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Outline

▪ Higgs boson properties

▪ The Muon Collider: a Higgs factory

▪ TauFinder: an algorithm for tau lepton reconstruction and

identification

▪ TauFinder performance assessment and tau energy corrections

▪ H → ττ identification at the 3 TeV Muon Collider

▪ H → ττ cross section measurement

▪ Conclusions
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Higgs physics

▪ Higgs boson: discovered in 2012

▪ Scalar particle, mH ~ 125 GeV/c2

▪ Unstable (ΓH ~ 4 MeV)

▪ Responsible for mass generation

▪ "Higgs portal": access to New Physics?

▪ Precision measurements of its parameters

▪ Future colliders to study its properties

Lorenzo Valla (IMAPP) Master’s thesis defense



4

The Muon Collider

▪ μ+μ- collider

▪ No initial state partons: clean environment, no PDFs

▪ Low synchrotron radiation: high center-of-mass energies (Multi-TeV)

▪ Challenges: beam-induced background, technology R&D

Lorenzo Valla (IMAPP) Master’s thesis defense



5

The Muon Collider

▪ μ+μ- collider

▪ No initial state partons: clean environment, no PDFs

▪ Low synchrotron radiation: high center-of-mass energies (Multi-TeV)

▪ Challenges: beam-induced background, technology R&D

▪ Two stages foreseen (IMCC): 

s = 3 TeV, 10 TeV

[Eur. Phys. J. C 83, 864 (2023)]
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Experimental apparatus

▪ 4π detector + nozzles to shield BIB (soft, out-of-time particles)

[PoS ICHEP2020 (2021) 826]
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A Higgs factory

▪ The Muon Collider is a "Higgs factory"

▪ Produce Higgs boson at a high rate w.r.t. backgrounds

▪ Perform precision measurements of its parameters
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[JHEP 08(2022)185]
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Higgs couplings measurement

▪ Measure Higgs couplings to fermions through its decays
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Higgs couplings measurement

▪ Measure Higgs couplings to fermions through its decays

Coupling to τ leptons

2
mτ

v
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Higgs couplings measurement

▪ Measure Higgs couplings to fermions through its decays

Coupling to τ leptons

2
mτ

v

Goal of my thesis

Estimate the statistical uncertainty on 

𝝈 H → ττ at the s = 3 TeV MuCol
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Tau lepton

▪ 3rd generation fermion, mτ = 1.777 GeV/c2

▪ Unstable: τ = 2.9 × 10-13 s

▪ Decay length ~ 1 - 10 mm
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Tau lepton

▪ 3rd generation fermion, mτ = 1.777 GeV/c2

▪ Unstable: τ = 2.9 × 10-13 s

▪ Decay length ~ 1 - 10 mm

▪ Reconstructed from its decay products

▪ ντ in the final state (missing transverse momentum)

▪ hadronic (τℎ) or leptonic (τℓ) final states
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Tau lepton

▪ Hadronic decays: 1-prong (≈50%) or 3-prong (≈15%)
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[JINST 17 (2022) P07023]
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Particle Flow Algorithm

▪ Physics objects are reconstructed with PandoraPFA (Pandora

Particle Flow Algorithm)
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[arXiv:1308.4537]
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Tau leptons at the Muon Collider

▪ TauFinder algorithm for τ reconstruction and identification:

1) Define τ seeds - each charged particle, start from highest energy

2)  Charged particles within the search cone (0.05 rad) are added to the τ

candidate one at a time, adjusting the search cone

3)  Neutral particles are added in the same way

4) Steps 1 to 3 are repeated until no particle is left out

5) All particles associated to one τ candidate are combined into a 

reconstructed τ

6) Check if a single τ was split into two τ candidates: combine all candidates 

whose angular separation is less than the opening angle of the search cone
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Tau leptons at the Muon Collider

▪ Apply selection cuts to select "good" τ candidates

▪ Fixed quality cuts

▪ Number of charged particles between 0 and 4

▪ Number of charged + neutral particles below 10

▪ Total charge equal to +1 or -1

▪ Reconstruction and isolation cuts

▪ τ seed: pT > 5 GeV/c

▪ For each particle: pT > 1 GeV/c

▪ Energy in the isolation cone (+0.2 rad): Eiso < 5 GeV
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Tau leptons at the Muon Collider

▪ Focus on τh reconstruction and identification

▪ Muon Collider software v2.8 (Combinatorial Kalman Filter tracking

+ PandoraPFA reconstruction)

▪ "Particle guns" to estimate the efficiencies: simulation of a single

particle in the detector + event reconstruction

▪ Plan to evaluate TauFinder performance:

1) charged pion track efficiency (200k π± guns)

2) charged pion reconstruction efficiency (200k π± guns)

3) τh reconstruction efficiency (200k τ± guns)

▪ Caveat: not including the beam-induced background in this analysis
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Charged pion tracking efficiency

▪ π± track efficiency performance (200k π± guns)

▪ Match the generated π± and the reco track : ΔR = Δφ2 + Δη2 ≤ 0.1
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Charged pion reconstruction eff.

▪ π± reconstruction efficiency performance (200k π± guns)

▪ Study the best HCAL energy threshold configuration: 250 keV

▪ Match the generated and reconstructed π± : ΔR ≤ 0.1, ΔpT ≤ 0.1 pT
gen
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Hadronic tau reconstruction eff.

▪ τh reconstruction efficiency performance (200k τ± guns)

▪ Match the generated and reconstructed τ± : ΔR ≤ 0.1
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Tau energy corrections

▪ Need to account for detector response

▪ Compute τh energy corrections for different decay modes
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H → ττ identification

▪ At 3 TeV, Higgs mainly produced via VBF (primarily WW)

▪ Need to discriminate signal

𝜎 = 30.9 fb
MET
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H → ττ identification

▪ At 3 TeV, Higgs mainly produced via VBF (primarily WW)

▪ Need to discriminate signal from backgrounds

𝜎 = 73.8 fb 𝜎 = 193 fb𝜎 = 30.9 fb
MET

Forward muons

(95%)
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H → ττ identification

▪ At 3 TeV, Higgs mainly produced via VBF (primarily WW)

▪ Need to discriminate signal from backgrounds

𝜎 = 73.8 fb 𝜎 = 193 fb𝜎 = 30.9 fb
MET

Forward muons

(95%)

▪ Focus on the τ𝒉
+τ𝒉

− decay mode

▪ Search for kinematic variables with high discriminating power
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H → ττ identification

▪ Samples generation with MadGraph5 (300k events each)

▪ PYTHIA8 for showering, hadronization and τ decay

▪ Event selection: pT(τ) > 20 GeV/c + one τ𝒉
+τ𝒉

− pair

Lorenzo Valla (IMAPP) Master’s thesis defense



26

H → ττ identification

▪ Samples generation with MadGraph5 (300k events each)

▪ PYTHIA8 for showering, hadronization and τ decay

▪ Event selection: pT(τ) > 20 GeV/c + one τ𝒉
+τ𝒉

− pair

▪ Most significant variables: mvis(ττ), ΔR(ττ), pT(ττ)
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H → ττ cross section measurement

▪ Classification with a Boosted Decision Tree (TMVA) to enhance

signal-bkg discrimination

▪ Feed the τℎ
+τℎ

− kinematical variables into the BDT (η, pT, φ)
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H → ττ cross section measurement

▪ Classification with a Boosted Decision Tree (TMVA) to enhance

signal-bkg discrimination

▪ Feed the τℎ
+τℎ

− kinematical variables into the BDT (η, pT, φ)
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H → ττ cross section measurement

▪ Normalize the BDT output distributions to the number of expected

events at a 3 TeV Muon Collider (ℒ =1 ab-1):

▪ Perform 100k MC toy experiments (bkg normalization floating)

▪ Perform a histogram template fit (signal + bkg distributions) for

each toy experiment

Lorenzo Valla (IMAPP) Master’s thesis defense

𝑁 = ℒ ⋅ 𝜀 ⋅ 𝜎
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H → ττ cross section measurement

▪ Normalize the BDT output distributions to the number of expected

events at a 3 TeV Muon Collider (ℒ =1 ab-1):

▪ Perform 100k MC toy experiments (bkg normalization floating)

▪ Perform a histogram template fit (signal + bkg distributions) for

each toy experiment

▪ Estimate the signal cross section as

Lorenzo Valla (IMAPP) Master’s thesis defense

𝜎 H → ττ =
𝑁𝑠

ℒ ⋅ 𝜀𝑠

▪ Statistical uncertainty: 𝚫𝝈/𝝈 H → ττ = 𝚫𝑵𝒔/𝑵𝒔

𝑁 = ℒ ⋅ 𝜀 ⋅ 𝜎



31

H → ττ cross section measurement
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𝚫𝝈/𝝈 H → ττ = 5.3%

▪ Final result:
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Conclusions

Lorenzo Valla (IMAPP) Master’s thesis defense

▪ The result obtained (5.3%) is comparable with the projection

obtained with DELPHES for the MuCol (3.8%) [JHEP 08(2022)185]

▪ Sensitivity on κτ : CMS/ATLAS 8-9%, HL-LHC 1.9%, FCC 0.4%
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Conclusions
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▪ The result obtained (5.3%) is comparable with the projection

obtained with DELPHES for the MuCol (3.8%) [JHEP 08(2022)185]

▪ Sensitivity on κτ : CMS/ATLAS 8-9%, HL-LHC 1.9%, FCC 0.4%

▪ Margins of improvement in τ reconstruction and H → ττ analysis

▪ Improve charged pion reconstruction

▪ Find the best TauFinder working point

▪ Include other decay channels (τℎτℓ , τ𝑒τμ)
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Conclusions
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▪ The result obtained (5.3%) is comparable with the projection

obtained with DELPHES for the MuCol (3.8%) [JHEP 08(2022)185]

▪ Sensitivity on κτ : CMS/ATLAS 8-9%, HL-LHC 1.9%, FCC 0.4%

▪ Margins of improvement in τ reconstruction and H → ττ analysis

▪ Improve charged pion reconstruction

▪ Find the best TauFinder working point

▪ Include other decay channels (τℎτℓ , τ𝑒τμ)

▪ Caveats:

▪ The BIB was not included in the analysis

▪ Events with "fake" τ(s) were neglected
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Summary
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▪ The Higgs sector is crucial, and the MuCol is suited to study it

▪ Measure 𝜎 H → ττ to measure the Higgs coupling to τ leptons

▪ Studied π± and τ± tracking and reconstruction performance

▪ Computed τ energy corrections

▪ Performed H → τℎτℎ signal-background discrimination with a BDT

▪ Histogram template fit with Monte Carlo toy experiments

▪ Estimated Δ𝜎/𝜎 H → ττ = 5.3%



Lorenzo Valla (IMAPP) 36

Acknowledgements

Master’s thesis defense

A heartful thanks to my supervisors for their support, and to PhD 

students Giacomo Da Molin and Giovanni Marozzo for their 

guidance. Thanks also to all members of LIP and of the Muon Collider 

collaboration for their help, and to the EU project “MuCol HORIZON-

INFRA-2022-DEV-01-01” for the financial support.



37

BACKUP



38

Kinematic variables
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TauFinder misidentification
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Higgs production at MuCol
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[Rep. Prog. Phys. 85 084201]
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Muon Collider parameters
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Tracking system 
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Beam-Induced Background
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[Eur. Phys. J. C 83, 864 (2023)]
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BIB in the tracker
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Efficiencies ratios
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μμ → ττμμ processes
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μμ → ττμμ pseudorapidity
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τ transverse momentum
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