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Long-lived particles

• SM particles all have different lifetimes, even with 
similar masses


• Many of them are long-lived


• Due to e.g. small couplings or a suppressed 
decay phase space 


• But we use Long-lived particles (LLPs) as an 
umbrella term 


• New particles, that we have not discovered yet, 
with lifetimes long enough to travel measurable 
distances inside the detectors before decaying 
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arXiv:1903.04497

https://arxiv.org/abs/1903.04497
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Where do we get LLPs?
• The same conditions that make some SM particles long-lived are also present in BSM models


• LLPs are a generic signature of BSM physics, connected to central questions
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• SUSY models, R parity violating (RPV) and 
conserving (RPC); exotic decays of the 
Higgs boson; Heavy Neutral Leptons 
(HNLs) connected to neutrino masses; dark 
matter candidates; or new scalars, such as 
dark photon or Axion-Like Particles (ALPs).


• In general, LLPs feature extensively in 
hidden sectors  

• If light (<1 GeV) new particles exist, they must be 
very weakly coupled → LLPs
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LLP searches have been going on for years at 
colliders in different ways


Looking for them is nothing new
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One could say that Long-Lived Particles are 
living a Renaissance
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One could say that Long-Lived Particles are 
living a Renaissance

matches for “long-lived” in the indico agenda

ICHEP 2012: 11

ICHEP 2022: 53 Though they never really died… 
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• There are a few reasons for why LLPs are so interesting nowadays:


• Searches for LLPs cover intermediate areas where there is a gap of 
sensitivity between experiments (eg. dark matter searches between 
colliders and astro) 


• They can address the lack of prompt BSM signals → providing accessible 
new areas where BSM could be hiding


• LLP searches offer us the opportunity to think outside the box, to be 
creative and to propose new ways to solve problems   


• Innovation: in methods and experimental setups

Why is this happening?
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• We gain access to more massive particles that in turn tend to be shorter-lived


• And we naturally optimize our detectors, trigger, and reconstruction methods to find them


• LLPs could be regularly produced in collisions and we wouldn’t know it  

• LLPs produce unconventional signatures in colliders


• clearly different from other processes (easy to spot!), but potentially invisible to current 
data-acquisition methods → we could be throwing them away

At high collision energies (LHC)
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The Higgs boson

2012 - LHC

Sort-Lived 


10-22 seconds

You blink and you miss it!

The top quark

1995 - Tevatron


Sort-Lived 

10-25 seconds


So short-lived it does not even have 
time to form hadrons!

Main offenders
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Non-standard experimental signatures
• When produced in collisions at the LHC, LLPs can either 

completely pass through the detectors before decaying 
or decay inside them in unconventional signatures:


• displaced and/or delayed objects (leptons, photons, 
jets); disappearing tracks; nonstandard tracks 
produced by monopoles, quirks or heavy stable 
charged particles (HSCPs); nonstandard jets 
produced in dark showers… 


• LLP analyses at the LHC IP experiments:


• require customisation: dedicated triggers, object 
reconstruction, background estimation and in general 
analysis methods


• are affected by challenging backgrounds near the 
collision points → motivate dedicated experiments 

8
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LLPs, shopping list 
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• Implementing custom detectors, triggers and methods for LLPs pays off 


• If any of those experimental signatures is observed → smoking gun for new physics 


• Signature-driven searches

• What do we need? 

Dedicated triggers 


Hermetic detectors, large active volumes, to maximise geometric acceptance 


High granularity at large radii for reconstruction efficiency of displaced tracks/vertices


Particle reconstruction capabilities for displaced objects


Particle ID capabilities:  dE/dx, time-of-flight, good vertex & timing resolution


Shielding: for background mitigation

What do we have?



LLPs at the LHC
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ATLAS and CMS
• Vibrant scene of long-lived searches in the exotics and SUSY groups


• Dedicated talk “Status of searches in the long-lived particles and dark sectors” by 
Marianna Liberatore on Tuesday [link] 


• CMS results on Thursday by Soham Bhattacharya [link] 
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https://indico.cern.ch/event/1230772/timetable/?view=standard#448-status-of-searches-in-the
https://indico.cern.ch/event/1230772/timetable/?view=standard#541-search-for-new-physics-wit
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LHCb
• Existing results on dark photons, exotic Higgs decays, HNLs [link] 


• Complementary coverage to ATLAS and CMS


• First fully GPU trigger in HEP opens new possibility for LLPs 


• New algorithms for downstream tracking and SciFi seeds could extend the reach of LHCb to 
decay lengths of ~6 m from the IP
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https://indico.cern.ch/event/1166678/timetable/#40-whats-new-for-run-3-for-llp
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Thinking outside the LHC detectors
• We can supplement them with external detectors optimized for LLPs


• Access to longer decay lengths


• Less background (shielding)


• Easy trigger (or trigger-less)
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Centrally produced LLPs from the decays of 
heavy states (Exotic Higgs, Twin Higgs, 

HNL, SUSY) at large angle, off axis

Wide mass range: from ~ GeV to ~TeV

LLPs from weakly coupled 
light particles, with high
statistics (higher forward 

production for lower masses), 
along the beam axis
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FASER
• ForwArd Search ExpeRiment, ∼1 m3 480 m downstream from the ATLAS interaction point (on-axis)


• https://faser.web.cern.ch/ 


• Approved in 2019, Installed during the Long Shutdown 2 - Taking data!  

• Designed to detect LLPs produced at the ATLAS Interaction Point in the forward region


• For highly collimated and extremely weakly coupled particles


• decay products ~ TeV energies


• Sensitivity to dark photons, HNLs, ALPs …


• pp → LLP + X,    LLP travels ~480 m,    LLP → charged tracks + X

15

https://faser.web.cern.ch/
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First results from FASER

• First observation of collider 
neutrino events: 
arXiv:2303.14185 


• First limits on previously 
unconstrained regions of dark 
photon parameter space: 


• https://cds.cern.ch/record/
2853210/ 


• Talk by Charlotte Cavanagh: [link] 
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https://arxiv.org/abs/2303.14185
https://cds.cern.ch/record/2853210/
https://cds.cern.ch/record/2853210/
https://indico.cern.ch/event/1230772/timetable/?view=standard#491-first-physics-results-from
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SND@LHC
• Neutrino experiment approved in 2021, installed, 

commissioned and taking data since the start of Run-3


• https://snd-lhc.web.cern.ch/


• 480 m from the ATLAS collision point (on the other side), 100 
m of rock shielding


• Diverse neutrino physics program, can also probe LLPs in 
Hidden Sector models


• Talk by Carlo Battilana [link] 
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https://snd-lhc.web.cern.ch/
https://indico.cern.ch/event/1230772/timetable/?view=standard#532-a-new-scattering-and-neutr


LLPs beyond the LHC
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First stop: HL-LHC
• High luminosity comes with high 

pile-up, ~200 pp collisions are 
expected every 25 ns (Vs. ~36-37 
in Run-2)


• Neither track reconstruction or 
trigger are going to get any easier 
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https://hilumilhc.web.cern.ch/

• New functionalities 


• Track triggers (arXiv:1907.09846): e.g. trigger on 
displaced muons from the same vertex to find 
dark photons (arXiv:1705.04321)


• Better timing information: using timing 
information to target pair-produced LLPs 
significantly delayed (arXiv:1805.05957)

https://hilumilhc.web.cern.ch/
https://arxiv.org/abs/1907.09846
https://arxiv.org/abs/1705.04321
https://arxiv.org/abs/1805.05957
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HL-LHC: Dedicated experiments
• MATHUSLA: (proposed) large-scale surface detector instrumenting ∼8×105m3 above 

ATLAS or CMS (off-axis) arXiv:2009.01693  website 


• Constructing a 64-channel, 4-layer prototype at University of Victoria 


• CODEX-b: (proposed) ∼103m3 detector in the LHCb cavern (off-axis) arXiv:2203.07316 git  


• Building of CODEX-β demonstrator unit ongoing.


• AL3X: (proposed) cylindrical∼900 m3 detector inside the L3 magnet and the time-
projection chamber of the ALICE experiment (on-axis) arXiv:1810.03636 


• ANUBIS: (proposed) 1×1 m2 units on top of ATLAS/CMS (off-axis) arXiv:1909.13022 twiki


• The proANUBIS prototype just been installed in the ATLAS experimental cavern


• FACET: (proposed) ~100m in front of CMS (on-axis). Large decay volume (50 m) 
arXiv:2201.00019 
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https://arxiv.org/abs/2009.01693
https://mathusla-experiment.web.cern.ch/
https://arxiv.org/abs/2203.07316
https://gitlab.cern.ch/groups/codex-b/-/wikis/home
https://arxiv.org/abs/1810.03636
https://arxiv.org/abs/1909.13022
https://twiki.cern.ch/twiki/bin/view/ANUBIS/
https://arxiv.org/abs/2201.00019
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FPF
• FASER and 

SND@LHC: highly 
constrained by 1980’s 
infrastructure that 
was never intended to 
support experiments


• Proposed dedicated 
Forward Physics 
Facility (FPF) for the 
HL-LHC

21
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More LLP experiments at the LHC
• Beam dump using the SPS proton beam line in the North area


• NA62: (running) fixed-target experiment, kaon and beam-dump physics program with sensitivity to 
hidden sector (dark photon/Higgs, ALPs, HNLs..)


• SHiP: (proposed) Intensity-frontier wide-spectrum (∼GeV-scale) FIP search, zero-background reachable


• SHADOWS: (proposed) competitive to CODEX-b and FASER2 for FIPs from charm/beauty


• Experiments for exotic electromagnetic charge:


• MilliQan: (demonstrator taking data) searching for dark-sector millicharged particles with feeble coupling 
strength in the drainage gallery of CMS


• MoEDAL-MAPP: (running) First LHC dedicated search experiment! looking for highly ionizing particles like 
magnetic monopoles at LHCb, upgrade with sensitivity to millicharged particles, SUSY LLP states, and 
even HNLs


• FORMOSA: (proposed) millicharged particles in the 10 MeV to 100 GeV mass range using the FPF


• Many other experiments can also search for LLPs, e.g. Neutrino experiments, B-factories or dark matter 
experiments.

22



And then?
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After the HL-LHC

2020 European Strategy Update 

“An electron-positron Higgs factory is the 
highest-priority next collider.  

For the longer term, the European particle 
physics community has the ambition to operate 

a proton-proton collider at the highest 
achievable energy.” 

(European Strategy Update brochure)
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1st physics case right off the bat for LLPs: Exotic Higgs decays

Snowmass 2021 

“The intermediate future is an 𝑒+𝑒- Higgs 
factory, either based on a linear (ILC, C3) or 

circular collider (FCC-ee, CepC). 

In the long term EF envision a collider that 
probes the multi-TeV scale, up or above 10 TeV 
parton center-of-mass energy (FCC-hh, SppC, 

Muon Coll.)” 

(Energy Frontier Plenary by Alessandro Tricoli)

https://cds.cern.ch/record/2721370/
https://indico.fnal.gov/event/22303/contributions/246310/attachments/157981/207001/Tricoli_EF_CSS_ColloqiumIntro_22July2022.pptx.pdf
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Linear e+e- Colliders
• CLIC: (https://agenda.linearcollider.org/event/8217/

contributions/44770/)


• Hidden valley searches in Higgs boson decays with 
displaced vertices (https://cds.cern.ch/record/2625054)


• Degenerate Higgsino Dark Matter → chargino pair 
production (disappearing tracks) (arXiv:1812.02093, 
arXiv:1812.06018)

25

https://clic.cern/

CLIC@CERN [380 GeV]

ILC@Japan [250 GeV]

Ryu Sawada

https://agenda.linearcollider.org/event/8217/contributions/44770/
https://agenda.linearcollider.org/event/8217/contributions/44770/
https://agenda.linearcollider.org/event/8217/contributions/44770/
https://cds.cern.ch/record/2625054
https://arxiv.org/abs/1812.02093
https://arxiv.org/abs/1812.06018
https://clic.cern/
https://indico.cern.ch/event/922632/contributions/4107673/
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Beam dump experiments at linear colliders
• At linear colliders extreme intensities expected at electron and 

positron beam dumps open unique options for fixed-target 
experiments focused on rare processes.

• ALPs, new scalars or dark photons
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arxiv:2105.13768

D.Ueda @ ILCX2021arxiv:2009.13790

New scalars
ALP production 

Dark Photon decays:  
← invisible and visible ↑ 

https://arxiv.org/abs/2105.13768
https://agenda.linearcollider.org/event/9211/contributions/49438/
https://arxiv.org/abs/2009.13790
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An e+e- circular collider could be fantastic for LLPs
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FCC-hh
HL-LHC
FCC-eh
LHeC
FCC-ee 

arXiv:1612.02728 M. Drewes


And complementary to high-energy hadron 
machines for interesting physics cases

https://arxiv.org/abs/1612.02728
https://indico.cern.ch/event/979985/#1-can-the-fcc-ee-discover-the
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Circular e+e- Colliders
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http://cepc.ihep.ac.cn/

CEPC@China [90-240-(350) GeV]

https://fcc-ee.web.cern.ch/

FCC-ee@CERN [90-365 GeV]

http://cepc.ihep.ac.cn/
https://fcc-ee.web.cern.ch/
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FCC-ee: Heavy Neutral Leptons 
• Many of the current HNL limits cover large neutrino mixing angles. For small values of the mixing 

angle, the decay length of the HNL can be significant → LLP signature (displaced vertex search)


• The FCC-ee will offer an unbeatable reach for HNL at the  Z-Pole, making it the flagship of LLP 
searches in this collider
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Reference

https://indico.cern.ch/event/966266/#3-long-lived-landscape-at-the
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Experimental sensitivity studies

30

arXiv:2203.05502  

arXiv:2203.08039  

Reconstruction-level 
three-dimensional decay 

length of the N

• Work in progress towards a complete 
sensitivity analysis implemented in FCC 
software


• First steps in eeν final state (other final states 
to be added)


• Majorana/Dirac nature also studied (T. Sharma)

Master theses: Sissel Bay Nielsen, 
Rohini Sengupta, Lovisa Rygaard, 

Tanishq Sharma, Dimitri Moulin

L. Rygaard

https://arxiv.org/abs/2203.05502
https://arxiv.org/abs/2203.08039
https://dpnc.unige.ch/MASTERS/MASTER_SHARMA_Tanishq.pdf
https://nbi.ku.dk/english/theses/masters-theses/sissel-bay-nielsen/SisselBayNielsen_MastersThesis.pdf
https://urn.kb.se/resolve?urn=urn:nbn:se:uu:diva-444997
https://urn.kb.se/resolve?urn=urn:nbn:se:uu:diva-479595
https://dpnc.unige.ch/MASTERS/MASTER_SHARMA_Tanishq.pdf
https://urn.kb.se/resolve?urn=urn:nbn:se:uu:diva-479595
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FCC-ee: ALPs
• Specially sensitive final states at the FCC-ee of ALPs produced with photons


• Calorimetry crucial to study this signature


• First generation studies with FCC software available

31

arXiv:2203.05502  

Truth-level decay length of 
the ALP

L. Rygaard

https://arxiv.org/abs/2203.05502
https://urn.kb.se/resolve?urn=urn:nbn:se:uu:diva-479595
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FCC-ee: Exotic Higgs boson decays 
• Exotic Higgs decays to long-lived particles (LLPs) are possible and present in many models:


• SM extensions with scalars/fermions/ vectors, MSSM, NMSSM, Hidden Valleys, Twin 
Higgs  (arXiv:1312.4992, arXiv:1812.05588, arXiv:1712.07135)


32

arXiv:2203.05502  

Experimental studies ongoing with 
a SM + S model (arXiv:1312.4992, 

arXiv:1412.0018) Long-lived 
scalars for sufficiently small mixing 
between the Higgs and the scalar


M. Vande Voorde 

arXiv:2111.12751


https://arxiv.org/abs/1312.4992
https://arxiv.org/abs/1812.05588
https://arxiv.org/abs/1712.07135
https://arxiv.org/abs/2203.05502
https://arxiv.org/abs/1312.4992
https://arxiv.org/abs/1412.0018
https://urn.kb.se/resolve?urn=urn:nbn:se:uu:diva-498132
https://arxiv.org/abs/2111.12751


Rebeca Gonzalez Suarez (Uppsala University) - BLOIS 2023

Extra detectors!
• Following the plans for different additional LLP 

experiments at the HL-LHC it is possible to also 
envision similar concepts at other future colliders


• HECATE: A long lived particle detector concept 
for the FCC-ee or CEPC: arXiv:2011.01005


• The civil engineering of the FCC-ee will have 
much bigger detector caverns than needed for a 
lepton collider (to use them further for a future 
hadron collider)


• We could install extra instrumentation at the 
cavern walls to search for new long lived particles

33

FAr Detectors 
arXiv:1911.06576 

for ALPs at FCC-ee, CepC
arXiv:2201.08960

https://arxiv.org/abs/2011.01005
https://arxiv.org/abs/1911.06576
https://arxiv.org/abs/2201.08960
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One thing is clear
• No matter what we build, LLP challenges will be 

common (caveats: trigger much more crucial in 
hadron machines, muon colliders coming with their 
own special challenges) 


• At this point we have two ways to go:


• Design the future detectors as usual and then try 
to make the best out of them for LLPs 


• which can be done but won’t be easy as we 
know from the experience at the LHC -and 
before-


• Design the future detectors with LLP in mind, 
prioritising for example displaced tracking and 
timing, and budgeting for unexpected signals 

34

It is a good time to plan our dream LLP detectors, 
following Ryu Sawada first example at the LLP 

workshop in November 2020 (link)

https://indico.cern.ch/event/922632/timetable/?view=standard#46-overview-experimental-persp
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In Summary
• Searches for long-lived particles offer a powerful, signature-driven alternative and 

complement to mainstream searches for new physics at colliders 


• Connected to very interesting physics questions, such as neutrino masses, and central to 
hidden sectors that could explain dark matter


• They probe challenging, non-standard experimental signatures that defy reconstruction 
and identification techniques at collider experiments


• The perfect environment for creativity: in both methods and experimental setup 

• A variety of additional experiments ongoing and proposed to complement the LHC 
experiments at collision points, or using beam dumps, at the LHC and beyond


• In future lepton colliders, precision machines built to stress-test the Higgs sector, long-lived 
signatures could hold the key to new physics: HNLs, ALPs, exotic decays of the Higgs boson 


• Opportunity to plan the future facilities with LLPs in mind!

35



Backup
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Latest Briefing:

https://atlas.cern/updates/
briefing/search-long-lived-

particles 

https://atlas.cern/updates/briefing/search-long-lived-particles
https://atlas.cern/updates/briefing/search-long-lived-particles
https://atlas.cern/updates/briefing/search-long-lived-particles
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Forward
• Forward detectors give access to light, weakly-interacting particles with significant lifetime


• Even small, inexpensive detectors can have a strong, complementary physics case


• Provide sensitivity to a wide range of BSM physics models (dark γ, ALPS, HNL, light 
DM, mCP etc)


• Probing uncovered regions of phase space, even with 2022 data already in some cases


• Three new detectors (FASER, SND@LHC, MoEDAL-MAPP) making great progress 


• First physics already there!


• Longer term, proposal for dedicated forward physics facility to take advantage of HL-LHC


• Would give a rich and broad physics programme


• Tight timeline so please contribute to studies if interested

39
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Transverse
• Transverse experiments:


• Search for decays of heavier particles: heavy mediators, eg. Higgs


• Dedicated transverse LLP are a relatively cheap way to explore a large region 
of the parameter space


• Complementarity among different detectors (also forward)

40
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Complementarity

41
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FASERν: subdetector of FASER designed to study neutrino 
interactions at high energies along the beamline.
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FASER:

 radius R = 10 cm, length D = 1.5 m


luminosity L = 150 fb-1


FASER 2:

radius R = 1m, length D = 5 m


luminosity  L = 3 ab-1
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MATHUSLA (Massive Timing 
Hodoscope for Ultra Stable neutraL 

pArticles)

~1000x increased sensitivity 
compared ATLAS for Higgs 

neutral, hadronically-
decaying LLPs


Sensitivity to small mixing 
angles for Singlet scalar s 

mixing with SM Higgs, BR(H 
→ ss )

9 x 9 units, each 
with a 9 m x 9 m 

footprint, 30 m tall
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Complementary coverage of LLP parameter space.

Sensitivity to NP with heavy intermediates e.g. Higgs



Rebeca Gonzalez Suarez (Uppsala University) - BLOIS 2023 49

ANUBIS improves the LHC sensitivity by 2-3 orders of 
magnitude at large decay lengths > 10 m for electrically 
neutral LLPs with masses > 1 GeV for relatively low cost
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FACET

50
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Kaon and beam dump 
modes, beam-dump 

mode sensitive to LLP 
signatures (HNL, dark 

photons/scalars, ALPs)
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SHADOWS

53
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Beam dump experiments at linear colliders
• General scheme of an experiment searching for axion-like particles, new scalars 

or dark photons

• One can look for visible products of LLPs decays (like a →γγ, S→ℓ+ℓ-) or for 
secondary interactions of invisible decay products in dedicated far detector (like 
in direct DM detection experiments;  approach used in SLAC Beam Dump 
Experiment E137: arXiv:1406.2698)

59

https://arxiv.org/abs/1406.2698
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90% CL exclusion limits for a HNL mixed with the electron neutrino, from the  Physics Briefing Book : Input for 
the European Strategy for Particle Physics Update 2020 (https://cds.cern.ch/record/2691414/)


https://cds.cern.ch/record/2691414/
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Current constraints on the 
electron neutrino-sterile 

neutrino mixing |𝑈𝑒𝑁|2 as a 
function of the sterile 

neutrino mass 𝑚𝑁


https://
www.hep.ucl.ac.uk/
~pbolton/plots.html 

https://www.hep.ucl.ac.uk/~pbolton/plots.html
https://www.hep.ucl.ac.uk/~pbolton/plots.html
https://www.hep.ucl.ac.uk/~pbolton/plots.html


Rebeca Gonzalez Suarez (Uppsala University) - BLOIS 2023 63

Future constraints on the 
electron neutrino-sterile 

neutrino mixing |𝑈𝑒𝑁|2 as a 
function of the sterile 

neutrino mass 𝑚𝑁


https://
www.hep.ucl.ac.uk/
~pbolton/plots.html 

https://www.hep.ucl.ac.uk/~pbolton/plots.html
https://www.hep.ucl.ac.uk/~pbolton/plots.html
https://www.hep.ucl.ac.uk/~pbolton/plots.html
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LHC 
(Hadron colliders)


Trigger critical

Future lepton collider 
at Z pole 
(FCC-ee)


Much cleaner 
environment
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LHC 
(Hadron colliders)


Trigger critical

Future lepton collider 
at Z pole 
(FCC-ee)


Much cleaner 
environment

Displaced vertex,  
all the way up to 1m 
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Beyond observation
• With enough luminosity (possible at the Tera-Z run) it would be 

possible to distinguish between Majorana or Dirac fermions 

• A majorana mass term will bring up different results in two observables 
(Z→νN, N→l W channel) connected to two case-studies: 


• lepton forward-backward charge asymmetry: Important to 
distinguish the leading lepton charge (may be complicated if there is 
large displacement beyond the tracker) 


• polarization measurement: using the leading lepton momentum 
distributions, independently of the charge 


•  arXiv:2105.06576


• For HNL with long enough lifetime → neutrino oscillations can be studied 


• arXiv:1709.03797
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M. Drewes (Dec. 2020)

https://indico.cern.ch/event/1010325/#1-discussion-discovery-of-hnl
https://arxiv.org/abs/2105.06576
https://arxiv.org/abs/1709.03797
https://indico.cern.ch/event/979985/#1-can-the-fcc-ee-discover-the
https://arxiv.org/abs/2105.06576
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Long-lived ALPs
• Commonly produced with a photon or a Z decaying into photons


• For small couplings and light ALPs, the ALP decay vertex can be considerably 
displaced from the production vertex → LLP
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Exclusion limits for ALPs coupled to photons. All curves correspond to 90% CLexclusion limits, except for 
LHeC/FCC-eh (95% CL exclusion limits), FCC-ee (observation offour signal events) and FCC-hh (observation of 

100 signal events). From the Briefing Book


http://cds.cern.ch/record/2691414/files/1910.11775.pdf
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FCC-ee: ALPs
• Specially sensitive final states at the FCC-ee : 


• 𝜸 + MET for very light a

• 𝜸 𝜸 for light a

• 𝜸 𝜸 𝜸  for heavier a

• Orders of magnitude of parameter space accessible


• Recent paper A. Iyer (June 2021) 

• light (composite) axion-like particles


• arXiv:2104.11064

arXiv:1712.07237
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https://indico.cern.ch/event/1041681/#3-displaced-alps
https://arxiv.org/abs/2104.11064
https://arxiv.org/abs/1712.07237
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Summary plot of constraints on the parameter space spanned by the ALP mass and ALP-photon coupling 
with enlarged display of the constraints from collider searches from arXiv:1808.10323


https://arxiv.org/abs/1808.10323
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More LLPs at FCC-ee
• Finding valid motivations for LLP at the FCC is certainly not a problem 


• Higgs portal, dark glueball (arXiv:1911.08721)


• Neutral naturalness (arXiv:1506.06141)


• Folded SUSY (arXiv:1911.08721)


• Neutralinos (arXiv:1904.10661)


• Dark photon (arXiv:1909.02312)


• Wino and higgsino dark matter with a disappearing track signatures (Eur.Phys.J 
C (2019) 79:469)
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arXiv:1904.10661

FCC-he

FCC-hh

FCC-ee

https://arxiv.org/abs/1911.08721
https://arxiv.org/abs/1506.06141
https://arxiv.org/abs/1911.08721
https://arxiv.org/abs/1904.10661
https://arxiv.org/abs/1909.02312
https://link.springer.com/article/10.1140%2Fepjc%2Fs10052-019-6974-2
https://link.springer.com/article/10.1140%2Fepjc%2Fs10052-019-6974-2
https://link.springer.com/article/10.1140%2Fepjc%2Fs10052-019-6974-2
https://link.springer.com/article/10.1140%2Fepjc%2Fs10052-019-6974-2
https://arxiv.org/abs/1904.10661
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LLP subgroup
• FCC has a subgroup dedicated to LLP searches, under the BSM physics group 

(https://indico.cern.ch/category/5664/), subscribe to the mailing list (FCC-PED-
PhysicsGroup-BSM@cern.ch) to participate 


• Simulations under way with Madgraph5 v3.2.0 + Pythia8 + Delphes

• Many master theses and projects: Sissel Bay Nielsen (HNL), Rohini Sengupta (HNL), 
Lovisa Rygaard (HNLs) + (ALPs), Tanishq Sharma (HNL), Magdalena Vande Voorde 
(Exotic Higgs), Dimitri Moulin (HNL)


• Lot of work done for snowmass, stay tuned for the upcoming FCC week: 


• https://arxiv.org/abs/2203.06520 


• https://arxiv.org/abs/2203.05502


• https://arxiv.org/abs/2209.13128 
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https://indico.cern.ch/category/5664/
mailto:FCC-PED-PhysicsGroup-BSM@cern.ch
mailto:FCC-PED-PhysicsGroup-BSM@cern.ch
mailto:FCC-PED-PhysicsGroup-BSM@cern.ch
mailto:FCC-PED-PhysicsGroup-BSM@cern.ch
https://nbi.ku.dk/english/theses/masters-theses/sissel-bay-nielsen/SisselBayNielsen_MastersThesis.pdf
https://urn.kb.se/resolve?urn=urn:nbn:se:uu:diva-444997
https://urn.kb.se/resolve?urn=urn:nbn:se:uu:diva-479595
https://dpnc.unige.ch/MASTERS/MASTER_SHARMA_Tanishq.pdf
https://urn.kb.se/resolve?urn=urn:nbn:se:uu:diva-498132
https://arxiv.org/abs/2203.06520
https://arxiv.org/abs/2203.05502
https://arxiv.org/abs/2209.13128
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FCC-hh

• The high luminosity and large centre of mass energy at the FCC-hh will help probe additional parameter 
space


• High mass, but mixing angles of interest to neutrino mass models not accesible 


• At the 100 TeV pp, 1013 W bosons → HNL produced in W decays  


• Discovery signatures: three leptons, displaced vertex


• More complex environment than FCC-ee: pile-up/backgrounds/lifetime/trigger 


• Allows for both in flavour and charge characterisation of the produced neutrino


• Study of flavour-sensitive mixing angles


• Test of the fermion violating nature of the intermediate (Majorana) particle.   


• If we find hints for HNL at FCC-ee, the FCC-hh will help understanding more about them
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FCC-eh
• The FCC-eh will also extend the mass reach of the FCC-hh for HNL 


• The FCC-eh will offer additional sensitivity for LFV


• Also in displaced signatures (long-lived)

73

arXiv:1908.02852
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• Options on the table (ep, pp)


• LHeC@CERN 


• HE-LHC@CERN [27 TeV]


• FCC-eh/hh@CERN [3.5/100 TeV]


• SppC@China [75-150 TeV]

Future Hadron colliders
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LLP in Higgs decays arXiv:1712.07135

Dark photon: 

arXiv:1909.02312


Ref: Ryu Sawada

RGS FCC workshop

Eur.Phys.J C (2019) 79:469

Wino and higgsino dark matter 

with a disappearing track 
signatures


FCC-hh

…

FCC-hh
HL-LHC
FCC-eh
LHeC
FCC-ee 
HNL complementarity

arXiv:1612.02728

https://arxiv.org/abs/1712.07135
https://arxiv.org/abs/1909.02312
https://indico.cern.ch/event/922632/contributions/4107673/
https://indico.cern.ch/event/932973/timetable/?view=standard#118-long-lived-particles-at-fc
https://link.springer.com/article/10.1140%2Fepjc%2Fs10052-019-6974-2
https://arxiv.org/abs/1612.02728
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Complementarity
• The complementarity of the three different stages of the FCC provides unique 

potential to discover and pin down these particles
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FCC-ee  
Indirect constrains from precision SM measurements (not discussed)


Direct search: single HNL production in Z decays

Sensitive to 10−11 for M below the W mass


FCC-hh 
Direct search: single HNL production in W/Z decays


Lepton Number Violation, Lepton Flavor Violation

can test heavy neutrinos with masses up to ∼2 TeV


FCC-eh 
Can extend the reach of the FCC-hh up to ∼2.7 TeV


Best reach above W mass 

Sensitive to LFV and Lepton-Number-violation signatures

FCC-hh
HL-LHC
FCC-eh
LHeC
FCC-ee 

arXiv:1612.02728

https://arxiv.org/abs/1612.02728
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Light LLPs, exotic Higgs decays
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Dark showers

78
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arXiv:1604.02420

Sensitivity of different 
detector components to HNL 

as a function of the mixing 
parameter and mass

https://arxiv.org/abs/1604.02420
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https://hrussell.web.cern.ch/hrussell/
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More Tracking component 
•Anomalous dE/dx track 

•Fractionally charged, 

Multicharged particles..

•Short (disappearing, 

kinked) tracks

Displaced/Delayed stuff 
•Displaced vertices and tracks (Tracker, 
Calo)

•Delayed/displaced jets (Tracker, Calo)

•Stopped particle decay (Timing!)

Emerging/weird 
•Non-pointing photons (Calo)

•Colimated objects (Tracker, Calo)

•Emerging jets (Tracker, Calo)



