ WR*→ ll′jj: search for resonances in the 2l+2j system
both same sign (Majorana type neutrinos) and opposite sign (Majorana and non 
Majorana) lepton pairs considered
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ATLAS-CO
NF-2011-115SS

OS

Significant extension of previous limits from LEP/Tevatron

Table 1: Summary of the expected background yields and observed number of events for the SS and OS
dilepton channels. The upper part of the table gives the numbers obtained for the preselection of events
with two leptons, � 1 jet and mll > 110 GeV. The lower part of the table gives the numbers for the final
selection which additionally requires MWR > 400 GeV and, for the OS channel only, S T > 400 GeV.
The first errors are statistical uncertainties and the second are systematic uncertainties excluding the
luminosity uncertainty. The uncertainty due to the luminosity is 3.4% for all backgrounds except for the
fake lepton(s), which is measured from data.

Physics Processes SS OS
Preselection

Diboson 0.18±0.01±0.01 4.0±0.1± 0.4
tt̄ + single top 0.39±0.01±0.06 56.3±0.6± 8.0
Z ! ll 0.81±0.06±0.15 106.6±3.2±14.0
Fake lepton(s) 5.81±1.27±2.06 6.9±2.3± 2.7
Total background 7.2 ±1.3 ±2.1 173.8±3.9±16.7
Observed in data 5 177

Final selection
Total background 1.9 ±0.4 ±0.5 13.3±1.2± 2.1
Observed in data 2 10
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Figure 1: (Left) Distribution of the dilepton-dijet invariant mass, Mll j j, for OS dilepton events with
� 1 jets and Mll > 110 GeV. A selection criterion Mll j j � 400 GeV is used. (Right) Distribution of S T
for OS dilepton events with � 1 jets and Mll > 110 GeV and Mll j j � 400 GeV. A selection criterion
S T � 400 GeV is used.

for each mixing scenario, are shown in Figure 3 and determined for SS events and SS+OS events. The
SS+OS limit is obtained by combining the two individual limits. Figure 4 shows the excluded cross-
section times branching ratio obtained for each mixing scenario. The exclusion region is significantly
larger than that obtained previously by other experiments [5, 6, 7], as well as those recently obtained by
ATLAS in an inclusive search for SS dilepton signatures [8].
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Searches for LLP: displaced vertices

35

Inclusive search for vertices outside the beam-pipe, in association with a high pT muon
Crucial: good understanding of tracking, detector passive material

Background:
- vertices from BG from hadronic interactions with detector material
- typically low-mass, but coinciding tracks at large angle can result in high mass vertex
- veto vertex position with material map from 2010 data

Control region: 
-Mvertex<10 GeV, allows 2-track vertices, no material veto 
-excellent agreement in shape and yield

arXiv:1109.2242

Benchmark
SUSY RPV

CERN-PH-EP-2011-131

Search for displaced vertices arising from decays of new heavy particles

in 7 TeV pp collisions at ATLAS

The ATLAS Collaboration

Abstract

We present the results of a search for new, heavy particles that decay at a significant distance from their production
point into a final state containing charged hadrons in association with a high-momentum muon. The search is conducted
in a pp-collision data sample with a center-of-mass energy of 7 TeV and an integrated luminosity of 33 pb�1 collected in
2010 by the ATLAS detector operating at the Large Hadron Collider. Production of such particles is expected in various
scenarios of physics beyond the standard model. We observe no signal and place limits on the production cross-section of
supersymmetric particles in an R-parity-violating scenario as a function of the neutralino lifetime. Limits are presented
for di↵erent squark and neutralino masses, enabling extension of the limits to a variety of other models.

1. Introduction

Various scenarios of physics beyond the standard model
predict the production at the Large Hadron Collider
(LHC) of heavy particles with lifetimes that may be of
order picoseconds to about a nanosecond. An exam-
ple of such a scenario is gravity-mediated supersymmetry
(SUGRA) with R-parity violation (RPV), where current
limits on RPV couplings [1] allow for the decay vertex of
the lightest supersymmetric particle to be within the range
accessible to collider-based particle detectors. In gauge-
mediated supersymmetry models, the next-to-lightest su-
persymmetric particle may be long lived due to suppres-
sion of its decay by the large supersymmetry-breaking
scale [2]. Additional scenarios allowing for such a sig-
nature include split-supersymmetry [3], hidden-valley [4],
dark-sector gauge bosons [5], stealth supersymmetry [6],
or a meta-stable supersymmetry-breaking sector [7].

Searches for related signatures have been performed at
the Tevatron with

p
s = 1.96 TeV pp̄ collisions. The D0

collaboration has searched for a long-lived neutral particle
decaying into a final state containing two muons [8] or a bb̄

pair [9]. No signal was observed, and limits were computed
in the context of RPV and hidden-valley model scenarios.

In this letter, we report the results of a search for a
heavy particle decaying into several charged particles at a
distance of order millimeters to tens of centimeters from
the pp interaction point, in events containing a muon with
high transverse momentum (p

T

). In the SUGRA scenario,
this signature corresponds to the decay of the lightest su-
persymmetric particle due to non-zero RPV couplings �0

2ij

,
via a diagram such as the one shown in Fig. 1. However,
it may also be the result of other models with heavy, long-
lived particles that decay into or are produced in associa-
tion with a high-p

T

muon.

µ~0~! "

jq

iq‘

µ

~!
ij2

" iq‘

Figure 1: Example of a diagram of a new massive particle �̃0 (such
as the lightest neutralino) decaying into a muon and two jets via a
virtual smuon, with RPV coupling �0

2ij .

2. The ATLAS detector

The ATLAS detector [10] comprises a tracking inner de-
tector (ID) system, a calorimeter system, and an extensive
muon spectrometer (MS).

The ID operates in a 2 T magnetic field and provides
tracking and vertex information for charged particles in the
pseudorapidity range |⌘| < 2.5, where ⌘ ⌘ � ln tan(✓/2)
and ✓ is the polar angle, defined with respect to the cylin-
drical symmetry axis (the z axis) of the detector. At small
radii, high-resolution pattern recognition capability is ob-
tained using silicon pixel layers and stereo pairs of silicon
microstrip layers. The pixel system comprises three barrel
layers, and three forward disks on each side of the interac-
tion point. Of particular significance to this analysis are
the barrel pixel layers, which are positioned at radii of 50.5,
88.5, and 122.5 mm. The silicon microstrip tracker (SCT)
has four barrel layers, and nine forward disks on each side.
At larger radii, a transition-radiation tracker (TRT) com-
posed of straw-tube elements interleaved with transition-
radiation material contributes to track reconstruction up

Preprint submitted to Physics Letters B September 13, 2011
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Hidden Valley: prompt lepton-jets

36

Search for new light (m~GeV scale) Hidden Valley bosons (dark photons γd) decaying to muons
predicted in many Hidden Valley models, with SUSY (used as benchmark) and w/o SUSY
Proposed to explain anomalies in astrophysical observations related to abundance of cosmic electron/positrons 
and dark matter searches

ATLAS-CO
NF-2011-076

highly boosted final state muons → collimated jets of leptons (lepton-jets) 
dark photons γd may have long lifetimes or decay promptly, first pilot 
analysis focused on prompt objects

Leading pT Lepton-Jet

2nd leading pT LJ

LJ scaled isolation
∑ET/pT With 40 pb-1 sensitivity at the level of 

expected signal x-section 
... full statistic analysis ready soon 
together results for displaced LJ ...



Highly Ionizing Particles

37

Predicted by Q-balls, stable μ-BH, monopoles, dyons, ...
Large mass → slowly moving through the detector volume
|q| >> electron charge → high specific ionization
Generic signature: very high ionization track and narrow EM cluster → very low Background

First and so far only search at LHC energies (2010 data, 3.1 pb-1): sensitive to |q| in the range 6e-17e
Second generation analyses in progress: larger statistic, sensitive to larger intervals of HIP charge and to magnetic 
monopoles

m [GeV] |q| = 6e |q| = 10e |q| = 17e
200 25% 11% 9%
500 17% 10% 9%
1000 28% 10% 9%

Table 4: Relative systematic uncertainties in e!ciency, combining in quadra-
ture all the e"ects described in the text.

considered in this search, more than 99% of the particles
which are energetic enough to reach the EM calorimeter
and pass the event selection are in the high-e!ciency range
! > 0.4. The only exception is |q| = 6e andm = 1000 GeV,
for which the ! distribution after selection peaks between
0.32 and 0.47. The trigger e!ciency loss is corrected for,
resulting in an additional 25% uncertainty for this particu-
lar case.

• Uncertainties in the choice of parametrisation for the par-
ton density functions (pdfs) of the proton have an impact
on the event kinematics. To test this e"ect, events were
generated (see Section 3) with 7 di"erent pdfs from vari-
ous sources [19, 31–34]. Assuming that acceptance vari-
ations due to the choice of pdf are Gaussian, the resulting
relative uncertainty in the acceptance is 3%.

• The relative uncertainty in e!ciency due to MC statistics
is of the order of 2%.

Other e"ects, like event pile-up and electron pick-up by pos-
itively charged particles, have been investigated and found to
be negligible. E!ciency systematics are dominated by Birks’
correction. The relative uncertainties in the signal selection ef-
ficiencies (Tables 2 and 3), obtained by adding all e"ects in
quadrature, are shown in Table 4.
The systematic uncertainty in the absolute integrated lumi-

nosity is 11% [35].

7. Upper Limit on the Cross Section

A very low (! 1 event) background yield is expected and
no events are observed to pass the selection. Knowing the in-
tegrated luminosity (3.1 pb"1) and the selection e!ciency for
various model assumptions (Tables 2 and 3), cross section limits
are obtained. This is done using a Bayesian statistical approach
with a uniform prior for the signal and the standard assumption
that the uncertainties in integrated luminosity (11%) and e!-
ciency (Table 4) are Gaussian and independent. The limits are
presented in Table 5 (for a particle produced in the acceptance
kinematic region defined by Table 1) and in Table 6 (assuming
Drell-Yan kinematics).
These limits can be approximately interpolated to intermedi-

ate values of mass and charge. Also, the limits quoted in Ta-
ble 5 can be used to extract cross section limits for any given
model of kinematics by correcting for the acceptance (fraction
of events with at least one generated HIP in the ranges defined
by Table 1): such a procedure yields conservative limits thanks
to the fact that candidates beyond the sharp edges of the accep-
tance regions defined in Table 1 can also be accepted.

m [GeV] |q| = 6e |q| = 10e |q| = 17e
200 1.4 1.2 2.1
500 1.2 1.2 1.6
1000 2.2 1.2 1.5

Table 5: Inclusive HIP cross section upper limits (in pb) at 95% confidence
level for long-lived massive particles with high electric charges produced in
regions of pseudorapidity and kinetic energy as defined in Table 1. E!ciencies
in Table 2 and uncertainties in Table 4 were used in the cross section limit
calculation.

m [GeV] |q| = 6e |q| = 10e |q| = 17e
200 11.5 5.9 9.1
500 7.2 4.3 5.3
1000 9.3 3.4 4.3

Table 6: Pair production cross section upper limits (in pb) at 95% confidence
level for long-lived massive particles with high electric charges, assuming a
Drell-Yan mechanism. E!ciencies in Table 3 and uncertainties in Table 4 were
used in the cross section limit calculation.

8. Summary

A search has been made for HIPs produced in the ATLAS de-
tector at the LHC using 3.1 pb"1 of pp collisions at

#
s = 7 TeV.

The signature of high ionisation in an inner detector track
matched to a narrow calorimeter cluster has been used. Up-
per cross section limits between 1.2 pb and 11.5 pb have been
extracted for HIPs with electric charges between 6e and 17e and
masses between 200 GeV and 1000 GeV, under two kinematics
assumptions: a generic HIP in a fiducial range of pseudorapid-
ity and kinetic energy, or a Drell-Yan fermion pair production
mechanism. HIP mass ranges above 800 GeV [11] are probed
for the first time at a particle collider. These limits are the first
constraints obtained on long-lived highly charged particle pro-
duction at LHC collision energies.
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fHT = fraction of track TRT hits that pass high threshold 
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w1 = lateral extent of EM energy deposition in second layer

amount of material in the Geant-4 simulation. Vary-
ing the material density within the assumed uncertainty
range (± ! 10% [31]), independently in the ID and EM
calorimeter volumes, leads to a 6% uncertainty in signal
acceptance.

• The modeling of inactive or ine!cient EM calorimeter re-
gions in the simulation results in a 2% uncertainty in the
signal e!ciency.

• Cross-talk e"ects between EM calorimeter cells a"ect the
w1 and w2 variables and this may not be accurately de-
scribed by the simulation for large energy depositions per
cell. The resulting uncertainty in signal e!ciency is 2%.

• Secondary ionisation by delta electrons a"ects the track
reconstruction and the calorimeter energy output. The
amount of delta electrons in ATLAS detectors as described
in Geant-4 depends on the cuto" parameter (the radius be-
yond which delta electrons are considered separate from
the mother particle). Varying this parameter results in a
3% uncertainty in the signal e!ciency.

• For clusters delayed by more than 10 ns with respect to the
expected arrival time of a highly relativistic particle, which
corresponds to ! < 0.37, there is a significant chance that
the event is triggered in the next bunch crossing by the first
level EM trigger. In most of the mass and charge range
considered in this search, more than 99% of the particles
which are energetic enough to reach the EM calorimeter
and pass the event selection are in the high-e!ciency range
! > 0.4. The only exception is |q| = 6e andm = 1000 GeV,
for which the ! distribution after selection peaks between
0.32 and 0.47. The trigger e!ciency loss is corrected for,
resulting in an additional 25% uncertainty for this particu-
lar case.

• Uncertainties in the choice of parametrisation for the par-
ton density functions (pdfs) of the proton have an impact
on the event kinematics. To test this e"ect, events were
generated (see Section 3) with 7 di"erent pdfs from vari-
ous sources [20, 32–35]. Assuming that acceptance vari-
ations due to the choice of pdf are Gaussian, the resulting
relative uncertainty in the acceptance is 3%.

• The relative uncertainty in e!ciency due to MC statistics
is of the order of 2%.

Other e"ects, like event pile-up and electron pick-up by pos-
itively charged particles, have been investigated and found to
be negligible. E!ciency systematics are dominated by Birks’
correction. The relative uncertainties in the signal selection ef-
ficiencies (Tables 2 and 3), obtained by adding all e"ects in
quadrature, are shown in Table 4.
The systematic uncertainty in the absolute integrated lumi-

nosity is 11% [36].

m [GeV] |q| = 6e |q| = 10e |q| = 17e
200 25% 11% 9%
500 17% 10% 9%
1000 28% 10% 9%

Table 4: Relative systematic uncertainties in e!ciency, combining in quadra-
ture all the e"ects described in the text.

m [GeV] |q| = 6e |q| = 10e |q| = 17e
200 1.4 1.2 2.1
500 1.2 1.2 1.6
1000 2.2 1.2 1.5

Table 5: Inclusive HIP cross section upper limits (in pb) at 95% confidence level
for isolated long-lived massive particles with high electric charges produced in
regions of pseudorapidity and kinetic energy as defined in Table 1. E!ciencies
in Table 2 and uncertainties in Table 4 were used in the cross section limit
calculation.

7. Upper Limit on the Cross Section

A very low (" 1 event) background yield is expected and
no events are observed to pass the selection. Knowing the in-
tegrated luminosity (3.1 pb#1) and the selection e!ciency for
variousmodel assumptions (Tables 2 and 3), cross section limits
are obtained. This is done using a Bayesian statistical approach
with a uniform prior for the signal and the standard assumption
that the uncertainties in integrated luminosity (11%) and e!-
ciency (Table 4) are Gaussian and independent. The limits are
presented in Table 5 (for a particle produced in the acceptance
kinematic region defined by Table 1) and in Table 6 (assuming
Drell-Yan kinematics).
These limits can be approximately interpolated to intermedi-

ate values of mass and charge. Also, the limits quoted in Ta-
ble 5 can be used to extract cross section limits for any given
model of kinematics by correcting for the acceptance (fraction
of events with at least one generated HIP in the ranges defined
by Table 1): such a procedure yields conservative limits thanks
to the fact that candidates beyond the sharp edges of the accep-
tance regions defined in Table 1 can also be accepted.

8. Summary

A search has been made for HIPs with lifetimes in excess
of 100 ns produced in the ATLAS detector at the LHC using
3.1 pb#1 of pp collisions at

$
s = 7 TeV. The signature of

m [GeV] |q| = 6e |q| = 10e |q| = 17e
200 11.5 5.9 9.1
500 7.2 4.3 5.3
1000 9.3 3.4 4.3

Table 6: Pair production cross section upper limits (in pb) at 95% confidence
level for long-lived massive particles with high electric charges, assuming a
Drell-Yan mechanism. E!ciencies in Table 3 and uncertainties in Table 4 were
used in the cross section limit calculation.
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