
Dr Sarah Williams: HEP extravaganza 6/12/23

Cambridge HEP extravaganza 
ATLAS results- Run 2 EWK pMSSM

reinterpretation effort

1

Dr Sarah Williams
Above: My top Christmas movie recommendations for 2023 (so far)…
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Introduction

• I’ll aim to give a quick walk-through of 
one of the ATLAS SUSY results from 
this year that had significant 
Cambridge involvement.

• My aim is NOT to summarise all of the 
results in lots of detail but to give you 
an overview of the aims and key 
results,  in the hope that you all then 
read the CONF note (and anticipated 
paper).
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https://cds.cern.ch/record/2870222

A
T

L
A

S
-C

O
N

F
-2

0
2

3
-0

5
5

1
3

S
e
p

te
m

b
e
r

2
0
2
3

ATLAS CONF Note

ATLAS-CONF-2023-055
30th August 2023

ATLAS Run 2 searches for electroweak production

of supersymmetric particles interpreted within the

pMSSM

The ATLAS Collaboration

A summary of the constraints from searches performed by the ATLAS experiment for the
electroweak production of charginos and neutralinos is presented. Results from eight separate
ATLAS searches are considered, each using 140 fb�1 of proton-proton data at a center-of-mass
energy of

p
s = 13 TeV collected by the Large Hadron Collider (LHC) during its second data-

taking run. The results are interpreted in the context of the 19-parameter phenomenological
minimal supersymmetric standard model, where R-parity conservation is assumed and the
lightest supersymmetric particle is assumed to be the lightest neutralino. Constraints from
previous electroweak, flavour and dark matter related measurements are also considered.
The results are presented in terms of constraints on supersymmetric particle masses and are
compared to limits from simplified models. Also shown is the impact of ATLAS searches on
parameters such as the dark matter relic density and the spin-dependent and spin-independent
scattering cross-sections targeted by direct dark matter detection experiments. The Higgs
boson and Z-boson “funnel regions” where a low-mass neutralino would not oversaturate
the dark matter relic abundance are almost completely excluded by the ATLAS constraints.
Example spectra for non-excluded supersymmetric models with light charginos and neutralinos
are also presented.

© 2023 CERN for the benefit of the ATLAS Collaboration.
Reproduction of this article or parts of it is allowed as specified in the CC-BY-4.0 license.

https://cds.cern.ch/record/2870222
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An alternative title to this talk

3

SUSY could still exist….

…reason to keep searching for SUSY

Starring…

ATLAS DRAFT

This targeted anomaly-mediated supersymmetry breaking (AMSB) [66, 67] models which naturally give256

a pure wino LSP as well as providing interpretations for compressed Higgsino scenarios. This search257

targets long-lived charginos using a distinct signature of a short track that “disappears” in the ATLAS258

tracking detector associated with missing transverse momentum. Table 5 summarises the Run 2 EWK259

SUSY searches considered in this analysis.260

Table 5: EWK analyses considered in this work.

Analysis Simplified models targeted

1Lbb [10] Wino j̃
±
1 j̃

0
2 via ,⌘

Compressed [15] Wino j̃
±
1 j̃

0
2 via ,/ , Higgsino j̃

±
1 j̃

0
2 j̃

0
1

FullHad [19] Wino j̃
±
1 j̃

0
2 via ,/ , Wino j̃

±
1 j̃

0
2 via ,⌘, Wino j̃

+
1 j̃

�
1 via ,, , Higgsino GGM

2L0J [14] Wino j̃
+
1 j̃

�
1 via ,, , slepton pairs

3L [18] Wino j̃
±
1 j̃

0
2 via ,/ , Wino j̃

±
1 j̃

0
2 via ,⌘, Higgsino j̃

±
1 j̃

0
2 j̃

0
1 , Higgsino GGM

2L2J [20] Wino j̃
±
1 j̃

0
2 via ,/ , Higgsino GGM

4L [17] Higgsino GGM
Disappearing Track [22] Wino j̃

+
1 j̃

�
1 and j̃

±
1 j̃

0
1

When performing the workflow described in the previous sub-section, several modifications were made for261

specific searches:262

• In the cases where the time to run the full analysis likelihood with smeared particle-level signal263

yields was too computationally expensive to perform, the “simplified likehood” procedure described264

in Ref. [68] is used instead. This makes several simplifications including combining all background265

components into a single sample and reducing all nuisance parameters in the full likelihood to a266

single constrained parameter. This significantly increases the speed of the statistical fit, at the price267

of some accuracy. This approach is used for the Compressed, 3L o�-shell and 4L analyses.268

• For the disappearing-track analysis the upper limits on production cross-sections are used to determine269

exclusion. This is justified in this case since the disappearing-track analysis acceptance is largely270

determined by the j̃
±
1 mass and lifetime, but not other model parameters such as tan V or `. Only271

direct j̃±
1 and j̃

0
1 production is considered, i.e. production through decay of heavier states is ignored,272

leading to slightly conservative limits. A linear interpolation between the available upper limits273

(provided by the disappearing track analysis team) is used to determine the appropriate limit for each274

pMSSM model. To ensure a reliable result, only models with chargino mass and lifetime within the275

ranges for which limits are available are considered. If the total production cross-section for a model,276

f( j̃±
1 j̃

0
1) + f( j̃+

1 j̃
�
1 ), is greater than the corresponding limit then the model is considered excluded.277

In addition to the ATLAS SUSY searches in Table 5, two additional constraints related to measurements of278

the Higgs boson are applied when assessing the ATLAS Run 2 constraints on the pMSSM models. The279

first is the most recent combined upper limit on the branching ratio of the Higgs to invisible particles of280

BR(⌘ ! inv)< 0.107 [69]. Models where Higgs boson decays to SUSY particles would increase this281

value above this limit are considered excluded. The second constraint applied is the ATLAS combined282

constraint on CP-odd Higgs in the MSSM from Higgs cross-sections and branching fractions [70], which is283

m(�)> 480 GeV.284
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This project provides 
a legacy 
reinterpretation of 
the run 2 EWK 
SUSY programme in 
broader SUSY 
parameter space
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Supersymmetry and collider searches

• Dark matter candidate?

• Plus (natural?) solution to the hierarchy 
problem and gauge coupling unification…

4

Invoke a symmetry between fermions and bosons such that every SM 
particle has a corresponding “super-partner”. Can address several 
problems in the SM:

R-parity conservation: 
pair produced sparticles at LHC!

Plus missing transverse 
momentum associated with 
LSPs

Searches for SUSY at the LHC typically 
involve looking for statistically significant 
deviations from the Standard Model 
predictions in event topologies designed to 
enhance signal acceptance and strongly 
suppress the SM backgrounds… 
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Undiscovered particles in the MSSM

5

Name Spin Gauge eigenstates Mass 
eigenstates

Higgs bosons 0 𝐻!", 𝐻#", 𝐻!$, 𝐻#%, ℎ" ∗ , 𝐻", 𝐴", 𝐻±

Squarks 0 &𝑢' , &𝑢( , (𝑑' , (𝑑(
𝑠̃' , 𝑠̃( , 𝑐̃' , 𝑐̃(
𝑡̃' , 𝑡̃( , .𝑏' , .𝑏(

same
same

𝑡̃), 𝑡̃*, .𝑏), .𝑏*
Sleptons 0 𝑒̃' , 𝑒̃( , 𝜈̃+

&𝜇' , &𝜇( , 𝜈̃,
𝜏̃' , 𝜏̃( , 𝜈̃-

same
same
𝜏̃), 𝜏̃*, 𝜈̃-

Neutralinos ½ .𝐵", 5𝑊", 5𝐻!", 5𝐻#" &𝜒)", &𝜒*", &𝜒.", &𝜒/"

Charginos ½ 5𝑊±, 5𝐻!$, 5𝐻#% &𝜒)
±, &𝜒*

±

Gluinos ½ &𝑔 same

(*) Note: typically assume ℎ"	 is the 125 GeV “SM” Higgs boson  

=> A wealth of new 
particles to search 
for experimentally!

=> “Gauginos”

MSSM= ”Minimal Supersymmetric Standard Model”
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The “phenomenological” MSSM 

pMSSM parameter Meaning
𝐭𝐚𝐧𝜷 Ratio of VEVs of the two Higgs doublets
𝑴𝑨 CP-odd Higgs boson mass parameter
𝝁 Higgsino mass parameter

𝑴𝟏, 𝑴𝟐, 𝑀. Bino, wino and gluino mass parameters
𝐴3 , 𝐴4 , 𝐴- Third generation trilinear couplings

𝑚 56 , 𝑚7!! , 𝑚 8#! , 𝑚9: , 𝑚+̃! First/second generation sfermion masses
𝑚 8< , 𝑚 93! , 𝑚 84! , 𝑚8' , 𝑚5-! Third generation sfermion masses

6

Apply set of theoretical and experimental constraints on the general MSSM-> 
reduce number of parameters from 105 to 19:

Most LHC searches present interpretation of results using “simplified models” 
within the pMSSM.

In bold are the parameters most 
relevant to the EWK sector
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Once upon a time there was a bino, wino and 
higgsino…

7

pMSSM
parameters

LSP 
nature

Particle spectrum

(1) 𝜇 ≫ 𝑀), 𝑀* ≫
𝑀=

Bino Bino-like &𝜒)" , wino-like &𝜒)
± and &𝜒*"

m( &𝜒)") <m( &𝜒)
±)~m( &𝜒*")

(2) 𝜇 ≪ 𝑀), 𝑀* Higgsino Higgsino-like &𝜒)", &𝜒)
± , &𝜒*"

m( &𝜒)")~m( &𝜒)
±)~m( &𝜒*")

(3) 𝜇 ~|𝑀)| or |𝑀*| Mixed Mixed states

For models that assume the gauginos masses unify at high energies, expect 𝑴𝟏 ≈
𝟎. 𝟓𝑴𝟐 at EW scale. Within pMSSM can then get three distinct phenomenologies…

=> Even with a small number of starting ingredients, these different possible 
“mixtures” of gaugino states would give very different signatures if produced 
at the LHC. There are also significant implications for dark matter!
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Searching for SUSY at the LHC- run 2 searches

8

Signature driven approach to target simplified models in dedicated channels…

2l+ jets+ 𝒑𝑻𝒎𝒊𝒔𝒔 3l+ 𝒑𝑻𝒎𝒊𝒔𝒔 2l+0jets+ 𝒑𝑻𝒎𝒊𝒔𝒔 0l + jets + 𝒑𝑻𝒎𝒊𝒔𝒔

• Different search channels=> complementary sensitivity to different areas of the 
SUSY mass plane, and different dominant backgrounds.

• Legacy results of the search programme involve combinations and 
reinterpretations to understand the overall constraints and any gaps.
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Analysis in a nutshell

1. Generate pMSSM points in two scan configurations:

• ”EWKino” scan

• “Bino” scan

2. Apply a set of pre-filters.

3. Use particle-level and reco-

Level analysis to assess the

fraction of models excluded by

the ATLAS results with and without applying external constraints…

9

ATLAS DRAFT

Table 4: Set-ups for the two pMSSM scans performed and number of models passing each step.

Scan name EWKino Bino-DM

|"1 | range 0 – 2 TeV 0 – 500 GeV
LSP type Neutralino Bino-like neutralino

Number of models generated:

Sampled 20,000 437,500
Successful generation 16,883 370,058

Correct LSP type 15,537 286,308
Pass DM relic density constraint ⌦⌘

2  0.12 N/A 11,163
Pass LEP chargino mass constraint 13,931 10,165

120 GeV < m(⌘) < 130 GeV 12,280 8,897
Number of models processed:

<( j̃±
1 ) < 1200 GeV and fEW > 7 ⇥ 10�5 pb 10,063 8,771
Successful truth-level evaluation 9,726 8,725

Reco-level evaluation 699 733

enhanced LSP self-annihilation into the heavy neutral scalar Higgs boson � or pseudoscalar Higgs boson208

�. For m( j̃0
1) > 100 GeV, in the so-called “bulk region”, there are a variety of other (co-)annihilation209

mechanisms contributing. When m( j̃0
1) > 173 GeV (ie. the LSP is similar to or greater in mass than the210

top quark), the j̃
0
1 j̃

0
1 ! CC̄ self-annihilation process is allowed, coloured in pink. The orange points also211

show models which have a bino-like LSP close in mass to a wino- or higgsino-like j̃
±
1 and j̃

0
2 , causing212

enhanced co-annihilation. In general, the DM relic density constraint favours an LSP with a bino/higgsino213

mix. A pure-bino LSP is disfavoured unless its mass is very close to the //⌘ pole, or the j̃
±
1 /j̃0

2 are very214

nearby in mass.215

2.3 Summary of considered ATLAS searches and measurements216

This sub-section describes the eight ATLAS searches and the additional constraints from ATLAS Higgs217

measurements that are included in the results in Section 3. The ATLAS Run 2 searches for electroweak218

SUSY took a “signature-driven” approach, meaning that multiple final states can have sensitivity to219

the same SUSY production mode due to di�ering decays of the gauge bosons in the decay chain. The220

simplified models used to optimise and interpret the searches typically assumed that the LSP is either a pure221

bino, wino or higgsino, with the SUSY dominant production mode being determined by the next-lightest222

supersymmetric particle (NLSP). The main model targeted in Run 1 was the bino-wino scenario where the223

LSP is a pure bino with the next lightest SUSY particles being mass degenerate wino-like j̃
0
2 and j̃

±
1 . The224

dominant production modes are then associated j̃
±
1 j̃

0
2 production or j̃±

1 j̃
�
1 pair production. The larger225

datasets in Run 2 have enabled multiple searches targeting this scenario with complementary sensitivity226

in di�erent areas of the LSP vs NLSP mass plane. Assuming boson-mediated decays, the j̃
±
1 decays via227

a , boson either leptonically or hadronically, whilst the j̃
0
2 can decay via either a / boson, that decays228

leptonically or hadronically, or via a Higgs boson, that can then decay according to its SM branching229

fractions. The Run 1 electroweak SUSY searches focussed on leptonic final states for these models as they230

provide a clean final state for triggering and lower SM backgrounds, however the larger datasets in Run 2231

have allowed more challenging final states to be probed.232

27th July 2023 – 09:36 8

Note- developing and validating 
the framework to do this reliably 
was a significant task!
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Results- EWKino masses (EWKino scan)

10

ATLAS DRAFT

(a) All models (b) All models

(c) Models passing non-DM external constraints (d) Models passing non-DM external constraints

(e) Models passing all external constraints (f) Models passing all external constraints

Figure 5: Fraction of EWKino scan models excluded by ATLAS Run 2 results. The first column shows the <( j̃±
1 )

vs. <( j̃0
1) plane and the second column the <( j̃0

2) vs. <( j̃0
1) plane. The first row includes all models, the second

includes all models that pass the non-DM external constraints and the third row models that pass all external
constraints. The overlaid dashed line shows the envelope of the 3L [18], 2L2J [20] and FullHad [19] exclusion of a
wino j̃

±
1 j̃

0
2 ! ,/ j̃

0
1 j̃

0
1 simplified model with BR( j̃0

2 ! / j̃
0
1) = 100%. Note that bins in grey have no models to

consider, while for bins in bright yellow all models are excluded.

27th July 2023 – 09:36 15

• External constraints remove most 
models inside contour.

• Improved sensitivity to compressed 
models relative to run 1

• Large exclusion fraction outside 
contour driven by wino-like LSP 
models with a bino/higgsino-like &𝜒*"
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Key messages of this work

• Significant extension of the run 1 
constraints on (EWK) pMSSM
parameter space.

• The Higgs and Z-boson ”funnel 
regions” where a low-mass neutralino 
would not over-saturate the relic 
density are almost completely 
excluded.

• Models that survive the ATLAS search 
programme include spectra that 
deviate from simplified models- due to 
different hierarchies and/or mixed 
decay modes.

.
11

ATLAS DRAFT

beyond the 1Lbb region of sensitivity, so despite the j̃
0
2 decay to ⌘ being dominant, the 2L2J search (which477

targeted the j̃
0
2 decay via /) has the best sensitivity.478

Finally, two scenarios with small mass splittings between the j̃
±
1 , j̃0

2 and j̃
0
1 are shown in Figures 16(c)479

and 16(d). These scenarios have a smaller branching fraction for the j̃
0
2 ! j̃

0
1✓

+
✓
� three-body decay than480

the simplified models used in the original Compressed analysis as these are bino/wino LSP/NLSP models.481

They are instead dominated by the radiative decay j̃
0
2 ! j̃

0
1W. Therefore these scenarios are not excluded482

despite having masses within the Compressed analysis exclusion contour. In the case of Figure 16(c), the483

j̃
0
3 , j̃±

2 and j̃
0
4 are light enough to be within reach of searches such as FullHad and 2L2J, but the production484

cross section is lower due to those being Higgsino-like and they all have decays through, W, Z and ⌘ bosons485

at similar branching fractions.486

(a) //⌘ funnel region (b) �/� funnel region

(c) Compressed region (d) Compressed region

Figure 16: Mass spectrum for four benchmark models with a bino-like LSP which pass all constraints and are not
excluded despite having a mass-spectrum within published ATLAS simplified model contours. Produced using
PySLHA [71].

Figure 17 shows the mass spectrum of two benchmark models, each with a higgsino-like LSP which pass487

all constraints and are not excluded by ATLAS Run 2 analyses. The j̃
0
1 mass and j̃

0
2 mass of these models488

is within the published simplified-model contours for the ATLAS 3L (o�shell) or Compressed searches. As489

with the compressed bino LSP models discussed previously, the j̃
0
2 ! j̃

0
1✓

+
✓
� decay mode has a smaller490

branching fraction for these models than the Compressed analysis simplified models, and the radiative491

27th July 2023 – 09:36 28

(a) All models (b) All models

(c) Models passing non-DM external constraints (d) Models passing non-DM external constraints

(e) Models passing all external constraints (f) Models passing all external constraints

Figure 7: Fraction of Bino-DM scan models excluded by the ATLAS Run 2 results. The first column shows the
m( �̃±1 ) vs. m( �̃0

1 ) plane and the second column the m( �̃0
2 ) vs. m( �̃0

1 ) plane. The first row includes all models, the
second includes all models that pass the non-DM external constraints and the third row models that pass all external
constraints. The overlaid dashed line shows the envelope of the 3L [23], 2L2J [25] and FullHad [24] exclusion of a
wino �̃±1 / �̃0

2 simplified model with BR( �̃0
2 ! Z �̃

0
1 ) = 100% and BR( �̃±1 ! W

± �̃0
1 ) = 100%. Note that bins in grey

have no models to consider, while for bins in cream (black) all models are (not) excluded.

18
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Conclusions

• When simplified model assumptions are 
relaxed exclusion constraints are typically 
weaker.

• First (EWK) pMSSM reinterpretation effort 
from run 2 aims to quantify the sensitivity 
of ATLAS searches in broader SUSY 
parameter space and demonstrate 
complementarity with external constraints.

• Further reinterpretation efforts planned,
and results will be used to design new 
searches for run 3 (and beyond).

12

p.s. Die hard is not a Christmas movie…

Have a great Christmas break!
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Scanning the pMSSM …

• pMSSM = 19-dimensional space of 
viable SUSY models

• Randomly sample pMSSM parameters 
(flat prior)

• Re-interpret Run-2 analyses on pMSSM
models

• EWK scan targets electroweakinos (with 
other sparticles decoupled) which are the 
sparticles most relevant to dark matter 
phenomenology.

• Summarises ATLAS Run-2 sensitivity to 
EWKinos and highlights areas to be 
targeted with future searches

13
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External constraints considered

When referring to external constraints throughout the paper:

1. All models = all models generated passing the LEP chargino mass constraint and 
the Higgs mass window.

2. All non-DM external constraints= flavour and precision EWK constraints (note for the 
bino-DM scan this is essentially all constraints except the direct-detection constraints).

3. All external constraints= flavour + precision EWK + dark matter (relic density + DD)

14

ATLAS DRAFT

Table 2: Constraints from electroweak precision measurements, flavour physics observables and direct-detection
dark matter searches. When used in the results in Section 3, the flavour and precision EW constraints correspond to
the “non-dark-matter” external constraints, whilst “all external constraints” includes the flavour, precision EW and
dark matter constraints. In addition to these constraints, unless otherwise stated all models considered in this paper
include the LEP constraint on the chargino mass and a Higgs boson mass constraint as described in the text.

Category Constraint Lower bound Upper bound Notes

Flavour BR(1 ! BW) 3.11 ⇥ 10�4 3.87 ⇥ 10�4 2022 PDG average [46]
BR(⌫B ! ``) 1.87 ⇥ 10�9 4.31 ⇥ 10�9 Most recent LHCb result [47]
BR(⌫+ ! ga) 6.10 ⇥ 10�5 1.57 ⇥ 10�4 2022 PDG average [46]

Precision EW �d �0.0004 0.0018 Updated global electroweak fit by GFitter group [48]
(not including CDF , -mass measurement [49])

�inv (/ ) �� 2 MeV Precision electroweak measurements on the / -resonance
from experiments at the SLC and LEP colliders [50].

m(, ) 80.347 GeV 80.407 GeV 2022 PDG result (excluding CDF , -mass measurement [49]) [46]
but with the 2f window expanded by 6 MeV to allow for uncertainty due
to the top-quark mass in the MSSM Higgs calculation [51]

Dark matter DM relic density �� 0.12 Latest bound from Planck [52]
DD fSpin-independent Exclusion contour on direct-detection of DM from the LZ collaboration [53]
DD fSpin-dependent Exclusion contour on direct-detection of DM from PICO-60 [54]

• The masses of the Higgs and W boson are later re-calculated with FeynHiggs 2.19.95

• MicrOMEGAS 5.2.1 [41, 42] is used to calculate the predicted dark matter relic density, annihilation96

cross-sections, and spin (in)dependent WIMP-nucleon cross-sections.97

• SuperISO 4.0 [43] is used to calculate a variety of flavour observables.98

Models that fail to be processed properly by one or more of these programs or contain un-physical spectra are99

removed. Models where the LSP is not the lightest neutralino (j̃0
1) are removed as are models with charginos100

that excluded by LEP, i.e. <( j̃±
1 ) < 103 GeV for �<( j̃±

1 , j̃
0
1) � 3 GeV [44] and <( j̃±

1 ) < 91.9 GeV101

for �<( j̃±
1 , j̃

0
1) < 3 GeV [45]. Finally, a loose bound is applied to the predicted Higgs boson mass102

of 120 GeV < <(⌘) < 130 GeV. When presenting the final results, additional external constraints103

complementary to the ATLAS search constraints are considered based on the observables calculated104

by the above programs. These include constraining the mass of the W boson to a window around its105

measured values; spin (in)dependent LSP-nucleon cross-section limits; constraints on electroweak precision106

observables; constraints on B-physics observables. These constraints are summarised in Table 2.107

The cross-sections for each SUSY pair-production process are calculated at next-to-leading-order using108

Prospino [55] for each model which passes the initial constraints. At this stage, a filter is applied to halt109

the processing of models that the ATLAS searches are very unlikely to have sensitivity to. This filter110

requires <( j̃±
1 ) < 1200 GeV, as the analyses considered have no sensitivities to scenarios with a j̃

±
1 mass111

above this limit; fEW > 7 ⇥ 10�5 pb, as lower cross-sections would give less than 10 expected events in the112

full Run 2 dataset. In addition models with predicted stable or e�ectively stable j̃
±
1 and j̃

0
2 are also filtered,113

as the event generation cannot handle additional stable charginos and neutralinos. Models rejected by this114

filter are included in the final model sets used in Section 3, but are considered to be not excluded.115

Events are then simulated for each model which passes these filters. Events are simulated using116

MadGraph [56] and Pythia8 [57]. Assessing the detector e�ects on simulated events requires them to be117

processed either through a full simulation of the ATLAS detector [58] based on G����4 [59], or a faster118

version of the simulation, which relies on a parameterization for the response of the calorimeters and on119

G����4 for the other components of the detector, then reconstructed with the same algorithms as those120

used for the data. Producing such “detector-level” reconstructed samples is computationally expensive,121

so instead events are initially simulated at particle-level using the SimpleAnalysis framework [26].122

27th July 2023 – 09:36 4

(2) (3)

Note- when applying DD 
constraints- all cross-sections 
are scaled by Ωℎ*/0.12

In most cases the constraints are the ±2𝜎 bounds from the published values- we plan to 
add this to the paper.


