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Motivation
Rare but clean signatures, less well-constrained than Strong SUSY

• Light Higgsinos favoured by naturalness arguments.

• Sleptons/Neutralinos affect g-2, favour 0.2 < 𝑀 < 1 TeV

• Dark matter relic density favours light gauginos/sleptons

• R-Parity conserving models: LSP as dark matter candidate
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Gauge-mediated SUSY 
breaking (GMSB) models 
giving gravitino/goldstino
stable lightest sparticle
(LSP) + light higgsinos
(NLSPs)

In this talk?

Simplified models with
wino/bino gauginos
fitting with MSSM 
parameter space for g-2

LSP is Axino: SUSY 
partner of Axion – a light 
DM candidate



This talk

Latest CMS and ATLAS EW SUSY results

• Gaugino searches with differing final states and interpretations.

• Full Run-2 LHC dataset 2015-2018, ~140𝑓𝑏−1

• Final states: 𝐗 + 𝒑𝑻
𝒎𝒊𝒔𝒔, exploiting 𝑝𝑇

𝑚𝑖𝑠𝑠 triggers → looser requirements on X

• Sophisticated object/event reconstruction improves sensitivity e.g.

• Large radius jets: ↑ acceptance for boosted topologies = sensitivity to rarer, heavy sparticles

• Machine learning to tag specific processes better and reduce mis-tag rates
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(1) First! Fully-hadronic @ATLAS
(2) First! Fully-hadronic @ CMS
(3) 3 leptons @ATLAS
(4) diHiggs to 4b @ CMS

Other recent direct stau @ CMS search not in this talk but in backup!
Also see Strong + 3rd Gen SUSY talk next!

W / H / Z 

W / H / Z 

𝒑𝑻
𝒎𝒊𝒔𝒔

LSPs

NLSPs

http://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/SUSY-2018-41/
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/SUS-21-002/index.html
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/SUSY-2019-09/
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/SUS-20-004/index.html
https://cds.cern.ch/record/2777046
https://indico.lip.pt/event/592/contributions/3281/
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Fully-Hadronic @ ATLAS

Signature: 2 boosted bosons decaying hadronically + 𝒑𝑻
𝒎𝒊𝒔𝒔

• Extensive interpretations:

• Baseline MSSM: Wino ( ෩𝑊), Bino ( ෨𝐵), Higgsino (෩𝐻) pairs

( 𝜒𝐻𝑒𝑎𝑣𝑦, 𝜒𝐿𝑖𝑔ℎ𝑡) = ෩𝑊, ෩𝐻 , ( ෩𝑊, ෨𝐵), ( ෩𝐻, ෨𝐵), …

• Gauge Mediated: light ෩𝐻 and gravitino LSP: ( 𝜒𝐻𝑒𝑎𝑣𝑦, 𝜒𝐿𝑖𝑔ℎ𝑡) = (෩𝐻, ෨𝐺)

• Axion: light ෩𝐻 and axino LSP: ( 𝜒𝐻𝑒𝑎𝑣𝑦, 𝜒𝐿𝑖𝑔ℎ𝑡) = (෩𝐻, 𝑎)
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𝒑𝑻
𝒎𝒊𝒔𝒔

𝑹 = 𝟏 jet

𝑹 = 𝟏 jet

ATLAS SUSY-2018-41, arXiv:2108.07586

http://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/SUSY-2018-41/
https://arxiv.org/abs/2108.07586


Fully-Hadronic ATLAS Analysis

Boosted 𝑾/𝒁 → 𝒒𝒒 taggers are basis for region definitions

• 𝒑𝑻
𝒎𝒊𝒔𝒔 triggers, >200 GeV

• Taggers use 𝒎𝒋, 𝑵𝒕𝒓𝒂𝒄𝒌𝒔 & energy 

correlation function (targets 2-prong jets)

• 50% signal efficiency, <93% bg rejection

• Specifically re-optimised for this search!

• 𝑴𝒃𝒃 cuts for 𝐙/𝐇 → 𝒃𝒃, tag small-R b-jets.

• Main Z+jets, W+jets, VV bgs: normalise MC 

using data in orthogonal control regions.

• Dominant uncertainties: MC stats.
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qq qq
qq bb

ATLAS SUSY-2018-41, arXiv:2108.07586

http://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/SUSY-2018-41/
https://arxiv.org/abs/2108.07586


Fully-Hadronic ATLAS Results

Excellent exclusion power, complementing previous ATLAS searches.

• NLSP mass on x-axis, LSP mass on y-axis.

• Wino limits stronger than Higgsino.

• Br to Z decay has small effect on limits.
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http://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/SUSY-2018-41/
https://arxiv.org/abs/2108.07586


Fully-Hadronic ATLAS Results
Excellent exclusion power, 

complementing previous 

ATLAS searches.

• Gauge-Mediated results 

complement previous ATLAS 

searches in different final states.

• Axino results stronger with

higher Br for Z decay.
02/09/2021
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ATLAS SUSY-2018-41, arXiv:2108.07586

http://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/SUSY-2018-41/
https://arxiv.org/abs/2108.07586
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Fully-Hadronic @ CMS

Signature: 2 boosted bosons decaying hadronically + 𝒑𝑻
𝒎𝒊𝒔𝒔

• Interpretation in Simplified model:

• ෩𝑊 degenerate 𝜒1
±, 𝜒2

0, ෨𝐵 𝜒1
0 -

eqv. to ෩𝑊, ෨𝐵 interpretation from ATLAS hadronic search.

• 𝒑𝑻
𝒎𝒊𝒔𝒔 triggers, >200 GeV 

• Main region definition again using DNN + 𝒎𝒋 based taggers :

• 𝑯/𝒁 → 𝒃ഥ𝒃

• 𝑾→ 𝒒𝒒

• 𝑾/𝒁 → 𝒒𝒒
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𝒑𝑻
𝒎𝒊𝒔𝒔

𝑹 = 𝟎. 𝟖
jet

𝑹 =0.8 
jet

Signal efficiency 45%-54%
Mis-ID rates of only 1-2.5%

CMS SUS-21-002

http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/SUS-21-002/index.html


Fully-Hadronic CMS Analysis

Boosted jet taggers and b-jet tagging are basis for region definitions

• SRs with 0 b-jets (WW/WZ/ZZ), or >0 b-jets (WH/WZ), each binned in 𝒑𝑻
𝒎𝒊𝒔𝒔.

• Shrink QCD bg by requiring large phi between 𝒑𝑻
𝒎𝒊𝒔𝒔 and 4 leading small-radius jets.

• Main bgs estimated by normalising MC using data in orthogonal control regions : 

• ‘0-res’: fakes from Z/W+jets, QCD

• ‘1-res’: ttbar, Wt, VV 

• Dominant uncertainties: MC stats, then 𝑾 → 𝒒𝒒 tagger systs.
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CMS SUS-21-002

http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/SUS-21-002/index.html


Fully-Hadronic CMS results
Good exclusion power fitting all SRs

together, beating previous CMS 

searches.

Tiny deficit in b-veto SR cause 

obs > exp for WW

Tiny excess in Wh SR causes

obs < exp in WH 

02/09/2021 Holly Pacey, University of Cambridge
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WW

Wh

WZ

CMS SUS-21-002

http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/SUS-21-002/index.html


Fully-Hadronic ATLAS vs CMS

WW

good complementarity

WZ

exp. similar 

WH

very similar

02/09/2021 Holly Pacey, University of Cambridge 11

WW WhWZ
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3 Leptons @ ATLAS

Signature: 3 leptons + 𝒑𝑻
𝒎𝒊𝒔𝒔

• Interpretations in MSSM:

• ෩𝑊 degenerate 𝜒1
±, 𝜒2

0, ෨𝐵 𝜒1
0 (same as CMS hadronic search)

• ෩𝐻 triplet 𝜒1
±, 𝜒2

0, 𝜒1
0

• 3 selections:

• Wh – large Δ𝑀

• On-shell WZ – large Δ𝑀

• Off-shell WZ - small Δ𝑀

• BDT used to reduce fake-lepton bg – uses Iso, track, b-tagging info.

• Reducing large fake bg at low 𝑝𝑇 crucial for compressed region

• Retain 70-90% real lepton, fake lepton rejection factor 2-3

02/09/2021 Holly Pacey, University of Cambridge

Lepton triggers

𝒑𝑻
𝒎𝒊𝒔𝒔 triggers

ATLAS-SUSY-2019-09, arXiv:2106.01676

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/SUSY-2019-09/
https://arxiv.org/abs/2106.01676
http://cms-results.web.cern.ch/cms-results/public-results/publications/SUS-19-012/CMS-SUS-19-012_Figure_019.png


3 Leptons Analysis

Complex set of binned SRs

• Off-Shell: Split high / low 𝒑𝑻
𝒎𝒊𝒔𝒔 and 𝟎,> 𝟎 jets

• On-Shell: Bin 𝒑𝑻
𝒎𝒊𝒔𝒔 and 𝒎𝑻 , 𝑍-mass selection

• Wh: 𝑍 veto, both different/same flavour lepton

pairs considered.

• Main WZ bg: normalise MC using data in 

orthogonal control region 

• ttbar bg: MC validated in orthogonal region

• Z+jets bg: data-driven Fake Factor method

02/09/2021 Holly Pacey, University of Cambridge
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Off-WZ

Wh

On-WZ

ATLAS-SUSY-2019-09, arXiv:2106.01676

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/SUSY-2019-09/
https://arxiv.org/abs/2106.01676


3 Leptons Results

Great improvement to limits
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• WZ: Combines this analysis SRs with
previous 2-lepton compressed analysis

• For wino/bino: 𝑠𝑖𝑔𝑛(𝑀( 𝜒2
0) ∗ 𝑀( 𝜒1

0)) = ±1

Off-Shell WZ

On-Shell WZ Wh

ATLAS-SUSY-2019-09, arXiv:2106.01676

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.101.052005
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/SUSY-2019-09/
https://arxiv.org/abs/2106.01676


3 Leptons Results – compare to CMS

WZ comparable for ATLAS and CMS
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ATLAS-SUSY-2019-09, arXiv:2106.01676

https://cms-results.web.cern.ch/cms-results/public-results/publications/SUS-19-012/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/SUSY-2019-09/
https://arxiv.org/abs/2106.01676


3 Leptons Results – compare to CMS

CMS exclusion stronger ATLAS for Wh
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ATLAS-SUSY-2019-09, arXiv:2106.01676

https://cms-results.web.cern.ch/cms-results/public-results/publications/SUS-19-012/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/SUSY-2019-09/
https://arxiv.org/abs/2106.01676
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4b @ CMS

Signature: 2h->bbbb + 𝒑𝑻
𝒎𝒊𝒔𝒔

• Interpretations with ෩𝐻 :

• GMSB, Goldstino LSP: ෨𝐺, NLSP 𝜒1
0

• Simplified model, degenerate 𝜒3
0, 𝜒2

0 ෨𝐵 𝜒1
0

• Strong (gluino) production mode – see paper, not discussed here.

• Each h decays to bb (highest BR), considering either

• 1 𝑹 =0.8 jet per h - boosted! Sensitive to larger M(෩𝐻)

• 2 𝑹 = 𝟎. 𝟒 jets per h: Sensitive to more compressed regions.

• Crucial: b-tagging using Deep Neural Networks:

• 2b/large-R jet. 90% efficiency to find H->bb! Counts= Nh

• 1b/small-R jet. 3 WPs with efficiencies <85%. Counts= Nb

02/09/2021 Holly Pacey, University of CambridgeCMS-SUS-20-004

http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/SUS-20-004/index.html
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.98.092002


4b Analysis

Multibin fit with ABCD bg estimate

• 𝒑𝑻
𝒎𝒊𝒔𝒔 triggers: >150/300 GeV for resolved/boosted

• Assign jet pairs to h, minimising: 𝑚 𝑏𝑖𝑏𝑗 −𝑚 𝑏𝑘𝑏𝑙

• Resolved SRs: binned in 𝒑𝑻
𝒎𝒊𝒔𝒔 & max, angle

between 2 b-jets in a higgs.

• Boosted SRs: binned in 𝒑𝑻
𝒎𝒊𝒔𝒔

• Data-driven ABCD bg estimate:

with κ for var. correlation

• Dominant uncertainties: stats.
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resolved

boostedCMS-SUS-20-004

Global 1.9σ

http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/SUS-20-004/index.html


4b Results

Combine boosted and resolved channels for 

best results Obs. Limit small due to small data excess.
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GMSB Simplified

CMS-SUS-20-004

ATLAS excluded 290-890 GeV ෩𝐻

CMS excluded 175-1025 GeV ෩𝐻

CERN-EP-2018-050

http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/SUS-20-004/index.html
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.98.092002


Summary

Latest searches expand excluded gaugino phase space ever further for many final states (FS)

20

not in this talk but take a look! CMS SUS-19-012 3/4lepton FS
ATLAS SUSY-2018-02 4+lepton FS
CMS SUS-20-003 1lepton+bb FS
CMS SUS-18-004 2/3 soft lepton FS
ATLAS SUSY-2018-23 H->γγ FS

CMS Summary Plots

ATLAS Summary Plots

02/09/2021 Holly Pacey, University of Cambridge

http://cms-results.web.cern.ch/cms-results/public-results/publications/SUS-19-012
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/SUSY-2018-02/
http://cms-results.web.cern.ch/cms-results/public-results/publications/SUS-20-003/index.html
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/SUS-18-004/index.html
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/SUSY-2018-23/
https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsSUS
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2021-019/


Summary

But still lots of well-motivated phase space to explore, e.g. models

consistent with g-2 anomaly and slepton searches.
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2021-019/


BACKUP



3 Leptons – RJR follow-up

2.1/3𝜎 Excess @ 36𝑓𝑏−1 gone with 139𝑓𝑏−1 data

• arXiv:1806.02293 used recursive-jigsaw technique to reconstruct ǁ𝜒1
±, ǁ𝜒2

0 decays by b

oosting into their rest-frames.

• Redo analysis with 2017+2018 datasets, find excess no longer persists.
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ATLAS-SUSY-2019-09

https://arxiv.org/abs/1806.02293
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/SUSY-2019-09/


Fully Hadronic Regions ATLAS
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ATLAS-CONF-2021-022

https://cds.cern.ch/record/2772663


Fully-Hadronic systs ATLAS

Uncertainty contributions: stats. dominate everywhere
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ATLAS-CONF-2021-022

https://cds.cern.ch/record/2772663


Fully-Hadronic upper limits ATLAS

Model-independent upper limits set in SRs + added ‘discovery’ SRs wit

h looser selections

02/09/2021 Holly Pacey, University of Cambridge 26

+

+

+

ATLAS-CONF-2021-022

https://cds.cern.ch/record/2772663


Fully-Hadronic results ATLAS 
Simplified model interpretations 

allow comparison with 

existing searches
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ATLAS-CONF-2021-022

https://cds.cern.ch/record/2772663


Fully-Hadronic regions CMS
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Fully-Hadronic N-1 plots CMS
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Fully-Hadronic systs CMS

Stats dominate generally, followed by systs on the W->qq taggers and 

signal cross section
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Fully-Hadronic results CMS

Adding Higgsino interpretation (mass degenerate gauginos)

02/09/2021 Holly Pacey, University of Cambridge 31



3 lepton regions – on shell WZ

02/09/2021 Holly Pacey, University of Cambridge 32



3 lepton regions - Wh
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3 Lepton regions – off shell WZ
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3 Lepton

uncertainties
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3 Lepton WZ Limits

Combines this analysis’ SRs with 

previous 2 lepton compressed

search: arXiv:1911.12606

Excellent exclusion improvement
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https://arxiv.org/abs/1911.12606


4b kappa values and systs.
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CMS-SUS-20-004

http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/SUS-20-004/index.html


4b SR Distributions
Resolved DeltaR bins: Boosted, largeR jet mass:

02/09/2021 Holly Pacey, University of Cambridge 38CMS-SUS-20-004

http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/SUS-20-004/index.html
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Hadronic taus @ CMS
Signature: 2 hadronic 𝝉 + 𝒑𝑻

𝒎𝒊𝒔𝒔

• Interpretations:

• Simplified model – LSP: 𝜒1
0, 

LH/RH/mixture ǁ𝜏

• GMSB: Gravitino LSP: ෦𝑔𝑟, long-lived NLSP ǁ𝜏

• Di-𝜏 triggers @ low 𝑝𝑇
𝑚𝑖𝑠𝑠, 𝑝𝑇

𝑚𝑖𝑠𝑠 triggers at high 𝑝𝑇
𝑚𝑖𝑠𝑠.

• 2𝜏 passing DNN tau-ID, 0.06% mis-tag rate.

• Main ‘real’ bgs (𝑍 → 𝜏𝜏) estimated with data-driven ‘embedding’:

• Take 2𝜇 data events ->
replace 𝜇s with simulated 𝜏s.

• Only need to consider 𝜏 syst.
uncertainties ☺

• ‘fake’ bgs extrapolate from
data in loose 𝜏-ID region.

• Prompt-𝜏 SRs binned in
𝑚𝑇2, σ𝑚𝑇, number of jets.

• Displaced- 𝜏 SRs require
large impact-parameters
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/෦𝑔𝑟

/෦𝑔𝑟

CMS PAS SUS-21-001

https://cds.cern.ch/record/2777046


Hadronic taus Results

Limits on degenerate LH/RH staus

here, LH or RH separately in paper

Long-lived stau limits set for different

lifetimes @ 𝑀( 𝜒1
0) = 1 GeV
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Corresponding ATLAS search

https://cds.cern.ch/record/2777046
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.101.032009


Hadronic taus regions and systs.
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Hadronic taus results
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