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Introduction
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Reminder: whilst I will not 
discuss this today, we 
should not forget the 
importance of understanding 
detector requirements for 
long-lived signatures at FCC-
hh – for example see slides 
by S. Farrington here and S. 
Kulkarni here…
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Physics landscape at the FCC-ee

Higgs
factory

mH, σ, ΓH
self-coupling

H→ bb, cc, ss, gg
H→inv
ee→H

H→bs, .. 

QCD - EWK 

mZ , ΓZ , Γinv

sin2θW , RZ
𝓁 , Rb, Rc

AFB
b,c , 𝞽 pol.

αS ,

mW, ΓW

Top

mtop, Γtop, ttZ, FCNCs

Flavor

CKM matrix
CPV measurements

Charged LFV
Lepton Universality

𝞽 properties (lifetime, BRs..)

Bc → 𝞽 ν
Bs → Ds K/π
Bs → K*𝞽 𝞽
B→ K* ν ν

Bs → φ v v … 

BSM

Heavy Neutral Leptons 
(HNL)

Dark Photons ZD

Axion Like Particles (ALPs)

Exotic Higgs decays  

most precise SM test“boosted” B/D/𝞽 factory: feebly interacting particles
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Detector requirements at the FCC-ee

Higgs
factory

QCD - EWK Flavor BSM

 

most precise SM test“boosted” B/D/𝞽 factory: feebly interacting particles

track momentum 
resolution (low X0)

IP/vertex resolution for 
flavor tagging

PID capabilities for flavor 
tagging

jet energy/angular 
resolution

(stochastic and noise) 
and PF

track momentum 
resolution (low X0)

IP/vertex resolution

PID capabilities

Photon resolution, pi0 
reconstruction

acceptance/alignment
knowledge to 10 μm

luminosity

Large decay volume

High radial segmentation
- tracker

- calorimetry
- muon 

impact parameter 
resolution for large 

displacement

triggerless

FCC-ee Physics landscape

FCC-ee Detector requirements

Thanks to Michele Selvaggi whose slides from 
Monday’s plenary session nicely summarise the driving 
factors from BSM for detector design/performance

• I will summarise the “long-
lived” side of BSM studies 
ongoing.

• Nicolo (up next) will discuss 
prompt BSM

+ timing

https://indico.cern.ch/event/932973/contributions/4099072/
https://indico.cern.ch/event/1064327/contributions/4893178/attachments/2453421/4204743/Kulkarni_FCC_week_2022.pdf
https://indico.cern.ch/event/1202105/contributions/5396850/attachments/2659433/4606491/Detector%20Requirements%20from%20Physics.pdf
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Long-lived signatures at colliders
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LLPs that are semi-stable or 
decay in the sub-detectors are 
predicted in a variety of BSM 
models:
• Heavy Neutral Leptons 

(HNLs)
• RPV SUSY
• ALPs
• Dark sector models

The range of unconventional signatures and rich phenomenology 
means that understanding the impact of detector design/performance 
on the sensitivity of future experiments is key!
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LLPs @ FCC-ee
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• Targeting precision measurements of 
EWK/Higgs/top sector of SM.

• Unique sensitivity to LLPs coupling to Z 
or Higgs. 
• No trigger requirements.
• Excellent vertex reconstruction and 

impact parameter resolution can 
target low LLP lifetimes (this can 
drive hardware choices).

• Projections often assume 
background-free searches (should 
check these assumptions).
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Detector concepts for FCC-ee
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CLD (“CLIC-like Detector”)

Full silicon vertex-detector+ tracker
3D high-granularity calorimeter
Solenoid outside calorimeter

Silicon vertex detector
Short-drift chamber tracker.
Dual-readout calorimeter 
(solenoid inside)

IDEA (“Innovative Detector for 
Electron-positron Accelerator”)

We have exciting prospects to optimize detector design with LLP searches in mind!

See HECATE article for discussion on 
gains in sensitivity with additional 
instrumentation on the cavern walls

…Plus new 
proposals …
(easy to test in 
FCCSW setup)
 

Note: all studies 
in this talk use 
the IDEA detector 
card in Delphes

Detector concepts see Detector sessions
(Thursday 11:30AM, 2:30PM)

https://link.springer.com/content/pdf/10.1140/epjc/s10052-021-09253-y
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FCC-ee LLP group: past and present

• Following a Snowmass LOI, an LLP 
white paper was recently published 
in Front. Phys. 10:967881 (2022) 
which included case studies with the 
official FCC analysis tools.

• These initial studies motivate further 
optimization of experimental 
conditions and analysis techniques 
for LLP signatures.
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This talk will highlight progress on these studies in multiple areas 
(building on and extending studies discussed by G. Ripellino and S. 
Kulkarni in January physics workshop) and identify technical 
challenges for next steps! 

https://snowmass21.org/energy/bsm_general
https://www.frontiersin.org/articles/10.3389/fphy.2022.967881/full
https://indico.cern.ch/event/1176398/timetable/
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Summary of snowmass studies + ongoing activities 
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Physics 
scenario

FCC-ee signature Studies for 
snowmass

Ongoing work

Heavy 
neutral 
leptons 
(HNLs)

Displaced vertices Generator validation 
and detector-level 
selection studies for 
ee𝜈𝜈.  First look at 
Dirac vs Majorana

● Update ee𝜈𝜈 studies for 
winter23 samples.

● First look at 𝜇𝜇𝜈𝜈 channel 
(prompt +LLP)

● First look at 𝜇𝜈jj 
(prompt+LLP) 

● First look at e𝜈jj including 
Dirac vs majorana (prompt)

Axion-like 
particles 
(ALPs)

Displaced 
photon/lepton pair

Generator-level 
validation for a→γγ 
at Z-pole run.

No studies ongoing
-> Opportunities to get 

involved :)

Exotic Higgs 
decays

e.g. Theoretical 
discussion and 
motivation for 
studies at ZH-pole

● Reco-level studies (inc. 
vertexing) for h→ss→bbbb
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Prompt vs long-lived 
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Depending on the masses/couplings all three scenarios can have both prompt 
and/or long-lived signatures, so there’s lots of complementarity with the next 
talk! We should optimize detector layout/reconstruction techniques to maximise 
coverage!

Taken from slides by Paolo Giacomelli at 
FCC week 2022

The IDEA detector concept - Paolo Giacomelli 01/06/2022

IDEA detector layout
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Beam pipe ~ 1.5 cm

(a)

1 5 10 50
10-12
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10-6

M[GeV]

U
2

1 event
10 events
102 events
103 events
104 events
105 events
106 events

too few HNLs produced

HNLs decay
outside detector

HNLs decay
promptly

(b)

Figure 1: (a) Allowed HNL parameter region (white) compared to the sensitivities of various

experiments, in particular displaced vertex searches at FCC-ee and CEPC, details given in

[49]. (b) Simulated 4-event curves from [49] (black dots) compared to the analytic estimates

(2) (gray dotted), (3a) (red) (3b) (green) and (4) (blue) for U2 = U2

µ, cprod = cdec = 1, Nobs =
4, NIP = 2, NZ = 2.5⇥ 1012, l0 = 400µm, dcyl = 10m, lcyl = 8.6m, ✏↵� = 1.15Public codes to

estimate the number of events and sensitivity regions based on the analytic approximations

(2), (3a), (3b) and (4) are made available at [50].
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arXiv:2210.17110

https://indico.cern.ch/event/1064327/contributions/4888532/attachments/2453905/4205914/IDEA_detector-concept-FCC-week-2022.pdf
https://arxiv.org/pdf/2210.17110.pdf
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Current workflow
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• Use FCCAnalysis software to analyse centrally generated EDM4HEP 
files, though some signal files produced privately.

• Dedicated LLP tutorial prepared by Juliette Alimena enables full 
workflow.

• Current limitations include scalability of code (hopefully now understood) 
and limited MC statistics (more on that later).

https://github.com/jalimena/LLPFCCTutorial/blob/main/README.md
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Caveat: #IPs for FCC-ee

In the Physics+Performance meeting 
on 22/5 - announcement that 4 IPs 
should be the new baseline:

• 2 x Integrated Luminosity -> 
Increase x-sec limit by factor of 2 
in background-less limit.

None of our results are yet 
updated to this new baseline, but 
we plan to update results in the 
coming week(s).
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Discussion on possible impact of 
Cavern size in slides here.

Taken from slides from M. Benedikt on Monday
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PA: Experiment

PB: technical

PD: experiment

PF: technical

PG: experiment

PH: technical

PJ: experiment

PL: technical

Major achievement: optimization of the ring placement
Layout chosen out of ~ 100 initial variants, based on geology and 
surface constraints (land availability, access to roads, etc.), environment 
(protected zones), infrastructure (water, electricity, transport), etc. 
“Éviter, reduire, compenser” principle of EU and French regulations
Lowest-risk baseline: 90.7 km ring, 8 surface points, 
4-fold superperiodicity, possibility of 2 or 4 IPs
Whole project now adapted to this placement

Number of surface sites 8
LSS@IP (PA, PD, PG, PJ) 1400 m
LSS@TECH (PB, PF, PH, PL) 2032 m
Arc length 9.6 km
Sum of arc lengths 76.9 m
Total length 90.7 km

V. Mertens,
J. Gutleber

Optimized placement and layout for feasibility study

https://indico.cern.ch/event/1287964/
https://indico.cern.ch/event/1207548/contributions/5078846/attachments/2527845/4348527/HNL_sensitivity_cavern.pdf
https://indico.cern.ch/event/1202105/contributions/5423504/attachments/2659109/4606291/230605_FCC-FS-Status_ap.pdf
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Heavy Neutral Leptons (HNL) at FCC-ee
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• Right- handed (sterile) neutrinos could 
provide an explanation for neutrino 
masses, the baryon asymmetry in the 
universe and dark matter.

• For small mixing angles with their LH 
counterparts- long-lived.

• Obvious benchmark  for LLP searches 
with displaced vertices.

Front. Phys. 10:967881 (2022) 

arXiv:2210.17110
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12Neutral and charged current interactions allow for many possible final states X� for given �, including
leptonic decays and semi-leptonic decays, cf. [41]. In practice one has to decompose ✏↵� into a sum of
e↵ective e�ciency factors for each of them, ✏↵� =

P
X�

✏↵�X, and factorise ✏↵�X into the branching ratio

BN
X�

of the corresponding HNL decay and the actual detector e�ciency factor ✏det↵�X for that final state,

✏↵�X = BN
X�

✏det↵�X. If one is only interested in a specific sub-set of final states (as it is typically the case in

a given experimental search), the e↵ective e�ciency factor can be utilised to select them by including only
the desired X� into the sum. For the fully analytic treatment to be applicable, we neglect any dependence
of ✏↵� on direction, energy or displacement, which can be justified as long as it leads only to errors of
order one in Nobs (which a↵ect the sensitivity region in figure 1b only mildly due to the steep dependence
of (2) on M and U2).

13One advantage of using the ratios u2↵ is that experimental sensitivities can practically only be computed
for fixed u2↵ and strongly depend on those ratios [42, 43]. Hence, benchmarks for experimental searches are
typically defined by a choice of the u2↵ [44, 45]. From a theoretical viewpoint using such ratios is convenient
because the u2↵1 + u2↵2 are in good approximation determined by light neutrino oscillation data alone for
n = 2 [46, 47], and in particular independent of M .

14 For n = 1 and assuming that the HNLs have no additional interactions, they either behave like Dirac
particles (Rll = 0, cprod = 1, cdec = 1/2) or Majorana particles (Rll = 1, cprod = 1, cdec = 1). Hence, a
determination of cdec with the lifetime method 3) in principle unambiguously answers the question which
of these two options is realised in nature. In realistic models with n > 1 the situation is more complicated,
cf. section 3. In particular, as far as the lifetime method 3) is concerned, two Majorana HNLs with equal
mixings U2

↵ and a physical mass splitting �M that is smaller than the experimental resolution �Mexp can
appear like a Dirac HNL with an apparent mixing 2U2

↵; they are e↵ectively described by cprod = 2, cdec = 1
in the simple phenomenological model with n = 1, cf. footnote 20. For �M � �N these scenarios can be
distinguished with methods 1) and 2), for �M ⌧ �N not.

15The small disagreement for M < 5 GeV can be fixed by replacing a with a function that takes account
of lepton and meson masses. Analytic approximations can e.g. be found in [35].
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i.e. LLPs when couplings and masses are small!

Snowmass review: arXiv:2203.08039 

cdet= 1 (majorana) or ½ (dirac)

https://www.frontiersin.org/articles/10.3389/fphy.2022.967881/full
https://arxiv.org/pdf/2210.17110.pdf
https://arxiv.org/pdf/2203.08039.pdf
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HNL searches at FCC-ee Tera-Z run
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HNL lifetime

HNL reconstructed 
decay length

Searches for displaced HNL decays are most efficient 
at the Z-pole run (larger luminosity and cross-section 
from Z→N𝜈 decays). Benefit from:

● Low SM backgrounds with displaced vertex.

● Small beam pipe radius.

● Clean experimental conditions. 

For N→Wl decays, depending on the W decay final states 
include ll’𝜈𝜈 or l𝜈jj 

Front. Phys. 10:967881 (2022) 

https://www.frontiersin.org/articles/10.3389/fphy.2022.967881/full
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HNL sensitivity study: N→ee𝜈
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Initial study developed an event selection to reduce the backgrounds:

● 2 electrons with a veto on additional photons, jets, muons.

● pMiss> 10 GeV to reduce the Z→ee background with instrumental missing 
momentum.

●  Electron |d0|>0.5 mm
Also studied angular distributions sensitive 
to majorana vs Dirac nature of HNLs…

Note: ongoing investigation show 
these distributions look different with 
the 2023 samples (in backup)

Front. Phys. 10:967881 (2022) 

https://www.frontiersin.org/articles/10.3389/fphy.2022.967881/full
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Ongoing HNL studies: N→𝜇jj
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Nicolo Valle, Giacomo Polesello

Target decay N→𝜇jj in HNL mass range 5 to 85 
GeV with scan over |U|2. Aim for prompt analysis at 
high (>50 GeV) HNL mass, with Long-lived analysis 
at low HNL mass (longer lifetime)

● Develop pre-selection (1 muon with p> 3 
GeV, >= 3 tracks, Emiss>5 GeV).

● Detailed study of jet reconstruction 
algorithms for truth vs reco-level 
distributions.

Preliminary proto-analysis requiring muon |d0|>1mm. Investigating 
further selection requirements using vertex fitter. Further discussion in 
recent physics+performance meeting here and in next talk !

!𝑞

q’

https://indico.cern.ch/event/1287964/contributions/5411785/attachments/2651142/4590209/HNLPhysicsPerfMeeting.pdf
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Ongoing HNL studies: N→𝜇𝜇𝜈
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Lorenzo Bellagamba 

Early studies of sensitivity with N→𝜇𝜇𝜈 
channel looking for DV
Optimise search based on the distance from 
the 2-muon decay vertex to the IP

DV reconstruction efficiency a promising area for further improvements?

For more details see slides here

https://indico.cern.ch/event/1282355/contributions/5387478/attachments/2640912/4570195/hnl_2mu_fcc.pdf
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Exotics Higgs decays
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First simulation and sensitivity studies for Higgs decays to long-lived scalars

• Extend SM with additional scalar.

• Probe h→ss→bbbb in events with 
2 displaced vertices, tagged by Z

Magdalena Vande Voorde, Giulia Ripellino 

• Look at events with at least one scalar within 
acceptance region 4mm<r<2000mm- all 
except longest and shortest lifetimes.

• Aim to develop event selection and perform 
early sensitivity study.

For further details see presentation by Magda at 
topical ECFA WG1-SRCH meeting

https://indico.cern.ch/event/1253605/contributions/5349533/attachments/2628864/4546553/LLPsExoticHiggs_ECFAWG1SCHRMeeting.pdf
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Exotics Higgs decays
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Studied two options of DV reconstruction implemented in FCCAnalysis framework 
with additional constraints inspired by ATLAS DV analysis (link here )

1. SV finder of LCFI+ algorithm 
(https://arxiv.org/abs/1506.08371 )

2. Add vertex merging to recover some 
DVs from scalars, but need to 
understand goodness of fit results (more 
discussion here)

Magdalena Vande Voorde, Giulia Ripellino 

https://cds.cern.ch/record/2669425
https://arxiv.org/abs/1506.08371
https://indico.cern.ch/event/1253605/contributions/5349533/attachments/2628864/4546553/LLPsExoticHiggs_ECFAWG1SCHRMeeting.pdf
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All but 2 considered 
signals could be 
excluded at 95% CL in 
background-free search.
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Exotics Higgs decays
Magdalena Vande Voorde, Giulia Ripellino 
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Conclusions/outlook

• Lots of exciting studies ongoing to understand 
sensitivity of FCC-ee to LLPs.

• Typically ~ background-free analyses- checking 
these assumptions against different detector 
configurations/reconstruction techniques is 
important as well as considering signal 
acceptance

• Aim for discovery - need to study detector 
implications for our ability to characterise the 
new physics, not just uncover it (more to come).

• Big challenge with MC statistics – need to 
implement filtering in samples to get sufficient 
statistics for luminosity (high-priority- raised in FCC 
SW forum). 
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Lets be optimistic- LLP 
searches are a “win-win” 
for FCC-ee (if they exist…) 
lets ensure we are 
prepared to measure them!

Proof that this hasn’t been the only 
sunny week in London this year. 
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Lots of thanks!

…. for the great work of everyone who has contributed to this talk
• Juliette Alimena (DESY)
• Rebeca Gonzalez Suarez (Uppsala)
• Giulia Ripellino (KTH)
• Magdalena Vande Vorde (KTH)
• Daniel Beech (University of Cambridge)
• Sarah Williams (University of Cambridge)
• Dimitri Moulin (University of Geneva)
• Pantelis Kontaxakis (University of Geneva)
• Anna Sfyrla (University of Geneva)
• Suchita Kulkarni (University of Graz)
• Giacomo Polesello (INFN)
• Nicolo Valle (INFN)
• Lorenzo Bellagamba (INFN)
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Interested?
Get in touch- we are a friendly group!
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FCC-ee LLP masters thesis projects

• Sissel Bay Nielsen (University of Copenhagen, 2017) 

• Rohini Sengupta (Uppsala University, 2021) 

• Lovisa Rygaard (Uppsala University, 2022) 

• Tanishq Sharma (University of Geneva, 2022) 

• Magdalena Vande Voorde (Uppsala University, 2023)

• Daniel Beech (University of Cambridge, 2023) 

• Dimitri Moulin (University of Geneva, 2023)

...and more along the way!
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https://nbi.ku.dk/english/theses/masters-theses/sissel-bay-nielsen/SisselBayNielsen_MastersThesis.pdf
http://uu.diva-portal.org/smash/record.jsf?pid=diva2:1563610&dswid=8650
http://uu.diva-portal.org/smash/record.jsf?pid=diva2:1679659&dswid=-6822
https://dpnc.unige.ch/MASTERS/MASTER_SHARMA_Tanishq.pdf
https://uu.diva-portal.org/smash/record.jsf?pid=diva2:1742588
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Backup: FCC-ee
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Taken from FCC: physics opportunities (CDR volume 1)

The high luminosities and clean 
experimental environment (no underlying 
event) make FCC-ee a natural laboratory 
to study LLPs through:
• Unconventional signatures (including 

displaced vertices).
• Exotic Higgs decays.

https://cds.cern.ch/record/2651294/files/CERN-ACC-2018-0056.pdf
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Backup:  Ongoing HNL studies : winter 2023 production
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Sarah Williams, Daniel Beech

Sample Integrated 
lumi/ ab-1

p8_ee_Zee_ecm91 0.01
p8_ee_Zbb_ecm91 0.15
p8_ee_Ztautau_ecm91 0.01
p8_ee_Zuds_ecm91 0.05
p8_ee_Zcc_ecm91 0.19

MC Statistics of spring 2021 campaign 

Improvements/changes in winter2023 
samples have a visible difference on 
shape, and MC statistics still present 
significant limitations (under discussion).
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Backup: Axion-like particles at FCC-ee

•

24

Calorimeter and timing 
information will improve 
these studies in future
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Dimitri Moulin, Anna Sfyrla, Pantelis Kontaxakis

Study semi-leptonic final state to probe 
majorana vs dirac nature of HNL

• Use dijet + electron invariant mass as a 
probe for HNL mass.

• Observed some issues with default 
delphes jet collections- required re-
running jet reconstruction at analysis 
level to improve truth/reco comparisons.

• Next steps: develop full event selection 
and look at sensitive variables.

Backup: Ongoing HNL studies: N→ejj 

-> thinking about reconstruction 
techniques is important!

Covered in Nicolo’s talk!
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Backup: further details on exotics Higgs studies
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• Selected events that has ≥ 1 scalar with decay length 4 mm < d < 2000 mm

• ms = 20 GeV, sin θ = 1e-7 is too long-lived and ms = 60 GeV, sin θ = 1e-5 is 
too short lived

• All the other signal samples has ≥ 4 events!

Number of expected events given by
𝑁 = 𝐿 × 𝜎 with 𝐿 = 5 𝑎𝑏!" and 

𝜎 = 𝜎!"×𝐵𝑅 ℎ → 𝑠𝑠)×𝐵𝑅(𝑠 → 𝑏!𝑏
#
×𝐵𝑅(𝑍 → 𝑙$𝑙%)

Old baseline results

Truth-level sensitivity analysisMagdalena Vande Voorde, Giulia Ripellino 
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Backup: further details on exotics Higgs studies
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Magdalena Vande Voorde, Giulia Ripellino Efficiency studies


