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LLPs: Long Lived Particles

• unconventional signatures: require dedicated reconstruction & analysis methods to enhance sensitivity  


• motivated by many BSM theories - possible candidates to explain dark matter nature, neutrino masses, ..
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Figure 1.2: Schematic of the variety of challenging, atypical experi-
mental signatures that can result from BSM LLPs in the detectors at
the LHC. Shown is a cross-sectional plane in azimuthal angle, f, of
a general purpose detector such as ATLAS or CMS. From Ref. [3].

Because the long-lived particles of the SM have masses . 5 GeV
and have well-understood experimental signatures, the unusual sig-
natures of BSM LLPs offer excellent prospects for the discovery of
new physics at particle colliders. At the same time, standard recon-
struction algorithms may reject events or objects containing LLPs
precisely because of their unusual nature, and dedicated searches
are needed to uncover LLP signals. These atypical signatures can
also resemble noise, pile-up, or mis-reconstructed objects in the de-
tector; due to the rarity of such mis-reconstructions, Monte Carlo
(MC) simulations may not accurately model backgrounds for LLP
searches, and dedicated methods are needed to do so.

Although small compared to the large number of searches for
prompt decays of new particles, many searches for LLPs at the
ATLAS, CMS, and LHCb experiments at the Large Hadron Col-
lider (LHC) have already been performed; we refer the reader to
Chapter 3 for descriptions of and references to these searches. Ex-
isting LLP searches have necessitated the development of novel
methods for identifying signals of LLPs, and measuring and sup-
pressing the relevant backgrounds. Indeed, in several scenarios
searches for LLPs have sensitivities that greatly exceed the search
for similar, promptly decaying new particles (as is true, for ex-
ample, for directly produced staus in supersymmetry [4]). The
excellent sensitivity of these searches, together with the lack of a
definitive signal in any prompt channels at the LHC, have focused
attention on other types of LLP signatures that are not currently
covered. These include low-mass LLPs that do not pass trigger or
selection thresholds of current searches, high multiplicities of LLPs

image from J. Phys. G: Nucl. Part. Phys. 47 090501 (2020)

Unique experimental challenge for LHC experiments!

https://iopscience.iop.org/article/10.1088/1361-6471/ab4574
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Outline of the talk
Highlight of recent searches done in ATLAS, CMS and FASER

Low-mass neutral long-lived scalars


• Search with displaced vertices and jets in ATLAS and CMS


• Displaced vertices with muons at CMS using data from LHC run 3


• Long-lived axion-like-particles search with FASER


Heavy neutral leptons

• Recent result from CMS using the B-parking dataset


Massive charged long-lived particles with large ionization

• Followup ATLAS analysis after the 3.3σ excess result


• Recent CMS result targeting the same phase space 

Emerging jets


• Recent new result from CMS

8 lhc llp community
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kinked tracks.
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• using LHC run 2 data with improved displaced tracks reconstruction

• search for ≥2 displaced-jets, and ≥1 matched to a displaced vertex (DV)
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• 6 analysis categories: topology (VH-like, VBF-like) x nDV


• BDT displaced jet tagger event-level discriminant: BDTj0 x BDTj1


• per-jet vertex match probability to estimate background in 6 SR

LLPs search with displaced vertices in            .

arXiv:2403.15332

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/IDTR-2021-03/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2021-32/
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Figure 9: The �' between the decay products of the ALP in the @@ ! /0 model. For ALP masses below 40 GeV,
the �' tends to be below 0.4, meaning that the ALPs will be reconstructed as a single displaced jet.

@

@̄

0

/

/
⇤

(a) @@ ! /0

@

@̄

0

+

+
⇤

(b) @@ ! ,0

Figure 10: Feynman diagrams depicting the (a) /0, (b) ,0 ALP production modes. The ALP decays exclusively to
SM gluons.

Additional samples are generated to perform the interpretation in terms of axion-like particle production.400

Samples of ALP production in association with a vector boson (,//) are generated in AthGeneration401

21.6.98 using using M��G���� 2.9.9 + P����� 8.307 with the ALP_linear_UFO_WIDTHmodel. Feynman402

diagrams for the two “ALP-strahlung“ processes are shown in Figure 10. In this model the branching ratio403

of the ALP to gluons is set to 100%. ALP production via the exotic top decay C ! 20 is simulated in404

M��G���� 2.9.9 + P����� 8.307 using the Charming_ALP_UFO model. Only the CC process is considered.405

In this model, the ALP is allowed to decay to both gluons and charm quarks. The Feynman diagram for the406

exotic top decay is shown in Figure 11. Given that this analysis is chiefly tailored for the exotic Higgs407

decay benchmark which is characterized by the presence of multiple displaced jets in the final state, we408

focus solely on ALP masses of 40 and 55 GeV. This selection is made because the decay products of ALPs409

with lower masses have a tendency to combine into a single jet, thereby diminishing the sensitivity of the410

analysis strategy. This is shown in Figure 9. Each mass point is generated with four different values of411

proper lifetime: 2g 2 {1, 10, 100, 1000} mm.412

All generated events are processed using ATLAS Full Simulation.413
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(b)

Figure 12: Distributions of the ?T of the (a) ,// boson and (b) Higgs boson in truth signal MC samples with
2g = 10 mm.

Signal kinematics414

The ?T distributions of the vector boson, Higgs boson, leptons, and the long-lived 0 scalars are shown in415

Figures 12, 13, and 14 for signal samples with 2g = 10 mm. The proper lifetime (2g) of the 0 scalars are416

shown in Figure 15 for signal samples with <0 = 16 GeV and 2g = 100 mm. The total normalization of417

the samples is arbitrary, but the relative normalization shows that the cross section is independent of the418

LLP mass or decay mode. Additional signal kinematic distributions are shown in Appendix A.419

The ?T distributions of the vector boson, leptons, and the long-lived ALP are shown in Figures 16, 17,420

and 18 for +0 signal samples with 2g = 10 mm. The proper lifetime (2g) of the ALPs are shown in421

Figure 19 for +0 signal samples with <0 = 16 GeV and 2g = 100 mm. The total normalization of the422

samples is arbitrary, but the relative normalization shows that the cross section is dependent on the ALP423

mass for this model.424

26th February 2024 – 10:57 21

→ gluons

3−10 2−10 1−10 1
[m]s,aτc

2−10

1−10

1

 4
q)

→
 s

s 
→

95
%

 C
L 

Li
m

it 
on

 B
R

(H
 

ATLAS              -1 140 fb− = 13 TeV, 37.5 s

 = 5 GeVsm
 = 16 GeVsm
 = 40 GeVsm
 = 55 GeVsm

Observed
)σ1±Expected (

JHEP 11 (2021) 229

3−10 2−10 1−10 1
 [m]s,aτc

3−10

2−10

1−10

1 V
a)

 [p
b]

→
(q

q 
σ

95
%

 C
L 

Li
m

it 
on

 
 = 40 GeVaWa, m
 = 55 GeVaWa, m

 = 40 GeVaZa, m
 = 55 GeVaZa, m

Observed
)σ1±Expected (

3−10 2−10 1−10 1
 [m]s,aτc

4−10

3−10

2−10

1−10 a
q)

→
95

%
 C

L 
Li

m
it 

on
 B

R
(t 

 = 40 GeVam
 = 55 GeVam

Observed
)σ1±Expected (

3−10 2−10 1−10 1
[m]s,aτc

2−10

1−10

1

 4
q)

→
 s

s 
→

95
%

 C
L 

Li
m

it 
on

 B
R

(H
 

ATLAS              -1 140 fb− = 13 TeV, 37.5 s

 = 5 GeVsm
 = 16 GeVsm
 = 40 GeVsm
 = 55 GeVsm

Observed
)σ1±Expected (

JHEP 11 (2021) 229

3−10 2−10 1−10 1
 [m]s,aτc

3−10

2−10

1−10

1 V
a)

 [p
b]

→
(q

q 
σ

95
%

 C
L 

Li
m

it 
on

 

 = 40 GeVaWa, m
 = 55 GeVaWa, m

 = 40 GeVaZa, m
 = 55 GeVaZa, m

Observed
)σ1±Expected (

3−10 2−10 1−10 1
 [m]s,aτc

4−10

3−10

2−10

1−10 a
q)

→
95

%
 C

L 
Li

m
it 

on
 B

R
(t 

 = 40 GeVam
 = 55 GeVam

Observed
)σ1±Expected (

H→ss

V*→Va

t→aq

V*→Va

t→aq

arXiv:2403.15332

Axion-like particles (ALPs) in Va production

New interpretation

ALPs from t→aq production

New interpretation

LLPs search with displaced vertices in            .

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2021-32/


Guglielmo Frattari  |  3 June 2024  |  Searches for LLPs  | 6

3−10 2−10 1−10 1
[m]s,aτc

2−10

1−10

1

 4
q)

→
 s

s 
→

95
%

 C
L 

Li
m

it 
on

 B
R

(H
 

ATLAS              -1 140 fb− = 13 TeV, 37.5 s

 = 5 GeVsm
 = 16 GeVsm
 = 40 GeVsm
 = 55 GeVsm

Observed
)σ1±Expected (

JHEP 11 (2021) 229

3−10 2−10 1−10 1
 [m]s,aτc

3−10

2−10

1−10

1 V
a)

 [p
b]

→
(q

q 
σ

95
%

 C
L 

Li
m

it 
on

 

 = 40 GeVaWa, m
 = 55 GeVaWa, m

 = 40 GeVaZa, m
 = 55 GeVaZa, m

Observed
)σ1±Expected (

3−10 2−10 1−10 1
 [m]s,aτc

4−10

3−10

2−10

1−10 a
q)

→
95

%
 C

L 
Li

m
it 

on
 B

R
(t 

 = 40 GeVam
 = 55 GeVam

Observed
)σ1±Expected (

Factor 10 ÷ 20 improvement on previous existing limits using same signature
arXiv:2403.15332

Neutral scalar LLPs from Higgs boson decay 
HSS model

H→ss

V*→Va

t→aq

= b-, light-quarks

LLPs search with displaced vertices in            .

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2021-32/
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LLPs to displaced jets with Run 3 data at          . 
• target LLPs from Higgs boson decays or heavy neutral scalars


• use improved displaced-jet triggers:


• requirements on large transverse momentum jets   

+ presence of 'prompt' & 'displaced' tracks

= b, d, τ

Run 3 v.s. Run 2 trigger efficiency

8

● The ratio between the Run 3 
displaced-jets trigger efficiency and the 
Run 2 displaced-jets trigger efficiency for 
a 125 GeV H→SS,S→bb signal model

● The efficiency ratios are shown for 
different scalar masses mS and proper 
decay lengths cτ0

● Run 3 trigger efficiencies are higher than 
the Run 2 trigger efficiencies by a factor of 
4 to 11 for mS between 10 and 60 GeV, 
and cτ0  between 1 and 1000 mm

● The trigger rate is ~26 Hz at 
instantaneous luminosity of 2x1034 cm-2 
s-1
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x4 better 
over run 2

x10

• use of two Graph Neural Network (GNN) 

based LLP taggers:


• 'displaced'-GNN


• 'prompt'-GNN


• data-driven estimate using orthogonal 

control regions (ABCD method)

CMS-PAS-EXO-23-013

https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/EXO-23-013/index.html
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LLPs to displaced jets with Run 3 data at          . 
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Phys. Rev. D 104 (2021) 012015
CMS, disp. jets

 (13 TeV)-1117 fb
JHEP 03 (2022) 160
CMS, Z + disp. jets

• first LHC limits on displaced-hadronic tau signature

• new most stringent limits on H→SS model for LLP masses ≥16 GeV

• outperforms ATLAS with a fraction of the dataset - 34.7/fb @ 13.6 TeV vs 140/fb @ 13 TeV


• additional interpretations of the results in H→SS→light quarks, Fraternal Twin Higgs & Folded SUSY scenarios

H→SS, S→ττ̄

H→SS, S→bb̄

CMS-PAS-EXO-23-013

https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/EXO-23-013/index.html
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LLPs to displaced muons with Run 3 data at          . 
• search for di-muon displaced vertices produced in LLP decays


• low mass LLPs, mLLP < 60 GeV, from Higgs boson or heavy scalar decays

arXiv:2402.14491
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• new dedicated triggers to increase sensitivity


• lower pT threshold possible introducing a cut on transverse displacement (d0)

• background processes: mis-reconstructed prompt muons, muons in jets → data driven estimate from independent CRs

https://arxiv.org/abs/2402.14491
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LLPs to displaced muons with Run 3 data at          . 
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arXiv:2402.14491

• partial Run 3 result competitive with full Run 2 result


• new analysis better for  ≳ 100 cm for almost all massescτ

• 2 analysis categories based on muon reconstruction:


• using both tracker & muon spectrometer (TMS)


• standalone muon spectrometer (STA)
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Search for long-lived ALPs with

arXiv:2207.11427

Figure 1: The FASER location: TI12 tunnel, 480 m downstream of the ATLAS interaction point.
The detector is located along the beam collision axis line-of-sight.
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Figure 2: A sketch of the FASER detector, showing the di�erent sub-detector systems. The FASER
coordinate system is also shown.

(starting in Run 4). Since the LHC components and the experiments have not yet been upgraded to
be able to run at luminosities higher than 2 ⇥ 1034 cm�2 s�1, the luminosity will be levelled at this
value. This luminosity corresponds to about 55 interactions per bunch crossing (pileup), however
given the large amount of shielding in front of the detector, FASER is not expected to observe
signals from multiple simultaneous interactions.

The main LHC configuration parameters which can e�ect physics at FASER are the direction
and magnitude of the beam crossing angle at IP1, since this moves the LOS compared to its nominal
position assuming no-crossing angle (\cross = 0) at IP1. In Run 3 the crossing plane in IP1 will be
vertical, but the direction (if the beams will be pointing up or down) will be changed during the
run in order to distribute the radiation more evenly over the LHC magnets. The LOS at FASER
moves by 480 m ⇥ sin(\cross/2). In Run 3 the half crossing angle during the physics fills will be in
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• experiment situated 500m from ATLAS collision point, aligned with the beam collision axis 

• sensitive to long-lived axion-like-particles (ALPs) produced with (TeV) boost along the beam line and 

decaying inside the detector into photon pairs

𝒪

LLP?

https://fasergen.web.cern.ch/fasergen/PUBLICATIONS/CERN-FASER-CONF-2024-001/
https://arxiv.org/abs/2207.11427
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• using 57/fb of data collected during 2022 & 2023


• ALPs produced in B/K meson decays, decaying subsequently into photon pairs


• signature: high energy deposit in the ECAL and no signal in veto scintillators

12

Search for long-lived ALPs with

Main background: neutrinos interactions with detector material 

Bkg prediction: 0.42 ± 0.38 ; 1 observed event 

CERN-FASER-CONF-2024-001

• events categorised based on energy released in calorimeter & pre-shower layers

https://fasergen.web.cern.ch/fasergen/PUBLICATIONS/CERN-FASER-CONF-2024-001/
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Search for long-lived ALPs with

Unique sensitivity in unexplored regions of the parameter space, ALPs masses in the range [60, 300] MeV
CERN-FASER-CONF-2024-001

https://fasergen.web.cern.ch/fasergen/PUBLICATIONS/CERN-FASER-CONF-2024-001/
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• unique dataset (41.6/fb): B parking, O(10B)  events


• lower µ trigger thresholds, delayed reconstruction


• targets low mass Heavy Neutral Leptons (HNLs) from B-mesons


• signature: displaced vertex with lepton + track

bb̄
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14

Search for HNLs in B-meson decays at 

• parameterised Neural Network  

to enhance sensitivity


• leptons, tracks, and DV properties 

e.g. tracks transverse 

displacement (dxy) 

• training with signal MC & a subset 

of data

LLP

DV mass

arXiv:2403.04584

Tracks transverse displacement

https://cms-results.web.cern.ch/cms-results/public-results/publications/EXO-22-019/
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Search for HNLs in B-meson decays at 
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• bump-hunt in 24 mutual exclusive categories


• (µµ, µe, eµ) channels x transverse displacement of the DV x DV invariant mass 

Best sensitivity for HNL masses 
below 1.75 GeV

Results interpretation in multiple 
scenarios of HNL nature &  

coupling to SM

Discriminant variable: DV mass

µ-only coupling 
scenario

arXiv:2403.04584

https://cms-results.web.cern.ch/cms-results/public-results/publications/EXO-22-019/


Guglielmo Frattari  |  3 June 2024  |  Searches for LLPs  | 16

Search for massive charged LLPs
• signature of many new physics models at LHC energies; key characteristic: high pT isolated track with


• large ionization (dE/dx) measured in the pixel detector 


• long time of flight (ToF) measured with the calorimeter or muon chambers


• observable: particle mass, from  and track pT measurementsβ
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ATLAS

Previously found 3.3σ excess by ATLAS  

(JHEP 06 (2023) 158)


• 0.4 ± 0.7 events predicted, 7 observed

• events compatible with β ≃ 1 & being  

reconstructed as muons

https://link.springer.com/article/10.1007/JHEP06(2023)158
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Search for massive charged LLPs in 
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ATLAS Preliminary1−=13 TeV, 140 fbsSR, 

• followup analysis


• mass calculated with pT of the track +


• dE/dx in pixel detector and


• ToF measurement in calorimeter


• analysis selection defined using 

both measurements

• bkg predictions obtained in a data-driven way


• no significant excess observed, derived limits on simplified 

LLP models

2−10 1−10 1 10 210 310
) [ns]τ∼(τ

100

200

300

400

500

600

700

800

) [
G

eV
]

τ∼
m

(

ATLAS  Preliminary
-1=13 TeV, 140 fbs

All limits at 95% CL

 G~τ →τ∼Stau, 

Observed
Expected

arxiv:2011.07812

arxiv:2205.06031

this result

Displaced Leptons

Pixel dE/dx

-caloβdE/dx + 

Complementary exclusion contours with 
previous search for long-lived staus

ATLAS-CONF-2023-044

arxiv:2205.06013

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2023-044/
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Search for massive charged LLPs in 
• search for 1 isolated high pT muon with large ionisation & missing energy


• dE/dx measured separately in pixel & strips detector allowing background suppression


• two search methods:
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dE/dx measurement mass method: from ionization variable + track pT

• 60-80% overlap of events in the SR between the two approaches


• similar sensitivity to new physics models

CMS-PAS-EXO-18-002

https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/EXO-18-002/index.html
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Search for massive charged LLPs in 

• no data excess found


• limits set on various models

Simplified stau 
model

Z' model proposed 
to explain ATLAS excess
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CMS-PAS-EXO-18-002

https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/EXO-18-002/index.html
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Search for emerging jets at 
• pair production of scalars - Xdark - coupled to SM & dark sector


• dark quark (Qd) hadronisation → long-lived dark mesons producing Emerging Jets 

• signature: ≥ 4 jets, large transverse momentum (HT), 2 jets tagged as Emerging Jets 
X†

Xdark

g

g

g

Q
0

q0

q̄

Qdark

dark

dark

• model-agnostic approach:


• tag EJ based on displaced tracks in jets


• model-dependent approach:


• GNN to discriminate SM- & signal-like jets


• data-driven bkg estimate based on EJ mis-tag

arXiv:2403.01556

https://cms-results.web.cern.ch/cms-results/public-results/publications/EXO-22-015/
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• exploring dark pion masses in [6,20] GeV range, dark scalar masses in [1,2.5] TeV

Flavor-aligned model

First limits on this scenario

GNN approach

Unflavored model

GNN-tagger keeps high signal acceptance for low cτ

GNN approachModel-independent approach

Search for emerging jets at 

arXiv:2403.01556

https://cms-results.web.cern.ch/cms-results/public-results/publications/EXO-22-015/
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Summary

Searches for long-lived particles at LHC provides unique challenges for the experiments.


Development of new triggers, innovative analysis methods & powerful NN discriminants 

help in pushing the sensitivity.


Exciting times ahead with the Run 3 dataset quickly growing!


A selection of results from ATLAS, CMS and FASER has been presented, more details in the 

parallel sessions.
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Additional material
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FASER event display
Run 8834
Event 44421456
2022-10-13 16:09:44Preliminary


