
Federico Ambrogi 
Seminar @ Univie, 16/10/2018

Recent Developments in Tools for 
                 Beyond the Standard Model 

                              Phenomenology Studies



Federico Ambrogi Seminar @ Univie - 16/10/20182

Introduction and Overview (1)

Need for Beyond the Standard Models (BSM) Theories: Dark Matter (DM) 

A Universe filled with DM: 
DM constitute more than 1/4 of the  
total energy budget of the universe

Experimental Searches 
- production of DM at colliders (e.g. 

proton proton collisions @ LHC) 
- DM annihilation in regions of DM high 

density and Cosmic Rays production 
- Scattering of DM particles onto heavy 

nuclei

Planck 2015 results. XIII. Cosmological parameters
arXiv:1502.01589  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Introduction and Overview (2)
• Many BSM theories can provide a DM candidate compatible with various 

astrophysical measurements 
• Many experimental searches try to catch traces of such elusive particles 
• The parameters space, often very large, of many BSM theories can be 

constrained by the same experimental data i.e. many BSM theories offer the 
same experimental signature

Idea of Re-interpretation Tools

Take the experimental results from the various experiments,  
and constrain alternative BSM scenarios 

in a systematic and automated way

Key aspect: Computing time vs Accuracy
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U.Laa, EPS 2017

Speed vs Accuracy: Different Approaches for Reinterpretation

I will discussed three different Tools: 
• Simplified model approach 

• ‘Full recast’ approach
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Typically results for Beyond Standard Model (BSM) searches are presented 
in terms of Simplified Models Spectra (SMS)

SUSY Results from the LHC Searches: Simplified Model Spectra (1)

…If an excess of such events is seen in LHC data, a theoretical framework in 
which to describe it will be essential to constraining the structure of the new 
physics. We propose a basis of four deliberately simplified models, each specified 
by only 2-3 masses and 4-5 branching ratios, for use in a first characterization of 
data.

arXiv:0810.3921

Completely described by: 

• mass spectrum 

• production cross section 

• decay branching ratio BR(g̃ ! �0
1tt̄) ⌘ 100%

�(pp ! g̃g̃) BR(g̃ ! �0
1tt̄) ⌘ 100%

�(pp ! g̃g̃) BR(g̃ ! �0
1tt̄) ⌘ 100% (mg̃,m�̃0

1
)
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Typically results for Beyond Standard Model (BSM) searches are presented in 
terms of Simplified Models Spectra (SMS)

ATLAS-SUSY-2013-09
Upper Limit (UL) Map Signal Efficiency Map (EM)

CMS-SUS-13-007

SUSY Results from the LHC Searches: Simplified Model Spectra (2)
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Typically results for Beyond Standard Model (BSM) searches are presented in 
terms of Simplified Models Spectra (SMS)

Signal Efficiency Map (EM)
CMS-SUS-13-007

SUSY Results from the LHC Searches: Simplified Model Spectra (3)

Definition of Efficiency  
(precisely: Acceptance x Efficiency)

It is the ratio of the events passing all the 
selection cuts of an analysis, divided by 
the total number of Monte Carlo event 

generated 

It measures the sensitivity of the analysis to 
a particular BSM signal
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26 Chapter 2. Phenomenology of Supersymmetry at the LHC

The right plot of Figure 2.6 represents the summary of the results for the T2tt simplified model
pp → t̃t̃, t̃ → tχ̃0

1; the dashed oblique lines separate the mass plane into three regions, depending
on the ∆(mt̃,mχ̃0

1
) mass gap, that might induce the stop to decay via off-shell tops, i.e. 3-body

decays (t̃ → bW χ̃0
1) or 4-body decays(t̃ → bW ∗χ̃0

1). Flavour changing neutral current mediated by
the neutralino can also favour the stop decay to a charm quark and the LSP. Each analysis often
targets a limited region of the mass plane. We see that stops can be excluded up to almost mt̃ =
800 GeV for a massless LSP; however, for lighter stops, a large part fo the mass plane cannot be
excluded, due to the mass compression of the stops with the LSP.
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Figure 2.6: Run 1 results for the CMS collaboration for the T1tttt(pp → g̃g̃, g̃ → tt̄χ̃0
1) and

T2tt(pp → t̃t̃, t̃ → tχ̃0
1) simplified models. The dashed lines indicate the kinematic region where

the SM tops are off-shell.

In Fig. 2.7 the production cross section for selected EW processes is shown (left), as well as the
summary of the EW searches for charginos, neutralinos and staus from the ATLAS collaboration[44]
(right). The highest reach in the exclusion for massless LSP is obtained by interpreting the searches
with cascade decays simplified models, in this case where the mass of the intermediate sparticle
is equal to the average of the mother and the LSP (i.e. calculated with the parameter x=0.50 ).
However some care should be taken when interpreting the results for such cascade decays simplified
models; in fact, contrary to the gluino and stops described above, where only two particles appear
in the SMS, in this case we have a third one, which assume a fixed value that depends on the
first two. The results are then projected onto a slice of the 3-dimensional mass parameter space of
the model. In general, by assuming a different relation to fix the intermediate mass, very different
limits and exclusions will be obtained. Also note that this mass relations are completely arbitrary,
and do not reflect the properties of the mass spectra of any realistic model. Whenever upper limits
or efficiencies for several mass combinations are available, one can interpolate to obtain the results
for arbitrary mass combinations. The interpolation procedure and its related uncertainty will be
extensively discussed in Section 3.2.4, in Chapter 5 and in Appendix F.

Figure 2.8 represents the summary of the results of the CMS searches, interpreted with simplified
models, for early 13 TeV (Run 2) CMS analyses, up to Moriond 2017 results, with the full dataset
available at the time (35.6 fb−1), with blue bars. Only a few results have been published after-
wards. A comparison with the preliminary results obtained with a smaller dataset (around 14 fb−1)
is also shown, with orange bars. Additional results, categorised by their production channels, can
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The right plot of Figure 2.6 represents the summary of the results for the T2tt simplified model
pp → t̃t̃, t̃ → tχ̃0

1; the dashed oblique lines separate the mass plane into three regions, depending
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1). Flavour changing neutral current mediated by
the neutralino can also favour the stop decay to a charm quark and the LSP. Each analysis often
targets a limited region of the mass plane. We see that stops can be excluded up to almost mt̃ =
800 GeV for a massless LSP; however, for lighter stops, a large part fo the mass plane cannot be
excluded, due to the mass compression of the stops with the LSP.
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Figure 2.6: Run 1 results for the CMS collaboration for the T1tttt(pp → g̃g̃, g̃ → tt̄χ̃0
1) and

T2tt(pp → t̃t̃, t̃ → tχ̃0
1) simplified models. The dashed lines indicate the kinematic region where

the SM tops are off-shell.

In Fig. 2.7 the production cross section for selected EW processes is shown (left), as well as the
summary of the EW searches for charginos, neutralinos and staus from the ATLAS collaboration[44]
(right). The highest reach in the exclusion for massless LSP is obtained by interpreting the searches
with cascade decays simplified models, in this case where the mass of the intermediate sparticle
is equal to the average of the mother and the LSP (i.e. calculated with the parameter x=0.50 ).
However some care should be taken when interpreting the results for such cascade decays simplified
models; in fact, contrary to the gluino and stops described above, where only two particles appear
in the SMS, in this case we have a third one, which assume a fixed value that depends on the
first two. The results are then projected onto a slice of the 3-dimensional mass parameter space of
the model. In general, by assuming a different relation to fix the intermediate mass, very different
limits and exclusions will be obtained. Also note that this mass relations are completely arbitrary,
and do not reflect the properties of the mass spectra of any realistic model. Whenever upper limits
or efficiencies for several mass combinations are available, one can interpolate to obtain the results
for arbitrary mass combinations. The interpolation procedure and its related uncertainty will be
extensively discussed in Section 3.2.4, in Chapter 5 and in Appendix F.

Figure 2.8 represents the summary of the results of the CMS searches, interpreted with simplified
models, for early 13 TeV (Run 2) CMS analyses, up to Moriond 2017 results, with the full dataset
available at the time (35.6 fb−1), with blue bars. Only a few results have been published after-
wards. A comparison with the preliminary results obtained with a smaller dataset (around 14 fb−1)
is also shown, with orange bars. Additional results, categorised by their production channels, can

SUSY Simplified Model Results (8 TeV)

Run 1 Total integrated luminosity ~ 20 fb-1

Gluinos excluded up to 1.4 TeV mass 
(under SMS assumptions)

Stops excluded up to 800 GeV mass 
(under SMS assumptions)
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Selected CMS SUSY Results* - SMS Interpretation Moriond '17 - ICHEP '16

 = 13TeVs
CMS Preliminary

-1L = 12.9 fb -1L = 35.9 fb

LSP m⋅+(1-x)Mother m⋅ = xIntermediatem
For decays with intermediate mass,

0 GeV unless stated otherwise  ≈ 
LSP

 Only a selection of available mass limits. Probe *up to* the quoted mass limit for  m
*Observed limits at 95% C.L. - theory uncertainties not included

SUSY Simplified Model Results (13 TeV)
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Recasting of the CMS-SUS-16-033  
analysis with MadAnalysis 5
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Principles of Analysis Recasting (1)

Recasting tools are a powerful instrument able to constrain 
generic BSM models using the results from LHC searches

• Searches for new physics at the LHC (e.g. SUSY, DM, long-lived particles, heavy 
resonances etc.) are sensitive to numerous different BSM models 

• Experimental Collaborations can provide results only for selected full/simplified 
models

CheckMATE, Rivet 
MadAnalysis 5

Basic ideas: 
- reproduce the flow (selection of events) of an analysis outside the experiments 
- calculate cross section UL for the model 
- compare experimental results with theory prediction and determine if the model 

is excluded/allowed
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Principles of Analysis Recasting (2)

The ‘slow’ way

Monte Carlo events generation  
(for BSM signals)

Detector simulation  
(ATLAS,CMS)

Analysis recast  
(extract the efficiency)

!!! Up to several hours for a 
single BSM point !!!

“Fast” ~10 min

Pro: 
- most accurate method, since it is based on full event simulation 
- based on standard Monte Carlo sample events: can be used with generic 

BSM model 
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Principles of Analysis Recasting (3)

The ‘slow’ way
Analysis recast  

(extract the efficiency)

MadAnalysis 5 Physics Analyses Database (PAD)
https://madanalysis.irmp.ucl.ac.be/wiki/PublicAnalysisDatabase

https://madanalysis.irmp.ucl.ac.be/wiki/PublicAnalysisDatabase
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Example: Validation of CMS-SUS-16-033

arXiv:1704.07781 

http://cms-results.web.cern.ch/cms-results/public-results/publications/
SUS-16-033/

From the analysis description to the implementation

http://arxiv.org/abs/1704.07781
http://cms-results.web.cern.ch/cms-results/public-results/publications/SUS-16-033/
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Example: Validation of CMS-SUS-16-033

arXiv:1704.07781 

http://cms-results.web.cern.ch/cms-results/public-results/publications/
SUS-16-033/

From the analysis description to the implementation

Next Step: 
Validation of the code

http://arxiv.org/abs/1704.07781
http://cms-results.web.cern.ch/cms-results/public-results/publications/SUS-16-033/
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140 Appendix A. Txnames Description

Squarks Simplified Models T2xx , T6xx
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T2=(700,400) T2=(1000,100)

Absolute Relative Absolute Relative

Cut MA5 CMS Diff(%) MA5 CMS MA5 CMS Diff(%) MA5 CMS

njet ≥2 96.18 98.00 1.86 -3.82 158.58 97.82 98.90 1.09 -2.18 45.66

HT >300 87.85 91.30 3.78 -8.66 -6.84 97.12 98.60 1.50 -0.72 -0.30

/HT >300 43.63 43.80 0.39 -50.34 -52.03 79.16 80.00 1.04 -18.49 -18.86

NoIsoMuons 43.63 43.80 0.39 0.00 0.00 79.16 79.90 0.92 -0.00 -0.12

NoMuonsTracks 43.61 43.70 0.20 -0.04 -0.23 79.14 79.80 0.82 -0.03 -0.13

NoIsoElectrons 43.61 43.50 -0.26 0.00 -0.46 79.14 79.60 0.57 0.00 -0.25

NoElectronsTracks 43.59 43.40 -0.45 -0.05 -0.23 79.12 79.30 0.23 -0.03 -0.38

NoIsoTracks 43.44 43.00 -1.03 -0.35 -0.92 78.96 78.70 -0.33 -0.20 -0.76

∆φ( /HT ,j1)>0.5 43.41 42.90 -1.19 -0.07 -0.23 78.89 78.60 -0.36 -0.09 -0.13

∆φ( /HT ,j2)>0.5 40.97 41.10 0.32 -5.62 -4.20 73.58 74.50 1.24 -6.73 -5.22

∆φ( /HT ,j3)>0.3 39.57 39.60 0.08 -3.41 -3.65 70.24 70.60 0.50 -4.53 -5.23

∆φ( /HT ,j4)>0.3 38.46 37.90 -1.46 -2.82 -4.29 67.65 67.90 0.36 -3.69 -3.82

Table 3.2: Pre-selection cutflow for the T2 simplified model.

T2tt=(300,200) T2tt=(700,50)

Absolute Relative Absolute Relative

Cut MA5 CMS Diff(%) MA5 CMS MA5 CMS Diff(%) MA5 CMS

njet ≥2 72.96 86.90 16.05 -27.04 11804.11 98.90 99.80 0.90 -1.10 213.84

HT >300 15.71 23.30 32.58 -78.47 -73.19 92.30 96.40 4.25 -6.67 -3.41

/HT >300 3.34 2.84 -17.64 -78.73 -87.81 54.13 57.80 6.35 -41.36 -40.04

NoIsoMuons 2.69 2.16 -24.38 -19.58 -23.94 48.16 46.60 -3.35 -11.02 -19.38

NoMuonsTracks 2.61 2.10 -24.17 -2.94 -2.78 47.74 46.10 -3.55 -0.88 -1.07

NoIsoElectrons 2.17 1.60 -35.65 -16.77 -23.81 43.32 37.40 -15.82 -9.26 -18.87

NoElectronsTracks 2.07 1.52 -36.13 -4.66 -5.00 42.78 36.90 -15.94 -1.23 -1.34

NoIsoTracks 1.97 1.41 -39.88 -4.68 -7.24 42.16 35.80 -17.77 -1.45 -2.98

∆φ( /HT ,j1)>0.5 1.97 1.40 -40.58 -0.21 -0.71 42.03 35.70 -17.74 -0.30 -0.28

∆φ( /HT ,j2)>0.5 1.40 1.03 -36.04 -28.80 -26.43 40.03 34.00 -17.73 -4.77 -4.76

∆φ( /HT ,j3)>0.3 1.15 0.85 -35.35 -17.89 -17.48 38.77 33.10 -17.13 -3.14 -2.65

∆φ( /HT ,j4)>0.3 1.06 0.73 -45.34 -7.78 -14.12 35.45 31.80 -11.48 -8.56 -3.93

Table 3.3: Pre-selection cutflow for the T2tt simplified model.
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/HT >300 3.34 2.84 -17.64 -78.73 -87.81 54.13 57.80 6.35 -41.36 -40.04

NoIsoMuons 2.69 2.16 -24.38 -19.58 -23.94 48.16 46.60 -3.35 -11.02 -19.38

NoMuonsTracks 2.61 2.10 -24.17 -2.94 -2.78 47.74 46.10 -3.55 -0.88 -1.07

NoIsoElectrons 2.17 1.60 -35.65 -16.77 -23.81 43.32 37.40 -15.82 -9.26 -18.87

NoElectronsTracks 2.07 1.52 -36.13 -4.66 -5.00 42.78 36.90 -15.94 -1.23 -1.34

NoIsoTracks 1.97 1.41 -39.88 -4.68 -7.24 42.16 35.80 -17.77 -1.45 -2.98

∆φ( /HT ,j1)>0.5 1.97 1.40 -40.58 -0.21 -0.71 42.03 35.70 -17.74 -0.30 -0.28

∆φ( /HT ,j2)>0.5 1.40 1.03 -36.04 -28.80 -26.43 40.03 34.00 -17.73 -4.77 -4.76

∆φ( /HT ,j3)>0.3 1.15 0.85 -35.35 -17.89 -17.48 38.77 33.10 -17.13 -3.14 -2.65

∆φ( /HT ,j4)>0.3 1.06 0.73 -45.34 -7.78 -14.12 35.45 31.80 -11.48 -8.56 -3.93

Table 3.3: Pre-selection cutflow for the T2tt simplified model.
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Squarks Simplified Models T2xx , T6xx
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g̃ q̃ �̃0

1

g̃ q̃ �̃0
1

g̃ q̃ �̃0
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1
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g̃ q̃ �̃0

1

g̃
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1
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g̃

g̃
g̃ q̃ �̃0
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1
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where only the ‘tight signal jets’ with pT > 30 GeV and |η| < 2.4 are used.

The variable /HT on the other hand considers the jets momenta’s vectorial sum

/HT = | /⃗HT | =

∣∣∣∣∣∣

∑

jets(pT>30)

p⃗T

∣∣∣∣∣∣
(3.6)

for jets with |η| < 5.0 .

Events with isolated leptons (electrons or muons) are rejected; the radius of the isolation cones
depends on the pT of the lepton considered. The isolation requirements are imposed to discriminate
true leptons originating from the decay of hadrons and jets that are erroneously identified as leptons.
For each lepton, an isolation variable Il is defined as:

Il =

∑
∆R pT (h, c) + pT (h, n) + pT (γ)

pT (l)

where the sum at the numerator includes the scalar pT of the charged (h,c) and neutral (h,n)
hadrons and the photons, divided by the transverse momentum of the considered lepton pT (l).
The sum is performed over all the objects included in a radius

∆R =
√

(∆φ)2 + (∆η)2

arund the lepton direction. The size of the radius considered depends on the lepton momentum,
accounting for an increase in the collimation of the decay product depending on the Lorentz boost
of the mother particle:

• ∆R ≤ 0.2 for pT < 50 GeV ;

• ∆R ≤ (10 GeV /pT ) for 50 ≤ pT ≤ 200 GeV ;

• ∆R ≤ 0.05 for pT > 200 GeV.

Electrons and muons are considered isolated if Ie <0.2 and Iµ <0.1, respectively.

The analysis also vetoes isolated tracks, with again isolation requirements depending on the type
and momentum of tracks being considered. In particular, the isolation requirement is applied to
tracks with a transverse momentum exceeding 5 GeV, and a the transverse mass mT (E⃗miss

T , p⃗T (track))
below 100 GeV to eliminate tracks compatible with the decay of a W boson. The isolation variable
calculated for a track of transverse momentum pT is:

Itrack =

∑
∆R≤0.3 |pT (all tracks)|

pT

and the isolation must satisfy:

• Itrack,electron < 0.2;

• Itrack,muon < 0.2;

• Itrack,other < 0.1;
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the results of the implementation (see e.g. [66, 67]). An analysis is considered validated if, in
general, the recasting procedure can reproduce the results provided by the experimental collabora-
tions within 20% discrepancy. Among the results, cutflow tables (reporting the number of events
surviving after applying a specific cut), kinematic distributions for the most significant variables,
efficiency maps and cross section upper limits are often provided.

Reaching the desired 20% level of accuracy is, at times, impossible, mainly due to the lack of suf-
ficient information of the experimental analyses, regarding for example the selection efficiencies of
objects, or details regarding the generation of Monte Carlo samples. The validation note serves as a
guideline for the user to decide if the level of accuracy of the recast results are sufficient for his/her
intentions, and eventually highlight which step of the analysis implementation is problematic. By
recasting the analyses included in the PAD, the user can confront the prediction of his/her model
with the current experimental limits from the LHC.

The extension of the PAD with a new 13 TeV search from CMS will be the centre of the following
discussion.

3.1.4 Implementation and Validation of CMS-SUS-16-033 in MadAnalysis 5

This Section focusses on the implementation and validation of the analysis CMS-SUS-16-033[68].
There are three main reasons that made the recasting of this analysis quite interesting among all
the available published by the ATLAS and CMS collaborations. First, as it will be thoroughly
explained in Chapter, searches for coloured SUSY particles in the generic hadronic final state (also
called inclusive searches) can provide strong constraints on full models like the MSSM. The second
reason is the availability of the covariance matrix, which enables tools like SModelS v1.1.3 to
combine the contributions of the signal in different signal regions; more constraining limits, with
respect to the usage of a single signal region, can thus be obtained. Third, the analysis is well
documented and provides extensive validation material.

3.1.4.1 Analysis Description

The analysis CMS-SUS-16-033[68] searches for SUSY particles in the ‘all hadronic’ final state, a
generic description that will be used for SUSY analyses searching for events with large hadronic ac-
tivity, a high jets multiplicity and veto the presence of isolated leptons. The search was performed
using data collected with proton-proton collisions at a center-of-mass energy of 13 TeV, with a total
integrated luminosity of 35.9 fb−1.
All the information used for the recasting and the validation is available in the official wiki page of
the analysis2.

The search is performed using four main variables: the light flavour and b-tagged jets multiplicity,
the hadronic transverse energy (HT ) and the missing transverse energy ( /HT ). The variable HT is
defined as the scalar sum of the pT of the signal jets:

HT =
∑

jets(pT>30)

|p⃗T | (3.5)

2http://cms-results.web.cern.ch/cms-results/public-results/publications/SUS-16-033/index.html
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Figure 3.2: Validation of the kinematic distributions of the MadAnalysis 5 implementation of
the analysis CMS-SUS-16-033 for the T2 model.

Figure 3.3: Validation of the kinematic distributions of the MadAnalysis 5 implementation of
the analysis CMS-SUS-16-033 for the T2tt model. See the text for the discussion regarding the

large discrepancy for the compressed point (mt̃,mχ̃0
1
)=(300,200).
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g̃ q̃ �̃0
1

g̃ q̃ �̃0
1

Z W

Z W

T6ZZbb: [[[‘Z’,‘b’]],[[‘Z’,‘b’]]]

g̃ q̃ �̃0
1

g̃ q̃ �̃0
1

Z W

Z W

�̃0
2

T6bbZZ: [[[‘b’,‘Z’]],[[‘b’,‘Z’]]]

T6WWtt: [[[‘W’,‘t’]],[[‘W’,‘t’]]]

Z W

Z W

t̃

t̃

�̃±
1

�̃±
1

T6ttWW: [[[‘t’,’W’]],[[‘t’,’W’]]]

g̃ q̃ �̃0
1

g̃ q̃ �̃0
1

�̃0
2

g̃ q̃ �̃0
1

g̃ q̃ �̃0
1

b̃ b̃1 b̃2

b̃ b̃1 b̃2

b̃ b̃1 b̃2

b̃ b̃1 b̃2

b̃ b̃1 b̃2

b̃ b̃1 b̃2

b̃ b̃1 b̃2

b̃ b̃1 b̃2

b̃ b̃1 b̃2

b̃ b̃1 b̃2

b̃ b̃1 b̃2

b̃ b̃1 b̃2

b̃ b̃1 b̃2

b̃ b̃1 b̃2

b̃ b̃1 b̃2

b̃ b̃1 b̃2

t̃

t̃

t̃

t̃

b̃ b̃1 b̃2

b̃ b̃1 b̃2

Z W

Z W

Stop Production

g̃ q̃ �̃0
1

g̃ q̃ �̃0
1

T2tt: [[[‘t’]],[[‘t’]]]

t̃

t̃

t̃

t̃

g̃ q̃ �̃0
1

g̃ q̃ �̃0
1�̃0

2 t̃2 t̃1

�̃0
2 t̃2 t̃1

Z W

�̃0
2 t̃2 t̃1

�̃0
2 t̃2 t̃1

t̃

Z W t̃

T6ZZtt: [[[‘Z’,’t’]],[[‘Z’,’t’]]]

g̃ q̃ �̃0
1

g̃ q̃ �̃0
1

Z Wt̃

�̃0
2 t̃2 t̃1

�̃0
2 t̃2 t̃1

Z Wt̃

�̃0
2

T6ttZZ: [[[‘t’,‘Z’]],[[‘t’,‘Z’]]]

T6WWbb: [[[‘W’,’b’]],[[‘W’,’b’]]]

b̃ b̃1 b̃2

Z W b̃ b̃1 b̃2

Z W b̃ b̃1 b̃2

t̃

t̃ b̃ b̃1 b̃2

b̃ b̃1 b̃2

t̃

t̃

b̃ b̃1 b̃2

�̃±
1

�̃±
1

T6bbWW: [[[‘b’,’W’]],[[‘b’,’W’]]]

g̃ q̃ �̃0
1

g̃ q̃ �̃0
1

�̃0
2

g̃ q̃ �̃0
1

g̃ q̃ �̃0
1

Z W

Z W

Stop Production

g̃ q̃ �̃0
1

g̃ q̃ �̃0
1

T2tt: [[[‘t’]],[[‘t’]]]

t̃

t̃

t̃

t̃

g̃ q̃ �̃0
1

g̃ q̃ �̃0
1�̃0

2 t̃2 t̃1

�̃0
2 t̃2 t̃1

Z W

�̃0
2 t̃2 t̃1

�̃0
2 t̃2 t̃1

t̃

Z W t̃

T6ZZtt: [[[‘Z’,’t’]],[[‘Z’,’t’]]]

g̃ q̃ �̃0
1

g̃ q̃ �̃0
1

Z Wt̃

�̃0
2 t̃2 t̃1

�̃0
2 t̃2 t̃1

Z Wt̃

�̃0
2

T6ttZZ: [[[‘t’,‘Z’]],[[‘t’,‘Z’]]]

T6WWbb: [[[‘W’,’b’]],[[‘W’,’b’]]]

b̃ b̃1 b̃2

Z W b̃ b̃1 b̃2

Z W b̃ b̃1 b̃2

t̃

t̃ b̃ b̃1 b̃2

b̃ b̃1 b̃2

t̃

t̃

b̃ b̃1 b̃2

�̃±
1

�̃±
1

T6bbWW: [[[‘b’,’W’]],[[‘b’,’W’]]]

g̃ q̃ �̃0
1

g̃ q̃ �̃0
1

�̃0
2

g̃ q̃ �̃0
1

g̃ q̃ �̃0
1

Z W

Z W

Sbottom Production

g̃ q̃ �̃0
1

g̃ q̃ �̃0
1

T2bb: [[[‘b’]],[[‘b’]]]

g̃ q̃ �̃0
1

g̃ q̃ �̃0
1

Z W

Z W

T6ZZbb: [[[‘Z’,‘b’]],[[‘Z’,‘b’]]]

g̃ q̃ �̃0
1

g̃ q̃ �̃0
1

Z W

Z W

�̃0
2

T6bbZZ: [[[‘b’,‘Z’]],[[‘b’,‘Z’]]]

T6WWtt: [[[‘W’,‘t’]],[[‘W’,‘t’]]]

Z W

Z W

t̃

t̃

�̃±
1

�̃±
1

T6ttWW: [[[‘t’,’W’]],[[‘t’,’W’]]]

g̃ q̃ �̃0
1

g̃ q̃ �̃0
1

�̃0
2

g̃ q̃ �̃0
1

g̃ q̃ �̃0
1

b̃ b̃1 b̃2

b̃ b̃1 b̃2

b̃ b̃1 b̃2

b̃ b̃1 b̃2

b̃ b̃1 b̃2

b̃ b̃1 b̃2

b̃ b̃1 b̃2

b̃ b̃1 b̃2

b̃ b̃1 b̃2

b̃ b̃1 b̃2

b̃ b̃1 b̃2

b̃ b̃1 b̃2

b̃ b̃1 b̃2

b̃ b̃1 b̃2

b̃ b̃1 b̃2

b̃ b̃1 b̃2

t̃

t̃

t̃

t̃

b̃ b̃1 b̃2

b̃ b̃1 b̃2

Z W

Z W

Stop Production

g̃ q̃ �̃0
1

g̃ q̃ �̃0
1

T2tt: [[[‘t’]],[[‘t’]]]

t̃

t̃

t̃

t̃

g̃ q̃ �̃0
1

g̃ q̃ �̃0
1�̃0

2 t̃2 t̃1

�̃0
2 t̃2 t̃1

Z W

�̃0
2 t̃2 t̃1

�̃0
2 t̃2 t̃1

t̃

Z W t̃

T6ZZtt: [[[‘Z’,’t’]],[[‘Z’,’t’]]]

g̃ q̃ �̃0
1

g̃ q̃ �̃0
1

Z Wt̃

�̃0
2 t̃2 t̃1

�̃0
2 t̃2 t̃1

Z Wt̃

�̃0
2

T6ttZZ: [[[‘t’,‘Z’]],[[‘t’,‘Z’]]]

T6WWbb: [[[‘W’,’b’]],[[‘W’,’b’]]]

b̃ b̃1 b̃2

Z W b̃ b̃1 b̃2

Z W b̃ b̃1 b̃2

t̃

t̃ b̃ b̃1 b̃2

b̃ b̃1 b̃2

t̃

t̃

b̃ b̃1 b̃2

�̃±
1

�̃±
1

T6bbWW: [[[‘b’,’W’]],[[‘b’,’W’]]]

g̃ q̃ �̃0
1

g̃ q̃ �̃0
1

�̃0
2

g̃ q̃ �̃0
1

g̃ q̃ �̃0
1

Z W

Z W

Sbottom Production

g̃ q̃ �̃0
1

g̃ q̃ �̃0
1

T2bb: [[[‘b’]],[[‘b’]]]

g̃ q̃ �̃0
1

g̃ q̃ �̃0
1

Z W

Z W

T6ZZbb: [[[‘Z’,‘b’]],[[‘Z’,‘b’]]]

g̃ q̃ �̃0
1

g̃ q̃ �̃0
1

Z W

Z W

�̃0
2

T6bbZZ: [[[‘b’,‘Z’]],[[‘b’,‘Z’]]]

T6WWtt: [[[‘W’,‘t’]],[[‘W’,‘t’]]]

Z W

Z W

t̃

t̃

�̃±
1

�̃±
1

T6ttWW: [[[‘t’,’W’]],[[‘t’,’W’]]]

g̃ q̃ �̃0
1

g̃ q̃ �̃0
1

�̃0
2

g̃ q̃ �̃0
1

g̃ q̃ �̃0
1

b̃ b̃1 b̃2

b̃ b̃1 b̃2

b̃ b̃1 b̃2

b̃ b̃1 b̃2

b̃ b̃1 b̃2

b̃ b̃1 b̃2

b̃ b̃1 b̃2

b̃ b̃1 b̃2

b̃ b̃1 b̃2

b̃ b̃1 b̃2

b̃ b̃1 b̃2

b̃ b̃1 b̃2

b̃ b̃1 b̃2

b̃ b̃1 b̃2

b̃ b̃1 b̃2

b̃ b̃1 b̃2

t̃

t̃

t̃

t̃

b̃ b̃1 b̃2

b̃ b̃1 b̃2

Z W

Z W

Stop Production

g̃ q̃ �̃0
1

g̃ q̃ �̃0
1

T2tt: [[[‘t’]],[[‘t’]]]

t̃

t̃

t̃

t̃

g̃ q̃ �̃0
1

g̃ q̃ �̃0
1�̃0

2 t̃2 t̃1

�̃0
2 t̃2 t̃1

Z W

�̃0
2 t̃2 t̃1

�̃0
2 t̃2 t̃1

t̃

Z W t̃

T6ZZtt: [[[‘Z’,’t’]],[[‘Z’,’t’]]]

g̃ q̃ �̃0
1

g̃ q̃ �̃0
1

Z Wt̃

�̃0
2 t̃2 t̃1

�̃0
2 t̃2 t̃1

Z Wt̃

�̃0
2

T6ttZZ: [[[‘t’,‘Z’]],[[‘t’,‘Z’]]]

T6WWbb: [[[‘W’,’b’]],[[‘W’,’b’]]]

b̃ b̃1 b̃2

Z W b̃ b̃1 b̃2

Z W b̃ b̃1 b̃2

t̃

t̃ b̃ b̃1 b̃2

b̃ b̃1 b̃2

t̃

t̃

b̃ b̃1 b̃2

�̃±
1

�̃±
1

T6bbWW: [[[‘b’,’W’]],[[‘b’,’W’]]]

g̃ q̃ �̃0
1

g̃ q̃ �̃0
1

�̃0
2

g̃ q̃ �̃0
1

g̃ q̃ �̃0
1

Z W

Z W

Sbottom Production

g̃ q̃ �̃0
1

g̃ q̃ �̃0
1

T2bb: [[[‘b’]],[[‘b’]]]

g̃ q̃ �̃0
1

g̃ q̃ �̃0
1

Z W

Z W

T6ZZbb: [[[‘Z’,‘b’]],[[‘Z’,‘b’]]]

g̃ q̃ �̃0
1

g̃ q̃ �̃0
1

Z W

Z W

�̃0
2

T6bbZZ: [[[‘b’,‘Z’]],[[‘b’,‘Z’]]]

T6WWtt: [[[‘W’,‘t’]],[[‘W’,‘t’]]]

Z W

Z W

t̃

t̃

�̃±
1

�̃±
1

T6ttWW: [[[‘t’,’W’]],[[‘t’,’W’]]]

g̃ q̃ �̃0
1

g̃ q̃ �̃0
1

�̃0
2

g̃ q̃ �̃0
1

g̃ q̃ �̃0
1

b̃ b̃1 b̃2

b̃ b̃1 b̃2

b̃ b̃1 b̃2

b̃ b̃1 b̃2

b̃ b̃1 b̃2

b̃ b̃1 b̃2

b̃ b̃1 b̃2

b̃ b̃1 b̃2

b̃ b̃1 b̃2

b̃ b̃1 b̃2

b̃ b̃1 b̃2

b̃ b̃1 b̃2

b̃ b̃1 b̃2

b̃ b̃1 b̃2

b̃ b̃1 b̃2

b̃ b̃1 b̃2

t̃

t̃

t̃

t̃

b̃ b̃1 b̃2

b̃ b̃1 b̃2

Z W

Z W
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Squarks Simplified Models T2xx , T6xx

g̃

g̃
g̃ q̃ �̃0

1

g̃ q̃ �̃0
1

g̃ q̃ �̃0
1

g̃ q̃ �̃0
1

g̃ q̃ �̃0
1g̃ q̃ �̃0

1

g̃ q̃ �̃0
1g̃ q̃ �̃0

1

g̃

g̃ q̃ �̃0
1

g̃ q̃ �̃0
1

g̃ q̃ �̃0
1

g̃ q̃ �̃0
1g̃ q̃ �̃0

1

g̃ q̃ �̃0
1

g̃ q̃ �̃0
1

g̃ q̃ �̃0
1

g̃ q̃ �̃0
1

g̃

g̃ q̃ �̃0
1

g̃
g̃ q̃ �̃0

1

g̃

T5:[[[‘jet’]],[‘jet’]],[[‘jet’]],[‘jet’]]] T3GQon: [[[‘jet’]],[‘jet’]], [[‘jet’]]] T3GonQ: [[[‘jet’]],[[‘jet’], [‘jet’]]]

g̃ q̃ �̃0
1

g̃ q̃ �̃0
1

g̃ q̃ �̃0
1

g̃ q̃ �̃0
1

g̃ q̃ �̃0
1

g̃ q̃ �̃0
1̃g q̃ �̃0

1

T2qq: [[[‘jet’]],[[‘jet’]]] T2gg: [[[‘jet’]],[[‘jet’]]]

g̃

g̃
g̃ q̃ �̃0

1

g̃ q̃ �̃0
1

g̃

g̃

Sbottom Production

g̃ q̃ �̃0
1

g̃ q̃ �̃0
1

T2bb: [[[‘b’]],[[‘b’]]]

g̃ q̃ �̃0
1

g̃ q̃ �̃0
1

Z W

Z W

T6ZZbb: [[[‘Z’,‘b’]],[[‘Z’,‘b’]]]

g̃ q̃ �̃0
1

g̃ q̃ �̃0
1

Z W

Z W

�̃0
2

T6bbZZ: [[[‘b’,‘Z’]],[[‘b’,‘Z’]]]

T6WWtt: [[[‘W’,‘t’]],[[‘W’,‘t’]]]

Z W

Z W

t̃

t̃

�̃±
1

�̃±
1

T6ttWW: [[[‘t’,’W’]],[[‘t’,’W’]]]

g̃ q̃ �̃0
1

g̃ q̃ �̃0
1

�̃0
2

g̃ q̃ �̃0
1

g̃ q̃ �̃0
1

b̃ b̃1 b̃2

b̃ b̃1 b̃2

b̃ b̃1 b̃2

b̃ b̃1 b̃2

b̃ b̃1 b̃2

b̃ b̃1 b̃2

b̃ b̃1 b̃2

b̃ b̃1 b̃2

b̃ b̃1 b̃2

b̃ b̃1 b̃2

b̃ b̃1 b̃2

b̃ b̃1 b̃2

b̃ b̃1 b̃2

b̃ b̃1 b̃2

b̃ b̃1 b̃2

b̃ b̃1 b̃2

t̃

t̃

t̃

t̃

b̃ b̃1 b̃2

b̃ b̃1 b̃2

Z W

Z W

Stop Production

g̃ q̃ �̃0
1

g̃ q̃ �̃0
1

T2tt: [[[‘t’]],[[‘t’]]]

t̃

t̃

t̃

t̃

g̃ q̃ �̃0
1

g̃ q̃ �̃0
1�̃0

2 t̃2 t̃1

�̃0
2 t̃2 t̃1

Z W

�̃0
2 t̃2 t̃1

�̃0
2 t̃2 t̃1

t̃

Z W t̃

T6ZZtt: [[[‘Z’,’t’]],[[‘Z’,’t’]]]

g̃ q̃ �̃0
1

g̃ q̃ �̃0
1

Z Wt̃

�̃0
2 t̃2 t̃1

�̃0
2 t̃2 t̃1

Z Wt̃

�̃0
2

T6ttZZ: [[[‘t’,‘Z’]],[[‘t’,‘Z’]]]

T6WWbb: [[[‘W’,’b’]],[[‘W’,’b’]]]

b̃ b̃1 b̃2

Z W b̃ b̃1 b̃2

Z W b̃ b̃1 b̃2

t̃

t̃ b̃ b̃1 b̃2

b̃ b̃1 b̃2

t̃

t̃

b̃ b̃1 b̃2

�̃±
1

�̃±
1

T6bbWW: [[[‘b’,’W’]],[[‘b’,’W’]]]

g̃ q̃ �̃0
1

g̃ q̃ �̃0
1

�̃0
2

g̃ q̃ �̃0
1

g̃ q̃ �̃0
1

Z W

Z W

Stop Production

g̃ q̃ �̃0
1

g̃ q̃ �̃0
1

T2tt: [[[‘t’]],[[‘t’]]]

t̃

t̃

t̃

t̃

g̃ q̃ �̃0
1

g̃ q̃ �̃0
1�̃0

2 t̃2 t̃1

�̃0
2 t̃2 t̃1

Z W

�̃0
2 t̃2 t̃1

�̃0
2 t̃2 t̃1

t̃

Z W t̃

T6ZZtt: [[[‘Z’,’t’]],[[‘Z’,’t’]]]

g̃ q̃ �̃0
1

g̃ q̃ �̃0
1

Z Wt̃

�̃0
2 t̃2 t̃1

�̃0
2 t̃2 t̃1

Z Wt̃

�̃0
2

T6ttZZ: [[[‘t’,‘Z’]],[[‘t’,‘Z’]]]

T6WWbb: [[[‘W’,’b’]],[[‘W’,’b’]]]

b̃ b̃1 b̃2

Z W b̃ b̃1 b̃2

Z W b̃ b̃1 b̃2

t̃

t̃ b̃ b̃1 b̃2

b̃ b̃1 b̃2

t̃

t̃

b̃ b̃1 b̃2

�̃±
1

�̃±
1

T6bbWW: [[[‘b’,’W’]],[[‘b’,’W’]]]

g̃ q̃ �̃0
1

g̃ q̃ �̃0
1

�̃0
2

g̃ q̃ �̃0
1

g̃ q̃ �̃0
1

Z W

Z W

Sbottom Production

g̃ q̃ �̃0
1

g̃ q̃ �̃0
1

T2bb: [[[‘b’]],[[‘b’]]]

g̃ q̃ �̃0
1

g̃ q̃ �̃0
1

Z W

Z W

T6ZZbb: [[[‘Z’,‘b’]],[[‘Z’,‘b’]]]

g̃ q̃ �̃0
1

g̃ q̃ �̃0
1

Z W

Z W

�̃0
2

T6bbZZ: [[[‘b’,‘Z’]],[[‘b’,‘Z’]]]

T6WWtt: [[[‘W’,‘t’]],[[‘W’,‘t’]]]

Z W

Z W

t̃

t̃

�̃±
1

�̃±
1

T6ttWW: [[[‘t’,’W’]],[[‘t’,’W’]]]

g̃ q̃ �̃0
1

g̃ q̃ �̃0
1

�̃0
2

g̃ q̃ �̃0
1

g̃ q̃ �̃0
1

b̃ b̃1 b̃2

b̃ b̃1 b̃2

b̃ b̃1 b̃2

b̃ b̃1 b̃2

b̃ b̃1 b̃2

b̃ b̃1 b̃2

b̃ b̃1 b̃2

b̃ b̃1 b̃2

b̃ b̃1 b̃2

b̃ b̃1 b̃2

b̃ b̃1 b̃2

b̃ b̃1 b̃2

b̃ b̃1 b̃2

b̃ b̃1 b̃2

b̃ b̃1 b̃2

b̃ b̃1 b̃2

t̃

t̃

t̃

t̃

b̃ b̃1 b̃2

b̃ b̃1 b̃2

Z W

Z W

Stop Production

g̃ q̃ �̃0
1

g̃ q̃ �̃0
1

T2tt: [[[‘t’]],[[‘t’]]]

t̃

t̃

t̃

t̃

g̃ q̃ �̃0
1

g̃ q̃ �̃0
1�̃0

2 t̃2 t̃1

�̃0
2 t̃2 t̃1

Z W

�̃0
2 t̃2 t̃1

�̃0
2 t̃2 t̃1

t̃

Z W t̃

T6ZZtt: [[[‘Z’,’t’]],[[‘Z’,’t’]]]

g̃ q̃ �̃0
1

g̃ q̃ �̃0
1

Z Wt̃

�̃0
2 t̃2 t̃1

�̃0
2 t̃2 t̃1

Z Wt̃

�̃0
2

T6ttZZ: [[[‘t’,‘Z’]],[[‘t’,‘Z’]]]

T6WWbb: [[[‘W’,’b’]],[[‘W’,’b’]]]

b̃ b̃1 b̃2

Z W b̃ b̃1 b̃2

Z W b̃ b̃1 b̃2

t̃

t̃ b̃ b̃1 b̃2

b̃ b̃1 b̃2

t̃

t̃

b̃ b̃1 b̃2

�̃±
1

�̃±
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On the Validation

• An analysis is considered validated if MA5 results are compatible within ~20/30 
% wrt official results 

• Implementing the code is easy if the selection cuts are properly described in the 
paper 

• Very important: description of the object selection efficiency (at the detector 
simulation or at the analysis level, e.g. b-tagging efficiency) 

• Different Monte Carlo production settings might play a big role

Example: b-jet misidentification
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Making Systematic Use of  
Simplified Models Results from the LHC 

Searches with SModelS
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Making Systematic Use of Simplified Model Results

Basic Idea: use the simplified models results from the ATLAS and CMS 
collaboration, to constrain generic BSM model

26 Chapter 2. Phenomenology of Supersymmetry at the LHC

The right plot of Figure 2.6 represents the summary of the results for the T2tt simplified model
pp → t̃t̃, t̃ → tχ̃0

1; the dashed oblique lines separate the mass plane into three regions, depending
on the ∆(mt̃,mχ̃0

1
) mass gap, that might induce the stop to decay via off-shell tops, i.e. 3-body

decays (t̃ → bW χ̃0
1) or 4-body decays(t̃ → bW ∗χ̃0

1). Flavour changing neutral current mediated by
the neutralino can also favour the stop decay to a charm quark and the LSP. Each analysis often
targets a limited region of the mass plane. We see that stops can be excluded up to almost mt̃ =
800 GeV for a massless LSP; however, for lighter stops, a large part fo the mass plane cannot be
excluded, due to the mass compression of the stops with the LSP.
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Figure 2.6: Run 1 results for the CMS collaboration for the T1tttt(pp → g̃g̃, g̃ → tt̄χ̃0
1) and

T2tt(pp → t̃t̃, t̃ → tχ̃0
1) simplified models. The dashed lines indicate the kinematic region where

the SM tops are off-shell.

In Fig. 2.7 the production cross section for selected EW processes is shown (left), as well as the
summary of the EW searches for charginos, neutralinos and staus from the ATLAS collaboration[44]
(right). The highest reach in the exclusion for massless LSP is obtained by interpreting the searches
with cascade decays simplified models, in this case where the mass of the intermediate sparticle
is equal to the average of the mother and the LSP (i.e. calculated with the parameter x=0.50 ).
However some care should be taken when interpreting the results for such cascade decays simplified
models; in fact, contrary to the gluino and stops described above, where only two particles appear
in the SMS, in this case we have a third one, which assume a fixed value that depends on the
first two. The results are then projected onto a slice of the 3-dimensional mass parameter space of
the model. In general, by assuming a different relation to fix the intermediate mass, very different
limits and exclusions will be obtained. Also note that this mass relations are completely arbitrary,
and do not reflect the properties of the mass spectra of any realistic model. Whenever upper limits
or efficiencies for several mass combinations are available, one can interpolate to obtain the results
for arbitrary mass combinations. The interpolation procedure and its related uncertainty will be
extensively discussed in Section 3.2.4, in Chapter 5 and in Appendix F.

Figure 2.8 represents the summary of the results of the CMS searches, interpreted with simplified
models, for early 13 TeV (Run 2) CMS analyses, up to Moriond 2017 results, with the full dataset
available at the time (35.6 fb−1), with blue bars. Only a few results have been published after-
wards. A comparison with the preliminary results obtained with a smaller dataset (around 14 fb−1)
is also shown, with orange bars. Additional results, categorised by their production channels, can

Constrain  
generic BSM model

Tool  designed  to  constrain  any  BSM  model  (with  a 
Z2  symmetry  e.g.  R-parity  for  SUSY  models)  with 
the Simplified Models Results from the LHC

http://smodels.hephy.at/wiki From v1.2 onwards: exotic signatures e.g. long-lived charged 
particles 
Future extension: resonances, … 

http://smodels.hephy.at/wiki
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Figure 3.4: Workflow of the SModelS working principle. The input file (SLHA or LHE), containing
the BSM particle spectrum, the pair production cross section and the branching ratio information,
is decomposed into a set of elements, each of them characterized by a proper w = σ × BR . The
elements are eventually clustered and the theory prediction is calculated. Finally the element are

confronted against the experimental results in the database.
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Figure 3.5: On the left, an example of element, the building block of SModelS decomposition
procedure. The structure underneath the element, characterised by the mass array and the vertices
with the insertion of the SM particles, is called topology. On the right, one of the possible simplified
models that can be mapped to the described element, with the corresponding identification by the
bracket notation of each branch. The parameter space of the model consists of three dimensions.

SModelS: Basic Principles

• A generic input model is decomposed into its SMS 
• If for a element/combination of elements 

the point is considered Excluded 

σTheo > σUL  or rvalue =              > 1          
σTheo
σUL

Theory Module

Database
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Theory Module: Decomposition into SMS, SModelS Elements

The decomposition maps each BSM model into its SMS spectra

Each element is characterised by:
• the mass spectrum of particles
• σ x BR
• the decay chain 
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(Experimental) Constraint
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A generic BSM model is decomposed into its SMS
(a Z2 symmetry is required, e.g. R-parity for SUSY models)

Heavy

BSM model (input) SMS Decomposition

… 

(σxBR)1

(σxBR)2

(σxBR)3

Theory Module: Decomposition Example
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SModelS: Validation of the Implemented Results

CMS-SUS-13-004 T2tt UL result

Only ‘validated’ analyses enter the database

http://smodels.hephy.at/wiki/Validation

σth. =  σ(pp>t~ t~)

mt̃ [GeV]

m
�̃
0 1
[G

eV
]

T2tt: pp ! t̃t̃

• Run SModelS over a grid of 
T2tt points 

• Compare σth. with CMS σUL 
• Extract SModelS exclusion 

Validation Procedure

http://smodels.hephy.at/wiki/Validation
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SModelS: Database of Experimental Results3.2. Making Systematic Use of Simplified Models Results with SModelS 51
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Figure 3.8: Schematic view of the structure of the SModelS database.

information about the analysis, e.g. the official wiki page or hepData urls where the information was
collected, the arXiv or publication links, the luminosity, the name of the person who implemented
the analysis:

id: CMS-SUS-13-012
sqrts: 8.0*TeV
lumi: 19.5/fb
url: https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsSUS13012
arxiv: http://arxiv.org/abs/1402.4770
publication: JHEP06(2014)055
contact: cms-pag-conveners-sus@cern.ch
implementedBy: Federico A
lastUpdate: 2016/9/29

The ‘data’ directory contains the UL results for each Txname available in text files named as
‘<Txname>.txt’.
In the case of EMs, the summary file ‘globalInfo.txt’ contains the same information as in the case
of UL results. The ‘data’ folder however is replaced by a series of ‘datasets’ directories, each of
them named after a specific signal region defined by the analysis. Inside each dataset directory, a
file called ‘dataInfo.txt’ summarises the most important information regarding the dataset:

dataId: SR_3NJet6_500HT800_200MHT300
dataType: efficiencyMap
observedN: 6159
expectedBG: 6088
bgError: 665
upperLimit: 69.5*fb
expectedUpperLimit: 67.3*fb

The values of the observed number of events, the expected background and its uncertainty are in-
serted (taken from the official publication), and used to calculate the expected and observed signal

EM maps results
Official ATLAS and CMS 
FastLim Collaboration*
SModelS Homegrown*

Complete set of  
Run 1 results

Large part of  
Run 2 results
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SModelS: Efficiency Maps Bakery

* EMs produced by Phenomenologists: FastLim Collaboration and SModelS 

Idea: using recasting tools to produced recast EMs for simplified models which 
are not covered by the existing experimental results

MC production only run once, and then the EMs in the database will be 
used for any BSM model tested 
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pMSSM constraints from ATLAS Run 1 Searches

• The phenomenological Minimal Supersymmetric Standard Model (pMSSM) is a 
widely studied “full” SUSY model  

• It reduces the full MSSM to only ~20 free parameters 
• Used as a benchmark by ATLAS and CMS to quantify the impact of Run 1 

searches on a full SUSY model (leaving the SMS assumptions) 

Realistic models are needed to capture "the complex effects that can result 
from large numbers of competing production and decay processes"  

arXiv:1508.06608   

4.3. SModelS Coverage of the pMSSM 69
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Figure 3: Fraction of pMSSM points excluded by the combination of 8 TeV ATLAS searches in the (a) g̃–�̃0
1 and

(b) the q̃–�̃0
1 mass planes. The colour scale indicates the fraction of pMSSM points excluded in each mass bin, with

black squares indicating 100% of model points being excluded. The white regions indicate places where no model
points were sampled which satisfied the constraints of Table 3. In both cases, the solid white lines overlaid are
observed simplified-model limits from the 0-lepton + 2–6 jets + Emiss

T search [58] at 95% CL. In the g̃–�̃0
1 case, the

simplified-model limit is set assuming direct production of gluino pairs and that the squarks are decoupled, with
gluino decaying to quarks and a neutralino, g̃! q+q+�̃0

1. In the q̃–�̃0
1 plane, both lines are drawn assuming directly

produced first/second-generation squark pairs, with each squark decaying to a quark and a neutralino, q̃ ! q + �̃0
1.

The solid line corresponds to the case where all eight squarks from the first two generations are assumed to be
degenerate. The dashed line has the squark production cross-section scaled down by a factor of four to emulate the
e↵ect of only two of those eight squarks being kinematically accessible.

analyses [64, 67]. These analyses were designed to capture the recoil of LSPs (or other, slightly heavier,
SUSY particles) against initial-state QCD radiation.

Figure 3(b) shows a di↵erent projection, in this case to the mass of the LSP versus the mass of the lightest
squark of the first two generations, q̃L,R for q 2 {u, d, s, c}, labelled here and in what follows as q̃. It can
be observed that there is good sensitivity at low squark mass and no models with a squark mass below
250 GeV are allowed by the ATLAS analyses. The solid line superimposed on Figure 3(b) shows the
95% CL exclusion obtained previously [58] for a simplified model in which the only kinematically ac-
cessible sparticles are the LSP and the eight squark states of the first two generations, where these squarks
are all assumed to have the same mass. It can be seen that the region within the solid simplified-model
exclusion curve is only partially excluded within the pMSSM. This is primarily because the pMSSM-19
parameter space does not demand that the squarks be eight-fold degenerate, reducing the cross-section.
There is a closer correspondence between the pMSSM sensitivity and that of an alternative simplified
model (dashed line), in which the cross-section for direct (anti-)squark production has been reduced by a
factor of four, to model the e↵ect of only two of those eight squarks being mass degenerate.5

A noticeable excursion from the simplified-model lines, visible on both plots in Figure 3 is a horizontal
band of sensitivity to pMSSM points for LSP masses less than about 200 GeV stretching up to large gluino

5 Reference [58] emulates the e↵ect of a single kinematically accessible squark by dividing the cross-section by a factor of
eight rather than four.
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Figure 4: Fraction of pMSSM points excluded in the g̃–q̃ plane, where q̃ represents the lightest squark from the
first two generations. The overlaid line shows a limit for a simplified model from the 0-lepton + 2–6 jets + Emiss

T
search [58] which assumes strong production of gluinos and eight-fold degenerate first- and second-generation
squarks, with direct decays to quarks and massless neutralinos. The colour scale is as described in Figure 3.

(or q̃) masses. Since such high-mass strongly interacting sparticles have small production cross-sections,
one would not expect sensitivity to their production. Indeed these constraints are not the result of gluino
or squark searches, but instead of searches for disappearing tracks from long-lived charginos. These
long-lived chargino states are common for models with wino-like LSPs with mass splittings between
the charged NLSP and the neutral LSP of less than about 200 MeV. The NLSP, when it decays inside
the detector volume, produces an invisible LSP and a low-energy charged pion which itself often goes
undetected. The search for such ‘disappearing’ charged-particle tracks is sensitive even in the absence
of direct squark or gluino production, and hence sensitivity is observed for any mass of the strongly
interacting sparticle.

Figure 4(a) shows the sensitivity as projected onto the plane of the gluino and squark masses, where now
the LSP mass may take any value. One observes near-total exclusion by ATLAS analyses of gluinos with
masses less than about 700 GeV, with a high fraction of exclusion up to about 1.2 TeV, for all values of
the lightest squark mass. Light squarks are also strongly constrained, although those constraints weaken
as the gluino mass increases, due to suppression both of direct squark-pair production via t-channel gluino
exchange and of associated production of q̃ + g̃.

The simplified model superimposed onto the squark–gluino plane is one that assumes an eight-fold de-
generacy of squark masses in the first two generations and a massless LSP [58]. As one would expect,
this simplified-model line lies close to the upper edge of the pMSSM sensitivity, since the pMSSM per-
mits non-degenerate squarks, and a non-zero LSP mass, both of which reduce sensitivity, by reducing the
signal cross-section and experimental acceptance respectively. The reduction in sensitivity caused by a
non-zero LSP mass is more pronounced in the case of model points with a bino-like LSP, Figure 4(b).
These model points often have a small mass di↵erence between the squark and the LSP in order to satisfy
the dark matter relic constraint, as discussed earlier in Section 3.3.
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Figure 4.1: ATLAS results on the pMSSM interpretation for light squarks (left) and gluinos vs
light squarks (right). The exclusion curve for the T2 simplified model is superimposed as a reference
on the left plot; the exclusion curve on the righ is obtained by considering a set of pMSSM points
where only gluino and squarks are light, and the other sparticles are decoupled. Both lines are

taken from [85]).

4.3 SModelS Coverage of the pMSSM

The scope of this Section is to analyze how well a full model like the pMSSM can be constrained by
SMS results only, as compared to the full analysis re-interpretation performed by ATLAS. This work
was recently published in [123]; there, a great importance was given to highlight the most important
SMS missing topologies (defined in Section 3.2.3), i.e. the topologies with a large (σ×BR) weight
that are not included in the database. After a general discussion of those findings, I will focus on
discussing in detail the additional constraining power from recast EMs, either coming from new
signatures implemented in the database (some of them never used for the official ATLAS and CMS
interpretations) or from the combination of multiple signal topologies.

4.3.1 Analysis Setup

The main ingredients for the study are the complete set of SLHA files used by ATLAS, and a detailed
list of the analyses which excluded a specific parameter point (??). In the SModelS analysis only
points that:

• were excluded by at least one of the ATLAS SUSY analyses , and

• did not include long lived charged particles

were considered. Points excluded only by heavy Higgs searches were removed from the tested
sample since no corresponding simplified models are implemented in the database, as well as the
Wino-like LSP set, which implied numerous long lived charged particles (the Bino and Higgsino-
like LSP dataset contained only a few thousands long-lived sparticles that were excluded from our
study). Even though a customised version of SModelS was used in [128] to study constraints on
long lived BSM states, a public version of the tool is still in preparation. The total number of points
passing our selection is 38575 for the Bino and 45594 points for Higgsino-like LSP respectively.
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pMSSM constraints from ATLAS Run 1 Searches

Realistic models are needed to capture "the complex effects that can result 
from large numbers of competing production and decay processes"  

arXiv:1508.06608   

Due to complex decay chains, the 
mass limits of SUSY particles in 

realistic model can be largely different 
wrt the interpretation with SMS
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Figure 3: Fraction of pMSSM points excluded by the combination of 8 TeV ATLAS searches in the (a) g̃–�̃0
1 and

(b) the q̃–�̃0
1 mass planes. The colour scale indicates the fraction of pMSSM points excluded in each mass bin, with

black squares indicating 100% of model points being excluded. The white regions indicate places where no model
points were sampled which satisfied the constraints of Table 3. In both cases, the solid white lines overlaid are
observed simplified-model limits from the 0-lepton + 2–6 jets + Emiss

T search [58] at 95% CL. In the g̃–�̃0
1 case, the

simplified-model limit is set assuming direct production of gluino pairs and that the squarks are decoupled, with
gluino decaying to quarks and a neutralino, g̃! q+q+�̃0

1. In the q̃–�̃0
1 plane, both lines are drawn assuming directly

produced first/second-generation squark pairs, with each squark decaying to a quark and a neutralino, q̃ ! q + �̃0
1.

The solid line corresponds to the case where all eight squarks from the first two generations are assumed to be
degenerate. The dashed line has the squark production cross-section scaled down by a factor of four to emulate the
e↵ect of only two of those eight squarks being kinematically accessible.

analyses [64, 67]. These analyses were designed to capture the recoil of LSPs (or other, slightly heavier,
SUSY particles) against initial-state QCD radiation.

Figure 3(b) shows a di↵erent projection, in this case to the mass of the LSP versus the mass of the lightest
squark of the first two generations, q̃L,R for q 2 {u, d, s, c}, labelled here and in what follows as q̃. It can
be observed that there is good sensitivity at low squark mass and no models with a squark mass below
250 GeV are allowed by the ATLAS analyses. The solid line superimposed on Figure 3(b) shows the
95% CL exclusion obtained previously [58] for a simplified model in which the only kinematically ac-
cessible sparticles are the LSP and the eight squark states of the first two generations, where these squarks
are all assumed to have the same mass. It can be seen that the region within the solid simplified-model
exclusion curve is only partially excluded within the pMSSM. This is primarily because the pMSSM-19
parameter space does not demand that the squarks be eight-fold degenerate, reducing the cross-section.
There is a closer correspondence between the pMSSM sensitivity and that of an alternative simplified
model (dashed line), in which the cross-section for direct (anti-)squark production has been reduced by a
factor of four, to model the e↵ect of only two of those eight squarks being mass degenerate.5

A noticeable excursion from the simplified-model lines, visible on both plots in Figure 3 is a horizontal
band of sensitivity to pMSSM points for LSP masses less than about 200 GeV stretching up to large gluino

5 Reference [58] emulates the e↵ect of a single kinematically accessible squark by dividing the cross-section by a factor of
eight rather than four.
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Figure 4: Fraction of pMSSM points excluded in the g̃–q̃ plane, where q̃ represents the lightest squark from the
first two generations. The overlaid line shows a limit for a simplified model from the 0-lepton + 2–6 jets + Emiss

T
search [58] which assumes strong production of gluinos and eight-fold degenerate first- and second-generation
squarks, with direct decays to quarks and massless neutralinos. The colour scale is as described in Figure 3.

(or q̃) masses. Since such high-mass strongly interacting sparticles have small production cross-sections,
one would not expect sensitivity to their production. Indeed these constraints are not the result of gluino
or squark searches, but instead of searches for disappearing tracks from long-lived charginos. These
long-lived chargino states are common for models with wino-like LSPs with mass splittings between
the charged NLSP and the neutral LSP of less than about 200 MeV. The NLSP, when it decays inside
the detector volume, produces an invisible LSP and a low-energy charged pion which itself often goes
undetected. The search for such ‘disappearing’ charged-particle tracks is sensitive even in the absence
of direct squark or gluino production, and hence sensitivity is observed for any mass of the strongly
interacting sparticle.

Figure 4(a) shows the sensitivity as projected onto the plane of the gluino and squark masses, where now
the LSP mass may take any value. One observes near-total exclusion by ATLAS analyses of gluinos with
masses less than about 700 GeV, with a high fraction of exclusion up to about 1.2 TeV, for all values of
the lightest squark mass. Light squarks are also strongly constrained, although those constraints weaken
as the gluino mass increases, due to suppression both of direct squark-pair production via t-channel gluino
exchange and of associated production of q̃ + g̃.

The simplified model superimposed onto the squark–gluino plane is one that assumes an eight-fold de-
generacy of squark masses in the first two generations and a massless LSP [58]. As one would expect,
this simplified-model line lies close to the upper edge of the pMSSM sensitivity, since the pMSSM per-
mits non-degenerate squarks, and a non-zero LSP mass, both of which reduce sensitivity, by reducing the
signal cross-section and experimental acceptance respectively. The reduction in sensitivity caused by a
non-zero LSP mass is more pronounced in the case of model points with a bino-like LSP, Figure 4(b).
These model points often have a small mass di↵erence between the squark and the LSP in order to satisfy
the dark matter relic constraint, as discussed earlier in Section 3.3.
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Figure 4.1: ATLAS results on the pMSSM interpretation for light squarks (left) and gluinos vs
light squarks (right). The exclusion curve for the T2 simplified model is superimposed as a reference
on the left plot; the exclusion curve on the righ is obtained by considering a set of pMSSM points
where only gluino and squarks are light, and the other sparticles are decoupled. Both lines are

taken from [85]).

4.3 SModelS Coverage of the pMSSM

The scope of this Section is to analyze how well a full model like the pMSSM can be constrained by
SMS results only, as compared to the full analysis re-interpretation performed by ATLAS. This work
was recently published in [123]; there, a great importance was given to highlight the most important
SMS missing topologies (defined in Section 3.2.3), i.e. the topologies with a large (σ×BR) weight
that are not included in the database. After a general discussion of those findings, I will focus on
discussing in detail the additional constraining power from recast EMs, either coming from new
signatures implemented in the database (some of them never used for the official ATLAS and CMS
interpretations) or from the combination of multiple signal topologies.

4.3.1 Analysis Setup

The main ingredients for the study are the complete set of SLHA files used by ATLAS, and a detailed
list of the analyses which excluded a specific parameter point (??). In the SModelS analysis only
points that:

• were excluded by at least one of the ATLAS SUSY analyses , and

• did not include long lived charged particles

were considered. Points excluded only by heavy Higgs searches were removed from the tested
sample since no corresponding simplified models are implemented in the database, as well as the
Wino-like LSP set, which implied numerous long lived charged particles (the Bino and Higgsino-
like LSP dataset contained only a few thousands long-lived sparticles that were excluded from our
study). Even though a customised version of SModelS was used in [128] to study constraints on
long lived BSM states, a public version of the tool is still in preparation. The total number of points
passing our selection is 38575 for the Bino and 45594 points for Higgsino-like LSP respectively.

• The phenomenological Minimal Supersymmetric Standard Model (pMSSM) is a 
widely studied “full” SUSY model  

• It reduces the full MSSM to only ~20 free parameters 
• Used as a benchmark by ATLAS and CMS to quantify the impact of Run 1 

searches on a full SUSY model (leaving the SMS assumptions) 
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Number of Points Bino-like LSP Higgsino-like LSP

Total 38575 45594
Excluded by UL 16957 (44 %) 25024 (55 %)
Excluded by UL+EM 21151 (55 %) 28669 (63 %)

Table 4.2: Summary of SModelS constraints for the Bino and Higgsino-like LSP. EMs include
official, homegrown and Fastlim results.

Version v1.1.1 of SModelS was employed, including both UL and EMs results (see 3.2.4). The
SModelS cross section calculator, which provides a useful interface with Pythia 8 (v.8.226)[58],
Pythia 6.4 [82] and NLLfast [83, 84, 129, 130, 131, 132, 133, 134] was used to compute the
production cross sections, up to NLO+NLL order for strong production, and LO for electroweak
processes; Pythia 6.4 was instead used for slepton production. The other two relevant parameters
selected in the configuration file parameters.ini are the sigmacut = 0.03 fb (controlling the
minimum weight for a decomposed elements) and minmassgap = 5 GeV (standard value for BSM
particles mass compression, for which the SM products in the vertex are considered invisible.).

4.3.2 SModelS Results: pMSSM Coverage

I begin the comparison between the SModelS and ATLAS results with the discussion on the global
coverage of the pMSSM parameter space; additional results obtained after the publication will be
the last topic of this Chapter. The results for the Bino and Higgsino-like LSP datasets are presented
separately, since they exhibit interesting peculiarities that depend on the nature of the LSP. Table
4.2 shows a summary of the total numbers of points excluded in the two categories: when using only
UL results from the ATLAS and CMS Collaborations, SModelS reaches around 44% and 55% of the
exclusion (obtained by ATLAS), which rises up to 55% and 63% when considering the full database
containing official and recast EMs results, for the Bino and Higgsino-like LSP case respectively.

We see that on average in the Higgsino case the coverage looks more effective, and that the impact
of EMs results is less relevant compared to the Bino case (+25% versus +14%). We proceeded then
by analysing the coverage for specific SUSY particles, and here only gluinos will be treated. Fig.
4.2 shows the distribution of the number of excluded points as a function of mg̃. The differently
coloured histograms show the contribution from the different types of results used, namely the
official UL and EM results, the homegrown and Fastlim EMs. The coverage of the SMS results is
not able to match ATLAS reach even in the very low mass region mg̃ ≤ 1.4 TeV. This is surprising
for the reason that simple decay chains of gluinos to the LSP are expected (i.e. the gluinos BR
should not be split between several decay modes), and the SMS results for direct gluino decays to
the LSP in the database, such as T1 and T1bbbb, plus several cascade decays models such as T5,
T5WW and T5ZZ naively should constrain the points with low gluino mass.

A trivial consideration regards the grid of points defined in the experimental results in the database.
First, as already noted before, an experimental analysis might not be sensitive in regions of com-
pressed mass spectra, e.g. where the mass gap between the mother particle and the LSP is small.
Ultimately this implies large systematic uncertainties and difficult background estimations. For
this reason, the easiest choice from the experimentalists is not to provide results for regions where
uncertainties are large or difficult to estimate accurately. Other times, simply the Monte Carlo
signal samples were not available for the full simplified model parameter space. Whenever this
happens, it is identified by the contribution of the elements falling outside of the available mass
grid in the SModelS output (see Appendix B). This is to say that the mass compression between
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the gluino and the neutralino might make it problematic to constrain those points with gluino
simplified models, and the actual constraints should come from other channels. In fact, the points
are considered excluded if, for any analysis and any SMS, at least one result gives r ≥1. Strictly
speaking, a low mass gluino can be constrained thanks to SMS results that do not originate from
gluino decays. Clearly the majority of points excluded for high gluino mass must be excluded by
some other simplified models.

Figure 4.3 shows a direct comparison between the naive exclusion of a T1 simplified model from
the analysis ATLAS-SUSY-2013-02 [85], and the exclusion in the full pMSSM parameter space,
projected in the (mg̃,mχ̃0

1
) mass plane. It is clear that the coverage, even using the full sets of

SMS results, is far away from the naive SMS interpretation exclusion, at least for the Bino-LSP
case. A better coverage in the Higgsino-like LSP case can be seen, which can be explained by
the mass compression between the χ̃0

2/χ̃
±
1 and χ̃0

1. In the Bino-like LSP, the direct decay of the
gluino to the LSP is quite rare, while decays to quarks and intermediate gauginos are more likely,
resulting in long cascade decays. In the Higgsino-like LSP case, on the contrary, the mass compres-
sion functionality in SModelS will simplify most of the long cascade decays. The Fastlim dataset
contains several asymmetric gluino decay, that can be combined together, explaining the increase
in the coverage in the low gluino mass region. This improves the coverage wrt UL results, since
efficiencies for models of the type T1btbt-T1bttt-T1bbbt (i.e. models where the gluino decays via
intermediate chargino in at least one of the branch),T1 -T1bbbb-T1tttt(direct decays of the gluino
to the LSP via off-shell squarks), etc. can all be added up.

Missing Topology in the pMSSM

One of the main features of SModelS is the ability of identifying the most important missing topolo-
gies. They are a useful guideline to understand which SMS results could potentially improve the
constraints on the tested model. However, in general, only the presence of a SMS in the database
does not guarantee a proper and complete coverage of a particular experimental signature, since the
extracted upper limit may be weak. Different analysis targeting similar final states have different
sensitivity with respect to the mass spectra of the SMS, so by recasting a different analysis for an

Bino-like LSP Higgsino-like LSP

Figure 4.2: Distribution of the excluded points for the Bino (left) and Higgsino-LSP (right) dataset
as a function of mg̃. The yellow color represents the number of points excluded by UL results, while
the remaining represent the additional constraints provided by official (green), homegrown (blue)

and Fastlim (red) EMs results.

Constraining the pMSSM with SModelS

• We want to test how well a simplified model based interpretation performs wrt a 
full reinterpretation as done by ATLAS in the case of the pMSSM 

• ATLAS provided all the model points tested 
• We focused on the points excluded by ATLAS

arXiv:1707.09036
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Constraining the pMSSM with SModelS: Missing Topologies

• Missing topologies: elements with the highest weight (cross section x BR) 
that are not included in the database 

• Results for SMS that could potentially constrain the model tested if added 
to the database

Ursula Laa pMSSM coverage with SMS 17

BLOCK MASS  # Mass Spectrum 
# PDG code           mass       particle 
   1000001     7.37182646E+02   # ~d_L 
   2000001     1.17572389E+03   # ~d_R 
   1000002     7.33259013E+02   # ~u_L 
   2000002     5.02158051E+02   # ~u_R 
   1000003     7.37182646E+02   # ~s_L 
   2000003     1.17572389E+03   # ~s_R 
   1000004     7.33259013E+02   # ~c_L 
   2000004     5.02158051E+02   # ~c_R 
   1000005     3.86685459E+03   # ~b_1 
   2000005     4.00843110E+03   # ~b_2 
   1000006     2.74516322E+03   # ~t_1 
   2000006     3.93556802E+03   # ~t_2 
   1000021     6.51578232E+02   # ~g 
   1000022     4.87251524E+02   # ~chi_10 
   1000023     8.85267547E+02   # ~chi_20 
   1000025    -3.97532163E+03   # ~chi_30 
   1000035     3.97575507E+03   # ~chi_40 
   1000024     8.85433637E+02   # ~chi_1+ 
   1000037     3.97611803E+03   # ~chi_2+

#         PDG            Width 
DECAY   1000021     5.10223642E+00   # gluino decays 
#          BR         NDA      ID1       ID2 
     2.50004966E-01    2     2000002        -2   # BR(~g -> ~u_R  ub) 
     2.50004966E-01    2    -2000002         2   # BR(~g -> ~u_R* u ) 
     2.49995034E-01    2     2000004        -4   # BR(~g -> ~c_R  cb) 
     2.49995034E-01    2    -2000004         4   # BR(~g -> ~c_R* c ) 
#         PDG            Width 
DECAY   2000002     4.42213104E-03   # sup_R decays 
#          BR         NDA      ID1       ID2 
     1.00000000E+00    2     1000022         2   # BR(~u_R -> ~chi_10 u) 
#         PDG            Width 
DECAY   2000004     4.03417627E-03   # scharm_R decays 
#          BR         NDA      ID1       ID2 
     1.00000000E+00    2     1000022         4   # BR(~c_R -> ~chi_10 c)

Missing topologies with the highest cross-sections (up to 10): 
Sqrts (TeV)   Weight (fb)        Element description 
  8.0  1.554E+03    #                       [[[jet]],[[jet],[jet]]] 
  8.0  7.577E+02    #           [[[jet],[jet]],[[jet],[jet],[jet]]] 
  8.0  5.975E+02    #                 [[[jet],[jet]],[[jet],[jet]]]

489804839.slha 

BLOCK MASS  # Mass Spectrum 
# PDG code           mass       particle 
   1000001     5.74278124E+02   # ~d_L 
   2000001     1.15472173E+03   # ~d_R 
   1000002     5.69688344E+02   # ~u_L 
   2000002     2.07502014E+03   # ~u_R 
   1000003     5.74278124E+02   # ~s_L 
   2000003     1.15472173E+03   # ~s_R 
   1000004     5.69688344E+02   # ~c_L 
   2000004     2.07502014E+03   # ~c_R 
   1000005     2.13003692E+03   # ~b_1 
   2000005     3.15138039E+03   # ~b_2 
   1000006     2.10998772E+03   # ~t_1 
   2000006     3.08212821E+03   # ~t_2 
   1000021     5.60120001E+02   # ~g 
   1000022    -5.02691367E+02   # ~chi_10 
   1000023    -1.83633555E+03   # ~chi_20 
   1000025     1.83774188E+03   # ~chi_30 
   1000035    -3.62537467E+03   # ~chi_40 
   1000024     1.83583321E+03   # ~chi_1+ 
   1000037     3.62554027E+03   # ~chi_2+

#         PDG            Width 
DECAY   1000021     2.03434400E-06   # gluino decays 
#          BR         NDA      ID1       ID2 
     5.49161306E-01    2     1000022        21   # BR(~g -> ~chi_10 g) 
#           BR         NDA      ID1       ID2       ID3 
     9.37815416E-02    3     1000022         1        -1   # BR(~g -> ~chi_10 d  db) 
     1.31630911E-01    3     1000022         2        -2   # BR(~g -> ~chi_10 u  ub) 
     9.37815416E-02    3     1000022         3        -3   # BR(~g -> ~chi_10 s  sb) 
     1.31630911E-01    3     1000022         4        -4   # BR(~g -> ~chi_10 c  cb) 
     1.37878757E-05    3     1000022         5        -5   # BR(~g -> ~chi_10 b  bb) 
#         PDG            Width 
DECAY   1000002     5.59851584E-02   # sup_L decays 
#          BR         NDA      ID1       ID2 
     7.32421070E-02    2     1000022         2   # BR(~u_L -> ~chi_10 u) 
     9.26757893E-01    2     1000021         2   # BR(~u_L -> ~g      u) 
#         PDG            Width 
DECAY   1000001     1.16431353E-01   # sdown_L decays 
#          BR         NDA      ID1       ID2 
     3.97733028E-02    2     1000022         1   # BR(~d_L -> ~chi_10 d) 
     9.60226697E-01    2     1000021         1   # BR(~d_L -> ~g      d)

Missing topologies with the highest cross-sections (up to 10): 
Sqrts (TeV)   Weight (fb)        Element description 
  8.0  9.664E+02    #                       [[[jet]],[[jet],[jet]]] 
  8.0  7.927E+02    #                   [[[jet]],[[jet],[jet,jet]]] 
  8.0  7.466E+02    #                   [[[jet],[jet]],[[jet,jet]]] 
  8.0  6.129E+02    #               [[[jet],[jet,jet]],[[jet,jet]]] 
  8.0  3.885E+02    #             [[[jet],[jet]],[[jet],[jet,jet]]] 
  8.0  2.369E+02    #                 [[[jet],[jet]],[[jet],[jet]]]

148832733.slha 

Example points

SModelS Missing topologies for an example pMSSM point
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Missing Topology 

• Special topology corresponding to 
two mass hierarchies 

• pMSSM-19 has 3 light squark 
mass parameters 

mg̃ > min(mq̃) min(mq̃) > mg̃

mũL = md̃L
= mc̃L = ms̃L

Combined with the T3GQ model

mũL = md̃L
= mc̃L = ms̃L

mũR = mc̃R

md̃R
= ms̃R

mũL = md̃L
= mc̃L = ms̃L

mũR = mc̃R

md̃R
= ms̃R
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Extending the database: EMs production for T3GQon, T2, and T5

• Use the EM Bakery machinery to produce results for T3GQon, T2, and T5  
• Implement the new results in SModelS database 
• Check the new constraints 
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92 Chapter 4. Constraining the pMSSM with Simplified Models

Number of Points Bino-like LSP Higgsino-like LSP

Total 38527 45345
Excluded by UL+EM 28761 (74 %) 32297 (71 %)

Table 4.7: Updated SModelS constraints for the Bino and Higgsino-like LSP after the addition
of the newly implemented EMs results.

Tab. 4.6). Interestingly, the r-value for points at the border is still large. We see that in the low
gluino-high squark the r-values are affected by the errors induced by using EMs obtained with a
wrong mass hierarchy; in the high gluino-low squark mass region, which utilises the correct EMs
with no further assumption, it is worthwhile to extend the maps to higher gluino mass to extend
the coverage. The same consideration holds for the maximum light squark mass, which for the pro-
duction was set up to 1 TeV. The detailed description of the mass planes is summarised in Tab. 4.6).

The complete coverage results are summarised in Tab. 4.7. The number of total points tested is
slightly different from what was used in the publication[123], since a few tens of points that could
not be matched to the T2, T5 and TGQ results contained for this re-run of the SModelS analysis
were not considered (i.e. Decomposition output status = 0 in the output, see Appendix B). In
any case, the important result is that with the addition of the newly homegrown EMs results, the
coverage in the Bino and Higgsino-like case reaches up to 74 and 71 %, with an increase of +19%
and +8% respectively. The major improvement appears to be in the Bino-like LSP case, as visible
also in the gluino mass coverage distributions in Fig. 4.25, where the results are compared with the
ones from the the previous study. In addition, it is interesting to see the individual contributions
from the two multijet analyses used. Owing to the inclusive design of the SRs, the ATLAS analysis
alone is able to exclude now more than 24,000 and 22,000 points of the Bino and Higgsino-like LSP
datasets respectively, while the CMS analysis excludes only 75 of the points excluded by ATLAS-
SUSY-2013-02. The reason for the weaker exclusion power of the CMS analysis was extensively
discussed previously, however, I remind that the MadAnalysis 5 recast code for ATLAS-SUSY-
2013-02 introduces some over-exclusion, as seen in the T2 validation. The next paragraph tries to
address the uncertainties involved of the whole procedure.

Figure 4.25: SModelS exclusion as a function of mg̃ for the Bino(left) and Higgsino-like LSP
(right). In slate blue the points officially excluded by ATLAS, in cyan the SModelS exclusion using
the newly ‘homegrown’ maps for the T2, T5 and TGQ (T3GQon) models. The blue line represents
the point excluded by the version 1.1 of the database, as published in [123]. For comparison, also
the exclusion provided by the ATLAS-SUSY-2013-02 (in orange) and CMS-SUSY-2013-012 (yellow)

EM results are drawn.

Number of Points Bino-like LSP Higgsino-like LSP

Total 38527 45345

Excluded by UL+EM 28761 (74 %) 32297 (71 %)

Table 2. Updated SModelS constraints for the Bino and Higgsino-like LSP after the addition of
the newly implemented EMs results.

Figure 2. SModelS exclusion as a function of mg̃for the Bino(left) and Higgsino-like LSP (right):
the points officially excluded by ATLAS are shown in purple, while in light blue the SModelS
exclusion using the newly ‘homegrown’ maps for the T2, T5 and TGQ (T3GQon) models is shown.
The previous exclusion from [], obtained without the EMs produced for this work, is shown in slate
blue.

4 Impact of the 3 jets + /ET Results

Finally the improvements in the pMSSM coverage provided by the additional EMs for the T3GQ,
constraining the "[[[ ‘jet’]],[[‘jet’],[‘jet’]]]" or 3jets+Emiss

T signature are here presented. Looking
at firt at Tab. 2, we see taht the coverage in the Bino and Higgsino-like case reaches up to 74
and 71 %, with an increase of +19% and +8% respectively with respect to the original numbers
obtained in the previous work. The major improvement appears in the Bino-like LSP case, as
visible also in the gluino mass coverage distributions in Fig. 2 and 3. From what highlighted
in the description of the T3GQ model, it is also interesting to analise the exclusion provided by
each Txname result, and by their combination. This is shown in Fig. ??, where the study is
done for the analysis ATLAS-SUSY-2013-02 only.

5 Conclusion

Acknowledgments

– 5 –

+ 19% + 8%

Improving the pMSSM Coverage

New Results
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Constraining DM models with signals  
from the space: MadDM (v.3.0)
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https://arxiv.org/abs/1804.00044

• MadDM is now a MadGraph5_aMC@NLo plugin 
• to install:     ./bin/mg5_aMC 

       install madd 
https://cp3.irmp.ucl.ac.be/projects/madgraph/wiki/MadDm

✦ dedicated module for DM indirect detection theory predictions

✦ module for experimental constraints

✦ inherits the capabilities of MG5 to automatically compute and generate 

‘complicated’ processes 

✦ advanced functionalities for scanning from MG5 or PyMultiNest

• MadDM v.1.0 : relic density 
• MadDM v.2.0 : direct detection 
• MadDM v.3.0 : indirect detection 

https://arxiv.org/abs/1804.00044
https://cp3.irmp.ucl.ac.be/projects/madgraph/wiki/MadDm
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DM annihilation in the halos  
(external galaxies or in the Milky way)

(Possible DM candidate)
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DM annihilation in the halos  
(external galaxies or in the Milky way)

Prediction for the differential flux of cosmic 
rays at the point of detection
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Coming to the electroweak (EW) corrected energy spectra, Pythia 8 has a partial implementation of the weak
corrections [45], namely it takes into account the radiation of weak gauge bosons from the fermionic final states
only. Once we allow for weak showering in Pythia 8 our energy spectra match those of PPPC4DMID for the case
of fermionic final states, as shown in Fig. 4 (the first and last two columns correspond to a dark matter mass of 100
GeV and 10 TeV, respectively). Energy spectra originating from quarks or gluons are basically una↵ected by weak
corrections. We are unable to match the energy spectra for weak corrections originating from W+W�,ZZ and hh
final states, as those are not implemented into Pythia 8. It is known that these corrections are large and moreover
they open new channels that would be otherwise forbidden: for instance if the annihilation process is �� ! e+e� in
principle there should be no anti-protons as a final results. By including the weak corrections the latter have a non
negligible energy spectra, since they arise from hadronisation of the final state quarks originated by the weak bosons.

As MadDM is based on the MG5 aMC architecture it can easily handle not only the standard �� ! 2 annihilation
processes but also dark matter annihilation into more than two particles in the final state, i.e., ��! n processes. Note
that Pythia 8 will also automatically produce the energy spectra into ��, e+, p̄, ⌫e, ⌫µ, ⌫⌧ in this case. We will provide
two examples in Sec. 5: the first is based on 2! 3 processes for indirect detection, where the third particle emitted is a
gauge boson. For instance, Majorana or scalar dark matter annihilation into light fermions is p- or d-wave suppressed,
whereas the additional emission of a �,Z or W boson uplift the helicity suppression and lead to a s-wave annihilation
cross section that can be constrained by present data. The second example is based on a 2 ! 4 annihilation process
inspired by models of secluded dark matter [46].

The ability to handle 2 ! n processes is also relevant in the context of weak showering corrections, as the user
can test the e↵ect of a single weak boson emission on the standard dark matter annihilation into SM particles. For
instance he/she can study for instance the consequence of a single weak boson correction to the W+W� final state by
considering the following annihilation processes ��! W+W�Z and ��! W+W�h.

Notice that some of the energy associated with charged particle final states is redirected into photons, due to inverse
Compton scattering of for instance CMB photons, synchrotron emission due to propagation in the magnetic field, and
interaction with the interstellar gas producing both bremsstrahlung and neutral pions that further decay into photons.
These processes modify the energy spectra of charged particles and of prompt photons (for details see [41, 47, 48]).
For this latter the energy spectrum can range from radio to gamma-ray energies. MadDM does not consider however the
multi-wave length spectrum originating from these processes, as those depend on the details of the environment, but
only the prompt gamma-ray energy spectrum from direct dark matter annihilation. For the former, the loss of energy
and the conversion into photons is taken into account together with the propagation in the astrophysical environment,
as will be explained in 2.4.

2.3. Gamma-ray flux
The study of prompt gamma-ray flux from dark matter annihilation is generically the simplest among the �, e+, p̄, ⌫i

final states, as photons travel straight from the production to the detection points and typically trace the source.
Let us consider a generic dark matter model that annihilates into the SM particle i with branching ratio Bi. The

expected gamma-ray flux from dark matter annihilation from a direction  in the sky, averaged over an opening angle
� is:

d�
dE�

(E�, ) =
h�vi
2m2

�
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dNi

�
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1
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Z

 

d⌦
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Z

los
⇢2( , l) dl . (6)

The second row of the equation defines the J factor
⇣
J ⌘ R

 
d⌦/� 

R
los ⇢

2( , l) dl
⌘
. For dark matter candidates

with distinct particle and antiparticle Eq. (6) is multiplied by an additional factor of 1/2.2 MadDM provides both the
di↵erential flux in Eq. (6) as well as the total integrated flux, up to the J factor, which should be provided by the user.
Details are given in Appendix C.3.

2This factor 1/2 for non self-conjugate dark matter is automatically computed by MadDM by inferring this information from the UFO model,
which stores the particle properties including the label self-conjugate or not.

9

Fermi-LAT, ICECUBE,  
AMS…
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Coming to the electroweak (EW) corrected energy spectra, Pythia 8 has a partial implementation of the weak
corrections [45], namely it takes into account the radiation of weak gauge bosons from the fermionic final states
only. Once we allow for weak showering in Pythia 8 our energy spectra match those of PPPC4DMID for the case
of fermionic final states, as shown in Fig. 4 (the first and last two columns correspond to a dark matter mass of 100
GeV and 10 TeV, respectively). Energy spectra originating from quarks or gluons are basically una↵ected by weak
corrections. We are unable to match the energy spectra for weak corrections originating from W+W�,ZZ and hh
final states, as those are not implemented into Pythia 8. It is known that these corrections are large and moreover
they open new channels that would be otherwise forbidden: for instance if the annihilation process is �� ! e+e� in
principle there should be no anti-protons as a final results. By including the weak corrections the latter have a non
negligible energy spectra, since they arise from hadronisation of the final state quarks originated by the weak bosons.

As MadDM is based on the MG5 aMC architecture it can easily handle not only the standard �� ! 2 annihilation
processes but also dark matter annihilation into more than two particles in the final state, i.e., ��! n processes. Note
that Pythia 8 will also automatically produce the energy spectra into ��, e+, p̄, ⌫e, ⌫µ, ⌫⌧ in this case. We will provide
two examples in Sec. 5: the first is based on 2! 3 processes for indirect detection, where the third particle emitted is a
gauge boson. For instance, Majorana or scalar dark matter annihilation into light fermions is p- or d-wave suppressed,
whereas the additional emission of a �,Z or W boson uplift the helicity suppression and lead to a s-wave annihilation
cross section that can be constrained by present data. The second example is based on a 2 ! 4 annihilation process
inspired by models of secluded dark matter [46].

The ability to handle 2 ! n processes is also relevant in the context of weak showering corrections, as the user
can test the e↵ect of a single weak boson emission on the standard dark matter annihilation into SM particles. For
instance he/she can study for instance the consequence of a single weak boson correction to the W+W� final state by
considering the following annihilation processes ��! W+W�Z and ��! W+W�h.

Notice that some of the energy associated with charged particle final states is redirected into photons, due to inverse
Compton scattering of for instance CMB photons, synchrotron emission due to propagation in the magnetic field, and
interaction with the interstellar gas producing both bremsstrahlung and neutral pions that further decay into photons.
These processes modify the energy spectra of charged particles and of prompt photons (for details see [41, 47, 48]).
For this latter the energy spectrum can range from radio to gamma-ray energies. MadDM does not consider however the
multi-wave length spectrum originating from these processes, as those depend on the details of the environment, but
only the prompt gamma-ray energy spectrum from direct dark matter annihilation. For the former, the loss of energy
and the conversion into photons is taken into account together with the propagation in the astrophysical environment,
as will be explained in 2.4.

2.3. Gamma-ray flux
The study of prompt gamma-ray flux from dark matter annihilation is generically the simplest among the �, e+, p̄, ⌫i

final states, as photons travel straight from the production to the detection points and typically trace the source.
Let us consider a generic dark matter model that annihilates into the SM particle i with branching ratio Bi. The

expected gamma-ray flux from dark matter annihilation from a direction  in the sky, averaged over an opening angle
� is:
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with distinct particle and antiparticle Eq. (6) is multiplied by an additional factor of 1/2.2 MadDM provides both the
di↵erential flux in Eq. (6) as well as the total integrated flux, up to the J factor, which should be provided by the user.
Details are given in Appendix C.3.

2This factor 1/2 for non self-conjugate dark matter is automatically computed by MadDM by inferring this information from the UFO model,
which stores the particle properties including the label self-conjugate or not.
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[particles/(GeV sr cm^2 s]

J-factor from 
astrophysical 
observation

MadDM calculates the  
velocity averaged  

annihilation cross section MadDM produces the energy 
spectra of the cosmic rays

Main observable for indirect detection:  
differential flux of cosmic rays at detection (e.g. Gamma Rays)

sum taken over all the particle species

Indirect Detection Module - Keywords
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Energy Spectra Flux at Earth

Allows only  

Numerical tables 

Allows only  

Prompt photons 
Neutrinos 

Positrons  
(fixed sets of 
propagation 
parameters) 

Full integration 
over the DM 

velocity 
distribution 

Allows for any 
DM annihilation 

process

Pythia 8 
computes on the 
fly the energy 

spectra 

Allows for any 
DM annihilation 

process 

Prompt photons 
Neutrinos 

Positrons 
Anti-protons 
(free choice of 
propagation 
parameters)

Indirect detection module
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Experimental constraints Scans

Module available:

Simplified framework 
based on the  

ExpConstraint class 

Fermi-LAT likelihood for 
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Figure 2: MadDM v.3.0: Schematic overview of the new modules with their main features and their link to the ‘fast’ and ‘precise’ running modes.

2. Indirect Detection of annihilating Dark Matter

Indirect detection looks for products of dark matter annihilation in astrophysical environment where the dark
matter is denser. For instance, typical benchmarks for gamma-ray searches are the dSphs [6] or the Galactic Cen-
ter [30, 31]. For a review on dark matter indirect detection we refer the reader to [32, 33].

There are three main ingredients necessary to compute predictions for dark matter models and to compare with
data: (i) The annihilation cross section h�vi computed for the environment where the annihilation takes place; this
element is discussed in the next section. (ii) The energy spectra dN/dE of prompt photons, positrons, anti-protons
and neutrinos generated at source by the dark matter annihilation products; this will be described in Sec. 2.2. (iii) The
J factor which depends on the dark matter distribution and is defined as the integral along the line-of-sight (los) of the
dark matter density profile squared in a specific sky direction. This quantity will be defined in general for gamma rays
and neutrinos. We will further describe how MadDM computes the flux near the Earth for each type of propagated final
state particles: prompt photons are detailed in Sec. 2.3, charged cosmic rays are discussed in Sec. 2.4 and neutrinos
are provided in Sec. 2.5. For the rest of the paper we assume a generic dark matter particle called � with mass m�,
unless stated otherwise.

2.1. Computation of h�vi in astrophysical environments
The computation of the full h�vi at present time, which might contain p-wave terms, calls for the inclusion of the

dark matter distribution. In this case h�vi results in this velocity-weighted expression:

h�vi =
Z

d3v1d3v2Pr(v1)Pr(v2)�vrel , (1)

where vi are the velocities of the two incoming dark matter particles, and Pr(vi) is the velocity distribution function of
the dark matter at a position r. This can be rearranged as [34, 35]:

h�vi =
Z

dvrel P̃r,rel(vrel)�vrel , (2)

with
P̃r,rel(vrel) ⌘ 4⇡v2

rel

Z
d3vCMPr(vCM + vrel/2)Pr(vCM � vrel/2) , (3)
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where vCM ⌘ (v1 + v2)/2 is the velocity in the center-of-mass frame and vrel ⌘ v1 � v2 is the relative velocity. For
a Maxwell-Boltzmann distribution Pr(v) = ⇡�3/2v�3

0 exp(�v2/v2
0) with most probable velocity v0, the relative velocity

also follows a Maxwell-Boltzmann distribution with most probable velocity
p

2v0:

P̃r,rel(vrel) =

r
2
⇡

v2
rel

v3
0

exp
0
BBBB@�

v2
rel

2v2
0

1
CCCCA . (4)

For a cross section dominated by p-wave annihilation, �vrel ⇠ bv2
rel, where b is a constant, h�vi = 3bv2

0. Hence, for
cross sections that can be well approximated by the sum of their s- and p-wave contribution, the velocity averaging
is equivalent to the evaluation of �vrel at vrel =

p
3v0. In MadDM we consider only the case of Maxwell-Boltzmann

velocity distribution.
The velocity averaged annihilation cross section can be computed with two main methods in MadDM: ‘fast’ and

‘precise’, which are described in the following. Further details can be found in Appendix C.1.

‘Fast’ running mode. This method has the advantage of being very fast, with an accuracy of about (10 � 20)% with
respect to the full integral in Eq. (2) and to the ‘precise’ method. It consists of computing the leading order 2 ! 2
matrix elements for the annihilation process(es) and integrate them over the angle between the two final states. The
resulting cross section is furthermore evaluated at the required velocity, which is described by a � distribution function
centred on that specific velocity. This simple evaluation makes this mode a good default choice for extensive model
parameter sampling.

The approximated integration over the final state phase-space is allowed only for two initial dark matter particles
annihilating into two final state particles. There is an additional caveat if the user wants to compute the predicted flux
of for instance photons with this method: this option does not produce events for the annihilation process, hence the
computation of the energy spectra can proceed only via the ‘fast’ option, described in the next section, Sec. 2.2 and
in Appendix C.2, which is available only for final state particles belonging to the SM.

‘Precise’ running mode. This mode incorporates two methods taken from the MG5 aMC platform: madevent and
reshuffling. Both methods use the event generator MadEvent [36]. Given the annihilation process(es), MG5 aMC
identifies all the relevant subprocesses, generates both the amplitudes and the mappings needed for an e�cient in-
tegration over the full phase-space, and passes them to MadEvent. As a result, a process-specific, stand-alone code
is produced that allows the user to calculate h�vi and generate unweighted events in the standard output format
(LHE file). In the method madevent annihilation processes are computed at the center-of-mass energy given byp

s = 2m�
�
1 + 1/8 v2

rel
�

where vrel =
p

3v0 as discussed above.
The reshuffling option works similarly to the madevent method. Once the events have been generated fol-

lowing the � distribution for the velocity, the algorithm applies a reshu✏ing [37] of the kinematic and of the weight
of each event to map a Maxwell-Boltzmann velocity distribution centred around its average value v0. Additionally it
also applies re-weighting [38] of the matrix elements in order to check if those have still the same weight or it has
changed. For instance, due to the improved kinematics, an annihilation channel that might have been below threshold,
hence suppressed, may now be above threshold and be largely enhanced. This has the consequence of changing the
weight of each single amplitude. We have checked that this method is an accurate approximation for the integration
over the relative velocity of Eq. (2), which is numerically less stable and slower.

The madevent method gives the same result as the reshuffling option, excepts in the case of very light dark
matter particles, for which the small velocity dispersion might play a role, or in case of thresholds e↵ects. For instance,
if the dark matter mass is very close in mass to the SM final state to which it is annihilating into, high velocity particles
belonging to the maxwellian tail can enhance the cross section. In those cases the reshu✏ing method is more accurate.
Therefore the reshu✏ing method is set by default. The user can switch to madevent, which is faster, being aware of the
caveats explained before. Both methods have been tested for velocities as low as v ⇠ 10�6 and provide reliable results,
whereas we do not guarantee the code to be accurate enough for smaller velocities (i.e. at CMB epoch, v ⇠ 10�7). At
present, to the best of our knowledge, such precise computation of h�vi is a unique feature of MadDM v.3.0.

This method works to compute automatically any possible leading order (LO) final annihilation state in a given
dark matter model (ideally �� ! n particles if kinematically possible). The MG5 aMC platform is able to perform
automatic next to leading order (NLO) calculation: this feature should be inherited automatically by MadDM, however
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its full testing is kept for a future release. The ability to automatically compute loop induced processes would be a
great addition to MadDM, as it will allow the user to easy evaluate dark matter annihilation into a pair of photons or
�Z or �h (the so-called smoking gun signatures for dark matter), for which the Fermi-LAT satellite is setting strong
exclusion bounds [30]. At the moment such loop induced processes need to be evaluated analytically within the
specific dark matter model, while there are attempts to analytically provide systematic calculations valid for the most
popular dark matter candidates [39]. A fully automatised numerical procedure for any dark matter model is yet a
missing block within the dark matter tools world.

2.2. Energy spectra from dark matter annihilation
Dark matter particles can annihilate into all possible SM final states that are kinematically open. The specific final

states of course depend on the detailed properties of the dark matter model. To introduce our implementation, we start
with illustrating the standard implementation available in several public tools [13, 40, 41], which is the annihilation
into pairs of SM particles. This is described by a 2! 2 process:

�� ! gg, qq̄, cc̄, bb̄, tt̄, e+e�, µ+µ�, ⌧+⌧�, ⌫e⌫̄e, ⌫µ⌫̄µ, ⌫⌧⌫̄⌧,ZZ,W+W�, hh , (5)

where q designs collectively the u, d and s quarks and a branching ratio of 100% into one particle species is assumed.
The standard procedure to compute the energy spectrum of stable particles i = �, e+, p̄, ⌫e, ⌫µ, ⌫⌧ 1 (and anti-

neutrinos) at the production point, dN/d log xi (with xi ⌘ Ei/m� and Ei is the energy of species i), is obtained by
making decay, shower and hadronise the SM particles via Monte Carlo simulation tools. The annihilation process
occurs in the galactic halo or in nearby galaxies, where typically the velocity of dark matter is very small (v0 ⇠ 220
km/s or lower); hence the annihilation can be considered at rest with a center of mass energy provided by twice the
dark matter mass

p
s = 2m�. Typically the energy spectra are produced in a model independent way by defining in

the Monte Carlo simulation tool the decay of a generic resonance R ! SM SM, with mR =
p

s and by choosing a
specific SM final state among those listed in Eq. (2.2) with 100% branching ratio. For a given choice of SM final state
and a set of dark matter masses, high precision tables are produced and stored in the numerical tool.

For instance MicrOMEGAs computes the energy spectra for a specific dark matter model as follows: for the SM
final states allowed by the model, it interpolates among these model independent tables as a function of m� and then
rescales each SM final states by the appropriate branching ratio given by the model. The PPPC4DMID [41] tool on the
other hand has released publicly the model independent energy spectra for a variety of SM final states, by providing
table files [42].

MadDM has made available both the ‘fast’ and the ‘precise’ running methods (more details are given in Appendix
C.2) to obtain the energy spectra:

‘Fast’ mode. It first computes h�vi with the ‘fast’ mode and then it downloads the PPPC4DMID numerical tables with
(default) or without weak corrections, depending on the user choice. The energy spectra of the model are interpolated
using those tables. This operation mode is similar to MicrOMEGAs and it is available only if the dark matter annihilates
directly into a pair of SM final states. If you use this method please cite the PPPC4DMID reference [41].

‘Precise‘ mode. Thanks to the embedding of MadDM into the MG5 aMC platform, it is easy to generate events for the
annihilation process the user is interested in and pass it to a Monte Carlo simulation tool to get the energy spectra
desired. There are many Monte Carlo simulation tools for decaying, showering and hadronisation; for the purposes
of MadDM we have implemented an interface with Pythia 8. For a discussion on di↵erences on the energy spectra
generated with di↵erent Monte Carlo simulation tools we refer the reader to [41, 43]. The energy spectra for gamma
rays, positrons, anti-protons and neutrinos are computed by Pythia 8 from the event file generated by the madevent
or reshuffling methods, which make use of the exact matrix element for a given process and for the specific model
point in the parameter space.

A comparison of the spectra generated with MadDM using Pythia 8 with the ones released with the PPPC4DMID
code is provided in Fig. 3. For the purpose of comparison we assume a branching ratio of 100% into one particle

1It is a common choice to give the energy spectrum of positrons and anti-protons instead of electrons or protons (even though they are equal
unless the dark matter model has a weird symmetry) because the former are subject to a lower background in astrophysical environments.
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directly into a pair of SM final states. If you use this method please cite the PPPC4DMID reference [41].

‘Precise‘ mode. Thanks to the embedding of MadDM into the MG5 aMC platform, it is easy to generate events for the
annihilation process the user is interested in and pass it to a Monte Carlo simulation tool to get the energy spectra
desired. There are many Monte Carlo simulation tools for decaying, showering and hadronisation; for the purposes
of MadDM we have implemented an interface with Pythia 8. For a discussion on di↵erences on the energy spectra
generated with di↵erent Monte Carlo simulation tools we refer the reader to [41, 43]. The energy spectra for gamma
rays, positrons, anti-protons and neutrinos are computed by Pythia 8 from the event file generated by the madevent
or reshuffling methods, which make use of the exact matrix element for a given process and for the specific model
point in the parameter space.

A comparison of the spectra generated with MadDM using Pythia 8 with the ones released with the PPPC4DMID
code is provided in Fig. 3. For the purpose of comparison we assume a branching ratio of 100% into one particle
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Figure 4: Comparison between the energy spectra dN/d log x at production generated by MadDM and PPPC4DMID including weak corrections. The
first and second columns show fermionic and bosonic annihilation channels for a mass of the dark matter mDM = 100 GeV, while the third and
fourth columns are for a 10 TeV dark matter mass. The labelling of the plot is the same as Fig. 3.

time of writing we are not able to resolve this discrepancy by a variation of the Pythia 8 settings. Note that this
discrepancy has also been found in [44]. In the following, when referring to cc̄ and gg final states it means that we
have generated our own set of model independent energy spectra to be consistent with our ‘precise’ method. In the
photon energy spectrum the vertical dashed line indicates the sensitivity window of the Fermi-LAT telescope (500
MeV to 500 GeV energy window): for a 10 GeV dark matter only the upper part of the spectrum matters at large x;
for 1 TeV dark matter the Fermi-LAT energy window accesses all the energy spectrum, from x ⇠ 10�3 to x ⇠ 1, while
a further increase of the dark matter mass shifts the sensitivity range towards smaller x values.
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Figure 3: Comparison between the energy spectra dN/d log x at production generated by MadDM and PPPC4DMID, solid and dashed curves as
labelled (with x = K/mDM and K being the kinetic energy of the final state stable particle). The dark matter annihilation channels are labelled by
the di↵erent colours in the panels. The first and second columns show fermionic and bosonic annihilation channels for a mass of the dark matter
mDM = 10 GeV, while the third and fourth columns are for a 1 TeV dark matter mass, again fermionic and bosonic annihilation channel respectively.
Positron energy spectra are provided in the first row, while the second, third and fourth rows depict anti-protons, prompt photons and neutrinos
(only electron flavour is shown) respectively. The spectra do not include EW corrections.

species. We present the results for a dark matter mass of 10 GeV (first two columns) and 1 TeV (last two columns).
In order to guarantee su�ciently smooth spectra even in the tails we generated between 5 ⇥ 105 and 5 ⇥ 106 events.
The first row shows the energy spectrum for e+, while the second, third and fourth depict the energy spectra for p̄,
� and ⌫e, respectively. We obtain perfect agreement with the PPPC4DMID energy spectra (dashed lines) for all SM
species, except cc̄ and gg final states. These energy spectra deviates slightly for all species of stable particles. At the
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its full testing is kept for a future release. The ability to automatically compute loop induced processes would be a
great addition to MadDM, as it will allow the user to easy evaluate dark matter annihilation into a pair of photons or
�Z or �h (the so-called smoking gun signatures for dark matter), for which the Fermi-LAT satellite is setting strong
exclusion bounds [30]. At the moment such loop induced processes need to be evaluated analytically within the
specific dark matter model, while there are attempts to analytically provide systematic calculations valid for the most
popular dark matter candidates [39]. A fully automatised numerical procedure for any dark matter model is yet a
missing block within the dark matter tools world.

2.2. Energy spectra from dark matter annihilation
Dark matter particles can annihilate into all possible SM final states that are kinematically open. The specific final

states of course depend on the detailed properties of the dark matter model. To introduce our implementation, we start
with illustrating the standard implementation available in several public tools [13, 40, 41], which is the annihilation
into pairs of SM particles. This is described by a 2! 2 process:

�� ! gg, qq̄, cc̄, bb̄, tt̄, e+e�, µ+µ�, ⌧+⌧�, ⌫e⌫̄e, ⌫µ⌫̄µ, ⌫⌧⌫̄⌧,ZZ,W+W�, hh , (5)

where q designs collectively the u, d and s quarks and a branching ratio of 100% into one particle species is assumed.
The standard procedure to compute the energy spectrum of stable particles i = �, e+, p̄, ⌫e, ⌫µ, ⌫⌧ 1 (and anti-

neutrinos) at the production point, dN/d log xi (with xi ⌘ Ei/m� and Ei is the energy of species i), is obtained by
making decay, shower and hadronise the SM particles via Monte Carlo simulation tools. The annihilation process
occurs in the galactic halo or in nearby galaxies, where typically the velocity of dark matter is very small (v0 ⇠ 220
km/s or lower); hence the annihilation can be considered at rest with a center of mass energy provided by twice the
dark matter mass

p
s = 2m�. Typically the energy spectra are produced in a model independent way by defining in

the Monte Carlo simulation tool the decay of a generic resonance R ! SM SM, with mR =
p

s and by choosing a
specific SM final state among those listed in Eq. (2.2) with 100% branching ratio. For a given choice of SM final state
and a set of dark matter masses, high precision tables are produced and stored in the numerical tool.

For instance MicrOMEGAs computes the energy spectra for a specific dark matter model as follows: for the SM
final states allowed by the model, it interpolates among these model independent tables as a function of m� and then
rescales each SM final states by the appropriate branching ratio given by the model. The PPPC4DMID [41] tool on the
other hand has released publicly the model independent energy spectra for a variety of SM final states, by providing
table files [42].

MadDM has made available both the ‘fast’ and the ‘precise’ running methods (more details are given in Appendix
C.2) to obtain the energy spectra:

‘Fast’ mode. It first computes h�vi with the ‘fast’ mode and then it downloads the PPPC4DMID numerical tables with
(default) or without weak corrections, depending on the user choice. The energy spectra of the model are interpolated
using those tables. This operation mode is similar to MicrOMEGAs and it is available only if the dark matter annihilates
directly into a pair of SM final states. If you use this method please cite the PPPC4DMID reference [41].

‘Precise‘ mode. Thanks to the embedding of MadDM into the MG5 aMC platform, it is easy to generate events for the
annihilation process the user is interested in and pass it to a Monte Carlo simulation tool to get the energy spectra
desired. There are many Monte Carlo simulation tools for decaying, showering and hadronisation; for the purposes
of MadDM we have implemented an interface with Pythia 8. For a discussion on di↵erences on the energy spectra
generated with di↵erent Monte Carlo simulation tools we refer the reader to [41, 43]. The energy spectra for gamma
rays, positrons, anti-protons and neutrinos are computed by Pythia 8 from the event file generated by the madevent
or reshuffling methods, which make use of the exact matrix element for a given process and for the specific model
point in the parameter space.

A comparison of the spectra generated with MadDM using Pythia 8 with the ones released with the PPPC4DMID
code is provided in Fig. 3. For the purpose of comparison we assume a branching ratio of 100% into one particle

1It is a common choice to give the energy spectrum of positrons and anti-protons instead of electrons or protons (even though they are equal
unless the dark matter model has a weird symmetry) because the former are subject to a lower background in astrophysical environments.
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A comparison of the spectra generated with MadDM using Pythia 8 with the ones released with the PPPC4DMID
code is provided in Fig. 3. For the purpose of comparison we assume a branching ratio of 100% into one particle

1It is a common choice to give the energy spectrum of positrons and anti-protons instead of electrons or protons (even though they are equal
unless the dark matter model has a weird symmetry) because the former are subject to a lower background in astrophysical environments.
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Figure 3: Comparison between the energy spectra dN/d log x at production generated by MadDM and PPPC4DMID, solid and dashed curves as
labelled (with x = K/mDM and K being the kinetic energy of the final state stable particle). The dark matter annihilation channels are labelled by
the di↵erent colours in the panels. The first and second columns show fermionic and bosonic annihilation channels for a mass of the dark matter
mDM = 10 GeV, while the third and fourth columns are for a 1 TeV dark matter mass, again fermionic and bosonic annihilation channel respectively.
Positron energy spectra are provided in the first row, while the second, third and fourth rows depict anti-protons, prompt photons and neutrinos
(only electron flavour is shown) respectively. The spectra do not include EW corrections.

species. We present the results for a dark matter mass of 10 GeV (first two columns) and 1 TeV (last two columns).
In order to guarantee su�ciently smooth spectra even in the tails we generated between 5 ⇥ 105 and 5 ⇥ 106 events.
The first row shows the energy spectrum for e+, while the second, third and fourth depict the energy spectra for p̄,
� and ⌫e, respectively. We obtain perfect agreement with the PPPC4DMID energy spectra (dashed lines) for all SM
species, except cc̄ and gg final states. These energy spectra deviates slightly for all species of stable particles. At the
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Figure 4: Comparison between the energy spectra dN/d log x at production generated by MadDM and PPPC4DMID including weak corrections. The
first and second columns show fermionic and bosonic annihilation channels for a mass of the dark matter mDM = 100 GeV, while the third and
fourth columns are for a 10 TeV dark matter mass. The labelling of the plot is the same as Fig. 3.

time of writing we are not able to resolve this discrepancy by a variation of the Pythia 8 settings. Note that this
discrepancy has also been found in [44]. In the following, when referring to cc̄ and gg final states it means that we
have generated our own set of model independent energy spectra to be consistent with our ‘precise’ method. In the
photon energy spectrum the vertical dashed line indicates the sensitivity window of the Fermi-LAT telescope (500
MeV to 500 GeV energy window): for a 10 GeV dark matter only the upper part of the spectrum matters at large x;
for 1 TeV dark matter the Fermi-LAT energy window accesses all the energy spectrum, from x ⇠ 10�3 to x ⇠ 1, while
a further increase of the dark matter mass shifts the sensitivity range towards smaller x values.
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• The Fermi-LAT Collaboration 
gives limits on DM annihilation 
into two channels: 

      DM DM > bb̄ , ⌧+⌧�

• They also made available the 
likelihood profiles for a set of 
dwarf spheroidal galaxies to 
derive the upper limits (UL) 
on <σv> 

Fermi-LAT Limits (1)
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presented separately in the left and right panels respectively. These bounds include profiling over the J factor.

in the h�vi and dark matter mass plane for two sample dSph galaxies: Coma berenices (left panel) and Ursa Major II
(right panel). We find agreement for the whole dark matter mass range, for both the bb̄ final state (dark blue) and the
⌧�⌧+ final state (light blue) even though our profiling procedure over the J factor uncertainties makes the upper bound
slightly weaker (by about ⇠ 10%�20%) with respect to the public exclusion limit. The MadDM exclusion limit without
including uncertainties in the J factor (dotted line) matches very well the Fermi-LAT limit. We however include the
profiling procedure to underly the relevance of astrophysical uncertainties. Hopefully in the future when the J factors
will be determined with more accuracy the profiling will have a very limited impact on the exclusion bound.

In Fig. 6 we present the MadDM combined limits in comparison with the Fermi-LAT bounds, which have been
released publicly only for the bb̄ and ⌧+⌧� channels. In order to speed up our numerical routine we include the 6 dSphs,
as labelled in the plot, which are the ones with the largest J factors. We find that overall the MadDM bounds are in
agreement with the public exclusion limits. We have verified that stacking additional dSphs doesn’t a↵ect significantly
our exclusion limits., hence we choose this set of 6 dSphs to be our reference set of satellite galaxies from which to
compute the Fermi-LAT exclusion limits. From this set we additionally compute the exclusion limits for dark matter
annihilating with a branching ratio of 100% into the following SM final states: e+e�, µ+µ�, gg, qq̄, cc̄, tt̄, hh,ZZ,W+W�
(q includes the light quarks u, d, s for which the prompt photon energy spectrum is the same). Those are presented
in Fig. 7: in the left panels we show the limits for dark matter annihilation into fermions, while on the right panel
the limits for annihilation into bosons are depicted. All the exclusion limits presented in Figs. 6 and 7 are encoded in
the ExpConstraints class. Note that these precomputed limits are only used for the fast limit settings on individual
channels. For the upper limit on the total annihilation cross section we always follow the prescription above utilizing
the public likelihood.

3.2. Rescaling of fluxes
Within MadDM we provide likelihoods and upper cross-section limits for two distinct scenarios regarding the com-

position of dark matter.

1. ‘All DM’: In this scenario we assume that the dark matter candidate under consideration makes up all gravi-
tationally interacting dark matter, (⌦h2)theo = (⌦h2)Planck regardless of the abundance that result from thermal
freeze-out, (⌦h2)thermal, within the model. In particular our assumption concerns the local dark matter densities
that enter the fluxes for indirect and direct detection experiments. Accordingly, no rescaling of the fluxes is
made. For (⌦h2)thermal < (⌦h2)Planck this scenario could e.g. be realised by additional non-thermal contributions
to dark matter production while (⌦h2)thermal > (⌦h2)Planck could be accommodated by a non-standard cosmo-
logical history. As an example for the former, in supersymmetric scenarios where the dark matter is higgsino,
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Figure 6: Comparison between the MadDM and publicly released Fermi-LAT exclusion bounds in the {h�vi � m�}-plane for the combined set of
dSphs as labelled. The solid curves are for the MadDM limits profiling on the J factor, while the dashed lines stand for the Fermi-LAT limits. The
red curve is for ��! bb̄, while the blue line is for ��! ⌧�⌧+.

years there has been a refurbished activity in this field, with the discovery of many low brightness dSphs (also called
ultra-faint dSphs) by optical wide-field imaging surveys such as the Sloan Digital Sky Survey [70] or dark energy
surveys such as DES [71] that sum up to the 9 luminous classical dSphs known so far and largely increase the number
of confirmed dSphs. This reinvigorated activity makes these satellite galaxies attractive targets for dark matter searches
and are worth to be included with their full power as experimental constraints in the MadDM code.

The non observation of a gamma-ray emission from dSphs galaxies sets very strong constraints on the prompt
photon flux originating from a given dark matter model. The analysis implemented in MadDM is based on the public
data released by the Fermi-LAT collaboration [6, 64]. The Fermi-LAT satellite has analysed the 6 years data (Pass
8) to search for an excess in the gamma-ray emission coming from 45 confirmed and candidate dSphs, finding no
significant excess in the analysis of the combined data. Hence exclusion limits are set on the prompt photon flux
generated by dark matter annihilation and consequently on the annihilation cross section. There are four dSphs
recently discovered by DES, which, taken individually, show a slight excess over the background of the order of 2�;
this set contains the Reticulum II dSph galaxy, for which also other analyses [72, 73] have pointed out a possible
excess over the background. Despite the fact that the excess disappears once the data are combined with the other
satellite galaxies, the exclusion limits of Fermi-LAT in the h�vi and dark matter mass plane are weaker than the
exclusion limits of Fermi-LAT 2015 [74], where only 15 confirmed dSphs were used. For instance the exclusion limit
for the hard channel �� ! ⌧+⌧� gets weakened below m� = 100 GeV by roughly a factor of 2, with h�vi excluded
⇠ 5⇥ 10�27cm3/s for 10 GeV dark matter mass and hitting the thermal freeze out cross section at about m� = 90 GeV.

For each of the 45 dSphs, the Fermi-LAT collaboration has made available the likelihood profile in each energy
bin for each dSph used to derive gamma-ray flux upper limits. By using these likelihood profile functions, we perform
a likelihood analysis to constrain the model point the user is testing. To this end we bin the predicted flux accordingly
and sum up the likelihood for each bin for a given dSph. We use the J factors provided by the collaboration (adopted
from [75]) which are based on spectroscopic observations when possible and distance scaling relationships otherwise.
We take into account the uncertainties on the J factors by including them as nuisance parameters and profiling over
them, according to Ref. [76]. The total likelihoods of all dSphs included are then summed up and interpreted as a
test statistic in order to derive the p-value of the model. The default set of dSphs contains Segue I, Ursa Major II,
Coma Berenices, Reticulum II, Ursa Minor and Draco which are the dSphs with the six largest J factors. Based on
this method MadDM also finds the corresponding 95% confidence level (CL) cross-section upper limit for the model by
demanding a p-value of 0.95. The likelihood method to compare theoretical predictions with the Fermi-LAT data is
very generic and can constrain any dark matter model, no matter what are the annihilation final state. This method is
the default procedure if the user selects the ‘precise’ running mode for MadDM.

Figure 5 shows the comparison between the Fermi-LAT (dashed line) and the MadDM (solid line) exclusion limits
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• MadDM makes use of the 
likelihood profiles for the 6 
dwarf spheroidal galaxies with 
the highest J-factors to extract 
the combined limits 

• It is possible to calculate the 
limits for arbitrary 

      DM DM > SM SM

• We calculated the limits of any   
DM DM > SM SM 

• Added the new limits in the  
Exp. constraints module
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2. Fermi-LAT limits 

Figure 7: Exclusion limits for the combined set of dSphs, computed with MadDM for all SM final states, as labelled. Fermions and bosons are
presented separately in the left and right panels respectively. These bounds include profiling over the J factor.
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Two methods for calculation of indirect detection predictions

<σv>

—> See Table C.2 page 26 of the manual for the extended summary

Overview of the “Fast” vs “Precision”Methods
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• PPPC4DMID Tables for e+

• DRAGON

Halo profile: NFW, Moore, Einasto, Isothermal
Galactic magnetic field model: MF1, MF2, MF3 
Propagation model: MIN, MED, MAX

Coming to the electroweak (EW) corrected energy spectra, Pythia 8 has a partial implementation of the weak
corrections [45], namely it takes into account the radiation of weak gauge bosons from the fermionic final states
only. Once we allow for weak showering in Pythia 8 our energy spectra match those of PPPC4DMID for the case
of fermionic final states, as shown in Fig. 4 (the first and last two columns correspond to a dark matter mass of 100
GeV and 10 TeV, respectively). Energy spectra originating from quarks or gluons are basically una↵ected by weak
corrections. We are unable to match the energy spectra for weak corrections originating from W+W�,ZZ and hh
final states, as those are not implemented into Pythia 8. It is known that these corrections are large and moreover
they open new channels that would be otherwise forbidden: for instance if the annihilation process is �� ! e+e� in
principle there should be no anti-protons as a final results. By including the weak corrections the latter have a non
negligible energy spectra, since they arise from hadronisation of the final state quarks originated by the weak bosons.

As MadDM is based on the MG5 aMC architecture it can easily handle not only the standard �� ! 2 annihilation
processes but also dark matter annihilation into more than two particles in the final state, i.e., ��! n processes. Note
that Pythia 8 will also automatically produce the energy spectra into ��, e+, p̄, ⌫e, ⌫µ, ⌫⌧ in this case. We will provide
two examples in Sec. 5: the first is based on 2! 3 processes for indirect detection, where the third particle emitted is a
gauge boson. For instance, Majorana or scalar dark matter annihilation into light fermions is p- or d-wave suppressed,
whereas the additional emission of a �,Z or W boson uplift the helicity suppression and lead to a s-wave annihilation
cross section that can be constrained by present data. The second example is based on a 2 ! 4 annihilation process
inspired by models of secluded dark matter [46].

The ability to handle 2 ! n processes is also relevant in the context of weak showering corrections, as the user
can test the e↵ect of a single weak boson emission on the standard dark matter annihilation into SM particles. For
instance he/she can study for instance the consequence of a single weak boson correction to the W+W� final state by
considering the following annihilation processes ��! W+W�Z and ��! W+W�h.

Notice that some of the energy associated with charged particle final states is redirected into photons, due to inverse
Compton scattering of for instance CMB photons, synchrotron emission due to propagation in the magnetic field, and
interaction with the interstellar gas producing both bremsstrahlung and neutral pions that further decay into photons.
These processes modify the energy spectra of charged particles and of prompt photons (for details see [41, 47, 48]).
For this latter the energy spectrum can range from radio to gamma-ray energies. MadDM does not consider however the
multi-wave length spectrum originating from these processes, as those depend on the details of the environment, but
only the prompt gamma-ray energy spectrum from direct dark matter annihilation. For the former, the loss of energy
and the conversion into photons is taken into account together with the propagation in the astrophysical environment,
as will be explained in 2.4.

2.3. Gamma-ray flux
The study of prompt gamma-ray flux from dark matter annihilation is generically the simplest among the �, e+, p̄, ⌫i

final states, as photons travel straight from the production to the detection points and typically trace the source.
Let us consider a generic dark matter model that annihilates into the SM particle i with branching ratio Bi. The

expected gamma-ray flux from dark matter annihilation from a direction  in the sky, averaged over an opening angle
� is:
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The second row of the equation defines the J factor
⇣
J ⌘ R

 
d⌦/� 

R
los ⇢

2( , l) dl
⌘
. For dark matter candidates

with distinct particle and antiparticle Eq. (6) is multiplied by an additional factor of 1/2.2 MadDM provides both the
di↵erential flux in Eq. (6) as well as the total integrated flux, up to the J factor, which should be provided by the user.
Details are given in Appendix C.3.

2This factor 1/2 for non self-conjugate dark matter is automatically computed by MadDM by inferring this information from the UFO model,
which stores the particle properties including the label self-conjugate or not.
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• Neutrinos oscillations (from far galaxies to Earth)

Interface with the fully numerical code DRAGON for the propagation of  
positrons/antiprotons within the galaxy

Propagation of CR Rays
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Conclusions and OutlookConclusions

• Plethora of experimental results available from several types of 
experiments (not discussed: SM precision measurements e.g. flavour 
sector, Higgs etc.) able to constrain BSM theories 

• Many existing tools can be efficiently used to constrain, in an automated 
way, the parameter space of many theories 

• Tools are being constantly updated using the latest experimental input 

Thank You !


