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IntroducBon	
  

•  Some	
  of	
  the	
  most	
  recent	
  ATLAS	
  results	
  
•  Not	
  a	
  survey	
  of	
  ALL	
  ATLAS	
  results	
  
–  E.g.	
  heavy	
  ions	
  run	
  just	
  ended	
  

•  Summary	
  of	
  2011	
  data-­‐taking	
  condiBons	
  
•  SM	
  results	
  (e.g.	
  “Candles”	
  for	
  searches)	
  
•  ObservaBon	
  of	
  new	
  b-­‐resonance	
  
•  SUSY	
  searches	
  
•  Searches	
  for	
  “exoBc”	
  new	
  physics	
  

•  SM	
  Higgs	
  searches	
  and	
  (ATLAS)	
  combinaBon	
  in	
  
separate	
  lecture	
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2011	
  Data-­‐taking	
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ATLAS	
  Detector	
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Electrons	
  and	
  muons	
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Muons	
  and	
  jets	
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b-­‐jets	
  (top-­‐pair	
  candidate)	
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Photons	
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Converted	
  photons	
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Luminosity	
  2011	
  

•  2011	
  peak	
  lumi	
  0.36	
  x	
  1034/cm2-­‐s	
  
–  40%	
  of	
  design!	
  

•  5.25/_	
  recorded	
  (2010	
  X	
  ~150!)	
  
–  Expected	
  1-­‐2/_	
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Data	
  quality	
  2011	
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•  Data-­‐fracBon	
  used	
  for	
  analysis	
  typically	
  90-­‐96%	
  	
  	
  



Pileup	
  

•  text	
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Z! µ+µ"

Mar-­‐Aug	
   Sep-­‐Oct	
  

Vertex	
  error	
  ellipses	
  x20	
  for	
  illustraBon	
  



Trigger	
  

•  Text	
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With	
  modest	
  tuning	
  of	
  inclusive	
  triggers,	
  
rates	
  increased	
  much	
  less	
  than	
  inst.	
  lumi.	
  



Recent	
  SM	
  Results	
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K0s	
  and	
  Λ	
  producBon	
  

•  The	
  first	
  190/μb	
  in	
  2011	
  (7	
  TeV	
  MINBIAS)	
  
•  K0s	
  producBon	
  modeled	
  fairly	
  well	
  (~15%)	
  
•  Λ	
  producBon	
  at	
  high	
  pT	
  not	
  understood	
  
•  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  consistent	
  with	
  unity,	
  earlier	
  

measurements,	
  SM	
  expectaBons	
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Z	
  +	
  jets	
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•  2010	
  data	
  
•  Data	
  reproduced	
  by	
  several	
  calculaBons	
  

•  NLO	
  pQCD	
  (BLACKHAT)	
  
•  LO	
  matrix	
  element	
  plus	
  parton-­‐shower	
  (ALPGEN,	
  SHERPA)	
  



D*±	
  producBon	
  in	
  jets	
  

•  Opposite	
  
charged	
  pairs,	
  
closest	
  to	
  D0	
  
mass	
  

•  Add	
  charged	
  
track	
  (Δm)	
  

•  Require	
  decay	
  
length>0 	
  	
  
–  89%	
  eff.	
  	
  
–  Reject	
  50%	
  

comb.	
  bg.	
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is determined based on the detector simulation and vali-
dated with extensive test beam and collision data studies.
The jets used in the measurement are required to have
25 GeV < pT < 70 GeV and |η| < 2.5. Jets that are
likely to have arisen from detector noise or cosmic rays
are rejected [50].

Candidates for D∗± mesons inside jets are recon-
structed in the decay chain: D∗+ → D0π+, D0 → K−π+

and its charge conjugate. Two oppositely-charged tracks
with pT > 1 GeV are combined to form a D0 → K−π+

candidate and a second candidate D̄0 → K+π− with the
K and π mass hypotheses swapped. The D0 (D̄0) candi-
date whose mass is within 50 MeV of the PDG value [51],
corresponding to slightly more than twice the measured
mass resolution, is then combined with a third track with
pT > 0.5 GeV having the same charge as the pion to
form a D∗+ → D0π+ (D∗− → D̄0π−) candidate. To
reduce the combinatorial background, the D∗± mesons
are required to have a transverse momentum larger than
7.5 GeV, and the measured D0 (D̄0) transverse decay
length is required to be greater than zero. The trans-
verse decay length is defined as: Lxy = #r ·#pT/|#pT|, where
#r is the displacement vector pointing to the D0 (D̄0)
decay vertex from the primary vertex in the transverse
plane, and the #pT is the transverse momentum of the D0

(D̄0) candidate. The D0 (D̄0) decay vertex is obtained
extrapolating the K and π tracks. The MC simulation
predicts that the selection Lxy > 0 rejects half of the
combinatorial background and retains 89% of the signal,
consistent with what has been observed in the data.

The reconstructed D∗± candidates are matched with
the reconstructed jets in the event. A jet is considered
as a D∗± jet candidate if the D∗± direction is in a cone
of ∆R =

√

(∆η)2 + (∆φ)2 = 0.6 centered on the jet
axis, the same value as the radius parameter of the anti-
kt jet algorithm. The momentum fraction z of the D∗±

jet candidates is required to be larger than 0.3 due to
the low reconstruction efficiency and large combinatorial
background for D∗± jets with z < 0.3.

The D∗± jet yield is extracted from the distribution
of ∆m = m(K∓π±π±) − m(K∓π±) − m(π±), where
m(K∓π±π±) is the invariant mass of the D∗± candidate
and m(K∓π±) is the invariant mass of the D0 (D̄0) can-
didate. The signal probability density function (PDF) is
modeled as a double Gaussian with equal mean, and the
background is characterized by ∆ma eb∆m, where a and
b are free parameters in the fit. The D∗± jet candidate
sample is divided into several bins in pT and z of the D∗±

jet. A simultaneous unbinned maximum likelihood fit is
then performed. In the fit, the parameters of the signal
and background PDFs are constrained to be the same in
each pT and z bin, and the fit returns the normalizations
of the signal and the background. The assumption of
shapes being constant with pT and z has been checked
in MC. After applying all the event selection criteria, a
total of 4282±93D∗± jet signal candidates are obtained,
where the error is statistical only. Examples of the ∆m
distribution for the data are shown in Figure 1 together

with the fit result.
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FIG. 1: Examples of the distributions of the mass differ-
ence of the D∗+ → D0π+ and its charge conjugate in-
side jets for different pT and z bins. The solid line is the
fit result. The dotted line represents the background com-
ponent. For comparison, the distribution of the difference
between the invariant mass of the wrong sign candidates,
m(K±π±π∓) − m(K±π±) − m(π∓), is also shown with a
dashed line in Figure (f), where identical event selection crite-
ria as the signal reconstruction have been applied except that
the two tracks from the D0 (D̄0) candidates are required to
have the same charge.

V. UNFOLDING

The signal yield of the reconstructed D∗± jets is ex-
tracted in bins of the jet pT and z. If detector resolution
effects are negligible, the D∗± jet production rate can be
calculated as:

R(pT, z) =
N reco

D∗±(pT, z)/εD∗±(pT, z)

B(D∗± → K∓π±π±)N reco
jet (pT)/εjet(pT)

,

(2)
where B is the decay branching fraction, εD∗± is the trig-
ger and reconstruction efficiency of D∗± jets identified by

D*± !D0 (D0 )! ±

D0 ! K "! +

D0 ! K +! "

•  AnB-­‐kt	
  jets	
  with	
  R=0.6,	
  D*	
  within	
  0.6	
  of	
  jet	
  center	
  
•  D*	
  momentum	
  along	
  jet	
  axis	
  
•  RaBo	
  of	
  D*-­‐jet	
  to	
  inclusive	
  jet	
  
•  Neither	
  Pythia	
  nor	
  Herwig	
  anywhere	
  close	
  at	
  low	
  z	
  	
  
	
  

z = p||(D
*± ) / E( jet)

!(pT , z) = ND*±
(pT , z) / N jet (pT )

3

is determined based on the detector simulation and vali-
dated with extensive test beam and collision data studies.
The jets used in the measurement are required to have
25 GeV < pT < 70 GeV and |η| < 2.5. Jets that are
likely to have arisen from detector noise or cosmic rays
are rejected [50].

Candidates for D∗± mesons inside jets are recon-
structed in the decay chain: D∗+ → D0π+, D0 → K−π+

and its charge conjugate. Two oppositely-charged tracks
with pT > 1 GeV are combined to form a D0 → K−π+

candidate and a second candidate D̄0 → K+π− with the
K and π mass hypotheses swapped. The D0 (D̄0) candi-
date whose mass is within 50 MeV of the PDG value [51],
corresponding to slightly more than twice the measured
mass resolution, is then combined with a third track with
pT > 0.5 GeV having the same charge as the pion to
form a D∗+ → D0π+ (D∗− → D̄0π−) candidate. To
reduce the combinatorial background, the D∗± mesons
are required to have a transverse momentum larger than
7.5 GeV, and the measured D0 (D̄0) transverse decay
length is required to be greater than zero. The trans-
verse decay length is defined as: Lxy = #r ·#pT/|#pT|, where
#r is the displacement vector pointing to the D0 (D̄0)
decay vertex from the primary vertex in the transverse
plane, and the #pT is the transverse momentum of the D0

(D̄0) candidate. The D0 (D̄0) decay vertex is obtained
extrapolating the K and π tracks. The MC simulation
predicts that the selection Lxy > 0 rejects half of the
combinatorial background and retains 89% of the signal,
consistent with what has been observed in the data.

The reconstructed D∗± candidates are matched with
the reconstructed jets in the event. A jet is considered
as a D∗± jet candidate if the D∗± direction is in a cone
of ∆R =

√

(∆η)2 + (∆φ)2 = 0.6 centered on the jet
axis, the same value as the radius parameter of the anti-
kt jet algorithm. The momentum fraction z of the D∗±

jet candidates is required to be larger than 0.3 due to
the low reconstruction efficiency and large combinatorial
background for D∗± jets with z < 0.3.

The D∗± jet yield is extracted from the distribution
of ∆m = m(K∓π±π±) − m(K∓π±) − m(π±), where
m(K∓π±π±) is the invariant mass of the D∗± candidate
and m(K∓π±) is the invariant mass of the D0 (D̄0) can-
didate. The signal probability density function (PDF) is
modeled as a double Gaussian with equal mean, and the
background is characterized by ∆ma eb∆m, where a and
b are free parameters in the fit. The D∗± jet candidate
sample is divided into several bins in pT and z of the D∗±

jet. A simultaneous unbinned maximum likelihood fit is
then performed. In the fit, the parameters of the signal
and background PDFs are constrained to be the same in
each pT and z bin, and the fit returns the normalizations
of the signal and the background. The assumption of
shapes being constant with pT and z has been checked
in MC. After applying all the event selection criteria, a
total of 4282±93D∗± jet signal candidates are obtained,
where the error is statistical only. Examples of the ∆m
distribution for the data are shown in Figure 1 together

with the fit result.
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FIG. 1: Examples of the distributions of the mass differ-
ence of the D∗+ → D0π+ and its charge conjugate in-
side jets for different pT and z bins. The solid line is the
fit result. The dotted line represents the background com-
ponent. For comparison, the distribution of the difference
between the invariant mass of the wrong sign candidates,
m(K±π±π∓) − m(K±π±) − m(π∓), is also shown with a
dashed line in Figure (f), where identical event selection crite-
ria as the signal reconstruction have been applied except that
the two tracks from the D0 (D̄0) candidates are required to
have the same charge.

V. UNFOLDING

The signal yield of the reconstructed D∗± jets is ex-
tracted in bins of the jet pT and z. If detector resolution
effects are negligible, the D∗± jet production rate can be
calculated as:

R(pT, z) =
N reco

D∗±(pT, z)/εD∗±(pT, z)

B(D∗± → K∓π±π±)N reco
jet (pT)/εjet(pT)

,

(2)
where B is the decay branching fraction, εD∗± is the trig-
ger and reconstruction efficiency of D∗± jets identified by



Top	
  results	
  

•  ExoBc	
  charge	
  -­‐4/3	
  ruled	
  
out	
  at	
  >5σ	
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Top	
  quark	
  mass	
  (0.7/_)	
  

•  NNLO	
  vbar	
  cross-­‐secBon	
  



Standard	
  Model	
  total	
  producBon	
  cross	
  secBons	
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H,	
  HW,	
  HZ?!	
  

Z+jets	
  



Recent	
  B-­‐physics	
  result	
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ObservaBon	
  of	
  a	
  New	
  χb	
  State	
  	
  

•  Quarkonium	
  physics,	
  test	
  of	
  QCD	
  
•  χb(1P)	
  ,	
  χb(2P)	
  seen	
  and	
  measured	
  

by	
  CUSB,	
  CLEO,	
  ARGUS,	
  CDF	
  
1982-­‐2004	
  

•  RadiaBve	
  decays	
  	
  

!b(nP)!"(1, 2S) "
"(1, 2S)! µ+µ#
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3S	
  

•  “Loose”	
  muons	
  η<2.3,	
  pT>4	
  GeV	
  
•  pT(μ+μ-­‐)>12	
  (20)	
  GeV	
  converted	
  (unconv.)	
  Υ’s	
  
•  “Loose”	
  Υ’s	
  from	
  shower	
  shape,	
  livle	
  in	
  HCAL	
  or	
  

e+e-­‐	
  pairs	
  with	
  vertex	
  P(χ2)>1%	
  and	
  40	
  mm	
  from	
  
beam	
  



“ATLAS	
  Discovers	
  its	
  first	
  new	
  parBcle”	
  

•  Hyperfine	
  spli~ngs	
  taken	
  from	
  previous	
  experiments	
  for	
  χb(1P)	
  and	
  χb	
  (2P)	
  
•  Taken	
  from	
  theory	
  (12	
  MeV)	
  	
  for	
  previously	
  undetected	
  χb	
  (3P)	
  

•  Over	
  6σ	
  (!)	
  in	
  each	
  converted/unconverted	
  category	
  (log-­‐likelihood	
  raBo)	
  
•  Mass	
  barycenter	
  (GeV):	
  

•  Unconverted:	
  10.541	
  ±	
  0.011	
  (stat)	
  ±	
  0.030	
  (syst)	
  
•  Converted	
  	
  	
  	
  	
  :	
  10.539	
  ±	
  0.004	
  (stat)	
  ±	
  0.008	
  (syst)	
  ç	
  Taken	
  as	
  final	
  result	
  
•  Converted	
  systemaBcs	
  dominated	
  by	
  signal	
  and	
  background	
  model	
  assumpBons	
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Recent	
  SUSY	
  results	
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ATLAS	
  SUSY	
  Searches	
  2011	
  
Search	
  
	
  

Date	
   Lumi	
  (1/5)	
  

Jets	
  and	
  Etmiss 	
   	
  	
   June 	
  	
   0.16 	
  	
  

One	
  lepton,	
  jets,	
  and	
  Etmiss	
   June	
   0.16	
  

B-­‐jets	
  and	
  Etmiss	
   July	
   0.83	
  

B-­‐jets,	
  1-­‐lepton	
  and	
  Etmiss	
   August	
  	
   1.03	
  

Electron-­‐muon	
  resonance	
   September	
   1.07	
  

Jet	
  and	
  Etmiss	
  (update)	
   September	
   1.04	
  

One	
  lepton,	
  jets	
  and	
  Etmiss	
  (update)	
   September	
   1.03	
  

Large	
  jet	
  mulBplicity	
  and	
  Etmiss	
   October	
   1.34	
  

2	
  leptons	
   October	
   1.04	
  

AddiBonal	
  interp.	
  jets+Etmiss	
   November	
   1.04	
  

AddiBonal	
  interp.	
  2	
  leptons,	
  jets	
  and	
  Etmiss	
   November	
  	
   1.04	
  

Diphoton	
  and	
  Etmiss	
   November	
   1.07	
  

Direct	
  sbovom	
  search	
   December	
   2.05	
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Large	
  jet	
  mulBplicity	
  and	
  Etmiss	
  

•  HT=scalar	
  sum	
  of	
  
transverse	
  momentum	
  
of	
  jets	
  with	
  η<2.8	
  and	
  
pT>40	
  GeV	
  	
  

•  In	
  MSUGRA/CMSSM	
  
mgluino<	
  520	
  GeV,	
  <680	
  
for	
  msquark=2*mgluino	
  
excluded	
  @	
  95%	
  CL	
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derived transfer factors relating observations in the control re-

gions to ‘leptonic’ background expectations in the signal re-

gions, and from the calculation of the SUSY signal.

For the multi-jet contribution, systematic uncertainties are

determined to account for the residual dependence of the

E
miss

T
/
√

HT distribution on Njet (as described in Section 5), the

fraction of jets containing b quarks and the response in prob-

lematic areas of the calorimeter. A special study performed to

quantify the effect of the dead area of the calorimeter found that

after applying the correction-based veto described in Section 3

the uncertainty is less than 5%.

Jets containing heavy flavour (b and c) quarks can include

neutrinos and hence have broader resolution functions. The

size of the systematic uncertainty resulting from heavy flavour

(b-jet) contributions, including those from fully-hadronic tt̄, is

determined as follows. Separate values of T are calculated for

events with at least one b jet and for non-b-tagged sub-samples,

and their individual contributions to the SRs are determined.

The differences with respect to the flavour-blind determination

actually used are 8%− 15% depending on SR, and are included

as a systematic uncertainty.

The transfer factors calculated for the ‘leptonic’ backgrounds

have systematic uncertainties due to the finite number of Monte

Carlo events generated, the jet energy scale, the jet energy res-

olution, the lepton identification efficiency, the b-tag efficiency,

and the effect of multiple proton-proton interactions per bunch

crossing.

Theoretical uncertainties on the SUSY signal were estimated

from variation of the factorisation and renormalisation scales

in PROSPINO between half and twice the mean outgoing spar-

ticle mass and by considering the PDF uncertainties provided

by CTEQ6.6 [33]. Uncertainties were calculated for individ-

ual production processes (e.g. q̃q̃, g̃g̃, etc.) and are typically

30% − 40% for models in the vicinity of the limits expected to

be set by this analysis. For the signal samples, the combined ex-

perimental systematic uncertainties from jet energy scale, reso-

lution, and cleaning are typically 15% − 20%. The 3.7% lumi-

nosity uncertainty [34] is included but is negligible.

7. Results, Interpretation and Limits

The measured E
miss

T
/
√

HT distributions for two of the signal

regions are shown in Figure 4 prior to the final E
miss

T
/
√

HT >

3.5 GeV
1/2

requirement. The number of observed events for

each of the signal regions is shown in Table 2. The Stan-

dard Model expectations are also shown, together with their

combined statistical and systematic uncertainties. The data are

found to be in good agreement with the background model and

no excess is observed. Table 2 shows the 95% confidence level

upper bound N
95%

BSM,max
on the number of events originating from

sources other than the Standard Model, the corresponding upper

limit σ95%

BSM,max
× � on the cross section times efficiency within

acceptance (which equals the limit on the observed number of

signal events divided by the luminosity) and the p-value for the

Standard Model-only hypothesis (pSM).

An interpretation of these results is presented in Figure 5

as a 95% confidence level exclusion region in the tan β = 10,

Signal region 7j55 8j55 6j80 7j80

Multi-jets 26 ± 5.2 2.3 ± 0.7 19 ± 4 1.3 ± 0.4

tt̄ → q�, �� 10.8 ± 6.7 0
+4.3

6.0 ± 4.6 0
+0.13

W + jets 0.95 ± 0.45 0
+0.13

0.34 ± 0.24 0
+0.13

Z + jets 1.5+1.8
−1.5 0

+0.75
0
+0.75

0
+0.75

Total Standard Model 39 ± 9 2.3+4.4
−0.7 26 ± 6 1.3+0.9

−0.4

Data 45 4 26 3

N
95%

BSM,max
26.0 11.2 16.3 6.0

σ95%

BSM,max
× �/fb 19.4 8.4 12.2 4.5

pSM 0.30 0.36 0.49 0.16

Table 2: Results for each of the four signal regions for 1.34 fb
−1

. The expected

number of Standard Model events are given for each of the following sources:

multi-jet (including fully hadronic tt̄), semi- and fully-leptonic top combined,

and W and Z bosons (separately) in association with jets, as well as the total

Standard Model expectation. Where small event counts in control regions have

not made it possible to determine a central value for the expectation, an asym-

metric bound is given instead. The number of observed events is also shown.

The final three rows show the statistical quantities described in the text.

A0 = 0, µ > 0 slice of MSUGRA/CMSSM
5
. Data from the four

SRs are used to set the limits, taking the SR with the best ex-

pected limit at each point in parameter space. The limit for each

SR is obtained by comparing the observed event count with that

expected from Standard Model background plus SUSY signal

processes, taking into account uncertainties in the expectation

including those which are correlated between signal and back-

ground (for instance jet energy scale uncertainties). The exclu-

sion regions are obtained using the CLs prescription [35]. Ac-

ceptance times efficiency values are tabulated for typical points

elsewhere [36].

8. Summary

A search for new phenomena has been performed using

events containing missing transverse momentum and much

larger jet multiplicities than have been previously considered,

up to eight or more jets. The dominant Standard Model back-

ground contributions have been determined from the data them-

selves. The sub-dominant ‘leptonic’ backgrounds are measured

using multiple control regions together with Monte Carlo trans-

fer factors.

No evidence for physics beyond the Standard Model has

been observed in a data sample from early 2011 correspond-

ing to an integrated luminosity of 1.34 fb
−1

. Limits are set on

MSUGRA/CMSSM models excluding at the 95% confidence

level gluinos with masses below 520 GeV, and gluinos with

masses below 680 GeV under the assumption that msquark =
2 × mgluino. This result extends those set by previous ATLAS

analyses.

5
A particular MSUGRA/CMSSM model point is specified by five parame-

ters: the universal scalar mass m0, the universal gaugino mass m1/2, the univer-

sal trilinear scalar coupling A0, the ratio of the vacuum expectation values of

the two Higgs fields tan β, and the sign of the higgsino mass parameter µ.

6
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Signal Region OS-SR1 OS-SR2 OS-SR3 SS-SR1 SS-SR2 FS-SR1 FS-SR2 FS-SR3

Emiss
T [GeV] 250 220 100 100 80 80 80 250

Leading jet pT [GeV] - 80 100 - 50 - - -

Second jet pT [GeV] - 40 70 - 50 - - -

Third jet pT [GeV] - 40 70 - - - - -

Fourth jet pT [GeV] - - 70 - - - - -

Number of jets - ≥ 3 ≥ 4 - ≥ 2 - ≥ 2 -

mll veto [GeV] - - - - - 80-100 - -

Table 1: Criteria defining each of the three signal regions for the opposite-sign (OS-SRx) analysis, each of the two signal regions for the

same-sign analysis (SS-SRx) and each of the three regions for the flavour-subtraction (FS-SRx) analysis. Regions OS-SR1 and FS-SR3 are

identical.

must be evaluated only in OS-SRx and FS-SRx signal re-

gions, while the latter must be evaluated in all signal re-

gions. Contributions from Z/γ∗+jets and tt̄ events (which
must be estimated in OS-SRx and FS-SRx signal regions,

but not SS-SRx regions) are evaluated using MC samples

normalised to data in appropriate control regions (CR).

SM processes generating events containing at least one fake

or non-isolated lepton are collectively referred to as “fake

lepton” background, generally consisting of semi-leptonic

tt̄, single top, W+jets and QCD light and heavy-flavour

jet production. The fake lepton background is obtained

using a purely data-driven technique for all signal regions.

The background from charge misidentification (from elec-

trons in events which have undergone hard bremsstrahlung

with subsequent photon conversion) is important in the

same-sign signal region and is estimated using a partially

data-driven technique.

The following paragraphs first describe the evaluation

of the backgrounds which contribute only to the opposite-

sign (and flavour-subtraction) signal regions. The fake lep-

ton background for all signal regions is then described.

Lastly, details are given of how the background from

charge misidentification is estimated for each same-sign

signal region.

The fully leptonic tt̄ background in the signal regions

is obtained by extrapolating from the number of tt̄ events
in a suitable control region, after correcting for contam-

ination from non-tt̄ events, into the signal regions using

the ratio of the number of MC tt̄ events in the signal re-

gion to those in the control region. The numbers of tt̄
events in a given control region are determined using a

“top-tagging” algorithm. The top-tagging requirement is

imposed through the use of the variable mCT [29]. This

observable can be calculated from the four-vectors of the

selected jets and leptons:

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

2

− [pT(v1)− pT(v2)]
2 , (1)

where vi can be a lepton (l), a jet (j), or a lepton-jet

combination (jl), transverse momentum vectors are de-

fined by pT and transverse energies ET are defined as

ET =
�
p2T +m2. The quantities mCT(j, j), mCT(l, l)

and mCT(jl, jl) are bounded from above by analytical

functions of the top quark and W boson masses. Top-

tagged events are required to possess mCT values calcu-

lated from combinations of jets and leptons consistent with

the expected bounds from tt̄ events, as well as lepton-

jet invariant mass values consistent with top quark de-

cays, as described in Ref. [30]. The contributions in each

opposite-sign signal region are obtained using three sepa-

rate control regions (one for each signal region). All three

control regions (for OS-SR1/FS-SR3, OS-SR2 and OS-

SR3) require, in addition to the top-tagged lepton pairs,

60 < Emiss
T < 100 GeV, except in the e±e∓ and µ±µ∓

channels of OS-SR1, where 80 < Emiss
T < 100 GeV is re-

quired. In the first (a control region for OS-SR1/FS-SR3),

no requirement is placed on the jets, while in the second

(for OS-SR2) and third (for OS-SR3), three jets and four

jets with pT > 40 GeV are required respectively. In these

control regions the numbers of observed events are in good

agreement (better than 1 σ) given statistical and system-

atic uncertainties with the expected rates from tt̄ and non-

tt̄ SM processes, resulting in ratios of data to MC in the

control regions compatible with one. The contamination

from non-tt̄ events lies between 15 and 20%. In the first

two signal regions for the flavour subtraction analysis (FS-

SR1 and FS-SR2), the contribution from fully-leptonic tt̄
is taken from MC.

Similarly, the contribution from Z/γ∗+jets events in the

signal regions is estimated by extrapolating the number

of Z/γ∗+jets events observed in a control region into the

signal region using ratios derived from MC. All Z/γ∗ con-

trol regions contain lepton-pair events satisfying the same

selection criteria as the signal region but with Emiss
T <

20 GeV and an additional 81 < m�� < 101 GeV require-

ment. Three distinct control regions are necessary for the

three different opposite-sign signal regions: the first (a con-

trol region for OS-SR1/FS-SR3) places no requirements on

the number of jets in the event, while the second and third

(for OS-SR2 and OS-SR3 respectively) require jets with pT
as described in Table 1. Similarly, in the control regions

for the flavour-subtraction signal regions (FS-SR1 and FS-

SR2), the corresponding jet requirements in Table 1 are

used. In these control regions the numbers of observed

events are in good agreement with the expectation from

4

•  Opposite	
  and	
  same-­‐sign	
  (OS,	
  SS),	
  and	
  same-­‐flavor	
  (OSSF,	
  OF-­‐subtracted)	
  
lepton	
  pairs	
  plus	
  missing	
  energy,	
  sensiBve	
  to	
  cascade	
  decays	
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•  Model-­‐independent	
  limits	
  
–  OS	
  Etmiss>250	
  GeV:	
  σeff=σxAxε	
  >9.5	
  _	
  	
  

excluded	
  @	
  95%	
  CL	
  
–  SS	
  Etmiss>100	
  GeV:	
  σeff	
  	
  >	
  10.2	
  _	
  
–  SF	
  Etmiss>250	
  GeV:	
  exclude	
  N	
  >	
  4.5	
  events	
  

•  Simplified	
  direct	
  weak	
  
gaugino	
  producBon	
  model	
  limits	
  
extended	
  

Simplified	
  direct	
  weak	
  
gaugino	
  producBon	
  model	
  

Signal Region OS-SR1 OS-SR2 OS-SR3

MC & CR statistics 7% 10% 21%

JES 11% 6% 6%

JER 1% 11% 15%

Generator 16% 13% 58%

ISR/FSR 20% 16% 26%

Total 27% 25% 68%

Table 2: A summary of the dominant systematic uncertainties on the
estimates of the fully-leptonic tt̄ event yields in each opposite-sign
signal region. The uncertainties are different in each signal region,
because each has a different control region.

regions of the illustrated mass plane the resulting uncer-

tainties on the signal cross sections are typically 4-8%.

Further uncertainties on the numbers of predicted signal

events arise from the JES uncertainty (1-18%), luminos-

ity (3.7%) and finite statistics of the signal Monte Carlo

samples.

9. Results and Interpretation

9.1. Opposite and Same-sign Inclusive

The expected and observed numbers of opposite-sign

and same-sign lepton-pairevents in each signal region are

compared in Table 3 to the background expectation.Good

agreement is observed. These results are used to set limits

on σ× �×A, the product of the cross sections (σ) for new
phenomena, acceptance (A, the fraction of events passing

geometric and kinematic cuts at particle level) and effi-

ciencies (�, detector reconstruction and identification ef-

ficiency). Limits are set using the CLs prescription, as

described in Ref. [33]. The results are given in Table 3 in

each signal region.

Background Obs. 95% CL

OS-SR1 15.5 ± 4.0 13 9.9 fb

OS-SR2 13.0 ± 4.0 17 14.4 fb

OS-SR3 5.7 ± 3.6 2 6.4 fb

SS-SR1 32.6 ± 7.9 25 14.8 fb

SS-SR2 24.9 ± 5.9 28 17.7 fb

Table 3: Predicted number of background events, observed number
of events and the corresponding 95% CL upper limit on A×� × σ,
calculated using the CLs technique, for each opposite-sign and same-
sign signal region.

The signal region SS-SR1 is particularly sensitive to

low mass weak gaugino production and the cascade de-

cays into leptons. The cross section upper limits on

χ̃±
1 χ̃

0
2 pair production, in the simplified direct weak gaug-

ino production models detailed in Ref. [34], are illus-

trated in Fig. 2 as a function of the χ̃±
1 and LSP (χ̃0

1)

masses. The results in Fig. 2 are for slepton masses

between the LSP and second lightest neutralino masses

and the hierarchy ml̃ = mχ̃0
1
+

1
2 (mχ̃±

1
− mχ̃0

1
) with

m(χ̃±
1 ) = m(χ̃0

2). The masses of slepton of different

flavours are assumed to be degenerate and the branch-

ing ratios for χ̃±
1 → l̃±ν, ν̃l± and χ̃0

2 → l̃±l∓ decays are

set to one. Also shown are the observed and expected

limit contours. In this channel, leptons are produced in

the cascades: χ̃±
1 χ̃

0
2 → (νl̃±)(l± l̃∓) → (νl±χ̃0

1)(l
±l∓χ̃0

1)

and χ̃±
1 χ̃

0
2 → (l±ν̃)(l± l̃∓) → (l±νχ̃0

1)(l
±l∓χ̃0

1) (with equal

branching ratios). The cross section for the point with

m(χ̃±
1 ) = m(χ̃0

2) = 200 GeV is 0.51 pb [21]. Models in

the low-mass region have acceptances of ∼5-15% for χ0
1-

χ±
1 mass differences from 50 to 200 GeV, and efficiencies

of ∼20%. If decays to sleptons are dominant, charginos

with masses up to 200 GeV are excluded, under the as-

sumptions of these simplified models.
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Figure 2: 95% CL cross section upper limits (CLs) in pb and ob-
served and expected limit contours for χ̃±

1 χ̃0
2 production in direct

gaugino simplified models.

9.2. Flavour-subtraction Analysis

In the flavour-subtraction analysis, limits are set on the

excess in the number of same-flavour events (multiplied

by detector acceptances and efficiencies) in the appropri-

ate signal regions. This is done using pseudo-experiments.

The same-flavour excess is quantified using the quantity

S, defined as

S =
N(e±e∓)

β(1− (1− τe)2)
+

βN(µ±µ∓)
(1− (1− τµ)2)

− N(e±µ∓)
1− (1− τe)(1− τµ)

, (2)

which measures the excess of same-flavour events (first two

terms) over different-flavour events (third term), taking

into account the ratio of electron to muon efficiency times

acceptance (β), and the electron and muon trigger efficien-

cies (τe and τµ), under the assumption that the trigger

selection adopted for e±µ∓ events is equivalent to a logi-

cal OR of the electron and muon triggers. This quantity,

S is effectively the excess in the number of same-flavour

events multiplied by detector acceptances and efficiencies.

The ratio of acceptances and efficiencies, β, is determined

7

Signal Region OS-SR1 OS-SR2 OS-SR3

MC & CR statistics 7% 10% 21%

JES 11% 6% 6%

JER 1% 11% 15%

Generator 16% 13% 58%

ISR/FSR 20% 16% 26%

Total 27% 25% 68%

Table 2: A summary of the dominant systematic uncertainties on the
estimates of the fully-leptonic tt̄ event yields in each opposite-sign
signal region. The uncertainties are different in each signal region,
because each has a different control region.

regions of the illustrated mass plane the resulting uncer-

tainties on the signal cross sections are typically 4-8%.

Further uncertainties on the numbers of predicted signal

events arise from the JES uncertainty (1-18%), luminos-

ity (3.7%) and finite statistics of the signal Monte Carlo

samples.

9. Results and Interpretation

9.1. Opposite and Same-sign Inclusive

The expected and observed numbers of opposite-sign

and same-sign lepton-pairevents in each signal region are

compared in Table 3 to the background expectation.Good

agreement is observed. These results are used to set limits

on σ× �×A, the product of the cross sections (σ) for new
phenomena, acceptance (A, the fraction of events passing

geometric and kinematic cuts at particle level) and effi-

ciencies (�, detector reconstruction and identification ef-

ficiency). Limits are set using the CLs prescription, as

described in Ref. [33]. The results are given in Table 3 in

each signal region.

Background Obs. 95% CL

OS-SR1 15.5 ± 4.0 13 9.9 fb

OS-SR2 13.0 ± 4.0 17 14.4 fb

OS-SR3 5.7 ± 3.6 2 6.4 fb

SS-SR1 32.6 ± 7.9 25 14.8 fb

SS-SR2 24.9 ± 5.9 28 17.7 fb

Table 3: Predicted number of background events, observed number
of events and the corresponding 95% CL upper limit on A×� × σ,
calculated using the CLs technique, for each opposite-sign and same-
sign signal region.

The signal region SS-SR1 is particularly sensitive to

low mass weak gaugino production and the cascade de-

cays into leptons. The cross section upper limits on

χ̃±
1 χ̃

0
2 pair production, in the simplified direct weak gaug-

ino production models detailed in Ref. [34], are illus-

trated in Fig. 2 as a function of the χ̃±
1 and LSP (χ̃0

1)

masses. The results in Fig. 2 are for slepton masses

between the LSP and second lightest neutralino masses

and the hierarchy ml̃ = mχ̃0
1
+

1
2 (mχ̃±

1
− mχ̃0

1
) with

m(χ̃±
1 ) = m(χ̃0

2). The masses of slepton of different

flavours are assumed to be degenerate and the branch-

ing ratios for χ̃±
1 → l̃±ν, ν̃l± and χ̃0

2 → l̃±l∓ decays are

set to one. Also shown are the observed and expected

limit contours. In this channel, leptons are produced in

the cascades: χ̃±
1 χ̃

0
2 → (νl̃±)(l± l̃∓) → (νl±χ̃0

1)(l
±l∓χ̃0

1)

and χ̃±
1 χ̃

0
2 → (l±ν̃)(l± l̃∓) → (l±νχ̃0

1)(l
±l∓χ̃0

1) (with equal

branching ratios). The cross section for the point with

m(χ̃±
1 ) = m(χ̃0

2) = 200 GeV is 0.51 pb [21]. Models in

the low-mass region have acceptances of ∼5-15% for χ0
1-

χ±
1 mass differences from 50 to 200 GeV, and efficiencies

of ∼20%. If decays to sleptons are dominant, charginos

with masses up to 200 GeV are excluded, under the as-

sumptions of these simplified models.
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Figure 2: 95% CL cross section upper limits (CLs) in pb and ob-
served and expected limit contours for χ̃±

1 χ̃0
2 production in direct

gaugino simplified models.

9.2. Flavour-subtraction Analysis

In the flavour-subtraction analysis, limits are set on the

excess in the number of same-flavour events (multiplied

by detector acceptances and efficiencies) in the appropri-

ate signal regions. This is done using pseudo-experiments.

The same-flavour excess is quantified using the quantity

S, defined as

S =
N(e±e∓)

β(1− (1− τe)2)
+

βN(µ±µ∓)
(1− (1− τµ)2)

− N(e±µ∓)
1− (1− τe)(1− τµ)

, (2)

which measures the excess of same-flavour events (first two

terms) over different-flavour events (third term), taking

into account the ratio of electron to muon efficiency times

acceptance (β), and the electron and muon trigger efficien-

cies (τe and τµ), under the assumption that the trigger

selection adopted for e±µ∓ events is equivalent to a logi-

cal OR of the electron and muon triggers. This quantity,

S is effectively the excess in the number of same-flavour

events multiplied by detector acceptances and efficiencies.

The ratio of acceptances and efficiencies, β, is determined

7

from data to be 0.75±0.05, with the quoted error including

both systematic and statistical uncertainties. The muon

trigger efficiency, τµ, averaged over the barrel and end-cap

is taken to be (81.6± 0.3)%.

The numbers of events in each signal region give

N(e±e∓), N(e±µ∓) and N(µ±µ∓) for each region. The

invariant mass distributions of the dilepton events with

high-Emiss
T are illustrated in Fig. 3. To quantify the consis-

tency between the observed S value and the SM prediction

the expected distribution of Sb in the absence of new phe-

nomena is determined. This distribution possesses a mean

given by S̄b and a width dominated by statistical fluctu-

ations of the numbers of events observed in each channel.

The distributions for Sb can be determined by generat-

ing pseudo-experiments. For each pseudo-experiment the

mean numbers of background events in each channel and

from each source are sampled, taking appropriate account

of correlations between the uncertainties in the values of

these means. The resulting number of background events

in each channel is then used to construct a Poisson distri-

bution from which the observed number of events in that

channel is drawn. The sampled event counts in each chan-

nel are then used with Eq. 2 to determine a value of Sb,

taking care also to sample values of τe, τµ and β according

to their means and uncertainties. The distribution of Sb

obtained from these hypothetical signal-free experiments

are characterised by a mean and an RMS, as detailed in Ta-

ble 4. The non-zero S̄b due to the irreducible background

from Z/γ∗+jets and diboson events. The assumption that

the trigger selection for different flavour dilepton events

is equivalent to a logical OR between the electron and

muon triggers leads to a slight underestimate of the effec-
tive excess of same-flavour events in each region (greatest

at 3.5% of Sobs in FS-SR3, negligible in comparison to the

RMS which drives the limit).

Sobs S̄b RMS

FS-SR1 131.6±2.5(sys) 118.7±27.0 48.6

FS-SR2 142.2±1.0(sys) 67.1±28.6 49.0

FS-SR3 -3.06±0.04(sys) 0.7±1.6 4.5

Table 4: The observed values of S in the data (Sobs), and the mean

and RMS of the distributions of the expected Sb from one million

hypothetical signal-free pseudo-experiments.

The distribution of Sb values obtained in this way can

be used to evaluate the probability of observing a value

of S at least as large as Sobs. The width of the distribu-

tion is dominated by Poisson fluctuations in the number

of events. The consistency between data and the SM ex-

pectation in each signal region is summarised in Table 5.

The agreement is better than 2σ in all cases.

Limits are also set on S̄s, the mean contribution to S
from new phenomena. The statistical procedure employed

follows that used to determine the consistency of the ob-

served value of S with the background expectation. The

S > Sobs (%) Limit S̄s (95% CL)

FS-SR1 39 94

FS-SR2 6 158

FS-SR3 79 4.5

Table 5: Consistency of the observation with the SM expectation

(middle column), computed as the percentage of signal-free pseudo-

experiments giving values of S greater than the observation, Sobs.

Observed limit (right column) on the numbers of same-flavour events

from new phenomena multiplied by detector acceptances and efficien-

cies in each signal region.

pseudo-experiments are modified by adding signal event

contributions to the input mean numbers of background

events in each channel. An assumption must be made re-

garding the relative branching ratio of new processes into

same-flavour and different flavour final states, as adding

flavour uncorrelated contributions to the same-flavour and

different-flavour channels increases the width of the S dis-

tribution. Given such an assumption, a limit can be set

on S̄s by comparing Sobs with the distribution of S val-

ues obtained from the new set of signal-plus-background

pseudo-experiments. If the assumption is made that the

branching fractions for e±e∓ and µ±µ∓ in new physics

events are identical, and the branching fraction for e±µ∓

final states is zero, then the limits tabulated in the right

most column of Table 5 are obtained. The most stringent

limits are set in FS-SR3, which requires Emiss
T > 250 GeV.

10. Summary

This letter reports results of three searches for new

phenomena in final states with opposite-sign and same-

sign dileptons and missing transverse momentum. These

searches also include signal regions that place requirements

on the number and pT of energetic jets in the events.

There is good agreement for all signal regions between

the numbers of observed events and the SM predictions.

Model-independent limits are quoted on the cross section

multiplied by acceptances and efficiencies for the inclusive

analyses, and limits on the same-flavour excess multiplied

by acceptances and efficiencies for the flavour-subtraction

analysis, all of which improve on results obtained with

the 2010 dataset. Cross sections in excess of 9.5 fb for

opposite-sign events with missing transverse momentum

greater than 250 GeV are excluded at 95% CL. In events

with missing transverse energy greater than 250 GeV a

limit is set on the number of same-flavour lepton pairs from

new physics, multiplied by detector acceptance and effi-

ciency, of 4.5. Cross sections in excess of 10.2 fb for same-

sign events, with missing transverse momentum greater

than 100 GeV, are excluded at 95% CL. Additionally, new

limits have been presented on the chargino mass in direct

weak gaugino production modes using simplified models.

Charginos with masses up to 200 GeV are excluded, under

the assumptions of these models.

8
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  GeV	
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  on	
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  gluino-­‐
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  masses	
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mLSP<400	
  GeV	
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  730	
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b = 4.1± 0.6(stat.)±1.6(syst.)
•  5	
  events	
  ETmiss>125	
  GeV	
  

•  Model-­‐independent	
  limit	
  on	
  new	
  physics:	
  7	
  events	
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  of	
  3	
  models	
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  gauge-­‐mediated	
  SUSY-­‐breaking	
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  gauge-­‐mediated	
  SUSY-­‐breaking	
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  GUT)	
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  with	
  
both	
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  and	
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  numbers	
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  produced	
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  to	
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  to	
  avoid	
  FCNC,	
  B,l-­‐
violaBon	
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  eνjj	
  events	
  
•  Likelihood	
  products	
  

–  eejj	
  channel:	
  

–  eνjj	
  channel:	
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Chapter 1. Theoretical motivation
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Figure 1.6: Pair production of leptoquarks via gg fusion at Born level.

1.5 Recent experimental results

This section summarizes the last results on leptoquark searches. More details can be found in
Reference [31]. For a larger but older scope of experimental results, the reader is referred to
Reference [25].

At the lepton-proton collider HERA, the limit on the leptoquark mass depends on the λl−q

coupling between the leptoquark and its associated lepton and quark. As explained in the pre-
ceding section, only the search for first generation leptoquarks has a good sensitivity. Results
from Hera, for leptoquarks of types S̃ 1

2 ,L (F = 0) and S0,L (F = 2) are shown in Figure 1.8 [32],

together with results from L3 and DØ (Run II).

A Tevatron, numerous direct searches for first, second and third generation leptoquarks have
been carried out under the hypothesis that leptoquarks are produced in pairs. Tables 1.4 and
1.5 present the latest results (DØ and CDF) on the search for the pair production of first and
second generation leptoquark. Table 1.6 provides the latest experimental lower mass limit on
pair-produced third generation scalar (DØ and CDF) and vector (CDF) leptoquark.

At DØ, a search for pair-produced leptoquarks in the acoplanar jet topology (Br(LQ →
"±q) = 0) based on 310 pb−1 (Run II) has been performed, leading to a lower mass limit of
136 GeV (calculated at 95% confidence level) [33]. This result completes the analysis presented
in this thesis for β = Br(LQ → µ±q) = 0, where both analyzed decay modes have no sensitivity.

The first search for single leptoquark production at hadron collider has been carried out at
the DØ experiment with 300 pb−1 [34]. It assumes that the leptoquark involved in the production

13

Chapter 1. Theoretical motivation

g

g

LQ

LQ

g

g

g

LQ

LQ

g

g

LQ

LQ

LQ

g

g

LQ

LQ

LQ

Figure 1.6: Pair production of leptoquarks via gg fusion at Born level.

1.5 Recent experimental results

This section summarizes the last results on leptoquark searches. More details can be found in
Reference [31]. For a larger but older scope of experimental results, the reader is referred to
Reference [25].

At the lepton-proton collider HERA, the limit on the leptoquark mass depends on the λl−q

coupling between the leptoquark and its associated lepton and quark. As explained in the pre-
ceding section, only the search for first generation leptoquarks has a good sensitivity. Results
from Hera, for leptoquarks of types S̃ 1

2 ,L (F = 0) and S0,L (F = 2) are shown in Figure 1.8 [32],

together with results from L3 and DØ (Run II).

A Tevatron, numerous direct searches for first, second and third generation leptoquarks have
been carried out under the hypothesis that leptoquarks are produced in pairs. Tables 1.4 and
1.5 present the latest results (DØ and CDF) on the search for the pair production of first and
second generation leptoquark. Table 1.6 provides the latest experimental lower mass limit on
pair-produced third generation scalar (DØ and CDF) and vector (CDF) leptoquark.

At DØ, a search for pair-produced leptoquarks in the acoplanar jet topology (Br(LQ →
"±q) = 0) based on 310 pb−1 (Run II) has been performed, leading to a lower mass limit of
136 GeV (calculated at 95% confidence level) [33]. This result completes the analysis presented
in this thesis for β = Br(LQ → µ±q) = 0, where both analyzed decay modes have no sensitivity.

The first search for single leptoquark production at hadron collider has been carried out at
the DØ experiment with 300 pb−1 [34]. It assumes that the leptoquark involved in the production

13

mee, mej

ST = ET
e1 +ET

e2 + pT
j1 + pT

j2

min[m(e, j)), mT (e,ET
miss ), mT ( j,ET

miss )]
ST = ET

e +ET
miss + pT

j1 + pT
j2

BR(LQ! eq) =1.0

BR(LQ! eq) = BR(LQ!!eq) = 0.5

1/2	
  



First	
  generaBon	
  scalar	
  leptoquarks	
  

03/01/12	
   Recent	
  ATLAS	
  Results	
  -­‐	
  Gausdal	
  (A.	
  Read)	
   34	
  

Table 1: The predicted and observed yields in a signal enhanced region defined
by requiring LLR > 0 for both channels. Background predictions are scaled as
described in Section 6. The ee j j (eν j j) channel signal yields are computed as-
suming β = 1.0 (0.5). Statistical and systematic uncertainties added in quadra-
ture are shown.

Source ee j j Channel eν j j Channel
400 GeV 600 GeV 400 GeV 600 GeV

W+jets — — 1500 ± 670 670 ± 210
Z+jets 98 ± 53 26 ± 14 45 ± 41 18 ± 19
tt̄ 15 ± 9 4.6 ± 2.2 430 ± 180 150 ± 38
Single t 1.4 ± 0.9 0.7 ± 0.4 53 ± 19 23 ± 4
Dibosons 1.5 ± 0.8 0.7 ± 0.3 25 ± 11 11 ± 2
MJ 9.2 ± 4.5 2.3 ± 1.5 170 ± 35 75 ± 15
Total 120 ± 55 34 ± 14 2200 ± 690 950 ± 220
Data 82 22 2207 900
LQ 120 ± 8 7.5 ± 0.5 69 ± 4 4.5 ± 0.2

by using SHERPA [30], giving an uncertainty of 1.5% and 3%
for the ee j j and the eν j j channels, respectively.
The systematic uncertainty for the tt̄ production model

are evaluated by comparing the yields between events gen-
erated with MC@NLO and those generated with various
alternate samples. These include samples generated with
POWHEG [31], a different top mass (170 GeV and 175 GeV
instead of the nominal value equal to 172.5 GeV), and a differ-
ent amount of initial- and final-state- radiation (ISR/FSR). The
result is an uncertainty in the tt̄ yield of 10% and 15% for the
single electron and dielectron analyses, respectively.
Systematic uncertainties are determined for the MJ back-

grounds by comparing results from alternative normalizations
to those from the methods described earlier. The largest varia-
tion is taken, resulting in an uncertainty of 20% and 28% in the
MJ normalization for the eν j j and the ee j j channels, respec-
tively. An uncertainty of 3.7% [10] on the integrated luminosity
is applied to both diboson and single top background yields, as
well as to expected signal yields.
Finally, further uncertainties on the simulated background

contributions originate from finite statistics in the MC samples
used. These range from 2%–9%, depending on the LQ mass
under consideration. Additional signal uncertainties considered
arise from the choice of the PDF, which results in an uncertainty
on the signal acceptance of 1%–8% for LQ masses between
300 GeV and 700 GeV, and from ISR/FSR effects, resulting in
an uncertainty of 2% for both channels.

9. Results

The LLR distributions for data, backgrounds and a LQ sig-
nal assuming mLQ = 600 GeV are shown in Fig. 3 for both
channels. The observed and predicted event yields requiring
LLR > 0 for the major background sources, as well as the ex-
pected signal, are shown in Table 1. We do not observe any
excess of events at high LLR values where signal is expected,
indicating no evidence of scalar LQ pair production. Given the
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Figure 3: LLR distributions for the ee j j (a) and for the eν j j (b) final states.
The data are indicated with the points and the filled histograms show the SM
background. The MJ background is estimated from data, while the other back-
ground contributions are obtained from simulated samples as described in the
text. The LQ signal corresponding to a LQ mass of 600 GeV is indicated by a
solid line, and is normalized assuming β = 1.0(0.5) in the ee j j (eν j j) channel.
The lowest bin corresponds to background events regions of the phase space
for which no signal events are expected. The solid line (band) in the lower
plots shows the Gaussian statistical (statistical + systematic) significance of the
difference between data and the prediction.
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  dilepton	
  resonances	
  

4

TABLE II: Summary of the dominant systematic uncertain-
ties on the expected signal and background yields at m!+!− =
1.5 TeV for the Z′ (G∗) analysis. NA means not applicable.
Source dielectrons dimuons

signal background signal background
Normalization 5% NA 5% NA
PDFs/αS NA 10% NA 10%
QCD K-factor NA 3% NA 3%
Weak K-factor NA 4.5% NA 4.5%
Trigger/Reconstruction negligible negligible 4.5% 4.5%
Total 5% 11% 7% 12%

The uncertainty on the Z/γ∗ cross section is 5%, which is
applied as a systematic uncertainty on the normalization.
Experimental systematic effects due to resolution and

inefficiencies at high mass were studied. In the electron
channel, the calorimeter energy resolution is dominated
at large ET by a constant term which is 1.2% in the
barrel and 1.8% in the endcaps, with negligible uncer-
tainty. The uncertainty on the resolution in the muon
channel is due to residual misalignments and intrinsic po-
sition uncertainties in the muon spectrometer that prop-
agate to a change in the observed width of the Z ′ (G∗)
line-shape. The simulation was adjusted to reproduce
the data at high muon momentum. The residual uncer-
tainty translates into an event yield uncertainty of less
than 1.5%. The combined uncertainty on the muon trig-
ger and reconstruction efficiency is estimated to be 4.5%
at 1.5 TeV. This uncertainty is dominated by a conser-
vative estimate of the impact of large energy loss from
muon bremsstrahlung in the calorimeter on the muon re-
construction performance in the muon spectrometer. In
the electron channel, a systematic uncertainty of 1.5% at
1.5 TeV is estimated for a possible identification ineffi-
ciency caused by the isolation requirement.
The dominant systematic uncertainties are summa-

rized in Table II. Uncertainties below 3% are neglected,
and no theory uncertainties are applied to the Z ′ or G∗

signal in the limit setting procedure described below.
The limit on the number of produced Z ′ (G∗) events

is converted into a limit on cross section times branch-
ing fraction σB by scaling with the observed number of
Z boson events and the theoretical value of σB(Z →
ll). The expected exclusion limits are determined using
simulated pseudo-experiments containing only Standard
Model processes, by evaluating the 95% C.L. upper limits
for each pseudo-experiment for each fixed value of mZ′

(mG∗). The median of the distribution of limits repre-
sents the expected limit. The ensemble of limits is used
to find the 68% and 95% envelopes of the expected lim-
its as a function of mZ′ (mG∗). Figure 2 (top) shows
the combined dielectron and dimuon 95% C.L. observed
and expected exclusion limits on σB(Z ′ → ll). It also
shows the theoretical cross section times branching frac-
tion for the Z ′

SSM and for E6-motivated Z ′ models with
the lowest and highest σB. Figure 2 (bottom) shows
the corresponding limits on the RS graviton. Mass lim-
its obtained for the Z ′

SSM and G∗ (with k/MPl=0.1) are
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FIG. 2: Expected and observed 95% C.L. upper limits on σB
as a function of mass for Z′ (top) and G∗ (bottom) models.
Both results show the combination of the electron and muon
channels. The thickness of the Z′

SSM (top) and the G∗ for
k/MPl=0.1 (bottom) theory curves illustrate the theoretical
uncertainties.

displayed in Table III. The combined mass limits on the
E6-motivated models and the G∗ with various couplings
are given in Table IV.

TABLE III: Observed (Expected) 95% C.L. mass lower
limits in TeV on Z′

SSM resonance and G∗ graviton (with
k/MPl=0.1).

Model e+e− µ+µ− #+#−

Z′

SSM 1.70 (1.70) 1.61 (1.61) 1.83 (1.83)
G∗ 1.51 (1.50) 1.45 (1.44) 1.63 (1.63)

In conclusion, the ATLAS detector has been used to
search for narrow, heavy resonances in the dilepton in-
variant mass spectrum above the Z boson pole. Proton-
proton collision data with 1.08 (1.21) fb−1 in the e+e−

(µ+µ−) channel have been used. The observed invariant
mass spectra are consistent with the SM expectations.

•  SSM	
  Z’,	
  technipions,	
  Randall-­‐
Sundrum	
  graviton	
  resonances	
  

•  For	
  mll=0.8-­‐3	
  TeV	
  3,	
  5	
  events	
  
observed	
  in	
  e+e-­‐,	
  μ+μ-­‐	
  channels	
  
with	
  esBmated	
  bg	
  of	
  3.4,	
  2.1	
  
events	
  (p0=54,	
  24%)	
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•  Interference:	
  
–  ηLL=-­‐1:	
  ConstrucBve	
  
–  ηLL=+1:	
  DestrucBve	
  

•  For	
  mll>300	
  GeV	
  and	
  Λ>9	
  
TeV	
  FC/FI~2/3	
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Search for Contact Interactions in Dilepton Events from pp Collisions at
√
s = 7 TeV

with the ATLAS Detector

The ATLAS Collaboration

This Letter presents a search for contact interactions in the dielectron and dimuon channels using
data from proton-proton collisions produced by the LHC at

√

s = 7 TeV and recorded by the
ATLAS detector. The data sample, collected in 2011, corresponds to an integrated luminosity of
1.08 and 1.21 fb−1 in the e+e− and µ+µ− channels, respectively. No significant deviations from the
standard model are observed. Using a Bayesian approach with a prior flat in 1/Λ2, the following
95% CL lower limits are placed on the energy scale of !!qq contact interactions: Λ− > 10.1 TeV
(Λ+ > 9.4 TeV) in the electron channel and Λ− > 8.0 TeV (Λ+ > 7.0 TeV) in the muon channel
for constructive (destructive) interference in the left-left isoscalar contact interaction model. Limits
are also provided for a prior flat in 1/Λ4.

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

INTRODUCTION

A wide range of new physics phenomena can produce
modifications to the dilepton mass spectra predicted by
the standard model (SM) such as quark/lepton compos-
iteness, extra dimensions, and new gauge bosons. The
predicted form of these deviations is often either a reso-
nance or an excess in the number of events in the spectra
at high mass. This Letter reports on a search for such
an excess in dilepton events produced in proton-proton
collisions at the LHC [1]. An interpretation of these data
in the context of contact interactions (CI) is presented,
including the first limits with the ATLAS detector in the
dielectron channel and an update of the search performed
using 2010 data in the dimuon channel [2]. A separate pa-
per describes the search for new heavy resonances in the
dilepton mass spectra performed using the same ATLAS
dataset [3].
If quarks and leptons are composite, with at least

one common constituent, the interaction of these con-
stituents would likely be manifested through an effec-
tive four-fermion contact interaction at energies well be-
low the compositeness scale. Such a contact interaction
could also describe a new interaction with a messenger
too heavy for direct observation at the LHC, in analogy
with Fermi’s nuclear β decay theory [4].
The Lagrangian for a general contact interaction has

the form [5]

L = g2

2Λ2 [ ηLL ψLγµψL ψLγ
µψL

+ ηRR ψRγµψR ψRγ
µψR

+2ηLR ψLγµψL ψRγ
µψR ] ,

(1)

where g is a coupling constant chosen to obey g2/4π = 1,
Λ is the contact interaction scale, which in the context
of compositeness models is the energy scale below which
fermion constituents are bound, and ψL,R are left-handed
and right-handed fermion fields, respectively. The pa-

rameters ηij , where i and j are L or R, define the chiral
structure (left or right) of the new interaction. Specific
models are constructed by setting different combinations
of these parameters to assume values of −1, 0 or +1.
The addition of this contact interaction term to the SM
Lagrangian alters the Drell-Yan (DY) production cross
section (qq̄ → Z/γ∗ → &+&−). The largest deviations,
either constructive or destructive, are expected at high
dilepton invariant mass and are determined by the scale
Λ and the sign of the parameter ηij . This analysis in-
terprets the data in the context of the left-left isoscalar
model (LLIM), which is commonly used as a benchmark
for contact interaction searches [6]. The LLIM is defined
by setting ηLL = ±1 and ηRR = ηLR = 0.
With the introduction of a contact interaction, the dif-

ferential cross section for the process qq̄ → &+&− can be
written

dσ

dm!!
=

dσDY

dm!!
− ηLL

FI(m!!)

Λ2
+

FC(m!!)

Λ4
, (2)

where m!! is the final-state dilepton mass. The expres-
sion above includes a SM DY term, as well as DY-CI in-
terference (FI) and pure contact interaction (FC) terms
(see Ref. [7] for the full form of this expression). At the
largest Λ values to which this analysis is sensitive, both
interference and pure contact interaction terms play a
significant role. For example, at dilepton masses greater
than 300 GeV and Λ = 9 TeV, the magnitude of the inter-
ference term is about 1.5 times that of the pure contact
interaction term.
The present analysis focuses on identifying a broad de-

viation from the SM dilepton mass spectra, which are
expected to be dominated by the DY process. Current
experimental bounds on Λ (see below) indicate any devi-
ation from a new interaction would appear at masses well
above the Z boson peak. Consequently, the search region
is restricted to dilepton masses above 150 GeV. The anal-
ysis exploits the high pp collision energy of the LHC and
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TABLE IV. Expected numbers of events in the signal region of the analysis for various contact interaction scales with con-
structive (Λ−) and destructive (Λ+) interference in the muon channel. The errors quoted originate from both systematic
uncertainties and limited MC statistics.

mµµ [GeV] 150-170 170-200 200-240 240-300 300-400

Λ− = 3 TeV 638 ± 28 547 ± 26 371 ± 22 285 ± 19 263 ± 13

Λ− = 4 TeV 618 ± 27 513 ± 24 287 ± 18 228 ± 15 163 ± 7

Λ− = 5 TeV 572 ± 26 478 ± 23 357 ± 20 206 ± 14 131 ± 6

Λ− = 7 TeV 571 ± 25 496 ± 23 294 ± 18 187 ± 14 113 ± 5

Λ− = 12 TeV 606 ± 26 441 ± 22 252 ± 16 191 ± 14 100.0 ± 3.8

Λ+ = 3 TeV 602 ± 26 417 ± 21 332 ± 19 205 ± 15 186 ± 10

Λ+ = 4 TeV 575 ± 25 456 ± 22 286 ± 17 182 ± 13 112 ± 5

Λ+ = 5 TeV 554 ± 25 483 ± 23 289 ± 17 167 ± 12 102.0 ± 4.0

Λ+ = 7 TeV 557 ± 24 435 ± 21 292 ± 18 196 ± 14 102.0 ± 4.4

Λ+ = 12 TeV 576 ± 25 421 ± 21 256 ± 16 186 ± 13 100.0 ± 3.9

mµµ [GeV] 400-550 550-800 800-1200 1200-1800 1800-3000

Λ− = 3 TeV 192 ± 11 185 ± 12 151 ± 12 60 ± 9 18 ± 7

Λ− = 4 TeV 97 ± 5 73 ± 5 50.3 ± 4.0 17.9 ± 2.9 6.8 ± 2.4

Λ− = 5 TeV 62.8 ± 3.3 37.5 ± 2.2 21.8 ± 1.8 8.7 ± 1.3 2.8 ± 1.0

Λ− = 7 TeV 45.9 ± 2.4 19.5 ± 1.2 7.9 ± 0.7 3.0 ± 0.5 0.59 ± 0.38

Λ− = 12 TeV 38.0 ± 2.0 14.0 ± 0.9 2.90 ± 0.26 0.91 ± 0.24 0.11 ± 0.14

Λ+ = 3 TeV 152 ± 9 153 ± 11 131 ± 11 63 ± 8 19 ± 6

Λ+ = 4 TeV 68.2 ± 3.7 54.7 ± 3.7 42.8 ± 3.4 22.2 ± 2.7 7.4 ± 2.1

Λ+ = 5 TeV 51.0 ± 2.5 24.9 ± 1.6 15.7 ± 1.3 8.0 ± 1.0 2.9 ± 0.8

Λ+ = 7 TeV 33.9 ± 1.8 13.3 ± 0.8 5.04 ± 0.43 1.85 ± 0.32 0.63 ± 0.30

Λ+ = 12 TeV 34.0 ± 1.8 10.1 ± 0.6 1.73 ± 0.18 0.25 ± 0.12 0.07 ± 0.10

constructive (destructive) interference. The correspond-
ing shift to lower values is 0.4 TeV (0.3 TeV) in the muon
channel, see Table V.

The quoted limits have been obtained with electroweak
corrections applied to both DY and DY+CI samples for
consistency, although part of the electroweak corrections
cannot be computed reliably due to the unknown new
physics represented by the contact interaction. However,
this particular choice does not affect the observed limits
significantly and results in slightly more conservative lim-
its. The limits obtained without electroweak corrections
improve by less than 0.1 TeV.

Finally, a limit is set on the combination of the elec-
tron and muon channels, assuming lepton universality,
by computing a combined posterior probability for the
two channels. The following sources of systematic un-
certainty are treated as fully correlated between the two
channels: PDF and αS , QCD and electroweakK-factors,
and Z/γ∗ cross section for normalization. The resulting
combined limits are Λ− > 10.2 TeV and Λ+ > 8.8 TeV
for the 1/Λ2 prior. Table V summarizes all limits for the
two priors considered in this study and shows that the
combined limit is weaker than the electron channel limit
in the case of destructive interference. This is due to the
slight excess of events observed in the muon channel for
masses greater than 800 GeV, an excess that gives an
increase in the likelihood that is stronger for destructive
interference than it is for constructive interference.

TABLE V. Expected and observed 95% CL lower limits on the
contact interaction energy scale Λ for the electron and muon
channels, as well as for the combination of those channels.
Separate results are provided for the different choices of flat
priors: 1/Λ2 and 1/Λ4.

Channel Prior Expected limit (TeV) Observed limit (TeV)
Constr. Destr. Constr. Destr.

e+e− 1/Λ2 9.6 9.3 10.1 9.4
1/Λ4 8.9 8.6 9.2 8.6

µ+µ− 1/Λ2 8.9 8.6 8.0 7.0
1/Λ4 8.3 7.9 7.6 6.7

Comb. 1/Λ2 10.4 10.1 10.2 8.8
1/Λ4 9.6 9.4 9.4 8.4

CONCLUSIONS

A search for contact interactions in e+e− and µ+µ−

events produced in proton-proton collisions at
√
s =

7 TeV has been performed. The analysis uses early 2011
run data amounting to 1.08 (1.21) fb−1 of pp collisions in
the electron (muon) channel collected with the ATLAS
detector. The dilepton mass distributions do not display
significant deviations from the standard model. Using
a Bayesian approach with a 1/Λ2 prior, as was done in
most previous searches at hadron colliders, the follow-
ing 95% CL limits are set on the energy scale of contact
interactions: Λ− > 10.1 TeV (Λ+ > 9.4 TeV) in the
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Limits	
  0.79-­‐1.85	
  TeV	
  

k-factor GRW Hewett HLZ
Value Pos Neg n = 3 n = 4 n = 5 n = 6 n = 7

1 2.73 2.44 2.16 3.25 2.73 2.47 2.30 2.17
1.70 2.97 2.66 2.27 3.53 2.97 2.69 2.50 2.36

Table 2: 95% CL limits on the value of MS (in TeV) for various implementations of the ADD model, using both LO (k-factor = 1) and NLO
(k-factor = 1.70) theory cross section calculations.

(0.1). As shown in the right plot of Figure 2, the results
can be translated into a 95% CL exclusion in the plane of
k/MPl versus graviton mass.

k-Factor
Value

Channel(s)
Used

95% CL Limit [TeV]
k/MPl Value

0.01 0.03 0.05 0.1

1
G → γγ 0.74 1.26 1.41 1.79

G → γγ/ee/µµ 0.76 1.32 1.47 1.90

1.75
G → γγ 0.79 1.30 1.45 1.85

G → γγ/ee/µµ 0.80 1.37 1.55 1.95

Table 3: 95% CL lower limits on the mass (GeV) of the lightest RS
graviton, for various values of k/MPl. The results are shown for
the diphoton channel alone and for the combination of the diphoton
channel with the dilepton results of Ref. [12], using both LO (k-factor
= 1) and NLO (k-factor = 1.75) theory cross section calculations.

8. Summary

Using a dataset corresponding to 2.12 fb−1, an analysis
of the diphoton final state was used to set 95% CL lower
limits of between 2.27 and 3.53 TeV on the parameter MS

of the ADD large extra dimension scenario, depending on
the number of extra dimensions and the theoretical for-
malism used. The diphoton results also exclude at 95%
CL RS graviton masses below 0.79 (1.85) TeV for the di-
mensionless RS coupling k/MPl= 0.01 (0.1). Combining
with the previous ATLAS dilepton analyses further tight-
ens these limits to exclude at 95% CL RS graviton masses
below 0.80 (1.95) TeV for k/MPl= 0.01 (0.1).
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  bever	
  understanding	
  
•  ProducBon	
  of	
  W,Z,v,VV,V+associated	
  consistent	
  with	
  
SM	
  so	
  far	
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