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• LLPs → Beyond the Standard Model (BSM) 
particles with long lifetime  

• Decay products far away from collision 
point 

• Plenty of SM “LLPs” (kaons, b-hadrons, 
muon, neutron, pions…) mechanisms 
understood  

• Suppressed decays via small coupling, 
heavy virtual particles mediating the 
decay or small phase space  

• Should also occur in BSM extensions 

• Non-conventional signatures
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• Dark Matter → part of larger hidden/dark sector  
 
 
 

Vector portal → Dark photon, dark Z’ 
Scalar portal → Dark Higgs, scalar  
Pseudo scalar portal → Axion-like particle 
(ALP) 
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• First search for inelastic DM at a hadron 
collider! 

• ≥2 DM states ( , )+ dark photon A’ 

•  small →  LLP 

• 1 displaced muon pair, large MET,  
≥1 boosted jet (initial state radiation)

χ1 χ2

Δ ≡ m1 − m2 χ2

5

Inelastic Dark Matter with displaced muons

EXO-20-010 ∫ L = 138 fb-1

http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/EXO-20-010/index.html
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Inelastic Dark Matter with displaced muons

EXO-20-010 ∫ L = 138 fb-1

• sum of all event momenta at initial 
state in xy plane = 0 

• Detected as missing transverse 
momentum ( / /MET)pmiss

T Emiss
T

http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/EXO-20-010/index.html
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• Upper limits set on  as function of  and interaction strength 
 @ 95% Confidence Level (CL)  

•  ϵ2 → kinematic mixing SM/dark photons and ɑD → coupling strength to dark sector

σ(pp → A′ → χ2 χ1)ℬ( χ2 → χ1μ+μ−) m1

y ≡ ϵ2αD(m1/mA′ )4
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Inelastic Dark Matter with displaced muons
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• Search for smuons µ ̃with “intermediate” 
lifetime O(1-10) ps in Gauge-mediated 
SUSY breaking model (GMSB) 

• Signature with 2 non-prompt muons 
→ 0.6<|d0|<3 mm 

• Main backgrounds → semileptonic B-
hadron decays bb̅→µ+µ-  

• ACBD method → (d0+, d0-, mµ+µ-)
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Micro-displaced muons

arXiv:2305.02005 ∫ L = 139 fb-1

Impact 
parameter 
d0

x

y

µ-

µ+

d0+

d0-

https://arxiv.org/abs/2305.02005
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• No excess found → limit sets on µ ̃mass up 
to 100(520)GeV for lifetimes down to 
1(10)ps @ 95% CL 

• Fills gap between displaced and 
prompt lepton searches 

• First reinterpretation of prompt lepton 
searches in long-lived regime in ATLAS
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• Search for long-lived exotic particles decaying to muon pair 
• Higgs to dark photons ZD (hidden Abelian Higgs Model) 
• Scalar ɸ to LL exotic heavy neutral scalar bosons X (simplified model)

9

LLPs to muon pairs

arXiv:2205.08582 ∫ L = 97.6 fb-1
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• Search in mµµ bins → no excess found 
• Limits set on B(H→ ZDZD) as function of mZD and cτZD  

and σ(ɸ→XX)B(X→µµ) as function of cτ 
• Best limits to date for 20 GeV < mZD < ½mH and mɸ>mH
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LLPs to muon pairs
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• GMSB model:  → LLP  → H(𝞬𝞬) or Z(ee) 
• Only calorimeter information 
• Displaced and delayed diphoton vertex → use pointing for 

reconstruction in (R-z) plane 
• Main background → real photons misreconstructed as 

displaced/fake photons

χ̃χ̃ χ̃0
1

11

Displaced diphoton/dielectron vertex

arXiv:2304.12885
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• Good agreement between background prediction and data 
• Limits as function of  and  for various BR to H and Zm( χ̃0

1) τ( χ̃0
1)

12

Displaced diphoton/dielectron vertex

arXiv:2304.12885 ∫ L = 139 fb-1
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• GMSB model → neutralino to HZ, HH, ZZ and 
large MET 

• Combine trackless and delayed (TD) jet 
information into Deep Neural Network → TD-
tagged 

• 3⨉background jet rejection while 80% signal 
efficiency 

• Background estimation → extrapolate tagger’s 
misidentification probability to signal regions
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• No excess → limits in GMSB EWK model 

• Best results to date in mass range constrained by mH up to 1.8 TeV
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LLPs out of time trackless jets

arXiv:2212.06695 ∫ L = 138 fb-1
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• LL highly ionizing heavy fermions with |q|=ze (2 ≤ z ≤ 7) 
• Predicted in many theories  
• Drell-Yan or Photon Fusion 

• Muon-like track going through whole detector 
• dE/dx → MCP high ionization signature in sub-

detectors

15

Multi-charged particles

arXiv:2303.13613 See also CMS on Fractionally charged particles EXO-19-006 
and ATLAS previous dE/dx search arXiv:2205.06013
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• LL highly ionizing heavy fermions with |q|=ze (2 ≤ z ≤ 7) 
• Predicted in many theories  
• Drell-Yan or Photon Fusion 

• Muon-like track going through whole detector 
• dE/dx → MCP high ionization signature in sub-detectors 

• Main backgrounds → detector occupancy effects, -rays  
• ABCD method in [S(MDT dE/dx), S(TRT dE/dx)] plane

δ
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Multi-charged particles

arXiv:2303.13613 See also CMS on Fractionally charged particles EXO-19-006 
and ATLAS previous dE/dx search arXiv:2205.06013
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No excess → limits set on production cross section for MCP masses up to 500 GeV and 
1060-1600 GeV

17

Multi-charged particles

arXiv:2303.13613 See also CMS on Fractionally charged particles EXO-19-006 
and ATLAS previous dE/dx search arXiv:2205.06013
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• Stau to tau(→ hadronic) τh + high MET 

• Purely left-handed, degenerate (L+R) + LLP 
interpretation → first search on displaced τ! 

• 31 SRs = 29 for prompt  and 2 for displaced  

• Main discriminants → ∑mT=mT(1)+mT(2), mT2, p

τ̃ τ̃
τh
T
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Sleptons to ττ + MET

arXiv:2207.02254 ∫ L = 138 fb-1
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• Good agreement with SM → strongest limits on LH and degenerate production scenarios so 
far + limits on LLP  massτ̃

19

Sleptons to ττ + MET

arXiv:2207.02254 ∫ L = 138 fb-1
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• Dark Abelian Higgs model 
•  

• ≥2 on-shell A’ → 𝓵+𝓵- (e/µ) 
• Main backgrounds qq→ 4𝓵 and fakes 
• Discriminant variable →  

• SR: veto Z boson, CR: select Z 
boson candidates 

• Additional contamination from 
quarkonia   
→ veto on dilepton mass 

• Simultaneous fit on average invariant 
mass 

mZ < mhd
< mA′ 

m4ℓ

Υ

m̄ℓℓ = (mℓ1ℓ2
+ mℓ3ℓ4

)/2

20

Search for dark photons in rare Z boson decays

ATLAS-CONF-2023-016 See also ATLAS search for Dark Photons 
in ZH Decay HDBS-2019-13
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∫ L = 139 fb-1
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2023-016/
https://arxiv.org/abs/2212.09649
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• Limits on σ(pp → Z → A’hd → 4𝓵 +X) for  and ɑDϵ2 for   

and 

20 < mhD
< 70 GeV 5 < mA′ < 40 GeV

20 < mhD
< 70 GeV
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Search for dark photons in rare Z boson decays

ATLAS-CONF-2023-016 See also ATLAS search for Dark Photons 
in ZH Decay HDBS-2019-13
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Significantly wider ranges than previous experiments!

∫ L = 139 fb-1

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2023-016/
https://arxiv.org/abs/2212.09649
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• Minimal SUSY model (MSSM) + light hidden/stealth sector →  singlet boson /singlino   

• gravitino  as LSP → DM candidate 

• Events with 2 photons, ≥4 jets and low MET  

• Scan over the (neutralino, gluino/squark) mass 2D plane 

• Main backgrounds → multijets+diphotons events →  (i=jets, photons, MET…), Njets

S S̃

G̃

ST = ∑
i

| pi
T |

22

Stealth SUSY

SUS-19-001
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∫ L = 138 fb-1

http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/SUS-19-001/index.html
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• Minimal SUSY model (MSSM) + light hidden/stealth sector →  singlet boson /singlino   

• gravitino  as LSP → DM candidate 

• Events with 2 photons, ≥4 jets and low MET  

• Scan over the (neutralino, gluino/squark) mass 2D plane 

• Main backgrounds → multijets+diphotons events →  (i=jets, photons, MET…), Njets
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Stealth SUSY
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Njets=5

• Distribution invariant for high Njets → normalisation factor from ST 
distribution @ low Njets + corrections via MC simulations  

http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/SUS-19-001/index.html
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Limits set on gluino(squark) mass at 95% CL → ∼70% improvement in exclusion contour + most 
stringent limits to date
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Stealth SUSY

SUS-19-001

1200 1400 1600 1800 2000 2200
(GeV)g~m

200

400

600

800

1000

1200

1400

1600

1800

2000

2200

(G
eV

)
0 1χ∼

m

4−10

3−10

2−10

1−10

95
%

 C
L 

up
pe

r l
im

it 
on

 c
ro

ss
-s

ec
tio

n 
(p

b)gg→, SG~S→S~, S~γ→
0
1
χ∼q, 0

1
χ∼→q~q, q~→g~, g~g~→pp

 = 0)
G~

 = 90 GeV, m
S

 = 100 GeV, m
S~

(m

NNLO + NNLL exclusion
 (experiment)σ 2±, σ 1±Expected 

 (theory)σ 1±Observed 

 - 100 GeV

g~ = m
0

1χ
∼m

 (13 TeV)-1138 fbCMS Preliminary
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• Mono-H(bb)̅ reinterpretation → dark Higgs model s 
+ Z’ + χ 

• ≥2 b-jets + MET 

• Active Learning approach → Gaussian Process fits 
the upper limit on the signal strength + uncertainty 

• Iterative approach → RECAST protocol to 
compute exclusion limits with full accuracy 

• Computationally inexpensive 

• ms, mZ’, mχ, gχ free parameters 

• Exclusion contour across whole new physics 
parameter space under investigation

24

Active Learning reinterpretation

ATL-PHYS-PUB-2022-045 ∫ L = 139 fb-1
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2022-045/
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H→ LLPs
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Dark photons, dark Higgs
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• Spanning over large energy scale/lifetime 

• Novel techniques exploited → pushed boundaries even further 

• Let’s see Run 3 → HL-LHC → FCC…!
27

Current status @ ATLAS and CMS
Model Signature

∫
L dt [fb−1] Lifetime limit Reference

S
U

S
Y

H
ig

g
s

B
R

=
1

0
%

S
ca

la
r

H
N

L

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

RPV χ̃01 → qqq displaced vtx + jets 139 2301.138660.00135-9.0 mχ̃0
1

lifetime m(χ̃01)= 1.0 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 2209.010290.24-2.4 mχ̃0
1

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

GMSB $̃ → $G̃ displaced lepton 139 2011.078126-750 mm"̃ lifetime m($̃)= 600 GeV

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

AMSB pp → χ̃±1 χ̃
0
1, χ̃

+
1 χ̃
−
1 disappearing track 136 2201.024720.06-3.06 mχ̃±

1
lifetime m(χ̃±1 )= 650 GeV

AMSB pp → χ̃±1 χ̃
0
1, 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 $, 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 2$ + 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)→ ss 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)→ ss 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)→ ss 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 → N$,N → $$ν displaced vtx (µµ,µe, ee) + µ 139 2204.119880.74-42 mmN lifetime m(N)= 6 GeV, Dirac

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

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

W → N$,N → $$ν 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: March 2023

ATLAS Preliminary∫
L dt = (32.8 – 139) fb−1
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*Only a selection of the available lifetime limits is shown.
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∫
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 → 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 ′ → ## 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 ′ → #ν 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 model B 0-2 e, µ 2 j / 1 J Yes 139 gV = 3 2004.146364.3 TeVW′ mass

HVT W ′ →WZ → #ν #′#′ model C 3 e, µ 2 j (VBF) Yes 139 gV cH = 1, gf = 0 2207.03925340 GeVW′ mass

HVT Z ′ →WW model B 1 e, µ 2 j / 1 J Yes 139 gV = 3 2004.146363.9 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 ##qq 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) − 2 j − 139 gq=0.25, gχ=1, m(χ)=10 TeV ATL-PHYS-PUB-2022-0363.8 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 2108.133913.0 TeVmZ′

Pseudo-scalar med. 2HDM+a multi-channel 139 tan β=1, gχ=1, m(χ)=10 GeV ATLAS-CONF-2021-036800 GeVma

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 2303.012941.49 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 mix gen multi-channel ≥1 j, ≥1 b Yes 139 B(Ũ1 → tµ) = 1, Y-M coupl. ATLAS-CONF-2022-0522.0 TeVLQV
3

mass

Vector LQ 3rd gen 2 e,µ, τ ≥1 b Yes 139 B(LQV
3 → bτ) = 1, Y-M coupl. 2303.012941.96 TeVLQV

3
mass

VLQ TT → Zt + X 2e/2µ/≥3e,µ ≥1 b, ≥1 j − 139 SU(2) doublet 2210.154131.46 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 2303.05441898 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 1910.084473.2 TeVb∗ mass
Excited lepton τ∗ 2 τ ≥2 j − 139 Λ = 4.6 TeV 2303.094444.6 TeVτ∗ 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±± → ## 2,3,4 e,µ (SS) − − 139 DY production 2211.075051.08 TeVH±± 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 = 13 TeV

partial data

√
s = 13 TeV
full data

ATLAS Heavy Particle Searches* - 95% CL Upper Exclusion Limits
Status: March 2023

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

√
s = 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 !, γ Jets† Emiss
T

∫
L dt[fb−1] Limit Reference

E
xt

ra
d

im
e

n
.

G
a

u
g

e
b

o
so

n
s

C
I

D
M

L
Q

V
e

ct
o

r-
lik

e
fe

rm
io

n
s

E
xc

td
fe

rm
.

O
th

e
r

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 → 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 ′ → ## 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 ′ → #ν 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 model B 0-2 e, µ 2 j / 1 J Yes 139 gV = 3 2004.146364.3 TeVW′ mass

HVT W ′ →WZ → #ν #′#′ model C 3 e, µ 2 j (VBF) Yes 139 gV cH = 1, gf = 0 2207.03925340 GeVW′ mass

HVT Z ′ →WW model B 1 e, µ 2 j / 1 J Yes 139 gV = 3 2004.146363.9 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 ##qq 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) − 2 j − 139 gq=0.25, gχ=1, m(χ)=10 TeV ATL-PHYS-PUB-2022-0363.8 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 2108.133913.0 TeVmZ′

Pseudo-scalar med. 2HDM+a multi-channel 139 tan β=1, gχ=1, m(χ)=10 GeV ATLAS-CONF-2021-036800 GeVma

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 2303.012941.49 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 mix gen multi-channel ≥1 j, ≥1 b Yes 139 B(Ũ1 → tµ) = 1, Y-M coupl. ATLAS-CONF-2022-0522.0 TeVLQV
3

mass

Vector LQ 3rd gen 2 e,µ, τ ≥1 b Yes 139 B(LQV
3 → bτ) = 1, Y-M coupl. 2303.012941.96 TeVLQV

3
mass

VLQ TT → Zt + X 2e/2µ/≥3e,µ ≥1 b, ≥1 j − 139 SU(2) doublet 2210.154131.46 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 2303.05441898 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 1910.084473.2 TeVb∗ mass
Excited lepton τ∗ 2 τ ≥2 j − 139 Λ = 4.6 TeV 2303.094444.6 TeVτ∗ 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±± → ## 2,3,4 e,µ (SS) − − 139 DY production 2211.075051.08 TeVH±± 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 = 13 TeV

partial data

√
s = 13 TeV
full data

ATLAS Heavy Particle Searches* - 95% CL Upper Exclusion Limits
Status: March 2023

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

√
s = 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).

https://twiki.cern.ch/twiki/pub/CMSPublic/SummaryPlotsEXO13TeV/CurrentBarChartVersion_v12.svg
https://twiki.cern.ch/twiki/pub/CMSPublic/SummaryPlotsEXO13TeV/barplot_RPV_RPC_OLL_v6.svg
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2023-008/fig_02.pdf
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2023-008/fig_01.pdf
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ATLAS and CMS detectors
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Looking for DM in all directions

SM

SM

χ

χ

Production @ colliders
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Indirect detection
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Scalar/pseudoscalar mediator

SM

SM

SM

SM

SM

SM

DM

DM

𝜙/a 𝜙/agSM g𝞆 gSM gSM

𝚪𝜙/a
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Missing transverse momentum

SM

SM

χ

χ

χ

χ
P
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y

• Events with only non-interactive particles in final state → cannot 
be detected 
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Missing transverse momentum

χ
χ

P

P

x

y

Visible

SM

SM

χ

χ

g

• Events with only non-interactive particles in final state → cannot 
be detected  

• Rely on visible objects from initial state radiation or associated 
production to detect invisible particles
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• Events with only non-interactive particles in final state → cannot be 
detected  

• Rely on visible objects from initial state radiation or associated production 
to detect invisible particles  

• sum of all event momenta in transverse plane = 0
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Missing transverse momentum

χ
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Visible
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Detected as missing 

transverse momentum 
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Theoretical framework

Effective field theories Simplified models Complete theories (e.g. SUSY)

Simpler models
● Generic searches 
● Few model assumptions

More complex/complete models
● More sensitive to specific models
● More reliant on model assumptions
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• Dirac or Majorana HNL coupling to e/µ/τ for 2 < 
mN< 20 GeV 

• 1 prompt + 1 displaced leptons (e/µ) + ≥1 
displaced jet j*, τ → e/µ only  

• SRs with opposite- or same-sign leptons 
(OS,SS), Boosted or resolved j*, Prompt-like (1), 
displaced (2), very displaced l2 (3) 

• Main background → Z/ +jets → CR with mll>80 
GeV 

• ABCD method in (Pq,l(j*),mllj*) plane

γ*

37

Heavy neutral leptons to jets and leptons

EXO-21-013 ∫ L = 138 fb-1

Event trigger 
Stringent selection Looser 

requirements

Close to l2

Identified via NN with ~330k parameters 
→ jets features + constituent particles 
→ tagger score for resolved Pq(j*) or 
boosted regime Pl(j*) (l=l2=e, µ)
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mm  = 0.1τc

Preliminary

Limits on Dirac(Majorana) HNL production xsec as 
function of mN and |VlN|2 + limits on |VlN|2 → best 
limits for |VµN|2>5(4)x10-7 for mN=10 GeV @ 95% CL

https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/EXO-21-013/
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• SM Higgs production (ZH, WH, ttH) with exotic decay → 
lepton trigger from W, Z, t 

• Higgs to Long-Lived Next to Lightest SUSY particle (NLSP) → 
delayed and non-pointing photons + LSP as MET 

• Main backgrounds → prompt photons (modelled with 
) and fake photons (modelled with MET<30GeV)Z → eeγ

38

Non-pointing and delayed photons
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arXiv:2209.01029 ∫ L = 139 fb-1

https://arxiv.org/abs/2209.01029
https://arxiv.org/abs/2209.01029
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• Search for narrow resonance to dimuon in mass range mµµ ∈[1.1-2.6] 
GeV and [4.2-7.9] GeV (veto  and J/ψ) 

• divided in inclusive and boosted selection 

• Since 2015 CMS collects events with ≥2 muons via loose-selection, 
high-rate trigger, → DiMuon Scouting stream 

• Data driven BDT → trained on , J/ψ 

• Background modelled on Bernstein polynomials + D→KK(Kπ) 
misreconstructed as dimuon → estimated by fit in control region 

Υ

Υ
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Prompt low-mass dimuon resonances

EXO-21-005
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• No excess except in high-pT region @ 2.41 
GeV with 3.2σ (compatible with LHCb result 
@ 2.42 GeV with 3.1σ JHEP 10 (2020) 156) 

• Model independent limits on σ⨉B⨉Acc for 
inclusive and high-pT dimuon selection  

• Exploited to constrain dark photon and 
2HDM+S scenarios 
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http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/EXO-21-005/index.html
https://link.springer.com/article/10.1007/JHEP10(2020)156
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• Search for LLPs in EWK and Strong R-parity 
violating (RPV) models → lifetime up to 
𝒪(10) ns 

• Events with massive multitrack displaced 
vertex and multiple jets 

• Large-radius vs standard tracking  

• Trackless jet SR and high-pT jet SR 

• Backgrounds → hadronic interactions, 
merged vertices, accidental crossing 

• Inclusive data-driven technique + 
alternative DD estimation for each bkg 
source
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Displaced jets
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arXiv:2301.13866 ∫ L = 139 fb-1

https://arxiv.org/abs/2301.13866
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• No event in the trackless jet 
SR, 1 event observed in the 
high-pT SR,  

• Limits set on   up to 1.58 
TeV for τ=0.1 ns and visible 
xsec for strong(EWK) model 
up to 0.03(0.02)fb  

• Sensitivity to EWK RPV SUSY 
models demonstrated for 
the first time

m( χ̃0
1)
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Displaced jets
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tW+MET in 2HDM+a model

42

Dark matter searches with top quarks

arXiv:2211.13138
arXiv:2211.05426

See also ATLAS HIGG-2021-05 and CMS HIG-21-007  
for latest H→inv combination results
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tt+̅MET in Simplified model• With 0/1/2 leptons in the final state 

• Combining searches and signals → 2HDM+a ↔ 

simplified model reinterpretation 

• Main backgrounds → tt,̅ W/Z+jets, ttZ̅ 

• Discriminant variable depending on signature: 
mT, BDT, mT2 

• Limits on σ/σtheory as function of free 
parameters

Analysis
Best fit Observed Expected

ReferenceB
H!inv

upper limit upper limit

tt0L 0.48
+0.27

�0.27
0.95 0.52

+0.23

�0.16
[28], this document

tt1L �0.04
+0.35

�0.29
0.74 0.80

+0.40

�0.26
[29], this document

tt2L �0.08
+0.20

�0.19
0.36 0.40

+0.18

�0.12
[30], this document

tt̄H comb. 0.08
+0.15

�0.15
0.38 0.30

+0.13

�0.09
This document

H→inv. interpretation

https://arxiv.org/abs/2211.13138
https://arxiv.org/abs/2211.05426
https://arxiv.org/abs/2301.10731
https://arxiv.org/abs/2301.10731
http://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-21-007/index.html
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• spin-1 vector mediator Z’  to Dark Higgs s → 
WW → 𝓵𝞶(𝓵𝞶 or qq)+ MET (ms, mZ’, m  free 
parameters) 

• Discriminant variables 

• Dilepton:  

• Semilepton: BDT based on 13 variables 
with best signal/background separation 
power 

• SR binning optimized for 2016 and 
2017-2018 data-taking 

• Dominating backgrounds → W+W- and Drell-
Yan for dilepton, W+jets for semilepton, tW 
and tt ̅for both → dedicated CRs 

χ

m pℓ min,p miss
T

T
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Dark matter searches in W+W-+MET

EXO-21-012 See also ATLAS results in arXiv:2211.07175∫ L = 137 fb-1
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• Limits set on DM production cross 
section 

• Wider DM mass range 100 → 300 
GeV + limits on mZ’ +most 
stringent limits @mDM=200 GeV 
on ms and mZ’
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Dark matter searches in W+W-+MET

EXO-21-012 See also ATLAS results in arXiv:2211.07175∫ L = 137 fb-1
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• Diphoton resonance search in light-by-
light scattering in pp collisions → 150 < m  

< 1600 GeV 

• Main discriminant → Fractional energy loss 
 of forward proton 

matching with  inferred from photon pair + 
in both A and C sides

γγ ξAFP = (1 − Escattered /Ebeam)calibrated

ξγγ
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ALPs in the ATLAS Forward Spectrometer

arXiv:2304.10953
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• Upper limits on ALP coupling constant in 
[0.04-0.09] TeV-1 range @ 95% CL for 
ℬ(a → γγ) = 100 %
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ALPs in the ATLAS Forward Spectrometer

arXiv:2304.10953 Also performed by CMS Phys. Rev. Lett. 129 (2021) 011801  
for 900<m <1800 GeV @ 9.4 fb-1γγ
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