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๏Diverse experimental requirements necessary for varying signatures 
• Prompt

• Decay within the inner detector

• Decay within the calo/muon detector 

๏BSM Particles: 
• The FCCee’s clean environment and high stats allow to a wide 

spectrum of couplings and masses 
Heavy Neutral Leptons (HNL)    ←  Studies to be showcased in this talk

Axion-Like Particles (ALP) ←  See Giacomo’s talk

Exotic Higgs Decays ←  See Axel’s talk

Z’ & dark photons

Light SUSY, … 

BSM at FCC-ee
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Disclaimer: Due to the wide scope of ongoing HNL 
research, only a selection of recent results and 
developments will be highlighted in this presentation

https://indico.cern.ch/event/1439509/timetable/#41-alps
https://indico.cern.ch/event/1439509/timetable/#40-higgs-exotica-2hdm-h-4b-ll


HNL Phenomenology at the FCCee
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๏The FCC-ee is expected to produce approximately 1012 Z bosons during its  
Z-channel run (spanning ~3 years of data collection) 
• High-luminosity & pileup-free environment for the search for HNLs

• Aim to improve upon the limits previously set by the LEP

• For many of the mass points under 
consideration: 

- A displaced topology emerges due to the 

significant lifetime (𝜏 ∝ M⁻⁵|U|⁻²)

- Can be distinguished from promptly 

decaying mass points using lifetime 
metrics, such as decay length or D0



Searching for Type I Seesaw Mechanism in a Two-HNL Scenario
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๏Explore Type I Seesaw mechanism in two quasi-degenerate HNLs  
• Couplings to all leptons 
• nHNL > 1 can explain neutrino oscillations, BA and DM

• Cross-section maximised with quasi-degenerate masses  

(pseudo-Dirac limit) while reducing the number  
of free parameters: Mi≃Mj → UℓI≃iUℓj  

๏Simulation Setup: 
• Parameters chosen to respect constraints from leptogenesis 

and oscillation data

• MN = [10, 80] GeV, |Uμ 1,2| = [10-6, 10-4], ΔΜ = 10-5

• Six benchmarks selected as illustrated in the picture

arXiv:2410.03615

https://arxiv.org/abs/2410.03615


Backgrounds & Event Selection

05

๏Backgrounds: 
• Major source: Z→ττ (ee, μμ negligible due to low MET)

• Also privately produced SM processes with ℓℓ’νν final states → Irreducible bkg


๏Event Selection: 
• Focus on final states with two leptons and missing energy 
• Selection reduces the bkgs significantly while keeping high signal efficiency

• M(ℓ,ℓ΄) selection for low HNL masses

• Maximum sensitivity obtained from angular distance between the two leptons

arXiv:2410.03615

https://arxiv.org/abs/2410.03615


Significance for Inclusive Selection
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๏Statistical significance: 
• Shape-based analysis on ΔR with maximum likelihood fit

• Contours showing 5σ significance 
• Sensitivity maximised at low HNL masses and high mixing angles (prompt HNLs)

• Scenario 6 exhibits a mixing pattern most similar to the single-HNL case and 

offers better space coverage

arXiv:2410.03615

https://arxiv.org/abs/2410.03615


๏Re-optimized selection 
• Depending on their parameters, HNLs can be long-lived 
• Bkg-free regions for displaced signatures as SM processes  

are prompt 
• Robust cuts on HNL decay vertex variables 


๏LLP Results 
• Contours for four long-live HNL events  

demonstrate robust performance  
across the explored parameter space


• Lower coupling values indicate good  
sensitivity


• Reduced sensitivity for higher masses 
due to shorter lifetimes

LLP Event Selection & Sensitivity

07arXiv:2410.03615

https://arxiv.org/abs/2410.03615


๏Assuming one HNL flavour 
•  Two parameters characterise the scenario (mN , U) 


๏Large branching fraction (≃ 50%)  
๏Full kinematic reconstruction for a visible final state 
๏Backgrounds: 
• Three dominant SM background processes considered:


Z→bb, cc or Z→4 body final state

Semi-Leptonic electron Channel with eνjj final state

08Tom Critchley, Pantelis Kontaxakis, Anna Sfyrla

Limited MC statistics for central backgrounds; the analysis 
is conducted at 10 fb-1



๏Cut & Count Method 
• Started with a C&C analysis as the  

baseline for further optimizations 

๏Machine Learning Methods 
• Explored multivariate methods trying to increase the sensitivity

✦BDT Method 
• XGBoost in conjuction with TMVA (binary classification)


✦DNN Method 
• Keras in Tensorflow with hyperparameter optimization (binary classification)

Analysis Methods
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Variables used  
for the trainings

BDT & DNN 
response 
examples

Tom Critchley, Pantelis Kontaxakis, Anna Sfyrla



•Results shown at an integrated 
luminosity of 10 fb-1 

• The current DNN model achieves 
about an order of magnitude 
improvement in sensitivity over the 
C&C method 
• Leveraging more advanced 

architectures and robust 
hyperparameter tuning can further 
boost performance


•Continued development and 
optimization efforts are ongoing

Sensitivity Comparison

10Tom Critchley, Pantelis Kontaxakis, Anna Sfyrla



HNLs decaying to muon pairs and neutrinos

11Lorenzo Bellagamba

๏Scenario where Majorana HNLs have non-zero 
mixing coupling exclusively for νμ 
• Targeting HNLs decaying into μμν final states

• Leveraging LLP signatures  

๏Goals: 
• Evaluate HNL sensitivity in a large mass (10-50 

GeV) and mixing angle range (10-2-5·10-6)

• Explore LLP topology for better discrimination 

power 

๏Minimal requests for event preselection: 
• Exactly two tracks in the central detector 

reconstructed as muons with p > 3 GeV



๏Signal Generation: 
• Simulated using IDEA detector performance (MG5, PYTHIA8)


๏Backgrounds: 
•Dominated by Z→μμ, Ζ→ττ and heavy flavour decays (bb,cc)


๏Selection Criteria (after preselection): 
•Optimised search based on the distance from  

the 2-μ decay vertex to the IP (Dxy)

• Dxy > 10mm 

• Also applying cuts on  
cos(θ) (angle between 
two muons)  
further increases 
the sensitivity

• cos(θ) > -0.95 

Analysis Strategy

12Lorenzo Bellagamba



๏Signal Efficiency: 
• Evaluated after parameterizing efficiencies for each point vs log10(cτ) using Gaussian fit 

๏Sensitivity: 
• Interpolation between the points performed using linear fit on the Gaussian fit parameters

•Results obtained assuming negligible background and no observed events

• Significant improvement over HL-LHC predictions

Efficiency & Sensitivity

13Lorenzo Bellagamba



mN

๏Same high branching fraction as e-channel analysis (~50%) 
 
 

๏Discovery feasible across a broad spectrum of parameters space 
• Low mass → (Delayed) signals likely to display a one-jet signature

• High mass → (Prompt) signals has the two jets well separated 

๏Base event selection 
• Two different SRs depending on njets


• For each region: Utilised dedicated kinematic variables providing 
good discrimination

Semi-Leptonic muon Channel with μνjj final state

14Nicolo Valle, Giacomo Polesello



๏Vertex-based selection: 
•Require a well-reconstructed primary vertex, utilizing  

most of the available tracks for its reconstruction 
 

๏Mass-dependent selection 
• Require visible HNL mass and missing  

energy to be within 2x of the  
resolution in distributions 

๏Prompt vs Long Lived selection 
• Choose transverse position of PV so as backgrounds become zero: 

                                         rprimaryvertex ≶ 0.5 mm 

Analysis Flow - Selections

15Nicolo Valle, Giacomo Polesello



•A minimal selection is applied 
in the long-lived analysis to 
ensure that no background 
remains for the long-lived 
regime 

• Poissonian statistics used for 
the expected number of events 

• Sensitivity surpasses HL-LHC 
theoretical projections for a 
similar mass range

Analysis Sensitivity

16Nicolo Valle, Giacomo Polesello



๏Consider scenario where HNLs only have 
non-zero mixing with νe 

• Focus on long-lived scenario and extend 
work performed for snowmass 
(Front. Phys. 10:967881 (2022)) 

๏Goals: 
• Study updated (Winter23) signal and 

background samples using IDEA detector

•Calculate sensitivity for a background-free 

search requiring exactly one SV

HNLs decaying to electron pairs and neutrinos

17Sarah Williams

Updated studies on the sensitivity of FCC-ee to heavy neutral leptons

Sarah Williams and John Hayward (University of Cambridge)

July 2024

1 Introduction

As well as facilitating ultra-precise measurements of the Higgs, electroweak and top sectors of the Standard
Model (SM) of particle physics, the electron-postron stage of the Future Circular Collider, FCC-ee, o↵ers exciting
opportunities to directly discover low-mass feebly interacting particles. In particular, searches for Long-Lived
particles (LLPs) that couple to the Z and Higgs boson at the high-luminosity Z-pole and Zh runs benefit
from ultra-high statistics and clean experimental conditions. This note focuses on searches for Heavy Neutral
Leptons (HNLs) at the Z-pole run. HNLs are heavy, sterile neutrinos that occur in a number of Beyond-the
Standard Model (BSM) solutions to the neutrino mass problem. Depending on the scenario they can be Dirac
or Majorana and can mediate process that violate lepton flavour symmetries. If the HNLs mix with the SM
neutrinos they can participate in weak interactions with couplings defined by V`Ni which are complex valued
active-sterile mixing matrix element that describe the coupling between the heavy mass eigenstate i (with mass
Ni) and the lepton flavour state `. Depending on the mass and coupling the HNL decay can be prompt or
long-lived, and when long-lived its decay can be targeted by reconstructing displaced vertices in the detector.
Figure 1 shows representative diagrams for e

+
e
� ! Z ! L⌫l at FCC-ee, with the HNL decaying to two leptons

and a neutrino. Note that hadronic decays of the W and Z bosons can additionally give semi-leptonic and fully
hadronic decay channels.

(a) (b)

Figure 1: Representative diagrams for e
+
e
� ! Z ! L⌫l at leading order, with the HNL decaying to two leptons

and a neutrino via (a) charged current and (b) neutral current interactions.

For benchmarking purposes analyses often consider only the lightest neavy mass eigenstate N1 (or just N)
with mass mN and mixings V`N though it should be noted that realistic scenarios typically contain multiple heavy
mass eigenstates. Constraints can be placed on HNLs through a broad range of complementry techniques, from
astrophysical measurements, to neutrino oscillation parameter measurements, electroweak precision observables,
and direct searches at colliders and beam dump experiments. Figure 2 was compiled for the 2020 Update to
the European strategy for particle physics, and summarises the sensitivity of various collider-based experiments
along with the “Seesaw” limit, which gives the minimum lightest HNL mass to generate the neutrino masses
through the Seesaw mechanism and the constraints from Big Bang Nucleosynthesis (BBN). The benchmark
considered assumes a single HNL state which only couples to electrons.

For FCC-ee the “displaced vertex” search that is shown on the projections, comes from Ref. [2]. This
considered all possible HNL decay channels (though the semileptonic has the highest branching ratio) and
considered a search requiring that all visible particles inro the event emerge from the secondary vertex. The
analysis argued that HNL decays with a vertex displacement between 10 µm and 249 cm could be detected in a
background-free search (using the SiD detector [3]). The 2� sensitivity contour was calculated based on signal
models that would yield 4 events assuming 100% signal e�ciency.

This note aims to provide updated projections on the sensitivity of the Z-pole run FCC-ee to HNLs using
updated simulations of SM processes and detector concepts for FCC-ee. This will expand on work that was
submitted as proceedings of the Snoromptwmass 2021 community process in the US [4] and motivate further
studies of the impact of choices of detector concepts on the physics sensitivity.
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Caveat: work still needed to 
further verify background-
free assumptions and/or 
perform further optimization. 
These studies will exploit 
skimmed MC samples!


https://arxiv.org/abs/2203.05502


•Background-free search could be performed by vetoing jets, muons and 
electrons and placing requirement of 1 displaced secondary vertex 
(reconstructed with tracks with |d0|>2mm). 

• Provided 2-page summary for ECFA e+e- study updated yields for 205 fb-1: 

Results and Sensitivity
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3 Event selection and sensitivity projections

3 Event selection and sensitivity projections

Following studies of kinematic distributions for the signal and background after an event selection requiring
exactly two electrons, no electrons or muons and exactly one reconstructed secondary vertex, it was observed
that a veto on hadronic jets would remove could remaining backgrounds. This is demonstrated in Table 1 which
gives expected background yields, normalised to 205 ab�1 for various stages in the selection.

Z ! 2 electrons Veto photons and muons Veto photons and muons; 1 DV Veto photons, muons, jets; 1 DV
ee 2.22e+11 ± 1.41e+09 2.22e+11 ± 2.58e+07 1.50e+04 ± 6.70e+03  6.70e+03
tt 7.37e+09 ± 2.60e+08 7.37e+09 ± 4.72e+06 2.42e+05 ± 2.71e+04  2.71e+04
bb 5.83e+09 ± 2.37e+08 5.83e+09 ± 4.25e+06 4.21e+07 ± 3.62e+05  3.62e+05
cc 1.01e+09 ± 6.80e+07 1.01e+09 ± 1.47e+06 6.52e+06 ± 1.18e+05  1.18e+05
ud 3.12e+08 ± 8.63e+07 3.12e+08 ± 1.23e+06 2.87e+06 ± 1.18e+05  1.18e+05
ss 1.62e+08 ± 2.72e+07 1.62e+08 ± 5.89e+05 4.49e+06 ± 9.80e+04  9.80e+04

Table 1: Background event yields, normalised to 205 ab�1, for a baseline di-electron event selection involving
vetoes on muons, photons and jets and requiring exactly 1 reconstructed secondary vertex. The
inequalities in the final column indicate that all MC events are removed by the full selection.

Figure 1 shows the 3-event contour for this initial selection, compared to a selection of collider (and other)
constraints compiled through the work of Ref. [9]. The FCC-ee line presented refers to the results of Ref. [10]
which argued that it should be possible to perform background-free searches for HNLs in the 20-90 GeV
mass range with decay lengths in the 10-100cm range. The FCC-ee projections presented here should be
seen as conservative for a number of reasons. Firstly- only the leptonic HNL decay is considered- including
the semi-leptonic decays would enable more direct comparison with previous limits. Secondly, the limited
MC statistics mean that the event selection criteria are not heavily optimised. This is left for future study.
Despite this, there are regions at higher masses and larger couplings where the constraints from this study
extend beyond the previous FCC-ee line, which motivates further detailed projections that combine all HNL
decay channels. These studies further motivate additional studies using full simulation to further investigate
the detector performance requirements for these benchmarks.

Figure 1: Comparison of the 3-event (solid purple line) for the selection outlined in this study, compared to a
selection of collider (and other) constraints compiled through the work of Ref. [9], as a function of
the HNL mass and the electron-neutrino coupling.
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5 Optimisation of secondary vertex reconstruction

The results in Section 4 demonstrated that placing a requirement of exactly one reconstructed secondary vertex
provided significant background rejection. The choice of secondary vertex reconstruction algorithm, along with
choices of the selected tracks used (pT and |d0| requirements) could be further optimised to increase sensitivity
to LLPs including HNLs.

To illustrate this, this section considers the impact of restricting tracks used in the secondary vertex re-
construction to those with |d0| > 2 mm. Figure 12 shows distributions of the number of secondary vertices
reconstructed in events with exactly two electrons, and no photons or muons. Comparing to Figure 6, no
background processes have more than 2 secondary vertices, and the background rejection when selecting events
with exactly one displaced vertex is an order of magnitude higher.
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Figure 12: Distribution of the number of reconstructed secondary vertices (reconstructed with a track pT cut of
1 GeV and a minimum |d0| requirement of 2 mm) , normalised to 150 ab

�1, for representative HNL benchmark
points and the main Z-pole background processes. All events are required to have exactly two electrons, and
no additional muons or photons.

Figure 13 shows the missing momentum, jet multiplicity, di-electron invariant mass and leading electron d0

distributions for events with 2 electrons, no electrons or muons and exactly one reconstructed secondary vertex
(using tracks with |d0| > 2 mm). The jet multiplicity distribution shows that vetoing jets would remove all MC
events from the backgrounds. This is further demonstrated in Table 5 which gives expected background yields,
normalised to 150 ab

�1 for the selections considered using the tighter secondary vertex requirement.

Z ! 2 electrons Veto photons and muons Veto photons and muons; 1 DV Veto photons, muons, jets; 1 DV
ee 2.22e+11 ± 1.41e+09 2.22e+11 ± 2.58e+07 1.50e+04 ± 6.70e+03  6.70e+03
⌧⌧ 7.37e+09 ± 2.60e+08 7.37e+09 ± 4.72e+06 2.42e+05 ± 2.71e+04  2.71e+04
bb 5.83e+09 ± 2.37e+08 5.83e+09 ± 4.25e+06 4.21e+07 ± 3.62e+05  3.62e+05
cc 1.01e+09 ± 6.80e+07 1.01e+09 ± 1.47e+06 6.52e+06 ± 1.18e+05  1.18e+05
ud 3.12e+08 ± 8.63e+07 3.12e+08 ± 1.23e+06 2.87e+06 ± 1.18e+05  1.18e+05
ss 1.62e+08 ± 2.72e+07 1.62e+08 ± 5.89e+05 4.49e+06 ± 9.80e+04  9.80e+04

Table 5: Event yields, normalised to 205ab
�1 for Z-pole background processes for a baseline di-electron event

selection involving vetoes on muons, photons and jets and requiring exactly 1 reconstructed secondary vertex
(reconstructed with a track pT cut of 1 GeV and a minimum |d0| requirement of 2 mm). The inequalities in the
final column indicate that all MC events are removed by the full selection.
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Purple line shows 3-event 
contour- maximal 
sensitivity would involve 
combining channels!


https://www.overleaf.com/read/zbjjhbfpvrgd#af18da


Summary & Outlook
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๏Outstanding potential of FCC-ee for directly exploring BSM signatures in 
both prompt and long-lived channels 

๏Diverse signals: HNLs, ALPs, unconventional Higgs decays, and more 

๏HNL exciting channel for BSM searches in FCCee 
•Analyses show sensitivity to very small mixing angles

• Integration of prompt and LLP signatures offers complementary coverage of 

the entire parameter space 

๏Intensive efforts are underway to optimize sensitivity for benchmark 
signals



Backup Slides



Event Generation & Workflow
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Conduct FCC case studies utilising the “official” analysis 
tools and framework provided for the FCC 



Jet algorithms
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๏Jet reconstruction was primarily 
conducted using the FastJet software, 
rather the initial event generation phase 
with Pythia 

๏This approach was chosen for the 
enhances control and adaptability it 
provides when working directly with 
particle data from the EDMHEP files 

๏The Durham jet algorithm was used for 
the clustering jets



HNL→ ejj Analysis: Variable distributions
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HNL→ ejj Analysis: DNN vs BDT feature importance
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Mass-dependent selection 
•Require:

 

where Mvis: sum of visible 4-momenta to 
select HNL mass and ν recoil energy


• Apply also cut on Emiss:


where

Kinematic selection 
• Two different SRs depending on njets


2jets: Dominant at m>50 GeV

1jet: Dominant at lower masses


• For each region: Investigation variables 
providing discrimination
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HNL →  μjj Selections



Prompt vs Long Lived selection 
• For separation between prompt and LL


Choose transverse position of PV so 
as bkgs become zero: rvpx = 0.5mm


• About five times values rvxp for extreme 
tails of bkgs


Vertex-based selection 
•Require well-reconstructed primary 

vertex and most of the Tracks used for 
primary vertex


• Substantial rejection for heavy flavours

HNL →  μjj Selections
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