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Many Beyond the Standard Model (BSM) theories predict the existence of long-lived particles
(LLPs), which can exhibit unusual experimental signatures. Standard reconstruction algorithms
may inadvertently miss events or objects containing LLPs, making dedicated searches essential to
uncover these signals. This presentation will discuss recent results from LLP searches using the
ATLAS detector.
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1. Overview

The discovery of the Higgs boson in 2012 marked the completion of the Standard Model. How-
ever, several unresolved issues, such as dark matter, matter-antimatter asymmetry of the universe,
and the nature of gravity, remain beyond its scope. Various BSM theories have been proposed
to address these challenges. Many of these theories predict new particles with suppressed decays
due to weak coupling constants, limited decay phase space due to compact mass spectra, or heavy
mediators, resulting in long lifetimes and classifying them as LLPs. Recent searches for LLPs at
the ATLAS experiment [1] aim to detect these signals across various BSM scenarios.

1. Hidden Sector(HS) Model [2, 3]: The HS model addresses the hierarchy problem by
connecting the SM and HS through a heavy neutral scalar boson (Φ), which decays into two
long-lived neutral scalar bosons (𝑠). TheΦ, potentially the SM Higgs boson, may be produced
with a vector boson (𝑊/𝑍) or via vector boson fusion (VBF). The 𝑠 bosons subsequently
decay into quarks or gluons.

2. Axion-like Particle(ALP) models [4–6]: ALPs, which may resolve the strong CP problem,
are predicted to have long lifetimes in specific parameter spaces. The Higgs boson can decay
into two ALPs, with each ALP decaying into two photons. Additionally, the ALP 𝑎 can
couple to gluons and 𝑊/𝑍 bosons through dimension-5 operators, though with a suppressed
photon coupling. This interaction results in the production of 𝑎 alongside a vector boson,
which then decays into gluons. The ALP can also couple to up-type quarks, leading to exotic
top quark decays (𝑡 → 𝑎𝑐/𝑎𝑢) in 𝑡𝑡 events, primarily decaying into charm quark pairs or
gluons, depending on its mass 𝑚𝑎.

3. 𝐻𝑍𝑍𝑑 model [7]: This model predicts a hadronically decaying, long-lived neutral particle,
𝑍𝑑 , produced with a SM 𝑍 boson through a scalar mediator connecting SM and HS, repre-
sented by 𝑝𝑝 → Φ → 𝑍𝑍𝑑 , where 𝑍 → ℓ+ℓ− (ℓ = 𝑒, 𝜇). The 𝑍𝑑 may be seen as a dark
photon, while Φ is the SM Higgs boson.

4. Falkowski Ruderman-Volansky-Zupan (FRVZ) model [8]: This model predicts the pro-
duction of a long-lived dark photon (𝛾𝑑), mediating a broken dark U(1) gauge interaction
within the dark sector and kinetically mixing with the SM hypercharge. A pair of dark
fermions 𝑓𝑑 is produced through Higgs decay, with each 𝑓𝑑 decaying into a dark photon and
a stable dark fermion, assumed as the undetected hidden lightest stable particle (HLSP). This
results in final states with two dark photons decaying into SM fermions.

5. Gauge-Mediated Supersymmetry Breaking (GMSB) model [9]: In this model, the lightest
SUSY particle (LSP) is a nearly massless gravitino (𝐺̃). The next-to-lightest SUSY particle
(NLSP) is a long-lived slepton (ℓ̃), which can be a selectron (𝑒), smuon (𝜇̃), or stau (𝜏).

The experimental signatures of LLPs at the LHC are diverse and often differ significantly from
standard SM processes. Standard reconstruction algorithms may miss events or objects containing
LLPs due to their unusual characteristics. Consequently, dedicated searches are essential to detect
LLP signals.
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Figure 1: Observed (solid line) and expected (dashed line) upper limits at the 95% CL on the cross-section
times branching fraction as a function of 𝑐𝜏 for 𝑠 decay in (a) ID [10] and (b) HCal [11].

This proceeding will introduce five recent searches for LLPs at the ATLAS detector, categorized
by different types of LLPs.

2. Searches for LLP

2.1 Search for Long-lived Neutral Scalar Bosons

Neutral scalar bosons 𝑠 in the HS model can decay hadronically, producing displaced jets in
the inner detector (ID) and the hadronic calorimeter (HCal). Two analyses focus on these decays.

An analysis investigates the decay of 𝑠 in the ID [10]. These decays produce a unique signature
characterized by one or more hadronic jets originating from a significantly displaced position relative
to the 𝑝𝑝 collision point, known as a displaced vertex (DV). The main background consists of SM
hadronic jets. Jets from the decay products of 𝑠, termed displaced jets, have a distinct topology
compared to prompt jets originating from a 𝑝𝑝 interaction vertex. A per-jet boosted decision tree
(BDT) is trained to differentiate displaced jets from prompt jets. A higher BDT score indicates a
greater likelihood of the jet originating from a displaced decay. All events considered in the analysis
must have at least two jets with a BDT score above 0.5. Signal regions (SRs) are defined by the
event-level discriminant (𝐵𝐷𝑇𝑗0 × 𝐵𝐷𝑇𝑗1 , derived from the two jets with the highest BDT scores)
and the number of DVs. A data-driven method is used to estimate the background.

Another analysis examines the decays of 𝑠 in the HCal [11]. For jets from 𝑠 that decay
after passing through the electromagnetic calorimeter (ECal), the ratio of energy in the hadronic
calorimeter to that in the ECal, known as CalRatio, can be significantly higher than that of non-
prompt SM jets and other backgrounds. Jets with these characteristics are termed CalRatio jets.
The primary background includes SM hadronic jets and non-collision backgrounds (NCBs) such as
beam-induced background (BIB) and cosmic rays. A neural network (NN) is trained to distinguish
signal-like jets from BIB-like jets and SM multi-jets. An event-level NN is used to eliminate all BIB
events during selection. The final background estimate is data-driven, utilizing the likelihood-based
ABCD method.

Both analyses use 140 fb−1 of 𝑝𝑝 collision data at
√
𝑠 = 13 TeV, collected by the ATLAS

detector from 2015 to 2018. No significant excess beyond the SM prediction is observed, and the
upper limits at 95% confidence level (CL) have been improved with respect to previous results, as
shown in Figure 1.
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Figure 2: Upper limits at 95% confidence level for ALPs with signatures of (a) (b) displaced jets [10], (c)
CalRatio jets [11], and (d) photon showers [12].

2.2 Search for Long-lived ALPs

Three analyses are conducted on ALPs across different production modes.
The first analysis investigates ALPs produced through vector boson interactions or from exotic

top quark decays in the ID [10]. These ALPs can decay hadronically, resulting in displaced jets.
These jets exhibit signatures similar to those described in the first analysis of Section 2.1.

The second analysis focuses on ALPs produced through vector boson interactions that decay
hadronically in the HCal [11], producing CalRatio jets as described in the second analysis of Section
2.1. The primary backgrounds include SM processes involving vector bosons with jets, and single or
pair production of top quarks. The same NN is trained to distinguish signal-like jets from BIB-like
and SM multi-jets, while BDTs are trained using different input signal samples to identify signal
events from background events.

The third analysis examines ALPs in the process 𝐻 → 𝑎𝑎 → 4𝛾, involving the reconstruction
of photons from topologically connected clusters of energy deposits in the ECal [12]. Standard
photon identification criteria are applied in final states where individual photons can be reconstructed
separately. ALPs with small masses predominantly decay into a pair of highly collimated photons,
reconstructed as a single photon object. Consequently, two NNs are trained to identify the signal
events. The first network distinguishes real photon signatures, whether single or collimated, from
the multi-jet background. The second network separates single-photon from collimated signatures.
A data-driven sideband method is employed to estimate the background.

All analyses use 140 fb−1 of 𝑝𝑝 collision data at
√
𝑠 = 13 TeV collected by the ATLAS

detector from 2015 to 2018. No significant excess beyond the SM prediction is observed. For the
hadronically decaying long-lived ALPs, upper limits at 95% confidence level (CL) have been set
for the first time in certain parameter spaces. For ALPs decaying into photons, upper limits have
been improved in specific parameter spaces, as shown in Figure 2.

2.3 Search for Light Long-lived Dark Photons

Dark photons are predicted to decay into SM fermions, leading to displaced jets in the calorime-
ter or muon spectrometer (MS). Two analyses focus on dark photons.

The first analysis considers the 𝐻𝑍𝑍𝑑 model [11]. The decay products of dark photons generate
CalRatio jets in the HCal, analyzed using the same strategy as described in the second analysis of
Section 2.2.
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Figure 3: Upper limits at 95% confidence level on the produciton cross section time branching fraction or
decay branching fraction dark photons in (a) 𝐻𝑍𝑍𝑑 [11] and (b) FRVZ model [13].

The second analysis examines the FRVZ model [13]. Decay products of dark photons are
expected to form dark-photon jets (DPJs) akin to conventional jets. The primary backgrounds are
QCD hadronic jets and non-collision backgrounds (NCBs). Displaced DPJs, reconstructed in the
calorimeter or MS, are analyzed. A dark photon decaying into muons outside the ID is expected to
produce two or more collimated standalone MS tracks, termed muonic dark-photon jets (𝜇DPJs). A
dense neural network (DNN) is trained to identify signal 𝜇DPJs and reject those originating from
cosmic-ray backgrounds. Dark photons decaying into electron or quark pairs in the HCal with a
high CalRatio are referred to as calorimeter dark-photon-jet candidates (caloDPJs). A convolutional
neural network (CNN) is trained to distinguish caloDPJs from QCD prompt jets. The ABCD method
is used for data-driven background estimation. This analysis utilizes 139 fb−1 of 𝑝𝑝 collision data
at
√
𝑠 = 13 TeV collected by the ATLAS detector from 2015 to 2018.
For both analyses, no significant excess beyond the SM prediction is observed. The upper

limits at 95% CL have been improved for various models, as shown in Figure 3.

2.4 Search for Long-Lived Sleptons

In the GMSB model, each pair-produced slepton can decay into a charged SM lepton (ℓ) of
the same flavor and a gravitino LSP, resulting in events that contain two displaced leptons. The
primary backgrounds include fake and heavy-flavor (FHF) leptons and cosmic ray muons. There is
one analysis focuses on searching for sleptons.

This is the first LLP search utilizing LHC Run 3 data [14]. Compared to the previous Run 2
ATLAS displaced lepton search, this analysis employs new large radius tracking (LRT) to reconstruct
displaced tracks. LRT has been improved to reduce the number of incorrectly reconstructed tracks
and decrease computation time, enabling LRT tracks to be reconstructed in all events. The Liquid
Argon (LAr) calorimeter has been implemented to provide high-precision timing, achieving a
timing resolution of approximately 200 ps. Since displaced electrons can be reconstructed as
photons, two BDTs are trained to distinguish displaced electrons from particles reconstructed as
either electrons or photons, known as EM-BDT analysis. The ABCD method and EM-BDT are
utilized independently for data-driven background estimation.

The analysis uses 56.3 fb−1 of 𝑝𝑝 collision data at
√
𝑠 = 13.6 TeV collected during 2022-2023

and 140 fb−1 of data at
√
𝑠 = 13 TeV collected during 2015-2018. No significant excess beyond the

SM prediction is observed. Incorporating early Run 3 data along with new triggers has improved
sensitivity compared to prior searches, as shown in Figure 4.
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Figure 4: Expected and observed 95% CL exclusion contours for the (a) selectron, (b) smuon, and (c) stau
models.[14]

3. Summary

Within ATLAS, numerous searches for LLPs focus on exploring BSM physics. Detecting LLP
signals presents a significant challenge, as conventional search methods might inadvertently exclude
LLPs. To date, no significant excess beyond the SM prediction has been observed. However, search
sensitivity continues to improve with advancements in algorithms and detector technology. More
exciting results are anticipated from the Run 3 data in the future.
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