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Beyond the Standard Model

pp Jets γ W Z t̄t t

tot.

VV

tot.

γγ H Hjj

VBF

VH Vγ t̄tV

tot.

t̄tH
t̄tγ

WWV
Vjj
EWK

γγγ

t̄tt̄t
tot.

VγγZγjj
EWK
γγ→WW

VVjj

EWK

total (×2)

inelastic

pT > 100 GeV

pT >75 GeV
dijets

pT > 70 GeV

incl

pT >100 GeV

E γ
T
>

125 GeV

nj ≥ 3

E γ
T
>

25 GeV

nj ≥ 1

nj ≥ 2

E γ
T
>

100 GeV

nj ≥ 2

nj ≥ 3

nj ≥ 5

pT >
30 GeV
nj ≥ 1

nj ≥ 6

nj ≥ 7

nj ≥ 4

nj ≥ 0

nj ≥ 6

nj = 4

nj = 3

nj = 2

pT >
100 GeV
nj = 1

nj = 5

nj ≥ 0

nj ≥ 7

nj ≥ 6

nj ≥ 4

nj ≥ 3

nj ≥ 2

pT >
30 GeV
nj ≥ 1

nj ≥ 5

total

nj ≥ 6

nj ≥ 5

pT > 25 GeV
nj ≥ 4

nj ≥ 7

nj ≥ 8 tZj

Wt

t-chan

s-chan

WW

WZ

ZZ

WW

WZ

ZZ

WW

WZ

ZZ

total

H→WW ∗
(ggF)

H → ττ
(×0.25)

H → γγ

H → 4`

H → γγ
(×0.5)

H→ZZ ∗

H → ττ
(×0.15)

H→WW ∗

H → γγ

H→bb̄
(×0.5)

Zγ

W γ

tt̄W ±

tt̄Z

H → γγ

WWW tot.

WWZ tot.
(×0.2)

WW γ

Zjj

Wjj

Zγγ

W ±γγ total

ZZ

W ±W ±

WZ
10−3

10−2

10−1

1

101

102

103

104

105

106

1011

σ
[p

b]

Status: February 2022

ATLAS Preliminary
√
s = 5,7,8,13 TeV

Theory

LHC pp
√
s = 13 TeV

Data 3.2 − 139 fb−1
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LHC pp
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Standard Model Production Cross Section Measurements

Measured many SM parameters
I over a wide range of magnitude

in cross section
I at multiple CoM energies

Despite great success of the SM
still need to look beyond
I g− 2
I flavour sector
I . . .

Multiple avenues for searches at the LHC

Leptoquarks

Vector-Like Fermions

Resonances

Long-Lived Particles
Unconventional Signatures

Supersymmetry

Dark Matter

BSM Higgs

→ Aran’s talk W

→ Fri, 17:20

→ Gabriel’s talk W

→ Fri, 16:30
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Leptoquarks
Leptoquarks offer a connection between quark/lepton

sectors through Yukawa interaction (λ)

- pair-, single-, or non-resonant production

- two scalar LQs or one vector LQ

- several free parameters → grid scans (λ, β)
- mass, charge, ...

- β : BF into charged lepton (β = 1) or neutrino (β = 0)
- κ : coupling to colour: nominal Yang-Mills (κ = 0)

or minimal (κ = 1)

I LQ→ bττ (hh/lh)
I LQLQ→ bτbτ NEW

I LQLQ→ tνb` / t`bν
I LQLQ→ t`t`
I LQ / LQLQ→ bτbτ / bττ / ττ
I hadronic τ + /ET NEW
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Scalar Leptoquarks
τLQS̃1 → bτhadτhad / bτlepτhad

ATLAS-CONF-2022-037 W

I Singly- and pair-produced scalar LQ→ tau + b-hadron
� range of LQ→bτ Yukawa coupling strength λ

I ≥1 b-jet, 2 τ , opposite-sign leptons, high b-jet pT , high ST selection
� had–had and lep–had τ decays
� signal/background discrimination in ST
� top background correction in function of ST

I limited by statistics & top background modelling systematics
I m(LQ) excluded up to 0.89 (1.28) TeV for λ = 1.0 (2.5) for singly-produced LQ
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Top CR before correction Signal at high ST = ∑
bjet,`,τ

pT Interpretation for scalar LQ
& LQ+LQLQ

mLQ − λ plane 2D exclusion
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Pair-produced Leptoquarks
LQd(u)

3 LQd(u)
3 → bτbτ

arXiv:2303.01294 W NEW
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PNN discriminant (τlτh) Interpretation for scalar/vector(YM/min) LQ Interpretation in β, B(LQ→bτ)

I Pair-produced scalar or vector LQ→ tau + b-hadron (3rd gen)
� interactions within the same family

I ≥2 jet (≥1 b-jet), 2 τ , opposite-sign leptons, high ST selection
� had–had and lep–had τ decays
� top background correction in function of ST

I PNN multivariate discriminant, parametrised in LQ mass
� using multiplicity, kinematic, and angular features

I m(LQ) excluded up to 1.49 TeV (scalar) and 1.69/1.96 TeV (min/YM vector)
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Pair-produced Leptoquarks→ 1 lepton
LQd(u)

mixLQ
d(u)
mix → tνb`/t`bν

arXiv:2210.04517 W

I Scalar or vector LQ→ 3rd gen quark + 1st/2nd gen lepton
I ≥4 jet, ≥1 b-jet, =1 lepton, /ET > 250 GeV selection

� top background correction in function of meff

I Dedicated NN (NeuroBayes) trained separately for scalar/vector LQ channels
� signal/background selection in NN, then simultaneous fit over all regions

I limited by statistics, top modelling systematics, and JES uncertainties
I m(LQ) excluded up to 1.46 TeV (scalar) and 1.71/1.98 TeV (min/YM vector)
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Pair-produced Leptoquarks→multilepton
LQd

mixLQ
d
mix→ t`t`

ATLAS-CONF-2022-052 W

I Pair-produced scalar/vector LQ→ top + multi-lep (2`SS; 3` , 4`)
I ≥2 jet (≥1 b-jet), ≥ 2` selection

� signal/background discrimination in meff = ∑
jet,`

pT + /ET

and high mmin
``

I limited by statistics, lepton ID systematics
I m(LQ) excluded up to 1.6 TeV (scalar) and 1.7/2.0 TeV (min/YM vector)
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ATLAS-CONF-2022-052 W
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3rd gen Leptoquarks
LQ3→ bτbτ / bττ / ττ

I Single-, pair-, and non-resonant LQ production
& scalar and vector LQ interpretation

I ≥1 b-jet, ≥1 τ (hh,lh,ll) selection
� categorise by tau-decay channel

I Novel non-resonant production→ τ pair channel
� exploit angular separation χ between taus

I m(LQ) excluded up to 1.25 TeV (scalar) and up to 1.53/1.86 TeV (min/YM vector), for λ = 1
� excess at higher mass/λ, most prominent in non-resonant production
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3rd gen Leptoquarks
LQ3→ bτbτ / bττ / ττ

I Single-, pair-, and non-resonant LQ production
& scalar and vector LQ interpretation

I ≥1 b-jet, ≥1 τ (hh,lh,ll) selection
� categorise by tau-decay channel

I Novel non-resonant production→ τ pair channel
� exploit angular separation χ between taus

I m(LQ) excluded up to 1.25 TeV (scalar) and up to 1.53/1.86 TeV (min/YM vector), for λ = 1
� excess at higher mass/λ, most prominent in non-resonant production
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Hadronic τ + /ET

I τh + /ET selection
� Search for BSM physics in mT(τ, /ET ) variable

I Multiple interpretations
� heavy charged W′ boson→ exclusion up to 4.8 TeV
� quantum black hole→ exclusion up to 6.6 TeV
� t-channel (non-resonant) LQ production
→ exclusion up to 0.2/0.5/5.9 TeV (LH/LH+RH/democratic, λ = 1)

� 2D interpretation ifo. coupling strengths
� model-independent and EFT limits

310
(GeV)Tm

5−10

4−10

3−10

2−10

1−10

1

10

210

310

410

E
ve

n
ts

 /
 G

e
V

= 1.0 TeVW'm Data
= 5.0 TeVW'm W+jets

= 5.0 TeVQBHm hτMisid. 
EFT tensor DY+jets

Top quark
Diboson

(13 TeV)-1138 fb

CMS

210×4 310 310×2
(GeV)Tm

1−
0

1

B
k
g

D
a

ta
- 

B
k
g

Uncertainty

1000 2000 3000 4000 5000
(GeV)W'm

1

10

210

310

410

510

) 
(f

b
)

ντ
→

(W
'

Β
σ

95% CL upper limits

SSM W' (NNLO)σ
SSM W', unc.σ

Observed

Median expected

68% expected

95% expected

CMS

(13 TeV)-1138 fb

2000 4000 6000 8000 10000
(GeV)QBHm

1−10

1

10

210

310

) 
(f

b
)

ντ
→

(Q
B

H
Β

σ

95% CL upper limits

QBH (LO), n=4σ
Observed

Median expected

68% expected

95% expected

CMS

(13 TeV)-1138 fb

0 2000 4000 6000 8000 10000
(GeV)LQm

1−10

1

10

210

310

410

510

610

(f
b

)
σ

95% CL upper limits

Observed

Median expected

68% expected

95% expected

CMS

(13 TeV)-1138 fb

= 1
U

t-channel, g1U

Best fit LH

Best fit LH+RH

Democratic

95% CL upper limits

Observed

Median expected

68% expected

95% expected

= 1
U

t-channel, g1U

fit LH

Best fit LH+RH

Democratic

Heavy charged boson Quantum black hole Non-resonant LQ production (λ = 1)

(Submitted to JHEP) arXiv:2212.12604 W NEW

S. Alderweireldt Exotics Searches and LLP (10/Mar 2023) 11 / 28

http://cms-results.web.cern.ch/cms-results/public-results/publications/EXO-21-009/index.html


Leptoquark Summary Plots
ATL-PHYS-PUB-2022-012 W CMS summary plots W
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Vector-Like Fermions
Vector-Like Fermions are a BSM extension which

- allows to avoid Higgs Yukawa constraints & the hierarchy problem

→ composite models, . . .

- has non-chiral new particles → same L/R charges/isospin

- triplet/double/singlet vector-like quarks (VLQ): T, B, X, Y
- doublet/singlet vector-like leptons (VLL): charged E, neutral N

- branching fractions depend on representation

- often assume decays to 3rd generation

I 3rd gen VLL NEW

I VLQ TT/BB→ 2/3`
I VLQ TT/BB→ 1`+ /ET

I VLQ mono-top (backup)
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3rd generation Vector-Like Leptons
I Consider SU(2) doublet L′ = (ν′τ , τ ′) VLL→ 3rd gen SM leptons
I Multi-lepton 2` , 3` , ≥ 4` (≥ 0τh) selection
I BDT discrimination: 7 SRs for different lepton multiplicities

� 7 training regions, 34 kinematic & topological features
� multiple VLL τ ′ signals in training

I limited by statistics
I m(VLL) excluded up to 900 GeV

� similar to CMS-PAS-EXO-21-002 W

arxiv:2303.05441 W NEW
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Background
estimation & validation

BDT discrimination 7 signal regions
by lepton multiplicity
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Vector-Like Quark pair production (TT/BB) arXiv:2210.15413 W

arXiv:2212.05263 W

2/ ≥ 3 leptons

I high pT Z
→ ≥ 1 b-jet + OSSF ` + extra `

I DNN for large-R jet tagging (W/Z/H/top)
� multi-class boosted object tagger: MCBOT
� 19 fit categories based on DNN tags

and lepton & b multiplicity
� binned likelihood fit

1 leptons + /ET

I Zt/Ht/Wb / Zb/Hb/Wt
→ ≥ 4 jets (≥ 1 b-jet) + 1 ` + /ET

I 7 NNs (NeuroBayes) trained for different TT/BB BF mixes
� preselection in mT ,W & mT ,2 (CR/SR)
� top background reweighting ifo. Nj / meff

� 13 input features
� binned likelihood fit
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Vector-Like Quark pair production (TT/BB) arXiv:2210.15413 W

arXiv:2212.05263 W

2/ ≥ 3 leptons

I Singlet/doublet/pure interpretations
� 2/3` combination

I Zt+X sensitivity bottom-left in mass/BF plane

1 leptons + /ET

I Singlet/doublet/pure interpretations

I largest sensitivity for T→Zt (bottom-left)
and B→Wt (bottom-right in mass/BF plane)
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Resonance searches
...

q

g

γ

q

q*,b*

1

I heavy resonances in γ+jet
I di-lepton resonances
I low-mass µµ NEW

I 3/4 body masses in leptons+jets (backup)
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Heavy resonances in γ+jet CMS-PAS-EXO-20-012 W
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Excited quark (f=1.0)  

 
cross-section: QBH > q∗ > b∗ Fit of mγ+jet spectrum

I Resonance search in mγ+jet spectrum
� interpretation for models with excited quarks (q∗/b∗) and quantum black holes (ADD/RS)
� q↔q∗ via contact interaction at Λ scale�

√
s, or via gauge mediation <

√
s

I γ + jets selection
� recluster wide jets (∆R=1.1) including FSR to improve mγ+jet resolution (1-1.3%)
� select back-to-back ∆R(γ ,jet) > 1

I Smooth parametrised fit over mγ+jet

I Resonance masses excluded up to 6.0 / 2.2 / 7.5 / 5.2 TeV for q∗ / b∗ / ADD QBH / RS QBH
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Di-lepton resonances from decays
of (pseudo-)scalar bosons

CMS-PAS-EXO-21-018 W
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37 m`` mass spectra Interpretation for (pseudo)scalar/higgs-like φ in W/Z/ttφ

I Search for new, light, neutral, spin-0 boson φ, in associated production with W/Z/tt
� consider scalar, pseudo-scalar, and higgs-like couplings
� di-lepton decays with lepton number & charge conservation → 3/4` final states

I 7 distinct orthogonal channels of different τ/light lepton multiplicities
� categorise in Nj , Nb , NOSSF & define inv/transv. masses
� further selection on ST , pT,3 , m` , q`

I 12+12+13 (ee/µµ/ττ) = 37 SRs for 24 signal models
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Low mass µµ resonances CMS-PAS-EXO-21-005 W

LHC seminar Feb 28th, 2023 W
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Upsilon Trained Selection

 Trained SelectionψJ/

CMS Preliminary  (13 TeV)-1Scouting Triggers, 96.6 fb

J/ψ & Υ trained selection

model-independent
limit (Υ trained)

limit on mixing angle

I Search performed on dedicated scouting trigger stream (2017–2018)
� record di-muon events with transverse momenta as low as 3 GeV
� save only partial event information

to reduce the high-level trigger rate

I Search for narrow resonances in the low mass range
� bump hunt 1.1–2.6 and 4.2–7.9 GeV range in di-muon mass
� multivariate ID to reduce mis-ID muon contribution,

and data-driven trigger & reco efficiency
� J/ψ (Υ) training for low mass/boosted (higher mass) category
� background est.: O(4) Bernstein combinatorial + peaking from CRs,

signal: double CB + gaussian
� largest excess 3.2(1.3)σ local (global) at mµµ = 2.41 GeV

I Limits set on di-muon resonance production
� interpretation in the context of a dark photon model,

and a 2HDM+scalar model ∼ g− 2

I Using the same trigger:
observation of η→ 4µ, CMS-PAS-BPH-22-003 W
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Long-Lived Particles
& Unconventional Signatures

Consider charged/neutral LLPs and

more unconventional signatures

- unusual energy deposits

- displaced vertices

Also with unconventional backgrounds

- detector noise

- machine-induced background

- data-driven approaches

I Pixel dE/dx

I Multi-Charged Particles

I Fractionally Charged Particles

I Displaced Vertices + jets

I Displaced Heavy Neutral Leptons

I (Vertexed) Displaced Photons

I Delayed Trackless Jets

I Displaced ‘hadronic’ jets (backup)

I Decays in themuon system (backup)
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Ionisation in Trackers arXiv:2205.06013 W

ATLAS-CONF-2022-034 W
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Pixel dE/dx
I Target massive charged LLPs

� determine m ∼ Bethe-Bloch: m = p / βγ
I High /ET , high pT isolated track, large ionisation selection

� calibrate dE/dx ∼ βγ in low mu runs
� fully data-driven background estimation

I Consistent with SM in all-but-one SR
� 3.6 (3.3)σ local (global) excess ∼ 1.4 TeV
� not confirmed to be consistent with actual slow particles

in additional ToF measurements (β ∼ 1)
� could still be consistent with e.g. boosted LLPs, orMCPs [ref]

Multi-Charged Particles
I Target heavy multi-charged particles (|q| = 2− 7e)

� long-lifetime→ exploit muon-like signature
� anomalously high ionisation dE/dx in ID, TRT, and MDT

I Single/late muon + /ET preselection
� MDT dE/dx significance for final selection

I m(MCP) excluded between 500-1600 GeV

I Sensitivity insufficient to probe cross-sections
relevant in pixel dE/dx excess context
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Ionisation in Trackers
Fractionally Charged particles

CMS-PAS-EXO-19-006 W
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50

I Consider free-propagating particles with charges < 1e
� Portal scenarios, hidden symmetries, fields weakly/non-connected to the SM
� Previous results for |q| = 2/3 from 7 & 8 TeV analyses

I FCPs only ionise matter weakly ∼ low charge→ analyse tracker dE/dx
� count ‘low’ dE/dx hits: background� signal
� tracker layer dependent ‘low’ threshold
� almost background free SRs

I FCPs excluded for masses up to 636 GeV for charges 0.5–0.9e
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Displaced vertices
Target LLP decays inside the inner tracker

arXiv:2301.13866 W NEW
arXiv:2204.11988 W
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Displaced Vertex + jets
I Search for LL particles decaying into hadrons
I 2–7 high pT jet selection +
≥1 displaced vertex with ≥5 tracks and mass>10 GeV
� additional dedicated SR for lower pT jets
� rely on large-radius tracking

I Interpretation for strong and EW production SUSY models
� limits set in broad ps–ns range

Displaced Heavy Neutral Leptons
I Displaced vertex from decay of LL HNL
I Prompt lepton + opposite-sign, displaced,

di-lepton vertex selection
� HNL mass reco through energy-momentum conservation
� rely on large-radius tracking

I Interpretation both for LFC and LFV scenarios
� first direct search results for

two-quasi degenerate HNL models (2QDH)
� good agreement with SM→ limits set

S. Alderweireldt Exotics Searches and LLP (10/Mar 2023) 24 / 28

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/SUSY-2018-13/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2019-29/


(Vertexed) delayed displaced photons arXiv:2209.01029 W

ATLAS-CONF-2022-051 W
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I Target photons from heavy LLP decays
� late w.r.t. bunch crossing + non-pointing
� exploit LAr calorimeter timing and pointing: ∼0.2ns/10mm resolution→ derive pointing in z along the beam axis

Not vertexed
I 2γ from LL NLSPs + trigger on lepton leg

� photons from different decays
I Shape fit of timing distribution in 1γ/ ≥ 2γ

& pointing/timing categories
I Interpretation ∼ GMSB model

� scan BF(→NLSP pair) & NLSP-LSP mass splitting

Vertexed
I 2γ / 2e from H/Z decays

� photons from the same decay
I Shape fit of timing distribution in pointing/timing categories
I Interpretation ∼ GMSB model

� for both pure NLSP→Z/H + G̃, w.r.t. mass/lifetime

S. Alderweireldt Exotics Searches and LLP (10/Mar 2023) 25 / 28

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/SUSY-2019-14/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2022-051


(Vertexed) delayed displaced photons arXiv:2209.01029 W

ATLAS-CONF-2022-051 W
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I Target photons from heavy LLP decays
� late w.r.t. bunch crossing + non-pointing
� exploit LAr calorimeter timing and pointing: ∼0.2ns/10mm resolution→ derive pointing in z along the beam axis

Not vertexed
I 2γ from LL NLSPs + trigger on lepton leg

� photons from different decays
I Shape fit of timing distribution in 1γ/ ≥ 2γ

& pointing/timing categories
I Interpretation ∼ GMSB model

� scan BF(→NLSP pair) & NLSP-LSP mass splitting

Vertexed
I 2γ / 2e from H/Z decays

� photons from the same decay
I Shape fit of timing distribution in pointing/timing categories
I Interpretation ∼ GMSB model

� for both pure NLSP→Z/H + G̃, w.r.t. mass/lifetime
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Delayed trackless jets (Submitted to JHEP) EXO-21-014 W
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I Target LL decays beyond the tracker
� GMSB model production as benchmark, varying BF(Z/H)

I Trackless Delayed jets: far decays or slower moving
I DNN based on trackless and out-of-time information

� 22 track & ECAL features
� jet time resolution 400-600ps

I 2D interpretation scanning cτ and m(NSLP)
� m(NLSP) excluded up to 1.18 TeV
� highest sensitivity around cτ ∼0.5m
� previous results based on tracks: smaller cτ < 0.2m, or muon system: larger cτ > 1m
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Summary & Outlook
I Many new and improved results from both experiments on

� Leptoquarks
� Vector-Like Fermions
� Resonance searches
� Long-Lived Particles & Unconventional Signatures

I Various detailed summary plots available: see backup slides

I Stay tuned for more results as Run 3 data becomes available
from ATLAS and CMS!
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Additional material
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ATLAS Detector
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Mono-top + invisible ATLAS-CONF-2022-036 W
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 1− = 13 TeV, 139 fbs

 SingleT Production

 = 0.5, singletTκ 

 Zt) = 0.25→ BR(T

I Target top-associated DM or VLQ (T)
I DNN top and b-tagging
I Top-tagged jet + lepton veto + high /ET selection

� categorise in Nb and min(∆φ(jet, /ET))
I Extreme gradient BDT for sig/bkg discrimination

� 3 versions: VLQ, resonant, and non-resonant DM
I Apply likelihood fit on yields and score

� interpret ifo. resonanant / non-resonant DM production
� in association with single t or single vector-like T
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3/4 body masses in lepton+jets arXiv:2211.08945 W

1

10

210

3
10

410

5
10

6
10

710

1

10

2
10

3
10

4
10

5
10

6
10

7
10

E
v
e
n
ts

2j + ℓ

Data

Background fit

 / ndf = 1.462χ

ATLAS
1=13 TeV,  139 fbs

1 10

4−

2−

0

2

4

1−10×4 1 2 3 4 5 6 7 8 9 10

mjjℓ [TeV]

5−

0

5

value = 0.06p

S
ig

n
if
ic

a
n
c
e

1

10

210

3
10

410

5
10

6
10

710

1

10

2
10

3
10

4
10

5
10

6
10

7
10

E
v
e
n
ts

2j + 2ℓ

Data

Background fit

 / ndf = 0.742χ

ATLAS
1=13 TeV,  139 fbs

1 10

4−

2−

0

2

4

1−10×4 1 2 3 4 5 6 7 8 9 10

mjjℓℓ [TeV]

5−

0

5

value = 0.69p

S
ig

n
if
ic

a
n
c
e

1

10

210

3
10

410

5
10

6
10

710

1

10

2
10

3
10

4
10

5
10

6
10

7
10

E
v
e
n
ts

j + b-jet + ℓ

Data

Background fit

 / ndf = 0.832χ

ATLAS
1=13 TeV,  139 fbs

1 10

4−

2−

0

2

4

1−10×4 1 2 3 4 5 6 7 8 9 10

mjbℓ [TeV]

5−

0

5

value = 0.72p

S
ig

n
if
ic

a
n
c
e

1

10

210

3
10

410

5
10

6
10

710

1

10

2
10

3
10

4
10

5
10

6
10

7
10

E
v
e
n
ts

2 b-jet + ℓ

Data

Background fit

 / ndf = 0.922χ

ATLAS
1=13 TeV,  139 fbs

1 10

4−

2−

0

2

4

1−10×4 1 2 3 4 5 6 7 8 9 10

mbbℓ [TeV]

5−

0

5

value = 0.64p

S
ig

n
if
ic

a
n
c
e

1 2 3 4 5 6 7 8 9 10

5−10

4−10

3−10

2−10

1−10

1

1 2 3 4 5 6 7 8 9 10
 [TeV]Xm

5−10

4−10

3−10

2−10

1−10

1 [
p
b
]

B × ∈ × 
A × σ

95% CL Upper Limits

 = 0 Obs.
X

/m
X

σ
 = 0.05 Obs.

X
/m

X
σ

 = 0.10 Obs.
X

/m
X

σ
 = 0.15 Obs.

X
/m

X
σ

 = 0  Exp.
X

/m
X

σ
σ 1 ±
σ 2 ±

1
=13 TeV,  139 fbs

ATLAS

2j + ℓ

1 2 3 4 5 6 7

5−10

4−10

3−10

2−10

1−10

1

1 2 3 4 5 6 7
 [TeV]Xm

5−10

4−10

3−10

2−10

1−10

1 [
p
b
]

B × ∈ × 
A × σ

95% CL Upper Limits

 = 0 Obs.
X

/m
X

σ
 = 0.05 Obs.

X
/m

X
σ

 = 0.10 Obs.
X

/m
X

σ
 = 0.15 Obs.

X
/m

X
σ

 = 0  Exp.
X

/m
X

σ
σ 1 ±
σ 2 ±

1
=13 TeV,  139 fbs

ATLAS

2j + 2ℓ

1 2 3 4 5 6 7

5−10

4−10

3−10

2−10

1−10

1

1 2 3 4 5 6 7
 [TeV]Xm

5−10

4−10

3−10

2−10

1−10

1 [
p
b
]

B × ∈ × 
A × σ

95% CL Upper Limits

 = 0 Obs.
X

/m
X

σ
 = 0.05 Obs.

X
/m

X
σ

 = 0.10 Obs.
X

/m
X

σ
 = 0.15 Obs.

X
/m

X
σ

 = 0  Exp.
X

/m
X

σ
σ 1 ±
σ 2 ±

1
=13 TeV,  139 fbs

ATLAS

j + b-jet + ℓ

0.5 1 1.5 2 2.5 3 3.5 4 4.5 5

5−10

4−10

3−10

2−10

1−10

1

0.5 1 1.5 2 2.5 3 3.5 4 4.5 5
 [TeV]Xm

5−10

4−10

3−10

2−10

1−10

1 [
p
b
]

B × ∈ × 
A × σ

95% CL Upper Limits

 = 0 Obs.
X

/m
X

σ
 = 0.05 Obs.

X
/m

X
σ

 = 0.10 Obs.
X

/m
X

σ
 = 0.15 Obs.

X
/m

X
σ

 = 0  Exp.
X

/m
X

σ
σ 1 ±
σ 2 ±

1
=13 TeV,  139 fbs

ATLAS

2 b-jet + ℓ 1 2 3 4 5 6 7

4−10

3−10

2−10

1−10

1

10

210

1 2 3 4 5 6 7
 [TeV]W’m

4−10

3−10

2−10

1−10

1

10

210

 [
p
b
]

B × σ

W’ / Z’ model

Observed 95% CL

Expected 95% CL

σ 1 ±

σ 2 ±

ATLAS
1

=13 TeV,  139 fbs

2j + ℓ

1 2 3 4 5 6 7

4−10

3−10

2−10

1−10

1

10

1 2 3 4 5 6 7
 [TeV]

KK
Wm

4−10

3−10

2−10

1−10

1

10

 [
p
b
]

B × σ

 modelφ W → KKW

Observed 95% CL

Expected 95% CL

σ 1 ±

σ 2 ±

ATLAS
1

=13 TeV,  139 fbs

2j + ℓ

1 2 3 4 5 6 7
4−10

3−10

2−10

1−10

1

10

1 2 3 4 5 6 7
 [TeV]Z’m

4−10

3−10

2−10

1−10

1

10

 [
p
b
]

B × σ

Z’ W  (DM) model

Observed 95% CL

Expected 95% CL

σ 1 ±

σ 2 ±

1
=13 TeV,  139 fbs

ATLAS

gq = 0.25, gℓ = 0, gDM = 1

2j + ℓ

0.5 1 1.5 2 2.5 3 3.5 4 4.5 5

4−10

3−10

2−10

1−10

1

10

0.5 1 1.5 2 2.5 3 3.5 4 4.5 5
 [TeV]Z’m

4−10

3−10

2−10

1−10

1

10

 [
p
b
]

B × σ

 = 250 GeV
E

Z’, m

Observed 95% CL

Expected 95% CL

σ 1 ±

σ 2 ±

ATLAS

1=13 TeV,  139 fbs

µ2 j + 2 

Invariant mass distributions Model-independent results Model-specific results

I Heavy resonance search
I 2 jets (incl. b-jets), =1 lepton (e/µ) selection
I Fit 3/4-body invariant mass spectra w/ multiple interpretations

� model-independent limits on generic resonances
• assuming gaussian resonance peaks

� dedicated interpreations
• SSM W′->WZ′ with small ∆M(W′ ,Z′); excluded < 2.5 GeV
• DM SM axial-vector Z′ + SM W
• WKK with phi radion→ gg; excluded mphi < 1 TeV
• composite lepton with Z′ ; excluded (500 GeV ` , <1.3 TeV Z′)
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Displaced “hadronic” jets JHEP 06 (2022) 005, arXiv:2203.01009 W

ATLAS-CONF-2022-038 W

1000 1500 2000 2500 3000 3500 4000 4500 5000

 [GeV]ΦM

1

10

210

310

410

510

610

 [f
b]

σ Observed 95% CL
Expected 95% CL

σ 1±Expected 
σ 2±Expected 
=1)λTheory (LO, 

ATLAS Preliminary

=0.8invR

-1 = 13 TeV, 139 fbs

q

q

Φ

HV

HV

λ

λ

qdark

qdark

I Targetting benchmarks in hidden sector models

CalRatio
I low/high /ET CalRatio selection

� isolated calorimeter activity
� dedicated CalRatio trigger (ratio had/EM deposits)

I Dedicated NN solutions for BIB/QCD background
� Adversary Network to avoid using info

not well-modelled in simulation
� per-event BDT for beam-induced-background discrimination

I Limits set for
� mediator masses 60 GeV–1 TeV,

improved both above/below 200 GeV
� LLP scalar masses 5–475 GeV

Semi-visible jets
I Semi-visible jets from partial decays back to SM particles
I Select on

� back-to-back jet balance
� /ET aligned with high-pT jet

I Limits set for mediator masses 1–5 TeV
� exclusion in 2.4–2.7 TeV window
� additional interpretation ifo. coupling strength
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Decays in the muon system Phys. Rev. D 106(2022)032005, arXiv:2203.00587 W

arXiv:2206.12181 W
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DV from neutral LLPs
I Decays to hadronic jets in the muon spectrometer

� two displaced decays in the muon system
� veto on ID/calo activity
� dedicated trigger

I Interpretation for scalar portal model
� (scalar) Φ(125)→ ss (long-lived)
� limits set ifo. lifetime and BF(Φ→ ss)

Collimated pairs of leptons/light hadrons
I Displaced collimated SM fermions in calo/MS

� two displaced decays in the muon system
� veto on ID activity

I Interpretation for LL dark photons
� limits set ifo. mass and lifetime,

and kinetic mixing parameter SM–hidden sector
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Summary Plots ATL-PHYS-PUB-2022-013 W

Model Signature
∫
L dt [fb−1] Mass limit Reference
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q̃q̃, q̃→qχ̃0
1 0 e, µ 2-6 jets Emiss

T 139 m(χ̃0
1)<400 GeV 2010.142931.85q̃ [1×, 8× Degen.] 1.0q̃ [1×, 8× Degen.]

mono-jet 1-3 jets Emiss
T 139 m(q̃)-m(χ̃0

1)=5 GeV 2102.108740.9q̃ [8× Degen.]

g̃g̃, g̃→qq̄χ̃0
1 0 e, µ 2-6 jets Emiss

T 139 m(χ̃0
1)=0 GeV 2010.142932.3g̃

m(χ̃0
1)=1000 GeV 2010.142931.15-1.95g̃̃g Forbidden

g̃g̃, g̃→qq̄Wχ̃0
1 1 e, µ 2-6 jets 139 m(χ̃0

1)<600 GeV 2101.016292.2g̃

g̃g̃, g̃→qq̄(ℓℓ)χ̃0
1

ee, µµ 2 jets Emiss
T 139 m(χ̃0

1)<700 GeV CERN-EP-2022-0142.2g̃

g̃g̃, g̃→qqWZχ̃0
1 0 e, µ 7-11 jets Emiss

T 139 m(χ̃0
1) <600 GeV 2008.060321.97g̃

SS e, µ 6 jets 139 m(g̃)-m(χ̃0
1)=200 GeV 1909.084571.15g̃

g̃g̃, g̃→tt̄χ̃0
1 0-1 e, µ 3 b Emiss

T 79.8 m(χ̃0
1)<200 GeV ATLAS-CONF-2018-0412.25g̃

SS e, µ 6 jets 139 m(g̃)-m(χ̃0
1)=300 GeV 1909.084571.25g̃

b̃1b̃1 0 e, µ 2 b Emiss
T 139 m(χ̃0

1)<400 GeV 2101.125271.255b̃1
10 GeV<∆m(b̃1,χ̃0

1)<20 GeV 2101.125270.68b̃1

b̃1b̃1, b̃1→bχ̃0
2 → bhχ̃0

1 0 e, µ 6 b Emiss
T 139 ∆m(χ̃0

2 , χ̃
0
1)=130 GeV, m(χ̃0

1)=100 GeV 1908.031220.23-1.35b̃1b̃1 Forbidden
2 τ 2 b Emiss

T 139 ∆m(χ̃0
2 , χ̃

0
1)=130 GeV, m(χ̃0

1)=0 GeV 2103.081890.13-0.85b̃1b̃1

t̃1 t̃1, t̃1→tχ̃0
1 0-1 e, µ ≥ 1 jet Emiss

T 139 m(χ̃0
1)=1 GeV 2004.14060,2012.037991.25t̃1

t̃1 t̃1, t̃1→Wbχ̃0
1 1 e, µ 3 jets/1 b Emiss

T 139 m(χ̃0
1)=500 GeV 2012.037990.65t̃1t̃1 Forbidden

t̃1 t̃1, t̃1→τ̃1bν, τ̃1→τG̃ 1-2 τ 2 jets/1 b Emiss
T 139 m(τ̃1)=800 GeV 2108.076651.4t̃1t̃1 Forbidden

t̃1 t̃1, t̃1→cχ̃0
1 / c̃c̃, c̃→cχ̃0

1 0 e, µ 2 c Emiss
T 36.1 m(χ̃0

1)=0 GeV 1805.016490.85c̃
0 e, µ mono-jet Emiss

T 139 m(t̃1,c̃)-m(χ̃0
1)=5 GeV 2102.108740.55t̃1

t̃1 t̃1, t̃1→tχ̃0
2, χ̃0

2→Z/hχ̃0
1 1-2 e, µ 1-4 b Emiss

T 139 m(χ̃0
2)=500 GeV 2006.058800.067-1.18t̃1

t̃2 t̃2, t̃2→t̃1 + Z 3 e, µ 1 b Emiss
T 139 m(χ̃0

1)=360 GeV, m(t̃1)-m(χ̃0
1)= 40 GeV 2006.058800.86t̃2t̃2 Forbidden

χ̃±1 χ̃
0
2 via WZ Multiple ℓ/jets Emiss

T 139 m(χ̃0
1)=0, wino-bino 2106.01676, 2108.075860.96χ̃±

1 /χ̃
0
2ee, µµ ≥ 1 jet Emiss

T 139 m(χ̃±1 )-m(χ̃0
1 )=5 GeV, wino-bino 1911.126060.205χ̃±

1 /χ̃
0
2

χ̃±1 χ̃
∓
1 via WW 2 e, µ Emiss

T 139 m(χ̃0
1)=0, wino-bino 1908.082150.42χ̃±

1

χ̃±1 χ̃
0
2 via Wh Multiple ℓ/jets Emiss

T 139 m(χ̃0
1)=70 GeV, wino-bino 2004.10894, 2108.075861.06χ̃±

1 /χ̃
0
2

χ̃±
1 /χ̃

0
2 Forbidden

χ̃±1 χ̃
∓
1 via ℓ̃L/ν̃ 2 e, µ Emiss

T 139 m(ℓ̃,ν̃)=0.5(m(χ̃±1 )+m(χ̃0
1)) 1908.082151.0χ̃±

1

τ̃τ̃, τ̃→τχ̃0
1 2 τ Emiss

T 139 m(χ̃0
1)=0 1911.066600.12-0.39τ̃ [τ̃L, τ̃R,L] 0.16-0.3τ̃ [τ̃L, τ̃R,L]

ℓ̃L,R ℓ̃L,R, ℓ̃→ℓχ̃0
1 2 e, µ 0 jets Emiss

T 139 m(χ̃0
1)=0 1908.082150.7ℓ̃

ee, µµ ≥ 1 jet Emiss
T 139 m(ℓ̃)-m(χ̃0

1)=10 GeV 1911.126060.256ℓ̃

H̃H̃, H̃→hG̃/ZG̃ 0 e, µ ≥ 3 b Emiss
T 36.1 BR(χ̃0

1 → hG̃)=1 1806.040300.29-0.88H̃ 0.13-0.23H̃
4 e, µ 0 jets Emiss

T 139 BR(χ̃0
1 → ZG̃)=1 2103.116840.55H̃

0 e, µ ≥ 2 large jets Emiss
T 139 BR(χ̃0

1 → ZG̃)=1 2108.075860.45-0.93H̃

Direct χ̃+1 χ̃
−
1 prod., long-lived χ̃±1 Disapp. trk 1 jet Emiss

T 139 Pure Wino 2201.024720.66χ̃±
1

Pure higgsino 2201.024720.21χ̃±
1

Stable g̃ R-hadron pixel dE/dx Emiss
T 139 CERN-EP-2022-0292.05g̃

Metastable g̃ R-hadron, g̃→qqχ̃0
1 pixel dE/dx Emiss

T 139 m(χ̃0
1)=100 GeV CERN-EP-2022-0292.2g̃ [τ( g̃) =10 ns]

ℓ̃ℓ̃, ℓ̃→ℓG̃ Displ. lep Emiss
T 139 τ(ℓ̃) = 0.1 ns 2011.078120.7ẽ, µ̃

τ(ℓ̃) = 0.1 ns 2011.078120.34τ̃
pixel dE/dx Emiss

T 139 τ(ℓ̃) = 10 ns CERN-EP-2022-0290.36τ̃

χ̃±1 χ̃
∓
1 /χ̃

0
1 , χ̃±1→Zℓ→ℓℓℓ 3 e, µ 139 Pure Wino 2011.105431.05χ̃∓

1 /χ̃
0
1 [BR(Zτ)=1, BR(Ze)=1] 0.625χ̃∓

1 /χ̃
0
1 [BR(Zτ)=1, BR(Ze)=1]

χ̃±1 χ̃
∓
1 /χ̃

0
2 → WW/Zℓℓℓℓνν 4 e, µ 0 jets Emiss

T 139 m(χ̃0
1)=200 GeV 2103.116841.55χ̃±

1 /χ̃
0
2 [λi33 , 0, λ12k , 0] 0.95χ̃±

1 /χ̃
0
2 [λi33 , 0, λ12k , 0]

g̃g̃, g̃→qqχ̃0
1, χ̃0

1 → qqq 4-5 large jets 36.1 Large λ′′112 1804.035681.9g̃ [m(χ̃0
1)=200 GeV, 1100 GeV] 1.3g̃ [m(χ̃0
1)=200 GeV, 1100 GeV]

t̃t̃, t̃→tχ̃0
1, χ̃0

1 → tbs Multiple 36.1 m(χ̃0
1)=200 GeV, bino-like ATLAS-CONF-2018-0031.05t̃ [λ′′

323
=2e-4, 1e-2] 0.55t̃ [λ′′

323
=2e-4, 1e-2]

t̃t̃, t̃→bχ̃±1 , χ̃±1 → bbs ≥ 4b 139 m(χ̃±1 )=500 GeV 2010.010150.95t̃̃t Forbidden
t̃1 t̃1, t̃1→bs 2 jets + 2 b 36.7 1710.071710.61t̃1 [qq, bs] 0.42t̃1 [qq, bs]

t̃1 t̃1, t̃1→qℓ 2 e, µ 2 b 36.1 BR(t̃1→be/bµ)>20% 1710.055440.4-1.45t̃1
1 µ DV 136 BR(t̃1→qµ)=100%, cosθt=1 2003.119561.6t̃1 [1e-10< λ′

23k
<1e-8, 3e-10< λ′

23k
<3e-9] 1.0t̃1 [1e-10< λ′

23k
<1e-8, 3e-10< λ′

23k
<3e-9]

χ̃±1 /χ̃
0
2/χ̃

0
1, χ̃0

1,2→tbs, χ̃+1→bbs 1-2 e, µ ≥6 jets 139 Pure higgsino 2106.096090.2-0.32χ̃0
1

Mass scale [TeV]10−1 1

ATLAS SUSY Searches* - 95% CL Lower Limits
March 2022

ATLAS Preliminary√
s = 13 TeV

*Only a selection of the available mass limits on new states or
phenomena is shown. Many of the limits are based on
simplified models, c.f. refs. for the assumptions made.S. Alderweireldt Exotics Searches and LLP (10/Mar 2023) 36 / 28
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Summary Plots ATL-PHYS-PUB-2022-034 W

Model ℓ, γ Jets† Emiss
T

∫
L dt[fb−1] Limit Reference
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ADD GKK + g/q 0 e, µ, τ, γ 1 − 4 j Yes 139 n = 2 2102.1087411.2 TeVMD

ADD non-resonant γγ 2 γ − − 36.7 n = 3 HLZ NLO 1707.041478.6 TeVMS

ADD QBH − 2 j − 139 n = 6 1910.084479.4 TeVMth

ADD BH multijet − ≥3 j − 3.6 n = 6, MD = 3 TeV, rot BH 1512.025869.55 TeVMth

RS1 GKK → γγ 2 γ − − 139 k/MPl = 0.1 2102.134054.5 TeVGKK mass
Bulk RS GKK →WW /ZZ multi-channel 36.1 k/MPl = 1.0 1808.023802.3 TeVGKK mass
Bulk RS GKK →WV → ℓνqq 1 e, µ 2 j / 1 J Yes 139 k/MPl = 1.0 2004.146362.0 TeVGKK mass
Bulk RS gKK → tt 1 e, µ ≥1 b, ≥1J/2j Yes 36.1 Γ/m = 15% 1804.108233.8 TeVgKK mass
2UED / RPP 1 e, µ ≥2 b, ≥3 j Yes 36.1 Tier (1,1), B(A(1,1) → tt) = 1 1803.096781.8 TeVKK mass

SSM Z ′ → ℓℓ 2 e, µ − − 139 1903.062485.1 TeVZ′ mass
SSM Z ′ → ττ 2 τ − − 36.1 1709.072422.42 TeVZ′ mass
Leptophobic Z ′ → bb − 2 b − 36.1 1805.092992.1 TeVZ′ mass
Leptophobic Z ′ → tt 0 e, µ ≥1 b, ≥2 J Yes 139 Γ/m = 1.2% 2005.051384.1 TeVZ′ mass
SSM W ′ → ℓν 1 e, µ − Yes 139 1906.056096.0 TeVW′ mass
SSM W ′ → τν 1 τ − Yes 139 ATLAS-CONF-2021-0255.0 TeVW′ mass
SSM W ′ → tb − ≥1 b, ≥1 J − 139 ATLAS-CONF-2021-0434.4 TeVW′ mass
HVT W ′ →WZ → ℓνqq model B 1 e, µ 2 j / 1 J Yes 139 gV = 3 2004.146364.3 TeVW′ mass
HVT W ′ →WZ → ℓν ℓ′ℓ′ model C 3 e, µ 2 j (VBF) Yes 139 gV cH = 1, gf = 0 ATLAS-CONF-2022-005340 GeVW′ mass
HVT W ′ →WH → ℓνbb model B 1 e, µ 1-2 b, 1-0 j Yes 139 gV = 3 2207.002303.3 TeVW′ mass
HVT Z ′ → ZH → ℓℓ/ννbb model B 0,2 e, µ 1-2 b, 1-0 j Yes 139 gV = 3 2207.002303.2 TeVZ′ mass
LRSM WR → µNR 2 µ 1 J − 80 m(NR) = 0.5 TeV, gL = gR 1904.126795.0 TeVWR mass

CI qqqq − 2 j − 37.0 η−LL 1703.0912721.8 TeVΛ
CI ℓℓqq 2 e, µ − − 139 η−LL 2006.1294635.8 TeVΛ
CI eebs 2 e 1 b − 139 g∗ = 1 2105.138471.8 TeVΛ
CI µµbs 2 µ 1 b − 139 g∗ = 1 2105.138472.0 TeVΛ
CI tttt ≥1 e,µ ≥1 b, ≥1 j Yes 36.1 |C4t | = 4π 1811.023052.57 TeVΛ

Axial-vector med. (Dirac DM) 0 e,µ, τ, γ 1 − 4 j Yes 139 gq=0.25, gχ=1, m(χ)=1 GeV 2102.108742.1 TeVmmed

Pseudo-scalar med. (Dirac DM) 0 e,µ, τ, γ 1 − 4 j Yes 139 gq=1, gχ=1, m(χ)=1 GeV 2102.10874376 GeVmmed

Vector med. Z ′-2HDM (Dirac DM) 0 e, µ 2 b Yes 139 tan β=1, gZ =0.8, m(χ)=100 GeV 2108.133913.1 TeVmmed

Pseudo-scalar med. 2HDM+a multi-channel 139 tan β=1, gχ=1, m(χ)=10 GeV ATLAS-CONF-2021-036560 GeVmmed

Scalar LQ 1st gen 2 e ≥2 j Yes 139 β = 1 2006.058721.8 TeVLQ mass
Scalar LQ 2nd gen 2 µ ≥2 j Yes 139 β = 1 2006.058721.7 TeVLQ mass
Scalar LQ 3rd gen 1 τ 2 b Yes 139 B(LQu

3 → bτ) = 1 2108.076651.2 TeVLQu
3

mass

Scalar LQ 3rd gen 0 e, µ ≥2 j, ≥2 b Yes 139 B(LQu
3 → tν) = 1 2004.140601.24 TeVLQu

3
mass

Scalar LQ 3rd gen ≥2 e, µ, ≥1 τ ≥1 j, ≥1 b − 139 B(LQd
3 → tτ) = 1 2101.115821.43 TeVLQd

3
mass

Scalar LQ 3rd gen 0 e, µ, ≥1 τ 0 − 2 j, 2 b Yes 139 B(LQd
3 → bν) = 1 2101.125271.26 TeVLQd

3
mass

Vector LQ 3rd gen 1 τ 2 b Yes 139 B(LQV
3 → bτ) = 0.5, Y-M coupl. 2108.076651.77 TeVLQV

3
mass

VLQ TT → Zt + X 2e/2µ/≥3e,µ ≥1 b, ≥1 j − 139 SU(2) doublet ATLAS-CONF-2021-0241.4 TeVT mass
VLQ BB →Wt/Zb + X multi-channel 36.1 SU(2) doublet 1808.023431.34 TeVB mass
VLQ T5/3T5/3 |T5/3 →Wt + X 2(SS)/≥3 e,µ ≥1 b, ≥1 j Yes 36.1 B(T5/3 →Wt)= 1, c(T5/3Wt)= 1 1807.118831.64 TeVT5/3 mass
VLQ T → Ht/Zt 1 e, µ ≥1 b, ≥3 j Yes 139 SU(2) singlet, κT = 0.5 ATLAS-CONF-2021-0401.8 TeVT mass
VLQ Y →Wb 1 e, µ ≥1 b, ≥1 j Yes 36.1 B(Y →Wb)= 1, cR (Wb)= 1 1812.073431.85 TeVY mass
VLQ B → Hb 0 e,µ ≥2b, ≥1j, ≥1J − 139 SU(2) doublet, κB= 0.3 ATLAS-CONF-2021-0182.0 TeVB mass
VLL τ′ → Zτ/Hτ multi-channel ≥1 j Yes 139 SU(2) doublet ATLAS-CONF-2022-044898 GeVτ′ mass

Excited quark q∗ → qg − 2 j − 139 only u∗ and d∗, Λ = m(q∗) 1910.084476.7 TeVq∗ mass
Excited quark q∗ → qγ 1 γ 1 j − 36.7 only u∗ and d∗, Λ = m(q∗) 1709.104405.3 TeVq∗ mass
Excited quark b∗ → bg − 1 b, 1 j − 139 1910.04473.2 TeVb∗ mass
Excited lepton ℓ∗ 3 e, µ − − 20.3 Λ = 3.0 TeV 1411.29213.0 TeVℓ∗ mass
Excited lepton ν∗ 3 e,µ, τ − − 20.3 Λ = 1.6 TeV 1411.29211.6 TeVν∗ mass

Type III Seesaw 2,3,4 e, µ ≥2 j Yes 139 2202.02039910 GeVN0 mass
LRSM Majorana ν 2 µ 2 j − 36.1 m(WR ) = 4.1 TeV, gL = gR 1809.111053.2 TeVNR mass
Higgs triplet H±± →W ±W ± 2,3,4 e,µ (SS) various Yes 139 DY production 2101.11961350 GeVH±± mass
Higgs triplet H±± → ℓℓ 2,3,4 e,µ (SS) − − 139 DY production ATLAS-CONF-2022-0101.08 TeVH±± mass
Higgs triplet H±± → ℓτ 3 e,µ, τ − − 20.3 DY production, B(H±±

L
→ ℓτ) = 1 1411.2921400 GeVH±± mass

Multi-charged particles − − − 139 DY production, |q| = 5e ATLAS-CONF-2022-0341.59 TeVmulti-charged particle mass
Magnetic monopoles − − − 34.4 DY production, |g | = 1gD , spin 1/2 1905.101302.37 TeVmonopole mass

Mass scale [TeV]10−1 1 10
√
s = 8 TeV

√
s = 13 TeV

partial data

√
s = 13 TeV
full data

ATLAS Heavy Particle Searches* - 95% CL Upper Exclusion Limits
Status: July 2022

ATLAS Preliminary∫
L dt = (3.6 – 139) fb−1

√
s = 8, 13 TeV

*Only a selection of the available mass limits on new states or phenomena is shown.
†Small-radius (large-radius) jets are denoted by the letter j (J).

Model Signature
∫
L dt [fb−1] Lifetime limit Reference
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RPV t̃ → µq displaced vtx + muon 136 2003.119560.003-6.0 mt̃ lifetime m(t̃)= 1.4 TeV

RPV χ̃01 → eeν/eµν/µµν displaced lepton pair 32.8 1907.100370.003-1.0 mχ̃0
1

lifetime m(q̃)= 1.6 TeV, m(χ̃01)= 1.3 TeV

GGM χ̃01 → ZG̃ displaced dimuon 32.9 1808.030570.029-18.0 mχ̃0
1

lifetime m(g̃)= 1.1 TeV, m(χ̃01)= 1.0 TeV

GMSB non-pointing or delayed γ 139 CERN-EP-2022-0960.24-2.4 mχ̃0
1

lifetime m(χ̃01, G̃)= 60, 20 GeV, BH= 2%

GMSB ℓ̃ → ℓG̃ displaced lepton 139 2011.078126-750 mmℓ̃ lifetime m(ℓ̃)= 600 GeV

GMSB τ̃→ τG̃ displaced lepton 139 2011.078129-270 mmτ̃ lifetime m(ℓ̃)= 200 GeV

AMSB pp → χ̃±1 χ̃01, χ̃+1 χ̃−1 disappearing track 136 2201.024720.06-3.06 mχ̃±
1

lifetime m(χ̃±1 )= 650 GeV

AMSB pp → χ̃±1 χ̃01, χ̃+1 χ̃−1 large pixel dE/dx 139 2205.060130.3-30.0 mχ̃±
1

lifetime m(χ̃±1 )= 600 GeV

Stealth SUSY 2 MS vertices 36.1 1811.073700.1-519 mS̃ lifetime B(g̃ → S̃g)= 0.1, m(g̃)= 500 GeV

Split SUSY large pixel dE/dx 139 2205.06013> 0.45 mg̃ lifetime m(g̃)= 1.8 TeV, m(χ̃01)= 100 GeV

Split SUSY displaced vtx + Emiss
T 32.8 1710.049010.03-13.2 mg̃ lifetime m(g̃)= 1.8 TeV, m(χ̃01)= 100 GeV

Split SUSY 0 ℓ, 2 − 6 jets +Emiss
T 36.1 ATLAS-CONF-2018-0030.0-2.1 mg̃ lifetime m(g̃)= 1.8 TeV, m(χ̃01)= 100 GeV

H → s s 2 MS vertices 139 2203.005870.31-72.4 ms lifetime m(s)= 35 GeV

H → s s 2 low-EMF trackless jets 139 2203.010090.19-6.94 ms lifetime m(s)= 35 GeV

VH with H → ss → bbbb 2ℓ + 2 displ. vertices 139 2107.060924-85 mms lifetime m(s)= 35 GeV

FRVZ H → 2γd + X 2 µ−jets 139 2206.121810.654-939 mmγd lifetime m(γd )= 400 MeV

FRVZ H → 4γd + X 2 µ−jets 139 2206.121812.7-534 mmγd lifetime m(γd )= 400 MeV

H → ZdZd displaced dimuon 32.9 1808.030570.009-24.0 mZd lifetime m(Zd )= 40 GeV

H → ZZd 2 e,µ + low-EMF trackless jet 36.1 1811.025420.21-5.2 mZd lifetime m(Zd )= 10 GeV

Φ(200 GeV)→ s s low-EMF trk-less jets, MS vtx 36.1 1902.030940.41-51.5 ms lifetime σ × B= 1 pb, m(s)= 50 GeV

Φ(600 GeV)→ s s low-EMF trk-less jets, MS vtx 36.1 1902.030940.04-21.5 ms lifetime σ × B= 1 pb, m(s)= 50 GeV

Φ(1 TeV)→ s s low-EMF trk-less jets, MS vtx 36.1 1902.030940.06-52.4 ms lifetime σ × B= 1 pb, m(s)= 150 GeV

W → Nℓ,N → ℓℓν displaced vtx (µµ,µe, ee) + µ 139 2204.119880.74-42 mmN lifetime m(N)= 6 GeV, Dirac

W → Nℓ,N → ℓℓν displaced vtx (µµ,µe, ee) + µ 139 2204.119883.1-33 mmN lifetime m(N)= 6 GeV, Majorana

W → Nℓ,N → ℓℓν displaced vtx (µµ,µe, ee) + e 139 2204.119880.49-81 mmN lifetime m(N)= 6 GeV, Dirac

W → Nℓ,N → ℓℓν displaced vtx (µµ,µe, ee) + e 139 2204.119880.39-51 mmN lifetime m(N)= 6 GeV, Majorana
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ATLAS Long-lived Particle Searches* - 95% CL Exclusion
Status: July 2022

ATLAS Preliminary∫
L dt = (32.8 – 139) fb−1

√
s = 13 TeV

*Only a selection of the available lifetime limits is shown.
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1911.04968 (3 , 4 )tt + , pseudoscalar (scalar), g2
top × BR( 2 ) > = 0.03(0.04) 0.108 0.34  137 fb 1

1911.04968 (3 , 4 )tt + , pseudoscalar (scalar), g2
top × BR( 2 ) > = 0.03(0.004) 0.015 0.075  137 fb 1

1911.03947 (2j)Scalar Diquark 0.5 7.5  137 fb 1
1911.03947 (2j)Color Octect Scalar, k2

s = 1/2 0.5 3.7  137 fb 1
1808.01257 (1j + 1 )Higgs  resonance 0.72 3.25  36 fb 1

2106.10509 (1j + 1 )W  resonance 1.5 8  137 fb 1
1712.03143 (2 + 1 ; 2e + 1 ; 2j + 1 )Z  resonance 0.35 4  36 fb 1

1911.03947 (2j)String resonance 0.5 7.9  137 fb 1

CMS preliminary 16-140 fb 1 (13 TeV)
Overview of CMS EXO results

Moriond 2022Selection of observed exclusion limits at 95% C.L. (theory uncertainties are not included).
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2001.04521 (2 + 2j)Excited Lepton Contact Interaction 0.2 5.7  77 fb 1
2001.04521 (2e + 2j)Excited Lepton Contact Interaction 0.2 5.6  77 fb 1

2103.02708 (2 )quark compositeness ( ), LL/RR = 1 <36  140 fb 1
2103.02708 (2 )quark compositeness ( ), LL/RR = 1 <24  140 fb 1
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1811.10151 (1 + 1j + pmiss
T )Leptoquark mediator, = 1, B = 0.1, X, DM = 0.1, 800 < MLQ < 1500 GeV 0.3 0.6  77 fb 1

1908.01713 (h + pmiss
T )Z′ 2HDM, gZ′ = 0.8, gDM = 1, tan = 1, m = 100 GeV 0.5 3.1  36 fb 1

1908.01713 (h + pmiss
T )Baryonic Z′, gq = 0.25, gDM = 1, m = 1 GeV <1.6  36 fb 1

2112.11125 (2j + pmiss
T )Z′ mediator (dark QCD), mdark = 20 GeV, rinv = 0.3, dark = peak

dark 1.5 5.1  138 fb 1
1810.10069 (4j)complex sc. med. (dark QCD), m DK = 5 GeV, c XDK = 25 mm <1.54  16 fb 1

1901.01553 (0, 1 + 2j + pmiss
T )pseudoscalar mediator (+t/tt), gq = 1, gDM = 1, m = 1 GeV <0.3  36 fb 1

2107.13021 ( 1j + pmiss
T )pseudoscalar mediator (+j/V), gq = 1, gDM = 1, m = 1 GeV <0.47  101 fb 1

2107.13021 ( 1j + pmiss
T )scalar mediator (fermion portal), u = 1, m = 1 GeV <1.5  101 fb 1

1901.01553 (0, 1 + 2j + pmiss
T )scalar mediator (+t/tt), gq = 1, gDM = 1, m = 1 GeV <0.29  36 fb 1

2103.02708 (2e, 2 )(axial)-vector mediator ( ), gq = 0.1, gDM = 1, g = 0.1, m > mmed/2 0.2 4.64  140 fb 1
2107.13021 ( 1j + pmiss

T )(axial-)vector mediator ( ), gq = 0.25, gDM = 1, m = 1 GeV <1.95  101 fb 1
1911.03947 (2j)(axial-)vector mediator (qq), gq = 0.25, gDM = 1, m = 1 GeV 0.5 2.8  137 fb 1

2103.02708 (2e, 2 )vector mediator ( ), gq = 0.1, gDM = 1, g = 0.01, m > 1 TeV 0.2 1.92  140 fb 1
1911.03761 ( 3j)vector mediator (qq), gq = 0.25, gDM = 1, m = 1 GeV 0.35 0.7  18 fb 1
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1810.10092 (6j)RPV gluinos to 3 quarks <1.5  36 fb 1
1806.01058 (2j)RPV gluino to 4 quarks 0.1 1.41  38 fb 1

1806.01058 (2j)RPV squark to 4 quarks 0.1 0.72  38 fb 1
1808.03124 (2j; 4j)RPV stop to 4 quarks 0.08 0.52  36 fb 1
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2201.02140 (2j)3-brane WED gKK( + g ggg), ggrav = 6, ggKK = 3, = 0.5, m( )/m(gKK) = 0.1 2 4.3  137 fb 1
2202.06075 ( + pmiss

T )split-UED, 2 TeV 0.4 2.8  137 fb 1
1805.06013 ( 7j( , ))non-rotating BH, MD = 4 TeV, nED = 6 <9.7  36 fb 1

1803.08030 (2j)RS QBH (jj), nED = 1 <5.9  36 fb 1
1911.03947 (2j)RS GKK(qq, gg), k/MPl = 0.1 0.5 2.6  137 fb 1

1809.00327 (2 )RS GKK( ), k/MPl = 0.1 <4.1  36 fb 1
2103.02708 (2 )RS GKK( ), k/MPl = 0.1 <4.78  140 fb 1

CMS-PAS-EXO-19-014 ( )ADD QBH ( ), nED = 4 <5  137 fb 1
CMS-PAS-EXO-19-014 (e )ADD QBH (e ), nED = 4 <5.2  137 fb 1

CMS-PAS-EXO-19-014 (e )ADD QBH (e ), nED = 4 <5.6  137 fb 1
1803.08030 (2j)ADD QBH (jj), nED = 6 <8.2  36 fb 1

2107.13021 ( 1j + pmiss
T )ADD GKK emission, nED = 2 <10.8  101 fb 1

1812.10443 (2 , 2 )ADD ( , ) HLZ, nED = 3 <9.1  36 fb 1
1803.08030 (2j)ADD (jj) HLZ, nED = 3 <12  36 fb 1

0.1 1.0 10.0

mass scale [TeV]

M

M

M

M

M

Ex
ci

te
d

Fe
rm

io
ns

1811.03052 ( + 2 )excited muon, fS = f = f ′ = 1, = m * 0.25 3.8  36 fb 1
1811.03052 ( + 2e)excited electron, fS = f = f ′ = 1, = m *

e 0.25 3.9  36 fb 1
1911.03947 (2j)excited light quark (qg), = m *

q 0.5 6.3  137 fb 1
1711.04652 ( + j)excited b quark, fS = f = f ′ = 1, = m *

q 1 1.8  36 fb 1
1711.04652 ( + j)excited light quark (q ), fS = f = f ′ = 1, = m *

q 1 5.5  36 fb 1
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2202.08676 (3 , 4 )Vector like taus,  Singlet 0.125 0.15  137 fb 1
2202.08676 (3 , 4 )Vector like taus,  Doublet 0.1 1.045  137 fb 1

2202.08676 (3 , 4 )Type-III seesaw heavy fermions, Flavor-democratic 0.1 0.98  137 fb 1
1806.10905 ( 1j + + e)MSM, |VeNV*

N|2/(|VeN|2 + |V N|2) = 1.0 0.02 1.6  36 fb 1
1802.02965; 1806.10905 (3 ( , e); 1j + 2 ( , e))MSM, |VeN|2 = 1.0,  |V N|2 = 1.0 0.001 1.43  36 fb 1
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1806.03472 (2 + b)scalar LQ (single prod.), coupling to 3rd gen. fermions, = 1, = 1 <0.74  36 fb 1
2107.13021 ( 1j + pmiss

T )scalar LQ (single prod.), coupling to 1st gen. fermions, = 0, = 1 1 1.6  101 fb 1
1811.00806 (2 + 2j)scalar LQ (pair prod.), coupling to 3rd gen. fermions, = 1 <1.02  36 fb 1

1808.05082 (2 + 2j; + 2j + pmiss
T )scalar LQ (pair prod.), coupling to 2nd gen. fermions, = 0.5 <1.29  36 fb 1

1811.10151 (1 + 1j + pmiss
T )scalar LQ (pair prod.), coupling to 2nd gen. fermions, = 1 0.8 1.5  77 fb 1

1808.05082 (2 + 2j)scalar LQ (pair prod.), coupling to 2nd gen. fermions, = 1 <1.53  36 fb 1
1811.01197 (2e + 2j; e + 2j + pmiss

T )scalar LQ (pair prod.), coupling to 1st gen. fermions, = 0.5 <1.27  36 fb 1
1811.01197 (2e + 2j)scalar LQ (pair prod.), coupling to 1st gen. fermions, = 1 <1.44  36 fb 1
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1911.03947 (2j)Axigluon, Coloron, cot = 1 0.5 6.6  137 fb 1
1811.00806 (2 + 2j)LRSM WR( NR), MNR = 0.5MWR <3.5  36 fb 1

2112.03949 (2e + 2j)LRSM WR(eNR), MNR = 0.5MWR <4.7  36 fb 1
2112.03949 (2 + 2j)LRSM WR( NR), MNR = 0.5MWR <5  36 fb 1

1911.03947 (2j)SSM W′(qq) 0.5 3.6  137 fb 1
2202.06075 ( + pmiss

T )SSM W′( ) 0.4 5.7  137 fb 1
1807.11421 ( + pmiss

T )SSM W′( ) 0.4 4  36 fb 1
1909.04114 (2j)Leptophobic Z′ 0.05 0.45  78 fb 1

CMS-PAS-EXO-19-014 ( )LFV Z′, BR( ) = 10% 0.2 4.1  137 fb 1
CMS-PAS-EXO-19-014 (e )LFV Z′, BR(e ) = 10% 0.2 4.3  137 fb 1

CMS-PAS-EXO-19-014 (e )LFV Z′, BR(e ) = 10% 0.2 5  137 fb 1
2103.02708 (2e, 2 )Superstring Z′ 0.2 4.6  140 fb 1

1905.10331 (1j, 1 )Z′(qq) 0.01 0.125  36 fb 1
1911.03947 (2j)SSM Z′(qq) 0.5 2.9  137 fb 1

2103.02708 (2e, 2 )SSM Z′( ) 0.2 5.15  140 fb 1
1912.04776 (2 )ZD, narrow resonance 0.11 0.2  137 fb 1

1912.04776 (2 )ZD, narrow resonance 0.0115 0.075  137 fb 1
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2012.01581 (Displaced jets)RPV LQD, t bl, mt = 1600 GeV 0.005 0.24 m 132 fb 1 (13 TeV)
2110.04809 (Displaced leptons)RPV LQD, t bl, mt = 460 GeV 0.0001 10 m 118 fb 1 (13 TeV)

1808.05082 (2 + 2 jets)RPV LQD, t bl, mt = 600 GeV <0.031 m 36 fb 1 (13 TeV)
2012.01581 (Displaced jets)RPV UDD, t dd, mt = 1600 GeV 0.002 1.32 m 132 fb 1 (13 TeV)

2104.13474 (Jets with displaced vertices)RPV UDD, t dd, mt = 1600 GeV 0.00035 0.08 m 140 fb 1 (13 TeV)
2012.01581 (Displaced jets)RPV UDD, g tbs, mg = 2500 GeV 0.003 1 m 132 fb 1 (13 TeV)

2104.13474 (Jets with displaced vertices)RPV UDD, g tbs, mg = 2500 GeV 0.0006 0.09 m 140 fb 1 (13 TeV)

CMS Preliminary 3 - 140 fb 1 (8, 13 TeV)

Overview of CMS long-lived particle searches

Moriond 2022Selection of observed exclusion limits at 95% C.L. (theory uncertainties are not included). The y-axis tick labels indicate the studied long-lived particle.
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2110.04809 (Displaced leptons)GMSB, co-NLSP, l lG, ml = 270 GeV 5e-05 2.65 m 118 fb 1 (13 TeV)
1909.06166 (Delayed ( ))GMSB SPS8, 0

1 G, m 0
1 = 400 GeV 0.2 6 m 77 fb 1 (13 TeV)

2004.05153 (Disappearing track)AMSB, ± 0
1

± , m ± = 700 GeV 0.7 30 m 140 fb 1 (13 TeV)
1801.00359  (Delayed )Stopped g, g qq 0

2( 0
1), fgg = 0.1, mg = 940 GeV 600 3.3e+12 m 39 fb 1 (13 TeV)

1801.00359  (Delayed jet)Stopped g, g qq 0
1, fgg = 0.1, mg = 1300 GeV 50 3e+13 m 39 fb 1 (13 TeV)

1801.00359  (Delayed jet)Stopped t, t t 0
1, mt = 700 GeV 60 1.5e+13 m 39 fb 1 (13 TeV)

CMS-PAS-EXO-16-036 (dE/dx + TOF)mGMSB (HSCP) tan = 10, > 0 , m = 247 GeV >7.5 m 13 fb 1 (13 TeV)
CMS-PAS-EXO-16-036 (dE/dx)Split SUSY (HSCP), fgg = 0.1, mg = 1600 GeV >0.7 m 13 fb 1 (13 TeV)

1802.02110 (Jets + MET)Split SUSY, g qq 0
1, mg = 1300 GeV <1 m 36 fb 1 (13 TeV)

2012.01581 (Displaced jets)Split SUSY, g qq 0
1, mg = 2500 GeV 0.007 0.36 m 132 fb 1 (13 TeV)

1906.06441 (Delayed jet + MET)GMSB, g gG, mg = 2100 GeV 0.32 34 m 137 fb 1 (13 TeV)
2012.01581 (Displaced jets)GMSB, g gG, mg = 2450 GeV 0.006 0.55 m 132 fb 1 (13 TeV)
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1810.10069 (Emerging jet + jet)dark QCD, m DK = 5 GeV, mXDK = 1200 GeV 0.0022 0.3 m 16 fb 1 (13 TeV)
2110.13218 (Displaced jets + Z)H XX(10%), X bb, mH = 125 GeV, mX = 40 GeV 0.004 0.248 m 117 fb 1 (13 TeV)

2107.04838 (Hadronic decays in CSCs)H XX(10%), X bb, mH = 125 GeV, mX = 40 GeV 0.12 450 m 137 fb 1 (13 TeV)
2012.01581 (Displaced jets)H XX(10%), X bb, mH = 125 GeV, mX = 40 GeV 0.001 0.53 m 132 fb 1 (13 TeV)

2110.04809 (Displaced leptons)H XX(0.03%), X ll, mH = 125 GeV, mX = 30 GeV 0.001 0.12 m 118 fb 1 (13 TeV)
1411.6977 (Displaced dielectron)H XX(10%), X ee, mH = 125 GeV, mX = 20 GeV 0.00012 25 m 20 fb 1 (8 TeV)

2112.13769 (Displaced dimuon using scouting)H ZDZD(0.1%), ZD (15.7%), mH = 125 GeV, mX = 5 GeV 0.0001 0.25 m 101 fb 1 (13 TeV)
CMS-PAS-EXO-21-006 (Displaced dimuon)H ZDZD(0.1%), ZD , mH = 125 GeV, mX = 20 GeV 5e-05 5 m 98 fb 1 (13 TeV)
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