
Higgs physics
at a future Muon Collider

A. Zaza , L. Buonincontri, L. Castelli, G. Da Molin, L. Giambastiani, D. Lucchesi, L. Sestini, R. Venditti
on behalf of  the International Muon Collider Collaboration

Obergurgl, 29/03/2023



OUTLINE

Muon Collider 
project

Object 
reconstruction 

Higgs physics

Higgs coupling
precision

A. Zaza

2



Multi-TeV Muon Collider

A. Zaza

3
▹ Ideal machine to reach high center-of-mass 

energy and luminosity
▹ Negligible synchrotron radiation losses

▹ Ideal facility for Higgs Physics
~500k Higgs produced with 1 ab-1 (3 TeV)

https://arxiv.org/pdf/2203.07256.pdf

Proposed scenarios
(5 years data taking)

Equivalent proton collider energy

https://arxiv.org/pdf/2203.07256.pdf
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▹ Intense flux of particles originated by the 

deacy of beam muons and secondary
interaction with the detector 

▹ BIB simulated with MARS15 or FLUKA
▹ Machine Detector Interface and Detector 

carefully designed in order to mitigate BIB

Fundamental to determine 
and reduce the BIB impact 
on object reconstruction

https://arxiv.org/pdf/2105.09116.pdf

https://arxiv.org/pdf/2105.09116.pdf


Detector structure
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https://confluence.infn.it/display/muoncollider/Muon+Collider+Detector

Geometrical
acceptance

10° < 𝜃 < 170°

https://confluence.infn.it/display/muoncollider/Muon+Collider+Detector


Object reconstruction

A. Zaza

6

Reconstruction algorithms
https://github.com/MuonColliderSoft
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Reconstruction with BIB is not trivial (still under optimization)

https://github.com/MuonColliderSoft
https://arxiv.org/abs/2203.07964


Higgs Physics
𝐇 → 𝒃$𝒃
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L=1ab-1

▹ MC samples generated with WHIZARD + 
Pythia8

▹ Two b tagged jets are required
(secondary vertex tag). Very small light 
mistag probability.

▹ Background in the signal region consists
mainly of Z → 𝑏*𝑏/𝑐 ̅𝑐

▹ Signal yield extracted with a fit to the 
invariant mass distribution

Signal SM background

Sim. process 𝜇!𝜇" → 𝐻 → 𝑏%𝑏 + 𝑋 𝜇!𝜇" → 𝑞𝑞 + 𝑋

Exp. events 59.5K 65.4K

∆𝜎!""
𝜎!""

=
𝑆 + 𝐵
𝑆

~ 0.75%

Compatible with results from parametric simulation
https://arxiv.org/abs/2203.09425 

https://arxiv.org/abs/2203.09425


Higgs Physics
𝐇 → 𝑾𝑾∗
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▹ Muon + 2 jets final state considered

▹ MC samples generated with WHIZARD + Pythia8

▹ Two types of backgrounds (with and without Higgs 
decays) reduced with two different BDT discriminators

∆𝜎!##∗

𝜎!##∗
~ 2.9%

L=1ab-1

s=3 TeV

ht
tp

s:
//t

he
si

s.
un

ip
d.

it/
ha

nd
le

/2
0.

50
0.

12
60

8/
28

55
9

https://thesis.unipd.it/handle/20.500.12608/28559


Higgs Physics
𝐇 → 𝝁"𝝁#
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▹ MC samples generated with WHIZARD + Pythia8

▹ Two main backgrounds reduced with two different
BDT discriminators

▹ Signal yield extracted with an unbinned maximum 
likelihood fit to the dimuon invariant mass distribution

∆𝜎!$"$#
𝜎!$"$#

~ 38%

Category Simulated process Expected events
(105 < 𝑚$$ < 145 GeV)

Signal
𝜇%𝜇& → 𝐻(→ 𝜇%𝜇&)ν�̅� 24.2

𝜇%𝜇& → 𝐻(→ 𝜇%𝜇&)𝜇%𝜇& 1.6

SM 
background

𝜇%𝜇& → 𝜇%𝜇&ν�̅� 636.5

𝜇%𝜇& → 𝜇%𝜇&𝜇%𝜇& 476.4

𝜇%𝜇& → 𝑡 ̅𝑡 → 𝑊%𝑊&𝑏3𝑏, 
𝑊± → 𝜇±𝜈(�̅�) 1.1

https://doi.org/10.22323/1.398.0579

https://doi.org/10.22323/1.398.0579


Higgs Physics
Higgs width measurement
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▹ The Higgs width (Γ!) can be measured by determining the number

of on-shell and off-shell 𝐻 → 𝑊𝑊∗ and 𝐻 → 𝑍𝑍∗ processes
▸ The ratio between off-shell and on-shell events is

proportional to Γ!
▹ Final state considered: (Di)muon+2 jets 
▹ MC signal samples generated with MadGraph5, background with 

WHIZARD

▹ On-shell and off-shell signal yields obtained from Higgs mass, 
muon momentum and muon helicity angle simultaneously fitted

∆Γ!
Γ!

~ 5.3%



Higgs couplings with 
fermions and bosons
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▹ Previous measurements are simultaneously 
fitted to obtain the expected relative 
precision on Higgs couplings

▹ Results are compared with those quoted by 
the CLIC collaboration, computed by using
several datasets with different energies

▹ Direct comparison is difficult, since the 3-
energy-stages CLIC program (link) can be 
exploited in 25 years, while the Muon
Collider can collect 1 ab-1 in 5 years

CLIC Higgs Physics:
Eur. Phys. J. C 77, 475 (2017)

https://edms.cern.ch/ui/file/1235960/3/cliccdr_CLICProgramme_onlineversion.pdf


Higgs Physics
𝐇𝐇 → 𝒃$𝒃𝒃$𝒃
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▹ MC samples generated with WHIZARD + Pythia8

▹ Two b tagged jets (secondary vertex tag) out of four
jets are required

▹ A boosted decision tree (BDT) is trained to separate 
the signal from the background
▸ Kinematic input variables

▹ Cross section uncertainty extracted from a fit to the 
BDT output

Signal SM background

Sim. process 𝜇!𝜇" → 𝐻𝐻 → 𝑏%𝑏𝑏%𝑏 + 𝑋 𝜇!𝜇" → 𝑏%𝑏𝑏%𝑏 + 𝑋
𝜇!𝜇" → 𝐻𝑏%𝑏 + 𝑋

Exp. events 50 432

∆𝜎!!""""
𝜎!!""""

~ 30%

Preliminary

Preliminary
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http://hdl.handle.net/20.500.12608/22861


Higgs trilinear coupling

A. Zaza

13

▹ Two BDTs trained to separate signal from 4b and 
HH trilinear (only trilinear diagrams considered)

▹ The templates obtained with different coupling
hypotheses are compared with pseudoexperiments

▹ Sensitivity on 𝜆& determined with a likelihood
technique (preliminary result)

▹ CLIC: [-8%,+11%] at 68% CL with 2.5 ab-1 at 1.4 TeV + 
5 ab-1 at 3 TeV [Eur. Phys. J. C 80, 1010 (2020)]

∆*'
*'
~ 20% @68% C.L.

https://epjc.epj.org/articles/epjc/abs/2020/11/10052_2020_Article_8567/10052_2020_Article_8567.html


Conclusions
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▹ On-going huge effort for MDI design and reconstruction algorithms development

▹ Simulation studies with detector 
reconstruction demonstrate that Higgs 
physics is possible at the Muon Collider

▹ More processes will be studied in future



Thank you for your attention!
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Backup
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Muon Collider
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https://arxiv.org/pdf/2105.09116.pdf

https://arxiv.org/pdf/2203.07256.pdf

Equivalent proton collider energy

Equivalence is defined in terms of the pair production 
cross-section for heavy particles, with mass close to the 
muon collider kinematical threshold of √sμ/2 . The 
equivalent √sp is the proton collider center of mass 
energy for which the cross-sections at the two colliders
are equal.

https://arxiv.org/pdf/2105.09116.pdf
https://arxiv.org/pdf/2203.07256.pdf
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arXiv:1905.03764v2 

https://arxiv.org/abs/1905.03764


Higgs Physics 
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arXiv:1905.03764v2 

https://arxiv.org/abs/1905.03764


Higgs Physics at the Muon Collider
parametric studies
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arXiv:2203.07261v1 

https://arxiv.org/abs/2203.07261


Double Higgs production
at the Muon Collider
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http://hdl.handle.net/20.500.12608/22861


Higgs Physics
Higgs width measurement
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∆𝜎((
𝜎((

~ 5.3%

H→ 𝑊𝑊 H→ 𝑍𝑍

BR 2.137E-01 2.619E-02 

𝑍 → 𝜇𝜇 𝑊 → 𝜇𝜈

BR ~3% ~10%

𝜇p is the on-shell H boson
signal strength in the 
production mode being
considered



Accelerator 
Proton Driver scheme
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https://agenda.infn.it/event/28874/contributions/169177/attachments/94436/129235/ICHEP_2022.pdf

https://agenda.infn.it/event/28874/contributions/169177/attachments/94436/129235/ICHEP_2022.pdf

