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Why Long-Lived Particles?
• Many ways to search for new Physics


• Effort so far has been huge… with no clue yet


• If new physics is being produced at the LHC we still 
need to develop the tools to see it


• After exploring the obvious, now exploring the more 
complex


• Soft objects, compressed scenarios, search in tails of 
distributions, heavy resonances, …. LLPs!
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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).
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⌥ resonances, and in the continuum regions o↵ the resonances. Operating between 1999 and 2010, the
two experiments collected data samples totaling about 1600 fb�1. The largest sample used for LLP
searches was 711 fb�1.

In many LLP search analyses performed to date, the SM backgrounds have been extremely small,
sometimes much less than one event. In such cases, the search sensitivity grows roughly linearly with the
integrated luminosity of the data sample. This is in contrast to background-dominated BSM searches,
where sensitivity is proportional to the square root of the integrated luminosity. Therefore, LLP searches
are especially attractive for high-luminosity colliders. In particular, this includes the future runs of the
LHC [22], but also those of Belle II [23] and proposed high-energy e

+
e
� facilities such as FCC-ee [24].

As the focus of this review is BSM LLP searches at particle colliders, we aim to cover the broad range
of theoretical models, their experimental signatures at such facilities, and published searches pursuing
them. Thus, other than an occasional mention when relevant, we do not discuss experiments at non-
collider facilities or results from astrophysical observations1. Furthermore, following the definition of
LLP signatures stated above, we do not include signatures without detectable features of the LLP or
its decay.

Basic distance-scale definitions used throughout the review are indicated in Fig. 1. A particle decay
is considered prompt if the distance between the particle’s production and decay points is smaller than
or comparable to the spatial resolution of the detector. By contrast, a distance significantly larger than
the spatial resolution characterizes a displaced decay. Depending on the relevant detector subsystem,
the typical resolution scale is between tens of micrometers to tens of millimeters. The second distance
scale of relevance is the typical size of the detector or relevant subsystem, ranging from about 10 cm to
10 m. A particle is detector stable if its decay typically occurs at larger distances.

In Sec. 2 we review the theoretical motivation and a variety of BSM scenarios that give rise to
LLPs. The experimental methods used for identifying LLPs, which frequently give rise to non-standard

1
For a review of implications of collider-accessible LLPs on cosmology and astroparticle physics, see Ref. [2]

Figure 1: The SM contains a large number of metastable particles. A selection of the SM particle
spectrum is shown as a function of mass and proper lifetime. Shaded regions roughly represent the
detector-prompt and detector-stable regions of lifetime space, for a particle moving at close to the
speed of light.

5

[1810.12602] 

> 30 orders of magnitude!!
top 𝝻

• Long-Lived Particles (LLPs): decay at a 
macroscopic distance from the Interaction Point


• Most BSM models include:

Small couplings

Decays via massive particles

Limited phase spaces


• Giving rise to long lifetimes
• Semi-stable particles are abundant in the 

Standard Model

• It would not be surprising if they are also present in 
BSM physics


Prompt BSM 
being actively 

probed

Very long-lived BSM 
probed as MET 


(if produced with SM 
activity)

What if…?

Long Lifetimes everywhere
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LLPs in colliders
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Where should we look for LLPs in collider experiments?

Figures by 
H. Russell

distance travelled

15% in calorimeters 31% in muon system

Particle decay follows an exponencial
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distance travelled
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We can use information from different sub detectors 
(or even different detectors!) for different targets

• DV in the ID

• Semi-visible jets

• Emerging jets

• Disappearing tracks

• Displaced electrons / muons

• Unconventional ionization loss 

(Multiple, fractional, milli-charged)

• Non-pointing photons

• Displaced jets

• DV in the MS

• Delayed or slow-moving particles

Where should we look for LLPs in collider experiments?

How
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Lifetime LLP nature

• ATLAS, CMS: 
prompt objects


• New 
algorithms

Object 
Identification

• Standard triggers 
are not efficient


• Dedicated 
triggers


•

Trigger

• Electric charge

• Decay mode

• Where 
does it 
decay?

Background rejection

• Non-standard 
backgrounds 


• No good MC

• Data-driven

beam-induced-background cosmic muons

How can we look for LLPs in collider experiments?
A few challenges to take into account:

Systematic 
uncertainties

• Recommendations 
non applicable


• New algorithms 
require syst.

• ATLAS, CMS and LHCb have a broad program to search for LLPs

• Heavily increasing during the last few years

• New triggers, improved displaced track reconstruction, new object 

identification techniques, better unconventional background rejection, …
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Hidden Sector models

An intense decade…
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Hidden Sector models

An intense decade…
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• ATLAS Calorimeter 

displaced jets

• ATLAS MS displaced 

vertices
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Hidden Sector models

• ATLAS prompt b-jet

• ATLAS ID DV

• ATLAS Calorimeter DJ

• ATLAS MS DV

• ATLAS H -> invisible

• CMS prompt b-jet

• CMS ID DV

• CMS MS DV

• CMS H -> invisible

An intense decade…
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2015
• ATLAS Calorimeter 

displaced jets

• ATLAS MS displaced 

vertices

Extended lifetime coverage by 4 orders of magnitude
Extended sensitivity by 1 order of magnitude
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Heavy Neutral Leptons

An intense decade…
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Heavy Neutral Leptons

An intense decade…

ATLAS 2019 prompt 
+ displaced

CMS 2018, 
prompt
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 Searches:ATLAS

PLB 856 (2024) 138865 
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JHEP 07 (2015) 162

 (8 TeV)-120.3 fb,  2 jets≥ + lPrompt 2

PRD 110 (2024) 112004
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JHEP 10 (2019) 265, arXiv:2508.20929
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JHEP 07 (2025) 196
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 Searches:CMS
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Heavy Neutral Leptons
• ATLAS prompt 2l / 3l

• ATLAS ID DV

• CMS prompt 1l / 2l / 3l

• CMS ID DV

• CMS MDS

• CMS B-parking 2l• LHCb 2 mu

An intense decade…

ATLAS 2019 prompt 
+ displaced

CMS 2018, 
prompt

2 orders of magnitude increase in sensitivity since 2018
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Triggers Displaced vertex in 
the ID

ATLAS Run 3
CMS Run 3

LHCb Run 2, Run 3

Displaced Lepton-jets
ATLAS Run2, Run 3

Late photons

Disappearing tracks
ATLAS Run 3

Displaced jets in the 
Calorimeter

ATLAS Run2, Run 3
CMS Run 3

Highly ionising particles
ATLAS Run2

Displaced jets 
in the MS

ATLAS Run2
CMS Run 3

Displaced leptonic vertices 
ATLAS Run 3
CMS Run 2
LHCb Run 3

(Meta-) Stable Charged
ATLAS Run3

Stopped LLPs
ATLAS Run2

Emerging jets
ATLAS Run 3

ATLAS Run 3 LLP triggers: https://arxiv.org/pdf/2401.06630

CMS Run 3 LLP triggers: http://cds.cern.ch/record/2937649

An intense decade…

https://arxiv.org/pdf/2401.06630
http://cds.cern.ch/record/2937649
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LLP Trigger example at CMS

An intense decade…

additional hybrid category (STA-TMS) is also possible and was considered in the previ-
ous Run 2 analysis [45]. However, due to its limited sensitivity is not included in this new
search. The superior resolution of the silicon tracker allows global muons to achieve sig-
nificantly better position and momentum measurements compared to standalone muons.
This enhanced spatial resolution improves the precision of the TMS-TMS dimuon vertex
by a factor ranging from 100 to 1000, depending on the LLP lifetime and the masses of
the exotic Higgs boson and the LLP. Figure 5.1 presents an event display illustrating the
displaced dimuon signature.

Figure 5.1: A Run 3 event in the CMS detector featuring a candidate LLP decay into a
pair of muons, occurring away from the interaction point. The two muons, represented
by red lines, are detected exclusively in the muon system. Their reconstructed tracks are
used to determine the dimuon vertex, marked by a white circle, which corresponds to
the hypothesized decay location of the LLP. Taken from [5] (supplementary material).

5.1.1 Main discriminating variables

Given the characteristic signature of the final state considered, where a SV displaced from
the PV is reconstructed, several variables are useful to discriminate the displaced signal
from the prompt backgrounds. Figure 5.2 illustrates these variables.

We first have ~Lxy and its modulus Lxy that is the distance in the transverse plane be-
tween the PV and the SV. Then d0 defined as the distance of closest approach (DCA) of
the muon track in the transverse plane with respect to the PV. The transverse momentum
of the dimuon system is denoted by ~pT,µµ and the angle between ~pT,µµ and ~Lxy is denoted
by ��. This last quantity is useful for suppressing and evaluating the SM backgrounds
such as: DY events that are reconstructed as displaced due to instrumental errors or re-
construction failures or QCD events in which there are dimuons produced in the decays
of low mass resonances like the J/ meson. The first one of these backgrounds exhibits a
|��| symmetric distribution around ⇡/2, whereas the second background mostly popu-
lates the|��| region near 0 where the signal lies. The|��| distribution for the HAHM [46]
and RPV SUSY [47] signal models, and the DY background (estimated with data in a DY

116

JHEP05(2024)047
• Di-muon trigger produced within and after the tracker


• Run 2: 2 muons in the Muon system only, including 
beamspot constraint


• Run 3: two additional L1 triggers for a 

• OS muon pair with low pT (4.5 GeV) and small dR

• New track-finder w/o beamspot constraint, higher pT

HAHM [46] signal events. The introduction of new triggers at both L1 and HLT signif-
icantly enhances efficiency for ZD with m(ZD) > 10 GeV and c⌧ & 0.1 cm, yielding an
improvement factor between 2 and 4, depending on c⌧ and mass.
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Figure 5.4: The L1+HLT efficiencies of the various displaced-dimuon triggers and their
logical OR as a function of c⌧ for the HAHM signal events with m(H) = 125 GeV and
m(ZD) = 20 GeV. The efficiency is defined as the fraction of simulated events that satisfy
the detector acceptance and the requirements of the following sets of triggers: the Run 2
(2018) triggers (dashed black); the Run 3 (2022, L3) triggers (blue); the Run 3 (2022, L2)
triggers (red); and the logical OR of all these triggers (Run 3 (2022), solid black). The
lower panel shows the ratio of the overall Run 3 (2022) efficiency to the Run 2 (2018)
efficiency. Taken from [5].

An efficiency measurement is performed using J/ ! µµ events collected with jet and
p
miss
T triggers during the 2022 and 2023 data-taking periods. The corresponding data

set has an integrated luminosity of 64.3 fb�1. The efficiency is defined as the fraction of
these events that also satisfy the Run 3 (2022, L3) trigger path. This measurement is then
compared with the efficiency obtained in simulation, where it is defined as the fraction
of events passing the same trigger in a set of simulated samples of B hadrons decaying
into J/ ! µµ.

Figure 5.5 presents the trigger efficiencies as functions of the minimum pT of the two
muons in the event, min(pT) (upper left), the maximum pT of the two muons, max(pT)
(upper right), and the minimum d0 of the two muons, min(d0) (lower). In each case, the
other two variables are required to be within the trigger efficiency plateau. This plateau,
where the efficiency reaches approximately 65% in data and 70% in simulation, is ob-
served for min(pT) > 12 GeV, max(pT) > 18 GeV, and min(d0) > 0.015 cm. The primary
source of efficiency loss at the plateau arises from the double-muon L1 triggers, par-
ticularly when selecting muon pairs with small angular separation. This inefficiency is
particularly pronounced in J/ ! µµ events, where the typical separation lies within
0.05 < �R(µµ) < 0.15. This can be observed in Fig. 5.6, where the trigger efficiency as
a function of the �R between the two muons is represented for data and all the HAHM
signal samples. Additionally, a residual efficiency of around 15% is observed below the
trigger thresholds, which can be attributed to differences between the online and offline
L3 muon reconstruction algorithms, leading to variations in the estimated pT and d0 val-
ues.

Besides, we utilize J/ ! µµ TMS-TMS dimuon candidates with an invariant mass in
the range 3.0 < mµµ < 3.2 GeV, recorded with the Run 2 (2018) triggers, to assess the

122

https://link.springer.com/article/10.1007/JHEP05(2024)047
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LLP Trigger example at LHCb

An intense decade…

• LLPs can be reconstructed with Downstream tracks

• Run 2: Downstream tracking couldn’t be implemented in HLT1 

due to limit timing budgets.

• Run 3: GPU version of Downstream tracking! running in data-

taking since the end of 2024

of top quark production provide additional constraints (in addition to being of interest in
their own right to test the SM and search for NP). With the Upgrade II dataset LHCb will
be able to determine the inclusive tt production cross-section to ⇠ 4% precision. Improved
knowledge of PDFs will have significant impact across the LHC physics programme, for
example in studies of the Higgs boson and NP searches at ATLAS and CMS.

Studies of the SM Higgs boson at LHCb have, to date, been limited by both reduced
luminosity and reduced production rate within the detector acceptance relative to ATLAS
and CMS. The large data sample of LHCb Upgrade II will, however, allow interesting
sensitivity in several channels. The HV production channel (V = W or Z) with H ! bb

decay should be observable, and will allow a test of the SM prediction for the production
rate in the forward region. In addition, the same production process with H ! cc decay
can be searched for, benefitting from excellent charm jet tagging, to achieve a highly
stringent constraint corresponding to approximately twice the expected value with the
SM charm Yukawa coupling.

4 Searches for new feebly interacting particles

The excellent LHCb tracking system together with the development of a fully software
trigger scheme, allowing reconstruction and selection algorithms to be executed in real
time, make LHCb a unique and powerful lifetime frontier experiment. As such, LHCb
is able to perform highly sensitive searches for new feebly interacting particles (FIPs),
which have long lifetimes due their tiny couplings to the SM.

A wide range of models involving FIPs such as dark photons, Higgs-like dark scalars,
heavy neutral leptons, and axion-like particles have been proposed as possible NP scenarios.
Many of these models can explain the nature of dark matter, which is one of the most
important unanswered questions in contemporary physics. These models propose new
force mediators which both couple to dark matter and mix with SM particles. The main
production modes for many GeV-scale FIPs involve b-hadron decays, and hence LHCb is

Excluded

Downstream25 fb-1

Downstream300 fb-1

SHiP6×1020 PoT

FASER
FASER2

MATHUSLA
CODEX-b

0.2 0.5 1 2 5

10-11

10-8

10-5

mS [GeV]

θ2

Dark scalars (BC4)

Figure 3: Expected LHCb (“Downstream”) sensitivity to the Higgs-like dark scalar model after

Run 3 (25 fb
�1

) and LHCb Upgrade II (300 fb
�1

), compared to other proposed lifetime-frontier

experiments [8]. The expected exclusion regions on the squared mixing-coupling ✓2 are shown as

functions of the mass of the new scalar boson mS , assuming negligible background. Scenarios

where the dark scalar is produced in (left) b-hadron decays and (right) Higgs boson decays are

shown.
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2503.23087

https://arxiv.org/pdf/2503.23087
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An intense decade…
Machine Learning

ATLAS Simulation Preliminary

Eur. Phys. J. C 80 (2020) 450 

(2016 data)


Wrt original (2015): x10 lumi

Identification of dark photons:

Cut-based → BDT

ATL-PHYS-PUB-2019-002

• Displaced objects can be difficult to identify from weird backgrounds (detector effects, BIB, cosmics, material interactions

• ML is here to help!!


LLP ML example at ATLAS  
• Search for displaced dark photon jets

Projection from      
ATLAS-CONF-2016-042

(2015 data)

https://link.springer.com/content/pdf/10.1140/epjc/s10052-020-7997-4.pdf
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An intense decade…
Machine Learning

ATLAS Simulation Preliminary

ATLAS-CONF-2022-001


Full Run 2


Eur. Phys. J. C 80 (2020) 450 

(2016 data)


Wrt original (2015): x10 lumi

Identification of dark photons:

Cut-based → BDT

ATL-PHYS-PUB-2019-002

• Displaced objects can be difficult to identify from weird backgrounds (detector effects, BIB, cosmics, material interactions

• ML is here to help!!


LLP ML example at ATLAS  
• Search for displaced dark photon jets

Projection from      
ATLAS-CONF-2016-042

(2015 data)

Wrt previous analysis (2016): x4 lumi

Identification of dark photons:

BDT → DNNUse of ML in displaced jets 

reconstruction: 

50x increase of sensitivity 

in 5 years!

https://link.springer.com/content/pdf/10.1140/epjc/s10052-020-7997-4.pdf
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An intense decade to come!
Upgrades advantages for LLPs

CMS MIP Timing Detector (MTD) ATLAS High Granularity 
Timing Detector (HGTD)

• Precision Timing Detectors
• Resolution of 30ps (50ps)!!

• Better pileup and beam-

induced-background rejection 

• Better beta measurements

• All silicon trackers
• Extended coverage up to |𝛈| = 4


• Impact on DV and disappearing 
tracks


• Track veto for displaced jets

• CMS Tracking info at L1

ATLAS Inner Tracker (ITk)
CMS Tracker 
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Dedicated experiments at the LHC

http://www.antimatter-matters.org/

• Range of possibilities in LLP 
phenomenology is huge


• Different models, couplings, masses, 
decay modes, lifetimes, etc. 


• Impossible to cover all of them with only 
one dedicated experiment!
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Dedicated experiments at the LHC

MATHUSLA

milliQan

FACET

AL3X
ANUBIS

FASER 

FORMOSA

CODEX-b
MOEDAL - 

MAPP

SND@LHC

FLArE

http://www.antimatter-matters.org/

• Range of possibilities in LLP 
phenomenology is huge


• Different models, couplings, masses, 
decay modes, lifetimes, etc. 


• Impossible to cover all of them with only 
one dedicated experiment!


• COMPLEMENTARITY



E. Torró       CPAN 2025, Valencia
228

Dedicated experiments at the LHC

MATHUSLA

milliQan

FACET

AL3X
ANUBIS

FASER 

FORMOSA

CODEX-b
MOEDAL - 

MAPP

SND@LHC

FLArE

http://www.antimatter-matters.org/

• Range of possibilities in LLP 
phenomenology is huge


• Different models, couplings, masses, 
decay modes, lifetimes, etc. 


• Impossible to cover all of them with only 
one dedicated experiment!


• COMPLEMENTARITY

ATLAS / CMS / LHCb new experiment
beampipe

• Forward detectors:

• Search for very weakly coupled light 

particles: light mediators, ALPs 
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Dedicated experiments at the LHC

MATHUSLA

milliQan

FACET

AL3X
ANUBIS

FASER 

FORMOSA

CODEX-b
MOEDAL - 

MAPP

SND@LHC

FLArE

http://www.antimatter-matters.org/

• Range of possibilities in LLP 
phenomenology is huge


• Different models, couplings, masses, 
decay modes, lifetimes, etc. 


• Impossible to cover all of them with only 
one dedicated experiment!


• COMPLEMENTARITY

• Transverse detectors:

• Heavier LLPs, heavier mediators

ATLAS / CMS / LHCb

new 
experiment

beampipe



E. Torró       CPAN 2025, Valencia
24

Ongoing dedicated experiments

The MoEDAL
experiment at LHC

�

�

�

�

�

�

PRL 134 (2025) 071802
MOEDAL

• Located at LHCb cavern, approved in 2010

• Target: highly ionizing particles, magnetic monopoles


• Nuclear Track Detectors: HIP create damage along their track 

• Magnetic Monopole traps: bind a magnetically charged particles 

and capture it inside the atomic lattice

• No SM backgrounds!!

• Passive detectors: no trigger, no read-out

• MAPP (Run3): FIPs / 
LLPs milli-charged 
particles

• Forward direction, 

~100m away from IP 
(rock shielding)

• Most stringent limits on monopoles

@ Emanuela Musumeci, Thurs 9:00

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.134.071802
https://indico.ific.uv.es/event/8035/timetable/?view=standard#1127-moedal-update


E. Torró       CPAN 2025, Valencia
25

Future dedicated experiments
CODEX-b (β)

• Objective: long-lived particles
• Located at 25m distance from LHCb

• Concrete wall + shield veto against collision background


• Codex-β demonstrator (2m x 2m x 2m) for 2026 data taking

@ Carlos Vázquez, Weds 18:20

Resistive Plate Chamber 
(RPC) detectors 
assembled in triplets 

Objective:%20long-lived%20particles%20Located%20at%2025m%20distance%20from%20LHCb%20Concrete%20wall%20+%20shield%20veto%20against%20collision%20background%20Codex-%CE%B2%20demonstrator%20Main%20Physics%20case:%20high%20mass%20(%2010%20GeV%20-%20TeV)%20hadronic%20LLP%20decays%20Secondary%20Physics%20case:%20low%20mass%20(~GeV)%20low%20multiplicity%20LLP%20decays
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Future dedicated experiments

Resistive Plate Chamber 
(RPC) detectors 
assembled in triplets 

• Objective: long-lived particles
• Located at 25m distance from LHCb

• Concrete wall + shield veto against collision background


• Codex-β demonstrator (2m x 2m x 2m) for 2026 data taking

• Original cavern (LHCb trigger farm) no longer available!!

• Various new scenarios discussed (arXiv:2505.05952)

• Aim to converge by summer 2026, with a series of 

proposals to be studied by the LHCb after Run 3.

Move from RPCs (gas flow) to 
sealed RPCs (no flow)?

@ Carlos Vázquez, Weds 18:20CODEX-b (β)

Objective:%20long-lived%20particles%20Located%20at%2025m%20distance%20from%20LHCb%20Concrete%20wall%20+%20shield%20veto%20against%20collision%20background%20Codex-%CE%B2%20demonstrator%20Main%20Physics%20case:%20high%20mass%20(%2010%20GeV%20-%20TeV)%20hadronic%20LLP%20decays%20Secondary%20Physics%20case:%20low%20mass%20(~GeV)%20low%20multiplicity%20LLP%20decays
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Future dedicated experiments
https://mathusla-experiment.web.cern.ch 

• Objective: ultra long-lived particles
• To be built on the surface over CMS during HL-LHC

• O(100m) rock shields against collision background


• Test Stand demonstrator in 2018 confirmed background hypothesis

• Main Physics case: high mass ( 10 GeV - TeV) hadronic LLP decays

• Secondary Physics case: low mass (~GeV) low multiplicity LLP decays

16m

70m

85m

LHC beam pipe

CMS

40m

surface

Rock

~11m

~4m

~1m

4m

LLP decay volume

4.5mSurface

40 m

16m

CMS IP

LHC Beamline

Assembly Hall

(100 x 100 x 25) —> (40 x 40 x 16) for cost reasons

6 scintillator tracking layers per module

MATHUSLA

https://mathusla-experiment.web.cern.ch
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Dedicated experiments in future colliders
• Detectors for future colliders considering LLPs as a physics case for their design

• Lepton collider ideas:
• HECATE: Instrument cavern walls with scintillators


• Phase space with no access in cosmology


• Study at ILC: ILD + far detectors, good sensitivity 
for LL ALPs

�

production cross section in the process Z æ ‹N can be
estimated as [��]�

‡N ƒ 2‡Z BR(Zæ ‹‹)U2
 

1 ≠ M2

m2
Z

!2 
1 + M2

m2
Z

!
, (�)

their decay rate is roughly ≈N ƒ 12U2M5G2
F /(96fi3)

with GF the Fermi constant and U2 =
P

U2
a with U2

a =
|◊a|2.� The number of events that can be observed in a
spherical detector with an integrated luminosity L can
then be estimated as�

Nobs ƒ L‡N


exp
✓

≠ l0
⁄N

◆
≠ exp

✓
≠ l1

⁄N

◆�
. (�)

Here ⁄N = —“/≈N is the HNL decay length in the
laboratory frame, l0 and l1 denote the minimal and
maximal distance from the interaction point (IP) where
the detector can detect an HNL decay into charged
particles. If the Z-boson decays at rest we can set —“ =
(m2

Z ≠ M2)/(2mZM).� We then replaced one of the
neutrinos with the HNL with a given mass. We have
considered masses spanning from � GeV up to mZ in
steps of � GeV.�

In figure � we show the expected gain in sensitivity
that can be achieved with HECATE (thick curves; red
and blue encoding the FCC-ee and CEPC, respectively;
solid and dashed, corresponding to l1 = 15 m or l1 =
25 m) in comparison to using only the inner detector
(faint red and blue curve for FCC-ee and CEPC) with
2.5 · 1012 and 3.5 · 1011 Z-bosons, respectively. These
numbers refer to the expected integrated luminosity
during the Z-pole run at one IP. We display lines for
nine detected signal events approximately corresponding
to the �s discovery region under the assumption of
a single background event. The actual sensitivity of
HECATE should lie somewhere between the two thick
red curves, as the approximately cylindrical detector
extents from the IP �� m in radial direction and �� m
in beam direction. The improvement with HECATE is
almost half an order of magnitude in U2 for given M .
This can be understood by recalling that the region on
� The sub-dominant N production in the decay of B-mesons
generated in the process Zæ bb̄ has e.g. been studied in [��].
� The decay rates of HNLs into SM particles have been computed
by many di�erent authors [��, ��–��], they overall more or less
agree with each other.
� In [��] we have confirmed in a proper simulation that the estim-
ate (�) works reasonably well even at the LHC main detectors
if one takes the average over the HNL momentum distribution.
In the much cleaner environment of a lepton collider we expect
that it works even better.
� We confirmed that this is a good approximation by generating
the HNL momentum distribution with Pythia �.� [��] (including
initial state radiation) and averaging (�) over this distribution.
� Natural units with c = 1 are used throughout this Letter.
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Figure �: Comparison of the sensitivities for nine signal events
that can be achieved at the FCC-ee with 2.5 ·1012 Z-bosons (red)
or CEPC with 3.5 · 1011 Z-bosons (blue). The faint solid curves
show the main detector sensitivity (l0 = 5 mm, l1 = 1.22 m).
The faint dash-dotted curve indicates the additional gain if the
muon chambers are used at the FCC-ee (l0 = 1.22 m, l1 = 4 m).
The thick curves show the sensitivity of HECATE with l0 = 4 m,
l1 = 15 m (solid) and l0 = 4 m, l1 = 25 m (dashed), respectively.
Finally, the faint dashed red line shows the FCC-ee main de-
tector sensitivity with 5 · 1012 Z-bosons, corresponding to the
luminosity at two IPs. For comparison we indicate the expected
sensitivity of selected other experiments with the di�erent green
curves as indicated in the plot [�–��, ��, ��]. The gray areas
in the upper part of the plot show the region excluded by past
experiments [��–��], the grey areas at the bottom mark the
regions that are disfavoured by BBN and neutrino oscillation
data in the ‹MSM (‘seesaw’).

the lower left side of the sensitivity region corresponds
to decay lengths that greatly exceed the detector size.
In this regime the exponentials in (�) can be expanded
in l1/⁄ and l0/⁄. For l1 ∫ l0 the number of events is
simply given by

Nobs ƒ L‡N

≈N l1
—“

Ã LU4 M5l1
—“

. (�)

Hence, the value of U2 that leads to a given number
of events for fixed M scales as Ã 1/

Ô
l1. For the inner

detector we assume a radius of �.�� m within which
displaced vertices can be detected. This corresponds to
the size of the ECAL designed for the ILC [��], we use
it as an estimate for the dimensions of the FCC-ee or
CEPC detectors, which are to be determined.� Hence,
� In [��] the number �.�� m was used, corresponding to the
dimensions of the ILC HCAL. The gain in sensitivity can be es-
timated with (�), as outlined below, and lies somewhere between
our main detector and muon chamber lines in figure �.

 EPJC 81 (2021) 546
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(2023) 076022

sensitivity to long-lived ALPs. A large Ground detector can
improve the sensitivity by at most a factor 2 compared to
the ILD. Notice that the improvement is much smaller than
naively expected from the acceptance measures in Table I.
The reason is that the approximation hPi ∼Ω · hri from
(3.3) does not apply for the ILD, because the condition
hdi ≫ rin; hri is not fulfilled for the processes we consider.
The shaft and tunnel detectors collect smaller event rates
than the ILD. They might only be useful additions in the
case of better background rejection or higher reconstruction
efficiency than at the ILD.

B. Generalization

For a less model-dependent interpretation of these
results, in Fig. 5 we show contours of Na ¼ 3 as a function
of the production cross section σ and the proper lifetime cτa
of the ALP. An ideal ILC experiment would probe the area
above these contours. Since these results only depend on
the production kinematics and the lifetime of the ALP, any
(pseudo)scalar particles with flavor-hierarchical couplings
and masses well below the weak scale should lead to very
similar results. This allows us to conclude more generally
that only far detectors with a very large geometric

acceptance Ω · hri can improve the sensitivity to such
LLPs, provided that the production cross section is large
enough to probe particles with lifetimes beyond the reach
of the ILD.

C. Experimental sensitivity

In our estimates, we have assumed that every ALP that
decays inside the detector is reconstructed. In reality,
however, the reconstruction of a displaced vertex of
charged tracks from a → lþl− decays depends on the
track length, angular separation and boost of the charged
particles. The effective detection volume is thus smaller
than the detector acceptance. This effect is particularly
important for detectors that are relatively thin and far away
from the production point, where the decay probability is
proportional to the thickness, hPi ∼ hri.
To illustrate the dependence of the sensitivity on the

event rates, in Fig. 6 we show the predicted number of
ALPs decaying within the ILD as a function of the
production cross section and lifetime. The event rate
decreases proportionally with the cross section and anti-
proportionally with the lifetime in the limit of long decay
lengths, as expected from (3.4) and (3.3).
The signal sensitivity is also expected to be reduced in

the presence of background. At hadron colliders, the
dominant source of background for displaced charged
vertices are meson decays. At the ILC, mesons are
produced at comparably lower, but still substantial rates,
for example from hadronic Z boson decays. Further back-
ground sources could be misreconstructed muon decays
originating from eþe− collisions or from cosmic rays. Ideas
to tame such and other backgrounds have been discussed
for Belle II in Ref. [29]. Notice that background can affect
not only the absolute, but also the relative sensitivity of the
various detectors. A dedicated background analysis goes
beyond the scope of this work, but is crucial to determine
the ultimate sensitivity of the ILC to long-lived particles.

TABLE II. Expected sensitivity to the ALP coupling to leptons,
cll=fa, for two production processes with fixed cWW=fa ¼
0.3=TeV, at the ILD and three far detectors. The values
correspond to observing Na ¼ 3 signal events from an ALP with
mass ma ¼ 300 MeV in an ideal experiment with zero back-
ground, which would exclude the no-signal hypothesis at the
95% C.L.. Small couplings cll=fa indicate a high sensitivity to
ALPs with long lifetimes.

cll=fa ½10−4=TeV$ ILD Shaft Tunnel Ground

eþe− → aγ 4.2 10.8 8.2 2.1
eþe− → ðaγÞγ 3.9 12.3 8.0 2.4

FIG. 5. Contours of Na ¼ 3 ALPs with ma ¼ 300 MeV decaying within various ILC detectors, as a function of the production cross
section, σ, and the proper lifetime, cτa. Shown are the production channels eþe− → aγ (left) and eþe− → Zγ → ðaγÞγ (right) atffiffiffi
s

p
¼ 250 GeV and with L ¼ 250 fb−1. Predictions are made for the ILD (blue, plain) and far detectors placed in the shaft (green,

dotted), in the tunnel (red, dot-dashed) and on the ground (orange, dotted). The branching ratio of the ALP into muons is indicated by Bμ.

NEAR OR FAR DETECTORS? A CASE STUDY FOR LONG- … PHYS. REV. D 107, 076022 (2023)

076022-7

• Hadron collider ideas:
• DELIGHT transverse detector (PhysRevD.106.095018)


• MATHUSLA - like concept

• FOREHUNT forward detector (2306.11803)

https://link.springer.com/article/10.1140/epjc/s10052-021-09253-y
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.107.076022
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.107.076022
https://journals.aps.org/prd/pdf/10.1103/PhysRevD.106.095018
https://arxiv.org/pdf/2306.11803
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LLPs beyond colliders
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Figure 1: NA64 setup and working principle for the search of dark photons through missing energy

in the active target (ECAL).

s in the momentum range between 50 and 150 GeV/c. The hadron contamination in the
electron beam was measured to be ⇡/e� . 0.5% [31].

NA64 combines the active beam dump technique with the missing energy measurement
to search for invisible decays of massive A0, produced in the ECAL target (the electromag-
netic calorimeter) by the dark Bremsstrahlung reaction e�Z ! e�ZA0 (where electrons
scatter off a nucleus of charge Z) [32, 33]. After its production, the A0 would promptly
decay into a pair of LDM candidate particles, A0 ! �� which would escape the setup
undetected leaving missing energy as signature. For this reason, we call these searches
invisible. The parameter space characterized by mixing strengths 10�6 < ✏ < 10�3 and
masses mA0 in the sub-GeV range is the NA64 target: a region where the DM origin can
be explained as a thermal freeze-out relic. Missing energy experiments, such as NA64,
require a precise knowledge of the incoming beam but also an accurate measurement of the
deposited energy from the incoming beam’s interaction.

A signal event is identified by a single electromagnetic shower in the ECAL (with energy
EECAL) accompanied by a significant missing energy Emiss = EA0 = Einitial � EECAL.
The occurrence of the A0 production is inferred in case these events show an excess above
those expected from backgrounds (see Fig. 1 for a sketch of the setup and a summary of
the working principle).

With the 2016-2022 combined statistics, NA64 sets the most stringent upper limits in
the kinetic mixing (✏) and dark photon (A0) mass plane for masses below 350 MeV. The
collected data also allow constraining the values of scalar and Majorana DM with coupling
↵D  0.1 and mA0 > 3m� in the mass range 0.001  m�  0.1 GeV as shown in Fig.
2. The latest results with the 2016-2022 collected statistics were published in Phys. Rev.
Lett. [31] and the paper was highlighted as an Editor’s suggestion.

In addition to the Bremsstrahlung reaction, the resonant A0 production channel through
the e� annihilation with the positrons present in the electromagnetic shower has also been
considered. The 90% C.L. exclusion limits from the combined analysis are shown in Fig.
2 (the peak present in the limits is the contribution of the resonant annihilation, see more
details in Sec. 4). The addition of this process to the evaluation of the expected signal
yield allows for improvement in the sensitivity in the high mass region, where the yield is
suppressed due to the 1/m2

A0 dependency of the Bremsstrahlung cross-section (see [34] for
further details).

NA64 has also a great potential to explore scenarios beyond the dark photon hypothe-
sis. NA64 has already demonstrated sensitivity to light-scalar and pseudo-scalar axion-like
particles (ALPs) produced via the Primakoff reaction [18], closing part of the gap between
beam-dump and LEP bounds (see Fig. 3, top left). The experiment also excluded a signif-
icant portion of the parameter space relevant for the hypothesized X17 boson, which could
explain the beryllium anomaly [35, 36] (see Fig. 3, top center).

4
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LLPs beyond colliders
NA64

• Objective: light dark matter
• North Area, fixed target using SPS electrons 

(and muons and hadrons) beams

• Hermetic detector: can measure MET

• Constraints set on ALPs, B-L Z’ , inelastic DM
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Figure 7: Combined NA64 90% CL excluded limits with 1.98 ⇥ 1010 MOT and projected limits for Light
Dark Matter mediated by a Dark Photon.

LDM models from combined results obtained with electron, positron and muon beams is
expected. The computation of those limits is based on the foreseen detectors’ upgrade to
cope with higher beam intensities and (ii) the background reduction due to improvement
of the experimental set-up configuration that was already implemented in 2023-2024 data
taking. The total statistic was improved by a factor 20 compared to the 2022 pilot run.
The preliminary results are encouraging showing that the main background source arising
from momentum miss-reconstruction could be reduced by two orders of magnitude and the
tracking efficiency was improved by a factor of four. During LS3 further upgrades will be
required to cope with the very high intensity that is potentially available at M2. Those in-
clude improving the detector hermeticity, adding new trackers, upgrading the calorimeters
and trackers readout and developing a new trigger scheme. Those improvements can also
expand our scientific goals and we plan to study our sensitivity to scenarios such as ALPs.

7. Summary

The searches for dark sector and dark matter with the fixed-target NA64 experiment
at the CERN SPS have almost ten years long and remarkable history. Being approved
in 2016 for the LDM search with the pioneering active beam dump plus missing energy
techniques at electron beam [1], NA64 since then has developed its application for incisive
exploration of dark sectors with positron [2], muon [3], and recently, hadron [4] beams.
The experiment has successfully met its primary objectives, as outlined in the EPPS input
(2018), producing results which demonstrate its potential for a high-sensitivity search for
Dark Sectors and LDM and its ability to operate in a near-background-free environment.
It has also exceeded its primary goals and, without compromising the searches for LDM,
provides important inputs for other BSM scenarios. The PBC and FIPs communities
recognize the high scientific value of NA64’s contributions and its complementarity to
other ongoing and planned experiments and support its continued exploration.

With the improvement of the SPS performance after LS3, we anticipate a great op-
portunity for the further sensitive exploration of the dark sector and other important new
physics. To fully exploit its physics potential, NA64 will undergo an upgrade during LS3
to continue running in background-free mode at the higher SPS beam rates. Planned up-
grades include (a) improved detector hermeticity with a new veto hadron calorimeter, (b)
enhanced particle ID with a synchrotron radiation detector, and (c) increased beam rates
via upgraded electronics. For NA64h, the best location is under study, including the PS
T9 beamline, while true muonium production at H4 is being optimized. With the recently

11
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LLPs beyond colliders
DUNE

• LNBF source can produce charmed mesons in the beam

• DUNE ND can be used to search for long-lived HNLs, hidden sectors, 

SUSY, etc. 

• Would probe the lighter particles of the hidden sector: complementary 

to LHC heavier-mass searches

Chapter 7: Other Physics Opportunities with the ND 7–239
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Figure 7.7: The 90 % CL sensitivity regions for dominant mixings |UeN |2 and |UµN |2 are presented for
DUNE ND (red). The study is performed for Majorana neutrinos (solid) and Dirac neutrinos (dashed),
for 12 years of running, and assuming no background. The results are compared with predictions for
SHiP and present data and theoretical constraints.

The results show that DUNE will have an improved sensitivity at small values of the mixing
parameters |U–N |2, where – = e, µ, · , compared to the presently available experimental limits on
mixing of HNLs with the three lepton flavors. At 90% CL sensitivity, DUNE can probe mixing
parameters as low as 10≠9 ≠ 10≠10 in the mass range of 300 MeV to 500 MeV, for mixing with the
electron or muon neutrino flavors. It is interesting to note that this would be the first such search
to go down to mixing angles favored by the seesaw mechanism. In the region above 500 MeV the
sensitivity is reduced to 10≠8 for eN mixing and 10≠7 for µN mixing. The ·N mixing sensitivity
is weaker but still covers an unexplored regime. A large fraction of the covered parameter space
for all neutrino flavors falls in the region that is relevant for explaining the baryon asymmetry in
the universe. Detailed studies are in progress with the full detector simulations to validate these
encouraging results and study the backgrounds.

In this study, the expected HNL flux is estimated from Ref. [264]. This rescales the standard
neutrino fluxes with the ratio of the decay rates to HNL over standard neutrinos. This takes into
account the di�erent phase space available and possible enhancements due to the chirality flips
required for the pseudoscalar meson decays. However, this procedure is not able to reproduce
possible di�erences in the neutrino and HNL fluxes from di�ering kinematics. Indeed, for masses
of the HNL close to that of the parent meson, the phase space is significantly reduced, resulting in
small HNL velocities. This implies that the boost in the beam direction is more relevant than it
is for neutrinos and can lead to an enhancement in the flux that reaches the detector. In ongoing
work, a full simulation of the HNL decay from the parent mesons without reliance on the standard
neutrino fluxes is being done so as to correctly account for these e�ects.

It is also of interest to consider searches for non standard decays of HNLs. They could be part
of a new low energy sector which contains several new states (neutral fermions, gauge bosons,
scalars, DM). Such a scenario could lead to interesting new decay channels that are being studied,
including a process with intermediate dark photons/Z’ in the HNL decay.
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FIG. 6. Expected sensitivity to LLPs in the model-independent scenario, assuming their branching
ratios and lifetime are completely uncorrelated. In the absence of a new physics signal, DUNE is expected
to disfavor the region above each line at 90% confidence level (C.L.). The width of the bands indicates
the variation in our results when the mass of the LLP is varied between 10 MeV (upper edge of each
band) up to the production threshold in each case; see text for details. The dashed lines correspond
to ma ⇠ 2mµ, and therefore indicate the best sensitivity for searches of a ! µ+µ�. Blue (red) bands
show the results for LLP produced from kaon (D-meson) two-body decays. For each parent meson, the
di↵erent bands are obtained assuming di↵erent background rates; see main text for details.

the number of decays approximately depends as in Eq. (5). This allows to derive a sensitivity
limit on the product of the production and decay branching ratios as a function of c⌧a/ma, shown
in Fig. 6. Mild di↵erences are obtained for di↵erent masses, however, induced by the dependence
of the detector acceptance on ma (which a↵ects the boost of the particles to the lab frame). Here
we follow the same approach as in Ref. [25] and provide our limits as bands, where the width
indicates the variation in the obtained limit when the mass of the LLP is varied between 10 MeV
(upper edge of each band) and up to the production threshold in each case (lower edge of the
band). In Fig. 6 we show two sets of bands, depending on the parent meson: kaons (blue) and D

mesons (red). Moreover, for each parent meson, we show results for a ! �� using the ND-GAr,
computed taking the corresponding background event rates from Table I, as well as the limiting
sensitivity in the background-free case (which would only be applicable for decays into µ

+
µ
�).

Note, however, that the upper edge of each band corresponds to ma = 10 MeV, for which the
decays into µ

+
µ
� or multi-pion final states are not kinematically accessible. The best sensitivity

for a ! µ
+
µ
� searches is indicated by the dashed lines in each case, corresponding to ma ⇠ 2mµ.

In order to compare to current limits in the literature it is convenient to pick a specific mass.
This exercise is done in Fig. 7, where the show the DUNE sensitivity limits compared to previous
constraints, for three representative masses: ma = 50 MeV (left) and 300 MeV (center), where the
strongest limits at DUNE would be obtained for LLP produced in K decays; and ma = 1.2 GeV
(right), which could be probed at DUNE only if the LLP is produced from D decays.

As shown in the figure, the sensitivity limits at DUNE depend heavily on the final state the
LLP decays into, due to the di↵erent backgrounds expected. In particular, for ALP decays into ��

the analysis would be a↵ected by large backgrounds, leading to a limit that is considerably worse
than in the background-free scenario. This should be taken into consideration when comparing

2309.06492: ALPs

https://arxiv.org/pdf/2103.13910
https://arxiv.org/pdf/2309.06492
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Fig. 8.17: Exclusion limits for a dark scalar mixing with the Higgs boson sin2 q as a function of
its mass mS, assuming that (Top) the Higgs boson does not decay to a pair of dark scalars, and
(Bottom) the Higgs boson decays to a pair of dark scalars with a 1% branching fraction. Filled
areas denote excluded regions, while curves show the projected sensitivities.
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Fig. 8.18: Simplified model in which S is a LLP produced in Higgs boson decays. Sensitivities
of collider experiments are shown in the plane of ct and BR(h ! SS).

Fig. 8.18. A dedicated FPF-like facility at the FCC-hh would improve HL-LHC sensitivities
by two orders of magnitude in the value of sin2 q [122][ID241, ID247]. Sensitivity from an
FCC-ee study [462] rescaled to B(h ! SS) = 0.01) is also shown. FCC-ee experiments will be
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• Strong Spanish contribution in 
detectors:


• High mass region dominated 
by HL-LHC detectors


• LHCb Downstream

• CODEX-b

• MATHUSLA

• Lower mass region mostly 
forward detectors


• CODEX-b still competent

https://cds.cern.ch/record/2944678/files/2511.03883.pdf
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Fig. 8.19: Exclusion limits for HNLs mixing with muon (Top) and electron (Bottom) neutrinos.

collider experiments like ATLAS, CMS, LHCb [ID81], as well as at the LHeC [ID214] in
the case of electron-coupling dominance, probe masses above the b-quark threshold, though
their ultimate sensitivities are significantly below the FCC-ee reach. FCC-hh [ID227, ID247]
capabilities remain to be fully explored, including proposals for dedicated detectors, such as
the mid-h@FCC-hh [468]. HNLs above 100 GeV become accessible at high-energy colliders
such as LCF [ID140], FCC-hh, or a muon collider [ID207]. Moreover, experiments like SHiP
[ID145] and FCC-ee [ID242] offer observation sensitivity to over an order of magnitude im-
provement in coupling reach beyond HL-LHC exclusion power, and unique opportunities to
study HNL properties if hints emerge during HL-LHC operation.

Finally, electroweak precision observables provide indirect constraints on |U`|
2 at the level

of 10�4 �10�2, depending on the ` flavour and HNL mass, up to masses far beyond the reach of
any current or future collider [469, 470]. These constraints are expected to improve by another
two orders of magnitude in |U`|

2 in the FCC-ee era [471–473].
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Fig. 8.16: Sensitivity projections for ALPs coupling to photons as a function of the ALP mass.
All curves correspond to 90% CL exclusion limits, except for FCC-ee, FCC-hh, and LCF (95%
CL exclusion limits).

In the simplest scenario, ALPs couple to photons through the dimension-5 interaction

L =
gagg

4cos2 qW
aBµn eB

µn . (8.5)

Figure 8.16 illustrates the sensitivity of various experimental approaches (fixed-target and beam-
dump experiments, and high-energy colliders) to ALPs.

ALPs with mass ma . 90 GeV may be efficiently probed via displaced decays at beam-
dump experiments, prompt a ! gg resonant decays, or via missing energy searches, depending
on the coupling range. Notably, at the beam-dump experiments, such as SHiP [449] [ID145] and
proposed lepton colliders in dump mode (e.g., LCF-250 [ID140]), ALPs are mainly produced
via the Primakoff process or through decays of light mesons [450]. NA64 will probe the domain
of masses ma . 300 MeV and couplings ga & 10�5 GeV�1; SHiP and LCF-250 will probe tiny
couplings down to gagg ⇠ 10�8 GeV�1 in the mass range ma . 5 GeV. FCC-ee is expected to
be sensitive in this same mass range using the beamstrahlung photon dumps. The prompt decay
signature mainly probes significantly larger couplings, but in the significantly broader mass
range, extended to ma ' mZ and beyond. It is efficient at both lepton and hadron colliders.
The former include the currently running Belle II [ID205], and future FCC-ee, CLIC 3 TeV
(with the ALP production processes e+e� ! ga and the photon fusion e+e� ! e+e�a); and
at ALICE3 at the HL-LHC [ID68], where ALPs are produced via the quasi-coherent scattering
Pb + Pb ! Pb(⇤) + Pb(⇤) + a. Finally, the missing energy searches may be very efficient at
FCC-ee and at MuC [451–454].

At higher masses (ma > 90 GeV), ALPs are produced via associated processes like e+e�

or µ+µ� ! ag or photon fusion (gg ! a). These channels can be explored at hadron (FCC-hh)
and lepton (FCC-ee, CLIC, MuC [451–454]) colliders (note that CLIC projections assume 4
signal events). In this regime, FCC-hh could extend the mass reach up to ma ⇠ 104 GeV.

We note that ALPs are also expected to couple to fermions and gluons, providing other

137

ALP coupling to photons


• Strong Spanish contribution in detectors:

• LHCb Downstream

• CODEX-b

• ProtoDUNE, DUNE (ND)

• Strong Spanish contribution in detectors:

• Belle II

• NA64

https://cds.cern.ch/record/2944678/files/2511.03883.pdf
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Are we missing anything we could be covering?
• The HL-LHC is around the corner


• Time to think about the goals for the end of the LHC era


• Are there final states we risk missing because of lack of good triggers? Plan now, not lose an irrecoverable discovery!!


• Are we using all the Run 4 upgrade potential for LLPs?


• What theory models / phase spaces are we not covering?


• Could Anomaly Detection be more broadly used for LLPs?


• Reinterpretation: is the communication experiments - theory community good enough? @ Alberto Escalante, Weds 18:40

https://indico.ific.uv.es/event/8035/timetable/?view=standard#1133-dark-scalar-reinterpretat
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Summary
• Long-Lived Particles could be key in the discovery of new physics


• The interest in this topic is constantly increasing, for the LHC and 
beyond


• Great opportunities in the near future in colliders and beyond


• Spanish community is in a very good position, leading major 
efforts

• 15º LLP community workshop in Valencia


• 100 attendants, 40% Spanish institutions, 27 nationalities


• Need to keep the leadership in this area!



