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Summary. — The 2021 European Strategy for Particle Physics Update high-
lights, among the priorities of Future Colliders, the need to characterize in detail
the couplings of the Higgs boson to the other Standard Model particles, and its
self-coupling, enabling the determination of the properties of the Standard Model
vacuum and the test of new physics hypotheses, through the “Higgs portal”. Among
the Future Colliders candidates, a /s = 10 TeV Muon Collider stands out for its
capability to produce ~ 107 single-Higgs events and ~ 4 - 10* double-Higgs events,
with an integrated luminosity of 10 ab™!, equivalent to 5 years of operation with
one experiment. This would give the possibility to measure the Higgs couplings
to Standard Model particles with unprecedented precision and to directly deter-
mine the Higgs self-coupling with percent-level precision. This study investigates
the reachable statistical sensitivities on the production cross-section times branch-
ing ratio (o - BR) for H — bb, H — WW?*, and HH — bbbb, as well as on the
measurement of the Higgs trilinear self-coupling, obtained via a detailed detector
simulation including both physics and machine-induced backgrounds.

1. — Precision Higgs physics at a /s = 10 TeV Muon Collider

The 2012 discovery of the Higgs boson by the CMS and ATLAS collaborations [1][2]
completed the picture of the Standard Model of particle physics (SM), and brought the
field of Higgs physics to its precision era. A complete characterization of the Higgs sector
could produce evidence for new phenomena beyond the Standard Model: this includes
precise measurements of the couplings of the Higgs boson to the other SM particles and
the direct determination of the trilinear Higgs self-coupling.

With the High Luminosity phase of the LHC, ATLAS and CMS are set to measure
the main Higgs-SM couplings down to the % level and to constrain the Higgs trilinear
coupling with an uncertainty of ~ 30% [3]. However, as highlighted in the 2020 European
Strategy for Particle Physics Update [4], a substantial improvement in the knowledge of
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the Higgs sector should be the priority for the next generation of collider machines. In
this context, a future Muon Collider stands out as one of the strongest options.

A Muon Collider (MuC) will accelerate and collide beams of muons and anti-muons at
multi-TeV center of mass energies. For /s = 10 TeV, considered in this study, a MuC
is expected to produce a sample of ~ 107 single-Higgs events and ~ 4 - 10* double-Higgs
events in relatively clean environment, with an integrated luminosity £ = 10 ab™!, which
can be collected by one experiment in 5 years of operation [5].

The possibility of reaching high sensitivities in the Higgs sector relies on the ability to
keep the effects of the machine-induced background under control. A detector concept,
MUSIC, was designed and optimized for the collision environment of a /s = 10 TeV MuC
[7]. The MUSIC concept is used to perform detailed simulation studies, with the aim
of evaluating the reachable sensitivities on selected Higgs observables. All simulations
include the effects of the dominant machine-induced backgrounds. This contribution
discusses the attainable statistical sensitivities on the cross-section times branching ratio
(0-BR) of the processes H — bb, H — WW?* and HH — bbbb, and on the measurement
of the Higgs trilinear coupling modifier £z = A3/A\5™M.

2. — Methodology

A MuC presents unique experimental challenges, mainly related to the in-flight decay of
muons in the machine. The machine-induced backgrounds and their impact on detector
performance for a /s = 10 TeV MuC have been studied in Ref. [7, 8]. The results
in this contribution use a detailed detector simulation, based on GEANT4 [9], including
machine-induced backgrounds generated with the FLUKA software [10], as described in
Ref. [11].

The Monte Carlo samples for the signal processes and their associated physics back-
grounds are produced with the WHIZARD generator [12], and the particle hadronization
and showering are performed with PYTHIA version 8.200 [13]. Minimal requirements are
applied at the generation level to guarantee the absence of biases in the measurements.
The samples are successively processed with the simulation and reconstruction tools of
the Muon Collider software framework [14]. The simulated energy depositions produced
by the machine-induced backgrounds are superimposed on each of the physics processes,
event by event, before the event is reconstructed. The MUSIC detector, as well as the re-
construction and identification algorithms for key physics objects and their performance,
are described in detail in Ref. [7].

3. — Analysis and results

The Monte Carlo samples for each considered final state are analyzed to obtain the
statistical sensitivity A(c - BR)stat/(0 - BR). The sensitivity on the trilinear coupling
modifier k3 is evaluated only in the HH — bbbb decay channel. All analyses assume
an integrated luminosity £ = 10 ab™!, equivalent to 5 years of data taking for one
experiment.

3'1. H — bb. - The H — bb channel is reconstructed in the dijet final state. The two
largest pr jets in the events are selected, and they are both required to possess a pp > 40
GeV/c. The fake jet removal and b-jet identification procedures are described in detail
in Ref. [7]. The identification efficiencies and mis-tag rates are applied as event weights
and as functions of the jet kinematics. The working point of the jet tagging algorithm
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TABLE L. — Generation cross section, preselection efficiency, b-tagging efficiency, and expected
events for the signal and physics background processes in the H — bb analysis for u*pu~ collisions
at 10 TeV and £ =10 ab~'. X indicates both veie and £L.

Process ‘ g [fb} 6p'resel[(%] €tag [%} Nexp
ptp” = H(— bb)X | 490 22.2 32.4 351518
pwtp™ = H(= )X 24.3 22.2 4.49 24922
w T — qquete 2674 25.6 5.00 341598
whu™ — qqtl 4339 1.86 1.31 10533
wpT = qqlye 9763 21.46 0.10 20974

is chosen to have b-jet efficiencies ~ 55% and c-jet and light jet mis-tag rates ~ 20%
and ~ 1%, respectively. The generation cross sections, the selection efficiencies, the jet
identification efficiencies, and the expected number of observed signal and background
events are reported in Tab. I.

A fit to the dijet invariant mass distribution is performed to extract the Higgs signal yield.
First, the dijet invariant mass model is determined by considering the signal and back-
ground process distributions and their expected yields. The distributions are fitted with
double Gaussian probability density functions that are included in the model. Pseudo-
experiments are extracted from this model. Then, an unbinned maximum likelihood fit is
performed to the pseudo-experiment dijet mass distribution, with the H — bb and qqvv
yields as free parameters. The other background yields are fixed to the expectation. A
number of 1000 pseudo-experiments is performed, and a fit to each pseudo-dataset is
done. The average uncertainty on the H — bb yield among the pseudo-experiments is
taken as the expected uncertainty. Assuming negligible uncertainties on the selection ef-
ficiency and the integrated luminosity, the relative statistical uncertainty on the H — bb
production cross section is directly determined by the statistical sensitivity of the signal
yield:

A(O’ . BR)(H — bl_))stat
(o - BR)(H — bb)

(1) =0.28% .

32. H—> WW*. — The H — WW?* channel is reconstructed in the semileptonic
mode, where one W boson decays into a muon and a muonic neutrino, while the other
decays hadronically into two jets, resulting in the final state: H — WW™* — qquv,,.
Jets with 20 < pr < 2000 GeV/c and polar angle direction 10° < 6, < 170° are
selected. If more than two jets meet these requirements in an event, the jet pair with
invariant mass closest to the nominal W boson mass is selected. Muons are required
to have 10 GeV < pf. < 1000 GeV and 10° < 6, < 170°. The muon reconstruction
procedure is described in detail in Ref. [7]. If more than one identified muon satisfies
these requirements, the most isolated muon is selected. Muon isolation is defined relative
to the closest jet in the event as I, = ph./pls" if AR = /A2 + An2 < 0.5, oras [, = 1
otherwise.

Two Boosted Decision Trees (BDTs) are used to discriminate the signal from the back-
ground including a Higgs boson (HX), and from non-resonant backgrounds (¢gX), re-
spectively.
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TABLE II. — Generation cross-section, preselection efficiency, and expected event yields for signal
and background processes in the H — WW™ analysis with ™ p~ collisions at 10 TeV and £ = 10
ab™ . The symbol X denotes both vevy and £X.

Process ‘ o [fb] Epresel |70 Neap
ptp” = H(=» WW* = qquv,) X | 26.3 47.3 137493
wtu™ — qgtv 9763 11.4 11110294
u+,Lf — qquele 2674 10.2 2731663
wpT — qqel 4339 1.8 772342

The statistical sensitivity of the signal yield is evaluated using a toy Monte Carlo study,
which fits the two-dimensional distribution of the HX and ¢gX BDT outputs for signal
and backgrounds. An extended binned maximum-likelihood model is defined with three
components: the signal H — WW?* HX backgrounds, and ¢ggX backgrounds. The
sensitivity to the signal event count is determined from the mean and width of the dis-
tribution of the fitted signal yields in a sample of 10000 pseudo-experiments. Assuming
that the uncertainties on the selection efficiency and the integrated luminosity are neg-
ligible, the relative statistical uncertainty on the H — WW™ production cross section is
directly determined by the statistical sensitivity of the signal yield:

Ao - BR)(H — WW*) g1t

(2) o BR)E W~ sk

3'3. HH — bbbb. - The HH — bbbb channel is reconstructed in the four-jet final
state. The event pre-selection requires the presence of at least four reconstructed jets, all
having pr > 20 GeV/c. The b-jet identification efficiencies and mis-tag rates are applied
as event weights, as in Section 3'1. To reconstruct the HH events, all possible two-jet
combinations are formed, in which at least one jet is identified as a b-jet. The two Higgs
boson candidates are then built from the two jet pairs whose invariant masses mio and
ms34 minimize the figure of merit:

(3) F=/(mi2 —mp)®+ (m3s — mpg)?

where mpy is the nominal Higgs boson mass. The main physics background contri-
bution comes from processes with four heavy-quark jets in the final state, ptpu= —
qnqnandn(veve, 0) (qn = b or ¢). Another important source of background is the process
wtp™ = Hapgn(veve, £0) — bi)qh(jh(ygﬂg, £0) where the ¢, @, pair is non-resonant. A sum-
mary table presenting the considered signal and background processes, along with their
cross sections and expected event yields, is provided in Tab. III, where the efficiency €
takes into account both the preselection and tagging efficiencies.

A Multilayer Perceptron (MLP) is used to discriminate the signal from double-Higgs
production from the background processes.

Using the MLP output distributions for HH signal and background samples, pseudo-
datasets have been generated according to the expected number of events, and the pro-
cedure already presented for H — bb and H — WW* is applied. The yield of the HH
signal is extracted by fitting the MLP distribution. Assuming that the uncertainties on
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TABLE III. — Generation cross-section, total selection efficiency, and expected events for signal
and background processes in the HH — bbbb analysis with u™ p~ collisions at 10 TeV and L = 10
ab™ Y. X indicates both veie and €.

Process \ o [fb] €[ %] Neap
prpuT — HHX — bbbbX | 1.14 18.47 2100
wtp™ — H(— bb)gngn X 7.27 15.56 11307
T = qrangngn X 10.89 8.99 9787

the selection efficiency and the integrated luminosity are negligible, the relative statis-
tical uncertainty on the HH — bbbb production cross section is directly determined by
the statistical sensitivity of the signal yield:

A(o - BR)(HH — bbbb) srar

(0 - BR)(HH — bbbb) 6%

(4)

3'4. Higgs trilinear. — The Higgs trilinear coupling enters the double-Higgs produc-
tion cross-section due to the contribution from the H H H vertex. A direct measurement
of the trilinear coupling modifier k3 requires the disentanglement of the contribution of
the H H H vertex from the other double-Higgs production modes. This study is performed
considering the double-Higgs decay mode HH — bbbb.

The procedure to evaluate the sensitivity to k3 is described:

- Eleven samples of double-Higgs events are generated with WHIZARD for values of
k3 ranging from 0.2 to 1.8, and then simulated and reconstructed, with the k3 =1
case representing the SM signal.

- Two independent MLPs are exploited:

1. The first MLP discriminates between double-Higgs events and the physics
background (the same as Sect. 3°3).

2. The second MLP discriminates between the double-Higgs events containing
the HH H vertex and the other double-Higgs production modes.

- For each k3 hypothesis, 2-dimensional templates for the signal and background
components are built using the 2D histograms of the outputs of the two MLPs,
normalized to the signal and background yields.

- Pseudo-datasets are generated with the total 2D template for the k3 = 1 hypoth-
esis. For each pseudo-experiment, the likelihood difference ALL = —Alog(L) is
calculated as a function of k3 by comparing the pseudo-data distribution to the k3
templates.

- The log-likelihood profile is fitted with a fourth-degree polynomial function. The
68% C.L. uncertainty on k3 is determined as the interval around x3 = 1 where the
fitted polynomial has a value less than 0.5.
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The likelihood scan results in a confidence interval for the trilinear Higgs self-coupling
modifier of 0.94 < k3 < 1.08 at 68% C.L.

4. — Conclusions and outlook

This contribution highlights the potential of a /s = 10 TeV Muon Collider in expanding
the present understanding of the Higgs sector. The attainable sensitivities on a repre-
sentative set of Higgs boson observables are evaluated, using the detailed simulation of
the MUSIC detector concept and including the main machine-induced backgrounds.
The projected statistical uncertainties on the cross sections times branching ratio (o-BR)
of the Higgs boson, 0.28% for H — bb, 0.58% for H — WW* and 6% for HH — bbbb,
highlight the capability of a Muon Collider to probe the Higgs couplings to fermions
and bosons with high precision. The trilinear Higgs coupling modifier is constrained
to 0.94 < k3 < 1.08 at 68% C.L., providing a stringent test of the Higgs potential
and possible deviations from the Standard Model. The results assume an integrated
luminosity of £ = 10 ab™!, which is expected to be collected by one experiment in five
years of operation.

Future studies aim to include a larger set of Higgs decay processes and to evaluate the
sensitivity to the trilinear coupling modifier in other significant channels, e.g. HH —
bbWW*, to complete the picture on the potential of a multi-TeV Muon Collider in
understanding the Higgs sector.

REFERENCES

[1] ATLAS COLLABORATION, Observation of a new particle in the search for the Standard
Model Higgs boson with the ATLAS detector at the LHC, Phys. Lett. B, B716 (2012) 1-29.
[2] CMS COLLABORATION, Observation of a new boson at a mass of 125 GeV with the CMS
experiment at the LHC, Phys. Lett. B, B716 (2012) 30.
[3] ATLAS and CMS COLLABORATIONS, Highlights of the HL-LHC physics projections by
ATLAS and CMS, Report no. ATL-PHYS-PUB-2025-018 CMS-HIG-25-002.
[4] EUROPEAN STRATEGY FOR PARTICLE PHYSICS PREPARATORY GROUP, Physics Briefing
Book, arXiv:1910.11775.
[5] AcceETTURA C. et al., Towards a muon collider, Eur. Phys. J. C, 83 (2023) 864.
[6] ANDREETTO P. et al., Aspects of Higgs Physics at a /s = 3 TeV Muon Collider with
detailed detector simulation, Eur. Phys. J. C, 85 (2025) 221.
[7] ANDREETTO P. et al., Performance study of the MUSIC detector in /s = 10 TeV muon
collisions, Contribution to ESPPU2026 #32, (https://indico.cern.ch/event/1439855).
[8] CALzZOLARI D. et al., Machine Detector Interface and Beam-Induced Background Studies
for a 10 TeV Muon Collider, PoS ICHEP2024, (2025) 819.
[9] AGOSTINELLI S. et al., GEANT4 — a simulation toolkit, Nucl. Instrum. Meth. A, 506 (2003)
250.
[10] AHDIDA C. et al., New Capabilities of the FLUKA Multi- Purpose Code, Front. in Phys., 9
(2022) 788253.
[11] LuccHEsI D. et al., Machine-Detector interface for multi-TeV Muon Collider, PoS EPS-
HEP2023, (2024) 630.
[12] KiLiaAN W. et al., WHIZARD: Simulating Multi-Particle Processes at LHC and ILC, Eur.
Phys. J. C, 71 (2011) 1742.
[13] SIOSTRAND T. et al., An introduction to PYTHIA 8.2, Comput. Phys. Commun., 191
(2015) 159.
[14] Muon Collider software, https://github.com/MuonColliderSoft.



