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Why search for Long-lived particles?
The search for new Physics is one of the main goals in HEP 

• What is Dark Matter made of? 
• Neutrinos have a mass ≠ 0 
• Matter and antimatter are not symmetric 
• … 

• Precision measurements  
• Explicit searches:  

• 90% searching for promptly decaying new particles 
• But!! Most robust problems (DM, neutrino masses) 

naturally point to very weakly interacting particles 
• New particles could have long lifetimes!! 

• We need to make sure that every possibility has been 
explored 

• Diversity in searches 
• New ideas

To date, O(100) ATLAS, CMS, LHCb papers 
on BSM searches with full Run 2 dataset! 

Still, no evidence of new physics…

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2022-034/fig_01.png
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• Semi-stable particles are very abundant in the SM 
• It would not be surprising that new physics contains them too 
• Very easily identified as background 

• Specific searches needed! 

⌥ 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.
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Figure 1. Summary of some top-down theoretical motivations for LLP signals at MATHUSLA. Figure taken
from [46].

ety of models that address the Hierarchy Problem, the nature of Dark Matter, the Baryon Asymmetry
of the Universe, and the origin of neutrino masses. All of these fundamental mysteries of the SM can
be addressed by theoretical frameworks that give rise to LLP production at the LHC. Furthermore,
there are many scenarios where observation of LLP decays at MATHUSLA represents the first or
only discovery opportunity. This is summarized schematically in Fig. 1.

For example, the hierarchy problem could be addressed by Neutral Naturalness [12–14], where
the Higgs mass is stabilized at low scales by a hidden valley that is related to the SM by a discrete
symmetry. Crucially, the top partners that cancel the top quark contributions to the Higgs mass are not
charged under SM QCD, making these scenarios unconstrained by standard SUSY searches. How-
ever, the hidden valley gives rise to LLP signatures, such as mirror glueballs, which can be produced
in exotic Higgs decays [89, 90]. In the long lifetime regime, MATHUSLA is the only way to discover
these new states. Even standard SUSY scenarios like R-parity violation and gauge mediation give
rise to LLP signatures (a scenario made perhaps more likely by the discovery of a relatively light 125
GeV Higgs boson [91–93]). The same is true of many Dark Matter models, especially if the DM
candidate is part of a dark sector with a variety of hidden states, some of which can be long-lived. In
some theories, like Freeze-In DM [27, 94] or Dynamical DM [31, 32] the LLP plays a crucial role in

– 5 –

New physics could have long lifetimes

Signatures in ATLAS and CMS not visible 
in standard searches!!

Why search for Long-lived particles?
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SM Hidden sector

Communication 
mechanism

• Dark/Hidden sectors: new sector very weakly coupled to the SM 
• In its minimal version, need only one state that acts as mediator between the two sectors 
• Lots of examples during this conference (ex. Wei Liu’s talk, Hengne Li’s talk) 

4

Dark Higgs and exotics Higgs decays with LLPs

Spin 1: 
Dark photons

Spin 0: 
Dark Higgs

Spin 1/2: 
Heavy neutral 

leptons

• Coupling to SM 
with couplings 
proportional to 
charge

• Coupling to SM 
with couplings 
proportional to 
mass

• Mixes with SM 
neutrinos with 
mixing

https://indico.ihep.ac.cn/event/18025/contributions/142536/attachments/74134/90903/talk-EWPT-Weiliu.pdf
https://indico.ihep.ac.cn/event/18025/contributions/142537/attachments/74172/90896/BSMHiggs2023_HENGNELI_v6.pdf
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• Dark/Hidden sectors: new sector very weakly coupled to the SM 
• In its minimal version, need only one state that acts as mediator between the two sectors 
• Lots of examples during this conference (ex. Wei Liu’s talk, Hengne Li’s talk) 

• Can include new neutral particles with extremely weak interactions  
• New long-lived particles lead to new phenomenology!! 

• They can be produced in the decay of both heavy and light SM particles or in other ways  

• If they are weakly interacting and long lived, they pass through matter leaving no signature and decay to visible 
particles after a long distance 

5

Dark Higgs and exotics Higgs decays with LLPs

19 June 2023 Feng 21

LLPe

LIGHT LLP PHENOMENOLOGY
• Dark sectors, along with axion-like particles, light gauge bosons, etc., 

have highlighted a new class of LLPs: light, neutral particles, with 
extremely weak interactions and fascinating phenomenology.

• Because they are light, they may be produced in the decay of both heavy 
and light SM particles (and also in other ways).

• Because they are very weakly-interacting, they pass through matter 
without interacting, but then may visibly decay after a long distance.

LLP

LLP

h
e

https://indico.ihep.ac.cn/event/18025/contributions/142536/attachments/74134/90903/talk-EWPT-Weiliu.pdf
https://indico.ihep.ac.cn/event/18025/contributions/142537/attachments/74172/90896/BSMHiggs2023_HENGNELI_v6.pdf


E. Torró        Higgs 2023    Beijing, Dec 2023 6

Where should we look for LLPs in collider experiments?

That depends on the lifetime: where is it more 
probable to find a LLP decay? 

• In the main LHC detectors we can use 
information from different sub detectors for 
different targets.  

• Large SM backgrounds 

• Tight triggers 

• Particles with long lifetimes decay mainly outside 
the LHC main detectors.

For long lifetimes we need different detectors!
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Current limits at the LHC experiments
• The main LHC experiments count with a large program for the search of LLPs 
• Example benchmark: Hidden sector with a heavy neutral boson, !, decaying to two 

new long-lived neutral scalars, s, that decay to pairs of SM fermions.  
• New boson can be  

• Higgs-like (125 GeV); m(s) = 5 - 55 GeV 
• or heavier (200, 1000 GeV); m(s) = 8 - 400 GeV

long-lived
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Contributing searches:
-1Muon System (2 Vtx Only), 139 fb

arXiv:2203.00587
-1Muon System (1 Vtx + 2 Vtx), 36 fb

Phys. Rev. D 99 (2019) 052005
-1Calorimeter, 139 fb

arXiv:2203.01009
-1Tracker+Muon System, 36 fb

Phys. Rev. D 101 (2020) 052013
-1Tracker (LRT), 139 fb

JHEP 11 (2021) 229
-1Tracker (b-tag), 36 fb

JHEP 10 (2018) 031
-1Monojet, 139 fb

ATL-PHYS-PUB-2021-020
 inv, 7-8-13 TeV combination→H

ATLAS-CONF-2020-052
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Phy. Rev. Lett. 127 (2021) 261804ATL-PHYS-PUB-2022-007

http://dx.doi.org/10.1103/PhysRevLett.127.261804
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2022-007/
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Current limits at the LHC experiments
• The main LHC experiments count with a large program for the search of LLPs 
• Example benchmark: Hidden sector with a heavy neutral boson, !, decaying to two 

new long-lived neutral scalars, s, that decay to pairs of SM fermions.  
• New boson can be  

• Higgs-like (125 GeV); m(s) = 5 - 55 GeV 
• or heavier (200, 1000 GeV); m(s) = 8 - 400 GeV

long-lived

�
s

s

p

p f

f̄

f̄

f

Unexplored territory!!
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Overview of proposed LLP detectors at the LHC

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

• Huge range of lifetimes from ~50m to 108 m (BBN 
limit): covered by different detector volume and 
distance form IP 

• Range of models, couplings and masses covered 
by different angles wrt beam axis 

• Many possible decay modes! 

• Need variety of detectors = complementary  
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Overview of proposed LLP detectors at the LHC

MATHUSLA

milliQan
FACET

AL3X
ANUBIS

FASER 

FORMOSA
CODEX-bMOEDAL - 

MAPP
SND@LHCFLArE

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

• Huge range of lifetimes from ~50m to 108 m (BBN 
limit): covered by different detector volume and 
distance form IP 

• Range of models, couplings and masses covered 
by different angles wrt beam axis 

• Many possible decay modes! 

• Need variety of detectors = complementary  

• Final goal: avoid missing a discovery due to the 
lack of correct tools! SHiP
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Overview of proposed LLP detectors at the LHC

• Huge range of lifetimes from ~50m to 108 m (BBN 
limit): covered by different detector volume and 
distance form IP 

• Range of models, couplings and masses covered 
by different angles wrt beam axis 

• Many possible decay modes! 

• Need variety of detectors = complementary  

• Final goal: avoid missing a discovery due to the 
lack of correct tools!
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MATHUSLA
https://mathusla-experiment.web.cern.ch 

• Objective: ultra long-lived particles 
• Most decays happen far from the IP: placed on the surface above CMS during HL-LHC 
• Aim at ~zero background analysis (~100m  rock shielding) for sensitive to LLPs with lifetime up to 108 m (BBN limit) 

• Large air decay volume with several scintillator layers for tracking 
• Integrated with CMS trigger. Access to full event in case of discovery

Point 5 
(CMS)

IP

MAsive Timing Hodoscope for Ultra Stable neutraL pArticles

• 6 layers of tracker (scintillators) 
• Additional Double-layer 
• Double-layer on floor and wall: veto for charged 

particles from IP

Surface

70 m

60 m

20 m

5 m
4 m

100 m

Hadronic decay
Leptonic decay

Updated LHCC Letter of Intent: arXiv 2009.01693

https://mathusla-experiment.web.cern.ch
https://arxiv.org/pdf/2009.01693.pdf
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MATHUSLA detector layout

9m

25
m

4m

5m

  

• Decay volume ~100 x 100 x 25 m3 

• Modular design (100 modules of 9 x 9 x 30 m3) 
• Assembly time line not governed rigidly by HL-LHC beam schedule 

• Data taking can start after installation of the first module

• Current status: 
• Detector technology has been studied 

extensively 
• Small lab-scale prototype units are under 

construction 
• Conceptual design report (CDR) in preparation 

• Goal is to be ready for the start of HL-LHC 
running

https://mathusla-experiment.web.cern.ch 
Updated LHCC Letter of Intent: arXiv 2009.01693

https://mathusla-experiment.web.cern.ch
https://mathusla-experiment.web.cern.ch
https://arxiv.org/pdf/2009.01693.pdf
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MATHUSLA Test Stand
• Prototype built on the surface above ATLAS 
• Data taking during 2018 both with and without beam running 
• During collisions, two types of processes creating upward going tracks: 

• inelastic backscattering cosmic rays: constant rate with LHC luminosity 
• Charged particles from LHC collisions: rate increases linearly with luminosity 

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8

 hr]-1 s-2 cm34P1 integrated luminosity [10

0

5

10

15

20

25]-1
Tr

ac
ks

 / 
te

st
 s

ta
nd

 ru
n 

[h
r

 All upward data
° > 6θ Upward data with 

°| < 90φ and |° < 4θ Upward data with 

 All upward data
° > 6θ Upward data with 

°| < 90φ and |° < 4θ Upward data with 

0 5 10 15 20 25 30
]°Zenith angle [

0

50

100

150

200

250

300°
Tr

ac
ks

 / 
0.

5

 Upward data (with beam)
 Cosmic ray inelastic backscattering
 IP muon simulation
 Prediction uncertainty

 Upward data (with beam)
 Cosmic ray inelastic backscattering
 IP muon simulation
 Prediction uncertainty

✩

Test stand10 m

Rock

Access 
shaft

Access 
shaft

Cavern

Beamline

IP

ATLAS

x

z

"

cosmics

MATHUSLA Test Stand

Results validate the background hypothesis in the 
sensitivity calculations for MATHUSLA 

NIMA 985 (2021) 164661

https://www.sciencedirect.com/science/article/pii/S0168900220310585#
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Codex-b Proposal: 1911.00481  
Snowmass: 2203.07316 3

x

'

SM

SM

CODEX-b box

UXA shield

shield veto

IP8Pb shield

DELPHI

FIG. 2: Top view layout of the LHCb experimental cav-
ern UX85 at point 8 of the LHC, overlaid with a top view
schematic of the CODEX-b detector. Adapted from Ref. [5].

of complementary experiments and searches. Given the
many possible topologies, some amount of “theory bias”
is inevitable. We have considered two complementary
approaches, studying:

1. Minimal models or “portals”, which are simple SM
extensions with a single new particle, neutral under
all SM gauge interactions. Such simplified models
have limited predictive power and physical inter-
pretation. They are, however, good representatives
of more complicated models, which aim to address
one or more outstanding problems of the Standard
Model. This approach has led to the development
of a set of benchmark models during the Physics
Beyond Colliders (PBC) e↵ort [7].

2. Complete models, which are more complicated and
aim to address one or more of the outstanding puz-
zles of the Standard Model. This includes the hier-
archy problem, baryogenesis and dark matter.

In the remainder of this section we briefly summarize our
findings for these two lines of reasoning.

A. Minimal models

Underpinning the minimal model approach is the fact
that the symmetries of the SM already strongly restrict
the possible couplings through which a new, neutral state
may interact with the SM sector, and a simple classi-
fication is possible through the spin of the new state.
One typically considers a scalar (S), pseudo-scalar (a),
a fermion (N) or a vector (A0), where each allows for a
handful of dimension 4 and/or dimension 5 operators:

Abelian hidden sector: Fµ⌫F
0µ⌫

, hA
0
µA

0µ (1a)

Dark Higgs: S
2
H

†
H, SH

†
H (1b)

Heavy neutral leptons: H̃L̄N (1c)

Axion-like particles: @
µ
a  ̄�µ�5 , aWµ⌫W̃

µ⌫
,

aBµ⌫B̃
µ⌫
, aGµ⌫G̃

µ⌫
. (1d)

Here F
0µ⌫ represents the field strength operator to the

vector field A
0; H the SM Higgs doublet; h the physical,

SM Higgs boson; L the SM lepton doublets;  any SM
fermion; and B

µ⌫ , Wµ⌫ and G
µ⌫ the field strengths of the

SM hypercharge, SU(2) and strong forces, respectively.
We also allow for scenarios where a di↵erent operator is
responsible for the production and decay of the LLP, as
summarized below.
The Abelian hidden sector model [8–10] is a very

simple extension of the SM with just one additional, mas-
sive U(1) gauge boson (A0) and its corresponding Higgs
boson (H 0). (See, e.g., Refs. [11–17] for examples of other
models with similar phenomenology.) The A0 and the H 0

mix with, respectively, the SM photon [18, 19] and Higgs
boson. If the latter is heavier than the SM Higgs, it
decouples from the phenomenology, leaving behind the
operators in Eq. (1a) in the low energy e↵ective theory.
The hA0

µA
0µ operator is responsible for the production of

the A
0, through the exotic Higgs decay h ! A

0
A

0, while
the A

0 decay proceeds through the kinetic mixing opera-
tor Fµ⌫F

0µ⌫ . The production and decay rates of the A
0

are therefore controlled by independent parameters. The
top row of Fig. 3 shows the reach of CODEX-b for two
di↵erent values of the A

0 mass.
The most minimal extension of the SM comprises the

addition of a single, real scalar degree of freedom (S) that
couples to the SM Higgs. This scenario is often referred
to as the dark Higgs or Higgs portal simplified model.
The model has three free parameters: the mass (mS), the
mixing angle with the Higgs (s✓) and the mixed quartic
coupling with the Higgs (�D). The mixing angle controls
the lifetime of S as well as the production rate through
exotic B decays, as indicated by the penguin diagram in
the inset of the upper middle left-hand panel of Fig. 3.
The mixed quartic coupling controls the rate for pair pro-
duction of S both in exotic Higgs and B decays, as in-
dicated by the diagrams in the inset of the middle right-
hand panel of Fig. 3. LHCb already has sensitivity to
this model [20, 21], but CODEX-b would greatly extend
the reach into the small-coupling/long lifetime regime.
Axion-like particles (ALPs) couple to the SM

through dimension-5 operators (1d), arising in a broad
range of BSM models. They tend to be light when gen-
erated via the breaking of approximate Peccei-Quinn-
like symmetries, and their suppressed couplings make
them excellent LLP candidates. Long-lived ALPs may
couple to quark and/or gluons, and may be copiously
produced at the LHC through a variety of mechanisms,
including production during hadronization of quarks
and gluons, production from hadron decays via neutral
pseudoscalar meson mixing and production from flavor-
changing neutral-current bottom and strange hadron de-
cays. In addition, for gluon-coupled ALPs, of partic-
ular importance for transverse LLP experiments such
as CODEX-b is production by emission in the parton

• To be placed near the LHCb cavern 
• Target: weakly interacting LLPs at HL-LHC 
• Use LHCb trigger CPUs space in LHCb cavern / 

DELPHI location 

• 10x10x10 m3 box 
• 6 layers of RPCs for tracking to reconstruct LLP decay vertex 

• same RPC as the ATLAS muon system upgrade. No dedicated R&D 
• Addition of calorimetry or other material layers for photon ID being considered 

• Active and passive shield veto agains collision backgrounds 
• Integrated with LHCb triggerless DAQ: assuming a production mechanism, able to 

measure LLP velocity, boost and mass 

CODEX-b Detector
• 10m3 box of Resistive Plate Chamber (RPC) tracking layers 

• Well-known technology, same as for ATLAS Muon Upgrade 
(BIS78) 

• Medium size, low cost 
• Triplet of RPCs form a panel: 

• ~1 mm spatial resolution in X-Y 

• ~100 ps timing resolution 

• Design not finalized, new ideas and technologies are welcome

13

10 m
10 m

10 m

RPC Singlet: RPC Triplet:
1 m 2 m

Compact Detector for Exotics at LHC-b

https://arxiv.org/pdf/1911.00481.pdf
https://www.google.com/search?client=firefox-b-d&q=2203.07316
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• Demonstrator, 2x2x2 m3 tracking volume in approx. future location for CODEX-b 
• Same RPCs planned for CODEX-b 

• RPC triplets being built NOW. The first RPCs have been built and tested 
• Mechanical support structure is well developed 
• Target installation during 2024, data-taking in 2025  

• Main objectives: 
• Confirm control of backgrounds: 

• Target zero-background CODEX-b 
• Calibrate detector simulation  
• Integrated with LHCb: pave the way for integration with LHCb DAQ/trigger 

• Full detector for Run 5 

16

Codex-#
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• Instrumenting ATLAS access shaft bottom and cavern ceiling for HL-LHC 
• Detector ~25m from IP. ATLAS Cavern acts as decay volume 
• Integrated with ATLAS trigger  

• No shielding against collisions besides the ATLAS detector 
• For a background similar to the LLP searches in ATLAS muon system, 

ANUBIS will need 50-90 events for evidence 
• Incorporated as an official sub-project of ATLAS

17

ANUBIS

 

ANUBIS
• AN Underground Belayed In-Shaft detector


• No longer propose to instrument entire ATLAS access 
shaft, but instead only shaft bottom + cavern ceiling


• Avoids serious difficulties in removal of detector for 
access


• Shorter distance to IP more than compensated by 
larger solid angle 
-> better sensitivity


• Detector ~25m from IP: use cavern volume for decays


• Use ATLAS itself as active veto.


• Incorporated as an official sub-project of ATLAS
6

Detector design 
and question of costs

• To keep costs down, 
piggyback on existing 
technology developments for 
ATLAS muon system: BIC78 
resistive plate chambers.


• No dedicated R&D, share 
production run with ATLAS : 
economies of scale.


• Layers of RPC triplets 
separated by air-gap


• Estimated cost: ~10k€ / m2 
instrumented 11

1.4 mm

• Same RPC as the ATLAS muon system upgrade.  
• No dedicated R&D 
• Large production lowers costs 

• Layers of RPC triplets separated by air gap 

Detector design 
and question of costs

• To keep costs down, 
piggyback on existing 
technology developments for 
ATLAS muon system: BIC78 
resistive plate chambers.


• No dedicated R&D, share 
production run with ATLAS : 
economies of scale.


• Layers of RPC triplets 
separated by air-gap


• Estimated cost: ~10k€ / m2 
instrumented 11

1.4 mm

Proposal: 1909.13022An Underground Belayed In-Shaft

https://arxiv.org/abs/1909.13022
https://arxiv.org/abs/1909.13022
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proAnubis
Possible backgrounds & 
Demonstrator
• Neutron-air interactions, kaon decays and interactions: sources of background Likely 

controllable from collimated pairs of charged tracks. But need to validate 
background model in-situ... Calls for a prototype!

12

proANUBIS

• proANUBIS: demonstrator built during 2022, installed in ATLAS cavern in March 2023 
• Three-layer tracking station using ATLAS HL-LHC upgrade RPCs  

• Main mission: validate background estimations: 
• Measure hit/track efficiency 
• Identify muons from ATLAS triggers 
• Measure punch-through rates 
• Measure comics 
• Gauge cavern background radiation's impact on occupancy rate 

• Currently commissioning!!

Proposal: 1909.13022

https://arxiv.org/abs/1909.13022
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5

Location of FASER

16.11.2019 The FASER experiment - Susanne Kuehn

• FASER will be situated along the beam collision
axis line of sight (LOS) of Point 1 (IP1/ATLAS) at 

the LHC

• ~ 480 m from IP1, after beams start to bend

• Forward region close to ATLAS: 480m downstream of the ATLAS IP 
• Utilises the large LHC light particle production rate in the forward region to target: light, very weakly interacting LLPs 

(HNL, dark vector, dark scalar, axions, light SUSY particles) 
• very rarely produced  
• along the beamline at low pT ~2% of pions produced within FASER angular acceptance 

• Also measurements on collider-produced neutrinos 

• Fast! LoI (2018), approved (2019), Installation (2020) 
• Data-taking started in Run3 (2022)!! 

19

FASER
3

The idea of FASER

16.11.2019 The FASER experiment - Susanne Kuehn

arXiv:1708.09389

• New physics searches at the LHC focus on high pT

• This is appropriate for heavy, strongly interacting particles

• s ~ fb to pb à In Run-3 N ~ 102 – 105,  produced ~ isotropically à high pT

• However, if new particles are light and weakly interacting, this may be completely 
misguided. Instead one can exploit 

• Light à they may be produced in p0, K, D, B decays …

• Weakly interacting but very rarely produced. However looking along the beamline at 
low pT : sinel ~ 100 mb à In Run-3 N ~ 1016, and 2% of the pions produced in FASER 
angular acceptance of 0.2 mrad of the beam (η > 9)

• FASER is a new small experiment in an old LEP injector tunnel (Tl12), to start running 
after LS2, designed to cover this scenario at the LHC and collect 150 fb-1 from 2021-2023

• First concept in 2017 (Feng, Galon, Kling, Trojanowski), approved by CERN in March 2019 
(limited budget ~ 2M$)

Proposal: 1708.09389 
Tech. Proposal: https://cds.cern.ch/record/2651328

ForwArd Search ExpeRiment at the LHC

https://arxiv.org/abs/1708.09389
https://cds.cern.ch/record/2651328
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FASER details
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The FASER Detector       (arxiv:2207.11427) 3

 • A (relatively) small detector composed of:
• An emulsion based neutrino detector (FASERν)
• Multiple scintillator systems (used for either triggering, timing, or vetoing) 
• A calorimeter system (LHCb outer Calo modules)
• 4 tracking stations (IFT and 3 spectrometer stations composed of 3x3 layers 

of ATLAS SCT strip modules with 0.5 B-field applied) 
• 1 decay volume (1.5m) with 0.5T B-field applied   

• Small detector composed of: 
• Emulsion based neutrino detector (FASERnu) 

• For neutrino physics, acts as shielding for LLP searches 
• Decay volume of 1.5m  
• Multiple scintillator systems (triggering, timing, vetoing) 

• 4 tracking stations (IFT and 3 stations 3x3 of ATLAS SCT strip 
modules. 0.5 B-field applied 

• Calorimeter system 

3

The idea of FASER

16.11.2019 The FASER experiment - Susanne Kuehn

arXiv:1708.09389

• New physics searches at the LHC focus on high pT

• This is appropriate for heavy, strongly interacting particles

• s ~ fb to pb à In Run-3 N ~ 102 – 105,  produced ~ isotropically à high pT

• However, if new particles are light and weakly interacting, this may be completely 
misguided. Instead one can exploit 

• Light à they may be produced in p0, K, D, B decays …

• Weakly interacting but very rarely produced. However looking along the beamline at 
low pT : sinel ~ 100 mb à In Run-3 N ~ 1016, and 2% of the pions produced in FASER 
angular acceptance of 0.2 mrad of the beam (η > 9)

• FASER is a new small experiment in an old LEP injector tunnel (Tl12), to start running 
after LS2, designed to cover this scenario at the LHC and collect 150 fb-1 from 2021-2023

• First concept in 2017 (Feng, Galon, Kling, Trojanowski), approved by CERN in March 2019 
(limited budget ~ 2M$)

CERN-LHCC-2023-009
FASER prospects in LHC Run 4

Proposal: 1708.09389 
Tech. Proposal: https://cds.cern.ch/record/2651328

https://arxiv.org/abs/1708.09389
https://cds.cern.ch/record/2651328
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FASER operations and first results!
• Installed and commissioned during 2021/2022 
• Recorded 37/fb of data in 2022!! 
• First Dark photon analysis with 27/fb!! 

• 90%CL limits in previously unproved phase space 

Dark Photon Search - Results 20

 

• From this null result, FASER can place (90% CL) limits in previously unprobed 
phase space

• Probing region relevant for thermal relic target & region uncovered by the 
recent NA62 result (overlay in backup) 

 

• Successful 2023 data taking: > 30/fb collected 
• x10 more data expected! 
• Proposed large upgrade to FASER being discussed: Forward 

Physics Facility (https://arxiv.org/pdf/2203.05090.pdf)  
• much better sensitivity for dark Higgs for FASER2 (5m decay 

volume) at the FPF (see slide27)

3

The idea of FASER

16.11.2019 The FASER experiment - Susanne Kuehn

arXiv:1708.09389

• New physics searches at the LHC focus on high pT

• This is appropriate for heavy, strongly interacting particles

• s ~ fb to pb à In Run-3 N ~ 102 – 105,  produced ~ isotropically à high pT

• However, if new particles are light and weakly interacting, this may be completely 
misguided. Instead one can exploit 

• Light à they may be produced in p0, K, D, B decays …

• Weakly interacting but very rarely produced. However looking along the beamline at 
low pT : sinel ~ 100 mb à In Run-3 N ~ 1016, and 2% of the pions produced in FASER 
angular acceptance of 0.2 mrad of the beam (η > 9)

• FASER is a new small experiment in an old LEP injector tunnel (Tl12), to start running 
after LS2, designed to cover this scenario at the LHC and collect 150 fb-1 from 2021-2023

• First concept in 2017 (Feng, Galon, Kling, Trojanowski), approved by CERN in March 2019 
(limited budget ~ 2M$)

Dark photons results:  
2207.11427

https://arxiv.org/pdf/2203.05090.pdf
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› General purpose beam dump experiment at SPS with 400GeV and 4 × 1019 PoT per year
› Annually, 2 × 1017 charmed hadrons, 1.4 × 1013 beauty hadrons, 2 × 1015 tau leptons
and 𝒪 (1020) photons above 100 MeV, as well as unprecedented sample of 𝜈𝜏

Originally designed for dedicated new beamline with a new experimental cavern (“ECN4”)…

See [CERN-SPSC-2019-049] as well as tens of earlier reports, tens of PhD theses &c.

O. Lantwin (INFN Napoli) 2023-06-21 2

22

SHiP Proposal for ECN3 (Oct 2023): SPSC-P-369.pdf 

• General purpose beam dump experiment at the SPS North Area 
• Target: light, very weakly interacting long lived particles (HNL, dark vector, dark scalar, axions, light SUSY particles) 

• Originally designed for dedicated new beam line with a new experimental cavern (ECN4)… now fully re-optimised for 
existing beam line and ECN3 cavern 

• New location at existing beam line with improved muon shield: similar physics reach at much lower cost! 
• Proposal to be part of ECN3 submitted to SPSC in Oct 23for a decision expected before the end of the year 
• Aiming for commission with beam in 2030, to begin taking data in 2031, running for 15 years of running 

Search for Hidden Particles

https://cds.cern.ch/record/2878604/files/SPSC-P-369.pdf
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The SHiP hidden sector detector

› Full spectrometer allows measurement of
› invariant mass, impact parameter, decay vertex of signal candidate
› distinguish between signal models using PID of decay products

› If LLPs are discovered, detector can perform precision measurements of LLPs
› Background taggers and timing detector allow powerful background rejection

…and a second detector for scattering signatures!
O. Lantwin (INFN Napoli) 2023-06-21 6

• Full spectrometer allows measurements of 
• Invariant masses, impact parameter, decay vertex 
• Distinguish between signal models 

• If LLPs are discovered, detector can perform precision measurements of LLPs 
• Background taggers and timing detector allow powerful background rejection

• Several groups outside SHiP evaluating additional uses: 
• Development of radiation hard electronics 
• Nuclear physics 

SHiP details Proposal for ECN3 (Oct 2023): SPSC-P-369.pdf 

https://cds.cern.ch/record/2878604/files/SPSC-P-369.pdf
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Sensitivity in Exotics Higgs decays
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Main benchmark in transverse detectors:  
O(100GeV) physics  
• Exotics Higgs decays 
• Dark sector new scalars
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Figure 5. Red curve: MATHUSLA@CMS sensitivity (4 observed events) for LLPs of mass mX = 20 GeV
produced in exotic Higgs decays. Black curve: reach of ATLAS search for a single hadronic LLP decay in the
Muon System at the HL-LHC [11].

Figure 6. Number of H̃ ! G̃ + (Z, h) events that MATHUSLA@CMS could observe from electroweak
production of higgsinos at the HL-LHC with an integrated luminosity of 3 ab�1. Left: higgsino mass µ versus
lifetime c⌧ in meters. Right: higgsino mass µ versus the SUSY breaking scale as parametrized by

p
F in GeV

(label on left axis) or gravitino mass m3/2 in keV (label on right axis). In a wide swath of parameter space
with higgsino lifetimes ranging from smaller than 10 m to larger than 105 m, MATHUSLA could provide a
discovery of new physics with electroweak cross-sections for which the HL-LHC would fail to discover new
physics.
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Contributing searches:
-1Muon System (2 Vtx Only), 139 fb

arXiv:2203.00587
-1Muon System (1 Vtx + 2 Vtx), 36 fb

Phys. Rev. D 99 (2019) 052005
-1Calorimeter, 139 fb

arXiv:2203.01009
-1Tracker+Muon System, 36 fb

Phys. Rev. D 101 (2020) 052013
-1Tracker (LRT), 139 fb

JHEP 11 (2021) 229
-1Tracker (b-tag), 36 fb

JHEP 10 (2018) 031
-1Monojet, 139 fb

ATL-PHYS-PUB-2021-020
 inv, 7-8-13 TeV combination→H

ATLAS-CONF-2020-052

LLP masses:

5-8 GeV 15-20 GeV 25-35 GeV

40 GeV 45-60 GeV Any

 P
ro

m
pt

 S
ta
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e

 (March 2022) PreliminaryATLAS -1fb TeV, 36-139 13  = 125 GeVHHidden Sector, m
 resultsATLASSelected 

95% CL observed limits

 [m]τc

ss
)

→
B(

H

Mathusla Updated LoI: 2009.01693 
m(LLP) = 20 GeV

ATLAS 

CMS 
m(LLP) = 15 GeV 

(careful!! Not exactly the same benchmark!)

(a) (b)

(c) (d)

Figure 66: Branching ratio sensitivity of the ANUBIS cavern and shaft configurations to decays of
Higgs-produced LLPs with masses of (a) 10, (b) 20, (c) 30, and (d) 40 GeVassuming HL-LHC conditions
(
p

s = 14 TeV, L = 3 ab�1). Uncertainties are given by Monte Carlo statistics. These are compared to
ATLAS results for 40 GeVBSM LLPs, CODEX-b projections for 10 GeVBSM LLPs, and MATHUSLA
projections for 20 and 40 GeVBSM LLPs, as well as the projected limit for decays of the Higgs boson
into invisible particles at the HL-LHC [1033][1029][1034][1035]. For further details, see [1028].

127

ANUBIS (FIP2 2022): 2009.01693 
m(LLP) = 20 GeV

Figure 67: Top view of the LHCb cavern UX85 at point 8 of the LHC, overlaid with a top view schematic
of the CODEX-b detector. Adapted from Ref. [1029].
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Figure 68: (top) Reach of CODEX-b for h ! A0A0 for two different values of the A0 mass, along with
the (red) exclusion limit in Ref. [1022]; the blue and green shaded bands are expected limits for searches
with the ATLAS muon systems, extrapolated to the HL-LHC [1029]. (bottom) Projected exclusion power
in the dark Higgs simplified model, for the nominal CODEX-b volume with 300 fb�1. The mixed quartic
with the SM Higgs was chosen such that BR[h ! SS] = 0 (Br[h ! SS] = 0.01) in the left (right)
panel [1030]. See [1030] for more details.
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Figure 67: Top view of the LHCb cavern UX85 at point 8 of the LHC, overlaid with a top view schematic
of the CODEX-b detector. Adapted from Ref. [1029].
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Figure 68: (top) Reach of CODEX-b for h ! A0A0 for two different values of the A0 mass, along with
the (red) exclusion limit in Ref. [1022]; the blue and green shaded bands are expected limits for searches
with the ATLAS muon systems, extrapolated to the HL-LHC [1029]. (bottom) Projected exclusion power
in the dark Higgs simplified model, for the nominal CODEX-b volume with 300 fb�1. The mixed quartic
with the SM Higgs was chosen such that BR[h ! SS] = 0 (Br[h ! SS] = 0.01) in the left (right)
panel [1030]. See [1030] for more details.
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Codex-b (FIP2 2022):  
m(LLP) = 10 GeV 

(careful!! Not exactly the same benchmark!)

https://arxiv.org/abs/2009.01693
https://arxiv.org/abs/2009.01693
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Figure 5. Red curve: MATHUSLA@CMS sensitivity (4 observed events) for LLPs of mass mX = 20 GeV
produced in exotic Higgs decays. Black curve: reach of ATLAS search for a single hadronic LLP decay in the
Muon System at the HL-LHC [11].

Figure 6. Number of H̃ ! G̃ + (Z, h) events that MATHUSLA@CMS could observe from electroweak
production of higgsinos at the HL-LHC with an integrated luminosity of 3 ab�1. Left: higgsino mass µ versus
lifetime c⌧ in meters. Right: higgsino mass µ versus the SUSY breaking scale as parametrized by

p
F in GeV

(label on left axis) or gravitino mass m3/2 in keV (label on right axis). In a wide swath of parameter space
with higgsino lifetimes ranging from smaller than 10 m to larger than 105 m, MATHUSLA could provide a
discovery of new physics with electroweak cross-sections for which the HL-LHC would fail to discover new
physics.
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Sensitivity in Exotics Higgs decays
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CAREFUL!! 
Benchmarks and 

background 
assumptions not 
exactly the same

Main benchmark in transverse detectors:  
O(100GeV) physics  
• Exotics Higgs decays 
• Dark sector new scalars

Adding everything in one plot for comparison…
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Figure 5. Red curve: MATHUSLA@CMS sensitivity (4 observed events) for LLPs of mass mX = 20 GeV
produced in exotic Higgs decays. Black curve: reach of ATLAS search for a single hadronic LLP decay in the
Muon System at the HL-LHC [11].

Figure 6. Number of H̃ ! G̃ + (Z, h) events that MATHUSLA@CMS could observe from electroweak
production of higgsinos at the HL-LHC with an integrated luminosity of 3 ab�1. Left: higgsino mass µ versus
lifetime c⌧ in meters. Right: higgsino mass µ versus the SUSY breaking scale as parametrized by

p
F in GeV

(label on left axis) or gravitino mass m3/2 in keV (label on right axis). In a wide swath of parameter space
with higgsino lifetimes ranging from smaller than 10 m to larger than 105 m, MATHUSLA could provide a
discovery of new physics with electroweak cross-sections for which the HL-LHC would fail to discover new
physics.
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Sensitivity in Exotics Higgs decays
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Gain in sensitivity wrt ATLAS/CMS HL-LHC:

• 3 orders of magnitude towards high ctau

• ~1 order of magnitude towards lower ctau

• ~2 orders of magnitude in sensitivity

CAREFUL!! 
Benchmarks and 

background 
assumptions not 
exactly the same

Main benchmark in transverse detectors:  
O(100GeV) physics  
• Exotics Higgs decays 
• Dark sector new scalars

Adding everything in one plot for comparison…
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Dark Higgs Model: Exotic Higgs and b Decays

19
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• Nice complementarity: 
• SHIP better at short lifetimes and mass < 10 MeV 
• For O(GeV) FASER, SHIP better sensitivity for shorter lifetimes 
• Mathusla: higher sensitivity for long lifetimes 27

sin2$ c%

FIPs 2022 workshop report: 2305.01715

Secondary benchmark in transverse, one of the main in forward detectors: O(1GeV) physics  
• Singlet scalar LLP s mixing with Higgs mixing angle θ 

• : Production in exotic B, D, K meson decays only

Sensitivity to dark scalars

MATHUSLA @ CMS

to redo these,  just output plot in the same way, then give new plot 
pdf the same dimensions & coordinates as the aligned one
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Figure 10. Purple curves: sensitivity of MATHUSLA@CMS for a singlet scalar LLP s mixing with Higgs
mixing angle ✓. (a) Assuming production in exotic B, D, K meson decays only. (b) Assuming additional
production in exotic Higgs decays with Br(h ! ss) = 0.01. Figures (a) and (b) are reproduced from the PBC
BSM Working Group report [10] with the purple MATHUSLA@CMS curves added. This shows sensitivity
of various other existing and proposed experiments, as well as the old MATHUSLA200 benchmark estimates
(yellow curves). (c) Same scenario as (b) but showing the entire MATHUSLA sensitivity due to h ! ss decays.

We also emphasize that LLP searches are instrumental in the hunt for Dark Matter and are often
the only way of observing the DM directly, as demonstrated by several recent studies [15, 25, 52,
54]. In models like Freeze-In DM (FIDM) [25, 55], inelastic DM (iDM) [56, 57], co-annihilating
DM [54] or co-scattering DM [52], the relic abundance of the stable DM candidate is determined by
the properties of an LLP in the thermal plasma of the Big Bang. This LLP carries the same quantum
number which stabilizes DM, and decays into DM + SM final states. The DM particle itself could be
almost completely sterile, precluding a direct detection signal, and production of the parent LLP at
colliders could then be the only way to produce and observe DM.

Note that these sensitivity estimates assume perfect detection efficiency as long as the LLP decays
in the decay volume, and assume zero backgrounds after the rigorous geometric DV reconstruction
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Figure 10. Purple curves: sensitivity of MATHUSLA@CMS for a singlet scalar LLP s mixing with Higgs
mixing angle ✓. (a) Assuming production in exotic B, D, K meson decays only. (b) Assuming additional
production in exotic Higgs decays with Br(h ! ss) = 0.01. Figures (a) and (b) are reproduced from the PBC
BSM Working Group report [10] with the purple MATHUSLA@CMS curves added. This shows sensitivity
of various other existing and proposed experiments, as well as the old MATHUSLA200 benchmark estimates
(yellow curves). (c) Same scenario as (b) but showing the entire MATHUSLA sensitivity due to h ! ss decays.

We also emphasize that LLP searches are instrumental in the hunt for Dark Matter and are often
the only way of observing the DM directly, as demonstrated by several recent studies [15, 25, 52,
54]. In models like Freeze-In DM (FIDM) [25, 55], inelastic DM (iDM) [56, 57], co-annihilating
DM [54] or co-scattering DM [52], the relic abundance of the stable DM candidate is determined by
the properties of an LLP in the thermal plasma of the Big Bang. This LLP carries the same quantum
number which stabilizes DM, and decays into DM + SM final states. The DM particle itself could be
almost completely sterile, precluding a direct detection signal, and production of the parent LLP at
colliders could then be the only way to produce and observe DM.

Note that these sensitivity estimates assume perfect detection efficiency as long as the LLP decays
in the decay volume, and assume zero backgrounds after the rigorous geometric DV reconstruction
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Diagrams by J. Alimena
Dark Higgs Model: Exotic Higgs and b Decays
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Dark Higgs Model: Exotic Higgs and b Decays

19
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1, 2, 3 : Additional production in exotic Higgs decays 
with Br(h → ss) = 0.01 

More details on FASER2 prospects: 2203.05090

https://cds.cern.ch/record/2857842/files/2305.01715.pdf
https://arxiv.org/pdf/2203.05090.pdf
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Dark Higgs Model: Exotic Higgs and b Decays
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FIPs 2022 workshop report: 2305.01715

• : Production in exotic B, D, K meson decays only

Sensitivity to dark scalars

MATHUSLA @ CMS
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Figure 10. Purple curves: sensitivity of MATHUSLA@CMS for a singlet scalar LLP s mixing with Higgs
mixing angle ✓. (a) Assuming production in exotic B, D, K meson decays only. (b) Assuming additional
production in exotic Higgs decays with Br(h ! ss) = 0.01. Figures (a) and (b) are reproduced from the PBC
BSM Working Group report [10] with the purple MATHUSLA@CMS curves added. This shows sensitivity
of various other existing and proposed experiments, as well as the old MATHUSLA200 benchmark estimates
(yellow curves). (c) Same scenario as (b) but showing the entire MATHUSLA sensitivity due to h ! ss decays.

We also emphasize that LLP searches are instrumental in the hunt for Dark Matter and are often
the only way of observing the DM directly, as demonstrated by several recent studies [15, 25, 52,
54]. In models like Freeze-In DM (FIDM) [25, 55], inelastic DM (iDM) [56, 57], co-annihilating
DM [54] or co-scattering DM [52], the relic abundance of the stable DM candidate is determined by
the properties of an LLP in the thermal plasma of the Big Bang. This LLP carries the same quantum
number which stabilizes DM, and decays into DM + SM final states. The DM particle itself could be
almost completely sterile, precluding a direct detection signal, and production of the parent LLP at
colliders could then be the only way to produce and observe DM.

Note that these sensitivity estimates assume perfect detection efficiency as long as the LLP decays
in the decay volume, and assume zero backgrounds after the rigorous geometric DV reconstruction
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Figure 10. Purple curves: sensitivity of MATHUSLA@CMS for a singlet scalar LLP s mixing with Higgs
mixing angle ✓. (a) Assuming production in exotic B, D, K meson decays only. (b) Assuming additional
production in exotic Higgs decays with Br(h ! ss) = 0.01. Figures (a) and (b) are reproduced from the PBC
BSM Working Group report [10] with the purple MATHUSLA@CMS curves added. This shows sensitivity
of various other existing and proposed experiments, as well as the old MATHUSLA200 benchmark estimates
(yellow curves). (c) Same scenario as (b) but showing the entire MATHUSLA sensitivity due to h ! ss decays.

We also emphasize that LLP searches are instrumental in the hunt for Dark Matter and are often
the only way of observing the DM directly, as demonstrated by several recent studies [15, 25, 52,
54]. In models like Freeze-In DM (FIDM) [25, 55], inelastic DM (iDM) [56, 57], co-annihilating
DM [54] or co-scattering DM [52], the relic abundance of the stable DM candidate is determined by
the properties of an LLP in the thermal plasma of the Big Bang. This LLP carries the same quantum
number which stabilizes DM, and decays into DM + SM final states. The DM particle itself could be
almost completely sterile, precluding a direct detection signal, and production of the parent LLP at
colliders could then be the only way to produce and observe DM.

Note that these sensitivity estimates assume perfect detection efficiency as long as the LLP decays
in the decay volume, and assume zero backgrounds after the rigorous geometric DV reconstruction
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1, 2, 3 : Additional production in exotic Higgs decays 
with Br(h → ss) = 0.01 

More details on FASER2 prospects: 2203.05090

• New detectors explore orders of magnitude of new parameter space. 
• All combined, they extend the reach of various intensity-frontier proposals like 
FASER 

Secondary benchmark in transverse, one of the main in forward detectors: O(1GeV) physics  
• Singlet scalar LLP s mixing with Higgs mixing angle θ 

https://cds.cern.ch/record/2857842/files/2305.01715.pdf
https://arxiv.org/pdf/2203.05090.pdf
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Proposal: 2011.01005

�

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 �.

Bonus: LLPs @ FCC-hh, FCC-ee

For FCC-hh / FCC-ee, main detector will be relatively smaller than the cavern 
• Cover detector cavern walls with scintillator plates or RPCs 
• >= 2 layers of 1 m2 separated by a sizeable distance — timing 
• >= 4 layers for good tracking 
• 4& coverage LLP detector 

• FCC main detector as active veto 
• Sensitive to a unique area of phase space

Example: HNLs 

Cavern size: r~15 m and z~50 m 
Main detector size =(10m) 

HECATE: HErmetic CAvern TrackER.  
A long-lived particle detector concept for FCC-ee or  CEPC

https://arxiv.org/abs/2011.01005
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• Future experiments will be sensitive to large regions of 
phase space 

• Many ideas for dedicated LLP detectors! 
• A relatively cheap way to explore a large region of 
the parameter space 

• Complementarity among different detectors  

• Most of the current proposed experiments are aiming 
for data collection in HL-LHC. 

• Some already running!

• For the future….  
• Future colliders could probe a large part of the LLP parameter space 
• Good to include LLPs in the main physics program when the main detectors are being designed

Conclusion

3

The idea of FASER

16.11.2019 The FASER experiment - Susanne Kuehn

arXiv:1708.09389

• New physics searches at the LHC focus on high pT

• This is appropriate for heavy, strongly interacting particles

• s ~ fb to pb à In Run-3 N ~ 102 – 105,  produced ~ isotropically à high pT

• However, if new particles are light and weakly interacting, this may be completely 
misguided. Instead one can exploit 

• Light à they may be produced in p0, K, D, B decays …

• Weakly interacting but very rarely produced. However looking along the beamline at 
low pT : sinel ~ 100 mb à In Run-3 N ~ 1016, and 2% of the pions produced in FASER 
angular acceptance of 0.2 mrad of the beam (η > 9)

• FASER is a new small experiment in an old LEP injector tunnel (Tl12), to start running 
after LS2, designed to cover this scenario at the LHC and collect 150 fb-1 from 2021-2023

• First concept in 2017 (Feng, Galon, Kling, Trojanowski), approved by CERN in March 2019 
(limited budget ~ 2M$)


