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RECENT RESULTS FROM 
NEW PHYSICS SEARCHES 

AT ATLAS 
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Even if we find the Higgs, many questions unanswered by Standard Model  
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WHY WE NEED NEW PHYSICS 
(AND THINK WILL FIND SOME AT LHC) 

Extensions of SM generally foresee new phenomena at TeV scale to 
tackle the hierarchy problem. If true, we should find them at LHC 

The excellent performances  
of LHC allow us to probe  
new territory already  
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Stability of  EW scale? 

Dark Matter and  
Dark Energy? 

quark and leptons  
really elementary? 
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Matter/antimatter 
asymmetry ? 

2010 
45 pb-1 

2011 
0.67 fb-1 



I can not possibly cover all searches for new phenomena in ATLAS 
in the time of my talk.. I will show some highlights 
¡  Searches in etmiss+jets (sensitive to supersymmetry) 

§  0 lepton+jets+etmiss 
§  1 lepton+jets+etmiss 
§  2+ leptons+etmiss 
§  b-jets+etmiss 

¡  Searches for new long-lived particles 
¡  Searches in other final states (possible new phenomena) 

§  Searches in di-jet final state (excited quarks, contact interactions, …) 
§  Searches for multi-jet final state (black hole production) 
§  Searches for heavy di-lepton and lepton-neutrino resonances (Z’, W’) 
§  Searches in lepton+jets final states (leptoquark) 

¡  Other searches,summary, conclusions 
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OUTLINE 

NEW 

Results <2 weeks old  
will be marked with 



STANDARD MODEL MEASUREMENTS 
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28 The ATLAS Collaboration
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Fig. 12: The measured values of σW ·BR (W → �ν) for W
+

, W
−

and for their sum compared to the theoretical

predictions based on NNLO QCD calculations (see text). Results are shown for the combined electron-muon

results. The predictions are shown for both proton-proton (W
+

, W
−

and their sum) and proton-antiproton colliders

(W) as a function of
√

s. In addition, previous measurements at proton-antiproton and proton-proton colliders

are shown. The data points at the various energies are staggered to improve readability. The CDF and D0

measurements are shown for both Tevatron collider energies,
√

s = 1.8 TeV and
√

s = 1.96 TeV. All data points are

displayed with their total uncertainty. The theoretical uncertainties are not shown.

R
e

W (±)/Z
R

µ
W (±)/Z

W
+

8.4 ± 1.1 (stat) ± 0.6 (syst) 6.5 ± 0.7 (stat) ± 0.3 (syst)

W
−

5.7 ± 0.7 (stat) ± 0.4 (syst) 4.4 ± 0.5 (stat) ± 0.2 (syst)

W 14.0 ± 1.8 (stat) ± 0.9 (syst) 11.0 ± 1.1 (stat) ± 0.5 (syst)

Table 14: Measured cross-section ratios R
e,µ
W+/Z

, R
e,µ
W−/Z

and R
e,µ
W/Z

in the electron and muon final states.

Using the measured cross-section values presented in Section 7.5 the results given in Table 14 are ob-

tained for the cross-section ratios for the electron and muon channels. The combination of the two lepton

flavours leads to:

R
�
W+/Z

= 7.0 ± 0.6 (stat) ± 0.3 (syst),

R
�
W−/Z

= 4.7 ± 0.4 (stat) ± 0.2 (syst),

R
�
W/Z

= 11.7 ± 0.9 (stat) ± 0.4 (syst).

The results are shown in Fig. 14 and compared to the theoretical predictions. Within the large uncertain-

ties, which are still dominated by the statistical uncertainties, the theoretical predictions agree with the

measured ratios. Due to the low value of the measured Z → ee cross section, the ratios in the electron

channel are above the theoretical expectations. However, it should be noted that the three ratio mea-

surements are correlated via the common low Z → ee cross-section value and are still compatible within

uncertainties with the theory value.
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Figure 2: Summary of the systematic uncertainties on the cross section measurement shown as a function of jet multiplicity in the electron
channel (left) and leading-jet pT in the muon channel (right). The jet energy scale uncertainty includes the uncertainty on Emiss

T
. The

main contribution to the “sum of other uncertainties” in the electron channel comes from the QCD background (especially at high jet
multiplicities), the electron identification e!ciency and the electron energy scale. For the muon channel, the main contribution is from the
muon reconstruction e!ciency.
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Figure 3: W+jets cross-section results as a function of corrected jet multiplicity. Left: electron channel. Right: muon channel. The cross
sections are quoted in a limited and well-defined kinematic region, described in the text. For the data, the statistical uncertainties are shown
by the vertical bars, and the combined statistical and systematic uncertainties are shown by the hashed regions. Note that the uncertainties
are correlated from bin to bin. Also shown are predictions from PYTHIA, ALPGEN, SHERPA and MCFM, and the ratio of theoretical
predictions to data (PYTHIA is not shown in the ratio). The theoretical uncertainties are shown only for MCFM, which provides NLO
predictions for Njet ! 2 and a LO prediction for Njet = 3.
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W+jets cross section 
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Figure 3: Fractional jet energy scale systematic uncertainty as a function of pjet
T for jets in the pseudo-

rapidity region 0.3 < |η |< 0.8 in the calorimeter barrel. The total uncertainty is shown as the solid light
blue area. The individual sources are also shown, with statistical uncertainties if applicable.
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Figure 4: Fractional jet energy scale systematic uncertainty as a function of pjet
T for jets in the pseudo-

rapidity region 2.1 < |η | < 2.8. The JES uncertainty for the endcap is extrapolated from the barrel
uncertainty, with the contribution from the η intercalibration between central and endcap jets in data and
Monte Carlo simulation added in quadrature. The total uncertainty is shown as the solid light blue area.
The individual sources are also shown, with statistical uncertainties if applicable.
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Top cross section 
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Figure 3: Plots of ! log !("tt̄) as a function of "tt̄/"SM with (blue, solid) and without (red, dashed)
systematics for the five-channel combined fit.
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The new physics searches  
I will present are possible 
because of the excellent 
performance of our detector 
and the understanding we  
achieved of Standard Model 
processes 
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JETS+ET
MISS+X SEARCHES FOR 

SUPERSYMMETRY 
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JETS+ET
MISS AND NO LEPTONS 

POSSIBLE SIGNAL: SUPERSYMMETRY 

¡  Jets+ET
Miss:  Targeting the pair 

production of scalar quarks 
and/or gluinos decaying into 
an undetected particle  
§  In R-parity conserving SUSY 

models the lightest susy particle 
is stable, providing a good dark 
matter candidate   

¡  Three signal regions giving 
good sensitivity to dif ferent 
scenarios 
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2010 data analysis: arXiv:1102.5290, accepted by PLB 
Update with 165 pb-1: ATL-CONF-2011-086 

2 jets 4 jets 3 jets 

May 25, 2011 – 15 : 54 DRAFT 3

Signal Region ≥ 2 jets ≥ 3 jets ≥ 4 jets

Emiss
T [GeV] > 130 > 130 > 130

Leading jet pT [GeV] > 130 > 130 > 130
Second jet pT [GeV] > 40 > 40 > 40
Third jet pT [GeV] – > 40 > 40
Fourth jet pT [GeV] – – > 40
∆φ(jeti, Emiss

T )min (i = 1, 2, 3) > 0.4 > 0.4 > 0.4
Emiss

T /meff > 0.3 > 0.25 > 0.25
meff [GeV] > 1000 > 1000 > 1000

Table 1: Criteria for admission to each of the three overlapping signal regions. All variables are defined
in Section 4. Note that meff is defined with a variable number of jets, appropriate to each signal region.

and also by neutrino production in the semileptonic decay of heavy quarks. Extensive validation of MC99

against data has been performed for each of these background sources and for a wide variety of control100

regions.101

In order to estimate the backgrounds in a consistent fashion, five control regions (CRs) are defined for102

each of the three signal regions (SRs), giving fifteen CRs in total. The CR event selections are designed103

to provide data samples enriched in particular background sources. Each ensemble of one SR and five104

CRs constitutes an independent ‘channel’ of the analysis. The CR selections are optimised to maintain105

adequate statistical weight, while minimising as far as possible the systematic uncertainties arising from106

extrapolation from each CR to the SR.107

In each channel the observations in the CRs are used to derive background expectations in the SR108

through the use of ‘Transfer Functions’ (TFs) equivalent to the ratios of expected event counts in the109

CRs and SR. In essence, a TF for each SR and CR pair, derived independently from the CR and SR,110

provides a conversion factor of ‘SR events per CR event’. Multiplication of the conversion factors and111

the observed numbers of events in the CR yields an estimate of the background in a SR. The TFs for112

QCD multi-jet processes are estimated using a data-driven technique based upon the smearing of jets in113

low Emiss
T data events with jet response functions derived from QCD multi-jet dominated data control114

regions. For the Z+jets, W+jets and top quark processes the TFs are derived from data-validated fully115

simulated Monte Carlo (MC) event samples. In each channel a likelihood fit is performed to the observed116

event counts in the SR and five CRs, taking into account correlations in the systematic uncertainties in117

the TFs. Some uncertainties, such as those arising in MC expectations from jet energy scale calibration118

and modelling systematics, are reduced in the TFs. The combined fit across all regions ensures that the119

background estimates are consistent for all processes, taking into account both SM and potential SUSY120

signal contamination in the CRs.121

The irreducible physics background from Z → νν̄+jets events is estimated using control regions122

enriched in a related process with similar kinematics: events with isolated photons and jets (control123

regions denoted ‘CR1’). The reconstructed momentum of the photon is added to the �P miss
T vector to124

obtain an estimate of the Emiss
T observed in Z → νν̄+jets events. Control regions enriched in Z →125

ee/µµ+jets events are used to cross check the photon + jets results and are found to be in good agreement,126

however these results are not used in the final fit.127

The background from QCD jet events is estimated using control regions (control regions CR2)128

in which the cut on the minimum jet – Emiss
T φ separation is reversed and tightened so as to require129

∆φ(jet, Emiss
T )min < 0.2. This selects events in which the Emiss

T vector is aligned with one of the three130

leading jets in the transverse plane. Such a topology is characteristic of events containing mis-measured131
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Cross section times acceptance limits (95% C.L.)  
for the three signal regions: 
σAε <  35 fb  (2-jet),  30 fb (3-jet),  35 fb (4-jet)  

All distributions found to be consistent with background expectations 

JETS+ET
MISS AND NO LEPTONS 

POSSIBLE SIGNAL: SUPERSYMMETRY NEW 

165 pb-1 

Process
Signal Region

≥ 2 jets ≥ 3 jets ≥ 4 jets

Z → (νν)+jets 5.6 ± 2.1 4.4 ± 1.6 3.0 ± 1.3

W → (�ν)+jets 6.2 ± 1.8 4.5 ± 1.6 2.7 ± 1.3

tt̄+ single top 0.2 ± 0.3 1.0 ± 0.9 1.4 ± 0.9

QCD jets 0.05 ± 0.04 0.21 ± 0.07 0.16 ± 0.11

Total 12.1 ± 2.8 10.1 ± 2.3 7.3 ± 1.7

Observed 10 8 7

Table 2: Fitted background components in each signal region compared with observation. The equivalent

background estimates obtained using the independent Z → ee/µµ + jets control region instead of CR1

are in good agreement and serve to validate these results.

which varied from 0 to 7% with |η| and pT. Both the JES and JER uncertainties are propagated to the

Emiss

T
. The effect of in-time pileup on other aspects of the standard object selection was also investigated

and found to be negligible as would be expected given the high energies of the jets entering the signal

samples.

The dominant modelling uncertainty in MC estimates of signal region and control region event counts

arises from the treatment of jet radiation as a function of meff . In order to assess this uncertainty the rel-

evant MC background estimates were recalculated using alternative samples produced with different

generators (ALPGEN rather than MC@NLO for tt̄ production) or reduced jet multiplicity (ALPGEN processes

with 0–4 partons rather than 0–5 partons for W/Z+jets production). Differences in the absolute expecta-

tions for SR and CR event counts as high as 100% are observed; the impact on the ratios / transfer factors

is, however, much smaller (differences �50%, channel dependent).

Additional uncertainties arising from photon and lepton reconstruction efficiency, energy scale and

resolution in CR1, CR3 and CR4, b-tag/veto efficiency (CR3 and CR4) and photon acceptance and cos-

mic ray backgrounds (CR1) are also considered. Uncertainties in the multi-jet transfer factor estimates

are dominated by uncertainties in the modelling of the pT dependence of the Gaussian part of the response

function. Other uncertainties including multi-jet seed event statistics and response function statistical and

systematic uncertainties are also considered.

Systematic uncertainties on the SUSY signal were estimated through variation of the factorisation

and renormalisation scales in PROSPINO between half and twice their default values and by consider-

ing the PDF uncertainties provided by CTEQ6. Uncertainties were calculated for individual production

processes (e.g. q̃q̃, g̃g̃, etc.).

7 Results, Interpretation and Limits

The observed meff distributions for each of the channels used in this analysis are shown in Figure 1,

together with raw MC background expectations prior to use of the likelihood fitting procedure. The

equivalent meff distributions for the control regions can be found in Appendix A. The number of observed

data events and the number of SM events expected to enter each of the signal regions, determined using

the likelihood fit, are shown in Table 2. The background model is found to be in good agreement with

the data and no excess is observed.

An interpretation of the results is presented in Figure 2 as a 95% confidence exclusion region in the

(mg̃,mq̃)-plane for a simplified set of SUSY models with mχ̃0

1

= 0. In these models the gluino mass

and the masses of the squarks of the first two generations are set to the values shown in the figure. All
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JETS+ET
MISS AND NO LEPTONS 

POSSIBLE SIGNAL: SUPERSYMMETRY 

For exclusion plots, the SR with the best expected sensitivity is used 

For equal-mass squark and gluino the limit is 950 GeV  (mSUGRA slice) or 1025 GeV 
(simplified MSSM). Best limits to date! 

NEW 

165 pb-1 

See the talk of M. Rammensee in the parallel session for more details on this analysis 

3-particle model with  
squark, gluino, and  
massless neutralino 

mSUGRA slice 
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JETS+ET
MISS AND ONE LEPTON 

POSSIBLE SIGNAL: SUPERSYMMETRY 

PRL 106, 131802 (2011) 

§  Signal candidates:  
1 electron or muon with pT>20 GeV   
3 jets with pT > 60,30,30 GeV 
ET

MIS S > 125 GeV, ET
MIS S > 0.25 Me f f  

MT(lep,ET
MIS S) > 100 GeV 

Me f f  > 500 GeV 

¡  Constrain backgrounds with data 
observed in control regions with 
lower ET

MISS and MT. Several cross 
checks with alternative control 
regions. 

3

transverse momentum, Emiss
T < 40 GeV, and low trans-198

verse mass, mT < 40 GeV. This QCD control region is199

only used to estimate the QCD multijet background con-200

tribution to other background regions but not to the sig-201

nal region. Instead, the electron and muon identification202

criteria are relaxed, obtaining a “loose” control sample203

that is dominated by QCD jets. A loose-tight matrix204

method, in close analogy to that described in Ref. [12], is205

then used to estimate the number of QCD multijet events206

with fake leptons in the signal region after final selection207

criteria: 0.0+0.5
!0.0 in the muon channel and 0.0+0.3

!0.0 in the208

electron channel.209

Data are compared to expectations in Figure 1. The210

standard model backgrounds in the figure are normalized211

to the theoretical cross sections, except for the multi-212

jet background which is normalized to data in the QCD213

multijet control region. The data are in good agree-214

ment with the Standard Model expectations. After fi-215

nal selection, one event remains in the signal region in216

the electron channel and one event remains in the muon217

channel. Figure 1 also shows the expected distributions218

for the MSUGRA/CMSSM model point m0 = 360 GeV,219

m1/2 = 280 GeV.220

A combined fit to the number of observed events in221

the signal and control regions is performed. The as-222

sumption that the Monte Carlo is able to predict the223

backgrounds in the signal region from the control re-224

gions is validated by checking additional control regions225

at low mT and at low Emiss
T . The defined control re-226

gions are not completely pure, and the combined fit takes227

the expected background cross-contaminations into ac-228

count. The likelihood function of the fit can be written229

as: L(n|s,b,!) = PS ! PW ! PT ! PQ ! CSyst, where n230

represents the number of observed events in data, s is the231

SUSY signal to be tested, b is the background, and ! rep-232

resents the systematic uncertainties, which are treated as233

nuisance parameters with a Gaussian probability density234

function. The first four P functions in the right hand side235

are Poisson probability distributions for event counts in236

the defined signal (S) and control regions (W, T, and Q237

for W , top pair and QCD multijets respectively), and238

CSyst represents the constraints on systematic uncertain-239

ties, including correlations.240

The dominant sources of systematic uncertainties in241

the background estimates arise from Monte Carlo mod-242

eling of the shape of the Emiss
T and mT distributions in243

signal and control regions. These uncertainties are esti-244

mated by variation of the Monte Carlo generator, as well245

as by variations of internal generator parameters. Fi-246

nite statistics in the background control regions also con-247

tributes to the uncertainty. Experimental uncertainties248

are varied within their determined range and are domi-249

nated by the jet energy scale uncertainty [26], b-tagging250

uncertainties, and the uncertainty on the luminosity.251

Systematic uncertainties on the SUSY signal are es-252

timated by variation of the factorization and renormal-253
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FIG. 1: Top: Emiss
T distribution after lepton and jet selection.

Center: mT distribution after lepton and jet selection. Bot-
tom: E!ective mass distribution after final selection criteria
except for the cut on the e!ective mass itself. All plots are
made for the electron and muon channel combined. Yellow
bands indicate the uncertainty on the Monte Carlo predic-
tion from finite Monte Carlo statistics and from the jet energy
scale uncertainty.

4

ization scales in Prospino and by including the PDF un-254

certainties using the PDF eigenvector sets provided by255

CTEQ6 [27]. Uncertainties are calculated separately for256

the individual production processes. Within the rele-257

vant kinematic range, typical uncertainties resulting from258

scale variation are 10–16%, whereas PDF uncertainties259

vary from 5% for q̃q̃ production to 15–30% for g̃g̃ pro-260

duction.261

The result of the combined fit to signal and control re-262

gions, leaving the number of signal events free in the sig-263

nal region while not allowing for a signal contamination264

in the other regions, is shown in Table I. The observed265

number of events in data is consistent with the standard266

model expectation.267

Limits are set on contributions of new physics to the268

signal region. These limits are obtained from a second269

combined fit to the four regions, this time allowing for a270

signal in all four regions, and leaving all nuisance parame-271

ters free. The limits are then derived from the profile like-272

lihood ratio, !(s) = !2(ln L(n|s, ˆ̂
b,

ˆ̂
!) ! lnL(n|ŝ, b̂, !̂)),273

where ŝ, b̂ and !̂ maximize the likelihood function and ˆ̂
b274

and ˆ̂
! maximize the likelihood for a given choice of s. In275

the fit, s and ŝ are constrained to be non-negative. The276

test statistic is !(s). The exclusion p-values are obtained277

from this using pseudo-experiments and the limits set are278

one-sided upper limits [28].279

From the fit to a model with signal events only in the280

signal region, a 95% CL upper limit on the number of281

events from new physics in the signal region can be de-282

rived. This number is 2.2 in the electron channel and 2.5283

in the muon channel. This corresponds to a 95% CL up-284

per limit on the e"ective cross section for new processes285

in the signal region, including the e"ects of experimen-286

tal acceptance and e#ciency, of 0.065 pb for the electron287

channel and 0.073 pb for the muon channel.288

Within the MSUGRA/CMSSM framework, the results289

are interpreted as limits in the m0!m1/2 plane, as shown290

in Figure 2. For the model considered and for equal291

squark and gluino masses, gluino masses below 700 GeV292

are excluded at 95% CL. The limits depend only moder-293

ately on tan !.294

In summary, the first ATLAS results on searches for295

supersymmetry with an isolated electron or muon, jets,296

and missing transverse momentum have been presented.297

In a data sample corresponding to 35 pb!1, no sig-298

nificant deviations from the standard model expecta-299

tion are observed. Limits on the cross section for new300

processes within the experimental acceptance and e#-301

ciency are set. For a chosen set of parameters within302

MSUGRA/CMSSM, and for equal squark and gluino303

mass, gluino masses below 700 GeV are excluded at 95%304

CL. These ATLAS results exceed previous limits set by305

other experiments [3, 4, 5, 6].306

We wish to thank CERN for the e#cient commission-307
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well as the ±1! variation on the expected limit, in the com-
bined electron and muon channels for an integrated luminos-
ity of 35 pb!1. Also shown are the published limits from
CMS [3], CDF [4], and D0 [5, 6], and the results from the
LEP experiments [29].
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prediction 
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¡  Three channels: 
§  2 opposite sign leptons 
§  2 same sign leptons 
§  ≥3 leptons 

¡  Sensitive to models 
with high branching 
ratios into leptons in 
decay chain (depends 
on mass hierarchies in 
model) 
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Nine opposite sign, no same 
sign, no 3-lepton events in 
signal selections, all 
consistent with background. 

Limits on squark and gluino masses if scalar lepton 
lighter than second neutralino (high BR in leptons)  
Light neutralino: 100 GeV neutralino (light blue) 
Compr. spectrum: ΔM = 50 GeV between lightest 
neutralino and colored particle (hashed) 

The ATLAS Collaboration: Search for SUSY in events with lepton pairs and Emiss
T with ATLAS 5

 [GeV]0m
100 150 200 250 300 350 400

 [G
eV

]
1/

2
m

100

120

140

160

180

200

220

240

260

280

300

320

 [GeV]0m
100 150 200 250 300 350 400

 [G
eV

]
1/

2
m

100

120

140

160

180

200

220

240

260

280

300

320

 [GeV]0m
100 150 200 250 300 350 400

 [G
eV

]
1/

2
m

100

120

140

160

180

200

220

240

260

280

300

320

 [GeV]0m
100 150 200 250 300 350 400

 [G
eV

]
1/

2
m

100

120

140

160

180

200

220

240

260

280

300

320

 [GeV]0m
100 150 200 250 300 350 400

 [G
eV

]
1/

2
m

100

120

140

160

180

200

220

240

260

280

300

320
Observed limit 95% CL SS
Median expected limit SS
Observed limit 95% CL OS
Median expected limit OS

±l~LEP2 
1
±!"LEP2 

2
0
!", 

1
±!"D0 

-1<0, 2.1 fbµ, q~, g~D0 
-1=5, 2 fb#, tanq~, g~CDF 

>0µ= 0, 0 = 3, A#MSUGRA/CMSSM: tan

=7 TeVs,  -1 = 35 pbintL

2-lepton analysis (OS and SS)

 (400 GeV)q~

 (500 GeV)q~

 (600 GeV)q~

 (400 GeV)g~

 (600 GeV)g~

)
2

0
!"

) >
 m

(

l~
m
(

)
2

0
!"

) <
 m

(

l~
m
(

ATLAS

Fig. 2. Exclusion in the mSUGRA/CMSSM [27,28]

(m0,m1/2) plane for tanβ = 3, A0 = 0 and µ > 0, together

with existing limits [29,30,31,32]. The expected (dashed line)

and observed (full line) 95% C.L. exclusion limits are shown for

the opposite sign (black line) and same-sign (blue line) analy-

ses. The illustrated D0 limit assumes µ < 0.

and Emiss
T of 0.07 pb (SS channels), 0.09 pb (e+e− chan-

nel), 0.21 pb (µ+µ− channel) and 0.22 pb (e±µ∓ channel).
For the SS analysis the limits are calculated using the sum
of the three different channels ee, µµ and eµ. For the OS
analysis limits are calculated for the three channels sepa-
rately, and then combined statistically, as in SUSY models
the signal resulting in OS same-flavour pairs may be dif-
ferent from the one generating different-flavour pairs.

Within the mSUGRA/CMSSM framework [27,28], these
results are interpreted as limits in the (m0,m1/2) plane,
for the tanβ = 3, A0 = 0, µ > 0 slice of the model. Model
grids in a more general MSSM 24-parameter framework
as defined in Ref. [33] are also studied. For these models
(referred to as “MSSM PhenoGrid2” hereafter) the fol-
lowing parameters are fixed: mA = 1000 GeV, µ = 1.5 ×
min(mg̃,mq̃), tanβ = 4, At=µ/ tanβ, Ab = µ tanβ, and
Al = µ tanβ. The masses of third generation sfermions are
set to 2 TeV, and common squark and slepton mass pa-
rameters are assumed for the first two generations. The re-
maining free parameters are the three gaugino masses and
the squark and slepton masses. Two grids in the (mg̃,mq̃)
plane are generated: one yielding soft final state kinemat-
ics, defined by mχ̃0

2
= M − 50 GeV, mχ̃0

1
= M − 150

GeV and ml̃L
= M − 100 GeV, where M is the mini-

mum of the gluino and squark mass (“compressed spec-
trum” models); and one with a very light LSP, yield-
ing a harder spectrum of leptons, jets and Emiss

T , with
mχ̃0

2
= M − 100 GeV, mχ̃0

1
= 100 GeV and ml̃L

= M/2
GeV (“light neutralino” models). SUSY signal events are
generated with HERWIG++ [34] for the mSUGRA/CMSSM
models and with HERWIG for the MSSM models. Cross sec-
tions are calculated at NLO with PROSPINO [35]. Theoret-
ical and experimental uncertainties on the signal rate are
calculated for each model. Theoretical uncertainties are
evaluated by varying the factorisation and renormalisa-
tion scales and by varying the CTEQ6.6 PDF sets [36] used
for the cross section calculation. Experimental uncertain-
ties include those due to the lepton and jet energy scale
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Fig. 3. Expected and observed 95% C.L. exclusion limits in

the (mg̃,mq̃) plane for the specific MSSM models described

in the text. The upper panel is for the SS analysis, the lower

panel for the OS analysis.

and resolution and an 11% uncertainty on the luminosity
measurement. The total uncertainty varies between 20%
and 30% for most of the signal models considered in this
analysis.

The expected and observed limits in the (m0,m1/2)
mSUGRA/CMSSM plane are shown in Figure 2 for both
the OS and SS analyses. The excluded region of parameter
space is similar to that excluded by the Tevatron exper-
iments based on the study of trilepton final states [31],
and exceeds the Tevatron squark and gluino mass lim-
its from signatures including jets and Emiss

T [29,30]. For
the MSSM grids the results are shown in the (mg̃,mq̃)
plane in Figure 3 for the SS analysis (upper panel) and
OS analysis (lower panel). For the considered models and
mg̃ = mq̃ + 10 GeV, the lower limits on the squark mass
for the “compressed spectrum” (“light neutralino”) sce-
narios are 450 (550) GeV and 590 (690) GeV for the OS
and SS analysis respectively. The achieved limits extend
the region of squark and gluino mass explored with direct
searches based on jets and Emiss

T by previous experiments.

In conclusion, a search for the production of SUSY
particles giving rise to final state with a pair of leptons
and large Emiss

T has been carried out using 35 pb−1 of
data collected by the ATLAS experiment at the LHC in
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Fig. 2. Exclusion in the mSUGRA/CMSSM [27,28]

(m0,m1/2) plane for tanβ = 3, A0 = 0 and µ > 0, together

with existing limits [29,30,31,32]. The expected (dashed line)

and observed (full line) 95% C.L. exclusion limits are shown for

the opposite sign (black line) and same-sign (blue line) analy-

ses. The illustrated D0 limit assumes µ < 0.

and Emiss
T of 0.07 pb (SS channels), 0.09 pb (e+e− chan-

nel), 0.21 pb (µ+µ− channel) and 0.22 pb (e±µ∓ channel).
For the SS analysis the limits are calculated using the sum
of the three different channels ee, µµ and eµ. For the OS
analysis limits are calculated for the three channels sepa-
rately, and then combined statistically, as in SUSY models
the signal resulting in OS same-flavour pairs may be dif-
ferent from the one generating different-flavour pairs.

Within the mSUGRA/CMSSM framework [27,28], these
results are interpreted as limits in the (m0,m1/2) plane,
for the tanβ = 3, A0 = 0, µ > 0 slice of the model. Model
grids in a more general MSSM 24-parameter framework
as defined in Ref. [33] are also studied. For these models
(referred to as “MSSM PhenoGrid2” hereafter) the fol-
lowing parameters are fixed: mA = 1000 GeV, µ = 1.5 ×
min(mg̃,mq̃), tanβ = 4, At=µ/ tanβ, Ab = µ tanβ, and
Al = µ tanβ. The masses of third generation sfermions are
set to 2 TeV, and common squark and slepton mass pa-
rameters are assumed for the first two generations. The re-
maining free parameters are the three gaugino masses and
the squark and slepton masses. Two grids in the (mg̃,mq̃)
plane are generated: one yielding soft final state kinemat-
ics, defined by mχ̃0

2
= M − 50 GeV, mχ̃0

1
= M − 150

GeV and ml̃L
= M − 100 GeV, where M is the mini-

mum of the gluino and squark mass (“compressed spec-
trum” models); and one with a very light LSP, yield-
ing a harder spectrum of leptons, jets and Emiss

T , with
mχ̃0

2
= M − 100 GeV, mχ̃0

1
= 100 GeV and ml̃L

= M/2
GeV (“light neutralino” models). SUSY signal events are
generated with HERWIG++ [34] for the mSUGRA/CMSSM
models and with HERWIG for the MSSM models. Cross sec-
tions are calculated at NLO with PROSPINO [35]. Theoret-
ical and experimental uncertainties on the signal rate are
calculated for each model. Theoretical uncertainties are
evaluated by varying the factorisation and renormalisa-
tion scales and by varying the CTEQ6.6 PDF sets [36] used
for the cross section calculation. Experimental uncertain-
ties include those due to the lepton and jet energy scale
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Fig. 3. Expected and observed 95% C.L. exclusion limits in

the (mg̃,mq̃) plane for the specific MSSM models described

in the text. The upper panel is for the SS analysis, the lower

panel for the OS analysis.

and resolution and an 11% uncertainty on the luminosity
measurement. The total uncertainty varies between 20%
and 30% for most of the signal models considered in this
analysis.

The expected and observed limits in the (m0,m1/2)
mSUGRA/CMSSM plane are shown in Figure 2 for both
the OS and SS analyses. The excluded region of parameter
space is similar to that excluded by the Tevatron exper-
iments based on the study of trilepton final states [31],
and exceeds the Tevatron squark and gluino mass lim-
its from signatures including jets and Emiss

T [29,30]. For
the MSSM grids the results are shown in the (mg̃,mq̃)
plane in Figure 3 for the SS analysis (upper panel) and
OS analysis (lower panel). For the considered models and
mg̃ = mq̃ + 10 GeV, the lower limits on the squark mass
for the “compressed spectrum” (“light neutralino”) sce-
narios are 450 (550) GeV and 590 (690) GeV for the OS
and SS analysis respectively. The achieved limits extend
the region of squark and gluino mass explored with direct
searches based on jets and Emiss

T by previous experiments.

In conclusion, a search for the production of SUSY
particles giving rise to final state with a pair of leptons
and large Emiss

T has been carried out using 35 pb−1 of
data collected by the ATLAS experiment at the LHC in
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Figure 1: Distributions of the e!ective mass, me! , (left) and the Emiss
T

, (right) for data and for the expectations from Standard Model processes
after the baseline selections in the zero-lepton(top) and one-lepton channel (bottom). The data correspond to an integrated luminosity of
35 pb!1. Black vertical bars show the statistical uncertainty of the data. The yellow band shows the full systematic uncertainty on the SM
expectation. The Emiss

T
distributions are shown after a cut on me! at 600 GeV (zero-lepton) and 500 GeV (one-lepton). For illustration, the

distributions for one reference SUSY signal, relevant for each channel, are superimposed.

These numbers are 10.4 and 4.7, respectively, and corre-
spond to 95% C.L. upper limits on e!ective cross sections
for new processes of 0.32 pb and 0.13 pb for the zero- and
one-lepton channel, respectively. The cross section upper
limits include the ±11% uncertainty on the quoted total
integrated luminosity.

These results can be interpreted in terms of 95% C.L.
exclusion limits in several SUSY scenarios. In Figure 2
the observed and expected exclusion regions are shown
in the (mg̃,mb̃

1

) plane, for the hypothesis that the light-

est squark b̃1 is produced via gluino-mediated or direct
pair production and decays exclusively via b̃1 ! b!̃0

1. The
zero-lepton channel was considered for this model and the
largest acceptance was found for g̃g̃ production. The limits
do not strongly depend on the neutralino mass assumption
as long as mg̃"m!̃0

1

is larger than 250-300 GeV, due to the

harsh kinematic cuts. Gluino masses below 590 GeV are
excluded for sbottom masses up to 500 GeV. These lim-
its depend weakly – via the dependence of the production

cross section for g̃g̃ production – on the masses of the first
and second generation squarks, q̃1,2. Variations of these
masses in the range between #3 TeV and 2 ·mg̃ reduce the
excluded mass region by less than 20 GeV.

The zero-lepton analysis was also employed to extract
limits on the gluino mass in the two SO(10) scenarios, DR3
and HS. Gluino masses below 500 GeV are excluded for the
DR3 models considered, where g̃ ! bb̄!̃0

1 decays dominate.
A lower sensitivity (mg̃ < 420 GeV) was found for the

HS model, where larger branching ratios of g̃ ! bb̄!̃0
2 are

expected and the e"ciency of the selection is reduced with
respect to the DR3 case.

The results of the one-lepton analysis were interpreted
as exclusion limits on the (mg̃,mt̃

1

) plane in the hypoth-

esis that the lightest t̃1 is produced via gluino-mediated
or direct pair production. Stop masses above 130 GeV
are considered, and t̃1 is assumed to decay exclusively via
t̃1 ! b!̃±

1 . In Figure 3 the observed and expected exclusion
limits are shown as a function of mg̃ for two representa-

6

0-lepton 1-lepton 1-lepton
Monte Carlo data-driven

tt̄ and single top 12.2± 5.0 12.3± 4.0 14.7± 3.7
W and Z 6.0± 2.0 0.8± 0.4 -
QCD 1.4± 1.0 0.4± 0.4 0+0.4

!0.0

Total SM 19.6± 6.9 13.5± 4.1 14.7± 3.7
Data 15 9 9

Table 2: Summary of the expected and observed event yields. The
QCD prediction for the zero-lepton channel is based on the semi-
data-driven method described in the text. For the one-lepton chan-
nel, the results for both the Monte Carlo and the data-driven ap-
proach are given. Since the data-driven technique does not distin-
guish between top and W/Z backgrounds the total background es-
timate is shown in the top row. The errors are systematic for the
expected Monte Carlo prediction and statistical for the data-driven
technique.

tive values of the stop mass. Gluino masses below 520 GeV
are excluded for stop masses in the range between 130 and
300 GeV.
Finally, the results of both analyses were used to calcu-

late 95% C.L. exclusion limits in the MSUGRA/CMSSM
framework with large tan!. Figure 4 shows the observed
and expected limits in the (m0,m1/2) plane, assuming
tan! = 40, and fixing µ >0 and A0 = 0. The largest
sensitivity is found for the zero-lepton analysis. The
combination of the two analyses, which takes account of
correlations between systematic uncertainties of the two
channels, is also shown. Sbottom and stop masses be-
low 550 GeV and 470 GeV are excluded across the plane,
respectively. Due to the MSUGRA/CMSSM constraints,
this interpretation is also sensitive to first and second gen-
eration squarks. From the present analysis, masses of these
squarks below 600 GeV are excluded for mg̃ ! mq̃. Gluino
masses below 500 GeV are excluded for the m0 range be-
tween 100 GeV and 1 TeV, independently on the squark
masses. Changing the A0 value from 0 to "500 GeV lead
to significant variations in third generation squark mixing.
Across the (m0,m1/2) parameter space, sbottom and stop

masses decrease by about 10% and 30%, respectively, if
A0 is changed from 0 to "500 GeV. The exclusion region
of the one-lepton analysis, mostly sensitive to stop final
states, extends the zero-lepton reach by about 20 GeV in
m1/2 for m0 <600 GeV.

8. Conclusions

The ATLAS collaboration has presented a first search
for supersymmetry in final states with missing transverse
momentum and at least one b-jet candidate in proton-
proton collisions at 7 TeV. The results are based on data
corresponding to an integrated luminosity of 35 pb!1 col-
lected during 2010. These searches are sensitive to the
gluino-mediated and direct production of sbottoms and
stops, the supersymmetric partners of the third genera-
tion quarks, which, due to mixing e!ects, might be the
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neutralino mass is assumed to be 60 GeV and the NLO cross sections
are calculated using PROSPINO in the hypothesis of mq̃

1,2

! mg̃. The

result is compared to previous results from CDF searches which as-
sume the same gluino-sbottom decays hypotheses, a neutralino mass
of 60 GeV and mq̃

1,2

= 500 GeV (! mg̃ for the Tevatron kinematic

range). Exclusion limits from the CDF and D0 experiments on direct
sbottom pair production [8, 9] are also reported.
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! mg̃. Theoretical uncertainties on the

NLO cross sections are included in the limit calculation.

lightest squarks.

Since no excess above the expectations from Standard
Model processes was found, the results are used to exclude
parameter regions in various R-parity conserving SUSY
models. Under the assumption that the lightest squark b̃1
is produced via gluino-mediated processes or direct pair
production and decays exclusively via b̃1 # b"̃0

1, gluino
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Table 2: Summary of the expected and observed event yields. The
QCD prediction for the zero-lepton channel is based on the semi-
data-driven method described in the text. For the one-lepton chan-
nel, the results for both the Monte Carlo and the data-driven ap-
proach are given. Since the data-driven technique does not distin-
guish between top and W/Z backgrounds the total background es-
timate is shown in the top row. The errors are systematic for the
expected Monte Carlo prediction and statistical for the data-driven
technique.

tive values of the stop mass. Gluino masses below 520 GeV
are excluded for stop masses in the range between 130 and
300 GeV.
Finally, the results of both analyses were used to calcu-

late 95% C.L. exclusion limits in the MSUGRA/CMSSM
framework with large tan!. Figure 4 shows the observed
and expected limits in the (m0,m1/2) plane, assuming
tan! = 40, and fixing µ >0 and A0 = 0. The largest
sensitivity is found for the zero-lepton analysis. The
combination of the two analyses, which takes account of
correlations between systematic uncertainties of the two
channels, is also shown. Sbottom and stop masses be-
low 550 GeV and 470 GeV are excluded across the plane,
respectively. Due to the MSUGRA/CMSSM constraints,
this interpretation is also sensitive to first and second gen-
eration squarks. From the present analysis, masses of these
squarks below 600 GeV are excluded for mg̃ ! mq̃. Gluino
masses below 500 GeV are excluded for the m0 range be-
tween 100 GeV and 1 TeV, independently on the squark
masses. Changing the A0 value from 0 to "500 GeV lead
to significant variations in third generation squark mixing.
Across the (m0,m1/2) parameter space, sbottom and stop

masses decrease by about 10% and 30%, respectively, if
A0 is changed from 0 to "500 GeV. The exclusion region
of the one-lepton analysis, mostly sensitive to stop final
states, extends the zero-lepton reach by about 20 GeV in
m1/2 for m0 <600 GeV.

8. Conclusions

The ATLAS collaboration has presented a first search
for supersymmetry in final states with missing transverse
momentum and at least one b-jet candidate in proton-
proton collisions at 7 TeV. The results are based on data
corresponding to an integrated luminosity of 35 pb!1 col-
lected during 2010. These searches are sensitive to the
gluino-mediated and direct production of sbottoms and
stops, the supersymmetric partners of the third genera-
tion quarks, which, due to mixing e!ects, might be the

 [GeV]g~m
100 200 300 400 500 600 700

 [G
eV

]
1b~

m

200

300

400

500

600

700
 0

1
!" b+# 1b~+b , 1b~ # g~ production, 1b~-1b~ + g~-g~

 = 7 TeVs, -1L dt = 35 pb$
b-jet channel, 0-lepton, 3 jets

ATLAS

Reference point

)g~) >> m(1,2q~) = 60 GeV , m(0
1
!"m(

+b forbidden

1b~ 
# g~

obs. limit 95% C.L.

exp. limit 95% C.L.

-1 2.65 fb1b~1b~CDF 

-1 5.2 fb1b~1b~D0 

-1+b 2.5 fb1b~ # g~, g~g~CDF 

Figure 2: Observed and expected 95% C.L. exclusion limits, as ob-
tained with the zero-lepton channel, in the (mg̃ ,mb̃

1

) plane. The

neutralino mass is assumed to be 60 GeV and the NLO cross sections
are calculated using PROSPINO in the hypothesis of mq̃

1,2

! mg̃. The

result is compared to previous results from CDF searches which as-
sume the same gluino-sbottom decays hypotheses, a neutralino mass
of 60 GeV and mq̃

1,2

= 500 GeV (! mg̃ for the Tevatron kinematic

range). Exclusion limits from the CDF and D0 experiments on direct
sbottom pair production [8, 9] are also reported.
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the hypothesis of mq̃

1,2

! mg̃. Theoretical uncertainties on the

NLO cross sections are included in the limit calculation.

lightest squarks.

Since no excess above the expectations from Standard
Model processes was found, the results are used to exclude
parameter regions in various R-parity conserving SUSY
models. Under the assumption that the lightest squark b̃1
is produced via gluino-mediated processes or direct pair
production and decays exclusively via b̃1 # b"̃0

1, gluino
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arXiv:1103.4344, submitted to PLB 

pp! !g !g! b !bb !b! bb !!1
0bb !!1

0pp! !g !g! t!tt!t ! bWb !!1
±bWb !!1

±

M(gluino) > 590 GeV if  
sbottom lighter than gluino 

M(gluino) > 520 GeV if  
stop mass in 160-240 GeV  
range 

No significant excess seen..  
 

BR( !g! !tt) =100%BR( !g! !bb) =100%Assuming Assuming 



New long lived particles predicted by various models. 
Signature: speed β = v/c < 1. Mass can be reconstructed from 
measured β and momentum. 
Two searches were performed for particles detected by the muon 
spectrometer, using timing measurements in the muon system and 
hadron calorimeters: 
§  Long lived scalar leptons   
§  Long lived gluinos. These hadronize (R-hadrons). 
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SEARCHES FOR SLOW PARTICLES 
DETECTED BY MUON SPECTROMETER 

particle Mass limit  

Scalar lepton, GMSB 136 GeV 

Scalar lepton (direct 
prod.) 

110 GeV 

gluino 530-544 GeV 

See the talk of S. Owen in the parallel  
session for more details on this analysis 

NEW 

Scalar lepton search R-hadrons search 
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SEARCHES FOR SLOW PARTICLES  
MUON-AGNOSTIC 

6. Background estimation

Rather than relying on simulations to predict the tails of the dE/dxPixel and βTile distributions, a data-
driven method is used to estimate the background. No significant correlations between the measurements
of momentum, dE/dxPixel, and βTile are observed. This is exploited to estimate the amount of background
arising from instrumental effects. Estimates for the background distributions of the mass estimates are
obtained by combining random momentum values (after the kinematic cuts defined above) with random
measurements of dE/dxPixel and βTile. The sampling is performed from candidates passing the kinematic
cuts defined in Section 4.1 for the case of βTile, while dE/dxPixel is extracted from a sample fulfilling
10 < pT < 20GeV.

The process is repeated many times to reduce fluctuations and the resulting estimates are normalised
to match the number of events in data. The resulting background estimates can be seen in Figure 3 for
the pixel detector (requiring dE/dxPixel > 1.8MeVg−1cm2) and the tile calorimeter (requiring βTile < 1)
separately. As can be seen from the figures, there is a good overall agreement between the distribution
of candidates in data and the background estimate. The expected background at high mass is generally
small.
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Figure 3: Background estimates for the pixel detector (left) and the tile calorimeter (right). Signal samples are superimposed
on the background estimate. The total systematic uncertainty of the background estimate is indicated by the error band.

Combining the pixel detector and the tile calorimeter mass estimates as described in Section 5 fur-
ther reduces the background while retaining most of the expected signal. In contrast to the individual
background estimates shown in Figure 3, the combined background is obtained by combining one random
momentum value with random measurements of both dE/dxPixel and βTile. The agreement between the
distribution of candidates in data and the background estimate is good. This is seen in Table 2, which
contains the event yields in the signal regions defined in Section 5 for the gluino signal, for the estimated
background and for real data. The table also contains the means and the widths of the estimated mass
distributions, which are used to determine the signal regions, as described in Section 5. Using combined
data, there are no events containing a candidate with mass greater than 100GeV. There are five candi-
dates observed for the 100GeV mass hypothesis, for which the mass window extends to values less than
100GeV.

7. Systematic uncertainties and checks

A number of sources of systematic uncertainties are investigated. This section describes uncertainties
arising due to the limited accuracy of theory calculations used in this work together with experimental
uncertainties affecting the signal efficiency and background estimate.

Uncertainties due to the limited accuracy of perturbative QCD calculations are studied in the fol-
lowing way. The production cross-section from Prospino is calculated using the sparticle mass as the
renormalisation scale with uncertainties estimated by varying the renormalisation and factorisation scales
upward and downward by a factor of two in accordance with Ref. [24]. This leads to a broadly mass-
independent uncertainty of ∼15% in the event yield. A variation of less than 5% is observed substituting

6

8. Exclusion limits

Given an expected cross-section as calculated by Prospino and our computed efficiency, the expected
number of signal events as a function of mass is determined and a lower limit on the R-hadron mass using
the CLs method [39] is calculated. The results for the signal models defined in Section 2 are summarised
in Figure 4.
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Figure 4: Cross-section limits at 95% CL as a function of sparticle mass. Since five candidate events are observed for

the mass windows used for the 100GeV mass hypotheses, the mass points between 100 and 200GeV are connected with a

dotted line. This indicates that fluctuations in the excluded cross-section will occur. The mass limits quoted in the text are

inferred by comparing the cross-section limits with the model predictions. Systematic uncertainties from the choice of PDF

and the choice of renormalisation and factorisation scales are represented as a band in the cross-section curves. Previous

mass limits are indicated by shaded vertical lines for sbottom (ALEPH), stop (CDF) and gluino (CMS).

The observed 95% CL limits are 294GeV for sbottom R-hadrons and 309GeV for stop R-hadrons,
while the lower limit for the mass of a hadronising gluino is 586GeV. These limits include the systematic
uncertainties on the signal cross-section and efficiency, as well as on the data-driven background estimate,
as described above. Evaluating the mass limits for gluino R-hadrons using the triple-Regge based model
and bag-model calculation of Ref. [23], gives 566 and 562GeV respectively. The lower mass limits from
ATLAS are shown in Figure 4 and compared with earlier results from ALEPH [8] (sbottom) , CDF [11]
(stop), and CMS [9] (gluino). The ATLAS limits have a higher mass reach than those obtained from the
previous searches.

9. Summary

A search has been performed for slow-moving squark- (stop and sbottom) and gluino-based R-hadrons,
pair-produced in proton-proton collisions at 7 TeV centre-of-mass energy at the ATLAS detector at the
LHC. Candidate R-hadrons were sought which left a high transverse momentum track associated with
energy depositions in the calorimeter. Observables sensitive to R-hadron speed (ionisation energy loss
and time-of-flight) were used to suppress backgrounds and allow the reconstruction of the candidate mass.
The influence of the scattering of R-hadrons in matter on the search sensitivity was studied using a range
of phenomenological scattering models. At 95% confidence level the most conservative lower limits on
the masses of stable sbottoms, stops and gluinos are 294, 309, and 562GeV, respectively. Each of these
limits are the most stringent to date.

10. Acknowledgements

We wish to thank CERN for the efficient commissioning and operation of the LHC during this initial
high-energy data-taking period as well as the support staff from our institutions without whom ATLAS
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Limits on masses of long-lived scalar bottom (294 GeV), scalar top (309 GeV) 
gluino (562-584 GeV), all of them the best to date 

arXiv:1103.1984, accepted by PLB 

An other search for R-hadrons does not use the muon spectrometer 
Sensitive also to R-hadrons which becomes neutral when interacting in the calorimeter 
Uses dE/dx in pixel and timing from hadron calorimeter to measure β 
  Previous limits 



¡  Look for long lived particles 
with charge >> e  
§  Q-balls, stable micro black-

holes, ... 

¡  Signature high ionization in 
tracker, narrow deposit in 
calorimeter 

¡  Sensitivity to 6e < q < 17e, 
m<1000 GeV, lifetime > 100 ns 

14 

HEAVILY IONIZING PARTICLE SEARCHES 

arXiv:1102.0459v3, Phys. Lett. B698, 353 

Fraction of energy outside 3 most  
energetic cells in 2nd layer of EM calorimeter 

Fraction high-ionization hits in transition  
radiation tracker 

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 
Limits on production cross section (pb) 
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SEARCHES IN JET FINAL STATES 



¡  Look for a peak in di-jet invariant mass 
¡  No evidence found… 

16 

DIJET RESONANCE SEARCH 

Published 2010 analysis: 
arXiv:1103.3864, New J.Phys. 13 (2011) 053044 
2011 update: ATL-CONF-2011-081 
 

See the talk of R. M. Buckingham  
in the parallel session for more  
details on di-jet analysis 

Best limits to date! 

NEW 

163 pb-1 



¡  Expect multi-jet events with high multiplicity and  
   ΣpT from black hole production in models with extra dimensions   
¡  Background ΣpT shape invariant with jet multiplicity – measured in 

data for Njet < 5 (jets with pT > 50 GeV, η< 2.8 considered)    

17 

MULTI-JET SEARCH 
POSSIBLE SIGNAL: BLACK HOLES!  

(n+4) dim. Planck scale 
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ADD model limits 

ATL-CONF-2011-068 
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SEARCHES IN LEPTON FINAL STATES 
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DI-LEPTON HIGH MASS PAIRS 
POSSIBLE SIGNAL: Z-LIKE HEAVY BOSONS 

 
Distributions consistent with DY spectrum.  
Limits on new gauge bosons (best to date) 
SSM Z’: 1.407 TeV 
E6 model Z’: 1.116-1.259 TeV 
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Search for Contact Interactions in Dimuon Events from pp Collisions at
!
s = 7 TeV

with the ATLAS Detector

The ATLAS Collaboration

A search for contact interactions has been performed using dimuon events recorded with the
ATLAS detector in proton-proton collisions at

!

s = 7 TeV. The data sample corresponds to an
integrated luminosity of 42 pb!1. No significant deviation from the Standard Model is observed in
the dimuon mass spectrum, allowing the following 95% C.L. limits to be set on the energy scale
of contact interactions: ! > 4.9 TeV (4.5 TeV) for constructive (destructive) interference in the
left-left isoscalar compositeness model. These limits are the most stringent to date for µµqq contact
interactions.

PACS numbers: 12.60.Rc, 13.85.Qk, 14.70.Pw

Phenomena beyond the Standard Model (SM), such as
large extra spatial dimensions in the ADD model [1] or
quark/lepton compositeness [2], may be described as a
four-fermion contact interaction (CI) in the low energy
limit. Such an approach is similar to that used by Fermi
to describe nuclear ! decay [3] long before the discovery
of the W boson. One can describe a new interaction at
a higher energy scale with an e!ective Lagrangian of the
form [2]

L = g2

2!2 [ "LL #L$µ#L #L$
µ#L

+ "RR #R$µ#R #R$
µ#R

+2"LR #L$µ#L #R$
µ#R ] ,

(1)

where g is a coupling constant, " is the energy scale be-
low which fermion constituents are bound (in the context
of compositeness models), and #L,R are left-handed and
right-handed fermion fields, respectively. The scale " is
defined by the choices g2/4% = 1 and "LL, "LR, "RR =
±1. Di!erent choices of the parameters "LL, "LR and
"RR determine the helicity structure of the new interac-
tion. For example, the analysis presented in this Letter
applies specifically to the left-left isoscalar model (LLIM)
commonly used as a benchmark for contact interactions
searches [4]. This model is defined by setting "LL = ±1
and "LR = "RR = 0. With the introduction of a contact
interaction, the di!erential cross section for the process
qq̄ " µ+µ! becomes

d&

dmµµ
=

d&DY

dmµµ
# "LL

FI(mµµ)

"2
+

FC(mµµ)

"4
, (2)

where mµµ is the final-state dimuon mass. The expres-
sion above includes a SM Drell-Yan (DY) term, as well
as DY-CI interference (FI) and pure contact interaction
(FC) terms. DY here incorporates both photon and Z0

boson contributions.
This Letter presents the results of a search for contact

interactions in the dimuon channel, taking advantage of
the high pp collision energy of the LHC and the capa-
bilities of ATLAS to detect and measure muons. The

search strategy focuses on identifying a deviation from
the SM in the dimuon mass spectrum, which is expected
to be dominated by DY. Contributions from a new in-
teraction would undergo either constructive ("LL = #1)
or destructive ("LL = +1) interference with the DY con-
tribution. If present, a signal would result in a broad
deviation from the SM expectation rather than a peak in
the mass spectrum. Given current experimental bounds
on " (see below), such a deviation would appear at
masses well above the Z0 boson peak. Therefore, the
measurement requires excellent muon identification and
reconstruction at high momentum. A separate Letter
presents the results of a search for new heavy resonances
in the dimuon mass spectrum [5]. Previous searches
for contact interactions have been carried out in neu-
trino scattering [6], as well as at electron-positron [7–
10], electron-proton [11, 12] and hadron colliders [13–
21]. For the channel under study, the best limits in the
LLIM are "! > 4.2 TeV for constructive interference
and "+ > 2.9 TeV for destructive interference, at 95%
C.L. [13].

ATLAS is a multipurpose particle detector [22] de-
signed for physics at the TeV scale. Charged particle
tracking is provided by an inner detector consisting of
a pixel detector, a silicon-strip tracker and a transition
radiation tracker, immersed in a 2 T solenoidal magnetic
field. A high-granularity liquid-argon electromagnetic
calorimeter surrounds the solenoid. Hadron calorime-
try is provided by an iron-scintillator tile calorimeter in
the central rapidity range and a liquid-argon calorime-
ter in the endcap and forward rapidity range. A key
detector component for this analysis is the muon spec-
trometer, which is designed to identify muons and mea-
sure both their trajectories and momenta with high ac-
curacy: the design momentum resolution is 10% at mo-
menta transverse to the beam line (pT ) of 1 TeV. The
muon spectrometer comprises three toroidal magnet sys-
tems consisting of eight coils each with a bending power
!

Bd' = 1# 7.5 Tm, a trigger system consisting of both
resistive plate chambers and thin-gap chambers, and a
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A search for contact interactions has been performed using dimuon events recorded with the
ATLAS detector in proton-proton collisions at
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s = 7 TeV. The data sample corresponds to an
integrated luminosity of 42 pb!1. No significant deviation from the Standard Model is observed in
the dimuon mass spectrum, allowing the following 95% C.L. limits to be set on the energy scale
of contact interactions: ! > 4.9 TeV (4.5 TeV) for constructive (destructive) interference in the
left-left isoscalar compositeness model. These limits are the most stringent to date for µµqq contact
interactions.

PACS numbers: 12.60.Rc, 13.85.Qk, 14.70.Pw

Phenomena beyond the Standard Model (SM), such as
large extra spatial dimensions in the ADD model [1] or
quark/lepton compositeness [2], may be described as a
four-fermion contact interaction (CI) in the low energy
limit. Such an approach is similar to that used by Fermi
to describe nuclear ! decay [3] long before the discovery
of the W boson. One can describe a new interaction at
a higher energy scale with an e!ective Lagrangian of the
form [2]

L = g2

2!2 [ "LL #L$µ#L #L$
µ#L

+ "RR #R$µ#R #R$
µ#R

+2"LR #L$µ#L #R$
µ#R ] ,

(1)

where g is a coupling constant, " is the energy scale be-
low which fermion constituents are bound (in the context
of compositeness models), and #L,R are left-handed and
right-handed fermion fields, respectively. The scale " is
defined by the choices g2/4% = 1 and "LL, "LR, "RR =
±1. Di!erent choices of the parameters "LL, "LR and
"RR determine the helicity structure of the new interac-
tion. For example, the analysis presented in this Letter
applies specifically to the left-left isoscalar model (LLIM)
commonly used as a benchmark for contact interactions
searches [4]. This model is defined by setting "LL = ±1
and "LR = "RR = 0. With the introduction of a contact
interaction, the di!erential cross section for the process
qq̄ " µ+µ! becomes

d&

dmµµ
=

d&DY

dmµµ
# "LL

FI(mµµ)

"2
+

FC(mµµ)

"4
, (2)

where mµµ is the final-state dimuon mass. The expres-
sion above includes a SM Drell-Yan (DY) term, as well
as DY-CI interference (FI) and pure contact interaction
(FC) terms. DY here incorporates both photon and Z0

boson contributions.
This Letter presents the results of a search for contact

interactions in the dimuon channel, taking advantage of
the high pp collision energy of the LHC and the capa-
bilities of ATLAS to detect and measure muons. The

search strategy focuses on identifying a deviation from
the SM in the dimuon mass spectrum, which is expected
to be dominated by DY. Contributions from a new in-
teraction would undergo either constructive ("LL = #1)
or destructive ("LL = +1) interference with the DY con-
tribution. If present, a signal would result in a broad
deviation from the SM expectation rather than a peak in
the mass spectrum. Given current experimental bounds
on " (see below), such a deviation would appear at
masses well above the Z0 boson peak. Therefore, the
measurement requires excellent muon identification and
reconstruction at high momentum. A separate Letter
presents the results of a search for new heavy resonances
in the dimuon mass spectrum [5]. Previous searches
for contact interactions have been carried out in neu-
trino scattering [6], as well as at electron-positron [7–
10], electron-proton [11, 12] and hadron colliders [13–
21]. For the channel under study, the best limits in the
LLIM are "! > 4.2 TeV for constructive interference
and "+ > 2.9 TeV for destructive interference, at 95%
C.L. [13].

ATLAS is a multipurpose particle detector [22] de-
signed for physics at the TeV scale. Charged particle
tracking is provided by an inner detector consisting of
a pixel detector, a silicon-strip tracker and a transition
radiation tracker, immersed in a 2 T solenoidal magnetic
field. A high-granularity liquid-argon electromagnetic
calorimeter surrounds the solenoid. Hadron calorime-
try is provided by an iron-scintillator tile calorimeter in
the central rapidity range and a liquid-argon calorime-
ter in the endcap and forward rapidity range. A key
detector component for this analysis is the muon spec-
trometer, which is designed to identify muons and mea-
sure both their trajectories and momenta with high ac-
curacy: the design momentum resolution is 10% at mo-
menta transverse to the beam line (pT ) of 1 TeV. The
muon spectrometer comprises three toroidal magnet sys-
tems consisting of eight coils each with a bending power
!

Bd' = 1# 7.5 Tm, a trigger system consisting of both
resistive plate chambers and thin-gap chambers, and a

arXiv:1104.4398, accepted by PRD 
2011 update: ATL-CONF-2011-083 

Published analysis with 2010 data: 
arXiv:1103.6218, accepted by PLB 

NEW 

ee, 167 pb-1 

µµ, 236 pb-1 



20 

LEPTON-NEUTRINO RESONANCE 
POSSIBLE SIGNAL: W-LIKE HEAVY BOSONS 

Signal would appear at high values of transverse mass. None found, limit on 
SSM W’: from combination of 2010 (e+µ) and 2011 (µ): 

M > 1.70 TeV  95% C.L.  

Published analysis of 2010 data:  
arXiv:1103.1391, accepted by PLB 
2011 update:ATL-CONF-2011-082 

See the talk of D. J. Olivito in the parallel sessions  
for more details on W’, Z’ searches 

NEW 

205 pb-1 



¡  Look for pair production of particles possessing both lepton and 
baryon quantum numbers 

¡  Consider 2 lepton + 2 jets and lepton+ 2 jets + ET
Miss final states 

21 

LEPTON+JETS RESONANCES 
POSSIBLE SIGNAL: LEPTOQUARKS 

ejej final state: average 
(e,j) inv.mass 

1st generation limits 2nd generation limits 
(best to date) 

arXiv:1104.4481, accepted by PRD 



¡  Looking for l ight boosted bosons 
decaying in muons. Example: dark 
photons from SUSY decays 
produce dark photons. 

¡  Looking for two isolated “lepton 
jets”, with ≥2 muons each 

¡  Estimated background 0.20 ± 
0.19. 0 events observed 
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SEARCH FOR LEPTON JETS 
POSSIBLE SIGNAL:  SUSY PLUS HIDDEN VALLEY SECTOR 

ATL-CONF-2011-076 

Strong production  
of squark/gluinos 

Lightest susy particle 

Hidden valley 
particles 

Lepton jets! 

≥ 2 muon ≥ 4 muons ≥ 4 muons w/ ≥ 3 HQ 2 LJets 2 Isolated LJets

data 174450 246 84 3 0

all bkg 200000±15000 200±50 81±20 1.74±0.48 0.20±0.19

QCD 160000±14000 188±50 73±20 1.46±0.42 0.19±0.19

ϒ 2100±120 0.00±0.00 0.00±0.00 0.00±0.00 0.00±0.00

J/Ψ 22100±3700 3.4±1.9 0.95±0.43 0.24±0.23 0.00±0.00

W+Jet 332±11 0.40±0.40 0.00±0.00 0.00±0.00 0.00±0.00

Z+Jet 14420±42 2.00±0.50 1.37±0.41 0.00±0.00 0.00±0.00

tt̄ 357±1.4 4.31±0.16 3.47±0.14 0.041±0.016 0.012±0.008

Diboson 16.577±0.070 1.640±0.013 1.557±0.013 0.00033±0.00019 0.00033±0.00019

Squark Signal Samples

αd = 0.0, ma = 300 8.26±0.27 3.52±0.18 2.38±0.15 1.76±0.12 1.38±0.11

αd = 0.0, ma = 500 6.90±0.25 2.62±0.15 1.87±0.13 1.35±0.11 1.04±0.10

αd = 0.1, ma = 300 15.16±0.37 9.14±0.28 7.58±0.26 4.77±0.21 2.90±0.16

αd = 0.1, ma = 500 15.97±0.38 8.38±0.27 6.99±0.25 4.08±0.19 2.33±0.14

αd = 0.3, ma = 300 9.60±0.38 6.89±0.32 5.99±0.30 3.28±0.22 1.25±0.14

αd = 0.3, ma = 500 11.75±0.32 7.88±0.26 7.01±0.25 3.29±0.17 1.11±0.10

Table 4: The number of events in Data and MC at each stage of the analysis requirements. In the last three

columns, the QCD background has been estimated using the QCD event weights to predict the effect of

the high-quality muon requirements. HQ refers to high-quality muons in the table, αd the dark-sector

showering parameter, and ma the dark photon mass. The reported errors are statistical only.

Systematic Signal QCD J/Ψ ϒ W+Jet Z+Jet tt̄ Di-boson

Luminosity 3.4% 3.4% 3.4% 3.4% 3.4%

Trigger 1% 1% 1% 1% 1%

Reconstruction 2.9% 2.9% 2.9% 2.9% 2.9%

∆R Efficiency 8%

Muon Smearing 1% 1% 1% 1% 1% 1% 1% 1%

σ W 12%

σ Z 1%

σ tt̄ 7%

σ Di-boson 4%

Table 5: The systematic uncertainties on the event yields for each sample. Note that we list here the

systematics even for samples that are negligible after all requirements.

ratio test statistic, considering the statistical and systematic uncertainties of each sample. The results of

the limit calculation are reported in Table 6. They are shown separately for the two mass points in

Figure 11 for the cross-section times branching ratio to four muons, and in Figure 12 for the absolute

cross-section.

7 Conclusion

We have presented a search for prompt, highly-collimated pairs of muons (lepton-jets), possibly along

with softer, radiated leptons and/or mesons. The search was performed in 40 pb
−1

of data, collected with

the ATLAS detector in 2010.

The limits are calculated for specific parameters of our benchmark signal samples. We strove to keep

the analysis as generic as possible, eschewing placing requirements on additional quantities such as the

number of jets or Emiss

T
, while at the same time keeping requirements such as those on the isolation of

the lepton-jet as loose as possible.
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Before cut on 
isolation 

NEW 



¡  A search for high-mass phenomena producing top quarks with the ATLAS 
experiment ATLAS-CONF-2011-010  

¡  A search for ttbar resonances in the lepton plus jets channel in 200 pb - 1  of  pp 
col l is ions at sqr t(s)=7 TeV ATLAS-CONF-2011-087  

  
¡  Search for Diphoton events with large missing transverse energy in 7 TeV proton-

proton col l is ions with the ATLAS detector,  arXiv:1012.4272v2,  PRL 106 (2011) 
121803 

 
¡  A search for Randall -Sundrum gravitons decaying to photon pairs in 7 TeV pp 

col l is ions,  ATLAS-CONF-2011-044  
¡  Search for strong gravity ef fects in same-sign dimuon final  states,  ATLAS-

CONF-2011-065  
¡  Search for 4t h  generation quarks decaying to WqWq è  lνqlνq in pp col l is ions at 
√s = 7 TeV with the ATLAS detector,  ATLAS-CONF-2011-022 
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OTHER SEARCHES NOT COVERED  
IN THIS TALK 

ATLAS public results for exotic and supersymmetry searches can be found in 
https://twiki.cern.ch/twiki/bin/view/AtlasPublic/SupersymmetryPublicResults 
https://twiki.cern.ch/twiki/bin/view/AtlasPublic/ExoticsPublicResults 

See the talk of D. Cinca in the parallel sessions for the ttbar resonance search 

See also the talks of  M.Escalier and Y.Zhu for Higgs searches (not covered in this talk) 

See the talk of S. Owen in the parallel sessions for γγ+MET with 35 pb-1 



channel particle Limits [TeV] 

jet+MET+X mSUGRA  g, q 0.950* if m(g)=m(q) 

bjets+MET gluino 0.590* if m(b)<m(g) 

 
Long lived 
particles 

gluino 0.562-0.584*  

stop 0.309*  

sbottom 0.294*  

slepton  0.110-0.136 

 
di-jets 

Excited quarks 2.49*  

axigluons 2.67*  

di-leptons SSM Z’ 1.407 

E6 Z’ 1.116-1.259 

Lep+MET SSM W’ 1.70 
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SUMMARY OF MASS LIMITS 

channel Model/particles Limits [TeV] 

Lep+jets
+MET 

1st gen. LQ(β=1) 0.376 

2nd gen. LQ(β=1) 0.422* 

γγ+MET UED(1/R) 0.961 

Gluino (GGM) 0.560 

γγ RS graviton 0.920  
(k/MPl=0.1) 

lqνlqν 4th gen. u 0.270 

* World’s best limit  
 
2010 data already allowed us to set  
better limits than Tevatron/LEP searches 
In most channels 
50-100 times more data expected by the  
end of 2011! 

Several table entries: to be updated if approved 



¡  Results of searches for new phenomena with 2010 and first 
2011 ATLAS data have been presented  

¡  New physics was not found “just behind the corner” of 
previous searches 
§  All distributions found consistent with SM expectations 
§  Previous limits considerably improved 

¡ We keep looking for new phenomena, taking advantage of the 
excellent performances of LHC (and of our detector) 
§  2011 luminosity expected to be 50-100 times larger than 2010: we 

will explore again far beyond current limits 

25 

CONCLUSIONS 
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BACKUP SLIDES 
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Jets: IR-safe AntiKt algorithm, η<5.   b-tagging (up to η  = 2.5) 
using displaced secondary vertices. Typical working point has 
~50% efficiency (depends on pT, η)   
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FREQUENTLY USED OBJECTS 

¡  Electrons: energy measured with EM calorimeter, direction 
from track. Coverage | η  | < 2.5. Isolation from jets within a 
cone in ΔR = (Δϕ2 + Δη2)1/2 measured with either calorimeter 
or tracks 

Muons: from combined inner tracker and muon  
spectrometer up to η  = 2.5 

Missing transverse energy from energy deposited in calorimeter 
(with calibrations depending on the identified objects they 
belong to) and muons 
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Table 2: Expected number of events from the various background sources for mT > 625 GeV, the region used to
search forW ! with a mass of 1250 GeV. TheW " µ! and Z " µµ entries include the expected contributions from
the "-lepton. The uncertainties are statistical.

Source Nbg
W " µ! 1.44 ± 0.06
Z " µµ 0.50 ± 0.02
diboson 0.06 ± 0.03
tt̄ 0.22 ± 0.14
Total 2.21 ± 0.16

5 Limits121

The data show no significant evidence for any excess above SM expectations and are used to set limits122

on #B for W! production with the masses listed in Table 1. The limits are evaluated using a single-bin123

likelihood analysis, i.e. by counting events with mT > 0.5 mW! . The expected number of events is124

Nexp = $sigLint#B + Nbg, (4)

where Lint is the integrated luminosity of the data sample and $sig is the event selection e!ciency, i.e.125

the fraction of W! events that pass final event selection criteria and have mT above threshold. Nbg is the126

expected number of background events. Using Poisson statistics, the likelihood to observe Nobs events127

is:128

L(#B) =
(Lint$sig#B + Nbg)Nobse#(Lint$sig#B+Nbg)

Nobs!
(5)

and this expression is used to set limits on #B. Uncertainties are handled by introducing nuisance129

parameters and multiplying by the probability density function (pdf) characterizing that uncertainty:130

L(#B, %1, ..., %N) = L(#B)
!

gi(%i), (6)

where gi(%i) is the Gaussian pdf for nuisance parameter %i. The nuisance parameters are taken to be the131

explicit dependencies: Lint, $sig and Nbg. Correlations between these are neglected. This is justified by132

the small e"ect that the nuisance parameters themselves have on the limits, as demonstrated below.133

The fraction of fully simulated signal events that pass final selection and are above mT threshold134

provides an initial estimate of the expected numbers of events for each mass. Small corrections are made135

to account for the di"erence in acceptance between NNLO (obtained from FEWZ) and that in the LO136

simulation. The largest correction is around 4%. Contributions fromW! " "!with the "-lepton decaying137

leptonically have been neglected and would increase theW! selection e!ciencies by 3-4%.138

The EW and tt̄ background predictions are also obtained from full simulation, normalized to the in-139

tegrated luminosity of the data. For the EW background, small corrections are again made to account for140

di"erences between kinematical distributions in LO simulation and higher order calculations, now using141

NLO MCFM [28] because the present version of FEWZ does not provide reliable values far from the142

resonance peak. The background level for each mass is obtained by summing the EW and tt̄ contribu-143

tions.144

The uncertainties on $sig and Nbg account for theoretical and experimental systematic e"ects as well145

as the statistics of the simulation samples. The experimental systematic uncertainties include uncertain-146

ties on the e!ciencies for lepton trigger, reconstruction, and isolation. Lepton momentum and missing147
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STATISTICS AND LIMITS 

Systematics introduced as nuisance parameter in the likelihood function 

When combining channels, they are usually treated as 100% correlated (for example,  
luminosity, MC based backgrounds) or uncorrelated (for example, MC statistics) 
 
Some analysis used Bayesan inference, in particular when there is a tradition of Bayesian  
limits for that kind of searches in the community. 
 
The preferred ATLAS method is PCL 
§  Use the frequentist profiled likelihood ratio L(Hs)/Lbest, where Hs is the signal hypothesis,  
and  find the minimum σ x BR for which CLs+b = P(data | Hs) < 0.05.  
§  Protect against downward fluctuations of the background (SM and any signal  
would be excluded in 5% of measurements…) by setting the observed number of events  
to B-1σ for the limit calculation if lower than this. 
The ratio CLs+b/CLb  used by LEP experiments is also used by some analysis, and also  
always quoted along with PCL in order to ease comparison with other experiments  
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SUSY PARTICLE CROSS SECTIONS 



31 

JETS+ET
MISS, 0+1 LEPTON COMBINATION 

POSSIBLE SIGNAL: SUPERSYMMETRY April 11, 2011 – 12 : 18 DRAFT 2
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Figure 1: Expected and observed limits for the combined 0- and 1-lepton channels. The blue dashed line
corresponds to the expected median 95% C.L. exclusion limit, the dashed-solid blue lines to ±1! 95%
C.L. limits respectively. The red line represents the combined observed limit. The observed limits for the
individual 0-lepton and 1-lepton channels are indicated with red dashed lines. Tevatron and LEP limits
on mq̃ and mg̃ are marked for searches in the specific context of MSUGRA/CMSSM, with tan " = 3,
A0 = 0 and µ < 0, and are also shown for illustration.

by a factor of two in CLs+b. In the limit of infinite sensitivity CLs approximates CLs+b.58

Limits obtained with both methods are shown in Fig. 2. As expected, the observed and expected59

CLs exclusion contours lie closer to each other, and are more conservative than the power-constrained60

limit over the entire m0, m1/2 plane. For the observed dataset, no correction for downward fluctuations61

is applied by the PCL method, as the combined observed limit is consistent with the expectation within62

1!. The CLs approach excludes squarks and gluinos of equal mass below 745 GeV at 95% C.L. At this63

threshold CLb has a value of 0.42.64
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Etmiss+jets+1 lepton: background estimate  

Background predicted with a fit to  
control regions data, extrapolating  
to signal region (SR) with MC.  
Several cross checks with  
alternative control regions. 
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T +HT = Emiss
T + p!

T +
P3

i=1
pjeti

T , where pjeti

T are the 3 leading jets). Right: From top to bottom: Jet multiplicity
in the electron channel after lepton requirements and Emiss

T > 80 GeV; B-tagged jet multiplicity in the electron channel after
lepton and jet requirements; HT versus Emiss

T in the electron channel after lepton and jet requirements, and mT > 100 GeV.
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T , where pjeti
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in the electron channel after lepton requirements and Emiss

T > 80 GeV; B-tagged jet multiplicity in the electron channel after
lepton and jet requirements; HT versus Emiss

T in the electron channel after lepton and jet requirements, and mT > 100 GeV.
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.  
§  Opposite sign leptons.  

§  Selection: 2 electron or muons, EtMiss > 150 GeV 
§  Main background  

§  Same sign leptons 
§  Selection: 2 electrons or muons, EtMiss > 100 GeV 
§   Very small Standard Model left:  
§  WZ, ZZ (small x-section), leptons from jets, opposite sign with charge 

mismeasurement.  

The ATLAS Collaboration: Search for SUSY in events with lepton pairs and Emiss
T with ATLAS 3

as “loose” hereafter, and counts the numbers of observed

events containing loose-loose, loose-tight, tight-loose and

tight-tight lepton pairs. The probability of loose real lep-

tons to pass the tight selection criteria is obtained us-

ing a Z → �+�− control sample while the probability of

loose fake leptons to pass the tight selection criteria is ob-

tained using several control samples dominated by QCD

jet events. Using these probabilities, linear equations can

be obtained for the observed event counts as functions of

the numbers of events containing fake-fake, fake-real, real-

fake and real-real lepton pairs. These four equations can

be solved simultaneously to yield the fake lepton back-

ground for the SS and OS analyses.

The contribution from the incorrect electron charge

assignment background to the SS analysis is studied us-

ing Z → e+e− MC events by comparing the charges of

generator level electrons to those of reconstructed elec-

tron candidates following the application of the SS anal-

ysis cuts. The background contribution is calculated as a

function of the electron rapidity and applied to tt̄ → e±�∓

(� = e, µ) MC events to obtain the tt̄ contribution in the

SS analysis. The method is validated with data by looking

at the number of SS Z → e±e± events in a sample selected

by requiring a lepton pair with invariant mass between 60

GeV and 120 GeV. The method predicts 61.3 ± 0.4 events

compared with 62 observed events in data.

The number of tt̄ events in the OS signal region (SR) is

obtained by multiplying the observed number of tt̄ events
in an appropriately defined control region (CR) by a factor

F (CR → SR), defined as the ratio between the number

of tt̄ MC events in the SR and the number of MC events

in the CR. A tt̄ dominated control region is defined by se-

lecting “top-tagged” lepton pair events which satisfy the

same selection criteria as signal candidates except for a

60 < Emiss
T < 80 GeV requirement, defining a region in

which both the Z contribution and the SUSY signal con-

tamination are small. Events in this region are top-tagged

using the variable mCT, introduced in Ref. [22]. For two

identical decays of heavy particles into two visible parti-

cles (or particle aggregates) v1 and v2, and into invisible

particles, mCT is defined as:

m2
CT(v1, v2) = [ET(v1) + ET(v2)]

2 − [pT(v1)− pT(v2)]
2 ,
(1)

where transverse momentum vectors are denoted by pT

and transverse energies ET are defined as ET =
�

p2T +m2.

In Equation 1 vi can be a lepton, a jet, or a lepton-jet com-

bination. The distributions of mCT for each of these com-

binations, as well as the distributions of invariant mass

for jet+lepton pairs generated in the same top quark de-

cay, possess kinematic end-points which are functions of

the masses of the top quark and W boson as detailed in

Ref. [23]. An event is considered to be top-tagged if it in-

cludes two jets with pT> 20 GeV and the three mCT vari-

ables and the lepton-jet invariant masses are compatible

with the kinematics of fully leptonic tt̄ (tt̄ → �+ν�−ν̄bb̄)
events. A total of 15 top-tagged data events are observed

in the CR compared with a MC expectation of 21.3± 3.8
events, of which 18.8 arise from tt̄ production and 2.5 from

other SM sources. The quoted uncertainty is the statisti-
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Fig. 1. Distributions of Emiss
T for SS (upper) and OS (lower)

lepton pair events passing the analysis selections. The data are

shown as points with error bars superimposed on the expected

SM background distributions determined (mostly data-driven)

with MC simulation. The overflow point in the OS Emiss
T his-

togram is a likely candidate for cosmic ray interaction. In the

bottom panel the ratio between data and the total SM back-

ground is shown. The histogram labelled “Standard Model”

represents the sum of all backgrounds and the light (yellow)

bands indicate the uncertainty on the MC predictions from fi-

nite MC statistics and uncertainties in cross section, luminosity

and jet and lepton energy scales and resolutions. “SU4” repre-

sents a point in the mSUGRA/CMSSM parameter space with

m0 = 200 GeV, m1/2 = 160 GeV, A0 = −400 GeV, tanβ = 10

and µ >0.
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as “loose” hereafter, and counts the numbers of observed

events containing loose-loose, loose-tight, tight-loose and

tight-tight lepton pairs. The probability of loose real lep-

tons to pass the tight selection criteria is obtained us-

ing a Z → �+�− control sample while the probability of

loose fake leptons to pass the tight selection criteria is ob-

tained using several control samples dominated by QCD

jet events. Using these probabilities, linear equations can

be obtained for the observed event counts as functions of

the numbers of events containing fake-fake, fake-real, real-

fake and real-real lepton pairs. These four equations can

be solved simultaneously to yield the fake lepton back-

ground for the SS and OS analyses.

The contribution from the incorrect electron charge

assignment background to the SS analysis is studied us-

ing Z → e+e− MC events by comparing the charges of

generator level electrons to those of reconstructed elec-

tron candidates following the application of the SS anal-

ysis cuts. The background contribution is calculated as a

function of the electron rapidity and applied to tt̄ → e±�∓

(� = e, µ) MC events to obtain the tt̄ contribution in the

SS analysis. The method is validated with data by looking

at the number of SS Z → e±e± events in a sample selected

by requiring a lepton pair with invariant mass between 60

GeV and 120 GeV. The method predicts 61.3 ± 0.4 events

compared with 62 observed events in data.

The number of tt̄ events in the OS signal region (SR) is

obtained by multiplying the observed number of tt̄ events
in an appropriately defined control region (CR) by a factor

F (CR → SR), defined as the ratio between the number

of tt̄ MC events in the SR and the number of MC events

in the CR. A tt̄ dominated control region is defined by se-

lecting “top-tagged” lepton pair events which satisfy the

same selection criteria as signal candidates except for a

60 < Emiss
T < 80 GeV requirement, defining a region in

which both the Z contribution and the SUSY signal con-

tamination are small. Events in this region are top-tagged

using the variable mCT, introduced in Ref. [22]. For two

identical decays of heavy particles into two visible parti-

cles (or particle aggregates) v1 and v2, and into invisible

particles, mCT is defined as:

m2
CT(v1, v2) = [ET(v1) + ET(v2)]

2 − [pT(v1)− pT(v2)]
2 ,
(1)

where transverse momentum vectors are denoted by pT

and transverse energies ET are defined as ET =
�

p2T +m2.

In Equation 1 vi can be a lepton, a jet, or a lepton-jet com-

bination. The distributions of mCT for each of these com-

binations, as well as the distributions of invariant mass

for jet+lepton pairs generated in the same top quark de-

cay, possess kinematic end-points which are functions of

the masses of the top quark and W boson as detailed in

Ref. [23]. An event is considered to be top-tagged if it in-

cludes two jets with pT> 20 GeV and the three mCT vari-

ables and the lepton-jet invariant masses are compatible

with the kinematics of fully leptonic tt̄ (tt̄ → �+ν�−ν̄bb̄)
events. A total of 15 top-tagged data events are observed

in the CR compared with a MC expectation of 21.3± 3.8
events, of which 18.8 arise from tt̄ production and 2.5 from

other SM sources. The quoted uncertainty is the statisti-
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Fig. 1. Distributions of Emiss
T for SS (upper) and OS (lower)

lepton pair events passing the analysis selections. The data are

shown as points with error bars superimposed on the expected

SM background distributions determined (mostly data-driven)

with MC simulation. The overflow point in the OS Emiss
T his-

togram is a likely candidate for cosmic ray interaction. In the

bottom panel the ratio between data and the total SM back-

ground is shown. The histogram labelled “Standard Model”

represents the sum of all backgrounds and the light (yellow)

bands indicate the uncertainty on the MC predictions from fi-

nite MC statistics and uncertainties in cross section, luminosity

and jet and lepton energy scales and resolutions. “SU4” repre-

sents a point in the mSUGRA/CMSSM parameter space with

m0 = 200 GeV, m1/2 = 160 GeV, A0 = −400 GeV, tanβ = 10

and µ >0.
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cal error on the MC samples. The estimated total number

of tt̄ events in the SR for the OS analysis is 2.9+1.4
−1.3. The

quoted uncertainties include the statistical uncertainty on

the number of events observed in the CR and the system-

atic uncertainty on the MC extrapolation to high Emiss
T .

The latter arise from MC modeling of top quark pro-

duction and decay (23%), and uncertainties in jet energy

scale [24] and resolution [25] (23%). The sources of un-

certainty in the Monte Carlo modeling considered were

the choice of the NLO generator, the choice of the parton

shower, and the modeling of initial and final state QCD

radiation. The resulting total systematic uncertainty on

the estimated number of tt̄ events in the OS analysis is

44%. The predicted tt̄ background contribution in the SR

for the OS analysis, broken down into the three possible

lepton flavour combinations, is given in Table 1.

A partially data-driven approach is adopted to esti-

mate the contribution from Z production in the e+e− and

µ+µ− channels of the OS analysis. A control region is de-

fined requiring Emiss
T < 20 GeV and 81 < m�� < 101 GeV,

where non-Z contributions are found to be negligible. A

normalisation factor between the CR and the SR is ob-

tained from this region using the MC. This factor is ap-

plied to the data in the CR in order to estimate the con-

tributions to the signal regions. The eµ contribution is

estimated solely using MC due to lack of events in the

control region. The resulting numbers are presented in Ta-

ble 1. The contributions from other SM processes such as

single-top and di-boson production are estimated using

MC samples and found to be small. The contribution of

events from cosmic ray interactions is considered only for

the eµ channels (arising from a single cosmic ray muon

in coincidence with a collision electron) and the opposite

sign µµ channels (arising from a single cosmic ray muon

traversing the detector which is reconstructed as two op-

posite sign muons). This contribution is extracted from

the number of selected muons which fail a tight cut on

the minimum distance in the transverse plane of the asso-

ciated inner detector track from the reconstructed primary

vertex. The method requires knowledge of the probabili-

ties for cosmic and collision muons to fail this cut. The

former is measured from a dedicated data sample selected

with a cosmic ray trigger, while the latter is extracted

from simulation.

The observed numbers of events and the expected num-

bers of SM background events in the signal regions for the

SS and OS analyses are shown in Table 1. The expected

total number of SM events is 0.28 ± 0.14 for the SS anal-

ysis compared with zero events observed in the data, and

3.7± 1.6 for the OS analysis compared with 9 events ob-

served in the data. The Emiss
T distributions measured with

data for both analyses and the expectations from Monte

Carlo simulation of Standard Model processes are shown

in Figure 1. For the SS channel the background expecta-

tions are found to be in agreement with the observation.

All of the 9 selected OS events were visually scanned, and

the highest Emiss
T µµ event (∼ 600 GeV, in overflow in Fig-

ure 1) was found to be a likely candidate for a cosmic ray

interaction in the detector. The number of observed events

in the OS analysis is larger but in reasonable agreement

with the background expectation. The channels with the

most significant deviation are eµ and µµ, for which the

probabilities of the background to exceed the number of

observed events are 12% and 13% respectively. The com-

bined probability of the ee, eµ and µµ channels is 12.8%.

Table 1. Total number of observed events in the SS and OS

signal regions together with background expectations for an

integrated luminosity of 35 pb
−1

. The negative numbers for

the fakes and the cosmics are an artifact of the matrix method

and are taken as zero when calculating the total number of

background events.

Same Sign, Emiss
T > 100 GeV

e±e± e±µ± µ±µ±

Data 0 0 0

Fakes 0.12 ± 0.13 0.030 ± 0.026 0.014 ± 0.010

Di-bosons 0.015 ± 0.005 0.035 ± 0.012 0.021 ± 0.009

Charge-flip 0.019 ± 0.008 0.026 ± 0.011 -

Cosmics - 0
+1.17
−0 -

Total 0.15 ± 0.13 0.09
+1.17
−0.03 0.04 ± 0.01

Opposite Sign, Emiss
T > 150 GeV

e+e− e±µ∓ µ+µ−

Data 1 4 4

tt̄ 0.62+0.31
−0.28 1.24+0.62

−0.56 1.00+0.50
−0.45

Z+jets 0.19± 0.15 0.08± 0.08 0.14± 0.17
Fakes −0.02± 0.02 −0.05± 0.04 -

Single top 0.03± 0.05 0.06± 0.08 0.10± 0.07
Di-bosons 0.09± 0.03 0.06± 0.03 0.15± 0.03
Cosmics - −0.2± 1.18 −0.43± 1.27
Total 0.92+0.42

−0.40 1.43+1.45
−0.59 1.39+1.41

−0.53

Limits are set on the contributions to the considered

final states from new physics. The likelihood function used

to fit the event counts in the signal regions can be writ-

ten as L(n|s, b,θ) = PS × Csyst, where n represents the

number of observed data events, s is the new physics sig-

nal to be tested, b is the background and θ represents the

systematic uncertainties, which are treated as nuisance pa-

rameters with Gaussian probability density functions. PS

is the Poisson probability distribution for the event count

in the signal region and Csyst represents the constraints on

systematic uncertainties taking into account correlations.

The limits are then derived from the profile likelihood ra-

tio, Λ(s) = −2(lnL(n|s, ˆ̂b, ˆ̂θ) − lnL(n|ŝ, b̂, θ̂)), where ŝ, b̂

and θ̂ maximise the likelihood function and
ˆ̂b and ˆ̂θ max-

imise the likelihood for a given choice of s. Only signal hy-

potheses which lead to a non-negative number of observed

events are considered. Exclusion p-values are obtained us-

ing pseudo-experiments with test statistic Λ(s) and one-

sided upper limits set [26]. Using the observed numbers

of data events and background expectations in the signal

region, 95% confidence upper limits on the cross section

times branching ratio times acceptance times efficiency are

obtained for new physics processes producing lepton pairs
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Figure 1: Distributions of dE/dxPixel (left) and βTile (right) in data after the transverse momentum selection pT > 50GeV.
Spectra for simulated background processes are plotted for comparison. The uncertainty shown on the background is the
Monte Carlo statistical uncertainty.

properties, p, K and π[27], and provide a relative dE/dxPixel resolution of about 10% in the asymptotic
region (βγ > 1.5). To reduce the backgrounds further, the final selection requires that dE/dxPixel >
1.8MeVg−1cm2 compared to dE/dxPixel ∼ 1.1MeVg−1cm2 deposited by a MIP. In the tile calorimeter,
the β-values are required to be less than 1.

The pixel detector and the tile calorimeter provide independent measurements from which the mass
of the SMP candidate can be estimated. Making requirements on both mass estimates is a powerful
means to suppress the tails in the individual distributions arising from instrumental effects. In Figure 2
the estimated mass distributions based on dE/dxPixel and βTile are shown after the 50GeV transverse
momentum cut of the event selection. In contrast to the other figures in this paper, the signal distributions
are stacked on top of the background to illustrate the total expected spectra for the signal+background
scenarios.
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Figure 2: Mass estimated by the pixel detector (left) and the tile calorimeter (right). To obtain a mass estimate, a cut of
dE/dxPixel > 1.1MeVg−1cm2 is imposed for the pixel detector distribution. This is a looser cut than used in the analysis
itself. For the tile calorimeter, the requirement is that βTile < 1.

To establish signal regions for each mass hypothesis, the mean, µ, and Gaussian width, σ, of the mass
peak is determined for both the pixel detector and the tile calorimeter measurement. The signal region is
then defined to be the region above the fitted mean minus twice the width (i.e. mPixel > µPixel − 2σPixel

for the mass as estimated by the pixel detector and mTile > µTile−2σTile for the mass as estimated by the
tile calorimeter). The final signal region is defined by applying both of the individual mass requirements.
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Figure 1: Distributions of dE/dxPixel (left) and βTile (right) in data after the transverse momentum selection pT > 50GeV.
Spectra for simulated background processes are plotted for comparison. The uncertainty shown on the background is the
Monte Carlo statistical uncertainty.

properties, p, K and π[27], and provide a relative dE/dxPixel resolution of about 10% in the asymptotic
region (βγ > 1.5). To reduce the backgrounds further, the final selection requires that dE/dxPixel >
1.8MeVg−1cm2 compared to dE/dxPixel ∼ 1.1MeVg−1cm2 deposited by a MIP. In the tile calorimeter,
the β-values are required to be less than 1.

The pixel detector and the tile calorimeter provide independent measurements from which the mass
of the SMP candidate can be estimated. Making requirements on both mass estimates is a powerful
means to suppress the tails in the individual distributions arising from instrumental effects. In Figure 2
the estimated mass distributions based on dE/dxPixel and βTile are shown after the 50GeV transverse
momentum cut of the event selection. In contrast to the other figures in this paper, the signal distributions
are stacked on top of the background to illustrate the total expected spectra for the signal+background
scenarios.
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Figure 2: Mass estimated by the pixel detector (left) and the tile calorimeter (right). To obtain a mass estimate, a cut of
dE/dxPixel > 1.1MeVg−1cm2 is imposed for the pixel detector distribution. This is a looser cut than used in the analysis
itself. For the tile calorimeter, the requirement is that βTile < 1.

To establish signal regions for each mass hypothesis, the mean, µ, and Gaussian width, σ, of the mass
peak is determined for both the pixel detector and the tile calorimeter measurement. The signal region is
then defined to be the region above the fitted mean minus twice the width (i.e. mPixel > µPixel − 2σPixel

for the mass as estimated by the pixel detector and mTile > µTile−2σTile for the mass as estimated by the
tile calorimeter). The final signal region is defined by applying both of the individual mass requirements.
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¡ Search for a generic 
electron muon resonance 

¡ Ask two leptons of pt > 20 
GeV. No ET

MISS cut. 

35 
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TABLE I: Estimated backgrounds in the selected sample, to-
gether with the observed event yield.

Process Number of events
Z/!! ! "" 54±7

tt̄ 57±9
WW 13.4±1.7

Single top 4.6±0.9
WZ 0.79±0.11

Instrumental background 33+30
"10

Total background 163+34
"18

Data 160

ing into eµ is considered. With the assumption of single
coupling dominance [24], fixing all RPV couplings but
!

!

311 ("̃! to dd̄) and !312 ("̃! to eµ) to zero, and that
"̃! is the lightest supersymmetric particle, the contribu-
tions to the eµ final state originate from the "̃! only. The
signal cross section depends on the "̃! mass (m"̃! ), !

!

311

and !312. The third-generation "̃! is considered since
stringent limits exist on the electron sneutrino and muon
sneutrino [1]. The couplings !

!

311 = 0.11 and !312 = 0.07,
compatible with the current indirect limits [1], are chosen
as a benchmark point.
An eµ resonance can be generated in models containing

a heavy neutral gauge boson with non-diagonal lepton
flavour couplings, Z ! [25]. Very stringent limits on the
combination of the mass and the coupling to ee and eµ
of such models have been inferred from searches for rare
muon decay [2]. Using the data presented in this Letter,
a limit on the production cross section times branching
ratio to eµ can be placed on a Z-like vector boson. To
calculate the acceptance and e!ciency, the Z ! is assumed
to have the same quark and lepton couplings as the SM
Z.
MC events with "̃! or Z ! decaying into eµ are generated

with herwig [20, 26] or pythia, respectively. Samples
are produced with sneutrino masses ranging from 0.1 to
1 TeV, and Z ! masses from 0.7 to 1 TeV.
The eµ invariant mass distribution is presented in

Fig. 1 for data, background contributions and two possi-
ble new physics signals: a "̃! with m"̃! = 650 GeV and a
Z ! with mZ! = 700 GeV. The cross section is 0.31 pb for
m"̃! = 650 GeV [27] and 0.61 pb for mZ! = 700 GeV [28].
The corresponding overall acceptance times e!ciency is
55% for "̃! and 50% for Z !.
The meµ spectrum is examined for the presence of a

new heavy particle. For m"̃! < 500 GeV, the search
region for specific m"̃! is defined to be (m"̃! ! 3#,
m"̃! + 3#), where # is the expected meµ resolution (e.g.,
# " 15 GeV for m"̃! = 400 GeV). For higher m"̃! , the re-
gion meµ > 400 GeV is used. The expected and observed
95% C.L. upper limits on #(pp # "̃! )$BR("̃! # eµ) are
calculated using a Bayesian method [29] with flat prior
for signal cross section as a function of m"̃! . Fig. 2a
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FIG. 1: Observed and predicted eµ invariant mass distri-
butions. Signal simulations are shown for m!̃! = 650 GeV
(##

311 = 0.11, #312 = 0.07) and mZ! = 700 GeV. The ratio
plot at the bottom includes only statistical uncertainties.

shows the expected and observed limits, as a function
of m"̃! , together with the ±1 and ±2 standard devia-
tion uncertainty bands. The expected exclusion limits
are determined using simulated pseudo-experiments con-
taining only SM processes by evaluating the 95% C.L.
upper limits for each pseudo-experiment at each value of
m"̃! . The median of the distribution of limits is shown
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100 GeV (1 TeV), the limit on the cross section times
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sections for !!
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!312 = 0.05 are also shown. Sneutrinos with masses be-
low 0.75 (0.65) TeV are excluded using !
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311 = 0.11 and
!312 = 0.07 (!

!

311 = 0.10 and !312 = 0.05). The results
improve on the previous CDF 95% C.L. limit of 0.56 TeV
assuming !
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311 = 0.10 and !312 = 0.05. The 95% C.L.
observed upper limits on !
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311 as a function of m"̃! are
shown in Fig. 2b for three values of !312, together with
the exclusion region obtained from the D0 experiment [7].
The limits derived here extend to higher mass regions.

A similar method is used to set limits on the LFV Z !-
like vector boson, using only events with meµ > 400 GeV.
Finding no events in the data, the 95% C.L. upper limits
on #(pp # Z !)$BR(Z ! # eµ) are set, as shown in Fig. 3.
The expected limit is the same as the observed limit be-
cause the median background event count expectation
is also zero. For a Z ! with mass of 700 GeV (1 TeV),
the limit on the cross section times branching ratio is
0.175 (0.183) pb. This result improves upon previous
CDF limits by probing a higher mass range of Z !-like
vector particles.
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FIG. 2: (a) The observed 95% C.L. upper limits on !(pp !
"̃! ) " BR("̃! ! eµ) as a function of m"̃! . The expected
limits are also shown together with the ±1 and ±2 standard
deviation uncertainty bands. The theoretical cross sections
for #!

311 = 0.11, #312 = 0.07 and #!
311 = 0.10, #312 = 0.05

are also shown. (b) The 95% C.L. upper limits on the #!
311

coupling as a function of m"̃! for three values of #312. Regions
above the three curves represent ranges of #!

311 values that are
excluded. These results are compared to the exclusion region
obtained from the D0 experiment.
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FIG. 3: The observed 95% C.L. upper limits on !(pp ! Z!)"
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In conclusion, a search has been performed for a heavy
particle decaying into the e±µ! final state using pp col-
lision data at

!
s = 7 TeV recorded by the ATLAS de-

tector. The data are found to be consistent with the
SM prediction. Exclusions are placed on two represen-
tative models at 95% C.L. In an RPV SUSY model, tau
sneutrinos with a mass below 0.75 TeV are excluded, as-
suming single coupling dominance and coupling values
!"
311 = 0.11, !312 = 0.07. Higher values of the RPV cou-

pling are also excluded as a function of m!̃! . In an LFV
model, extra Z "-like gauge bosons are excluded with a
cross section times branching ratio above 0.183 pb, as-
suming mZ! = 1 TeV. These results extend to higher
mass RPV sneutrinos and LFV Z "s than previous con-
straints from the Tevatron.
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employed, including the procedures used to account for detector e!ects. Section 5

describes the search for resonance and threshold phenomena using the dijet invariant

mass. Section 6 describes the studies employing the angular distributions as a function

of the invariant mass of the dijet system. Section 7 summarises our results.

2. Kinematics and Angular Distributions

This analysis is focused on those pp collisions that produce two high energy jets recoiling

back-to-back in the partonic CM frame to conserve momentum relative to the beamline.

The dijet invariant mass, mjj, is defined as the mass of the two highest pT jets in the

event. The scattering angle !! distribution for 2 ! 2 parton scattering is predicted

by QCD in the parton CM frame, which is in practice moving along the beamline due

to the di!erent momentum fraction (Bjorken x) of one incoming parton relative to the
other. The rapidity of each jet is therefore a natural variable for the study of these

systems, y " 1
2 ln(

E+pz
E"pz

), where E is the jet energy and pz is the z-component of the jet’s

momentum ‡. The variable y transforms under a Lorentz boost along the z-direction as

y ! y # yB = y # tanh"1("B), where "B is the velocity of the boosted frame, and yB is

its rapidity boost.

We use themjj spectrum as a primary tool in searching for new particles that would
be observed as resonances. The mjj spectrum is also sensitive to other phenomena, such

as threshold enhancements or the onset of new interactions at multi-TeV mass scales in

our current data sample. We bin the data in mjj choosing bin-widths that are consistent

with the detector resolution as a function of mass so that binning e!ects do not limit

our search sensitivity.

We employ the dijet angular variable # derived from the rapidities of the two
highest pT jets, y1 and y2. For a given scattering angle !!, the corresponding rapidity

in the parton CM frame (in the massless particle limit) is y! = 1
2 ln(

1+|cos!!|
1"|cos!!|). We

determine y! and yB from the rapidities of the two jets using y! = 1
2(y1 # y2) and

yB = 1
2(y1 + y2). The variable y! is used to determine the partonic CM angle !! and

to define # " exp(|y1 # y2|) = exp(2|y!|). As noted in previous studies, the utility of

the # variable arises because the # distributions associated with final states produced

via QCD interactions are relatively flat compared with the distributions associated with

new particles or interactions that typically peak at low values of #.

In a previous dijet angular distributions analysis [6], a single measure of isotropy
based on y! intervals was introduced. This measure, F", is the fraction of dijets produced

centrally versus the total number of observed dijets for a specified dijet mass range. We

‡ The ATLAS coordinate system is a right-handed Cartesian system with the x-axis pointing to
the centre of the LHC ring, the z-axis following the counter-clockwise beam direction, and the y-axis
directed upwards. The polar angle ! is referred to the z-axis, and " is the azimuthal angle about the
z-axis. Pseudorapidity is defined as # " # ln tan (!/2) and is a good approximation to rapidity as the
particle mass approaches zero.
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extend this to a measure that is finely binned in dijet mass intervals:

F!

!"

mmin
jj +mmax

jj

#

/2
$

!
Nevents(|y!| < 0.6, mmin

jj , mmax
jj )

Nevents(|y!| < 1.7, mmin
jj , mmax

jj )
, (1)

where Nevents is the number of candidate events within the y! interval and in the specified

mjj range. The interval |y!| < 0.6 defines the central region where we expect to be

most sensitive to new physics and corresponds to the angular region ! < 3.32, while

|y!| < 1.7 extends the angular range to ! < 30.0, where QCD processes dominate. This

new observable, F!(mjj), is defined using the same fine mjj binning used for analysis of

the mjj spectrum. We also employ the variable F! to denote the ratio in Eq. 1 for dijet
masses above 2 TeV. Our studies have shown that the F!(mjj) distribution is sensitive

to mass-dependent changes in the rate of centrally produced dijets.

Jets are reconstructed using the infrared-safe anti-kt jet clustering algorithm [10,11]

with the distance parameter R = 0.6. The inputs to this algorithm are clusters of

calorimeter cells defined by energy depositions significantly above the measured noise.

Jet four-momenta are constructed by the vectorial addition of cell clusters, treating each
cluster as an (E, "p) four-vector with zero mass. The jet four-momenta are then corrected

as a function of # and pT for various e!ects, the largest of which are the hadronic shower

response and detector material distributions. This is done using a calibration scheme

based on Monte Carlo (MC) studies including full detector simulation, and validated

with extensive test-beam studies [12] and collision data [13–15].

The measured distributions include corrections for the jet energy scale but are
not unfolded to account for resolution e!ects. These distributions are compared to

theoretical predictions processed through a full detector simulation software.

3. The ATLAS Detector and Event Selection

3.1. The Detector and Trigger Requirements

The ATLAS detector [16] is instrumented over almost the entire solid angle around the

pp collision point with layers of tracking detectors, calorimeters, and muon chambers.

Jet measurements are made using a finely segmented calorimeter system designed to
e"ciently detect the high energy jets that are the focus of our study.

The electromagnetic (EM) calorimeter consists of an accordion-shaped lead

absorber over the region |#| < 3.2, using liquid argon (LAr) as the active medium

to measure the energy and geometry of the showers arising from jets. The measurement

of hadronic energy flow in the range |#| < 1.7 is complemented by a sampling calorimeter

made of steel and scintillating tiles. In the end-cap region 1.5 < |#| < 3.2, hadronic
calorimeters consisting of steel absorber and a LAr active medium match the outer |#|
limits of the EM calorimeters. To complete the # coverage to |#| < 4.9, the LAr forward

calorimeters provide both EM and hadronic energy measurements. The calorimeter

(#,$) granularities are " 0.1 # 0.1 for the hadronic calorimeters up to |#| < 2.5 and
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Sensitive also to non-resonant signals. 
Λ  > 9.5 TeV limit placed on contact interactions  

Rapidity in the two jet center of mass frame 
Flat for QCD, peak at small values for signals 

Systematics cancel in the ratio 


