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What limit has the LHC
set on the gluino mass?



(No, I don’t mean some bizarre RPV decaying gluino)



None



None

if

mχ̃0 >∼ 250 GeV
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Figure 7: 95% CLs exclusion limits obtained by using the signal region with the best expected sensitiv-

ity at each point in a simplified MSSM scenario with only strong production of gluinos and first- and

second-generation squarks, and direct decays to jets and neutralinos (left); and in the (m0 ; m1/2) plane of

MSUGRA/CMSSM for tan β = 10, A0 = 0 and µ > 0 (right). The red lines show the observed limits, the

dashed-blue lines the median expected limits, and the dotted blue lines the ±1σ variation on the expected

limits. ATLAS EPS 2011 limits are from [17] and LEP results from [59].

7 Summary

This note reports a search for new physics in final states containing high-pT jets, missing transverse

momentum and no electrons or muons, based on the full dataset (4.7 fb
−1

) recorded by the ATLAS

experiment at the LHC in 2011. Good agreement is seen between the numbers of events observed in the

data and the numbers of events expected from SM processes.

The results are interpreted in both a simplified model containing only squarks of the first two genera-

tions, a gluino octet and a massless neutralino, as well as in MSUGRA/CMSSM models with tan β = 10,

A0 = 0 and µ > 0. In the simplified model, gluino masses below 940 GeV and squark masses be-

low 1380 GeV are excluded at the 95% confidence level. In the MSUGRA/CMSSM models, values of

m1/2 < 300 GeV are excluded for all values of m0, and m1/2 < 680 GeV for low m0. Equal mass squarks

and gluinos are excluded below 1400 GeV in both scenarios.
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dashed-blue lines the median expected limits, and the dotted blue lines the ±1σ variation on the expected

limits. ATLAS EPS 2011 limits are from [17] and LEP results from [59].
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MSUGRA/CMSSM for tan β = 10, A0 = 0 and µ > 0 (right). The red lines show the observed limits, the

dashed-blue lines the median expected limits, and the dotted blue lines the ±1σ variation on the expected

limits. ATLAS EPS 2011 limits are from [17] and LEP results from [59].
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MSUGRA/CMSSM for tan β = 10, A0 = 0 and µ > 0 (right). The red lines show the observed limits, the

dashed-blue lines the median expected limits, and the dotted blue lines the ±1σ variation on the expected

limits. ATLAS EPS 2011 limits are from [17] and LEP results from [59].
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) recorded by the ATLAS
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How well do the analyses do for other decay topologies
and arbitrary LSP masses?

930 GeV



Other LSP Masses
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Figure 2: Exclusion limits in the g̃ − χ̃0

1 mass plane for direct [top left] and one-step gluino decays with

the chargino mass parameter x = 1/4, 1/2 and 3/4 [top right, bottom left and bottom right respectively].

The colour scale shows the combined limit on the cross section times branching ratio (σ×BR) at the 95%

C.L from all five signal regions, determined using the result from the signal region providing the best

expected limit for each point. The expected and observed limits assuming the NLO cross section from

supersymmetric QCD and 100% branching fraction are shown as blue and red contours respectively.
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Simplified Models

Effective theories for collider physics 
Full Lagrangian description

Only keep relevant parameters

Can recast bounds in terms of other theories with
similar particle content

Useful to find holes in search strategy



An Example: Jets + MET 

Adopt bottom-up approach

Parameterize new physics in terms of simple reactions
e.g. only one new colored state

q̃

g̃

Gluino simplified model

mq̃ >> mg̃



Gluino Simplified Models

Assume squarks decoupled

Each decay topology = one simplified model

Need a neutral state at the end of decay chain

Add successive levels of complexity
e.g. intermediate states



Gluino Reactions

3-Body direct decay

g̃
q

q̄

χ̃1

L = LSM +
g2

Λ2
g̃qiq̄iχ̃1 + Lkinetic

Parameters

mg̃

mχ̃1

σpp→g̃g̃ × Br



Gluino Reactions

2-Body direct decay

g̃

χ̃1

g

L = LSM +
g

Λ
g̃Gµνσµν χ̃1 + Lkinetic

Parameters

mg̃

mχ̃1

σpp→g̃g̃ × Br



Gluino Reactions: Next Level of Complexity

1-Step Cascades

g̃

χ̃1χ̃±
1

q

q̄�

W±

Parameters

mg̃

mχ̃1

σpp→g̃g̃ × Br

mχ̃±
1



Gluino Reactions: Next Level of Complexity

1-Step Cascades

Simplifying assumptions

mχ̃±
1
= mχ̃1 + x(mg̃ −mχ̃1)

x = 0.25, 0.5, 0.75

Parameters

mg̃

mχ̃1

σpp→g̃g̃ × Br

mχ̃±
1



Gluino Reactions: One More Level of Complexity

2-Step Cascades
Parameters

mg̃

mχ̃1

σpp→g̃g̃ × Br

mχ̃±
1

mχ̃2

g̃

χ̃1χ̃±
1

q

q̄�

W±

χ̃2

Z0



Gluino Reactions: One More Level of Complexity

2-Step Cascades
Simplifying assumptions

mχ̃±
1
= mχ̃1 + x(mg̃ −mχ̃1)

mχ̃2 = mχ̃1 + x�(mχ̃±
1
−mχ̃1)

x = x� = 0.5

Parameters

mg̃

mχ̃1

σpp→g̃g̃ × Br

mχ̃±
1

mχ̃2



What are the limits set by ATLAS?
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Figure 2: Exclusion limits in the g̃ − χ̃0

1 mass plane for direct [top left] and one-step gluino decays with

the chargino mass parameter x = 1/4, 1/2 and 3/4 [top right, bottom left and bottom right respectively].

The colour scale shows the combined limit on the cross section times branching ratio (σ×BR) at the 95%

C.L from all five signal regions, determined using the result from the signal region providing the best

expected limit for each point. The expected and observed limits assuming the NLO cross section from

supersymmetric QCD and 100% branching fraction are shown as blue and red contours respectively.
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3-Body direct decay



What are the limits set by ATLAS?

1-Step Cascade (x=0.25)
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Figure 2: Exclusion limits in the g̃ − χ̃0

1 mass plane for direct [top left] and one-step gluino decays with

the chargino mass parameter x = 1/4, 1/2 and 3/4 [top right, bottom left and bottom right respectively].

The colour scale shows the combined limit on the cross section times branching ratio (σ×BR) at the 95%

C.L from all five signal regions, determined using the result from the signal region providing the best

expected limit for each point. The expected and observed limits assuming the NLO cross section from

supersymmetric QCD and 100% branching fraction are shown as blue and red contours respectively.
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on-shellW±



So Far

Used simplified models to parameterize
jets and missing energy searches

Sensitivity greatly reduced in non-standard BSM kinematics
e.g. cascades and compressed spectra

The way forward: Use simplified models to make
sure there are no holes in searches
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Figure 2: Exclusion limits in the g̃ − χ̃0

1 mass plane for direct [top left] and one-step gluino decays with

the chargino mass parameter x = 1/4, 1/2 and 3/4 [top right, bottom left and bottom right respectively].

The colour scale shows the combined limit on the cross section times branching ratio (σ×BR) at the 95%

C.L from all five signal regions, determined using the result from the signal region providing the best

expected limit for each point. The expected and observed limits assuming the NLO cross section from

supersymmetric QCD and 100% branching fraction are shown as blue and red contours respectively.
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Seems non-optimal!



• Simplified models

• Quantifying models

• From anomalies to discovery

Outline



Quantifying Visibility of a Model

Want to design analyses that 
cover all simplified models

Need some notion of how easy or difficult to see 
are different points in model space

Use this to find a robust search strategy
i.e. find search regions that are optimal for

challenging patches of model space



Efficacy tells us how effective a signal region is
relative to how well it is possible to do

Quantifying Visibility of a Model

Define “Efficacy”

E =
σi

σ0

σi is the cross section limit given by 
the ith search region in analysis

σ0 is the best cross section limit one could obtain

We want E >∼ 1



Quantifying Visibility of a Model
Suppose a search region is statistically limited

Then

E2 ∼ Lrequired

Lmin

So, say for 

Need to collect 9 times more data
than you’d have to

E = 3

Also important to keep Efficacy close to unity to 
minimize model prejudice



Strategy

E

Ecrit

Simplified Model Space

Cut 1 Cut 2

Find a set of search regions that cover
entire model space



Strategy: An Example

For Ecrit = 1.3

19

200 400 600 800
0

200

400

600

800

mg
� �GeV�

m
Χ
�GeV

�

200 400 600 800
0

200

400

600

800

mg
� �GeV�

m
Χ
�GeV

�

200 400 600 800
0

200

400

600

800

mg
� �GeV�

m
Χ
�GeV

�

200 400 600 800
0

200

400

600

800

mg
� �GeV�

m
Χ
�GeV

�

200 400 600 800
0

200

400

600

800

mg
� �GeV�

m
Χ
�GeV

�

200 400 600 800
0

200

400

600

800

mg
� �GeV�

m
Χ
�GeV

�

200 400 600 800
0

200

400

600

800

mg
� �GeV�

m
Χ
�GeV

�

200 400 600 800
0

200

400

600

800

mg
� �GeV�

m
Χ
�GeV

�

200 400 600 800
0

200

400

600

800

mg
� �GeV�

m
Χ
�GeV

�

200 400 600 800
0

200

400

600

800

mg
� �GeV�

m
Χ
�GeV

�

cut NAME ch MET (GeV) HT (GeV)

1 Dijet High MET 2+j > 500 > 750

2 Trijet High MET 3+j > 450 > 500

3 Multijet Low MET 4+j > 100 > 450

5 Multijet High HT 4+j > 150 > 950

6 Multijet Moderate MET 4+j > 250 > 300

7 Multijet High MET 4+j > 350 > 600
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FIG. 5: Minimal multiple search region on /ET and HT whose combined reach is within 30% of
optimal for all kinematical regions and decay topologies for the integrated luminosity range L =
10pb−1−1fb−1. The dark dots correspond to benchmark simplified models that are representative
of the full phase-space and can be used in optimizing searches, see Tab. 3.A-3.F.

Fig. 6 illustrates the complementarity of the multiple search regions and the limitations
of an isolated search region. It displays the HT distribution in the multijet channel for all
the dominant backgrounds and two signal points:

• mg̃ = 200 GeV, with a 25% branching ratio into the 1-step cascade decay mode with
r = 1/2 and mχ0 = 55 GeV and the remaining decays invisible,

• mg̃ = 800 GeV, with a 100% branching ratio into the 1-step cascade decay mode with
r = 1/2 and mχ0 = 55 GeV.

The Multijet Low MET search region would cut on HT around ∼ 450 GeV, making the
mg̃ = 200 GeV signal discoverable, but swamping the mg̃ = 800 GeV signal in backgrounds.
In order to make the latter signal visible, a hard HT cut, >∼ 1000 GeV, is required, as

6 search regions needed to cover space of simplified 
models, found by optimizing over every point



Benchmarks
Minimize effort needed to cover space of models

by using Benchmarks

Space of simplified models is dense
Nearby points have similar kinematics

Task: 
1. Find a small number of benchmarks, so that when optimizing
over these, you find a search that covers benchmarks with some 

efficacy
2. This search also covers the entire model space with

same efficacy



Strategy

6 search regions needed to cover space of simplified 
models
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FIG. 5: Minimal multiple search region on /ET and HT whose combined reach is within 30% of
optimal for all kinematical regions and decay topologies for the integrated luminosity range L =
10pb−1−1fb−1. The dark dots correspond to benchmark simplified models that are representative
of the full phase-space and can be used in optimizing searches, see Tab. 3.A-3.F.

Fig. 6 illustrates the complementarity of the multiple search regions and the limitations
of an isolated search region. It displays the HT distribution in the multijet channel for all
the dominant backgrounds and two signal points:

• mg̃ = 200 GeV, with a 25% branching ratio into the 1-step cascade decay mode with
r = 1/2 and mχ0 = 55 GeV and the remaining decays invisible,

• mg̃ = 800 GeV, with a 100% branching ratio into the 1-step cascade decay mode with
r = 1/2 and mχ0 = 55 GeV.

The Multijet Low MET search region would cut on HT around ∼ 450 GeV, making the
mg̃ = 200 GeV signal discoverable, but swamping the mg̃ = 800 GeV signal in backgrounds.
In order to make the latter signal visible, a hard HT cut, >∼ 1000 GeV, is required, as
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FIG. 5: Minimal multiple search region on /ET and HT whose combined reach is within 30% of
optimal for all kinematical regions and decay topologies for the integrated luminosity range L =
10pb−1−1fb−1. The dark dots correspond to benchmark simplified models that are representative
of the full phase-space and can be used in optimizing searches, see Tab. 3.A-3.F.

Fully studying any simplified model requires extensive Monte Carlo calculations of the

different signals. The primary concern of this article is to ensure that no signal is missed

and to motivate more thorough searches in jets and missing energy. Simulation of hypothet-

ical signals is computationally costly and minimizing Monte Carlo generation is desirable,

particularly for the experiments at the LHC where full detector simulations limit the size of

surveys of hypothetical signals. The search regions found here need to be reanalyzed by the

experimentalists to make sure that they do provide the coverage claimed and are not limited

by unforeseen backgrounds. In order to facilitate this process, a selection of a few dozen

benchmark simplified models is provided to ensure that sensitivity is not lost when tuning

searches. These benchmark simplified models are fully specified in App. B, Tabs. 3.A-3.F

and marked as dark dots in Fig. 5.



Strategy

Benchmark

1-Step Cascade (x=0.25)
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FIG. 5: Minimal multiple search region on /ET and HT whose combined reach is within 30% of
optimal for all kinematical regions and decay topologies for the integrated luminosity range L =
10pb−1−1fb−1. The dark dots correspond to benchmark simplified models that are representative
of the full phase-space and can be used in optimizing searches, see Tab. 3.A-3.F.

Fig. 6 illustrates the complementarity of the multiple search regions and the limitations
of an isolated search region. It displays the HT distribution in the multijet channel for all
the dominant backgrounds and two signal points:

• mg̃ = 200 GeV, with a 25% branching ratio into the 1-step cascade decay mode with
r = 1/2 and mχ0 = 55 GeV and the remaining decays invisible,

• mg̃ = 800 GeV, with a 100% branching ratio into the 1-step cascade decay mode with
r = 1/2 and mχ0 = 55 GeV.

The Multijet Low MET search region would cut on HT around ∼ 450 GeV, making the
mg̃ = 200 GeV signal discoverable, but swamping the mg̃ = 800 GeV signal in backgrounds.
In order to make the latter signal visible, a hard HT cut, >∼ 1000 GeV, is required, as
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FIG. 5: Minimal multiple search region on /ET and HT whose combined reach is within 30% of
optimal for all kinematical regions and decay topologies for the integrated luminosity range L =
10pb−1−1fb−1. The dark dots correspond to benchmark simplified models that are representative
of the full phase-space and can be used in optimizing searches, see Tab. 3.A-3.F.

Fully studying any simplified model requires extensive Monte Carlo calculations of the

different signals. The primary concern of this article is to ensure that no signal is missed

and to motivate more thorough searches in jets and missing energy. Simulation of hypothet-

ical signals is computationally costly and minimizing Monte Carlo generation is desirable,

particularly for the experiments at the LHC where full detector simulations limit the size of

surveys of hypothetical signals. The search regions found here need to be reanalyzed by the

experimentalists to make sure that they do provide the coverage claimed and are not limited

by unforeseen backgrounds. In order to facilitate this process, a selection of a few dozen

benchmark simplified models is provided to ensure that sensitivity is not lost when tuning

searches. These benchmark simplified models are fully specified in App. B, Tabs. 3.A-3.F

and marked as dark dots in Fig. 5.

For Ecrit = 1.3



Estimated Limit with 1 fb-1

1-Step Cascade (x=0.25)
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FIG. 9: Same as in Fig. 8 but with 1 fb−1 of integrated luminosity at
√

s = 7 TeV.

.

σpp→g̃g̃ = σNLO



So Far

Used simple notion of efficacy to quantify
coverage of models 

Showed example of finding a broad search strategy
that covers space of simplified models



• Simplified models

• Quantifying models

• From anomalies to discovery

Outline



Following Your Nose 

Suppose you see an anomaly in one channel

Can ask, what’s the minimal spectrum that explains the anomaly?

Add more layers of complexity as more channels
yield more information



Following Your Nose 

Let’s assume that CMS’ trilepton analysis was giving us
hints of new physics
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What does this “anomaly” tell us?

Total mass ∼ 600 GeV

Energy scale too high for
Electroweakino pair production

Need jets. In SUSY, 
squarks or gluinos?

Need to be consistent with
other null results. Easier to avoid

with squark



Following Your Nose 
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mq̃ > 800 GeV

Limit driven by        analysis looking for q̃ → q χαT



Following Your Nose 

g̃

q̃

W̃
χ

q̃ → qW̃

W̃ → V χ

This spectrum is OK with null results from other channels

Mass (GeV)

350

150

75

Need to suppress direct decays
How about an intermediate state?



Following Your Nose 
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Following Your Nose 

Which channels will show an “anomaly” next?
In this case, OSDL and SSDL

What can we do to improve sensitivity
in all-hadronic channels?

If hypothesis falls short, add more layers of complexity
(or consider different non-minimal spectrum)



Conclusions

Simplified models idea: Parameterize new physics
in terms of minimal spectra

Can be used to make sure there are no obvious holes in searches
Minimizes model prejudice

Important to make all of  model space as visible as possible

If anomalies present, can be used to build the
spectrum that fits. Would like to use

this to measure the Lagrangian parameters of model


