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Context

• SUSY searches for squark/gluino final states are very attractive
• High production cross section → good discovery potential with smaller amount of data

• ATLAS has a broad inclusive squark/gluino search strategy
• 0L, 2-6 jets; 0L, ≥7 jets; 1L+jets; SS dilepton, ...

• 2L searches presented here
• 2L Razor analysis (http://arxiv.org/abs/1501.03555 - Jan 2015, JHEP)
• Z+MET and dilepton edge analyses (http://arxiv.org/abs/1503.03290 - Mar 2015, Eur. Phys. J. C)

• Probe simplified models with 2-step decays; gauge mediated supersymmetry-
breaking models (GMSB), mUED models

Squarks
Gluinos

ATL-PHYS-PUB-2014-010

http://arxiv.org/abs/1501.03555
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2L Razor Search
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1. Test simplified models 
• “Two-step” decays via intermediate sleptons/sneutrinos
• Assume mass-degenerate sleptons/sneutrinos; 

mass-degenerate

2. Test Minimal Universal Extra Dimensions 
(mUED) models

• Combine 2L search with a search using 2 soft muons
• Parameters: Compactification radius RC, cutoff scale Λ, 

mh=125 GeV

4

2L Razor - Models, Signal Region

Squarks

Signal Region Highlights
• Define 2 types of signal region:

• “Low-multiplicity” of jets - ≤2 jets
• “High-multiplicity” of jets - ≥3 jets

• ==2 or ≥2 leptons, depending on the model in question
• Veto events with b-tagged jets to suppress ttbar bkg
• Veto leptons with 81<mll<101 GeV consistent with a Z-boson
• Define jets as having pT>50 GeV
• Main discriminating variables: Razor Variables (next slide)

low-multiplicity
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2.0.2. The 2014-25 Legacy Paper.

2.0.3. Natural Supersymmetry.

2.0.4. Gravity-mediated supersymmetry breaking. Supersymmetry breaking is communicated through
gravitational interactions. mSUGRA (minimal supergravity) has 5 parameters: m0 (common
scalar mass), m1/2 (commong gaugino mass), A0 (common trilinear coupling), tan � and sign(µ).

2.0.5. Gauge-mediated supersymmetry breaking (GMSB). Supersymmetry breaking is achieved via
the gauge interactions. There is a hidden sector, which generates one-loop gaugino masses, and
two-loop scalar superpartner masses. A 125 GeV Higgs forces mt̃ > 2 TeV.

2.0.6. Anomaly-mediated supersymmetry breaking (AMSB). The conformal anomaly, which I do
not know about. A 125 GeV Higgs forces mt̃ > 2 TeV in this theory as well.

2.0.7. Split SUSY models.

2.0.8. Stupid SUSY questions. What is R-parity conservation/violation, and why the dis-
tinction? As a result of R-parity conservation, supersymmetric particles are always produced in
pairs.
How likely is it that m�̃±

1
= m�̃0

2
? The kinematics will change, i.e. the W lepton pt will

decrease if the �̃±
1 goes down, and the Z leptons pt will decrease if the �̃0

2 goes down. So why set
them equal? Is that a reasonable point in space? What about changing them?
Why so much focus on tau channels?
Do we simulate C1+,N2 and C1-,N2 or just C1+,N2? Why? They are di↵erent,

right?
Will an o↵-shell (5 GeV) W prefer electrons over taus? Yes, apparently when the

o↵-shell W mass approaches ⇠2 GEV, tau decays and decays to cs̄ and c̄s are disfavored, which
increases the branching fraction of the other channels[13]. But this is not in the regime we are
interested in.
Why is the higgs width so small compared to W and Z?
Do the C1C1 and C1N2 final states probe the same parameter space? Why do

both??? The answer here might lie in looking more closely into the chargino mixing matrix...
Why do we need all these other Higgses again?
�M = m�̃±

1
�m�̃0

1
= m�̃0

2
�m�̃0

1

2.1. Squarks and Gluino Searches. For the talk: ⇤ �
�̃±
1 , �̃

0
2

mg̃/q̃
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1 /�̃0

2
= (mg̃/q̃ +m�̃0

1
)/2

ml̃/⌫̃ = (m�̃±
1 /�̃0

2
+m�̃0

1
)/2

The 2L Razor analysis[9] uses the following Razor variables:

M 0
R =

q
(j1,E + j2,E)2 � (j1,L + j2,L)2

and

R =
MR

T

M 0
R
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2L Razor Strategy
Main discriminating variables: Razor

•       : Energy of 2 mega-jets, boosted to the sparticle rest frame
• E.g. ttbar should peak at ttbar mass

•        : Transverse mass (adds ETMiss information from LSP/neutrinos)
• Assign 1/2 the ETMiss to each mega-jet
• Mis-measured jets should have ETMiss opposite to mega-jet, driving        toward 0

•                         ( > 0.5, low-multiplicity; > 0.35, high-multiplicity)
• Sparticles should have a flat distribution, compared to falling distributions for SM backgrounds

• 2L analysis considers a binned signal region in       as well as a single bin region

K. Brendlinger Searches for squarks and gluinos in two lepton final states

• Test simplified models 
• “One-step” 
• Two-step” decays via intermediate sleptons/sneutrinos
• Mass-degenerate sleptons/sneutrinos; mass-degenerate chargino/NL neutralino

• Test Minimal Universal Extra Dimensions (mUED) models
• Combine 2L searches with a search using 2 soft muons
• Parameters: Compactification radius RC, cutoff scale Λ, mh=125 GeV
• Events generated using Herwig

4

2L Razor - Models
Two-step decays

SquarksGluinos
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mega-jet

mega-jet

• Method applies to pair-produced sparticles
• Construct 2 “mega-jets” using all visible 

decay products
• Resolve ambiguities by minimizing sum of squared 

masses of the mega-jets
together to create a single four-vector, representing the decay products of a single sparticle.
The mega-jet construction involves iterating over all possible combinations of the four-
vectors of the visible reconstructed objects, with the favoured combination being that which
minimises the sum of the squared masses of the mega-jet four-vectors. Using this mega-jet
configuration, with some simplifying assumptions (e.g. symmetric sparticle production),
the rest frame of the sparticles (the so-called “R-frame” described in ref. [110]) can be
reconstructed, and a characteristic mass M ′

R can be defined in this frame:

M ′
R =

√

(j1,E + j2,E)2 − (j1,L + j2,L)2, (6.4)

where ji,L denotes the longitudinal momentum, and ji,E the energy in the R-frame, of
the mega-jet i. The transverse information of the event is contained in another variable,
MR

T . In the di-sparticle decay there are two mega-jets, each with associated Emiss
T from the

escaping LSPs. Assigning half of the missing transverse momentum per event to each of
the LSPs, MR

T is defined as

MR
T =

√

|pmiss
T |(|⃗j1,T|+ |⃗j2,T|)− pmiss

T · (⃗j1,T + j⃗2,T)

2
, (6.5)

where ji,T denotes the transverse momentum of the mega-jet i.
Finally, the razor variable is defined as:

R =
MR

T

M ′
R

. (6.6)

For SM processes, R tends to have a low value, while it is approximately uniformly dis-
tributed between zero and one for SUSY-like signal events. Thus R can be used as a discrim-
inant between signal and background. A selection using R is made to reduce background
processes before a search for new physics phenomena is performed using the distribution of
the variable M ′

R.
In order to have signal regions which are orthogonal to each other in lepton multiplicity,

a veto is placed on the presence of a second lepton in the hard and soft single-lepton channels.
Following this veto, all signal regions are orthogonal except the inclusive and exclusive soft
single-lepton signal regions and the soft dilepton and hard dilepton signal regions. A veto on
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K. Brendlinger Searches for squarks and gluinos in two lepton final states

• Backgrounds from Z+jets, ttbar constrained in 
control regions

• Top CRs/VRs require a b-tag in right plot
• Z CRs/VRs have b-veto in right plot

• Fake leptons from W+jet/ttbar evaluated using 
Matrix Method

• Diboson, other top backgrounds taken from 
MC simulation

• Global fit of CRs using profile likelihood 
method

• Background fits cross-checked in validation 
regions

6

2L Razor Background Estimation

Bkg <=2 jet SR
Contribution

≥3 jet SR
Contribution Est. Method

ttbar 30-40% 50% Control Region
Diboson 30-40% 10-15% MC

W+jet/ttbar fakes <10% 10-15% Matrix Method
Z+jets 10-20% 10-15% Control Region

t,tV,ttV,ttVV <10% 10-15% MC
*from single-binned ee/μμ post-fit results

Top VR2 SR2

Z VR2
z

To
p C

R2

Z C
R2

R

≥3 jet (“SR2”)Regions

MR’ [GeV]



K. Brendlinger Searches for squarks and gluinos in two lepton final states 7

2L Razor - Results

• Table shows single-bin SR yields before/
after background fit

• No excess wrt background expectation
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Figure 10. Distribution of the razor variable R in the low-multiplicity (left) and 3-jet (right) Z
(top) control region and in the tt̄ control region with same-flavour (middle) or opposite-flavour
(bottom) leptons used in the hard dilepton channel. The upper cut on R (illustrated by the arrow)
separating signal from control regions is not applied in these distributions. The purity in the
background of interest is 85% and 75% for the tt̄ and Z control regions, respectively. The “Data/SM”
plots show the ratio of data to the summed Standard Model expectation, which is derived from the
fit described in section 9. The uncertainty band on the Standard Model expectation shown here
combines the statistical uncertainty on the simulated event samples with the relevant systematic
uncertainties (see text). The “Top Quarks” label includes all top-quark-related backgrounds, while
“V+jets” includes W+jets, Z+jets and other Drell-Yan backgrounds such as Z → τ+τ− and γ∗/Z
outside the Z pole region. For illustration, the expected signal distributions are shown for squark
pair production with mq̃ = 825 GeV,mχ̃±

1
/χ̃0

2

= 465 GeV,mℓ̃/ν̃ = 285 GeV and mχ̃0
1
= 105 GeV.
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Figure 14. Distribution of the R-frame mass M ′

R in the inclusive hard dilepton low-multiplicity
(left) and 3-jet (right) signal regions for the same-flavour (top) and opposite-flavour (bottom) pairs.
The arrow indicates the requirement defining the signal region. The Standard Model expectation is
derived from the fit. The uncertainty band on the Standard Model expectation shown here combines
the statistical uncertainty on the simulated event samples and the systematic uncertainties. The last
bin includes the overflow. The “Top Quarks” include tt̄, single top, t+Z, tt̄+W and tt̄+WW , while
“V+jets” includes W+jets, Z+jets and Drell–Yan contributions. For illustration, the expected signal
distributions are shown for squark pair production with mq̃ = 825 GeV,mχ̃±

1
/χ̃0

2

= 465 GeV,mℓ̃/ν̃ =
285 GeV and mχ̃0

1
= 105 GeV.

test statistic definitions: the former has a conditional likelihood calculated with a signal
strength µ set to 1, while the latter uses µ = 0. For an observed number of events lower
than expected, the discovery p-value is truncated at 0.5.

– 37 –

Z CR/SR

K. Brendlinger Searches for squarks and gluinos in two lepton final states 7

2L Razor - Results

• Deficit in all but one SR (exact match in that SR)

Hard dilepton inclusive
Low-multiplicity 3-jet

ee/µµ eµ ee/µµ eµ
Single-bin Binned Single-bin Binned

Observed events 20 101 18 110 7 10

Fitted background events 20.0± 3.3 136 ± 15 24 ± 4 141 ± 16 11.8± 2.6 11.5± 2.0

tt̄ 6.7± 1.3 53± 9 7.7± 1.5 54± 9 5.9± 1.5 7.0± 1.6
Other top quarks 1.7± 0.7 10.8± 1.8 2.1± 0.7 11.1± 2.1 1.7± 0.3 1.4± 0.3
Diboson 7.4± 2.4 38± 5 8.5± 2.6 37± 5 1.3± 0.2 1.0± 0.3
Z+jets 2.6± 0.4 21± 4 2.8± 1.4 24± 4 1.3± 0.3 1.4± 0.4
Fake leptons 1.6± 1.4 13± 7 3.2± 2.1 15± 9 1.5+2.0

−1.5 0.6+0.9
−0.6

Expected background events before the fit 20.1 144 25 150 14.6 14.2

tt̄ 6.2 50 6.8 56 8.4 9.4
Other top quarks 1.5 10.1 2.1 10.3 1.8 1.4
Diboson 7.4 40 9.0 38 1.3 1.1
Z+jets 3.3 30 4.1 31 1.6 1.6
Fake leptons 1.6 13 3.2 15 1.5 0.6

Table 15. Background fit results (top) for the inclusive hard dilepton signal regions, for an inte-
grated luminosity of 20.3 fb−1. The background expectations before the fit (bottom) are given for
comparison (see section 7 for a detailed description of how each background source is estimated).
The uncertainties shown combine the statistical and systematic uncertainties. The 3-jet binned sig-
nal region uses the same event selection as the 3-jet single-bin signal region (see table 4); therefore
it has the same event yields.
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Figure 10. Distribution of the razor variable R in the low-multiplicity (left) and 3-jet (right) Z
(top) control region and in the tt̄ control region with same-flavour (middle) or opposite-flavour
(bottom) leptons used in the hard dilepton channel. The upper cut on R (illustrated by the arrow)
separating signal from control regions is not applied in these distributions. The purity in the
background of interest is 85% and 75% for the tt̄ and Z control regions, respectively. The “Data/SM”
plots show the ratio of data to the summed Standard Model expectation, which is derived from the
fit described in section 9. The uncertainty band on the Standard Model expectation shown here
combines the statistical uncertainty on the simulated event samples with the relevant systematic
uncertainties (see text). The “Top Quarks” label includes all top-quark-related backgrounds, while
“V+jets” includes W+jets, Z+jets and other Drell-Yan backgrounds such as Z → τ+τ− and γ∗/Z
outside the Z pole region. For illustration, the expected signal distributions are shown for squark
pair production with mq̃ = 825 GeV,mχ̃±

1
/χ̃0

2

= 465 GeV,mℓ̃/ν̃ = 285 GeV and mχ̃0
1
= 105 GeV.
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Figure 14. Distribution of the R-frame mass M ′

R in the inclusive hard dilepton low-multiplicity
(left) and 3-jet (right) signal regions for the same-flavour (top) and opposite-flavour (bottom) pairs.
The arrow indicates the requirement defining the signal region. The Standard Model expectation is
derived from the fit. The uncertainty band on the Standard Model expectation shown here combines
the statistical uncertainty on the simulated event samples and the systematic uncertainties. The last
bin includes the overflow. The “Top Quarks” include tt̄, single top, t+Z, tt̄+W and tt̄+WW , while
“V+jets” includes W+jets, Z+jets and Drell–Yan contributions. For illustration, the expected signal
distributions are shown for squark pair production with mq̃ = 825 GeV,mχ̃±

1
/χ̃0

2

= 465 GeV,mℓ̃/ν̃ =
285 GeV and mχ̃0

1
= 105 GeV.

test statistic definitions: the former has a conditional likelihood calculated with a signal
strength µ set to 1, while the latter uses µ = 0. For an observed number of events lower
than expected, the discovery p-value is truncated at 0.5.
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2L Razor - Results

• Deficit in all but one SR (exact match in that SR)

Hard dilepton inclusive
Low-multiplicity 3-jet

ee/µµ eµ ee/µµ eµ
Single-bin Binned Single-bin Binned

Observed events 20 101 18 110 7 10

Fitted background events 20.0± 3.3 136 ± 15 24 ± 4 141 ± 16 11.8± 2.6 11.5± 2.0

tt̄ 6.7± 1.3 53± 9 7.7± 1.5 54± 9 5.9± 1.5 7.0± 1.6
Other top quarks 1.7± 0.7 10.8± 1.8 2.1± 0.7 11.1± 2.1 1.7± 0.3 1.4± 0.3
Diboson 7.4± 2.4 38± 5 8.5± 2.6 37± 5 1.3± 0.2 1.0± 0.3
Z+jets 2.6± 0.4 21± 4 2.8± 1.4 24± 4 1.3± 0.3 1.4± 0.4
Fake leptons 1.6± 1.4 13± 7 3.2± 2.1 15± 9 1.5+2.0

−1.5 0.6+0.9
−0.6

Expected background events before the fit 20.1 144 25 150 14.6 14.2

tt̄ 6.2 50 6.8 56 8.4 9.4
Other top quarks 1.5 10.1 2.1 10.3 1.8 1.4
Diboson 7.4 40 9.0 38 1.3 1.1
Z+jets 3.3 30 4.1 31 1.6 1.6
Fake leptons 1.6 13 3.2 15 1.5 0.6

Table 15. Background fit results (top) for the inclusive hard dilepton signal regions, for an inte-
grated luminosity of 20.3 fb−1. The background expectations before the fit (bottom) are given for
comparison (see section 7 for a detailed description of how each background source is estimated).
The uncertainties shown combine the statistical and systematic uncertainties. The 3-jet binned sig-
nal region uses the same event selection as the 3-jet single-bin signal region (see table 4); therefore
it has the same event yields.
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Figure 10. Distribution of the razor variable R in the low-multiplicity (left) and 3-jet (right) Z
(top) control region and in the tt̄ control region with same-flavour (middle) or opposite-flavour
(bottom) leptons used in the hard dilepton channel. The upper cut on R (illustrated by the arrow)
separating signal from control regions is not applied in these distributions. The purity in the
background of interest is 85% and 75% for the tt̄ and Z control regions, respectively. The “Data/SM”
plots show the ratio of data to the summed Standard Model expectation, which is derived from the
fit described in section 9. The uncertainty band on the Standard Model expectation shown here
combines the statistical uncertainty on the simulated event samples with the relevant systematic
uncertainties (see text). The “Top Quarks” label includes all top-quark-related backgrounds, while
“V+jets” includes W+jets, Z+jets and other Drell-Yan backgrounds such as Z → τ+τ− and γ∗/Z
outside the Z pole region. For illustration, the expected signal distributions are shown for squark
pair production with mq̃ = 825 GeV,mχ̃±

1
/χ̃0

2

= 465 GeV,mℓ̃/ν̃ = 285 GeV and mχ̃0
1
= 105 GeV.
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Figure 14. Distribution of the R-frame mass M ′

R in the inclusive hard dilepton low-multiplicity
(left) and 3-jet (right) signal regions for the same-flavour (top) and opposite-flavour (bottom) pairs.
The arrow indicates the requirement defining the signal region. The Standard Model expectation is
derived from the fit. The uncertainty band on the Standard Model expectation shown here combines
the statistical uncertainty on the simulated event samples and the systematic uncertainties. The last
bin includes the overflow. The “Top Quarks” include tt̄, single top, t+Z, tt̄+W and tt̄+WW , while
“V+jets” includes W+jets, Z+jets and Drell–Yan contributions. For illustration, the expected signal
distributions are shown for squark pair production with mq̃ = 825 GeV,mχ̃±

1
/χ̃0

2

= 465 GeV,mℓ̃/ν̃ =
285 GeV and mχ̃0

1
= 105 GeV.

test statistic definitions: the former has a conditional likelihood calculated with a signal
strength µ set to 1, while the latter uses µ = 0. For an observed number of events lower
than expected, the discovery p-value is truncated at 0.5.
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2L Razor - Results

• Deficit in all but one SR (exact match in that SR)

Hard dilepton inclusive
Low-multiplicity 3-jet

ee/µµ eµ ee/µµ eµ
Single-bin Binned Single-bin Binned

Observed events 20 101 18 110 7 10

Fitted background events 20.0± 3.3 136 ± 15 24 ± 4 141 ± 16 11.8± 2.6 11.5± 2.0

tt̄ 6.7± 1.3 53± 9 7.7± 1.5 54± 9 5.9± 1.5 7.0± 1.6
Other top quarks 1.7± 0.7 10.8± 1.8 2.1± 0.7 11.1± 2.1 1.7± 0.3 1.4± 0.3
Diboson 7.4± 2.4 38± 5 8.5± 2.6 37± 5 1.3± 0.2 1.0± 0.3
Z+jets 2.6± 0.4 21± 4 2.8± 1.4 24± 4 1.3± 0.3 1.4± 0.4
Fake leptons 1.6± 1.4 13± 7 3.2± 2.1 15± 9 1.5+2.0

−1.5 0.6+0.9
−0.6

Expected background events before the fit 20.1 144 25 150 14.6 14.2

tt̄ 6.2 50 6.8 56 8.4 9.4
Other top quarks 1.5 10.1 2.1 10.3 1.8 1.4
Diboson 7.4 40 9.0 38 1.3 1.1
Z+jets 3.3 30 4.1 31 1.6 1.6
Fake leptons 1.6 13 3.2 15 1.5 0.6

Table 15. Background fit results (top) for the inclusive hard dilepton signal regions, for an inte-
grated luminosity of 20.3 fb−1. The background expectations before the fit (bottom) are given for
comparison (see section 7 for a detailed description of how each background source is estimated).
The uncertainties shown combine the statistical and systematic uncertainties. The 3-jet binned sig-
nal region uses the same event selection as the 3-jet single-bin signal region (see table 4); therefore
it has the same event yields.
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Figure 10. Distribution of the razor variable R in the low-multiplicity (left) and 3-jet (right) Z
(top) control region and in the tt̄ control region with same-flavour (middle) or opposite-flavour
(bottom) leptons used in the hard dilepton channel. The upper cut on R (illustrated by the arrow)
separating signal from control regions is not applied in these distributions. The purity in the
background of interest is 85% and 75% for the tt̄ and Z control regions, respectively. The “Data/SM”
plots show the ratio of data to the summed Standard Model expectation, which is derived from the
fit described in section 9. The uncertainty band on the Standard Model expectation shown here
combines the statistical uncertainty on the simulated event samples with the relevant systematic
uncertainties (see text). The “Top Quarks” label includes all top-quark-related backgrounds, while
“V+jets” includes W+jets, Z+jets and other Drell-Yan backgrounds such as Z → τ+τ− and γ∗/Z
outside the Z pole region. For illustration, the expected signal distributions are shown for squark
pair production with mq̃ = 825 GeV,mχ̃±

1
/χ̃0

2

= 465 GeV,mℓ̃/ν̃ = 285 GeV and mχ̃0
1
= 105 GeV.
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Figure 14. Distribution of the R-frame mass M ′

R in the inclusive hard dilepton low-multiplicity
(left) and 3-jet (right) signal regions for the same-flavour (top) and opposite-flavour (bottom) pairs.
The arrow indicates the requirement defining the signal region. The Standard Model expectation is
derived from the fit. The uncertainty band on the Standard Model expectation shown here combines
the statistical uncertainty on the simulated event samples and the systematic uncertainties. The last
bin includes the overflow. The “Top Quarks” include tt̄, single top, t+Z, tt̄+W and tt̄+WW , while
“V+jets” includes W+jets, Z+jets and Drell–Yan contributions. For illustration, the expected signal
distributions are shown for squark pair production with mq̃ = 825 GeV,mχ̃±

1
/χ̃0

2

= 465 GeV,mℓ̃/ν̃ =
285 GeV and mχ̃0

1
= 105 GeV.

test statistic definitions: the former has a conditional likelihood calculated with a signal
strength µ set to 1, while the latter uses µ = 0. For an observed number of events lower
than expected, the discovery p-value is truncated at 0.5.
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2L Razor - Results

• Deficit in all but one SR (exact match in that SR)

Hard dilepton inclusive
Low-multiplicity 3-jet

ee/µµ eµ ee/µµ eµ
Single-bin Binned Single-bin Binned

Observed events 20 101 18 110 7 10

Fitted background events 20.0± 3.3 136 ± 15 24 ± 4 141 ± 16 11.8± 2.6 11.5± 2.0

tt̄ 6.7± 1.3 53± 9 7.7± 1.5 54± 9 5.9± 1.5 7.0± 1.6
Other top quarks 1.7± 0.7 10.8± 1.8 2.1± 0.7 11.1± 2.1 1.7± 0.3 1.4± 0.3
Diboson 7.4± 2.4 38± 5 8.5± 2.6 37± 5 1.3± 0.2 1.0± 0.3
Z+jets 2.6± 0.4 21± 4 2.8± 1.4 24± 4 1.3± 0.3 1.4± 0.4
Fake leptons 1.6± 1.4 13± 7 3.2± 2.1 15± 9 1.5+2.0

−1.5 0.6+0.9
−0.6

Expected background events before the fit 20.1 144 25 150 14.6 14.2

tt̄ 6.2 50 6.8 56 8.4 9.4
Other top quarks 1.5 10.1 2.1 10.3 1.8 1.4
Diboson 7.4 40 9.0 38 1.3 1.1
Z+jets 3.3 30 4.1 31 1.6 1.6
Fake leptons 1.6 13 3.2 15 1.5 0.6

Table 15. Background fit results (top) for the inclusive hard dilepton signal regions, for an inte-
grated luminosity of 20.3 fb−1. The background expectations before the fit (bottom) are given for
comparison (see section 7 for a detailed description of how each background source is estimated).
The uncertainties shown combine the statistical and systematic uncertainties. The 3-jet binned sig-
nal region uses the same event selection as the 3-jet single-bin signal region (see table 4); therefore
it has the same event yields.
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Figure 10. Distribution of the razor variable R in the low-multiplicity (left) and 3-jet (right) Z
(top) control region and in the tt̄ control region with same-flavour (middle) or opposite-flavour
(bottom) leptons used in the hard dilepton channel. The upper cut on R (illustrated by the arrow)
separating signal from control regions is not applied in these distributions. The purity in the
background of interest is 85% and 75% for the tt̄ and Z control regions, respectively. The “Data/SM”
plots show the ratio of data to the summed Standard Model expectation, which is derived from the
fit described in section 9. The uncertainty band on the Standard Model expectation shown here
combines the statistical uncertainty on the simulated event samples with the relevant systematic
uncertainties (see text). The “Top Quarks” label includes all top-quark-related backgrounds, while
“V+jets” includes W+jets, Z+jets and other Drell-Yan backgrounds such as Z → τ+τ− and γ∗/Z
outside the Z pole region. For illustration, the expected signal distributions are shown for squark
pair production with mq̃ = 825 GeV,mχ̃±

1
/χ̃0

2

= 465 GeV,mℓ̃/ν̃ = 285 GeV and mχ̃0
1
= 105 GeV.
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Figure 14. Distribution of the R-frame mass M ′

R in the inclusive hard dilepton low-multiplicity
(left) and 3-jet (right) signal regions for the same-flavour (top) and opposite-flavour (bottom) pairs.
The arrow indicates the requirement defining the signal region. The Standard Model expectation is
derived from the fit. The uncertainty band on the Standard Model expectation shown here combines
the statistical uncertainty on the simulated event samples and the systematic uncertainties. The last
bin includes the overflow. The “Top Quarks” include tt̄, single top, t+Z, tt̄+W and tt̄+WW , while
“V+jets” includes W+jets, Z+jets and Drell–Yan contributions. For illustration, the expected signal
distributions are shown for squark pair production with mq̃ = 825 GeV,mχ̃±

1
/χ̃0

2

= 465 GeV,mℓ̃/ν̃ =
285 GeV and mχ̃0

1
= 105 GeV.

test statistic definitions: the former has a conditional likelihood calculated with a signal
strength µ set to 1, while the latter uses µ = 0. For an observed number of events lower
than expected, the discovery p-value is truncated at 0.5.
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2L Razor - Results

• Deficit in all but one SR (exact match in that SR)

Hard dilepton inclusive
Low-multiplicity 3-jet

ee/µµ eµ ee/µµ eµ
Single-bin Binned Single-bin Binned

Observed events 20 101 18 110 7 10

Fitted background events 20.0± 3.3 136 ± 15 24 ± 4 141 ± 16 11.8± 2.6 11.5± 2.0

tt̄ 6.7± 1.3 53± 9 7.7± 1.5 54± 9 5.9± 1.5 7.0± 1.6
Other top quarks 1.7± 0.7 10.8± 1.8 2.1± 0.7 11.1± 2.1 1.7± 0.3 1.4± 0.3
Diboson 7.4± 2.4 38± 5 8.5± 2.6 37± 5 1.3± 0.2 1.0± 0.3
Z+jets 2.6± 0.4 21± 4 2.8± 1.4 24± 4 1.3± 0.3 1.4± 0.4
Fake leptons 1.6± 1.4 13± 7 3.2± 2.1 15± 9 1.5+2.0

−1.5 0.6+0.9
−0.6

Expected background events before the fit 20.1 144 25 150 14.6 14.2

tt̄ 6.2 50 6.8 56 8.4 9.4
Other top quarks 1.5 10.1 2.1 10.3 1.8 1.4
Diboson 7.4 40 9.0 38 1.3 1.1
Z+jets 3.3 30 4.1 31 1.6 1.6
Fake leptons 1.6 13 3.2 15 1.5 0.6

Table 15. Background fit results (top) for the inclusive hard dilepton signal regions, for an inte-
grated luminosity of 20.3 fb−1. The background expectations before the fit (bottom) are given for
comparison (see section 7 for a detailed description of how each background source is estimated).
The uncertainties shown combine the statistical and systematic uncertainties. The 3-jet binned sig-
nal region uses the same event selection as the 3-jet single-bin signal region (see table 4); therefore
it has the same event yields.
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Figure 10. Distribution of the razor variable R in the low-multiplicity (left) and 3-jet (right) Z
(top) control region and in the tt̄ control region with same-flavour (middle) or opposite-flavour
(bottom) leptons used in the hard dilepton channel. The upper cut on R (illustrated by the arrow)
separating signal from control regions is not applied in these distributions. The purity in the
background of interest is 85% and 75% for the tt̄ and Z control regions, respectively. The “Data/SM”
plots show the ratio of data to the summed Standard Model expectation, which is derived from the
fit described in section 9. The uncertainty band on the Standard Model expectation shown here
combines the statistical uncertainty on the simulated event samples with the relevant systematic
uncertainties (see text). The “Top Quarks” label includes all top-quark-related backgrounds, while
“V+jets” includes W+jets, Z+jets and other Drell-Yan backgrounds such as Z → τ+τ− and γ∗/Z
outside the Z pole region. For illustration, the expected signal distributions are shown for squark
pair production with mq̃ = 825 GeV,mχ̃±

1
/χ̃0

2

= 465 GeV,mℓ̃/ν̃ = 285 GeV and mχ̃0
1
= 105 GeV.
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Figure 14. Distribution of the R-frame mass M ′

R in the inclusive hard dilepton low-multiplicity
(left) and 3-jet (right) signal regions for the same-flavour (top) and opposite-flavour (bottom) pairs.
The arrow indicates the requirement defining the signal region. The Standard Model expectation is
derived from the fit. The uncertainty band on the Standard Model expectation shown here combines
the statistical uncertainty on the simulated event samples and the systematic uncertainties. The last
bin includes the overflow. The “Top Quarks” include tt̄, single top, t+Z, tt̄+W and tt̄+WW , while
“V+jets” includes W+jets, Z+jets and Drell–Yan contributions. For illustration, the expected signal
distributions are shown for squark pair production with mq̃ = 825 GeV,mχ̃±

1
/χ̃0

2

= 465 GeV,mℓ̃/ν̃ =
285 GeV and mχ̃0

1
= 105 GeV.

test statistic definitions: the former has a conditional likelihood calculated with a signal
strength µ set to 1, while the latter uses µ = 0. For an observed number of events lower
than expected, the discovery p-value is truncated at 0.5.
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Interpretation and Limit Setting

gluinos

squarks

• Limits on two-step gluino/squark  
simplified model with sleptons

• gluino(squark)-LSP plane

• Combining with statistically- 
independent 1-Lepton channel  
increases sensitivity (gluinos)

• Also set limits on mUED model
• Results from 2L Razor and a soft dimuon channel

• Each point taken from better expected limit of the two 
analyses (overlapping signal regions)

mUED

excluded
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Z+MET, 2L Edge Analyses

Z+MET, 2L Edge 



K. Brendlinger Searches for squarks and gluinos in two lepton final states

• “On-Z” (Z+MET) targets generalized gauge-
mediated SUSY-breaking model (GGM)
• gravitino (G) LSP
• Two values of tanβ used to vary χ01→ZG branching ratio 

(tanβ=1.5, 30)

• “Off-Z” (Edge) targets simplified model:
• “Two-step” decays via intermediate sleptons/sneutrinos
• Same mass hierarchy as in 2L Razor case
• Leptons from      have a characteristic kinematic edge in mll

• Look for an edge above or below the Z-peak

10

2L Z+MET / Edge analysis Overview

kinematic edge

Simplified Model
GGM (on-shell Z)

mll [GeV]

Ev
en

ts

Non-resonant bkg
Z→ll
Signal

gravitino

used are listed in Table 1, as are the parton distribution function (PDF) set, underlying-event tune and
cross-section calculation order in ↵s used to normalise the event yields for these samples. Samples gener-
ated with MadGraph5 1.3.28 [41] are interfaced with Pythia 6.426 [42] to simulate the parton shower. All
samples generated using Powheg [43–45] use Pythia to simulate the parton shower, with the exception of
the diboson samples, which use Pythia8 [46]. Sherpa [47] simulated samples use Sherpa’s own internal
parton shower and fragmentation methods, as well as the Sherpa default underlying-event tune [47]. The
standard ATLAS underlying-event tune, AUET2 [48], is used for all other samples with the exception of
the Powheg+Pythia samples, which use the Perugia2011C [49] tune.

The signal models considered include simplified models and a generalised gauge-mediated supersymmetry-
breaking model. In the simplified models, squarks and gluinos are directly pair-produced, and these sub-
sequently decay to the LSP via two sets of intermediate particles. The squarks and gluinos decay with
equal probability to the next-to-lightest neutralino or the lightest chargino, where the neutralino and char-
gino are mass-degenerate and have masses taken to be the average of the squark or gluino mass and
the LSP mass. The intermediate chargino or neutralino then decays via sleptons (or sneutrinos) to two
leptons of the same flavour and the lightest neutralino, which is assumed to be the LSP in these models.
Here, the sleptons and sneutrinos are mass-degenerate and have masses taken to be the average of the
chargino or neutralino and LSP masses. An example of one such process, pp ! g̃g̃ ! (qq̄�̃0

2)(qq̄�̃±1 ),-
�̃0

2 ! `+`��̃0
1, �̃

±
1 ! `±⌫�̃0

1 is illustrated on the left in Fig. 1, where ` = e, µ, ⌧ with equal branch-
ing fractions for each lepton flavour. The dilepton mass distribution for leptons produced from the �̃0

2
in these models is a rising distribution that terminates at a kinematic endpoint, whose value is given
by mmax ⇡ m(�̃0

2) � m(�̃0
1) = 1/2(m(g̃/q̃) � m(�̃0

1)). Therefore, signal models with small values of
�m = m(g̃/q̃) � m(�̃0

1) produce events with small dilepton masses; those with large �m produce events
with large dilepton mass.

For the model involving squark pair production, the left-handed partners of the u, d, c and s quarks have
the same mass. The right-handed squarks and the partners of the b and t quarks are decoupled. For the
gluino-pair model, an e↵ective three-body decay for g̃ ! qq̄�̃0

1 is used, with equal branching fractions
for q = u, d, c, s. Exclusion limits on these models are set based on the squark or gluino mass and
the LSP mass, with all sparticles not directly involved in the considered decay chains e↵ectively being
decoupled.

In the general gauge mediation models, the gravitino is the LSP and the next-to-lightest SUSY particle
(NLSP) is a higgsino-like neutralino. The higgsino mass parameter, µ, and the gluino mass are free
parameters. The U(1) and SU(2) gaugino mass parameters, M1 and M2, are fixed to be 1 TeV, and the
masses of all other sparticles are set at ⇠ 1.5 TeV. In addition, µ is set to be positive to make �̃0

1 ! ZG̃
the dominant NLSP decay. The branching fraction for �̃0

1 ! ZG̃ varies with tan �, the ratio of the vacuum
expectation value for the two Higgs doublets, and so two di↵erent values of tan � are used. At tan � = 1.5,
the branching fraction for �̃0

1 ! ZG̃ is large (about 97 %) [50], whereas setting tan � = 30 results in
a considerable contribution (up to 40 %) from �̃0

1 ! hG̃. In these models, h is the lightest CP-even
SUSY Higgs boson, with mh = 126 GeV and SM-like branching fractions. The dominant SUSY-particle
production mode in these scenarios is the strong production of gluino pairs, which subsequently decay to
the LSP via several intermediate particles. An example decay mode is shown in the diagram on the right
in Fig. 1. The gravitino mass is set to be su�ciently small such that the NLSP decays are prompt. The
decay length c⌧NLSP (where ⌧NLSP is the lifetime of the NLSP) can vary depending on µ, and is longest

4

used are listed in Table 1, as are the parton distribution function (PDF) set, underlying-event tune and
cross-section calculation order in ↵s used to normalise the event yields for these samples. Samples gener-
ated with MadGraph5 1.3.28 [41] are interfaced with Pythia 6.426 [42] to simulate the parton shower. All
samples generated using Powheg [43–45] use Pythia to simulate the parton shower, with the exception of
the diboson samples, which use Pythia8 [46]. Sherpa [47] simulated samples use Sherpa’s own internal
parton shower and fragmentation methods, as well as the Sherpa default underlying-event tune [47]. The
standard ATLAS underlying-event tune, AUET2 [48], is used for all other samples with the exception of
the Powheg+Pythia samples, which use the Perugia2011C [49] tune.

The signal models considered include simplified models and a generalised gauge-mediated supersymmetry-
breaking model. In the simplified models, squarks and gluinos are directly pair-produced, and these sub-
sequently decay to the LSP via two sets of intermediate particles. The squarks and gluinos decay with
equal probability to the next-to-lightest neutralino or the lightest chargino, where the neutralino and char-
gino are mass-degenerate and have masses taken to be the average of the squark or gluino mass and
the LSP mass. The intermediate chargino or neutralino then decays via sleptons (or sneutrinos) to two
leptons of the same flavour and the lightest neutralino, which is assumed to be the LSP in these models.
Here, the sleptons and sneutrinos are mass-degenerate and have masses taken to be the average of the
chargino or neutralino and LSP masses. An example of one such process, pp ! g̃g̃ ! (qq̄�̃0

2)(qq̄�̃±1 ),-
�̃0

2 ! `+`��̃0
1, �̃

±
1 ! `±⌫�̃0

1 is illustrated on the left in Fig. 1, where ` = e, µ, ⌧ with equal branch-
ing fractions for each lepton flavour. The dilepton mass distribution for leptons produced from the �̃0

2
in these models is a rising distribution that terminates at a kinematic endpoint, whose value is given
by mmax ⇡ m(�̃0

2) � m(�̃0
1) = 1/2(m(g̃/q̃) � m(�̃0

1)). Therefore, signal models with small values of
�m = m(g̃/q̃) � m(�̃0

1) produce events with small dilepton masses; those with large �m produce events
with large dilepton mass.
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1 is used, with equal branching fractions
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1 ! ZG̃ varies with tan �, the ratio of the vacuum
expectation value for the two Higgs doublets, and so two di↵erent values of tan � are used. At tan � = 1.5,
the branching fraction for �̃0
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1 ! hG̃. In these models, h is the lightest CP-even
SUSY Higgs boson, with mh = 126 GeV and SM-like branching fractions. The dominant SUSY-particle
production mode in these scenarios is the strong production of gluino pairs, which subsequently decay to
the LSP via several intermediate particles. An example decay mode is shown in the diagram on the right
in Fig. 1. The gravitino mass is set to be su�ciently small such that the NLSP decays are prompt. The
decay length c⌧NLSP (where ⌧NLSP is the lifetime of the NLSP) can vary depending on µ, and is longest
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K. Brendlinger Searches for squarks and gluinos in two lepton final states

• Require a 81<mll<101 GeV SF 
dilepton pair

• Require large ETMiss and HT
• ETMiss > 225 GeV
• HT > 600 GeV
• HT includes pT of all jets plus 2 leading 

leptons

• njets ≥ 2
• No b-jet requirement
• Additional requirement on  

                         to suppress fake MET 
from mismeasured jets
•                           > 0.4
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Signal Regions
Off-Z SR HighlightsOn-Z SR Highlights

• Exclude 80<mll<110 GeV SF dilepton 
pairs

• Require ETMiss>200 GeV
• Split into jet multiplicity / btag regions:

• Bins of 2-jets, 4-jets
• Bins of b-tag, b-veto
• 4 jet-binned regions total

• Additional “Loose” regions:
• 2 jets, ETMiss>150 GeV
• >2 jets, ETMiss>100 GeV
• No b-tag requirements
• Developed to match CMS search with 

excess (http://arxiv.org/abs/1502.06031)

• Raise lepton thresholds wrt On-Z 
analysis: pT,leps>20 GeV
• Also raise dilepton mass threshold to 20 GeV

heavy-flavour quark decays, by using di↵erent response functions for light-flavour and b-tagged jets. The
response function is measured by comparing generator-level jet pT to reconstructed jet pT in Pythia8 dijet
MC events, generated using the CT10 NLO PDF set. This function is then tuned to data, based on a dijet
balance analysis in which the pT asymmetry is used to constrain the width of the Gaussian core. The non-
Gaussian tails of the response function are corrected based on � 3-jet events in data, selected such that the
Emiss

T in each event points either towards, or in the opposite direction to one of the jets. This ensures that
one of the jets is clearly associated with the Emiss

T , and the jet response can then be described in terms of
the Emiss

T and reconstructed jet pT. This procedure results in a good estimate of the overall jet response.

In order to calculate the Emiss
T distribution of the pseudo-data, the Emiss

T is recalculated using the new
(smeared) jet pT and �. The distribution of pseudo-data events is then normalised to data in the low-
Emiss

T region (10 < Emiss
T < 50 GeV) of a validation region, denoted VRZ, after the requirement of

��(jet1,2, Emiss
T ) > 0.4. This is defined in Table 2 and is designed to be representative of the signal re-

gion but at lower Emiss
T , where the contamination for relevant GGM signal models is expected to be less

than 1 %.

The seed region must contain events with topologies similar to those expected in the signal region. To
ensure that this is the case, the HT and jet multiplicity requirements applied to the seed region remain
the same as in the signal region, while the Emiss

T threshold of 225 GeV is removed, as shown in Table 2.
Although the seed events should have little to no Emiss

T , enforcing a direct upper limit on Emiss
T can intro-

duce a bias in the jet pT distribution in the seed region compared with the signal region. To avoid this, a
requirement on the Emiss

T significance, defined as:

Emiss
T sig. =

Emiss
TqP

Ejet
T +
P

Esoft
T

, (1)

is used in the seed region. Here
P

Ejet
T and

P
Esoft

T are the summed ET from the baseline jets and the
low-energy calorimeter deposits not associated with final-state physics objects, respectively. Placing a
requirement on this variable does not produce a shape di↵erence between jet pT distributions in the seed
and signal regions, while e↵ectively selecting well-balanced Z/�⇤ + jets events in the seed region. This
requirement is also found to result in no event overlap between the seed region and SR-Z.

In the seed region an additional requirement is placed on the soft-term fraction, fST, defined as the fraction
of the total Emiss

T in an event originating from calorimeter energy deposits not associated with a calibrated
lepton or jet ( fST =

P
Emiss, Soft

T /Emiss
T ), to select events with small fST. This is useful because events with

large values of fake Emiss
T tend to have low soft-term fractions ( fST < 0.6).

The requirements on the Emiss
T significance and fST are initially optimised by applying the jet smearing

method to Z/�⇤ + jets MC events and testing the agreement in the Emiss
T spectrum between direct and

smeared MC events in the VRZ. This closure test is performed using the response function derived from
MC simulation.

The Z/�⇤ + jets background predominantly comes from events where a single jet is grossly mismeasured,
since the mismeasurement of additional jets is unlikely, and can lead to smearing that reduces the total
Emiss

T . The requirement on the opening angle in � between either of the leading two jets and the Emiss
T ,
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K. Brendlinger Searches for squarks and gluinos in two lepton final states

• Largest contribution from flavor-symmetric background
• eμ Control Region estimates this background

• Also want to make sure Z+jets background is controlled
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2L Z+MET / Edge Backgrounds

Bkg On-Z ee+μμ Off-Z ee+μμ
SR-4j-bveto* Est. Method

flavor-symmetric (ttbar) 50-60% >90% eμ control regions
Z+jets <1% <5% jet-smearing (On-Z), CR (off-Z)

Rare top <5% <2% MC
Diboson 20-30% <2% MC

Fake leptons 10-20% <2% Matrix Method
*Similar fractions for other Off-Z SRs



K. Brendlinger Searches for squarks and gluinos in two lepton final states

• On-Z:
• Largest concern is overestimated ETMiss from 

mismeasured jets
• Use jet smearing response functions (pT and φ) that 

have been tuned to data
• Using Z+jets from a “seed” region, apply jet response 

function and recalculate ETMiss

• Normalize this “pseudo-data” in low-ETMiss part of 
VRZ Validation Regions

• Result: SM Z+MET is negligible in SR:

• Off-Z:
• Shape templates in region excluding Z-peak window 

taken from MC
• Normalized using Z-peak CR, 80<mll<110 GeV
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Z+fake MET background

on-Z VR

on-Z VR
μμ

ee



K. Brendlinger Searches for squarks and gluinos in two lepton final states

• On-Z: Estimated in eμ control region, 
extrapolated to ee/μμ signal regions with some 
correction factors:

• Method using mll sideband fit result yields 
compatible results

• Off-Z: Process repeated for i mll bins, with a 
shape correction derived in ttbar MC:

• Result checked in flavor-symmetric dominated 
validation region (right)
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Flavor-symmetric background (ttbar)

Signal Flavour-symmetry Sideband fit
region

SR-Z ee 2.8 ± 1.4 4.9 ± 1.5
SR-Z µµ 3.3 ± 1.6 5.3 ± 1.9

Table 5: The number of events for the flavour-symmetric background estimate in the on-Z signal region (SR-Z)
using the data-driven method based on data in CReµ. This is compared with the prediction for the sum of the
flavour-symmetric backgrounds (WW, tW, tt̄ and Z ! ⌧⌧) from a sideband fit to data in CRT. In each case the
combined statistical and systematic uncertainties are indicated.

near the boundary of the expected excluded region are expected to contribute little to the normalisation
regions, with contamination at the level of up to 4 % in CRT and 3 % in VRT. The corresponding con-
tamination in VRTZ is expected to be ⇠ 10 % across most of the relevant parameter space, increasing to a
maximum value of ⇠50 % in the region near m(g̃) = 700 GeV, µ = 200 GeV.

6.2.2. Flavour-symmetric background in the o↵-Z search

The background estimation method of Eq. (2) is extended to allow a prediction of the background dilepton
mass shape, which is used explicitly to discriminate signal from background in the o↵-Z search. In
addition to the k and ↵ correction factors, a third correction factor S (i) is introduced (where i indicates the
dilepton mass bin):

Nest
ee (i) =

1
2

Ndata,corr
eµ (i)kee↵S ee(i),

Nest
µµ (i) =

1
2

Ndata,corr
eµ (i)kµµ↵S µµ(i). (4)

These shape correction factors account for di↵erent reconstructed dilepton mass shapes in the ee, µµ, and
eµ channels, which result from two e↵ects. First, the o✏ine selection e�ciencies for electrons and muons
depend di↵erently on the lepton pT and ⌘. For electrons, the o✏ine selection e�ciency increases slowly
with pT, while it has very little dependence on pT for muons. Second, the combinations of single-lepton
and dilepton triggers used for the ee, µµ, and eµ channels have di↵erent e�ciencies with respect to the
o✏ine selection. In particular, for eµ events the trigger e�ciency with respect to the o✏ine selection at low
m`` is 80%, which is 10–15% lower than the trigger e�ciencies in the ee and µµ channels. To correct for
these two e↵ects, tt̄ MC simulation is used. The dilepton mass shape in the ee or µµ channel is compared to
that in the eµ channel, after scaling the latter by the ↵- and k-factor trigger and lepton selection e�ciency
corrections. The ratio of the dilepton mass distributions, Nee(m``)/Neµ(m``) or Nµµ(m``)/Neµ(m``), is fitted
with a second-order polynomial, which is then applied as a correction factor, along with ↵ and k, to the
eµ distribution in data. These correction factors have an impact on the predicted background yields of
approximately a few percent in the ee channel and up to ⇠10–15 % in the µµ channel, depending on the
signal region.
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The background estimation methodology is validated in a region with exactly two jets and 100 < Emiss
T <

150 GeV(VR-o↵Z). The flavour-symmetric category contributes more than 95 % of the total background
in this region. The dominant systematic uncertainty on the background prediction is the 6 % uncertainty on
the trigger e�ciency ↵-factor. The observed dilepton mass shapes are compared to the SM expectations in
Fig. 5, indicating consistency between the data and the expected background yields. The observed yields
and expected backgrounds in the below-Z and above-Z regions are presented in A. For signal models near
the edge of the sensitivity of this analysis, the contamination from signal events in VR-o↵Z is less than
3 %.
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Figure 5: The observed and expected dilepton mass distributions in the electron (left) and muon (right) channel
of the validation region (VR-o↵Z) of the o↵-Z search. Data (black points) are compared to the sum of expected
backgrounds (solid histograms). The vertical dashed lines indicate the 80 < m`` < 110 GeV region, which is used
to normalise the Z + jets background. Example signal models (dashed lines) are overlaid, with m(q̃), m(�̃0

2)/m(�̃±1 ),
m( ˜̀)/m(⌫̃), and m(�̃0

1) of each benchmark point being indicated in the figure legend. The bottom plots show the ratio
of the data to expected background. The error bars indicate the statistical uncertainty in data, while the shaded band
indicates the total background uncertainty. The last bin contains the overflow.

6.3. Fake-lepton contribution

Events from W ! `⌫+jets, semileptonic tt̄ and single top (s- and t-channel) contribute to the background
in the dilepton channels due to “fake” leptons. These include leptons from b-hadron decays, misidentified
hadrons or converted photons, and are estimated from data using a matrix method, which is described
in detail in Ref. [82]. This method involves creating a control sample using baseline leptons, thereby
loosening the lepton isolation and identification requirements and increasing the probability of selecting
a fake lepton. For each control or signal region, the relevant requirements are applied to this control
sample, and the number of events with leptons that pass or fail the subsequent signal-lepton requirements
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Off-Z VR (ee)

The number of data events observed (Ndata
eµ ) in this control region is corrected by subtracting the expected

contribution from backgrounds that are not flavour symmetric. The background with the largest impact
on this correction is that due to fake leptons, with the estimate provided by the matrix method, described
in Sect. 6.3, being used in the subtraction. All other contributions, which include WZ, ZZ, tZ and tt̄
+W(W)/Z processes, are taken directly from MC simulation. This corrected number, Ndata,corr

eµ , is related
to the expected number in the same-flavour channels, Nest

ee/µµ, by the following relations:

Nest
ee =

1
2

Ndata,corr
eµ kee↵,

Nest
µµ =

1
2

Ndata,corr
eµ kµµ↵, (2)

where kee and kµµ are electron and muon selection e�ciency factors and ↵ accounts for the di↵erent trigger
e�ciencies for same-flavour and di↵erent-flavour dilepton combinations. The selection e�ciency factors
are calculated using the ratio of dielectron and dimuon events in VRZ according to:

kee =

s
Ndata

ee (VRZ)
Ndata
µµ (VRZ)

,

kµµ =

s
Ndata
µµ (VRZ)

Ndata
ee (VRZ)

,

↵ =

q
✏ee

trig✏
µµ
trig

✏eµtrig
, (3)

where ✏ee
trig, ✏µµtrig and ✏eµtrig are the e�ciencies of the dielectron, dimuon and electron–muon trigger config-

urations, respectively, and Ndata
ee(µµ)(VRZ) is the number of ee (µµ) data events in VRZ. These selection

e�ciency factors are calculated separately for the cases where both leptons fall within the barrel, both
fall within the endcap regions, and for barrel–endcap combinations. This is motivated by the fact that the
trigger e�ciencies di↵er in the central and more forward regions of the detector. This estimate is found to
be consistent with that resulting from the use of single global k factors, which provides a simpler but less
precise estimate. In each case the k factors are close to 1.0, and the Nest

ee or Nest
µµ estimates obtained using

k factors from each configuration are consistent with one another to within 0.2�.

The flavour-symmetric background estimate was chosen as the nominal method prior to examining the data
yields in the signal region, since it relies less heavily on simulation and provides the most precise estimate.
This data-driven method is cross-checked using the Z boson mass sidebands (m`` < [81, 101] GeV) to fit
the tt̄ MC events to data in a top control region, CRT. The results are then extrapolated to the signal region
in the Z boson mass window, as illustrated in Fig. 3. All other backgrounds estimated using the flavour-
symmetry method are taken directly from MC simulation for this cross-check. Here, Z/�⇤+jets MC events
are used to model the small residual Z/�⇤ + jets background in the control region, while the jet smearing
method provides the estimate in the signal region. The normalisation of the tt̄ sample obtained from the fit
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symmetry method are taken directly from MC simulation for this cross-check. Here, Z/�⇤+jets MC events
are used to model the small residual Z/�⇤ + jets background in the control region, while the jet smearing
method provides the estimate in the signal region. The normalisation of the tt̄ sample obtained from the fit

15

trigger correctione/μ selection efficiency
correction

Signal Flavour-symmetry Sideband fit
region

SR-Z ee 2.8 ± 1.4 4.9 ± 1.5
SR-Z µµ 3.3 ± 1.6 5.3 ± 1.9

Table 5: The number of events for the flavour-symmetric background estimate in the on-Z signal region (SR-Z)
using the data-driven method based on data in CReµ. This is compared with the prediction for the sum of the
flavour-symmetric backgrounds (WW, tW, tt̄ and Z ! ⌧⌧) from a sideband fit to data in CRT. In each case the
combined statistical and systematic uncertainties are indicated.

near the boundary of the expected excluded region are expected to contribute little to the normalisation
regions, with contamination at the level of up to 4 % in CRT and 3 % in VRT. The corresponding con-
tamination in VRTZ is expected to be ⇠ 10 % across most of the relevant parameter space, increasing to a
maximum value of ⇠50 % in the region near m(g̃) = 700 GeV, µ = 200 GeV.

6.2.2. Flavour-symmetric background in the o↵-Z search

The background estimation method of Eq. (2) is extended to allow a prediction of the background dilepton
mass shape, which is used explicitly to discriminate signal from background in the o↵-Z search. In
addition to the k and ↵ correction factors, a third correction factor S (i) is introduced (where i indicates the
dilepton mass bin):

Nest
ee (i) =

1
2

Ndata,corr
eµ (i)kee↵S ee(i),

Nest
µµ (i) =

1
2

Ndata,corr
eµ (i)kµµ↵S µµ(i). (4)

These shape correction factors account for di↵erent reconstructed dilepton mass shapes in the ee, µµ, and
eµ channels, which result from two e↵ects. First, the o✏ine selection e�ciencies for electrons and muons
depend di↵erently on the lepton pT and ⌘. For electrons, the o✏ine selection e�ciency increases slowly
with pT, while it has very little dependence on pT for muons. Second, the combinations of single-lepton
and dilepton triggers used for the ee, µµ, and eµ channels have di↵erent e�ciencies with respect to the
o✏ine selection. In particular, for eµ events the trigger e�ciency with respect to the o✏ine selection at low
m`` is 80%, which is 10–15% lower than the trigger e�ciencies in the ee and µµ channels. To correct for
these two e↵ects, tt̄ MC simulation is used. The dilepton mass shape in the ee or µµ channel is compared to
that in the eµ channel, after scaling the latter by the ↵- and k-factor trigger and lepton selection e�ciency
corrections. The ratio of the dilepton mass distributions, Nee(m``)/Neµ(m``) or Nµµ(m``)/Neµ(m``), is fitted
with a second-order polynomial, which is then applied as a correction factor, along with ↵ and k, to the
eµ distribution in data. These correction factors have an impact on the predicted background yields of
approximately a few percent in the ee channel and up to ⇠10–15 % in the µµ channel, depending on the
signal region.
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On-Z Cross-check
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On-Z Analysis: Results

• Good agreement in validation regions
• Excesses in both ee and μμ signal regions

• Corresponds 3.0σ (ee), 1.7σ (μμ) deviations
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Figure 11: The observed and expected yields in the below-Z (left) and above-Z (right) dilepton mass regions, for the
VR and five SRs of the o↵-Z search. Here below-Z is 20 < m`` < 70 GeV for VR-o↵Z and SR-loose and otherwise
20 < m`` < 80 GeV; above-Z is m`` > 110 GeV. The bottom plot shows the di↵erence in standard deviations
between the observed and expected yields. Results are shown for the ee and µµ channels as well as for the sum.

9. Interpretation of results

In this section, exclusion limits are shown for the SUSY models described in Sect. 3. The asymptotic
CLS prescription [91], implemented in the HistFitter program [92], is used to determine upper limits
at 95 % confidence level (CL). All signal and background uncertainties are taken into account using
a Gaussian model of nuisance parameter integration. All uncertainties except that on the signal cross
section are included in the limit-setting configuration. The impact of varying the signal cross sections by
their uncertainties is indicated separately. Numbers quoted in the text are evaluated from the observed
exclusion limit based on the nominal signal cross section minus its 1� theoretical uncertainty.

For the on-Z analysis, the data exceeds the background expectations in the ee (µµ) channel with a signi-
ficance of 3.0 (1.7) standard deviations. Exclusion limits in specific models allow us to illustrate which
regions of the model parameter space are a↵ected by the observed excess, by comparing the expected and
observed limits. The results in SR-Z ee and SR-Z µµ (Table 7) are considered simultaneously. The signal
contamination in CReµ is found to be at the ⇠ 1 % level, and is therefore neglected in this procedure. The
expected and observed exclusion contours, in the plane of µ versus m(g̃) for the GGM model, are shown in
Fig. 12. The ±1�exp and ±2�exp experimental uncertainty bands indicate the impact on the expected limit
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• Limits on gauge-mediated SB model
• Dominant production mode is via gluino 

pair production
• LSP is gravitino;      is higgsino
• Gravitino mass set sufficiently low such 

that NLSP decays are ~prompt  
(<2 mm, smaller for large values of μ 
parameter)

• Limits weak due to excess!
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On-Z: Interpretation and Limit Setting

tanβ=1.5

tanβ=30

6

2.0.2. The 2014-25 Legacy Paper.

2.0.3. Natural Supersymmetry.

2.0.4. Gravity-mediated supersymmetry breaking. Supersymmetry breaking is communicated through
gravitational interactions. mSUGRA (minimal supergravity) has 5 parameters: m0 (common
scalar mass), m1/2 (commong gaugino mass), A0 (common trilinear coupling), tan � and sign(µ).

2.0.5. Gauge-mediated supersymmetry breaking (GMSB). Supersymmetry breaking is achieved via
the gauge interactions. There is a hidden sector, which generates one-loop gaugino masses, and
two-loop scalar superpartner masses. A 125 GeV Higgs forces mt̃ > 2 TeV.

2.0.6. Anomaly-mediated supersymmetry breaking (AMSB). The conformal anomaly, which I do
not know about. A 125 GeV Higgs forces mt̃ > 2 TeV in this theory as well.

2.0.7. Split SUSY models.

2.0.8. Stupid SUSY questions. What is R-parity conservation/violation, and why the dis-
tinction? As a result of R-parity conservation, supersymmetric particles are always produced in
pairs.
How likely is it that m�̃±

1
= m�̃0

2
? The kinematics will change, i.e. the W lepton pt will

decrease if the �̃±
1 goes down, and the Z leptons pt will decrease if the �̃0

2 goes down. So why set
them equal? Is that a reasonable point in space? What about changing them?
Why so much focus on tau channels?
Do we simulate C1+,N2 and C1-,N2 or just C1+,N2? Why? They are di↵erent,

right?
Will an o↵-shell (5 GeV) W prefer electrons over taus? Yes, apparently when the

o↵-shell W mass approaches ⇠2 GEV, tau decays and decays to cs̄ and c̄s are disfavored, which
increases the branching fraction of the other channels[13]. But this is not in the regime we are
interested in.
Why is the higgs width so small compared to W and Z?
Do the C1C1 and C1N2 final states probe the same parameter space? Why do

both??? The answer here might lie in looking more closely into the chargino mixing matrix...
Why do we need all these other Higgses again?
�M = m�̃±

1
�m�̃0

1
= m�̃0

2
�m�̃0

1

2.1. Squarks and Gluino Searches. For the talk: ⇤ �
�̃±
1 , �̃

0
2

mg̃/q̃

m�̃±
1 /�̃0

2
= (mg̃/q̃ +m�̃0

1
)/2

ml̃/⌫̃ = (m�̃±
1 /�̃0

2
+m�̃0

1
)/2

The 2L Razor analysis[9] uses the following Razor variables:

M 0
R =

q
(j1,E + j2,E)2 � (j1,L + j2,L)2

and

R =
MR

T

M 0
R
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• No significant excesses in 
SRs

• Do not confirm SR-loose 
excess seen by CMS (2.6σ)
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Results: off-Z

2j-bveto ee 4j-bveto eeSR-loose ee



K. Brendlinger Searches for squarks and gluinos in two lepton final states

• Set limits on squark/gluino pair 
production models
• Focus on b-veto signal regions for limit 

setting (better sensitivity / less ttbar bkg)

• 2j-bveto:
• Must choose a mll window to set limit
• Binning sets 45 possible windows
• 10 windows with best expected sensitivity 

provide coverage of signal grid
• Full exclusion limit obtained by taking best 

window at each signal grid point

• 4j-bveto:
• 21 possible mll windows, of which 9 chosen

18

Off-Z Analysis: Interpretation and Limit Setting

4j-bveto

2j-bveto
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• 2L Razor 
• Results consistent with SM expectations
• Limits placed on squark/gluino production and decay via intermediate sleptons/sneutrinos

• 2L Z+MET
• Excess in ee and μμ channels (3.0σ)
• Limits placed on GMSB models

• 2L Edge
• Non-resonant edge analysis sees no deviation from SM expectation
• No confirmation of CMS excess

• Run II Prospects
• Production cross sections increase drastically for regions  

of squark/gluino pair production phase space
• 1350 GeV gluino: 26x higher cross section at  
√s=13 TeV vs 8 TeV

• 1500 GeV gluino: 36x higher

• Work is progressing in earnest to prepare 13  
TeV analyses

• Looking forward to revisiting intriguing excesses 
and extending our reach!
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Conclusions and Run II Prospects

SUSY?
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BACKUP

BACKUP
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2L Razor Search

2L Razor
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2L Razor
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2L Razor
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2L Razor
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2L Razor

2L Control and Validation Regions

Agreement in validation regions, 
comparing to post-fit background estimates

Source Relative systematic uncertainty (%)

Binned soft single-lepton Soft dimuon
3-jet 5-jet 3-jet inclusive 2-jet

Total systematic uncertainty 20 24 17 43
Lepton identification − − 5 −
JER 6 − − −
JES (flavour composition) − − − 5
Fake leptons 10 6 5 40
tt̄ MC generator 11 9 7 8
tt̄ parton shower − 19 − −
tt̄ scales, ISR and FSR − − 9 5
tt̄ normalisation − 7 − −
MC statistics 8 − 6 7

Binned hard single-lepton
3-jet 5-jet 6-jet

Total systematic uncertainty 9 22 24
tt̄ MC generator − 9 23
tt̄ parton shower − 17 −
tt̄ scales, ISR and FSR − 7 −
tt̄ normalisation 5 6 −
MC statistics − 5 5

Binned hard dilepton
Low-multiplicity (≤ 2-jet) 3-jet
ee/µµ eµ ee/µµ eµ

Total systematic uncertainty 11 11 23 18
b-tagging 7 6 11 11
JES (in-situ measurement) − − − 5
Fake leptons 5 − − −
MC statistics 6 − − −

Table 9. The main sources of systematic uncertainty on the SM background estimates for the
various signal regions are shown and their value given as relative uncertainties (in %) on the signal
region event yields. The values are only shown if the relative uncertainty is at least 5%.

8.4 Theoretical uncertainties on the signal expectation

The mUED model cross sections are based on a calculation at LO in QCD, and the events
are generated with a leading order MC event generator. No theoretical uncertainties on the
acceptance are considered for this case.

Several theoretical uncertainties on the acceptance for the remaining signal models are
taken into account. These uncertainties are estimated using Madgraph 5+Pythia 6 sam-
ples for which the following parameters are varied up and down in turn by a factor of two:
the Madgraph scale used to determine the event-by-event renormalisation and factorisa-
tion scale, the Madgraph parameter used to determine the scale for QCD radiation, the
Pythia parameter which controls the QCD scale value used for final-state radiation (the
upward variation of this parameter is by a factor of 1.5) and the Madgraph parameter

– 30 –
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Z+MET, Edge
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SR on-Z Distributions - 2e
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SR on-Z Distributions - 2μ
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• Event display showing a 2e pair consistent with a Z boson, large ETMiss and large large HT

26

2L Z+MET Event Display
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• Event display showing a 2μ pair consistent with a Z boson, large ETMiss and large HT
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2L Z+MET Event Display
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Z+MET, Edge Uncertainties

PDF and the generator scales. For the small contribution from t + Z, a 50 % uncertainty is assigned.
Finally, a statistical uncertainty derived from the finite size of the MC samples used in the background
estimation process is included.

7.3. Dominant uncertainties on the background estimates

The dominant uncertainties in each signal region, along with their values relative to the total background
expectation, are summarised in Table 6. In all signal regions the largest uncertainty is that associated with
the flavour-symmetric background. The statistical uncertainty on the flavour-symmetric background due to
the finite data yields in the eµ CRs is 24 % in the on-Z SR. This statistical uncertainty is also the dominant
uncertainty for all SRs of the o↵-Z analysis except for SR-loose, for which the systematic uncertainty
on the flavour-symmetric background prediction dominates. In SR-Z the combined MC generator and
parton shower modelling uncertainty on the WZ background (7 %), as well as the uncertainty due to the
fake-lepton background (14 %), are also important.

Source Relative systematic uncertainty [%]

SR-Z SR-loose SR-2j-bveto SR-2j-btag SR-4j-bveto SR-4j-btag

Total systematic uncertainty 29 7.1 13 9.3 30 15

Flavour-symmetry statistical 24 1.7 9.3 6.2 23 12
Flavour-symmetry systematic 4 5.7 6.7 5.9 11 6.6
Z/�⇤ + jets - 2.1 6.3 3.5 14 7.0
Fake lepton 14 3.2 1.4 1.2 1.8 2.2
WZ MC + parton shower 7 - - - - -

Table 6: Overview of the dominant sources of systematic uncertainty on the background estimate in the signal re-
gions. Their relative values with respect to the total background expectation are shown (in %). For the o↵-Z region,
the full dilepton mass range is used, and in all cases the ee + µµ contributions are considered together.

7.4. Theoretical uncertainties on signal processes

Signal cross sections are calculated to next-to-leading order in the strong coupling constant, adding the
resummation of soft gluon emission at NLO+NLL accuracy [55–59]. The nominal cross section and the
uncertainty are taken from an envelope of cross-section predictions using di↵erent PDF sets and factor-
isation and renormalisation scales, as described in Ref. [90]. For the simplified models the uncertainty
on the initial-state radiation modelling is important in the case of small mass di↵erences during the cas-
cade decays. MadGraph+Pythia samples are used to assess this uncertainty, with the factorisation and
normalisation scale, the MadGraph parameter used for jet matching, the MadGraph parameter used to set
the QCD radiation scale and the Pythia parameter responsible for the value of the QCD scale for final-
state radiation, each being varied up and down by a factor of two. The resulting uncertainty on the signal
acceptance is up to ⇠ 25 % in regions with small mass di↵erences within the decay chains.

22

Relative systematic uncertainties (% of total bkg  expectation)

On-Z Cross-check (sideband) / VRs
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Off-Z - SR-2j-btag


