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THEORY AND SIMULATION
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Type I seesaw model with n  heavy neutral leptons (HNLs) can address multiple issues 
of the SM Phys. Rev. Lett. 128, 051801 
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.128.051801
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Simplified scenario: one Majorana or Dirac HNL 

Minimal realistic scenarios (lepton number-like symmetry): 

 single Dirac HNL 

 pseudo-Dirac HNL arXiv: 1712.07611 

 two distinct Majorana HNLs

M1 = M2

M1 ≈ M2

M1 ≠ M2

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.128.051801
https://arxiv.org/abs/1712.07611
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Z pole run at FCC-ee 

SM processes available from Winter ‘23 
central FCC production  
(Pythia8 + Delphes)

Simulation setup
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Model Generation Detector Analysis

Heavy N UFO
Madgraph5 + 
Pythia8 Delphes FCCAnalyses

IDEA detector

arXiv:1411.7305 
arXiv:1602.06957

https://fcc-physics-events.web.cern.ch/FCCee/delphes/winter2023/idea/
https://arxiv.org/abs/1411.7305
https://arxiv.org/abs/1602.06957
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EXCLUSION LIMITS
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One muon HNL
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Polesello and Valle 
doi:10.17181/9pc9x-kcn56

Majorana N → 𝛍 j j, coupling to 
muons 

Privately produced  SM 
background 

At least three tracks and one muon 
not in jets (cut list in backup) 

Exclusive  jet clustering 

e+e− → νμμjj

kT njets = 2

https://doi.org/10.17181/9pc9x-kcn56
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One muon HNL
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Polesello and Valle 
doi:10.17181/9pc9x-kcn56

ℒint = 205 ab−1

Majorana N → 𝛍 j j, coupling to 
muons 

Privately produced  SM 
background 

At least three tracks and one muon 
not in jets (cut list in backup) 

Exclusive  jet clustering  

Prompt vs. long-lived HNL 
(background-free): 

e+e− → νμμjj

kT njets = 2

Lxy ≶ 0.5 mm

https://doi.org/10.17181/9pc9x-kcn56
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FCCAnalyses: FCC-ee Simulation (Delphes)

Pseudo-Dirac pair  → 𝓵 𝓵 𝛎, coupling to all 
leptons 

Parameters in agreement with leptogenesis Phys. 
Rev. D 108 (2023) L101302 and oscillation data JHEP 09 
(2020) 178 

Privately produced  SM background 

Leptonic 𝛕 decays + missing energy (cut list in 
backup)

N1,2

e+e− → ℓℓνν

Two HNLs
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Giappichini et al. 
arXiv:2410.03615

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.108.L101302
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.108.L101302
https://link.springer.com/article/10.1007/JHEP09(2020)178
https://link.springer.com/article/10.1007/JHEP09(2020)178
https://arxiv.org/abs/2410.03615
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Two HNLs

05/11/24 - Sofia Giappichini10

Giappichini et al. 
arXiv:2410.03615

Pseudo-Dirac pair  → 𝓵 𝓵 𝛎, coupling to all 
leptons 

Parameters in agreement with leptogenesis Phys. 
Rev. D 108 (2023) L101302 and oscillation data JHEP 09 
(2020) 178 

Privately produced  SM background 

Leptonic 𝛕 decays + missing energy (cut list in 
backup) 

Inclusive vs. long-lived analysis (background-
free):  

N1,2

e+e− → ℓℓνν

|d0 | > 0.64 mm

https://arxiv.org/abs/2410.03615
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.108.L101302
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.108.L101302
https://link.springer.com/article/10.1007/JHEP09(2020)178
https://link.springer.com/article/10.1007/JHEP09(2020)178
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OSCILLATIONS
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Pseudo-Dirac pair N → 𝛍 j j, coupling to muons 

Oscillations implemented in pSPSS UFO (phenomenological symmetry protected seesaw)

N  oscillationsN̄
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Hajer et al. 
JHEP 10 (2023), p.129

http://www.apple.com
https://doi.org/10.1007/JHEP10(2023)129
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Pseudo-Dirac pair N → 𝛍 j j, coupling to muons 

Oscillations implemented in pSPSS UFO

N  oscillationsN̄
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Hajer et al. 
JHEP 10 (2023), p.129

N  oscillation probability: 

 

Damping parameter =0 for long-lived HNLs JHEP 09 (2023), p.170

N̄

PLNC/LNV
osc (τ) =

1 ± cos(Δmτ)exp(−λ)
2

λ

http://www.apple.com
https://doi.org/10.1007/JHEP10(2023)129
https://link.springer.com/article/10.1007/JHEP09(2023)170
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Angular-dependent probability 

Pℓ±(cosθ, τ) =
1
σ

dσ(cos θ)
d cos θ

PLNC/LNV
osc (τ)
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Forward-backward asymmetry  Opening angle asymmetry

Final state distributions Hajer et al. 
JHEP 10 (2023), p.129

https://doi.org/10.1007/JHEP10(2023)129
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Final state distributions
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Polesello and Valle 
doi:10.17181/recsm-v3k46

Opening angle asymmetry

Forward-backward asymmetry 

https://doi.org/10.17181/recsm-v3k46
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N  oscillations sensitivityN̄
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Hajer et al. 
arxiv:2408.01389

FCC-ee (IDEA) 5𝜎 discovery reach

Assuming background-free analysis (cut list in backup) 

Likelihood ratio test on the opening angle asymmetry

https://arxiv.org/abs/2408.01389
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Dirac vs. Majorana
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Polesello and Valle 
doi:10.17181/recsm-v3k46

 single Dirac HNLΔmτ ≈ 1 two Majorana HNLsΔmτ ≫ 1

https://doi.org/10.17181/recsm-v3k46
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Analyses of different HNL coupling scenarios show FCC-ee great potential for direct 
searches in both prompt and long-lived channels 

 oscillations could also be observed and their period measured in a sub-region of the 
accessible parameter space 

If not, Dirac and Majorana limits can be used to assess the phenomenon

NN̄

Conclusions
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doi:10.3389/fphy.2022.967881

Old theoretical prediction for one HNL coupling to electrons

https://www.frontiersin.org/journals/physics/articles/10.3389/fphy.2022.967881/full
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BACKUP
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HNL limits Hajer et al. 
arxiv:2408.01389

https://arxiv.org/abs/2408.01389
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Cut list - one HNL
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Polesello and Valle 
doi:10.17181/9pc9x-kcn56

https://doi.org/10.17181/9pc9x-kcn56
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Cut list - two HNLs
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Inclusive selection:
Two leptons, no photons 

No other track and no neutral hadron
 pT,miss > 10 GeV

 cosθll > 0

 Emiss > 45 GeV
 El, leading < 35 GeV

 pT,miss > 5 GeV, pT,ℓ > 1 GeV, Eℓ > 2 GeV

 M(l, l′ ) < MHNL

 χ2 < 10

 |d0 | > 0.64 mm

Displaced selection:
Two leptons, no photons 

No other track and no neutral hadron
 pT,miss > 10 GeV

 cosθll > − 0.8

 pT,miss > 5 GeV, pT,ℓ > 1 GeV, Eℓ > 2 GeV

 M(l, l′ ) < 80 GeV

Giappichini et al. 
arXiv:2410.03615

https://arxiv.org/abs/2410.03615
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Efficiencies - two HNLs
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Inclusive selection Displaced selection

Giappichini et al. 
arXiv:2410.03615

https://arxiv.org/abs/2410.03615
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Oscillation theory Hajer et al. 
arxiv:2408.01389

Forward-backward asymmetry: 

 

with 

 

Opening angle asymmetry: 

 

with 
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https://arxiv.org/abs/2408.01389
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One displaced muon ( )  

One jet (soft quarks, at least two tracks within  of the muon vertex) 

Displaced vertex collinear with the HNL momentum  

Reconstructed HNL mass in window  of generated HNL mass

400 μm < Lxyz < 1 m

100 μm

ΔR ≥ 0.1

±2 GeV

Cut list - oscillations
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Hajer et al. 
arxiv:2408.01389

https://arxiv.org/abs/2408.01389

