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Original Analysis Signal Process
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• Targeting 240 GeV, Zh production stage w/ signal process:

• This provides following experimental signatures: 
• Reconstructed Z boson from 𝑒+𝑒− or 𝜇+𝜇− pairs 

• Displaced vertices from b pairs from long-lived scalar decay

M. Vande Voorde et al. 

https://indico.cern.ch/event/1307378/contributions/5744384/attachments/2791880/4868911/LLPsExoticHiggs_FCCWS_240201_mvoorde.pdf


Path to Increasing Signal Statistics
• Branching fraction of 𝑍 → 𝑒+𝑒− or 𝜇+𝜇− only ~6.7% of Z decay modes, 

significantly limiting our signal statistics and maximum sensitivity

•  Incorporating 𝑍 →  𝜈 ҧ𝜈 (~20% branching frac. ) & 𝑍 → 𝑞 ത𝑞 (𝑞 = 𝑢, 𝑑, 𝑠, 𝑐, 𝑏, ~70%) to 
signal would greatly increase sensitivity

• Generated new samples with MadGraph 3.5.4 & Winter 2023 IDEA card at the 
6 original signal points now with 𝑍 → 𝑞 ത𝑞 & 𝑍 →  𝜈 ҧ𝜈
 New samples (and their reco. script outputs) available: /eos/experiment/fcc/ee/analyses/case-

studies/bsm/LLPs/exoticHiggsSamplesCLD/

 To maintain background rejection & signal sensitivity, wanted to replace first two of the 
originally used cuts, but retain final displaced vertex cut 

36 signal points varying scalar mass, mixing 

angle, influencing mean decay time 

Cut flow used in original analysis 



Strategy & Results 
for 𝑍 → 𝜈 ҧ𝜈
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Backgrounds and Missing Energy Cut

• Chose ZZ, WW, ZH (𝑍 → 𝜈 ҧ𝜈, 𝐻 → 𝑏𝑏) and ZH (𝑍 → 𝜈 ҧ𝜈, 𝐻 → 𝑊𝑊) as first 
order backgrounds

 Since for our backgrounds ~10 − 50 events (out of 100,000) would pass DV 
cut, some level of initial background rejection is required

 Found that the best way to do this was cutting on energy from ‘MissingET’ 
branch 

• Despite confusion as to whether this was total or transverse missing 
energy per each event, it still proved helpful in rejecting background
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Signal Missing Energy Distributions
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Missing Energy (GeV)
Missing Energy (GeV)

ms = 20 GeV, sin 𝜃 = 10−6 ms = 60 GeV, sin 𝜃 = 10−6



Background Missing Energy 
Distributions
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Missing Energy (GeV)
Missing Energy (GeV)

𝑒+𝑒− → 𝑊𝑊 𝑒+𝑒− → 𝑍𝑍

Note: ZH backgrounds look more similar to signals



Cut Efficiencies
• After some optimization, settled on cut of 30 𝐺𝑒𝑉 < 𝑀𝐸𝑇 < 70 𝐺𝑒𝑉, 

and again retained 𝑁𝐷𝑉 ≥ 2 cut

• This yielded the following efficiencies: 
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Signal: 

Background: 

(1 event of 10,000 passed, 

corresponds to 0.71 events after 

reweighting to 7.2 × 106 𝑝𝑏−1)



Final Sensitivities / Event Yields
• Significantly increased event yield relative to original leptonic decay 

analysis (given 7.2 × 106 𝑝𝑏−1)
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Events selected:

Sensitive (> 3 

events) 

Not sensitive 

(< 3 events)

Note: 20 GeV 1e-7 sample gained sensitivity only if combining with 

leptonic decay analysis yields 

Uncertainty calculations yet to be performed for new results, must now 

incorporate having 0.7 expected background events 



Strategy & Results 
for 𝑍 → 𝑞 ത𝑞
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Jet Clustering Difficulties
• After initially generating samples, found that by default Winter 2023 

DELPHES card used an exclusive N=2 jet clustering algorithm

 This provided some initial confusion – but thanks to some help realized 
needed to recluster jets in the FCCAnalysis framework

 Initially tried numerous inclusive jet clustering strategies, however, did 
not get satisfactory results where the number of reconstructed jets agreed 
with expected value across samples

• After a suggestion, pivoted toward a new strategy: 

 Perform displaced vertexing as normal, and then remove all particles 
associated with those reconstructed displaced vertices

 With the remaining particles, perform 𝑘𝑡 algorithm R = 0.5, 𝐸0 scheme, 
N=2 exclusive jet clustering 

 Same process repeated for signal and background, allowing for consistency 
to perform cuts on jets that are reconstructed (ideally from Z) 
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Backgrounds and Jet Energy Cut 

• Chose WW, ZZ, ZH (𝑍 → 𝑞 ത𝑞, (𝑞 = 𝑢, 𝑑, 𝑠, 𝑐, 𝑏), 𝐻 → 𝑏𝑏, 𝑊𝑊) as 
backgrounds (total of 8 different samples as 𝑢 ത𝑢, 𝑑 ҧ𝑑 samples combined)

• Wanting to mimic the Z invariant mass cut done by original analysis, 
decided to perform cut on the total jet energy from the two 
reconstructed jets

 This should provide an initial small level of background rejection while 
maintaining high signal sensitivity

 Again for around for ~10 − 50 background events ≥ 2 𝐷𝑉𝑠 reconstructed 

• Due to lack of time, further cuts or further optimization of jet energy 
cuts were not performed, but further background rejection is required
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Signal Jet Energy Distributions
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Summed Jet Energy (GeV)
Summed Jet Energy (GeV)

ms = 20 GeV, sin 𝜃 = 10−6 ms = 60 GeV, sin 𝜃 = 10−6



Background Jet Energy Distributions
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Summed Jet Energy (GeV)
Summed Jet Energy (GeV)

𝑒+𝑒− → 𝑊𝑊 𝑒+𝑒− → 𝑍𝐻 (𝑍 → 𝑏ത𝑏, 𝐻 → 𝑊𝑊)

As expected, some differences in distribution 

between signal and WW, ZZ distributions, but highly 

similar to ZH distributions



Cut Efficiencies
• After some optimization, settled on very loose cut of 40 𝐺𝑒𝑉 < σ 𝐸𝐽𝑒𝑡 <

140 𝐺𝑒𝑉 to retain high signal efficiency across all signal points to at least give 
indication of potential increase in signal yield

• This yielded the following efficiencies / event yields (for background): 
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Signal: 

Background: 

Z decay mode H decay mode



Signal Yields
• Significantly increased event yield relative to original leptonic decay 

analysis (given 7.2 × 106 𝑝𝑏−1)
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Events selected:

Sensitive (> 3 

events) 

Not sensitive 

(< 3 events)

Note: due to large number of background events, unable to determine 

sensitivity at this stage



Summary & Future Work
• Have obtained good (but optimizable) results by adding 𝑍 → invisible decays to 

signal, increasing signal yield per sample by up to a factor of three
 Gained sensitivity to 𝑚𝑠 = 20 𝐺𝑒𝑉, sin 𝜃 = 1𝑒 − 7 signal point

• Have obtained very preliminary results in adding 𝑍 → hadronic decays to signal, 
increasing signal yield per by up to a factor of twenty
 This factor will inevitably decrease with cuts that properly reject background 

 Some innovation will be necessary to determine how to better reject background before 
DV cut

• Code has been merged to LLP fork of FCCAnalyses repo. 

• More backgrounds (other Higgs decays) could be incorporated for a more 
thorough analysis 

• Plan to make an FCC note about these results & IDEA vs. CLD detector card 
comparison 

• This work should be taken up by another student potentially starting this Fall? 
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Backup
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Signal Sensitivities
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Final Cut Efficiencies: 

Final Events Selected: 

Sensitive (> 3 

events) 

Not sensitive 

(< 3 events)
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