
Higgs physics prospects at the 
Muon Collider with a

detailed detector simulation
Massimo Casarsa

INFN-Trieste, Italy

on behalf of the Muon Collider International Collaboration

European Physical Society Conference on High Energy Physics 
Universität Hamburg, Hamburg, Germany, August 21-25, 2023

https://muoncollider.web.cern.ch/


Higgs physics prospects at the Muon Collider with a detailed detector simulation  -  EPS-HEP2023  -  August 24, 2023M. Casarsa 2

Higgs physics at a muon collider
H.A. Ali et al., 2022 Rep. Prog. Phys. 85 084201

Lepton collisions at multi-TeV center-of-mass energies 
provide an ideal tool for studying the properties of the 
Higgs boson.

High Higgs boson production rates allow precise 
measurements in the Higgs sector:

Higgs boson couplings to fermions and bosons;

trilinear and quartic self-couplings of the Higgs boson
(l3, l4)     determination of the Higgs potential.    

 [fb] expected events
3 TeV 10 TeV 1 ab-1 at 3 TeV 10 ab-1 at 10 TeV

H 550 930 5.5 × 105 9.3 × 106

ZH 11 35 1.1 × 104 3.5 × 105

ttH 0.42 0.14 420 1.4 × 103

HH 0.95 3.8 950 3.8 × 104

HHH 3 × 10-4 4.2 × 10-3 0.3 42

C. Aimè, “New physics and hidden sectors at Muon Collider”
in Session T10 - Searches for New Physics;

F. Meloni, “Detecting disappearing tracks and other exotica at
a Muon Collider” in Session T10 - Searches for New Physics.

More about the muon collider physics program: 

https://iopscience.iop.org/article/10.1088/1361-6633/ac6678
https://indico.desy.de/event/34916/contributions/147686/
https://indico.desy.de/event/34916/contributions/147686/
https://indico.desy.de/event/34916/contributions/147701/
https://indico.desy.de/event/34916/contributions/147701/
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The experimental environment

Such peculiar experimental conditions make 
extrapolating from current experience with 
machine backgrounds very difficult

   studies with detailed detector simulation

detector

μ–

FLUKA

F. Collamati et al., 2021 JINST 15 P11009 

N. Bartosik et al., arXiv:2203.07964 

Interactions of the decay products of the
muons in the beams with the machine 
elements produce intense fluxes of 
background particles in the detector:

very high hit multiplicity in the
tracking system;

uniform diffuse background 
in the calorimeters.

Mitigation measures and specialized 
reconstruction algorithms are required.

D. Lucchesi, “Machine-Detector interface for multi-TeV Muon
Collider” in Session T13 - Accelerators for HEP.

https://iopscience.iop.org/article/10.1088/1748-0221/16/11/P11009
https://arxiv.org/abs/2203.07964
https://indico.desy.de/event/34916/contributions/147057/
https://indico.desy.de/event/34916/contributions/147057/
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The detector model

The detector model for
3-TeV studies is based 
on CLIC’s detector 
concept + the MDI and 
vertex detector designed 
by the US Muon 
Accelerator Program.

L. Sestini, “R&D towards the detector for the Muon Collider” in Session T12 - Detector R&D and Data Handling.

https://indico.desy.de/event/34916/contributions/147113/
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Studies with detailed detector simulation
To ensure optimal performance in the presence of machine-
induced background (BIB), it is necessary to revise and fine-
tune the reconstruction algorithms for all physical objects.

The initial focus was on tracks, muons, photons, and jets

 first physics studies carried out using a detailed detector
simulation to assess the physical reach of a 3 TeV muon 
collider with 1 interaction point and a cumulative dataset 
of 1 ab-1 over 5 years. 

Estimated the statistical sensitivity on σH × BR for the channels:

H  WW*, ZZ*      gHWW, gHZZ;

H  bb, μμ      gHWW, gHZZ, gHbb, gHμμ; 

H  γγ      gHWW, gHZZ, gH;

double Higgs HH  bbbb      l3.

_

_  _

single muon sample

single photon sample
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H  WW*

Δ σH→WW
σH→WW

∼ √S+B
S

= 2.9%

Semileptonic final state: H  WW*  qq'μνμ.

Event selection:

at least two reconstructed jets (kt algorithm 
with R = 0.5) and one muon:
● quality cuts on jets to remove fakes from bkg;

● jets with pT > 20 GeV and |η| < 2.5;

● muon with pT > 10 GeV and 10° < θμ < 170°;

cut on the score of two BDTs, trained to
distinguish signal from backgrounds with 
and without a Higgs boson.

WHIZARD2 + PYTHIA8

_Preliminary                                                         √s = 3 TeV, L = 1 ab-1

mjjμ [GeV]

CLIC at 3 TeV with 2 ab-1 (qq'qq' + qq'ℓνℓ):  0.7%
_  _       _

H. Abramowicz et al., Eur. Phys. J. C 77, 475 (2017)

https://link.springer.com/article/10.1140/epjc/s10052-017-4968-5
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H  ZZ*
Semileptonic final state: H  ZZ*  qqμ+μ-.

Event selection:

at least two reconstructed jets (kt algorithm 
with R = 0.5) and two opposite-charge muons:
● quality cuts on jets to remove fakes from bkg;
● jets with pT > 15 GeV and 30° < θμ < 150°;
● muon with pT > 10 GeV and 10° < θμ < 170°;
● isolated muon:                                         ;

cut on the score of a BDT, trained to
distinguish signal from the dominant 
background.

Δ σH→ZZ
σH→ZZ

∼ √S+B
S

= 17%

_

Δ R ( j ,μ) = √Δη2+Δϕ2 > 0.5

WHIZARD2 + PYTHIA8

Preliminary                         √s = 3 TeV, L = 1 ab-1

CLIC at 3 TeV with 2 ab-1 (qqℓℓ):  3.9%
_

H. Abramowicz et al., Eur. Phys. J. C 77, 475 (2017)

https://link.springer.com/article/10.1140/epjc/s10052-017-4968-5
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H  bb
_

Preliminary                                                                       √s = 3 TeV, L = 1 ab-1 Event selection:

two reconstructed jets (kt algorithm with
R = 0.5) satisfying:
● quality cuts to remove fake jets from bkg;

● pT > 40 GeV and |η| < 2.5;

● b-flavour tagged.

Sensitivity estimated with a toy MC study built 
from signal and background’s di-jet invariant 
mass distributions.

WHIZARD2 + PYTHIA8 Δ σH→b b̄
σH→b b̄

∼ 0.75%

CLIC at 3 TeV with 2 ab-1:  0.3%

H. Abramowicz et al., Eur. Phys. J. C 77, 475 (2017)

https://link.springer.com/article/10.1140/epjc/s10052-017-4968-5
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H  μμ

Δ σH→μμ
σH→μμ

∼ 38%

Preliminary

MadGraph5 + PYTHIA8

Event selection:

two opposite-charge reconstructed muons:
● pT > 5 GeV and 10º < θμ < 170º;

● pT1+pT2 > 50 GeV;

● pT(μμ) > 30 GeV and 105 < mμμ < 145 GeV;

cut on two BDTs trained to separate the signal
from the two dominant backgrounds. 

Sensitivity estimated with a toy MC study built
from the di-muon invariant mass distributions 
for signal and background.

CLIC at 3 TeV with 2 ab-1:  25%

H. Abramowicz et al., Eur. Phys. J. C 77, 475 (2017)

https://link.springer.com/article/10.1140/epjc/s10052-017-4968-5
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H  γγ

Event selection:

at least two reconstructed photons:
● E > 15 GeV, pT > 10 GeV and 10º < θμ < 170º;

● pT > 40 GeV for the most energetic photon;

● m > 40 GeV;

cut on a BDT trained to separate the signal
from the mixture of backgrounds. 

Δ σH→γγ
σH→γ γ

∼ √S+B
S

= 8.9%

Preliminary                                                         √s = 3 TeV, L = 1 ab-1

MadGraph5 + PYTHIA8

CLIC at 3 TeV with 2 ab-1:  10%

H. Abramowicz et al., Eur. Phys. J. C 77, 475 (2017)

https://link.springer.com/article/10.1140/epjc/s10052-017-4968-5
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HH  bbbb
_   _ 

All hadronic final state: HH  bbbb.

Event selection:

at least four reconstructed jets (kt algorithm 
with R = 0.5):
● jets with pT > 20 GeV;
● H candidates built pairing jets that minimize

                                 ;
● b-tagging is requires for at least one jet per pair.

ANN trained to separate signal from backgrounds.

Sensitivity estimated with a toy MC study built 
from signal and bkg distributions of the ANN output.

_  _

√(mij−mH )
2+(mkl−mH )

2

Δ σHH→b b̄b b̄
σHH→b b̄b b̄

∼ 33%

WHIZARD2 + PYTHIA8

Preliminary                                                                            √s = 3 TeV, L = 1 ab-1

ANN

CLIC at 3 TeV with 2 ab-1 (bbbb + bbqq'qq'):  29%

H. Abramowicz et al., Eur. Phys. J. C 77, 475 (2017)

_  _      _ _   _

https://link.springer.com/article/10.1140/epjc/s10052-017-4968-5
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Towards a determination of the H couplings
The physical observables σH × BR depend on the Higgs boson 
couplings to the standard model bosons and fermions (and the 
Higgs total width ΓH), which can be determined with a global fit:

a study is currently underway to evaluate the sensitivity on ΓH at 
a 3 TeV muon collider;

once all the most significant Higgs decay modes are available, a 
global fit to the cross sections can be performed to estimate the 
sensitivity on Higgs couplings at a 3 TeV muon collider. 

The double Higgs boson production is sensitive to the trilinear self 
coupling l3 through the tree-level process H*  HH:

a preliminary estimate yielded                  ;   

an update is underway with an improved background modeling.

gHWW

gHWW

gHμμ

λ3
Δ λ3
λ3

∼ 20%
L. Sestini et al., PoS (ICHEP2022) 515 

https://pos.sissa.it/414/515/
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The sensitivity to σH × BR of a 3 TeV muon collider with a dataset of 1 ab-1 has 
been studied using a detailed detector simulation for the major Higgs boson 
decay modes:

the study shows that the effects of the beam-induced background can be 
minimized to a degree where the reconstruction performance of physical 
objects is not compromised;

the results are promising and competitive, even though the background
mitigation measures, the detector, and the reconstruction algorithms have 
not been fully optimized, and the analysis strategies used are relatively simple.

There is ample room for improvement in terms of detector design, physical 
object reconstruction optimization, as well as more sophisticated analysis 
techniques and the inclusion of additional Higgs channels.

Summary
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