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Briefly, about me

● From Antwerp, and did my PhD there 
on Higgs searches with CMS

● Moved to ATLAS and worked as a postdoc with 
Nikhef, CERN, and now Edinburgh doing 
searches for Beyond-the-SM physics

● Focus on electroweak supersymmetry searches

● Work to see how far we can push the detector 
and software to study hard-to-measure leptons

● Also an operations expert: keep the ATLAS 
trigger system running, and shift leader
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 This lecture
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● Why Supersymmetry?

● What is Supersymmetry?

● How to Supersymmetry (at the LHC)?



 The Standard Model

Particle physics’ best model today
a gauge theory which describes

● elementary particles
○ fermions 
○ bosons

● fundamental interactions
○ strong
○ electromagnetic
○ weak
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noting particle’s
mass, charge, colour, and spin



 Success of The Standard Model
● measurements covering 

15 (!) orders of magnitude

● multiple CoM energies

● both precision & agreement 
with theory predictions 
are impressive

● despite great success, still 
occasional tensions seen

○ flavour sector: RK, RK* 

○ muon g-2

○ W-boson mass

○ …

5 / 58



 Success of The Standard Model
● measurements covering 

15 (!) orders of magnitude

● multiple CoM energies

● both precision & agreement 
with theory predictions 
are impressive

● despite great success, still 
occasional tensions seen

○ flavour sector: RK, RK* 

○ muon g-2

○ W-boson mass

○ …

Not all of nature’s quirks fit in though!

Some open questions need further answers

● the nature of dark matter

● the higgs mass and the hierarchy problem

● matter/anti-matter imbalance

● unification of the forces

● gravity?

● neutrino masses & flavour oscillation
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Supersymmetry 101

new, broken symmetry between fermions & bosons, 
including extended higgs sector
→ SM particle mass ≠ SUSY partner mass

solutions to
○ stabilised Higgs boson mass
○ unification of the gauge couplings
○ (WIMP) Dark Matter candidate with

stable lightest supersymmetrical particle (LSP)
in R-parity conserving SUSY

beautiful framework to explore 
extremely broad array of BSM signatures

focus on natural SUSY
○ relatively light stops, gluinos and higgsinos
○ other particles can be decoupled
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I’m sorry,
 

say tha
t again?
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The Hierarchy Problem
Why is the higgs boson mass so much lighter than the Planck scale?

Naive expectation 

● higgs mass ~ scale at which new physics appears
● unless there is large fine-tuning and terms ~cancel
● fine-tuning is unnatural

Instead

   mH  ≈  125.11 GeV

which would be nice to have an explanation for…

↳ 𝑂( (1019GeV)2 )
arXiv:2308.04775

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2022-20/
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Naturalness
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Symmetries

Global / external:  translation, rotation, and inertial frame symmetry      (Pointcaré symmetry)

Local / internal: giving rise to the fundamental interactions connected to the gauge fields       (Lie groups)

Symmetries described using group theory:   group elements connect to transformations, 
                                                                                     and groups are described via generators

In field theory, the gauge groups represent the local transformations under which the lagrangian is invariant, 
ie. under which the system does not change → symmetries

For the Standard Model:  U(1)Y x SU(2)L x SU(3)C 
representing  electromagnetic force x weak force x strong force

Noether’s theorem: each continuous symmetry has to correspond to a conserved quantity

Conserved quantities: lepton number, baryon number, parity, isospin, and strangeness
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Unification

Can these global and local aspects be unified in an extension of the previous description? 

Skipping a lot of steps…

→ no, not with the Lie group description 

→ yes, using Supersymmetry   (as an extension of the Pointcaré symmetry, an extension of 
                                                                       space & time in an additional quantum mechanical dimension)
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Supersymmetry

Supersymmetry connects fermions and bosons using a spinorial generator Q (spin ½)

Q |fermion> = |boson>

Q |boson>   = |fermion>

and the representation contains multiplets of particles that have
different spin   but   the same mass & quantum numbers

In order to then set up a Lagrangian that  can be invariant under the transformation   |boson> ↔ |fermion>
one needs double the amount of particles   (since we don’t already have such particles available in the SM)

In practice:  SM fermion  ↔ new SUSY scalar boson “s-”
 SM boson    ↔ new SUSY fermion “-ino”

 quarks/leptons/neutrinos ( spin ½) ↔ squarks/sleptons/sneutrinos ( spin 0)
 gauge bosons g, 𝛄/W/Z (spin 1)    ↔ gluino, charginos/neutralinos (electroweakinos) ( spin 

½)
  extended Higgs sector ( h0, H0, A0, H±) (spin 0)                        
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Supersymmetry
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Supersymmetry breaking

Remember the statement

SUSY representation contains multiplets of particles that have
different spin   but   the same mass & quantum numbers

→  but we have not observed supersymmetric partners at the same masses, e.g. no selectron at 0.511 MeV

→  Supersymmetry must be a broken symmetry

We assume spontaneous symmetry breaking

→  gauge or gravitational interactions couple the SUSY-breaking sector with the Supersymmetric SM 
    (they mediate the supersymmetry breaking)

→  the vacuum is non-Supersymmetric

→  as we don’t know the actual mechanism, we manually introduce explicit breaking terms,

→  only soft terms avoiding to re-introduce divergences
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The Hierarchy Problem

S

Coming back to the higgs boson mass

naively: corrections are divergent, 
thus the mass has to be large

Supersymmetry introduces additional scalars which
bring further corrections that mitigate the problem

● balances the SM corrections
● reduces the necessary level of fine-tuning
● the observed light higgs boson is possible

|𝛌f|
2 = 𝛌s   connect to two new scalars for each fermion

                                                (in the same super-multiplet)

Masses ms and mf are not the same, 
the cancellation depends on SUSY breaking
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Unification of SM gauge couplings

Unified
force

Electromagnetic force

Weak force

Strong force

Standard Model

Supersymmetry

When following the Standard Model to predict 
the running of the couplings, 

the extrapolation of the experimentally observed 
gauge couplings does not unify at large scale. 

If one instead assumes running according to 
the Minimal Supersymmetric Standard Model,

they do.
(at energies comparable to those of the early universe)
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(WIMP) Dark Matter candidate

The Standard Model only accounts for a fraction 
of the total energy in the universe

● 5% ordinary matter
● 27% dark matter
● 68% dark energy

Supersymmetry can offer a DM particle 
candidate that satisfies all the conditions 

● stable 
● weakly-interacting
● massive

Measured rotational velocity for spiral galaxies vs.
predictions assuming only visible matter
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R-parity

Remember Noether’s theorem: each continuous symmetry has to correspond to a conserved quantity

However, the most general super-potential we can describe, violates conservation of lepton- and baryon number!

Consequence: the proton would be unstable, and decay much faster than observed in nature

R-parity is a new symmetry, a new conserved quantum number, that restores things

R = (-1) 3(B-L)+2S with B,L, and S the baryon number, the lepton number, and the spin

→ R-parity  +1  for particles, and  -1  for sparticles

Consequence

● supersymmetric particles have to be produced in pairs
● the lightest supersymmetrical particles (LSP) is stable
● if the LSP is neutral, it’s a good (WIMP) dark matter particle candidate (e.g. the neutralino)
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R-parity violation

All rules need exceptions: one can introduce R-parity violating terms in the Lagrangian

WRPV = kiLiH2  +  𝛌ijkLiLjEk + 𝛌’ijkLiQjDk  +  𝛌”ijkDiDjDk
     lepton-violating    baryon-violating

        ↓                                               ↓

                                                     large lepton multiplicity    multi-jet resonances
                                                     & additional leptons from                (without large additional missing ET)

       LSP decays

which would result in 

● final states with higher particle multiplicities
● final states with less missing transverse momentum
● many different final states possible due to different possible RPV terms

● no stable LSP  →  no dark matter particle candidate

(but the extra terms also allow flexibility in describing “features”, e.g. fitting in a description of 
 g-2 anomaly, flavour anomalies, … )
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SUSY in a nutshell
● new, broken symmetry

○ R-parity as new quantum number
● solutions to 

○ light higgs boson mass
○ unification of gauge couplings
○ dark matter candidate

R
E
M
E
M
B
E
R
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Production of SUSY particles at the LHC

Following the same rules as for the SM, just swapping two(*) particles to be supersymmetrical

(*)   sparticles are pair-produced 
    if R-parity is conserved

strong production

electroweak production
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Production of SUSY particles at the LHC

Many possible diagrams!

strong production
gg/gq/q q̅/qq initiated   →  all possible combinations of gluino, squark & anti-squark

● also box-diagrams
● few top and no bottom quarks (given their mass)
● 3rd generation squarks have to come from box-diagrams

electroweak production
chargino/neutralino pairs or slepton/sneutrino pairs (including c-n and sl-sn)

● LHC collisions involve quarks in the initial state
→ electroweak SUSY diagrams involve at least two EM or weak vertices

● electroweak production is rarer
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Cross sections

gluino-squark, gluino-gluino, 
squark-squark, and even 3rd generation 
squark production cross sections

(due to strong interaction)
are order(s) of magnitude larger at the LHC 
than electroweakino pair-production or 
slepton pair-production

higher cross section for squark and 
gluino production means 

↓
our current sensitivity reach at the LHC is 
at higher masses for squarks and gluinos 
than for electroweakinos and sleptons
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Cross sections

gluino-squark, gluino-gluino, 
squark-squark, and even 3rd generation 
squark production cross sections

(due to strong interaction)
are order(s) of magnitude larger at the LHC 
than electroweakino pair-production or 
slepton pair-production

higher cross section for squark and 
gluino production means 

↓
our current sensitivity reach at the LHC is 
at higher masses for squarks and gluinos 
than for electroweakinos and sleptons

Remember though that SM cross section are orders of magnitude larger!

→ Out of ~1 billion events per second, expect to produce less than 1 containing SUSY particles 
→ Plus we can’t identify and save everything
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Supersymmetry is not one model, it’s a family of models, a large framework
→ various scenarios can result in many different signatures we can search for

Standard prompt signatures

● SUSY particles (except for LSP) decay to SM particles and other SUSY particles
→ signature is SM+particles + missing ET

● If R-parity violating: no stable LSP, also decays to SM particles, less missing ET & higher multiplicities

Long-lived particles

● Small couplings can lead to long-lived particles
→ e.g. small RPV-coupling, gravitino LSP with small coupling, small mass splittings between LSP/NLSP

● LHC detector reach dictates displacement range we can measure in (for tracks, charge, …)

Signatures at the LHC
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The SUSY landscape

Prompt Long-Lived

R-parity conserving R-parity violating

wide range 
of lifetimes
& signatures

Strong

1st,2nd gen
squarks & 
gluinos

+
3rd gen
stop & 
sbottom

Electroweak

electro-
weakinos

+
sleptons

RPC 
production

↓

RPV
decays

RPV 
production

↓

RPV
decays

Dark 
Matter

Extended
Higgs
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Typical SUSY search analysis flow

Identify target signature  →  define a selection

● which particles in final state? 

● which SM (or machine) backgrounds look the same?

● which observables allow to distinguish signal & bkg?

● estimate the expected signal event yield in selection

Background estimation

● use Monte Carlo simulation or (semi-) data-driven methods to 
estimate event yield from background processes

● often estimate in background-rich region (control-region, CR)
and transfer to signal-rich region (SR) after validation in 
intermediate validation region (VR)

Compare results & work out significance

● compare the signal and background expectations

● results for a given model, or for a generic BSM signal
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Typical SUSY search analysis flow

Identify target signature  →  define a selection

● which particles in final state? 

● which SM (or machine) backgrounds look the same?
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● use Monte Carlo simulation or (semi-) data-driven methods to 
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and transfer to signal-rich region (SR) after validation in 
intermediate validation region (VR)

Compare results & work out significance

● compare the signal and background expectations

● results for a given model, or for a generic BSM signal

Need to build in flexibility!

→ Since we don’t know what the signal is, the search method needs to allow 
sensitivity for a range of potential particle masses and decay modes

→ Can be interesting to re-interpret analyses at a later date for new signal 
models that could produce the same signature

→ Important to provide results in a way digestible by theory colleagues
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SUSY models in practice

“Full” models   → mSUGRA, GMSB, AMSB, … 

● SUSY breaking sector at higher energy scale  &  no degenerate spectrum at a lower scale (e.g. electroweak scale)

● Impossible to search for if we can’t reach the energy

Generalised models   → pMSSM, general gauge mediated model (GGM), …

● Consider only the mass spectrum and parameters relevant at the electroweak scale

● Still complex and impractical to search for

Simplified models

● Consider a minimal set of parameters, usually particle masses and cross sections

● Target specific decays via 100% branching fraction models
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SUSY models in practice

Focus on simplified models

→ target reachable scale

→ systematically cover large phase space

→ can still re-interpret in generalized model later

Example electroweak production
scenario
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Let’s remind ourselves of our experimental setup
● LHC data set evolution
● particle reconstruction and identification
● selection of interesting events

and then look at a step-by-step example of a search

R
E
M
E
M
B
E
R



 The Large Hadron Collider

● two general purpose, hermetic, onion-structured detectors
→ my ATLAS examples have an equivalent CMS counterpart!

● currently in LHC Run 3, already >10y of data taking

● increasing CoM energy, increasing intensity, and increasing pile-up

● large upgrade scheduled with HL-LHC & detector upgrades 
for Run 4 and beyond
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 Particle reconstruction & identification
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Example stop-pair production 
1 lepton + (b)jet + MET final state

● rely on tracking (inner detector), energy measurement 
(calorimeter), and additional outer muon system

● magnetic field: curved tracks & charge determination

● neutral/charged particles
→ electrons/photons
→ muons (to outer system)

● jets from hadrons
→ ie. quarks, 
→ but also hadronic tau-lepton decays

● vertex displacement from primary interaction 
→ b-jets 

● missing transverse energy from (weakly-interacting) 
invisible particles
→ SM ones, e.g. neutrinos
→ but also SUSY LSP

(diagram borrowed from last year’s lecture by C. Merlassino)



 or less conventional signatures
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● disappearing tracks

● displaced leptons/jets

● displaced vertices

● …



 Trigger selection

● LHC collisions in bunches of 1011 protons, spaced 25ns

● typically ~2400 bunches / beam filled for ~3500 slots

● Two-level trigger system
○ hardware-based Level-1   →   4μs decision time 
○ software-based High-Level Trigger   →   1s decision time

● Reduction from initial 40 MHz → 100 kHz (L1) → 1 kHz (HLT)
writing out up to 10 Gb/s

● Newer developments target bandwidth optimisation
○ trigger-level analysis / data scouting  

→  analysis on online-quality objects
○ delayed stream / data parking

→  general storage for later offline reconstruction
○ partial event building

● If an event is not triggered and recorded, it’s gone forever!
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A step-by-step example: electroweak, multi-lepton, soft

Search for SUSY with (intermediately) compressed  spectra 
(Run 2, 2020) → electroweak production, 3 soft leptons 

● data-driven fake/non-prompt lepton background estimate

● soft-lepton performance is key

● interpretation for different scenarios: wino-bino / higgsino

● combination with soft-2 lepton results

● strong improvement over Run 1 / early Run 2, in some areas 
LHC limit not yet much beyond LEP results

● slight excess seen in dM = 10-20 GeV range

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/SUSY-2019-09/

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/SUSY-2019-09/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/SUSY-2019-09/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/SUSY-2019-09/
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1) Targets

primary signature

● electroweakino pair-production

● 3 (soft-) lepton + missing ET final state 

 challenges

● high mass: lower cross section 

● near Z-mass: kinematic restrictions

● compressed/soft range: 
soft-particle reconstruction & identification



challenges

● reconstruction and identification 
down to pT~4.5/3 GeV for 
electrons/muons

● a challenge for trigger selection
(use di-lepton & missing ET)

● lowest range affected by 
fake/non-prompt lepton background,
mitigated by using

○ additional 
identification algorithm

○ data-driven
fake lepton 
estimate
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2a) signal selection - soft-lepton performance



features

● different expected dominant 
SM backgrounds

● different trigger handles

● different selection (S/B) handles

+ each further binned in di-lepton 
invariant mass mll to target range of 
SUSY signals (sparticle masses)
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2b) signal selection - multiple categories 



features

● exploit e.g. invariant mass or 
transverse mass to distinguish signal 
and background contributions

● can also distinguish between 
different signal mass hypothesis
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2c) signal selection - observables
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2) Background estimation - Monte Carlo simulation

Dominant backgrounds

● SM diboson WZ production → CR/VR

● Fake/non-prompt leptons → data-driven

● ttbar, Z+jets, W+jets → MC/VR

● triboson, rare-top, Higgs, … → MC
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2a) Background estimation - (semi-)data-driven estimates

In many cases

use MC & normalise to data

● CR+VR control & validation approach

● normalisation factors can be added in 
combined statistical interpretation

or e.g. when MC is less reliable / low statistics

fully data-driven estimate

● dedicated measurement selection

● transfer to VR/SR estimate
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3) Systematical uncertainties

Uncertainties

● statistical uncertainties

● experimental uncertainties
→ object reconstruction, identification, …

● theoretical uncertainties
→ MC modelling: matrix element, parton 
shower

● analysis method uncertainties
→ background normalisation 
→ data-driven fake lepton estimate

→  uncertainties can be correlated!

→  not all are equally important in all ranges

→  some are inherent, some can be improved
    using the right analysis techniques
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2+3) Before “unblinding”

Before opening the box

● all estimates, validation, and 
uncertainty checks done before 
looking at the actual data in the 
target region

● behaviour of statistical interpretation
aka. the “fit”, also validated with the 
background-only hypothesis
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4) Results 

“Unblinding” the target signal regions

● look at actual observed data yields 
in target signal regions

● verify compatibility with background-only 
hypothesis
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4a) Results - model-dependent → limits on SUSY models

Also compare with signal+background 
hypothesis for specific signal models

● if no excess → set limits on the tested model

● various assumptions included in 
interpretation:
cross sections, branching fractions, 
SUSY particle mass hierarchy, …

● multiple interpretations can be done with 
the same search data

● including later re-interpretations!
→ provide additional info (e.g. acceptance 
and efficiency numbers) for theorists
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4b) Results - model-independent

Beyond results for a specific model, we can 
also test for the presence of any general BSM 
signal

● limits on the cross section

● often in more generalized (combinations) 
of signal regions, given optimisation for 
specific signal features
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4b) Results - combination with other results

Maximise sensitivity combining results

● soft 3-lepton and even softer 2-lepton results provide 
sensitivity in compatible range

● (expected) reach for combination has to be stronger 
than individual results!
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We looked at 1 complete step-by-step example of a search for 
electroweak production of supersymmetry with compressed spectra

For those who are curious, I point to 4 slightly different types of searches/studies
● example 2: strong production
● example 3: long lived particles
● example 4: statistical combination
● example 5: global interpretation

R
E
M
E
M
B
E
R
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Example 2: Strong
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Example 3: Long-Lived particles  →  Displaced Leptons

Search for displaced leptons

● first ATLAS SUSY result with Run 2 + Run 3 data

● fully data-driven background estimation 
(low background target regions)

● dual approach

○ new large-radius track triggers for Run 3
→ gain from new data also with original analysis method

○ new analysis approach using calorimeter timing information
→ further gain from new methods

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2024-011/
https://cms-results.web.cern.ch/cms-results/public-results/publications/EXO-23-0
14/ 

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2024-011/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2024-011/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2024-011/
https://cms-results.web.cern.ch/cms-results/public-results/publications/EXO-23-014/
https://cms-results.web.cern.ch/cms-results/public-results/publications/EXO-23-014/
https://cms-results.web.cern.ch/cms-results/public-results/publications/EXO-23-014/
https://cms-results.web.cern.ch/cms-results/public-results/publications/EXO-23-014/
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Example 4: Electroweak Combination

Statistical combination of Run 2 searches for charginos and neutralinos

● joining results from multiple searches for Electroweak SUSY, done by both ATLAS and CMS

● extending the mass reach, and strengthening the depth of exclusion

● reminder to always think carefully about analysis harmonisation and treatment of systematics

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/SUSY-2020-05/
https://cms-results.web.cern.ch/cms-results/public-results/publications/SUS-21-00
8/

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/SUSY-2020-05/
https://cms-results.web.cern.ch/cms-results/public-results/publications/SUS-21-008/
https://cms-results.web.cern.ch/cms-results/public-results/publications/SUS-21-008/
https://cms-results.web.cern.ch/cms-results/public-results/publications/SUS-21-008/
https://cms-results.web.cern.ch/cms-results/public-results/publications/SUS-21-008/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/SUSY-2020-05/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/SUSY-2020-05/
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Global interpretation (of Run 2 results)
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

→ example in next slide

R
E
M
E
M
B
E
R



 

56 / 58

Example 5: pMSSM scan
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/SUSY-2020-15/
https://indico.cern.ch/event/1291157/contributions/5887902/

CMS-SUS-24-004

Global interpretation of Run 2 results, in the context of the 19-parameter pMSSM

● joining results from multiple searches for Electroweak SUSY, done by both ATLAS and CMS

● compare ATLAS & CMS impact in addition to external constraints as well

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/SUSY-2020-15/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/SUSY-2020-15/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/SUSY-2020-15/
https://indico.cern.ch/event/1291157/contributions/5887902/
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In summary
We’ve studied 

● the main problems in nature for which supersymmetry can provide answers

● the main features the we could search for in experiments

● the challenges in constructing a model and searching for it, and exceptions to some rules

and we’ve looked at a specific example of how to execute such search at the LHC

This illustrates the continuing motivation to keep searching for BSM physics at collider experiments

● supersymmetry is a beautiful theory, but als a beautiful framework to organise searches in general

● BSM physics is out there find, we won’t find it without looking, and even if we find hints of it, 

it’ll be a long road ahead to characterise the details

Go forth and have fun searching!
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