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Introduction
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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
• Dark photons
• 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!

Thanks to Giulia Ripellino who’s slides from 
FIPs-2022 provided great input from this talk!

https://indico.cern.ch/event/1119695/contributions/4767897/attachments/2532503/4357716/FCC_LLP_FIPs2022_Ripellino.pdf
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Collider physics beyond the (High-Luminosity) LHC

The 2020 Update to the European Strategy for Particle Physics, and the
Energy Frontier Discussions in the 2021 Snowmass process, sent
coherent messages about future colliders beyond the LHC.
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(Taken from Energy Frontier Plenary by 
Alessandro Tricoli)

2020 European Strategy Update Snowmass 2021

“The intermediate future is an 𝑒!𝑒" Higgs 
factory, either based on a linear (ILC, C3 ) or 
circular collider (FCC-ee, CepC)”

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

(Taken from the European
Strategy Update brochure)

As well as indirect sensitivity to a broad range of BSM phenomena 
through ultra-precise measurements of the EWK, top and Higgs sectors 
of the SM, future lepton colliders could have unique sensitivity to LLPs…

https://indico.fnal.gov/event/22303/contributions/246310/attachments/157981/207001/Tricoli_EF_CSS_ColloqiumIntro_22July2022.pptx.pdf
https://cds.cern.ch/record/2721370
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𝒆!𝒆" colliders: circular or linear?
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Circular colliders
• Multi-pass at IP
• Modest accelerating gradients
• Limited by synchrotron radiation
• No beam polarization
• Potential to re-use tunnel for 

hadron collisions.

Linear colliders
• Single pass at IP
• Maximum accelerating gradients
• No synchrotron radiation
• Can exploit beam polarization
• Can take staged approach to 

higher energies (energy~length)

Left: FCC-ee (CERN)
Below: CEPC (China)

Right: ILC (Japan?)
Below: CLIC (CERN)
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The FCC project

• FCC-ee: dedicated runs to study Z, 
WW, (Z)H and 𝑡 ̅𝑡 to unpresented 
precision

• FCC-hh: push energy frontier an 
order of magnitude higher, enabling 
unrivaled direct BSM sensitivity, 
access to HH coupling, plus options 
for dedicated ion and e-p running.

5

~90-100km tunnel at CERN 
to be used first for 𝑒!𝑒" and 
later for 100 TeV pp 
collisions (a-la LEP/LHC)

The ”FCC” feasibility study was launched in 
2021, aiming to provide key input by 2025 
ahead of the next European Strategy Update
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FCC-ee
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Taken from FCC: physics opportunities (CDR volume 1)

474 Page 30 of 161 Eur. Phys. J. C (2019) 79 :474

Table 2.1 Run plan for FCC-ee in its baseline configuration with two experiments. The number of WW events is given for the entirety of the
FCC-ee running at and above the WW threshold

Phase Run duration (years) Centre-of-mass
energies (GeV)

Integrated lumi-
nosity (ab!1)

Event statistics

FCC-ee-Z 4 88–95 150 3 " 1012 visible Z decays

FCC-ee-W 2 158–162 12 108 WW events

FCC-ee-H 3 240 5 106 ZH events

FCC-ee-tt(1) 1 340–350 0.2 tt̄ threshold scan

FCC-ee-tt(2) 4 365 1.5 106 tt events

Fig. 2.2 Luminosity as a function of centre-of-mass for the FCC-ee with two interaction points. The simulated luminosity is shown, together with
a slightly more conservative one. Also shown are those estimated for ILC, CLIC and CEPC, at the time of submission

level of the design study, on the transverse polarisation for centre-of-mass determination at ppm level, a unique feature of
circular colliders.

A couple more running options have been considered for running the FCC-ee, but are not part of the baseline.
The first one is the possibility to search for the e+e! # H production at a centre-of-mass energy equal to the Higgs

boson mass [22]. This possibility requires running with a centre-of-mass energy spread reduced by a factor 10-40 to be
commensurate with the Higgs boson total width. This has been studied in [23] and in the FCC-ee CDR in Section 2.10.1
s-channel Higgs Production. This measurement must be performed after the ZH energy point has been completed, so that the
Higgs boson mass is already known to better than 10 MeV. In the Standard Model this process is suppressed by the square
of the electron mass (Yukawa coupling), and the cross-section is very low compared with the backgrounds. Nevertheless a
precision of the order of the Standard Model cross-section might be achieved, which would be sensitive to a small admixture
of a non-standard process.

The second possibility is to increase the total integrated luminosity by designing the ring with four interaction points and
detectors, as was done in LEP. This is particularly interesting for the study of the Higgs boson at centre-of-mass of 240 and
above 350 GeV. As will be discussed in the Higgs section this would provide FCC-ee with an overall improvement on most
Higgs and top observables, which are statistically limited. Most interestingly, this would enrich the discovery potential of the
project with an increased sensitivity of possibly up to 5! to the Higgs self-coupling from its energy-dependent effect on the
ZH cross-section [24].

The FCC-ee experimental environment and detectors have been discussed in Chapter 7 of the FCC-ee CDR Volume,
Experiment environment and detector designs. A few important features are summarised below.

The Machine-Detector Interface governs the geometry of the detector that is close to the beam line. The central detector
magnetic field is limited to 2 Tesla by the fact that the beams cross at a 30 mrad angle, to avoid that the residual transverse
fields generate emittance blow up and loss of luminosity.

The strong focusing of the beams ( "y $ 1 mm) requires a short distance between the focusing quadrupoles L% = 2.2 m.
This forces the luminosity detectors to stand even closer; a luminosity measurement with a relative experimental precision of
10!4 will require a mechanical tolerance of 1 µm on the radial dimension of the luminosity calorimeter. Several observables

123

1 What is FCC-ee?

The FCC-ee [1] is the first stage of the integrated Future Circular Colliders (FCC) programme [4],
to be based on a novel research infrastructure hosted in a ⇠ 100 km tunnel in the neighbourhood
of CERN, as illustrated in Fig. 1. Most of the FCC-ee infrastructure can be directly re-used
for a subsequent energy-frontier (⇠ 100TeV) hadron collider (FCC-hh) [5] – and possibly offer
opportunities for the realization of energy-frontier (3 to 14 TeV) muon colliders – providing the
world-wide particle-physics community with multiple interaction points (IPs) – two IPs for FCC-
ee and four IPs for FCC-hh in the current baseline design shown in Fig. 2 – in a highly synergistic
and cost-effective manner during the 21st century.

Figure 2: Schematics of the implementation of the FCC-ee collider (left) and the FCC-hh collider (right)

in the common infrastructure. The FCC-ee booster footprint coincides with that of the FCC-hh. The

asymmetric e
±

beam lines around the FCC-ee interaction regions are designed to minimize synchrotron

radiation in the detectors.
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Figure 3: The FCC-ee baseline design luminosity [1] summed over 2 IPs as a function of the centre-

of-mass energy
p
s, compared to the baseline luminosities

2
of other e

+
e
�

collider proposals (ILC [6, 7],

CLIC [8], and CEPC [9].)

The FCC-ee is the high-energy e+e� collider project with the highest luminosity
proposed to date in its baseline design2, as shown in Fig. 3. The design is inspired by the

2It is technically possible to double the baseline luminosities of all the e+e� colliders considered here, either
by doubling the rate of the positron source at a linear collider [10], or by serving four IPs (Section 6) instead
of two at a circular collider. The two values for the ILC baseline luminosity correspond to the TDR [6] value
(0.82 ⇥ 1034 cm�2s�1), and the new baseline [7] value (1.35 ⇥ 1034 cm�2s�1), obtained by reducing further the
beam sizes with respect to the TDR (Section 3.2.2).
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The high luminosities and clean 
experimental environment (no underlying 
event) make FCC-ee a natural 
laboratory to study LLPs through:
• Uncoventional signatures (including 

displaced vertices).
• Exotic Higgs decays.

https://cds.cern.ch/record/2651294/files/CERN-ACC-2018-0056.pdf
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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, ultra-light wire chamber tracker.
Dual-readout calorimeter, with solenoid inside

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

We have exciting prospects to optimize detector design with LLP searches in mind!
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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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*Disclaimer: whilst I am a ‘present’ member of the group, all credit for 
the excellent past work done by the team should go to others*

Searches for long-lived particles
at the future FCC-ee
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The electron-positron stage of the Future Circular Collider, FCC-ee, is a frontier
factory for Higgs, top, electroweak, and !avour physics. It is designed to operate
in a 100 km circular tunnel built at CERN, and will serve as the "rst step towards
!100 TeV proton-proton collisions. In addition to an essential and unique Higgs
program, it offers powerful opportunities to discover direct or indirect evidence
of physics beyond the Standard Model. Direct searches for long-lived particles
at FCC-ee could be particularly fertile in the high-luminosity Z run, where 5 !
1012 Z bosons are anticipated to be produced for the con"guration with two
interaction points. The high statistics of Higgs bosons,W bosons and top quarks
in very clean experimental conditions could offer additional opportunities at
other collision energies. Three physics cases producing long-lived signatures at
FCC-ee are highlighted and studied in this paper: heavy neutral leptons (HNLs),
axion-like particles (ALPs), and exotic decays of the Higgs boson. These
searches motivate out-of-the-box optimization of experimental conditions
and analysis techniques, which could lead to improvements in other physics
searches.

KEYWORDS

future circular collider, particle physics, axion like particles, heavy neutral lepton,
Higgs

1 Introduction

The Standard Model (SM) of particle physics is a mature and consistent theory that,
after the observation of the Higgs boson, still fails to explain important experimental
observations such as dark matter (DM), neutrino masses, or the baryon asymmetry of the
Universe (BAU), among others. Theoretical aspects of the SM, including the origins of the
electroweak scale, the spectrum of fermions masses, or !avor patterns also await

OPEN ACCESS

EDITED BY

Carmen Palomares,
Centro de Investigaciones Energéticas,
Medioambientales y Tecnológicas,
Spain

REVIEWED BY

Uzma Tabassam,
COMSATS University, Islamabad
Campus, Pakistan
Sally Seidel,
University of New Mexico, United States
Hirsohi Okada,
Asia Paci"c Center for Theoretical
Physics (APCTP), South Korea

*CORRESPONDENCE

J. Alimena,
juliette.alimena@cern.ch

SPECIALTY SECTION

This article was submitted to Radiation
Detectors and Imaging,
a section of the journal
Frontiers in Physics

RECEIVED 13 June 2022
ACCEPTED 08 August 2022
PUBLISHED 28 September 2022

CITATION

Verhaaren CB, Alimena J, Bauer M,
Azzi P, Ruiz R, Neubert M, Mikulenko O,
Ovchynnikov M, Drewes M, Klaric J,
Blondel A, Rizzi C, Sfyrla A, Sharma T,
Kulkarni S, Thamm A, Blondel A,
Suarez RG and Rygaard L (2022),
Searches for long-lived particles at the
future FCC-ee.
Front. Phys. 10:967881.
doi: 10.3389/fphy.2022.967881

COPYRIGHT

© 2022 Verhaaren, Alimena, Bauer, Azzi,
Ruiz, Neubert, Mikulenko, Ovchynnikov,
Drewes, Klaric, Blondel, Rizzi, Sfyrla,
Sharma, Kulkarni, Thamm, Blondel,
Suarez and Rygaard. This is an open-
access article distributed under the
terms of the Creative Commons
Attribution License (CC BY). The use,
distribution or reproduction in other
forums is permitted, provided the
original author(s) and the copyright
owner(s) are credited and that the
original publication in this journal is
cited, in accordance with accepted
academic practice. No use, distribution
or reproduction is permittedwhich does
not comply with these terms.

Frontiers in Physics frontiersin.org01

TYPE Original Research
PUBLISHED 28 September 2022
DOI 10.3389/fphy.2022.967881

https://snowmass21.org/energy/bsm_general
https://www.frontiersin.org/articles/10.3389/fphy.2022.967881/full


LLPs@FCC-ee,  LLP12 workshop 31/10/22-4/11/22

Current workflow
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‣ Work kicked into high gear with a Snowmass LoI


‣ Snowmass white paper recently published in Frontiers in Physics! 
Front. Phys. 10:967881 (2022)

‣ FCC-ee case studies with the official FCC analysis tools


‣ Several Masters student theses done or in progress. List in backup!


‣ LLP studies to motivate out-of-the-box optimization of experimental 
conditions and analysis techniques

‣ Detector design, Reconstruction algorithms, Trigger

FCC-ee LLP group: past and ongoing work 5
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Sensitivity to 
studied model

Sample generation of models, 
e.g. 

• MadGraph5_aMC@NLO for 

parton-level e+e-

• PYTHIA for parton shower 

and hadronisation

Parametrised detector 
simulation, e.g

• IDEA DELPHES card

Analysis tools, 
e.g 

• FCC analysis

• Work so far performed through past/ongoing masters thesis projects 
(see backup for details).

• I will now summarise some of the existing case studies.

• Next steps involve expanding these studies to use improved MC 
statistics for backgrounds, and consider new signatures
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Heavy Neutral Leptons (HNL) at FCC-ee

• Right-handed (sterile) neutrinos could provide 
an explanation for neutrino masses, and 
(possibly) a route to understanding baryon 
asymmetry in the universe and dark matter. 

• For small mixing angle Θ with their LH 
counterparts, HNLs are long-lived and so 
provide an obvious benchmark for LLP 
searches with displaced vertices at future 
colliders. 
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Figure 10: Representation of an event display at an FCC-ee detector of a HNL decay into
an electron and a virtual W decaying hadronically. Courtesy of the FCC collaboration.

3.2.1 Production and Kinematics of Electroweak-scale HNLs

As a first step to exploring the sensitivity of FCC-ee to EW-scale HNLs, Table 1 shows the
cross section (center column) and the expected number of events (right column) for an HNL
with a mass of mN = 50 GeVwhen produced and decayed through the process described in
Eq. (22) and shown in Fig. 11.
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𝐿~ 0.025 m
10"#

𝑉$
100 GeV
𝑚%

&

(i.e. LLPs when couplings and masses are small)
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HNL searches at FCC-ee Tera-Z run

• 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. 

• Initial study considered 𝑁 →
𝑒𝑒𝜈 decay only.
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Figure 20: Bold green line: Sensitivity of displaced vertex searches at FCC-ee with 5 ⇥ 1012 Z bosons corresponding to 4 observed HNL
decays, assuming no background and 75% reconstructed HNL decays with a displacement between 400µm and 1.22m. For comparison, we show
what CEPC can achieve with 4.2 ⇥ 1012 Z bosons for the same parameters. Bold turquoise line: Gain in sensitivity if the maximal observable
displacement is increased to 5m with a HECATE-like detector [440]. Dark gray: Lower bound on the total HNL mixing from the requirement to
explain the light neutrino oscillation data [40]. Medium gray: Constraints on the mixing |Vµi |2 of HNLs from past experiments [15, 23, 31, 34,
35, 327, 339, 340, 441–443], obtained under the assumption |V`N |2 = �`µU2

µ . Light gray: Lower bound on U2
µ from BBN [444, 445]. Hashed

orange and violet lines: Regions in which the observed baryon asymmetry of the universe can be explained with two [91, 159] or three [92]
HNL flavours and di↵erent initial conditions, as explained in the legend. Other colourful lines: Estimated sensitivities of the LHC main detectors
(taken from [84, 381, 446]) and NA62 [133] as well as the sensitivities of selected planned or proposed experiments (DUNE [447],FASER2 [418],
SHiP [448, 449], MATHUSLA [412], Codex-b [413]) as well as FCC-hh [437]. Figure from [434].

shown in Fig. 2, which can be tested by comparing flavoured branching ratios in displaced decays. Finally, determing
the angular distribution of decay products can help address the question whether HNLs are Dirac or Majorana or the
potential existence of additional intermediate states [349, 388, 434, 438, 439, 451], cf. Sec. 2.3, while its dependence
on the displacement is sensitive to the HNL mass splitting [132], a crucial parameter for leptogenesis.

3.3.2. FCC-hh
The FCC-hh is the second stage of the FCC and will be sensitive to higher masses and smaller mixing than

accessible at the LHC for both prompt and displaced searches. In 100 TeV hadron collision, HNLs can be produced
in a variety of channels just as they can be at the LHC. Notably, the gigantic increase in the gluon parton distribution
function has a significant impact on production cross section [84, 335], particularly production channels involving
intermediate the Z and Higgs bosons [84, 332]. The signatures and backgrounds at 100 TeV are largely the same as
at 13-14 TeV. However, at 100 TeV, the hadronic environment is significantly more energetic and (fake) background
rates categorically grow much faster than HNL signal rates [84]. This means analysis strategies designed for 14 TeV
must be adapted for a qualitatively di↵erent environment.

In this stage, the environment would be much more complex than FCC-ee, and pile-up, backgrounds character-
ization, and triggers would be all crucial elements in the success of these searches. As shown in Fig. 13, assuming
a comparable acceptance to the ATLAS and CMS detectors, it could be possible to test heavy, Dirac-like neutrinos
with masses up to 10 TeV (100 GeV) to the level of |V`N |2 ⇠ 10�3 (10�4) in the trilepton and MET channel involving
final-state ⌧ leptons (in their leptonic and hadronic decay modes) [84]. Comparable sensitivity holds for the Majorana
case in the trilepton channel. Much smaller mixing can potentially be probed at lower masses and with lighter lepton
flavors [84, 437]. It is possible that even higher mass HNL scales can be probed indirectly with the same-sign W±W±
scattering channel [337, 452]. Finally, it is important to stress that the FCC-hh conditions also allow for characteriza-

32

‣ Generated samples with Majorana and Dirac HNLs at √s = 91 GeV

‣ Models: SM_HeavyN_CKM_AllMasses_LO, SM_HeavyN_Dirac_CKM_Masses_LO (arXiv:1411.7305, arXiv:1602.06957)


‣ Full chain: Madgraph5 v3.2.0 + Pythia8 + Delphes, with the latest IDEA card 

‣ First study in the  final state (other final states to be added)ee!

Towards an HNL FCC-ee sensitivity study - I 7

FCC-ee, √s = 91 GeV FCC-ee, √s = 91 GeV

HNL lifetime HNL reconstructed decay length Processes
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HNL sensitivity study
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First study developed an event selection to reduce backgrounds:
• Exactly two electrons + no additional photons, jets, muons (reduce light and 

HF quark background).
• 𝐸'()** > 10 GeV- reduce background from 𝑍 → 𝑒𝑒 where 𝐸'()** arises from 

finite detector resolution.
• Require electron 𝑑+ > 0.5 mm

Preliminary event selection studied:


‣ Exactly two electrons & veto against photons, jets, muons

‣ Reducing the background from light and heavy quarks


‣ Missing energy > 10 GeV

‣ Reducing Z → ee with missing energy from finite detector resolution


‣ Both electrons displaced by |d0| > 0.5 mm

Towards an HNL FCC-ee sensitivity study - II 8

Missing energy Electron track transverse impact parameter |d0|

Displaced 
Vertex

Displaced electron 
track

d0
Primary 
vertex

HNL

0-1 mm 0-2000 mm

To further expand these studies- plan to increase 
background MC statistics, and consider 
additional variables/timing information etc.
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Axion-like particles at FCC-ee

• For small couplings and light ALPs → LLP signature.

• Initial validation of signal samples and kinematic distributions 
presented- more to come in future.
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Calorimeter and timing 
information will improve 
these studies in future

of ALPs that decay to photons. We leave these studies to a
later date.

3.4 Exotic Higgs boson decays

Exotic decays of Higgs bosons to LLPs are also an interesting
experimental case study at FCC-ee. As was pointed out in Section
2.3, hadronic !nal states play a signi!cant role, and so we plan to
simulate this physics benchmark in a future paper.

3.5 Additional detectors for long-lived
particles

It is possible to envisage up to four FCC-ee detectors, two
of which sitting in the very large caverns foreseen from the
start for the subsequent hadron collider detectors. The caverns
are foreseen to be deep (200–300 m) underground,
considerably reducing the cosmic ray backgrounds. A
detector fully optimized for this important discovery
possibility can thus be considered [83, 110, 194].

FIGURE 19
(A)GeneratedmALP, (B) generatedm!!, and (C) reconstructedm!! formALP = 1 GeV and several benchmark choices of cYY. The distributions are
normalized to unit area.

Frontiers in Physics frontiersin.org19

Verhaaren et al. 10.3389/fphy.2022.967881

‣ For small couplings and light ALPs, the ALP decay length can be 
significant → LLP signature


‣ Orders of magnitude of parameter space accessible at the FCC-ee

‣ Especially sensitive to final states with at least 1 photon


‣ Towards an FCC-ee sensitivity analysis:

‣ Simulated samples for 


‣ Studying key observables for background separation, e.g  and 

‣  

‣

e+e! " Z " !a, a " !!
M!! Lxyz

Axion-like particles at FCC-ee 9
Production and decay at FCC-ee at Z-pole

ALP simulation for FCC-ee at Z-pole

LL ALP

FCC-ee, √s = 91 GeV

FCC-ee

ar
Xi

v:
22

03
.0

65
20

Truth-level ALP decay length Lxyz [mm]
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Exotic Higgs decays- future work

14

Higgs decays to LLPs can give exciting portal to dark sectors with small but 
nonzero couplings to the Higgs.

‣ The Higgs boson can have sizeable couplings to new particles 


‣ Several interesting models: SM extensions with scalars/fermions/
vectors, MSSM, NMSSM, Hidden Valleys arXiv:1312.4992


‣ Example production of LLPs through exotic decays of the Higgs 
boson to scalars, pseudo-scalars, or vectors:

‣ 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

‣ Targeting the FCC-ee Zh stage and a DV signature from 

e+e! " Zh, h " SS " qq̄qq̄

Exotic Higgs decays at FCC-ee 10

Higgs to dark scalar simulation for FCC-ee

arXiv:1812.05588

FCC-ee, √s = 240 GeV
Preliminary!

mS = 20 GeV

Large mass 
analysis

Long lifetime 
analysis

e+e! " Zh, h " SS " bb̄bb̄

Scalar lifetime [ns]

long-lived fermions stand out as different, in that their leading
decays are three-body. Pseudoscalars may also lead to h ! ŝ Z
decays, but in general, the h ! XX process captures most of the
interesting possibilities. Assuming the X particle has signi!cant
branching into SM quarks (and possibly into b quarks in
particular) appears to be the most motivated benchmark. Of
course, the variety of other decays can be leveraged in more
model-speci!c analyses.

Figure 9 displays an illustration, taken from Ref. [199], of
how sensitive FCC-ee can be to Higgs boson decays to long-lived
X particles. The 95% limit on the exotic branching fraction to
these particles is plotted as a function of the X’s decay length.
Two mass benchmarks, mX = 10 (blue) and 50 (tan) GeV, are
shown (additional benchmarks are considered in Ref. [199]) for
two search strategies. The solid line corresponds to using an
invariant mass cut to retain sensitivity to shorter decay lengths.
In contrast, the dashed line depends on longer decay lengths to
reduce SM backgrounds.

3 Experimental outlook

This section presents new studies produced for this paper
that follow up on the theoretical landscape presented in
Section 2.

3.1 Simulation details

For all signal and background processes, the event generator
MadGraph5_aMC@NLO v3.2.0 [215, 216] is used to simulate at

leading order unpolarized, parton-level e+e! collisions at
!
s

! "
91 GeV. For all processes, parton-level events are passed to
Pythia [217] v8.303 to simulate parton showering and
hadronization. For each signal benchmark point, 50 ! 103

unscaled events were generated, and for each background
process, 107–109 unscaled events were generated, depending
on the process.

The detector response is simulated with Delphes

v3.4.2 [218], using the latest Innovative Detector for
Electron–positron Accelerators (IDEA) FCC-ee detector
concept [219] card. The IDEA detector comprises of a silicon
pixel vertex detector; a large-volume, light short-drift wire
chamber surrounded by a layer of silicon micro-strip
detectors; a thin, low-mass superconducting solenoid coil; a
pre-shower detector; a dual-readout calorimeter; and muon
chambers within the magnet return yoke.

The k4SimDelphes project [220] converts Delphes objects
to the EDM4HEP format [221], which is the common data
format used for the simulation of future colliders. A
sophisticated analysis framework has been developed for all
FCC analyses using the EDM4hep format. It is based on
RDataFrames [222], where C++ code is compiled in a
ROOT [223] dictionary as “analysers.” These are
subsequently called in Python. Several external packages,
such as ACTS [224], FastJet [225], and awkward [226],
are included.

3.1.1 Heavy neutral leptons
To study Dirac and Majorana HNLs at FCC-ee, the

processes.

Majorana N: e+e# ! Z ! N]e +N]e, with N ! e+e#]e
+ e+e#]e,

(22a)

DiracN: e+e# !Z!N]e + !N]e, with N !N" #! e+e#]e ]e( ),
(22b)

are simulated using the HeavyN [227, 228] and
HeavyN_Dirac [97, 228] universal FeynRules Object
[229–231] libraries in conjunction with MadGraph5_aMC@

NLO. These libraries implement the interaction Lagrangian
described in Section 2.1 for Majorana and Dirac N,
respectively. A representative subset of Feynman diagrams
common to both the Dirac and Majorana case is shown in
Figure 11. For the Majorana case, both LNC and LNV
channels are included. The Dirac case only permits LNC
channels. The preservation of spin correlation in the
production and decay of N with this setup was checked in
Ref. [124]. When unspeci!ed, the results consider the
Majorana case. As a further benchmark, the assumption that
N couples only to the electron-"avor sector is made, i.e., |VeN| is
kept nonzero and set |V!N|, |V"N| = 0. Only one heavy neutrino

FIGURE 9
Plot of data recorded in [199] to illustrate the potential
sensitivity of FCC-ee to exotic Higgs boson decays to LLPs,
denoted X. Two LLP mass benchmarks are shown: 10 GeV (blue)
and 50 GeV (tan). For each benchmark two search strategies
are presented. The solid line employs an invariant mass cut to
improve sensitivity at shorter decay lengths, the dashed line relies
on longer decay lengths to reduce SM backgrounds.
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Aiming to target FCC-ee Zh stage with ℎ → 𝑆𝑆 → 𝑞,𝑞𝑞,𝑞

More to come- watch this space J
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Conclusion/outlook

• There are unique opportunities to probe LLPs at FCC-ee.

• FCC-ee-LLP group is an active community with exciting plans for the 
coming months (feeding into the FCC feasibility studies). Mailing list: 
LPP-FCCee-informal@cern.ch

• Expand coverage of final states for HNL, and perform more detailed 
optimization/sensitivity projections.

• Study detailed sensitivity to ALPs, exotic Higgs decays.

• Consider use of timing information and impact of detector design.

• Thanks for listening- happy to take questions and suggestions!
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FCC-ee 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) 

• Ulrika Magdalena Vande Voorde (Uppsala University, 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

