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Where the wild things are?
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FCC

FCC-ee opportunity: Precision and Exploration

Ø Explore indirectly using precision measurements. 

Ø Explore directly & discover: ALPs, dark photons, HNLs,             

exotic Higgs any of which could be feebly interacting particles 

Illustrator: Maurice Sendak
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Personal Favorite Mo5vator: Dark Sector
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While the dynamics of the dark sector could be complicated…                                  
to observe a dark sector, we need a portal interaction:

New Physics could be light and feebly interacting with SM



Personal Favorite Motivator: Dark Sector
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Feebly interacAng ParAcles: From Energy FronAer to Intensity FronAer

A paradigm shift has 
already started at the LHC

… but LHC experiments 
weren’t designed for this:

Diagram credit to A. Sfyrla
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Feebly interacting Particles: From Energy Frontier to Intensity Frontier

A paradigm shift has 
already started at the LHC

… but LHC experiments 
weren’t designed for this:

Diagram credit to A. Sfyrla See L. Skinnari’s talk for detector requirements!
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Scalar Portal: Dark Higgs, BSM Higgs
𝜇: Higgs-S mixing mass term → sinθ	

The mixing implies that the SM couplings 
of the Higgs deviate from their SM values

https://arxiv.org/pdf/1612.09284
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Scalar Portal: Dark Higgs, BSM Higgs
𝜇: Higgs-S mixing mass term → sinθ	

𝜆: H → S S production with coupling 𝜆 

https://arxiv.org/pdf/1612.09284
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Case Study: Higgs Invisible 
In SM H → ZZ → (νν )̄(νν )̄ process has a BR of about 10−3

ØCurrent ATLAS/CMS sensi0vity: ~10-15% BR observed

ØInv BR would be significantly enhanced in presence of New Physics

https://indico.cern.ch/event/1066234/contributions/4708083/attachments/2385645/4077258/mehta.pdf
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Case Study: Higgs Invisible 
In SM H → ZZ → (νν )̄(νν )̄ process has a BR of about 10−3

ØCurrent ATLAS/CMS sensi0vity: ~10-15% BR observed

ØInv BR would be significantly enhanced in presence of New Physics

Signal ( Hà inv ) Energy Luminosity Channels Backgrounds
ZH 240 GeV 5 ab-1 𝑒𝑒, 𝜇𝜇, 𝑏𝑏, 𝑞𝑞 Z, ZZ, ZH, WW

Using Delphes simulation
Ø qq resolution worse than ee/mm

ØMmiss resolution best for mm

Ø Mass resolution for bb worst due 
to neutrinos in b hadron decays

https://indico.cern.ch/event/1066234/contributions/4708083/attachments/2385645/4077258/mehta.pdf
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Case Study: Higgs Invisible 
In SM H → ZZ → (νν )̄(νν )̄ process has a BR of about 10−3

ØCurrent ATLAS/CMS sensi0vity: ~10-15% BR observed

ØInv BR would be significantly enhanced in presence of New Physics

Signal ( Hà inv ) Energy Luminosity Channels Backgrounds
ZH 240 GeV 5 ab-1 𝑒𝑒, 𝜇𝜇, 𝑏𝑏, 𝑞𝑞 Z, ZZ, ZH, WW

Additional requirements 
for Z(bb) channel, to 
cope with worse 
resolution of bb system

Use distribution of Mmiss 
in likelihood fit.

https://indico.cern.ch/event/1066234/contributions/4708083/attachments/2385645/4077258/mehta.pdf
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Case Study: Higgs Invisible 
Reach SM precision of ≃ 0.1%

Could discover NP with  H → inv above SM background with BF ~ 0.5%

https://indico.cern.ch/event/1066234/contributions/4708083/attachments/2385645/4077258/mehta.pdf
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Case Study: Higgs Invisible 
Reach SM precision of ≃ 0.1%

Could discover NP with  H → inv above SM background with BF ~ 0.5%

Recent work (FCC MIT Workshop) compares CLD full sim and CLD & IDEA Delphes fast sim.
Ø Efficiency is ~identical for IDEA and CLD fast simulations!
Ø Electron eff  is worse for full sim than for fast sim & Muon eff is very similar for full & fast sim.

https://indico.cern.ch/event/1066234/contributions/4708083/attachments/2385645/4077258/mehta.pdf
https://indico.mit.edu/event/876/contributions/2878/attachments/1081/1781/Fcc-ee-mit-workshop.pdf
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Case Study: Exotic Higgs Decay

For sufficiently small mixing, the scalar can 
be long-lived:  cτ ∼ meters if θ < 1e-6

ZH à Z (ee/mm) + H à s s à 4b

Full chain:
MadGraph v3.4.1 (for parton level) + 
Pythia8 (parton shower / hadronization) + 
Delphes ( winter2023 IDEA)

https://indico.cern.ch/event/1307378/contributions/5744384/attachments/2791880/4868911/LLPsExoticHiggs_FCCWS_240201_mvoorde.pdf
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Case Study: Exotic Higgs Decay

Signal ( Hà inv ) Energy Luminosity Channels Backgrounds
ZH 240 GeV 5 ab-1 4𝑏 WW, ZZ, ZH

For sufficiently small mixing, the scalar can 
be long-lived:  cτ ∼ meters if θ < 1e-6

ZH à Z (ee/mm) + H à s s à 4b

Full chain:
MadGraph v3.4.1 (for parton level) + 
Pythia8 (parton shower / hadronization) + 
Delphes ( winter2023 IDEA)
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Case Study: Exotic Higgs Decay
Pre-selection: 2 opposite sign, same flavor leptons (invariant mass within Z) + 2 displaced vertex

https://indico.cern.ch/event/1307378/contributions/5744384/attachments/2791880/4868911/LLPsExoticHiggs_FCCWS_240201_mvoorde.pdf
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Case Study: Exotic Higgs Decay
Pre-selection: 2 opposite sign, same flavor leptons (invariant mass within Z) + 2 displaced vertex

Zero background search => 3 events is 95% CL exclusion

https://indico.cern.ch/event/1307378/contributions/5744384/attachments/2791880/4868911/LLPsExoticHiggs_FCCWS_240201_mvoorde.pdf
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Pseudo-scalar Portal: Axion-like Particles

https://indico.cern.ch/event/773863/contributions/3248614/attachments/1776816/2889026/Thamm-ALPs.pdf
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Pseudo-scalar Portal: Axion-like Particles

https://arxiv.org/pdf/2102.08971

https://indico.cern.ch/event/773863/contributions/3248614/attachments/1776816/2889026/Thamm-ALPs.pdf


“Standard” approach:
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Case Study: Axion-like Particles

https://arxiv.org/pdf/2310.17270


“Standard” approach:
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Case Study: Axion-like Particles

ALP production via photon-photon fusion: Using SC4 MC generator for the ALP signal 
and Light-by-Light continuum background (irreducible background) + IDEA sim

https://arxiv.org/pdf/2310.17270


“Standard” approach:
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Case Study: Axion-like Particles

Ø 𝛾𝛾 → 𝑎 extends current LHC limits for            
𝑚a = 5 − 350GeV by 2(O) magnitude

Ø𝑒+ 𝑒- → 𝑍 → 𝛾𝑎 extends current LHC limits for 
𝑚a = 0.1 − 90 GeV by 3(O) magnitude

For low ALP mass, sophis1cated detectors & techniques 
are needed to isolate the overlapping photons

https://arxiv.org/pdf/2310.17270


One of the renormalizable portals to dark 
sectors. Could also  address : Neutrino masses 
via seesaw mechanism, Baryogenesis via 
leptogenesis and oscillation anomalies…
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Neutrino Portal: Heavy Neutral Leptons

https://arxiv.org/pdf/2203.05502
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Case Study: Prompt & Displaced HNL - 𝜇𝑗𝑗

High production rate. (~50% of the BR) 

Jets can be well separated or 
collimated. 

Primary backgrounds from Z : 

Ø  𝑍 → 𝑏𝑏/𝑐𝑐/𝑢𝑑𝑠,  𝑍 → 𝜇𝜇 /  𝜏𝜏

Ø𝑒 𝑒 → 𝜇𝜈𝑞𝑞 => irreducible 

Prompt selection:  1 muon, 1 or 2 jets, good PV 

Displaced selection:  Radial vertex position > 0.5 mm

https://indico.cern.ch/event/1307378/contributions/5721464/attachments/2789815/4865490/FCCHNLOscillationAnnecy2.pdf


Today’s Focus: Dark sector signals, 
including Heavy Neutral Leptons, Axion-
like particles, and exotic Higgs decays.

Beyond the Dark Sector: The FCC offers 
numerous Beyond Standard Model (BSM) 
opportunities, with the Z pole and ZH 
pole runs being especially crucial. The 
FCC presents a large and unique phase 
space for exploration.

Let's design our detectors to maximize 
these opportunities!
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FCC: A Gateway to Discovery



Conclusion
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From P. Azzi's slides

https://indico.cern.ch/event/1291893/contributions/5873456/attachments/2848547/4980748/Azzi.pdf
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M. Carena Slides

https://indico.mit.edu/event/876/contributions/2609/attachments/1036/1698/Carena-FCC-MIT.pdf
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Patricia R. Teles

https://indico.cern.ch/event/1307378/contributions/5721467/attachments/2791968/4869084/TalkFCCWorkshopJan2024_final.pdf
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HNL Full Cuts


