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Long-lived Particles in ATLAS

e Beyond Standard Model (BSM) models may yield
“long-lived” particles (LLPs), due to weak couplings, small
mass splittings, or off-shell decays

o Supersymmetry (SUSY), Dark Sectors, Axion-like
Particles (ALPs), Heavy Neutral Leptons (HNLs)...
e LLPs leave unusual signatures, requiring new triggers +
analysis and reconstruction techniques:
o Displaced electron and muon triggers
o Displaced tracks, displaced vertices, high specific
ionization tracks, delayed signatures...

e This talk — final states with leptons and missing energy
(MET)

o For ATLAS LLP searches with hadronic final states

— see previous talk by P. Scholer
Image from Heather Russell
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https://indico.in2p3.fr/event/33627/contributions/154482/
https://hrussell.web.cern.ch/hrussell/graphics.html

Displaced Track and Vertex Reconstruction
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Displaced Vertexing
» Displaced tracks originating from potential LLP decays vertexed
\ - through dedicated secondary vertexing algorithms
BL /,*/;}* « Optimized vertexing for displaced leptonic vertices — increased
" signal acceptance

Pixel B-Layer

Details on Large Radius Tracking, Displaced Vertexing Performance 3



https://link.springer.com/article/10.1140/epjc/s10052-023-12024-6
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2019-013/

Calorimeter Timing
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arXiv: 2502.06694
140 fb', s=V13 TeV

Search for (meta)stable (r > 3 ns) massive (2 GeV < m < 3 TeV) charged particles
predicted in various SUSY scenarios
o Leave high specific ionization (dE/dx) tracks in Pixel detector (agnostic to decay
mode)
o Follow-up of prev. search [JHEP 06 158]) which saw 3.3c excess at m  ,=1.4 TeV
Two independent searches:
o B-search: require >=1 high dE/dx track with 5 measured from pixel dE/dX and Tile
calorimeter time-of-flight (TOF)
o Di-track search: require >=2 opposite-sign high dE/dx tracks

LA ARLIRARRI RALLIRARL

Both searches: mass of LLP from g and pT measurements as analysis variable
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https://link.springer.com/article/10.1007/JHEP06(2023)158
https://arxiv.org/abs/2502.06694
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Stau Limits

Chargino Limits _
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arXiv: 2502.06694
140 fb', s=V13 TeV

Agreement with SM observed
Most stringent limits to date for
detector-unstable LLP with 7 > 10ns !

o Di-track: stau limits

o  p-search: chargino and gluino limits
7 events comprising excess in previous
search — all excluded by g, selection
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Displaced Heavy Neutral Leptons

Decay Mode
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arXiv:2503.16213
140 fb', s=V13 TeV

Heavy Neutral Leptons (HNLs) predicted in BSM theories of neutrino (Dirac or Majorana)
mass including Type-lI Seesaw Mechanism (prompt or long-lived)
Search for long-lived HNLs from decay of W boson, with HNL decaying or
semi-leptonically — mass 1-20 GeV (1-3 GeV semi-leptonic), ct 0.1 mm -1 m

o Require >=1 displaced vertex (DV) with >=1 matched lepton tracks offline

o SR: W mass window of m, €[40-90 GeV]/m, € [70-90] GeV + 0 tagged b-jets in DV
Follow up of previous analysis [PRL 131 (2023) 061803] using same dataset
Backgrounds: SM heavy flavor hadron decays (est. from MC in CR with inverted b-jet
veto) + mis-reconstructed leptons (est. from data in W-mass sideband regions)
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.131.061803
https://arxiv.org/abs/2503.16213

Dlsplaced Heavy Neutral Leptons
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Higher masses and lower couplings

excluded with respect to previous analysis
using same dataset, due to inclusion of
semi-leptonic channel and improvements
to LRT algorithm !

Summary of HNL limits from ATLAS search program —
vs. mass and lifetime (from ATL-PHYS-PUB-2025-008)
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No significant deviation from SM
Limits placed on HNL mass and coupling to SM in both Single Lepton
Flavor and Quasi-Degenerate HNL models (Dirac and Majorana
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arXiv:2503.16213
140 fb', s=V13 TeV

95% CL limit
Observed
Expected

Prompt 22+ 2 2 jets
—— JHEP 07 (2015) 162
Vs =8TeV, 20.3 fo

Prompt 3¢
—— JHEP 10 (2019) 265
Vs =13TeV, 36.1 fb"

VBF Same-sign 2¢
EPJC 83 (2023) 824
Vs =13TeV, 140 fb~!

tt Same-sign 2¢
PRD 110 (2024) 112004
Vs =13TeV, 140 fb!

Displaced tracker
— arXiv:2503.16213
Vs =13 TeV, 140 fb~*

Other Experiments

CHARM, PLB 166 (1986) 473
DELPHI, ZPC 74 (1997) 57
NuTeV, PRL 83 (1999) 4943
BELLE, PRD 87 (2013) 071102
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https://arxiv.org/abs/2503.16213
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2025-008/

arXiv:2410.16835

D iSp|aced Le ptOﬂS 140 fb' @ s=V13 TeV + 56.3 fb"' @ s=13.6

e Search for pair-produced displaced leptons in Run 2 + partial Run 3
e Final states: ee, ey, yu + additional reco. states — displaced e
reconstructed as y, and single-EM objects

First ATLAS search
using Run 3 data!

GMSB SUSY o ABCD Region (ee, ey, pH): uses new Run 3 Large Radius Tracking
| ) (LRT) triggers to extend to lower pT
d 7 ; o EM-BDT Region (>=1 e or >=2ely): uses BDT (including calorimeter
" . (LAr) precision timing) to isolate signal

Data-driven background estimation in fake-enriched/negative timing CRs
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arXiv:2410.16835

D iSp|aced Le ptonS 140 fb' @ s=V13.6 TeV + 56.3 fb' @ s=V13.6
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.127.051802
https://arxiv.org/abs/2410.16835

ATL-PHYS-PUB-2025-007

Long-Lived ALPs Interpretation “ e =iser

e Re-interpretation of two searches for axion-like particles (ALPs) produced in the decay of the SM Higgs and
decaying to photons in extended regimes
o H-—Za—I'lyy search [PLB 850 (2024) 138536] for prompt ALPs (a) — lifetime reweighting of MC samples +
additional displacement-based uncertainty used to exclude to longer lifetimes (cz > 3 mm)/lower couplings
o H—aa—yyyy search [EPJC 76 (2016) 210] for long-lived ALPs (a) — reinterpreted to extend to lower masses
(0.01-0.1 GeV)
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https://www.sciencedirect.com/science/article/pii/S0370269324000947?via%3Dihub
https://link.springer.com/article/10.1140/epjc/s10052-024-12979-0
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2025-007

Summary and Conclusion

e Many new Run 2/Run 3 results
. . . . ATLAS Long-lived Particle Searches* - 95% CL Exclusion ATLAS Preliminary
searching for long-lived signatures in Status: March 2023 [£dt = (328 139) o) VE=13TeV

Model Signature  [£dt [b] Lifetime limit Reference

final states with leptons and MET —— PR P B 054 T T T

RPV i} — eev/euv/uuv  displaced lepton pair  32.8 X? lifetime 0.003-1.0m m()= 1.6 TeV, m(i)=1.3 TeV 1907.10037

[ Soph iSticated reconstr’u Ction a nd RPV i) - qqq displaced vix + jets 139 | ) litetime 0.00135-9.0 m m(i9)=1.0TeV 2301.13866
GGM i > ZG displaced dimuon 329 | ¥} lifetime 0.028-180m  m()=1.1TeV, m(i)=1.0TeV. 1808.03057

a n a I S i S te C h n i u e S fo r th eS e GMSB non-pointing or delayed y 139 | ¢ lifetime 0.24-2.4m m(72, G)= 60,20 GeV, By=2% 2209.01029

y q GMSB 7 — (& displaced lepton 139 | 7 lifetime 6-750 mm m(f)= 600 GeV 2011.07812

h I I H H t h b d § GMSB 7 — 1& displaced lepton 139 | 7 lifetime 9-270 mm m(f)=200 GeV 2011.07812

C a e n g I n g s I g n a u res ave ee n a n 2 avss pp ¥R %% disappearing track 136 | ¥} lifetime 0.06-3.06 m m(F;)= 650 GeV 2201.02472

. . AMSB pp — 113, ¥, X1 large pixel dE/dx 139 [ ] lifetime 0.3-30.0m m(¥;)= 600 GeV 2205.06013

are being developed in ATLAS

, . . Split SUSY large pixel dE/dx 139 | & lifetime >045m m(g)=18TeV, m(i)= 100 GeV 2205.06013

. S e e P_ S C h o I e r S ta I k ( h a d ro n I C fl n a I Split SUSY displaced vtx + Efs 3238 & lifetime 0.03-13.2m m()=1.8TeV, m(i})= 100 GeV 1710.04901

Split SUSY 00,2-6jets +EP=  36.1 | glifetime 00-21m m(#)=1.8TeV, m(i2)= 100 GeV | ATLAS-CONF-2018-003

states) and ATLAS Search Results e

. o Hoss 21ow-EMF trackless jets 139 | s lifetime 0.196.94m m(s)=35 GeV 2203.01009

( I atest S u m m a rl es ) B VHwith H o ss - bbbb  2C+2displ vertices 139 | slifetime 4-85 mm m(s)=35 GeV 2107.06092

% FRVZ H - 2y + X 2 p-jets 139 | ya lifetime 0.654-939 mm m(yy)= 400 MeV 2206.12181

e Many scenarios have been ruled out, B o w0 e Bt
B Ho 2424 displaced dimuon  32.9 | Zaq lifetime 0.009-24.0m m(Zy)=40 GeV 1808.03057

but more phase s pace Ieft to explore H- 274 2 e, + low-EMF trackless jet36.1 | Zq lifetime 021-52m m(Zg)= 10 GeV 1811.02542

U] ©@00GeY) - ss low-EMF tric-less jets, MS vix36.1 | s lifetime 0.41-51.5m X B=1pb, m(s)=50 GeV 1902.03094

O R u n 3 i S o n g 0 i n g (~ 3 5 0 fb' 1 ;‘é; (600 GeV) — ss low-EMF trk-less jets, MS vtx 36.1 s lifetime 0.04-21.5m o % B=1pb, m(s)=50 GeV 1902.03094

®(1 TeV) — ss low-EMF trk-less jets, MS vix 36.1 s lifetime 0.06-52.4 m @ x B=1pb, m(s)= 150 GeV/| 1902.03094

eX pe Cted ) W — NC,N — t6v displaced vix (uipe, ee) + 4 139 | N lifetime 0.74-42mm m(N)= 6 GeV, Dirac 2204.11988

W — NE,N — €0y displaced vix (uzue, ee) + 4 139 | N lifetime 3.1-33mm m(N)=6 GeV, Majorana 2204.11988

0 0 n Iy ~1 0% of fu I I L H C expected % W o NE,N - (6y  displaced vix (e, ee) + e 139 | N lifetirhe 0.49-81 mm m(N)=6 GeV, Dirac 2204.11988

W - NE,N = (6v  displaced vix (uu e, ee) +e 139 | N ifelime ) 0.39-51 mm i ! ' m(N)= 6 GeV, Majorana 2204.11988

luminosity (3000-4000 fb™) B 1 00 ]
collected so far!

partial data full data 1 il i a il i a sl PR AT | PR AT | PR

0.001 0.01 01 1 10 100
7 [ns] 12

its is shown.


https://indico.in2p3.fr/event/33627/contributions/154482/
https://twiki.cern.ch/twiki/bin/view/AtlasPublic/SearchesPublicResults
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https://arxiv.org/abs/2502.06694

Displaced Heavy Neutral Leptons: Limits

Limits on Dirac Mass Scenarios
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