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Supersymmetry	
  and	
  MSSM	
  
The	
  Standard	
  Model	
  (SM)	
  is	
  a	
  powerful	
  and	
  successful	
  
descripLon	
  of	
  fundamental	
  interacLons,	
  but:	
  

¨  Has	
  an	
  high-­‐level	
  of	
  fine-­‐tuning	
  (quadraLcally	
  	
  
divergent	
  correcLons	
  to	
  the	
  Higgs	
  boson	
  mass)	
  

¨  Doesn’t	
  provide	
  an	
  explanaLon	
  for	
  the	
  Dark	
  Ma4er	
  

¨  Doesn’t	
  provide	
  an	
  unifica6on	
  of	
  QCD	
  and	
  EW	
  	
  
coupling	
  constants	
  

Supersymmetry	
  (SUSY)	
  can	
  extend	
  the	
  SM	
  

¨  New	
  physics	
  at	
  TeV	
  scale	
  

¨  SUSY	
  relates	
  each	
  SM	
  parLcle	
  to	
  another,	
  known	
  as	
  	
  
superpartner,	
  that	
  differs	
  by	
  half	
  unit	
  of	
  spin.	
  

¨  SUSY	
  is	
  broken:	
  sparLcle	
  masses	
  are	
  funcLon	
  of	
  the	
  	
  
breaking	
  terms.	
  

¨  R-­‐parity	
  R	
  =	
  (-­‐1)3B+L+2S	
  is	
  a	
  discrete	
  mulLplicaLve	
  symmetry.	
  	
  

¤  SUSY	
  par6cles	
  must	
  be	
  produced	
  in	
  pairs	
  
¤  The	
  Lightest	
  Supersymmetric	
  ParLcle	
  (LSP)	
  is	
  stable	
  	
  

(dark	
  ma_er	
  candidate)	
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FIG. 1: Natural electroweak symmetry breaking constrains the superpartners on the left to be

light. Meanwhile, the superpartners on the right can be heavy, M � 1 TeV, without spoiling

naturalness. In this paper, we focus on determining how the LHC data constrains the masses of

the superpartners on the left.

the main points, necessary for the discussions of the following sections. In doing so, we will

try to keep the discussion as general as possible, without committing to the specific Higgs

potential of the MSSM. We do specialize the discussion to 4D theories because some aspects

of fine tuning can be modified in higher dimensional setups.

In a natural theory of EWSB the various contributions to the quadratic terms of the Higgs

potential should be comparable in size and of the order of the electroweak scale v ⇠ 246 GeV.

The relevant terms are actually those determining the curvature of the potential in the

direction of the Higgs vacuum expectation value. Therefore the discussion of naturalness
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Naturalness	
  provides	
  a	
  useful	
  criterion	
  to	
  address	
  the	
  
status	
  of	
  SUSY	
  at	
  the	
  electroweak	
  scale.	
  
•  The	
  naturalness	
  requirement	
  is	
  summarized	
  by	
  

the	
  following	
  rela6on	
  in	
  the	
  Minimal	
  
Supersymmetric	
  Standard	
  Model	
  (MSSM)	
  

	
  
	
  
	
  
If	
  the	
  superpartners	
  are	
  too	
  heavy,	
  contribuLons	
  to	
  
the	
  right-­‐hand	
  side	
  must	
  be	
  tuned	
  against	
  each	
  other	
  
to	
  achieve	
  electroweak	
  symmetry	
  breaking	
  at	
  the	
  
observed	
  energy	
  scale.	
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The	
  following	
  par6cles	
  are	
  required	
  to	
  be	
  light:	
  

¨  Two	
  higgsinos,	
  i.e.	
  one	
  chargino	
  and	
  two	
  
neutralinos	
  below	
  350	
  GeV	
  
(µ≅mZ	
  at	
  tree	
  level)	
  

¨  stop	
  and	
  sbo&oms	
  up	
  to	
  700	
  GeV	
  	
  
(1-­‐loop	
  radiaLve	
  correcLons)	
  

¨  Gluinos	
  up	
  to	
  1.5	
  TeV	
  	
  
(2-­‐loop	
  radiaLve	
  correcLons)	
  

M
.Papucci,	
  J.Ruderm

an,	
  A.	
  W
eiler	
  	
  

hep-­‐ph:1110.6926	
  	
  

δmH
2

stop
≅ −

3yt
2

8π 2 mQ3
2 +mU3

2 + At
2( ) ln Λ

TeV
$

%
&

'

(
)

δmH
2

gluino
≅ −

2yt
2

π 2
αs

π

$

%
&

'

(
)M3

2 ln2 Λ
TeV
$

%
&

'

(
)



Collected	
  data	
  and	
  process	
  sensiLvity	
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The	
  results	
  shown	
  in	
  the	
  following	
  are	
  based	
  up	
  to	
  
21	
  h-­‐1	
  of	
  data,	
  collected	
  between	
  March	
  and	
  
December	
  2012.	
  	
  
	
  
Only	
  events	
  saLsfying	
  good	
  data	
  quality	
  cuts	
  (i.e.	
  
collisions	
  with	
  all	
  detectors	
  in	
  saLsfactory	
  working	
  
condiLons)	
  are	
  considered	
  for	
  the	
  analysis	
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Considering	
  the	
  available	
  integrated	
  luminosity	
  

¨  squarks	
  and	
  gluinos	
  accessible	
  well	
  over	
  the	
  TeV	
  scale	
  
with	
  large	
  branching	
  fracLons	
  and	
  efficiencies.	
  

¨  direct	
  stop	
  up	
  to	
  700	
  GeV	
  

¨  charginos	
  and	
  neutralinos	
  up	
  to	
  400	
  GeV	
  	
  

¨  sleptons	
  up	
  to	
  150	
  GeV	
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Table 3: Expected background composition and comparison of the predicted total SM event yield to the
observed number of events in the top quark control regions described in the text. The expected Z/�?+jets
rate in the DF channel is negligible. The quoted uncertainties include the systematic uncertainties de-
scribed in Section 7.

tt̄ CR tt̄ CR
Process DF SF
tt̄ 68 ± 11 39 ± 11
tt̄W + tt̄Z 0.37 ± 0.07 0.20 ± 0.05
Wt 2.7 ± 1.0 1.8 ± 0.6
Z/�?+jets - 3.5 ± 1.4
Fake leptons 0.4 ± 0.3 0.5 ± 1.6
Diboson 0.49 ± 0.14 0.10 ± 0.05
Total non-tt̄ 4.0 ± 1.5 6.1 ± 3.7
Total expected 72 ± 11 45 ± 12
Data 79 53

signal are then similar to those of tt̄ background event, and it increases with increasing �m. For equal
masses, the spin-1/2 top quark partner signals have a slightly lower e�ciency than scalar top signals,
because of polarization e↵ects in the decay.

6 Background estimation

The dominant SM background contributions to the SRs are top quark pair production and Z/�?+jets.
They are extracted by defining a control region (CR) populated mostly by the targeted background, and
using MC to extrapolate from the rate measured in the CR to the expected background yield in the SR:

N(SR) =
�

NData(CR) � Nothers(CR)
� NMC(SR)

NMC(CR)

where NData(CR) is the number of data events observed in the CR, NMC(CR) and NMC(SR) are the number
of events of the targeted background expected from MC in the CR and SR respectively, and the term
Nothers(CR) is the contribution from the other background sources in the CR which is estimated from MC
(except for the fake lepton background which is estimated using the data driven technique described
below). The ratio between number of MC events in the SR and number of MC events in the CR for a
given background source is referred to as transfer factor in the following.

The tt̄ CR is defined akin to the SR, except for mT2, which is required to be between 85 GeV and
100 GeV. The expected background composition of the tt̄ CR is reported in Table 3. The contamination
due to fake leptons is evaluated from data with the technique described below, while all the other pro-
cesses are obtained from the MC prediction. The tt̄ background is expected to account for 86% and 94%
of the SM rate in the SF and DF CRs, respectively. The number of observed events is in good agreement
with the expected event yields.

The systematic uncertainties on the modelling of the tt̄ background transfer factor due to the choice
of the MC generator are assessed by comparing the baseline sample simulated with mc@nlo with the
alternative samples described in Section 3.

The background from Z/�?+jets is only relevant for the SF selection in the case of the decay channels
Z ! ee or µµ. For Z ! ⌧⌧ decays, which would contribute both to the SF and the DF samples, the
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The	
  analyses	
  presented	
  in	
  the	
  following	
  slides	
  share	
  a	
  common	
  approach:	
  
¨  Define	
  a	
  Signal	
  Region	
  (SR)	
  based	
  on	
  signal	
  kinemaLc	
  features	
  

¨  EsLmate	
  the	
  Standard	
  Model	
  processes	
  in	
  the	
  SR:	
  
¤  Data-­‐driven	
  reducible	
  backgrounds	
  (QCD	
  mulLjet	
  backgrounds)	
  
¤  Semi	
  data-­‐driven	
  major	
  irreducible	
  backgrounds	
  

n  Define	
  a	
  control	
  region	
  (CR)	
  for	
  each	
  of	
  the	
  backgrounds	
  	
  
n  Normalise	
  MC	
  yields	
  to	
  data	
  	
  
n  Apply	
  transfer	
  factor	
  from	
  CR	
  to	
  SR	
  

¤  Minor	
  backgrounds	
  are	
  taken	
  from	
  MC	
  simula6on	
  only	
  

¨  Check	
  background	
  esLmaLon	
  against	
  data	
  in	
  Valida:on	
  Regions	
  (VR)	
  

¨  Look	
  at	
  the	
  observed	
  data	
  in	
  the	
  SR	
  
	
  



DIRECT	
  SCALAR	
  TOP	
  SEARCHES	
  

•  Fully	
  hadronic	
  final	
  state	
  
•  One	
  lepton	
  final	
  state	
  
•  Two	
  leptons	
  final	
  state	
  

Natural SUSY with ATLAS - 26th March 2013 - CERN

• 2 b + ETmiss analysis already discussed

• Same signal regions as for direct 
sbottom sensitive to t1→bΧ1± for 
small Δm(Χ1±,Χ10)

• Loss of acceptance due to lepton and 
jet veto
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This	
  analysis	
  looks	
  for	
  events	
  where	
  each	
  of	
  the	
  
stops	
  decays	
  into	
  a	
  top	
  quark	
  +	
  	
  	
  	
  	
  .	
  
	
  
	
  
The	
  final	
  state	
  for	
  this	
  search	
  is	
  therefore	
  six	
  or	
  
more	
  jets	
  and	
  ETmiss.	
  
	
  

χ1
0

ATLAS-­‐CO
N
F-­‐2013-­‐024	
  

tt → t χ1
0t χ1

0 → χ1
0bqq χ1

0bqq

Six	
  or	
  more	
  jets	
  are	
  required	
  (plus	
  lepton	
  veto)	
  

¨  2	
  b-­‐tags,	
  pTjet1,2	
  >	
  80	
  GeV,	
  pTjet3+	
  >	
  35	
  GeV	
  

¨  Δφ(ETmiss,	
  jet1,2,3)	
  >	
  0.2π	



¨  Δφ(ETmiss,	
  ETmiss,track)	
  <	
  π/3	
  (ETmiss,track	
  >	
  30	
  GeV)	
  

¨  Tau-­‐jet	
  veto	
  

Final	
  selec6on	
  on	
  

¨  mT(ETmiss,	
  b-­‐jetclosest)	
  >	
  175	
  GeV	
  

¨  ETmiss	
  >	
  200,	
  300,	
  350	
  GeV	
  



2. Transfer factors (TF) which are multiplicative factors that propagate the event count from
the semi-leptonic tt̄ control regions to the signal regions.

3. Background estimates in the signal region for Z+jets, multijets and fully-hadronic tt̄ ob-
tained as described in Sec. 6.

4. Expectations from simulation for the number of events from the remaining backgrounds
(tt̄ +boson, W+jets, single-top, diboson) in the signal regions.

The event count in each of the three control and three signal regions is treated with a Pois-
son probability density function. The statistical and systematic uncertainties on the expected
yields are included in the probability density function as nuisance parameters, constrained to
be Gaussian with a width given by the size of the uncertainty. Seventeen nuisance parameters
are included in the fit. Correlations in the nuisance parameters from the tt̄ control region to
the signal region are taken into account where necessary. The Poisson probability density func-
tions also includes a free parameter to scale the expected contribution from the semi-leptonic
tt̄ background in its control region. A likelihood is formed as the product of these probability
density functions and the constraints on the nuisance parameters. The one free parameter and
the nuisance parameters are adjusted to maximize the likelihood.

8 Results and interpretation

The predicted background in the signal regions and the observed numbers of events are shown
in Table 2. No significant discrepancy is seen between the observed yields and SM expectations.

Number of events SR1 SR2 SR3

Observed 15 2 1

Expected background 17.5±3.2 4.7±1.5 2.7±1.2

Expected tt̄ 9.8±2.6 1.9±1.3 0.9±0.7
Expected tt̄ + W/Z 1.7±1.0 0.7±0.4 0.51±0.30
Expected Z+jets 2.1±1.0 1.2±0.5 0.8±0.4
Expected W+jets 1.2±0.8 0.32±0.29 0.19+0.23

−0.19
Expected single-top 1.5±0.9 0.5±0.4 0.3+0.5

−0.3
Expected multijet 0.12±0.12 0.01±0.01 < 0.01
Expected diboson 1.2±1.2 < 0.22 < 0.22

Fit input expectation tt̄ 9.9 1.7 0.6

Table 2: The observed numbers of events in the three signal regions, and the background expec-
tations. The input to the fit for the semi-leptonic tt̄ background is also shown. The uncertainties
shown are the statistical plus systematic uncertainties on the mean of the Poisson function de-
scribing the background probability density. Uncertainties on the inputs are not shown as they
are almost the same as the uncertainties from the fit. Numerical rounding can cause the sum of
the individual backgrounds to not add up exactly to the total.

The systematic uncertainty on the background ranges between 18% and 45% across the
three signal regions. Significant contributions to this uncertainty arise from the theoretical
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This	
  analysis	
  looks	
  for	
  events	
  where	
  each	
  of	
  the	
  
stops	
  decays	
  into	
  a	
  top	
  quark	
  +	
  	
  	
  	
  	
  .	
  
	
  
	
  
The	
  final	
  state	
  for	
  this	
  search	
  is	
  therefore	
  six	
  or	
  
more	
  jets	
  and	
  ETmiss.	
  
	
  

χ1
0 ATLAS-­‐CO

N
F-­‐2013-­‐024	
  

tt → t χ1
0t χ1

0 → χ1
0bqq χ1

0bqq

Six	
  or	
  more	
  jets	
  are	
  required	
  (plus	
  lepton	
  veto)	
  

¨  2	
  b-­‐tags,	
  pTjet1,2	
  >	
  80	
  GeV,	
  pTjet3+	
  >	
  35	
  GeV	
  

¨  Δφ(ETmiss,	
  jet1,2,3)	
  >	
  0.2π	



¨  Δφ(ETmiss,	
  ETmiss,track)	
  <	
  π/3	
  	
  

¨  Tau-­‐jet	
  veto	
  

Final	
  selec6on	
  on	
  

¨  mT(ETmiss,	
  b-­‐jet)	
  >	
  175	
  GeV	
  

¨  ETmiss	
  >	
  200,	
  300,	
  350	
  GeV	
  



This	
  analysis	
  looks	
  for	
  events	
  where	
  each	
  of	
  the	
  
stops	
  decays	
  either	
  into	
  a	
  bo4om	
  quark	
  +	
  	
  	
  	
  	
  ,	
  
or	
  into	
  a	
  top	
  quark	
  +	
  	
  	
  	
  	
  .	
  

	
  

	
  

	
  
High	
  ETmiss	
  for	
  the	
  signal	
  because	
  of	
  	
  	
  	
  	
  	
  in	
  the	
  
final	
  state.	
  

MulLple	
  signal	
  regions	
  (see	
  backup):	
  

¨  relying	
  mostly	
  on	
  a	
  harsh	
  selec6on	
  on	
  
ETmiss	
  and	
  mT	
  

	
  

¨  tag	
  one	
  b-­‐jet,	
  reconstruct	
  one	
  hadronic	
  	
  
top	
  mass	
  

¨  5	
  cut	
  &	
  count	
  signal	
  regions,	
  1	
  signal	
  region	
  
with	
  ETmiss	
  and	
  mT	
  shape	
  fit	
  

Scalar	
  top:	
  1	
  lepton	
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This	
  analysis	
  looks	
  for	
  events	
  where	
  each	
  of	
  the	
  
stops	
  decays	
  either	
  into	
  a	
  bo4om	
  quark	
  +	
  	
  	
  	
  	
  ,	
  
or	
  into	
  a	
  top	
  quark	
  +	
  	
  	
  	
  	
  .	
  

	
  

	
  

	
  
High	
  ETmiss	
  for	
  the	
  signal	
  because	
  of	
  	
  	
  	
  	
  	
  in	
  the	
  
final	
  state.	
  

MulLple	
  signal	
  regions	
  (see	
  backup):	
  

¨  relying	
  mostly	
  on	
  a	
  harsh	
  selec6on	
  on	
  
ETmiss	
  and	
  mT	
  

	
  

¨  tag	
  one	
  b-­‐jet,	
  reconstruct	
  one	
  hadronic	
  	
  
top	
  mass	
  

¨  5	
  cut	
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OTHER	
  NATURAL	
  SUSY	
  SEARCHES	
  

•  2	
  Same	
  Sign	
  leptons	
  
•  3	
  leptons	
  

Natural SUSY with ATLAS - 26th March 2013 - CERN

Gluino mediated stop/sbottom production

• If gluinos are light, they can be produced in 
pairs and decay through (on- or off-shell) stops/
sbottoms

• gluino mediated stop/sbottom production

17
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• Final state that contains up to 4 b-jets, up to 12 jets, up to 4 

leptons (possibly same sign)
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• It has an end-point at (mprod
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2)/mprod

• for large Δm(b, X10):

• Look for 2 b-jets (veto on third jet), large ETmiss

• Use MCT to suppress top; Main background: Z 
(→νν)+b-jets

• for small Δm(b, X10):

• Focus on events with a hard ISR jet produced
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  SS	
  leptons	
  search	
  
A	
  search	
  uLlizes	
  same-­‐sign	
  electron	
  and	
  muon	
  
pairs	
  (ee,	
  eμ,	
  μμ),	
  missing	
  transverse	
  momentum,	
  
b-­‐quark	
  jets	
  (b-­‐jets)	
  and	
  mulLple	
  high-­‐pT	
  jets.	
  

¨  Final	
  state	
  sensiLve	
  to	
  many	
  possible	
  signal	
  
processes.	
  

	
  	
  

Slightly	
  different	
  cuts	
  have	
  been	
  applied	
  for	
  

¨  model	
  independent	
  limits	
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  case)	
  

¨  model	
  dependent	
  exclusion	
  limits	
  (exclusion	
  case)	
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Signal region N

b�jets

Signal cuts (discovery case) Signal cuts (exclusion case)

SR0b 0 Njets � 3, Emiss
T > 150 GeV Njets � 3, Emiss

T > 150 GeV, mT> 100 GeV,

mT> 100 GeV, me↵>400 GeV binned shape fit in me↵ for me↵ >300 GeV

SR1b �1 Njets �3, Emiss
T > 150 GeV Njets � 3, Emiss

T > 150 GeV, mT>100 GeV,

mT>100 GeV, me↵>700 GeV binned shape fit in me↵ for me↵>300 GeV

SR3b �3 Njets � 4 Njets � 5,

- Emiss
T < 150 GeV or mT< 100 GeV

Table 1: Definition of the signal regions. The cuts for the discovery and exclusion cases are shown
separately. For all signal regions, two leading leptons with pT > 20 GeV and of the same electric charge
are required. Jets are selected with pT > 40 GeV while b-jets are required to have pT > 20 GeV.

direct squark models, which do not result in enhanced production of b-quarks. The b-jet veto helps to
suppress the tt̄-like background, which otherwise dominates the event selection with several jets. The
third signal region, SR3b, does not require large values of Emiss

T , me↵ or mT. It is therefore targeted at
compressed regions of the phase-space (i.e. small mass di↵erences) in models involving third generation
squarks, which feature large b-jet multiplicities and small missing transverse momentum.

5 Backgrounds

5.1 Background estimation

Searches in events with two same-sign leptons are characterized by very low backgrounds. Three main
classes of backgrounds can be distinguished: prompt same-sign lepton pairs, charge mis-measurement
and fake leptons.

SM sources of events of prompt same-sign leptons with jets arise mainly from the production of a
W or Z boson, decaying leptonically, in association with tt̄, where at least one of the top quarks decays
leptonically, and from diboson background (WZ, ZZ) in association with jets. These backgrounds are
estimated from MC.

Background from charge mis-measurement consists of events with two opposite-sign leptons (OS)
for which the charge of an electron is mis-identified. The dominant mechanism of charge mis-identification
is due to the radiation of a hard photon bremsstrahlung followed by an asymmetric conversion for which
the electron with the opposite charge dominates (e± ! e±� ! e±e±e⌥). The probability of mis-
identifying the charge of a muon is negligible. Previous studies [17, 18] show that the background from
lepton charge mis-measurement is dominated by dilepton tt̄ events. It is estimated in this analysis using
a fully data-driven technique to determine the charge flip probability as function of the electron pT and ⌘
from Drell-Yan events. The rate is measured using the ratio of SS to OS electron pairs with an invariant
mass compatible with the Z boson within 15 GeV. The probability of electron charge mis-measurement
is found to vary from approximately 10�4 to 0.02 in the range 0  |⌘|  2.5 and 20 < pT < 200 GeV.
For the background estimation, this probability is then applied to data regions with the same kinematic
requirements as the signal regions but with opposite-sign leptons.

Previous studies [18] show that the fake lepton background is dominated by tt̄ events where one
lepton comes from the decay of a b-hadron and the other from one of the W bosons. This background
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the 95% CL upper limit on the visible cross section. S 95
obs and S 95

exp are the observed and expected 95%
CL upper limits on the number of signal events. With asymptotic formulae, the corresponding observed
(expected) 95% CL upper limits on the number of signal events in SR0b, SR1b and SR3b are 6.5 (7.7),
10.8 (6.5) and 6.7 (5.9), respectively.

Signal regions h✏�i95

obs

[fb] S

95

obs

S

95

exp

SR0b 0.33 6.7 7.9+2.6
�2.0

SR1b 0.53 11.0 6.8+2.6
�1.5

SR3b 0.34 7.0 5.9+2.4
�1.3

Table 4: Upper 95% CL limits on the visible cross-section (h✏�i95
obs) and on the observed (S 95

obs ) and
expected (S 95

exp) number of signal events. The event sample for the discovery case is used for this calcu-
lation, as defined in Section 4.2

7.2 Model-dependent limits

The measurement is used to place model-dependent exclusion limits in the context of several SUSY
models. For these limits, the exclusion case event sample is used, as described in Section 4.2. A simul-
taneous fit to all three signal regions using the binned me↵ distribution, shown in Figure 6 for the signal
regions SR0b and SR1b, is used to calculate the exclusion limits for each model.

mSUGRA/CMSSM

Figure 7 presents the 95% CL exclusion limits for the mSUGRA/ CMSSM model in the (m0, m1/2)
parameter space. The yellow band around the expected limit shows the ±1� uncertainty region including
all statistical and systematic uncertainties except the theoretical uncertainties on the SUSY cross section.
The ±1�SUSY

theory lines around the observed limit are obtained by changing the SUSY cross section by ±1�.
All mass limits of supersymmetric particles quoted later in this section are derived from the �1�SUSY

theory
line. Figure 7 shows that the measurement allows to exclude a large region of the mSUGRA/CMSSM
parameter space.

Gluino-stop (t�̃0

1

) o↵-shell

Results for the Gluino-stop (t�̃0
1) o↵-shell model are presented in the mg̃-m�̃0 plane. Figure 8 (left)

displays the observed and expected limits for each individual signal region and the combined limits.
The grey numbers show the limits on the excluded model cross sections. The exclusion lines show the
interplay between SR1b, which performs best at a large mass di↵erence between the gluino and the
LSP, and SR3b, which performs best at a small mass di↵erence (compressed region) between the gluino
and the LSP. Gluinos are excluded with 95% CL up to masses of 900 – 1020 GeV for LSP masses below
550 GeV. The right figure shows the improved limits compared to previous results obtained with a similar
analysis but with 5.8 fb�1 at

p
s = 8 TeV, for which the exclusion limit for the gluino mass reached 800–

890 GeV and 360 GeV for the neutralino mass (see [18]). For comparison, results for this model from
other ATLAS searches using

p
s=8 TeV data are also shown. These were based on events with � 3 b-jets

and no leptons [61] or 3 leptons and more than 4 jets [62]. This analysis improves the excluded region
for gluino masses between 800 and 1000 GeV and near the diagonal in the gluino-neutralino mass plane.
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Direct	
  electroweak	
  producLon	
  of	
  gauginos	
  gives	
  
rise	
  to	
  mul6-­‐lepton	
  final	
  states:	
  

¨  Very	
  low	
  SM	
  background	
  expected	
  	
  

¨  Decays	
  through	
  sleptons	
  (BR	
  to	
  leptons	
  100%)	
  
or	
  WZ-­‐like	
  (challenging)	
  decays	
  assumed	
  

	
  

Results	
  interpreta6on	
  (simplified	
  models)	
  assumes	
  
wino-­‐like	
  	
  	
  	
  	
  	
  and	
  	
  	
  	
  	
  	
  and	
  a	
  bino-­‐like	
  

¨  	
  	
  and	
  	
  	
  	
  	
  	
  are	
  assumed	
  to	
  be	
  mass-­‐degenerate	
  	
  

	
  

	
  

Direct	
  gaugino	
  search:	
  3	
  leptons	
  

Natural SUSY with ATLAS - 26th March 2013 - CERN

Χ0, Χ± production - 3 leptons

• Two series of signal regions defined 
( b a s e d o n t h e p r e s e n c e o f a 
reconstructed di-leptonic Z)

• Irreducible background (dominated by 
di-boson production) taken from MC

• N o a t t e m p t f o r h a d r o n i c t a u 
reconstruction

43

• Reduc ib le ( fake lep ton ) 
background estimated with a 
matrix method

mT: transverse mass using non SFOS lepton

ATLAS-CONF-2013-XXX

~ ~

Monday, March 25, 2013

χ1
±χ2

0 χ1
0

χ1
±χ2

0

ATLAS-­‐CO
N
F-­‐2013-­‐035	
  Table 1: The selection requirements for the signal regions. All regions are mutually exclusive and

require exactly three signal leptons and a same-flavour opposite-sign (SFOS) lepton pair. Events with a

b-jet or a SFOS lepton pair with mass less than 12GeV are rejected. The mass of the SFOS lepton pair

closest to the Z-boson mass is denoted by mSFOS. The mT is calculated from the Emiss
T

and the lepton not

forming the SFOS lepton pair closest to the Z-boson mass.

Selection SRnoZa SRnoZb SRnoZc SRZa SRZb SRZc

mSFOS [GeV] <60 60–81.2 <81.2 or >101.2 81.2–101.2 81.2–101.2 81.2–101.2

Emiss
T

[GeV] >50 >75 >75 75–120 75–120 >120

mT [GeV] – – >110 <110 >110 >110

pT 3rd ! [GeV] >10 >10 >30 >10 >10 >10

SR veto SRnoZc SRnoZc – – – –

above 110GeV, where the lepton entering the mT calculation is the one which is not included in the

SFOS lepton pair with invariant mass closest to the Z-boson mass. The mT requirement is introduced

to suppress background from WZ events, as events with W → !ν decays are characterised as having

mT ∼< mW . In SRZc, the Emiss
T

requirement is raised to 120GeV to further suppress the WZ background.

There is no requirement on the number of non-b-jets in any signal region. Table 1 summarises the

selection requirements for the signal regions.

6 Standard Model Background Estimation

Several SM processes contribute to the background in the signal regions. A background process is

considered “irreducible” if it leads to events with three real and isolated prompt leptons, referred to as

“real” leptons below. A “reducible” process has at least one “fake” object, that is either a lepton from a

semileptonic decay of a heavy-flavour quark, a lepton from a misidentified light flavour quark or gluon

jet, referred to as “light flavour”, or an electron from a photon conversion.

6.1 Reducible Background Processes

The reducible background includes single- and pair-production of top quarks, WW and single W or Z-

boson processes produced in association with jets or photons. The dominant component is the production

of top quarks, followed by Z+jets. The reducible background is estimated using a “matrix method”

similar to that described in Ref. [60] and which has been previously used in Refs. [18, 19, 21].

In this implementation of the matrix method, the signal lepton with the highest pT is taken to be

real, which is a valid assumption in 99% of three lepton events, based on simulation. The number of

observed events with one or two fake leptons is then extracted from a system of linear equations relating

the number of events with two additional signal or tagged candidates to the number of events with two

additional candidates that are either real or fake. The coefficients of the linear equations are functions of

the real-lepton identification efficiencies and of the fake-object misidentification probabilities.

The real identification efficiencies are obtained from MC simulation in the region of interest and

are scaled by correction factors to account for potential differences with respect to data. The real lepton

efficiency correction factors are obtained in a control region enriched in Z → e+e− and Z → µ+µ− decays
and are found to be 0.99 ± 0.01 for both electrons and muons.

Misidentification probabilities for each relevant fake type (light flavour, heavy flavour or conversion)

and for each reducible background process, parameterised with the lepton pT and η, are obtained using

simulated events with one signal and two tagged leptons. These misidentification probabilities are then

5
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bulk	
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  slepton	
  
On-­‐shell	
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bulk	
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The	
  analysis	
  of	
  the	
  2012	
  data	
  of	
  ATLAS	
  has	
  yielded	
  lots	
  of	
  results:	
  
•  95%	
  CL	
  exclusion	
  limits	
  are	
  set	
  within	
  various	
  

phenomenological	
  assumpLons	
  	
  
•  the	
  parameter	
  space	
  given	
  by	
  the	
  naturalness	
  argument	
  is	
  

being	
  filled	
  up	
  	
  
	
  
Even	
  if	
  the	
  results	
  have	
  been	
  found	
  consistent	
  with	
  Standard	
  Model	
  
expectaLons,	
  the	
  search	
  conLnues:	
  in	
  parLcular	
  for	
  implementaLons	
  
of	
  supersymmetry	
  leading	
  to	
  more	
  subtle	
  signals	
  at	
  LHC	
  	
  
•  The	
  third	
  generaLon	
  of	
  scalar	
  quarks	
  is	
  crucial	
  for	
  naturalness	
  	
  

and	
  an	
  high	
  priority	
  in	
  ongoing	
  searches.	
  	
  
•  More	
  to	
  come	
  with	
  8	
  TeV	
  data:	
  expect	
  new	
  results	
  soon!	
  	
  
	
  



THANKS	
  FOR	
  YOUR	
  ATTENTION!	
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LHC	
  is	
  a	
  proton-­‐proton	
  collider	
  situated	
  at	
  CERN	
  
•  Collisions	
  at	
  √s	
  =	
  7	
  TeV	
  (2010-­‐2011)	
  
•  Collisions	
  at	
  √s	
  =	
  8	
  TeV	
  (2012)	
  
•  High	
  instantaneous	
  luminosiLes	
  L	
  =	
  6×1033	
  cm-­‐2s-­‐1	
  

•  More	
  than	
  21	
  h-­‐1	
  of	
  data	
  delivered	
  before	
  LS1	
  

ATLAS	
  is	
  a	
  mulL-­‐purpose	
  detector	
  
composed	
  by:	
  
¨  An	
  inner	
  tracking	
  system	
  

(silicon	
  +	
  gaseous)	
  

¨  Two	
  sampling	
  calorimeter	
  systems	
  
(ElectromagneLc	
  and	
  Hadronic)	
  

¨  An	
  in-­‐air	
  muon	
  spectrometer	
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The	
  analyses	
  presented	
  here	
  share	
  some	
  common	
  techniques	
  to	
  esLmate	
  
the	
  backgrounds:	
  
•  QCD	
  mulLjet	
  backgrounds	
  (data-­‐driven)	
  

–  Hadronic	
  searches:	
   	
  EsLmated	
  smearing	
  a	
  sample	
  of	
  jets	
  from	
  a	
  control	
  
	
   	
   	
   	
   	
  region	
  (CR)	
  with	
  a	
  funcLon	
  taken	
  from	
  a	
  simulated	
  
	
   	
   	
   	
   	
  dijet	
  sample	
  

–  Leptonic	
  searches: 	
  Fake	
  rate	
  measured	
  in	
  a	
  CR	
  with	
  relaxed	
  lepton	
   	
   	
  
	
   	
   	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  idenLficaLon	
  criteria	
  and	
  used	
  to	
  esLmate	
  the	
  rate	
  in	
  
	
   	
   	
   	
   	
  the	
  signal	
  region	
  (SR)	
  

•  Major	
  backgrounds	
  (semi	
  data-­‐driven)	
  
–  Define	
  a	
  control	
  region	
  for	
  each	
  of	
  the	
  backgrounds	
  	
  

kinemaLcally	
  close	
  to	
  signal	
  region	
  
–  Normalise	
  MC	
  yields	
  to	
  data	
  	
  
–  Apply	
  transfer	
  factor	
  from	
  CR	
  to	
  SR	
  

subtracLng	
  other	
  backgrounds	
  in	
  the	
  region	
  	
  
•  Minor	
  backgrounds	
  are	
  taken	
  from	
  MC	
  simulaLon	
  only	
  

Table 3: Expected background composition and comparison of the predicted total SM event yield to the
observed number of events in the top quark control regions described in the text. The expected Z/�?+jets
rate in the DF channel is negligible. The quoted uncertainties include the systematic uncertainties de-
scribed in Section 7.

tt̄ CR tt̄ CR
Process DF SF
tt̄ 68 ± 11 39 ± 11
tt̄W + tt̄Z 0.37 ± 0.07 0.20 ± 0.05
Wt 2.7 ± 1.0 1.8 ± 0.6
Z/�?+jets - 3.5 ± 1.4
Fake leptons 0.4 ± 0.3 0.5 ± 1.6
Diboson 0.49 ± 0.14 0.10 ± 0.05
Total non-tt̄ 4.0 ± 1.5 6.1 ± 3.7
Total expected 72 ± 11 45 ± 12
Data 79 53

signal are then similar to those of tt̄ background event, and it increases with increasing �m. For equal
masses, the spin-1/2 top quark partner signals have a slightly lower e�ciency than scalar top signals,
because of polarization e↵ects in the decay.

6 Background estimation

The dominant SM background contributions to the SRs are top quark pair production and Z/�?+jets.
They are extracted by defining a control region (CR) populated mostly by the targeted background, and
using MC to extrapolate from the rate measured in the CR to the expected background yield in the SR:

N(SR) =
�

NData(CR) � Nothers(CR)
� NMC(SR)

NMC(CR)

where NData(CR) is the number of data events observed in the CR, NMC(CR) and NMC(SR) are the number
of events of the targeted background expected from MC in the CR and SR respectively, and the term
Nothers(CR) is the contribution from the other background sources in the CR which is estimated from MC
(except for the fake lepton background which is estimated using the data driven technique described
below). The ratio between number of MC events in the SR and number of MC events in the CR for a
given background source is referred to as transfer factor in the following.

The tt̄ CR is defined akin to the SR, except for mT2, which is required to be between 85 GeV and
100 GeV. The expected background composition of the tt̄ CR is reported in Table 3. The contamination
due to fake leptons is evaluated from data with the technique described below, while all the other pro-
cesses are obtained from the MC prediction. The tt̄ background is expected to account for 86% and 94%
of the SM rate in the SF and DF CRs, respectively. The number of observed events is in good agreement
with the expected event yields.

The systematic uncertainties on the modelling of the tt̄ background transfer factor due to the choice
of the MC generator are assessed by comparing the baseline sample simulated with mc@nlo with the
alternative samples described in Section 3.

The background from Z/�?+jets is only relevant for the SF selection in the case of the decay channels
Z ! ee or µµ. For Z ! ⌧⌧ decays, which would contribute both to the SF and the DF samples, the

5
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Model	
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N
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Signal region 〈εσ〉95
obs[fb] S95

obs S95
exp CLB

SR1 0.49 10.0 10.6+5.5
−1.7 0.39

SR2 0.17 3.6 5.3+3.2
−1.7 0.20

SR3 0.19 3.9 4.5+1.9
−0.7 0.27

Table 4: Left to right: 95% CL upper limits on the visible cross section (〈εσ〉95
obs) in the various

signal regions, and on the number of signal events (S95
obs ). The third column (S95

exp) shows the
95% CL upper limit on the number of signal events, given the expected number (and ±1σ
uncertainty on the expectation) of background events. The last column indicates the CLB value,
i.e. the observed confidence level for the background-only hypothesis.

Limits on the visible cross section (i.e. the cross section evaluated inside a given signal re-
gion) are obtained by including the number of events observed in that signal region as an input
to the fit and deriving an additional parameter, representing the non-SM signal strength (con-
strained to be non-negative), as the output of the fit. Limits on the number of non-SM events in
the signal region, obtained using the CLs [92] prescription, are divided by the integrated lumi-
nosity to derive the constraints on the visible cross section. The limits at 95% confidence level
(CL) are shown in Table 4.

For excluding specific models of new physics, the fit in the signal region proceeds in the
same way. Limits are set in a model of direct top squark pair production, followed by top
squark decay (with 100% branching ratio) to a top quark and the LSP (pp → t̃1t̃∗1 → t χ̃0

1 t χ̃0
1 ). The

limits in the plane of the masses of the top squark and LSP are shown in Fig. 5. For each pair
of top squark and LSP masses, the signal region with the best expected sensitivity is used to set
the limit. Top squarks in this model with masses between 320 and 660 GeV are excluded at 95%
CL for a nearly massless LSP. For a LSP mass of 150 GeV the exclusion interval is between 400
and 620 GeV. These quoted values are obtained by taking a signal cross section that is lower
than the nominal value by 1σ in the theoretical uncertainty. The difference in acceptance for
top squarks corresponding to left-handed top quarks, compared to those in the (right-handed)
model shown here are modest; the relative difference in acceptance is typically within 10%.

The results can also be used to derive upper limits on the branching ratio for t̃1 → t χ̃0
1 as

a function of the masses of the top squark and LSP. The results are shown in Fig. 6. The
conservative assumption is made here that this analysis has no sensitivity to other decay modes
of the top squark. The nominal values for the signal cross sections are used to derive these
branching ratio limits.

9 Conclusions

A search with the ATLAS detector for direct pair production of top squarks in final states con-
taining six or more jets and Emiss

T has been presented. Data from the full 2012 data-taking
period, corresponding to an integrated luminosity of 20.5 fb−1, at a pp center of mass energy of√

s = 8 TeV, have been analyzed. Observations are consistent with SM expectations and exclu-
sion limits have been placed in a model of top squark pair production, followed by the decay
t̃1 → t χ̃0

1 . Top squarks in this model with masses between 320 and 660 GeV are excluded at 95%
CL for a nearly massless LSP. For a LSP mass of 150 GeV the exclusion interval is between 400

12
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  to	
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  final	
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  (top	
  +	
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  1),	
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  that	
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  compeLng	
  decay	
  modes	
  
are	
  outside	
  the	
  sensiLvity	
  of	
  
the	
  analysis	
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¨  Table:	
  signal	
  region	
  definiLon	
  

¨  Top	
  plot:	
  bo_om	
  +	
  chargino	
  decay	
  mode	
  result	
  
interpretaLon	
  with	
  fixed	
  C1	
  mass	
  =	
  150	
  GeV	
  

¨  Bo?om	
  plot:	
  bo_om	
  +	
  chargino	
  decay	
  mode	
  
result	
  interpretaLon	
  in	
  gaugino	
  unificaLon	
  
scenario	
  

Requirement SRtN1 shape SRtN2 SRtN3 SRbC1 SRbC2 SRbC3

∆ϕ(jet1, "pmiss
T ) > 0.8 - 0.8 0.8 0.8 0.8

∆ϕ(jet2, "pmiss
T ) > 0.8 0.8 0.8 0.8 0.8 0.8

Emiss
T [GeV] > 100(#) 200 275 150 160 160

Emiss
T /

√
HT [GeV1/2] > 5 13 11 7 8 8

mT [GeV] > 60(#) 140 200 120 120 120
meff [GeV] > - - - - 550 700
amT2 [GeV] > - 170 175 - 175 200
mτT2 [GeV] > - - 80 - - -
mj j j Yes Yes Yes - - -
Niso−trk = 0 - - - Yes Yes Yes
Number of b-jets ≥ 1 1 1 1 2 2
pT (leading b-jet) [GeV] > 25 25 25 25 100 120
pT (second b-jet) [GeV] > - - - - 50 90

A × ε benchmark points (masses in GeV)

m(t̃,LSP)=225, 25 5.2×10−3 1.0×10−5 4.2×10−6 5.7×10−4 3.1×10−5 1.1×10−5

m(t̃,LSP)=350, 150 1.2×10−2 1.2×10−4 3.0×10−5 4.1×10−3 2.3×10−4 5.7×10−5

m(t̃,LSP)=500, 200 4.1×10−2 8.4×10−3 3.8×10−3 3.1×10−2 6.0×10−3 1.6×10−3

m(t̃,LSP)=600, 50 5.9×10−2 2.7×10−2 2.3×10−2 5.7×10−2 1.7×10−2 8.4×10−3

m(t̃, χ±1 , χ
0
1)=200, 150, 75 2.4×10−3 6.2×10−6 5.1×10−6 6.1×10−4 2.0×10−5 8.2×10−6

m(t̃, χ±1 , χ
0
1)=350, 200, 100 2.5×10−2 3.9×10−4 1.5×10−4 9.9×10−3 2.3×10−3 6.6×10−4

m(t̃, χ±1 , χ
0
1)=600, 300, 150 3.8×10−2 5.0×10−3 2.3×10−3 5.1×10−2 2.4×10−2 1.8×10−2

(#): The signal region SRtN1 shape uses bins spanned by the Emiss
T and mT variables, as described in the text.

Table 1: Selection requirements defining the signal regions. The bottom part lists the expected
acceptance times efficiency for selected signal benchmark models.

3.2 Background Modelling

The leading and sub-leading backgrounds arise from t  t and W+jets production, respectively. They are
estimated using dedicated control regions, making the analysis more robust against MC mis-modelling
effects.

With the exception of SRtN1 shape, for each signal region two control regions (CRs) enriched in
either t  t events (TCR) or W+jets events (WCR) are defined to normalize the corresponding backgrounds
using data. Both control regions differ from the associated signal region by the mT requirement which
is set to 60 GeV < mT < 90 GeV for the control region. The W+jets control region also has, in addi-
tion to the aforementioned mT requirement, a b-jet veto instead of a b-jet requirement to reduce the t  t
contamination. Moreover, the requirements on Emiss

T , amT2 are slightly loosened by 20 − 25 GeV and
the requirement on mτT2 is dropped to increase the statistics, where needed. All the other signal region
requirements are unchanged in the corresponding control regions. Top pair production accounts for 60–
80% of events in the top control regions and W+jets production for 70–90% in the W control regions.
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  +	
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e�ciency within acceptance (which equals the limit on the observed number of signal events originating
from sources other than the Standard Model divided by the luminosity), is also listed in Table 6.

Table 6: Background fit results for the SR90, SR100 and SR110 regions, for an integrated luminosity of
13.0fb�1 at 8 TeV center of mass energy. Nominal MC expectations (normalised to MC cross-sections)
are given for comparison for those backgrounds (top and boson pair production) which are normalized
to data. Combined statistical and systematic uncertainties are indicated.

Process S R90 S R100 S R110
tt̄ events 134 ± 24 21 ± 9 3.8 ± 1.8
(MC prediction) (131 ± 30) (21 ± 9) (3.7 ± 2.1)
WW events 51 ± 11 23 ± 7 15 ± 5
(MC prediction) (42 ± 5) (19 ± 4) (12 ± 3)
WZ � ZZ events 8.4 ± 1.9 6.3 ± 1.8 4.7 ± 1.4
(MC prediction) (13 ± 4) (10 ± 4) (7 ± 3)
Z+jets 8 ± 6 7 ± 5 4 ± 6
tt̄V events 1.5 ± 0.3 0.9 ± 0.2 0.6 ± 0.2
Wt events 11 ± 5 1.8 ± 1.9 1.4 ± 0.8
Events with fake leptons 9.6 ± 2.8 3.7 ± 1.4 1.4 ± 0.8
Total bkg events 224 ± 31 64 ± 13 31 ± 8
(MC prediction) (215 ± 34) (62 ± 13) (30 ± 8)
Signal, m(t̃1, �̃±1 , �̃

0
1) = (200,190,1) GeV 594 ± 92 405 ± 64 252 ± 41

Signal, m(t̃1, �̃±1 , �̃
0
1) = (300,200,1) GeV 52 ± 17 35 ± 14 24 ± 11

Observed events 178 44 22
95% CL limit on �obs

vis [fb] 3.29 1.39 1.18
95% CL limit on �exp

vis [fb] 5.39 2.39 1.58

The results obtained are used to derive limits on the mass of a pair-produced scalar top t̃1 decaying
with 100% branching ratio into a chargino and a b-quark. The sensitivity of this search depends on the
three parameters, namely the scalar top, chargino and neutralino masses, and their correlations. Two-
dimentional projections are made to quantify the exclusion limits on the various parameters: the stop–
chargino mass plane for a massless neutralino; the stop–neutralino mass plane for a fixed value of m(t̃)�
m(�̃±1 ) = 10 GeV; the chargino–neutralino mass plane for a fixed 300 GeV stop quark mass.

A scalar top quark of mass between 150 and 450 GeV is excluded at 95% CL for a massless neutralino
and a chargino approximately degenerate with the scalar top quark. For a massless neutralino and a
200 GeV chargino the 95% CL exclusion range on the scalar top quark mass is 200 � 335 GeV. For
a 300 GeV scalar top quark and a 290 GeV chargino, models with a neutralino with mass lower than
175 GeV are excluded at 95% CL.

9 Conclusions

A search for a scalar partner of the top quark, which decays into a b quark and a chargino, has been
performed using 13.0 fb�1of pp collision data at

p
s = 8 TeV produced by the LHC and collected by

the ATLAS detector. The number of observed events has been found to be consistent with the Standard
Model expectation.

Limits have been set on the mass of a supersymmetric scalar top for di↵erent assumptions on the mass
hierarchy scalar top-chargino-lightest neutralino. A supersymmetric scalar top t̃1 with a mass between

10
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A summary of the uncertainties on the total expected background in the two channels is given in
Table 5. The row labelled “statistics” includes the e↵ects of the limited number of data events in the CRs
and the limited number of MC events.

Table 5: Total uncertainties for the three signal regions. Note that the individual uncertainties can be
correlated, and need not sum quadratically to the total background uncertainty.

S R90 S R100 S R110
JES 2% 3% 3%
JER 4% 1% 9%
cluster energy scale 2% 2% 8%
cluster energy resolution 0% 0% 9%
pileup 7% 6% 1%
diboson generator 2% 9% 15%
top generator 8% 5% 3%
top ISRFSR 4% 3% 1%
top parton shower 3% 11% 4%
MC stat 3% 8% 13%
tt̄ normalization 3% 1% 1%
WW normalization 4% 6% 8%
WZ/ZZ normalization 1% 2% 3%
Fake-lepton uncertainties 1% 1% 1%
Total uncertainty 14% 20% 28%

Experimental systematic uncertainties are also taken into account for expected signal yields.
The uncertainty on the signal cross sections is calculated with an envelope of cross section predic-

tions which is defined using the 68% confidence level (CL) ranges of the CTEQ [69] (including the ↵S
uncertainty) and MSTW [70] PDF sets, together with variations of the factorization and renormaliza-
tion scales by factors of two or one half. The nominal cross section value is taken to be the midpoint
of the envelope and the uncertainty assigned is half the full width of the envelope, using the procedure
described in Ref. [51]. The typical cross section uncertainty is 15% for the scalar top signal.

8 Results

Figure 1 shows the distributions of the mT2 variable for SF and DF events after all selection criteria are
applied except for the selection on mT2 itself. For illustration, the distributions for two signal models are
also shown. The data agree with the SM background expectation within uncertainties.

Table 6 shows the expected number of events in the SR for each background source and the observed
number of events. No excess of events in data is observed, indeed the observed yields are about one
standard deviation lower than the expected values. Given the correlation between the signal regions and
systematic uncertainties the observed discrepancy is less than 2 sigma. Limits at 95% CL are derived on
the visible cross section �vis = � ⇥ ✏ ⇥A, where � is the total production cross section for the non-SM
signal, A is the acceptance defined by the fraction of events passing the geometric and kinematic selec-
tions at particle level, and ✏ is the detector reconstruction, identification and trigger e�ciency. Limits
are set using the CLs likelihood ratio prescription as described in Ref. [71]. Systematic uncertainties are
included in the likelihood function as nuisance parameters with a gaussian probability density function.
Uncertainties on the detector response, cross section, luminosity and MC statistics are taken into account.

8
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A) Discovery case SR0b SR1b SR3b

Observed events 5 8 4

Expected background events 7.5 ± 3.3 3.7 ± 1.6 3.1 ± 1.6

Expected tt̄ + V events 0.5 ± 0.4 2.2 ± 1.0 1.7 ± 0.8
Expected diboson events 3.4 ± 1.0 0.7 ± 0.4 0.1 ± 0.1
Expected fake lepton events 3.4 ± 3.1 0.3+1.1

�0.3 0.9+1.4
�0.9

Expected charge mis-measurement events 0.1 ± 0.1 0.5 ± 0.2 0.4 ± 0.1

p0 0.50 0.11 0.36

B) Exclusion case SR0b SR1b SR3b

Observed events 5 11 1

Expected background events 7.5 ± 3.2 10.1 ± 3.9 1.8 ± 1.3

Expected tt̄ + V events 0.5 ± 0.4 3.4 ± 1.5 0.6 ± 0.4
Expected diboson events 3.4 ± 1.1 1.4 ± 0.7 < 0.1
Expected fake lepton events 3.4 ± 2.9 4.4 ± 3.1 1.0 ± 1.1
Expected charge mis-measurement events 0.2 ± 0.1 0.8 ± 0.3 0.1 ± 0.1

p0 0.5 0.39 0.5

Table 3: Number of observed data events and expected backgrounds for the signal regions SR0b, SR1b
and SR3b. The event counts correspond to the signal selection for the discovery limits (table A) and
the exclusion limits (table B). p0 denotes the p-value of the observed events for the background only
hypothesis. The quoted background errors include statistical and systematic uncertainties.
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Figure 6: E↵ective mass distributions in the signal regions SR0b (left) and SR1b (right) using the exclu-
sion case event sample. The last bin includes overflows.
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Description
Signal region

SR1 SR2 SR3a SR3b

Trigger EmissT trigger > 99% efficient for EmissT > 150 GeV

Event cleaning Common to all SR

Lepton veto No e/µ with pT > 10 GeV

EmissT > 150 GeV > 200 GeV > 150 GeV > 250 GeV

Leading jet pT( j1) > 130 GeV, |η | < 2.8 > 60 GeV, |η | < 2.8 > 130 GeV, |η | < 2.8 > 150 GeV, |η | < 2.8

Second jet pT( j2) > 50 GeV, |η | < 2.8 > 60 GeV, |η | < 2.8 > 30 GeV, < 110 GeV, |η | < 2.8

Third jet pT( j3) veto event if pT( j3) > 50 GeV, |η | < 2.8 > 30 GeV, |η | < 2.8

∆φ(EmissT , j1) - > 2.5

jet b-tagging (|η | < 2.5) j1 and j2 tagged j1 anti-tagged, j2 and j3 tagged

∆φmin(n) > 0.4 (n= 2) > 0.4 (n= 3)

EmissT /meff( j1, j2, j3) > 0.25

mCT > 150, 200, 250, 300 GeV > 100 GeV -

HT,x - < 50 GeV, x= 2 < 50 GeV, x= 3

Table 1: Summary of the event selection in each signal region. The leading, subleading and 3rd
leading jet are referred to as j1, j2 and j3, respectively.

6 Background estimate

The dominant SM background processes in the signal regions are top and W + hf (hf = heavy
flavour) production (where a charged lepton is produced but it is not vetoed, either because
it is a hadronically decaying τ , or because it is an electron or muon out of acceptance or not
reconstructed), Z(→ νν̄)+hf and multi-jet production from QCD processes. The sub-dominant
background contribution from di-bosons, tt̄+W/Z and tt̄+bb̄ is estimated usingMC simulation
(referred to as “Others” in the following).
The multi-jet production is estimated with a fully data-driven procedure described in detail

in Ref. [39], which consists in smearing the jet response of low-EmissT seed events. The Gaussian
core of the jet response function is obtained from well reconstructed di-jet events, while the
non-Gaussian tails are obtained from three-jet events, where themissing transversemomentum
can be unambiguously associated to the mis-measurement of one of the jets.
For SR1, the contributions from top production, Z+hf and W+hf production are estimated

simultaneously with a profile likelihood fit to three control regions. For SR2 and SR3 theW+hf
contribution is estimated using MC and only two control regions are used for the fit. The
single top contribution is added to the tt̄ background contribution with a relative normalisation
corresponding to that predicted by the MC.
The control regions are defined by explicitly requiring the presence of leptons (electrons or

muons) in the final state2 and other selections kinematically close to those of the corresponding
signal regions. A set of same-flavour opposite-sign 2-lepton control regions with di-lepton

2This ensures no signal contamination from the signal of interest. Moreover, the further kinematical constraints
on the control regions ensure small signal contamination also from other possible SUSY processes.
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