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Abstract The Muon Collider is one of the most promising
future collider facilities with the potential to reach multi-
TeV center-of-mass energy and high luminosity. Due to the
significant Higgs boson production cross section in muon-
antimuon collisions at such high energies, the collider offers
an excellent opportunity for in-depth exploration of Higgs
boson properties. It holds the capability to significantly
advance our understanding of the Higgs sector to a very high
level of precision. However, the presence of beam-induced
background resulting from the decay of the beam muons
poses unique challenges for detector development and event
reconstruction. In this paper, the prospects for measuring var-
ious Higgs boson properties at a center-of-mass energy of 3
TeV are presented, using a detailed detector simulation in a
realistic environment. The study demonstrates the feasibility

a e-mail: massimo.casarsa@ts.infn.it
b e-mail: lorenzo.sestini@cern.ch (corresponding author)

of achieving high precision results with the current state-
of-the-art detector design. In addition, the paper discusses
the detector requirements necessary to achieve this level of
accuracy.

1 Introduction

The Higgs boson (H ) is considered a portal to new physics,
because it is connected to some of the fundamental ques-
tions about the Universe [1], including the mechanism of
Electroweak Symmetry Breaking (EWSB), the origin of the
masses, the matter–antimatter asymmetry, and the nature of
dark matter. The EWSB [2–5] is formulated via the scalar
potential, which is written below in a form that includes pos-
sible deviations from the Standard Model (SM):
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Fig. 1 Projections of the expected precision of the ATLAS and CMS combination on the Higgs production cross sections (left) and κi coupling
modifiers (right) including HL-LHC data. These figures have been taken from another publication [11], dated back to 2022
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where h represents the field of the physical Higgs boson,
which is what remains after the EWSB. The Higgs boson
mass is mH = √

2λv = 125.20 ± 0.11 GeV1 [6], v =
1/

√√
2GF � 246 GeV is the vacuum expectation value,

and GF is the Fermi constant. In the SM, λ3 = λ4 =
λ = m2

H/(2 v2) represents the strength of the coupling of
the Higgs boson to itself. The couplings of the Higgs boson
to the elementary fermions and bosons generate the particle
masses. The most recent review of the expected experimen-
tal precision on such couplings, including projections for
the High-Luminosity LHC (HL-LHC), is presented in the
Snowmass Energy Frontier report [7]. Figure 1 summarises
the expected precision on the Higgs production cross sections
and coupling modifiers κi [8] with 3000 fb−1 of data that will
be collected by ATLAS and CMS at the end of HL-LHC.

In the case of the Higgs self-interaction, the 95% C.L.
limits on the coupling modifier κλ3 = λ3/λ

SM
3 (with λSM

3
being the expected SM value) are − 0.6 < κλ3 < 6.6 for
ATLAS [9] and − 1.24 < κλ3 < 6.49 for CMS [10] with the
current LHC data. With HL-LHC data, a 50% precision on
the SM value of the self-coupling is expected [1], which is
not sufficient to determine the potential shape.

In order to reveal new physics in the Higgs sector, it
is essential to determine the Higgs couplings to elemen-
tary fermions and bosons with a percent-level precision and

1 In this paper natural units where h̄ = c = 1 are used.

achieve a few percent precision in the measurement of the
Higgs self-coupling. However, it should be noted that the
required precision may vary depending on the specific new-
physics scenario under consideration. This underscores the
need for a dedicated Higgs factory.

Linear and circular e+e− machines have been the subject
of debate for a long time as well as μ+μ− colliders. Recently,
μ+μ− collisions have been regaining attention on the inter-
national scene, thanks to their impressive physics potential
and new advancements on the technical feasibility [12].

A Muon Collider (MuC) is a proposed future accelerator
in which μ+ and μ− beams collide at very high center-of-
mass energies in a circular machine, thanks to the negligi-
ble energy loss of muons due to synchrotron radiation. The
current proposal of the International Muon Collider Collab-
oration (IMCC) [13] aims at 10 TeV center-of-mass energy
collisions, with a possible initial phase at 3 TeV [12]. A com-
prehensive review of the physics potential of MuC experi-
ments at both

√
s = 3 and

√
s = 10 TeV can be found in

Refs. [12,14,15].
The determination of the Higgs couplings and self-

coupling with an unprecedented accuracy will be feasi-
ble with 10 TeV center-of-mass muon-antimuon collisions.
However, given the Higgs boson production cross section
and the achievable machine luminosity, the possibility of a
run at

√
s = 3 TeV would be a valuable option for Higgs

boson research.
This paper presents results on Higgs boson studies

obtained at a
√
s = 3 TeV MuC using a detailed detec-

tor simulation that includes the beam-induced background
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(BIB). The BIB poses a significant challenge to extracting
physics in a MuC experiment. However, as will be shown
in the next sections, the precision achieved with the detailed
detector simulation with the BIB is comparable to the detec-
tor target performance estimated without taking into account
the BIB effects.

The experimental facility is introduced in Sect. 2, focus-
ing on the interaction region and the detector shielding. The
paper, then, describes the generation of physics and back-
ground samples, the detector model and the detector simu-
lation, and the event reconstruction in the presence of the
BIB (Sect. 3). The results obtained for the Higgs boson pro-
duction cross sections times the branching ratio for several
decay channels are discussed in detail in Sects. 4.1–4.5, and
are compared to the target simulation studies in Sect. 4.6. In
Sect. 5, the potential of a muon collider for measuring the
Higgs boson width is investigated. The double Higgs pro-
duction cross section and the self-coupling precision deter-
mination are presented in Sects. 6.1 and 6.2, respectively. A
discussion on systematic uncertainties is presented in Sect. 7.
The lessons learned on the detector requirements necessary
for high-precision Higgs physics measurements are reported
in Sect. 8. Finally, Sect. 9 summarizes the prospects for Higgs
physics in a MuC experiment.

2 Experimental environment

A MuC facility consists of several sub-systems, which are
described in detail in Refs. [12,16]. The facility structure
considered for the analysis presented in this paper includes
the elements discussed in Ref. [12]: a muon injector, an accel-
eration ring, and a collision ring. Here, only the main compo-
nents of a

√
s = 3 TeV MuC complex, relevant for evaluating

the background effects on the detector, are briefly outlined.
After the production and acceleration of the muon and

antimuon beams, they are injected into the collider ring,
where single-bunch μ+ and μ− beams circulate in the same
pipe and collide head-on at the interaction point (IP). A very
small bunch size is expected at the IP: σx,y = 3 µm and
σz = 5 mm. Due to the continuous muon decays, the beam
population is exponentially decreasing. All results presented
will refer to a nominal intensity of 2.2 × 1012 muons/bunch.

The Muon Accelerator Program (MAP) [17] in the US,
designed interaction regions (IR) for muon colliders at
center-of-mass energies of 125 GeV, 1.5 TeV, 3 TeV, and
6 TeV [18], and a machine-detector interface (MDI) for the
1.5 TeV collider [19]. The studies presented in this paper are
based on MAP’s configuration at

√
s = 1.5 TeV, as a BIB

sample for
√
s = 3 TeV was not available at the start of

the Higgs analyses. Later in this section, a cross-check for
validating this approximation is presented.

Muons decaying in the IR are the main source of beam-
induced background. Decays occurring in regions outside the
IR, where dipolar fields are present, typically contribute neg-
ligibly to the BIB. Therefore, a key parameter for minimiz-
ing the background contribution is to keep the final focusing
elements as short as possible. This requirement must be inte-
grated into the lattice design process.

The IR for
√
s = 1.5 TeV was optimized by MAP to max-

imize the achievable luminosity while minimizing the flux of
background particles produced by the decay of muons in the
beams and reaching the detector region. In fact, at the center-
of-mass energy of 1.5 TeV, the dominant source of back-
ground is constituted by electromagnetic showers generated
by the interactions of high-energy electrons and positrons
with the machine elements. The solution devised by MAP
to shield the detector from this irreducible background is to
position two cone-shaped tungsten absorbers (referred to as
“nozzles” throughout the paper) inside the detector along the
beam pipe on both sides of the interaction point. The dimen-
sions, shape, and materials of the nozzles have been carefully
chosen to maximize the absorption of these particle fluxes
while maintaining high detector acceptance.

Despite the nozzles, large fluxes of secondary and tertiary
particles still reach the detector. However, their kinemati-
cal properties are such that their effects on the detector can
be mitigated with proper sensor design and advanced event
reconstruction methods. Figure 2 shows the main features of
the particles produced in the muon decays and their subse-
quent interactions with the machine elements, as they enter
the outer surface of the detector. This is defined as a box
containing the detector, which also includes the nozzles and
beam pipe boundaries. The distributions are presented for the
BIB generated by MAP at

√
s = 1.5 TeV with the MARS15

software [20]. In order to cross-check the differences between
the

√
s = 1.5 TeV and

√
s = 3 TeV cases, a sample of beam-

induced background was generated at
√
s = 3 TeV using the

MDI configuration designed for
√
s = 1.5 TeV. This sec-

ond sample was generated with FLUKA [21], as described
in Ref. [22]. Figure 2 (left) illustrates the arrival times of
the background particles at the detector surface for center-
of-mass energies of 1.5 and 3 TeV: a significant fraction of
these are outside the assumed detector readout window of
[− 1, 15] ns (with t = 0 as bunch-crossing time), and thus
will not be recorded. The energy spectra of the particles enter-
ing the detector within the readout window are shown in the
right panel of Fig. 2. These particles predominantly have
momenta below 1 GeV and are expected to primarily affect
the detector elements closer to the background entry points.

The differences in the background time and energy distri-
butions between the two center-of-mass energies result neg-
ligible when the detector response is considered. In fact, the
observed differences become negligible when the detector
occupancies are calculated. This is mainly due to the differ-
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Fig. 2 Left: arrival times of the main BIB components at the detector
relative to the bunch crossing. The light gray band between − 1 and 15
ns indicates the assumed readout window for the detector. Right: energy

spectra of the BIB particles that reach the detector within the readout
window. The solid and dashed lines refer to the center-of-mass energy
of 3 TeV and 1.5 TeV, respectively

ent energies and detector entry angles of the particles in the
two BIB samples. The studies described in the remainder of
the paper are conducted using signal and physics background
samples generated at

√
s = 3 TeV. However, as stated above,

they utilize the nozzle configuration designed for
√
s = 1.5

TeV and the BIB samples generated at the same center-of-
mass energy.

The BIB sample was generated by MAP using a detector
solenoidal magnetic field of 3.57 T, which is hence employed
also in the current detector model. The BIB particles, given at
the detector entry point with their initial kinematical proper-
ties and spatial distributions, are propagated into the detector
and made interact with each sub-detector by GEANT4 [23].
The detector hits produced by the BIB particle are stored on
disk and then overlaid onto the hits produced by the signals
and physics backgrounds to create realistic events. Further
details about the BIB generation and simulation are reported
in Refs. [12,24].

3 Simulation and reconstruction for signal and
background samples

The analysis strategy for measuring the single and double
Higgs boson production cross sections is driven by their
respective production mechanisms. These mechanisms deter-
mine the kinematic properties of the events as well the con-
tributing physics background processes.

In Sect. 3.1, the generation of physics signal and back-
ground processes is described. The detector used for their
detailed simulation is presented in Sect. 3.2, along with the
software simulation framework. Section 3.3 outlines the digi-

tisation procedure, while Sect. 3.4 describes the reconstruc-
tion algorithms employed.

In this paper, a right-handed reference system is assumed
with the origin at the center of the detector, the nominal col-
lision point: the z-axis is aligned with the direction of the
clockwise-circulating μ+ beam, the y axis points upward,
and the x axis lies on the plane of the collider ring.

The MuC software framework [25], derived from the iLC-
Soft [26] framework, has been employed for the detector sim-
ulation. iLCSoft, developed for e+e− colliders, offers also
several advanced tools for event reconstruction and analysis.
Nevertheless, the MuC environment is extremely different
from e+e− colliders, due to the presence of the BIB. In most
cases, the large number of BIB hits makes the use of these
tools impractical due to very long computational times. In
other cases, the algorithms have to be completely rethought
considering the characteristics of the BIB. For these reasons,
algorithms developed specifically for the MuC are used for
many tasks (like b-jet identification) instead of employing
the state-of-the-art tools in iLCSoft.

3.1 Signal and background physics processes

3.1.1 Higgs boson production and decay

In muon-antimuon collisions at a center-of-mass energy of
3 TeV with unpolarized beams, the Higgs boson production
is dominated by the vector boson fusion (VBF) process, as
discussed in Ref. [27] and shown in Fig. 3. The μ+μ− →
W+W−νμν̄μ → Hνμν̄μ process provides the highest con-
tribution, followed by the μ+μ− → Z Zμ+μ− → Hμ+μ−
process.

The Higgs decay modes considered in this paper are:
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Fig. 3 Cross sections for the most important Higgs boson production
processes in muon-antimuon collisions as a function of the center-of-
mass energy, reproduced from Ref. [14]. The ZH and t t̄ H production
(dashed lines) proceeds via the s-channel μ+μ− annihilation, whereas
all the other production channels are vector-boson-fusion processes.
Initial-state radiation is not included in cross-section calculations

• H → bb̄,
• H → WW ∗,
• H → Z Z∗,
• H → μ+μ−,
• H → γ γ .

The sum of their branching ratios is approximately 82%. Each
decay mode is affected by different physics backgrounds,
which are discussed in the sections dedicated to the corre-
sponding analyses.

The double-Higgs production at
√
s = 3 TeV is illus-

trated by the Feynman diagrams in Fig. 4, where the dom-
inant tree-level processes are depicted. The diagram on the
left is directly related to the λ3 parameter (see Eq. 1). The two
Higgs bosons in the final state are reconstructed in the decay
mode H → bb̄, therefore the major physics background
contribution comes from the process μ+μ− → bb̄bb̄νμν̄μ.

3.1.2 Event generation

Signal and background samples were produced at lead-
ing order with the Monte Carlo event generators Mad-
Graph5_aMC@NLO [28], hereinafter referred to as Mad-
graph, and WHIZARD2 [29]. The particle hadronization and
showering are performed with PYTHIA version 8.200 [30].

Recently, WHIZARD authors made available a version
with corrections at the next-to-leading order [31] for multi-
boson processes, but the VBF processes are not yet ready to
be used. An evaluation of the impact of such corrections on

2 The program version 2.8.2 was used for WHIZARD, while versions
3.X.X were used for Madgraph (differences between the versions are
not relevant for this paper).

the signal to noise ratio for the processes considered in this
paper will be the subject of future work.

The processes generated with WHIZARD use the same
setup prepared for the e+e− studies by the CLIC Collab-
oration [32]. The cross sections obtained agree with previ-
ous CLIC studies up to the differences expected due to the
absence of beam-strahlung in case of the MuC.

In this paper, the Z -boson and W -boson fusion processes
are not distinguished experimentally, since such a separation
would require the capability to detect the final-state muons
of Z -boson fusion, which are scattered in the very forward
regions of the detector. Moreover, with the requirements of
Higgs analyses, the event kinematics is compatible between
Z -boson and W -boson fusion productions [33]. For this rea-
son, in most of the cases, events were generated in the W -
boson fusion channel, which dominates the production cross
sections at this center-of-mass energy. When relevant, the
contribution of the Z -boson fusion process is evaluated by
scaling the process cross section, as explained in Sect. 3.5.

Minimal requirements were applied to the sample gen-
eration, in order to speed-up the process without biasing
the kinematic properties of the events, whose characteris-
tics at this energy are not yet tested experimentally. Table 10
in Appendix A summarises the kinematical requirements
applied at generator level for each final state produced. It
should be noted that in the table and in the rest of the paper q
indicates any quark flavour, and in combinations like qq̄ the
quark flavours could be different (e.g. W → qq̄ decay).

3.2 Detector simulation

The detector model implemented in the detailed simulation
is described in Ref. [12]; only the main features relevant
for the reported analyses are summarised here. The MuC
detector is derived from the CLIC Collaboration’s detector
concept [34,35], optimized for

√
s = 3 TeV e+e− collisions,

and has been modified to incorporate the nozzles.
It consists of a silicon-based tracking system surrounded

by electromagnetic and hadronic calorimeters, all immersed
in a 3.57 T magnetic field provided by a superconducting
solenoid. The magnet iron yoke, designed to contain the
return flux of the magnetic field, is instrumented with muon
chambers.

Figure 5 shows the y-z view of the detector including the
nozzles. From the innermost to the outermost regions with
respect to the IP, it features the following components:

• a vertex detector made of double sensor layers of 25 ×
25 µm2 silicon pixels, composed of four central barrel
cylinders and four endcap disks on both sides of the bar-
rel;
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Fig. 4 Feynman tree-level diagrams representing the major contributions to the double-Higgs production at a
√
s = 3 TeV Muon Collider. The

first diagram on the left represents the process directly related to the Higgs self-coupling

Fig. 5 The detector model used in the detailed simulation, view in the
y-z plane. From the innermost to the outermost regions, it includes
a tracking system (green), an electromagnetic calorimeter (yellow),
a hadronic calorimeter (magenta), a superconducting solenoid (light
blue), barrel (light green) and endcap (blue) muon detectors. The noz-
zles are shown in cyan

• an inner tracker with three barrel layers and seven endcap
disks on each side made of silicon macropixels with a size
of 50 µm × 1 mm;

• an outer tracker composed of three barrel layers and four
endcap disks per side of silicon microstrips with a size
of 50 µm × 10 mm;

• an electromagnetic calorimeter (ECAL), consisting of 40
alternating layers of tungsten absorber and silicon sensors
as active material with a cell granularity of 5 × 5 mm2,
for a total of 22 radiation lengths;

• a hadronic calorimeter (HCAL) with 60 alternating lay-
ers of steel absorber and scintillating-pad active material
with a cell size of 30 × 30 mm2, for a total of 7.5 nuclear
interaction lengths;

• a superconductive solenoid generating a magnetic field
of B = 3.57 T;

• an iron return yoke equipped with resistive-plate cham-
bers for muon detection, with seven layers in the barrel
and six layers in the endcap, each cell having an area of
30 × 30 mm2.

The simulation of the detector response to particle passage
is performed using GEANT4, which is accessed through the
MuC software framework [25].

3.3 Digitisation

A MuC event is defined as a generated signal or physics back-
ground process with the BIB particles produced in a bunch
crossing overlaid. The merging is performed at the level of
detector hits, ensuring that both contributions, the signal or
the physics background and the BIB, undergo hit digitiza-
tion in each sensor of the sub-detectors simultaneously. This
simulates the process as it would occur during data collec-
tion. Marlin [36], one of the packages that the MuC software
framework adopted from iLCSoft, performs these actions.

A parameterized digitisation is used for the tracker: hit
positions and times are smeared with Gaussian distributions
representing the spatial and timing resolutions. For ECAL,
HCAL, and the Muon System, a digitization is applied where
the energies of hits in the same cell are summed up, and the
time of the earliest hit is assigned as the time of the digitized
hit.

Only hits with arrival times within a specified range rela-
tive to the bunch-crossing time (t = 0) are retained for each
sensor to reduce the impact of the BIB component. These
time windows are applied on the normalized hit time, defined
as tN = t − D/c, where t is the absolute time of the hit, D is
the distance of the sensor from the interaction point, and c is
the speed of light. The time windows are: [− 90, 150] ps for
the vertex detector and [− 180, 300] ps for the other tracking
systems, while for ECAL, HCAL and Muon System hits the
range is ± 250 ps. To meet these time requirements, an excel-
lent time resolution is essential. A resolution of 30 (60) ps

123



Eur. Phys. J. C           (2025) 85:221 Page 7 of 24   221 

for the vertex (tracking) system and 100 ps for the calorime-
ters is assumed in the detailed detector simulation. These
time resolutions are expected to be achievable with the tech-
nologies developed for HL-LHC, as described in Ref. [12].
Cooling system and cables are not included in the simulation,
but it is expected that the impact of service structures will be
minimized with the developments over the next 20 years.

3.4 Event reconstruction

The reconstruction algorithms of the physics objects, inher-
ited from the iLCSoft package [26], have been adapted for the
MuC background conditions, although a complete optimiza-
tion is still in progress. The Marlin software is employed for
the reconstruction of the physics objects. Marlin also makes
use of other packages for specific reconstruction tasks, such
as the PandoraPFA package [37], which is used for particle
flow techniques. A brief description of the utilized algorithms
is provided below:

• Tracks: The trajectories of charged particles (tracks) are
reconstructed from the positions of the hits in the sili-
con tracking stations. Hits are clustered into tracks using
two different algorithms. The first one is the Conformal
Tracking (CT) [38], while the second one uses the Com-
binatorial Kalman Filter, henceforth referred to as the
CKF algorithm [39]. The CT algorithm was originally
designed for the clean environment of electron-positron
collisions and has long running times in the MuC envi-
ronment due to the presence of the BIB hits (order of
hours per event per CPU core with the available compu-
tational resources). For this reason, it is usually applied to
pre-selected hits in regions of interests, e.g. inside calori-
metric jet cones or around reconstructed segments of the
muon detectors. The MuC framework uses a version of
the CKF algorithm that was tuned for LHC proton-proton
collisions and runs in the MuC environment with much
shorter execution times (order of minutes per event). An
example of the fake tracks reconstructed from the BIB
hits with the CKF algorithm in the central region of the
tracking system for a single bunch crossing is shown
in Fig. 6. The uncertainty on the transverse momen-
tum, �pT, obtained with the CT and CKF algorithms
goes from �pT/p2

T ≈ 1 · 10−1 (5 · 10−3) GeV−1 for
muons with momentum p = 1 (100) GeV and polar
angle θ = 13◦, to �pT/p2

T ≈ 5 · 10−2 (4 · 10−5) GeV−1

for muons with p = 1 (100) GeV and θ = 89◦. The
track reconstruction efficiency with the CT algorithm is
approximately 75% at θ = 13◦ and close to 100% at
θ = 89◦. In this paper, the CT algorithm is used for
the H → WW ∗ and H → μ+μ− analyses, whereas the

Fig. 6 An image of the vertex detector with the barrel sensor pads in
orange and the endcap disks in dark gray. The colored squares represent
the hits produced by the BIB in a single bunch crossing, while the light
gray lines show the reconstructed fake tracks. It can be observed that
the majority of the tracks are reconstructed in the forward and backward
regions, where the density of BIB hits is higher

CKF algorithm is employed for the H → bb̄, H → Z Z∗,
HH → bb̄bb̄, and Higgs width analyses.

• Photons: Photons are defined as clusters of ECAL hits
that are not matched to tracks. For photon reconstruction,
the PandoraPFA algorithm is used, which takes tracks and
calorimeter hits as inputs. For the purpose of photon iden-
tification, tracks are reconstructed using the CKF algo-
rithm and track quality requirements are applied [12]. An
energy threshold of 2 MeV is applied to the calorimeter
hits to reduce the BIB contamination. This threshold has a
significant impact on the reconstruction of the jets, as will
be discussed later. The photon reconstruction efficiency
is about 78% for energies below 50 GeV and about 98%
for energies above 300 GeV. The photon energy resolu-
tion is approximately 13% for energies below 50 GeV
and 1.5% for energies above 400 GeV.

• Muons: The PandoraPFA algorithm is also used to recon-
struct and identify muons: tracks reconstructed with
either the CT or CKF algorithm are matched to stubs
in the muon system. The requirements on the angle of
the muon tracks suppress the BIB contamination, that is
higher in the forward region of the muon system, at the
cost of a low reconstruction and identification efficiency
in the forward and backward regions. The efficiency,
evaluated in this paper for the CKF tracking algorithm,
is about 20% in the angular regions 10◦ < θ < 20◦
and 160◦ < θ < 170◦, while it is close to 100% for
40◦ < θ < 140◦. The uncertainty on the muon transverse
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momentum goes from �pT/p2
T ≈ 2.1 · 10−3 GeV−1

for muons with pT = 2.5 GeV to �pT/p2
T ≈ 1 · 10−4

GeV−1 for muons with pT > 25 GeV. The choice of the
tracking algorithm employed in a specific Higgs analysis,
CT or CKF, depends mainly on the available computing
resources for each study.

• Jets: Hadronic jets are reconstructed with the following
procedure:

1. tracks are reconstructed as described above and fil-
tered to remove combinatorial background by requir-
ing a minimum number of hits on different tracking
layers [12];

2. calorimeter hits are selected requiring an energy
threshold of 2 MeV to remove spurious BIB hits, as
in photon reconstruction;

3. tracks and calorimeter hits are used as inputs to the
PandoraPFA algorithm to obtain the reconstructed
physics objects;

4. the kt jet algorithm [40] with a radius parameter of
0.5 is used to cluster the reconstructed physics objects
into jets.

This reconstruction procedure has a jet finding efficiency
of 85% for a jet pT around 20 GeV, and 90% for a jet pT

around 200 GeV. On average, with a pT threshold of 10
GeV, 13 fake jets are reconstructed per event due to the
BIB contribution. Higgs analyses involving jets in the
final state apply cleaning requirements to suppress the
fake rate. More information about fake jets and their mit-
igation can be found in Ref. [12]. The jet 4-momentum
is calculated by summing the 4-momenta of the clus-
tered physics objects, and the jet direction is defined by
the jet momentum direction. A correction is applied to
the reconstructed jet energy to take into account detector
effects and inefficiencies. The correction is calculated as
a function of jet pT and θ by comparing reconstructed
jets with corresponding truth-level jets (i.e. jets clustered
starting from generator-level stable and detectable parti-
cles). The jet pT resolution is 35% for a jet pT around 20
GeV, and around 20% for a jet pT around 200 GeV.

• b-tagging: The identification of jets originating from b
quarks and their separation from c- and light-quark jets is
performed by searching for displaced secondary vertices
(SV) within the jets [41]. The CT algorithm is used to
reconstruct tracks inside the jet cones. A jet is identified as
a b jet if a secondary vertex is found with a proper lifetime
τ = L m/P greater than 0.2 ps, where L is the distance
between the primary and the secondary vertices, m is the
mass of the SV, and P is the momentum associated to the
SV, calculated as the sum of the momenta of the tracks
associated to it. The b-jet identification efficiency and
misidentification rate have been determined as a function
of the jet pT and θ with independent samples of bb̄, cc̄

and light-quark jets [12]. The tagging algorithm has an
efficiency of about 45% for a b-jet pT around 20 GeV,
and of about 70% for a b-jet pT around 140 GeV with a
misidentification rate of about 20% for c-jets and from
0.1% to 5% for light-quark jets. It should be noted that
the fake rate in the case of tagged jets is negligible. The
algorithm used in the analyses presented in this paper
is very simple, a much more advanced algorithm based
on artificial-intelligence methods is planned for future
updates.

A detailed discussion of the reconstruction performance
of these objects can be found in Ref. [12].

3.5 Analysis path

The analyses presented below focus exclusively on the dom-
inant WW - and Z Z -fusion production processes (WWF and
ZZF) of the Higgs boson, which are referred to with the
compact notation μ+μ− → HX , where X = νν or 

, that
stands for a couple of neutrinos or in alternative for a couple
of leptons. Since their kinematic properties are found to be
compatible at

√
s = 3 TeV [33], only the WWF process has

been generated for the signal samples, the kinematic distri-
butions of which are considered representative of the entire
signal. The total signal cross section is then obtained by scal-
ing the WWF cross section by the ratio of the WWF to ZZF
cross sections ( f ):

σH = σ(μ+μ− → HX)

= σ(μ+μ− → Hνν̄) ·
(

1 + 1

f

)
. (2)

The factor (1 + 1/ f ) is found to be 1.09 using both
WHIZARD and Madgraph. Exceptions to this procedure will
be explained in the text.

The integrated luminosity is assumed to be L = 1 ab−1,
which is expected to be collected in 5 years of data-taking by
a single experiment [12]. The possibility of a longer run of
10 years that would provide L = 2 ab−1 has been considered
in other publications and presentations.

The backgrounds considered in each analysis and reported
in the corresponding tables, are those that give a significant
contribution to the expected number of selected events, and
they have been identified depending on their cross sections
and selection efficiencies. Backgrounds without resonances
are produced via WWF and ZZF processes, or other sub-
dominant diagrams that have the same final-state particles. In
these cases, two neutrinos or two leptons that are usually very
forward and not detected are present. In a similar approach
to the Higgs processes, in some analyses these are indicated
with the compact notation X = (νν̄, 

). The signal and
background selection efficiencies (ε) are defined as the ratio
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Table 1 Theoretical cross
section in the kinematical
fiducial region, pre-selection
efficiency, b-tagging efficiency,
and expected events for the
signal and background
processes in the H → bb̄
analysis for μ+μ− collisions at
3 TeV and L = 1 ab−1. X
indicates both νν̄ and 



Process σ [fb] εpresel [%] εtag [%] Nexp

μ+μ− → H(→ bb̄)X 308 39.2 49.3 59,520

μ+μ− → H(→ cc̄)X 15.3 39.2 29.6 1775

μ+μ− → H(→ gg)X 43.0 39.2 0.0021 0.35

μ+μ− → H(→ WW ∗ → qq̄qq̄)X 50.8 64.0 6.88 2237

μ+μ− → qq̄ X 2600 23.5 10.7 65,430

μ+μ− → qq̄
ν 15,000 5.74 0.14 1200

between the number of events passing the selection require-
ments and the corresponding number of generated events.
The number Nexp of expected signal and background events
is determined with the formula:

Nexp = ε · σ · L , (3)

where σ is the production cross section given by the event
generator.

The following studies on the Higgs boson cross sections
estimate the statistical sensitivity on the production cross
section times the branching fraction σH × BF(H → xx),
where xx denotes any considered final state. For the sake
of compactness, the quantity σH × BF(H → xx) is indi-
cated with σ(H → xx), and the corresponding uncertainty
with �σ(H → xx). It is important to note that in the stud-
ies only the statistical sensitivity, resulting from the number
of estimated events in the selected samples, is evaluated. A
discussion of systematic uncertainties is presented in Sect. 7.

In several Higgs analyses, machine-learning methods such
as Boosted Decision Trees (BDTs) [42] and Multi Layer Per-
ceptrons (MLPs) are employed to enhance the separation
between the signal and the physics backgrounds. The BDTs
and MLPs have been trained and applied with the TMVA
package [43] from the ROOT software suite [44]. Their con-
figuration parameters are set to the default values as defined
by TMVA.

4 Determination of Higgs boson cross sections times
branching ratios

4.1 H → bb̄ cross section

This section is dedicated to the determination of the statis-
tical sensitivity on the measurement of the H → bb̄ cross
section. Samples of μ+μ− → H(→ bb̄)X signal events
and background events have been generated following the
prescription of Sect. 3.1, and are reported in Table 1.

Jets are reconstructed as explained in Sect. 3.4 using the
CKF algorithm for the input tracks. Jets with transverse

momentum pT > 40 GeV and pseudorapidity3 |η| < 2.5
are selected to maximize the reconstruction performance and
minimize the BIB effects. Both jets from the Higgs decay
are required to be identified as b-jets, i.e. a displaced SV
has to be associated to them. The identification efficiencies
and mis-identification rates have been determined as a func-
tion of jet pT and θ (Sect. 3.4) and applied to the signal and
background samples as event weights. The mis-identification
rate of light-quark jets has been found to be negligible, and
for this reason light-quark jets have not been included in the
background processes. The fake jet rate is negligible after the
SV requirement.

The expected number of signal and background events
is determined with Eq. 3: about 60k H → bb̄ events and
70k background events are estimated to be collected in 1
ab−1, as reported in Table 1. The di-jet invariant-mass dis-
tributions for signal and background events are fitted with
double-Gaussian functions to obtain signal and background
models that are used to build a likelihood function and gen-
erate samples of pseudo-data according to the expected num-
ber of events. An unbinned maximum-likelihood fit is then
performed on the invariant-mass distributions of the pseudo-
experiments, allowing the signal and the main background
(qq̄νν̄) yields to float. The contributions from H → cc̄ and
H → WW ∗ are fixed in the fit. In this way, the average
H → bb̄ yield and its uncertainty are extracted. An exam-
ple of one of the fits is shown in Fig. 7. Due to the limited
jet energy resolution, the di-jet invariant-mass distribution
shows a significant overlap between the Higgs signal and the
background, consisting mainly of Z boson decays to bb̄ and
cc̄ pairs. In any case, the number of events is sufficiently high
to disentangle the two components on a statistical basis. The
H/Z separation will be improved by utilizing a jet recon-
struction algorithm that is specifically tuned and optimized
for MuC. A systematic uncertainty on the fact that H → cc̄
and H → WW ∗ are fixed in the fit should be considered.
However, assuming a very conservative 20% uncertainty on
the prediction of their cross sections, an uncertainty on the
H → bb̄ yield in the order of 0.5% is obtained. A discus-

3 The pseudorapidity is defined as η = −log
(
tan θ

2

)
, where θ is the

angle of the particle momentum with respect to the beam axis.
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Fig. 7 Example of the di-jet invariant mass fit for one of the pseudo-
experiments used to extract the H → bb̄ yield and uncertainty. Pseudo-
data are obtained assuming μ+μ− collisions at 3 TeV and L = 1 ab−1

[45]. In the legend, X stands for both νν̄ and 

. For this plot the detailed
simulation of the detector has been used, but b-tagging efficiencies are
taken as event weights from previous studies with BIB, as explained in
the text

sion on other sources of systematic uncertainty is presented
in Sect. 7.

The cross section is estimated from Eq. 3, using the
expected number of signal events and the total signal selec-
tion efficiency. Assuming the uncertainties on the efficiency
and the luminosity negligible, the statistical uncertainty on
the cross section is dominated by the uncertainty on the
signal yield. By averaging the results of several pseudo-
experiments, the estimated uncertainty on the production
cross section is:

�σ(H → bb̄)

σ (H → bb̄)
= 0.78% . (4)

4.2 H → WW ∗ cross section

The H → WW ∗ decay is reconstructed in the semileptonic
final state, where one W boson decays into a muon and a
muonic neutrino and the other one decays hadronically into
two jets: H → WW ∗ → qq̄μν [33]. This final state has been
chosen for its good signal-over-background ratio. In fact, the
selection of a high-momentum muon significantly reduces
the background from full hadronic final states. On the other
hand, the W boson decay to jets has a high branching ratio,
hence the semileptonic final state provides higher statistics
than the fully leptonic final state.

Signal and background samples have been generated as
summarized in Table 10. They have been grouped into two
sets, depending on the presence of the Higgs boson in the
process:

1. background processes without a Higgs boson: μ+μ− →
qq̄
ν, μ+μ− → qq̄

, and μ+μ− → qq̄νν̄, with q =
u, d, c, s and 
 = e, μ, τ ;

2. background processes with a Higgs boson: μ+μ− →
H(→ WW ∗ → qq̄qq̄)X , μ+μ− → H(→ bb̄)X , and
μ+μ− → H(→ τ+τ−)X .

In this analysis, jets are first clustered using calorimeter
hits, then tracks are reconstructed with the CT algorithm
in regions of interest defined by the calorimetric jet cones.
Tracks obtained in this way, together with calorimeter clus-
ters, are given as input to the final jet reconstruction. Muons
are reconstructed using CT tracks as input. In order to speed-
up the muon reconstruction, BIB hits are neglected for this
specific task: this approximation does not bias the result since
the muon reconstruction requirements suppress the BIB con-
tribution, at the cost of a low efficiency in the forward and
backward regions (Sect. 3.4). Signal candidates are formed
by combining two reconstructed jets and one muon. The
muon is required to have pT > 10 GeV and |η| < 2.44
(corresponding to 10◦ < θ < 170◦). The two jets must be
central with |η| < 2.5 and pT > 20 GeV. Requirements
are applied to remove fake jets from the analysis: the num-
ber of the jet constituents must be greater than two, and the
maximum fraction of the jet momentum carried by a single
constituent is required to be less than 0.8. Further details on
this prescription can be found in Ref. [33].

In order to separate signal from backgrounds, two BDTs
have been trained: the first to separate the H → WW ∗ signal
from the background processes without a Higgs boson (listed
above in bullet 1), the second to separate the signal from the
processes with a Higgs boson (bullet 2). The BDTs have the
following observables as inputs:

• the pT and θ of the selected muon;
• the invariant mass, pT , and θ of the W → qq̄ candidate

formed by two jets;
• the invariant mass, pT , and θ of the Higgs boson candi-

date;
• the missing transverse momentum, defined as Pmiss

T =
−

√
P2
x + P2

y with Px,y = ∑
i p

μi
x,y + ∑

i p
jeti
x,y , where

the momentum components px and py are summed over
all reconstructed muons and jets in the event;

• the number of isolated muons in the event, i.e. the muons
with �R = √

�φ2 + �η2 > 0.5 with respect to any jet
in the event;

• three acollinearity angles, defined between the momenta
�pi and �p j of two particles as:

θacoll(i, j) = π − acos

( �pi · �p j

pi p j

)
, (5)

where pi, j = | �pi, j | and i and j are: the Higgs boson can-
didate, the W → qq̄ candidate, and the selected muon.
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Fig. 8 Distributions of the BDT outputs to separate the H → WW ∗
signal from the background processes without a Higgs bosons (left)
and with a Higgs boson (right). Signal and backgrounds are presented

with stacked histograms, normalized to the expected number of events.
The black vertical lines indicate the threshold for achieving the optimal
signal significance. In the legend, X stands for both νν̄ and 



Table 2 Theoretical cross
sections within the kinematical
fiducial region, pre-selection
efficiency, BDT efficiency, and
expected number of events for
signal and background
processes in the H → WW ∗
analysis with μ+μ− collisions
at 3 TeV and L = 1 ab−1. X
indicates both νν̄ and 

. The
upper limits are determined at
68% Confidence Level

Process σ [fb] εpresel [%] εBDT [%] Nexp

μ+μ− → H(→ WW ∗ → qq̄μν)X 17.3 29.0 48.5 2430

μ+μ− → H(→ WW ∗ → qq̄qq̄)X 50.8 3.9 < 0.2 < 5

μ+μ− → H(→ bb̄)X 308 1.1 < 4.4 < 150

μ+μ− → H(→ τ+τ−)X 34.3 0.3 < 4.0 < 4

μ+μ− → qq̄
ν 15,000 2.1 0.81 2600

μ+μ− → qq̄

 1040 2.3 < 0.42 < 100

μ+μ− → qq̄νν̄ 1560 4.6 < 0.14 < 100

Hence, the three acollinearity angles are θacoll(H, μ),
θacoll(H,W → qq̄), and θacoll(W → qq̄, μ).

More details on the BDT input variables can be found in
Ref. [33]. The output of the BDTs for the signal and back-
grounds is shown in Fig. 8. The outputs of the two BDTs are
required to be above thresholds determined by maximizing
the signal significance

S = S√
S + B

, (6)

where S and B are the expected number of signal and back-
ground events, respectively, calculated using Eq. 3. Table 2
summarises the theoretical cross sections, the efficiencies,
and the expected number of events passing the described
selection. After the event selection, the dominant physics
background is the process μ+μ− → qq̄μν.

The statistical sensitivity on the cross section is deter-
mined considering this case as a counting experiment. Thus,
assuming that the uncertainties on the efficiency and the inte-

grated luminosity are negligible, the error on the H → WW ∗
cross section is given by:

�σ(H → WW ∗)
σ (H → WW ∗)

=
√
S + B

S
, (7)

where the formula is derived considering the properties of the
Poisson statistics. The statistical sensitivity resulting from the
numbers in Table 2 is:

�σ(H → WW ∗)
σ (H → WW ∗)

= 2.9% . (8)

4.3 H → Z Z∗ cross section

As with the H → WW ∗ channel, the H → Z Z∗ produc-
tion has been studied in the semileptonic final state, where
one Z boson decays into two muons and the other into two
jets: μ+μ− → H(→ Z Z∗)X → qq̄μ+μ−X . Differently
from the H → WW ∗ analysis, the Z → μμ decay is
fully reconstructed, and the selection requirements described
below reduce the background to a negligible level. On the
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Table 3 Theoretical cross
section within the kinematical
fiducial region, pre-selection
efficiency, BDT efficiency, and
expected events for signal and
background processes in the
H → Z Z∗ analysis with μ+μ−
collisions at 3 TeV and L = 1
ab−1.

Process σ [fb] εpresel [%] εBDT [%] Nexp

μ+μ− → H(→ Z Z∗)X → qq̄μ+μ− 0.376 25.4 63.8 60

μ+μ− → qq̄μ+μ−(νν̄, 

) 6.18 15.0 4.53 42

other hand, the branching ratio of H → Z Z∗ is approxi-
mately 10 times smaller than that of H → WW ∗, and in this
channel the irreducible background μ+μ− → qq̄μ+μ−X
becomes dominant.

The input tracks of jets and muons have been reconstructed
by employing the CKF tracking algorithm. To minimize the
number of fake jets, at least one track is required in the jets.
Jets must have transverse momentum pT >15 GeV and |η| <

1.32 (corresponding to 30◦ < θ < 150◦). Muons are selected
with pT > 10 GeV. It should be noticed that the angular
region selected is smaller than that used for the H → WW ∗
analysis, since it has been preferred to consider the central
region of the calorimeters, with very low contamination from
fake jets, which are concentrated in the forward region. A
signal candidate is formed by the combination of two jets and
two opposite-charge muons. In order to remove background
processes where muons are produced in the jet fragmentation,
the distance �R in the η-φ space between muons and jets
for each combination must be greater than 0.5. If more than
one combination per event is found, the candidate with the
invariant mass closer to the Higgs boson mass is selected.

To remove the irreducible background μ+μ− →
qq̄μ+μ−X , a BDT is employed with the following input
variables: the invariant masses of the Higgs and Z boson
candidates; the angle between the two Z bosons in the lab-
oratory frame; the angles between the muons boosted in the
Z boson frame and the flight direction of the Z boson in the
laboratory frame; the angles between the Z bosons boosted
in the Higgs boson frame and the flight direction of the Higgs
boson in the laboratory frame. A threshold on the BDT output
is determined in order to maximize the signal significance of
Eq. 6. The number of expected events after the pre-selection
and the BDT threshold requirement is reported in Table 3.

As with the H → WW ∗ analysis, the counting experiment
procedure is followed, assuming that the uncertainties on the
efficiency and the integrated luminosity are negligible. This
yields:

�σ(H → Z Z∗)
σ (H → Z Z∗)

=
√
S + B

S
. (9)

Finally, the estimated statistical sensitivity is:

�σ(H → Z Z∗)
σ (H → Z Z∗)

= 17% . (10)

4.4 H → μ+μ− cross section

This section presents the study of the statistical sensitiv-
ity on the H → μ+μ− production cross section [46]. The
Monte Carlo samples used in the analysis were produced with
the MadGraph generator. Two production processes of the
Higgs boson are generated: μ+μ− → H(→ μ+μ−)νμν̄μ

and μ+μ− → H(→ μ+μ−)μ+μ− featuring two muons
and two muonic neutrinos and four muons in the final state,
respectively. The main background processes with the same
final states as the sought signals are the inclusive channels
μ+μ− → μ+μ−νμν̄μ and μ+μ− → μ+μ−μ+μ−, from
which the contributions from the signal are removed, and
μ+μ− → t t̄ → W+W−bb̄ with W± → μ±νμ(ν̄μ). In
order to reduce the computational time of the event simu-
lation and reconstruction, the BIB was not overlaid to the
physical processes, since it was shown to have a minimal
impact on the muon reconstruction [12]. A correction was
then applied to account for the BIB effects.

The H → μ+μ− analysis proceeds in two steps. First,
a loose preselection is applied to identify events with a
potential Higgs boson candidate and to suppress part of the
low-energy background, then a final event selection is per-
formed using two BDTs. To remove a fraction of the physics
backgrounds, two opposite-charge muons are required with
pT > 5 GeV in the angular region |η| < 2.44. Further
requirements are applied to the dimuon invariant mass and
momenta: 105 < mμμ < 145 GeV, pT(μ+μ−) > 30 GeV,
and pT(μ+) + pT(μ−) > 50 GeV.

After this pre-selection, a BDT classifier is trained to dis-
criminate the total signal from the background μ+μ− →
μ+μ−νμν̄μ. A second BDT classifier is trained inde-
pendently for separating the signal from the background
μ+μ− → μ+μ−μ+μ−. The BTDs exploit observables of
the two final-state muons (the pT scalar sum, the angular
separation �R = √

�φ2 + �θ2, the cosine of the angle
between the three-momenta, the cosine of the angle of μ−
momentum in the dimuon rest frame with respect to the
dimuon-system direction in the laboratory frame), of the
dimuon system (the boost βμμ, the transverse momentum,
the polar angle and the modulus of the three-momentum, the
recoil mass), and event observables (the total visible energy,
the total visible energy minus the dimuon-system energy, the
missing transverse momentum). A cut on the BDT scores is
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Fig. 9 Stack of the mμμ distributions for the selected signal and back-
ground events [45]. The distributions have been normalized to the
expected number of events with μ+μ− collisions at 3 TeV and L = 1
ab−1, reported in Table 4. The BIB has a negligible impact on muon
reconstruction and was therefore not overlaid on the physical processes

used to select the final samples. The cut values are chosen
to maximize the signal significance S, as defined in Eq. 6,
and events are required to satisfy at least one of the two BDT
requirements. Figure 9 shows the distribution of the dimuon
mass mμμ for the expected signal and background events in
1 ab−1 of data. The corresponding event yields are listed in
Table 4.

The number of signal events NS , which is used to calculate
the production cross section in Eq. 3, can be determined with
a fit to the mμμ distribution. The expected uncertainty on
NS is estimated with a toy Monte Carlo study. The signal
and background models are build from a parameterization
of the distributions of Fig. 9. NS is then determined with an
unbinned extended maximum-likelihood fit in 10,000 pseudo
experiments: the NS distribution is centered around 25.8 with
an RMS of 9.9.

To assess the impact of the BIB, the signal sample
μ+μ− → Hνμν̄μ was reconstructed with the BIB super-
imposed and compared to the case without BIB at the pre-
selection level of the analysis. The H → μ+μ− selection
efficiency results reduced by about 2%, while the width of
the dimuon mass peak degrades only by a few percent, which
is within the reached precision. Assuming negligible uncer-
tainties on the selection efficiency and on the integrated lumi-
nosity, the relative uncertainty on NS , corrected for the BIB

Table 5 Theoretical cross section within the kinematical fiducial
region, pre-selection efficiency, BDT efficiency, and expected events
for signal and physics background processes that have a final state with
two high energy photons in μ+μ− collisions at 3 TeV and L = 1 ab−1.
X indicates both νν̄ and 

.

Process σ [fb] εpresel [%] εBDT [%] Nexp

μ+μ− → H(→ γ γ )X 0.91 86.1 50.6 396

μ+μ− → νν̄γ γ 81.98 53.9 1.0 442

μ+μ− → 

γ γ 4.41 76.4 0.32 11

μ+μ− → 

γ 159.01 33.0 0.06 31

μ+μ− → γ γ 60.15 99.1 0.02 12

effects, can be considered as the statistical uncertainty of the
cross-section measurement:

�σ(H → μ+μ−)

σ (H → μ+μ−)
= 39% . (11)

It is worth noting that the possibility of identifying the Z Z -
fusion processes by detecting the forward-scattered muons,
would significantly reduce the μ+μ− → μ+μ−μ+μ− back-
ground and improve the cross-section sensitivity.

4.5 H → γ γ cross section

The experimental signature for the process μμ → H(→
γ γ )X consists of two high-pT photons with an invariant
mass compatible with the Higgs boson mass. The signal and
physics background processes are generated with MadGraph.
The list of the considered backgrounds and their production
cross sections is reported in Table 5, where only processes
with photons in the final state and the highest cross sections
are taken into account. The processes with leptons in the final
state can pass the event selection because of photon misiden-
tification.

Events are selected with at least two reconstructed photons
having E > 15 GeV, pT > 10 GeV, and |η| < 2.436. The
most energetic photon must have a pT > 40 GeV. If more
than two photons in the event fulfill these requirements, the
two with the highest energy are selected. The invariant mass
of the two photons must satisfy the condition mγ γ > 40
GeV.

Table 4 Theoretical cross
section within the kinematical
fiducial region, pre-selection
efficiency, BDT efficiency, and
expected events for signal and
background processes in the
H → μ+μ− analysis with
μ+μ− collisions at 3 TeV and
L = 1 ab−1.

Process σ [fb] εpresel [%] εBDT [%] Nexp

μ+μ− → H(→ μ+μ−)νμν̄μ 0.109 70.0 31.7 24.2

μ+μ− → H(→ μ+μ−)μ+μ− 0.010 65.2 25.0 1.6

μ+μ− → μ+μ−νν̄μ 11.09 45.2 12.7 637

μ+μ− → μ+μ−μ+μ− 297.4 11.7 1.37 477

μ+μ− → t t̄ → W+W−bb̄, W → μνμ 0.320 3.38 10.2 1.1
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Fig. 10 Distribution of the BDT output of the signal and major physics
background processes. The distributions are stack and normalized to the
expected number of events with μ+μ− collisions at 3 TeV and L = 1
ab−1 after the preselection cuts. The black vertical line indicates the
value of the BDT cut

Fig. 11 Distribution of reconstructed mγ γ for the selected H → γ γ

events, with no physics background, overlaid with a Gaussian fit. The
distribution is normalized to the expected number of events with μ+μ−
collisions at 3 TeV and L = 1 ab−1

After the preselection, signal and background events are
classified using a BDT. The following variables are used for
the classification: the invariant mass mγ γ and the transverse
momentum pT(γ γ ) of the di-photon system; pT of the two
photons;�θ and�φ between the two photons; the acollinear-
ity between the two photons (Eq. 5); the acollinearity between
each photon and the Higgs candidate. The BDT is trained by
using the signal sample and a mixture of the background sam-
ples, merged together with equal weights. The distributions
of the BDT output are shown in Fig. 10. A cut on the BDT
output is applied to maximize the significance of Eq. 6. The
expected number of signal and background events after the
BDT requirement are reported in Table 5. Figure 11 shows the
invariant mass of the Higgs candidates, with no physics back-
ground, after the preselection and the BDT cut. A Gaussian

Table 6 Comparison of statistical sensitivities for Higgs boson produc-
tion cross sections at a

√
s = 3 TeV Muon Collider with L = 1 ab−1,

obtained with a detailed detector simulation with the BIB overlaid and
without the BIB (target performance)

Channel Detailed simulation with BIB Target performance
�σ/σ [%] �σ/σ [%]

H → bb̄ 0.78 0.55

H → WW ∗ 2.9 2.0

H → Z Z∗ 17 12

H → μ+μ− 39 38

H → γ γ 7.5 7.0

fit of the invariant mass distribution gives a mass resolution
of 3.2 GeV for the signal sample.

Assuming that the signal yield is obtained by subtracting
the expected number of background events from the observed
number of events, after the BDT cut, and assuming a negligi-
ble uncertainty on the luminosity and on the signal selection
efficiency, the statistical sensitivity on the measurement of
the H → γ γ cross section can be evaluated as:

�σ(H → γ γ )

σ (H → γ γ )
=

√
S + B

S
. (12)

With the expected number of events reported in Table 5, the
estimated statistical sensitivity is:

�σ(H → γ γ )

σ (H → γ γ )
= 7.5% . (13)

4.6 Comparison of results from detailed simulation and
assumed target detector performance

The results presented in the preceding sections are compared
with those obtained under the ideal condition of no BIB in
the detector. While the BIB will always affect the detector,
future advancements in technologies for tracker devices and
calorimeter systems are expected to significantly reduce its
impact. These potential improvements can now be accounted
for by assuming that the effects of BIB are negligible. This
can be considered a conservative assumption given the efforts
involved in detector R&D.

For each of the Higgs boson decay channels presented in
the previous section, signal and physics background events
are reconstructed without overlaying the BIB. The pre-
selection requirements were redefined, and the BDTs were
re-trained accordingly. This is necessary because the BIB
represents the primary constraint for event reconstruction
algorithms and analysis strategy optimization. The compar-
ison is presented in Table 6.

It should be noted that in the cases of H → μ+μ− and
H → γ γ analyses the cross section uncertainties are sim-
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ilar. This is expected, as the BIB contribution to the recon-
struction of high-energy photons and muons is negligible.
For H → bb̄, H → WW ∗ and H → Z Z∗, the cross sec-
tion uncertainties with the detailed simulation are about 30%
higher than the target ones: the reason is that the jet recon-
struction algorithms are not yet fully optimized for handling
the BIB. Ongoing developments are expected to significantly
reduce this gap.

5 Higgs boson width

The Higgs width (�H ) is a fundamental parameter in Higgs
boson physics, since it is closely linked to the broader under-
standing of Higgs couplings. The expected value in the SM is
�H = 4.07 MeV for a 125 GeV Higgs boson [6], a deviation
from this value would be a clear indication of new physics in
the Higgs sector. Moreover, a model-independent measure-
ment of �H is an essential input to the Higgs couplings fit,
which treats the probability of Higgs boson decays to invis-
ible final states as a free parameter.

At e+e− colliders at low center-of-mass energy (
√
s =

240 GeV), the e+e− → HZ process with full reconstructed
Z bosons allows for the determination of the Higgs boson
kinematics independently of the Higgs decay channel [1].
The advantage of this approach is that it is based on minimal
assumptions.

At a 3 TeV MuC, the HZ production cross section is
relatively small (see Fig. 3), therefore the proposed method
for the e+e− colliders is not a viable option. Instead, the
approach considered for HL-LHC, where �H is obtained by
studying the kinematics of the full Z Z process [1], is used in
this paper [47]. This is a model-dependent approach, based
on the interference between the off-shell Higgs boson pro-
duction and the full amplitude in Z Z → 4
. Hence, the
pair production of on-shell Z bosons via the VBF process
μ+μ− → Z Zνμν̄μ is simulated in the detector and recon-
structed for the determination of �H .

This final state has a contribution coming from the decay
of an off-shell Higgs boson, as shown in Fig. 12, therefore
the process is sensitive to the couplings of the Higgs boson
to Z bosons. Thanks to the contribution of this process, the
production of a pair of Z bosons can be used directly to
extract the modifier κ of the couplings between Higgs boson
and vector bosons, assuming it to be the same for both Z and
W±:

κ = gHZ Z

gSMHZ Z

= gHWW

gSMHWW

. (14)

To obtain �H , the measurement of the H → Z Z∗ cross sec-
tion is also needed (Sect. 4.3). Indeed, the following equation
holds [48]:

Fig. 12 Feynman diagram for on-shell Z Z production via VBF, occur-
ring with an off-shell Higgs propagator

σ(H → Z Z∗)
σ SM (H → Z Z∗)

∝ κ4

�H/�SM
H

, (15)

where σ SM (H → Z Z∗) and �SM
H are the expected SM val-

ues for the W+W− → H → Z Z∗ cross section and Higgs
boson width, respectively. With κ obtained from the Z Z pro-
duction and the measurement of the H → Z Z∗ cross section
(Sect. 4.3), the determination of �H is finally possible. The
approach for measuring κ consists in comparing data sam-
ples generated by varying κ , and then determining the best κ

value through a likelihood scan.
The μ+μ−qq̄ final state, where q is any quark, has been

chosen as a compromise between event counts and precision
in the reconstruction of the final state. The relevant processes
come from VBF di-boson production with the μ+μ−qq̄
final state, namely: μ+μ− → νμν̄μZ(→ μ+μ−)Z(→ qq̄),
μ+μ− → νμν̄μH(→ bb̄)Z(→ μ+μ−), and μ+μ− →
νμμ±W±(→ qq̄)Z(→ μ+μ−). The first two are WW -
fusion processes and are the ones with the largest depen-
dence on κ . The latter is a WZ -boson fusion process, where
the first muon is usually undetected, since it is emitted at very
small polar angles. In Ref. [49], it has been verified that the
Z Z -fusion contribution to the �H sensitivity is negligible,
therefore it is not considered in this analysis.

Several high-statistics simulation samples corresponding
to different κ values should be produced for determining the
uncertainty on κ . The task of performing the detailed simula-
tion for all these samples is excessively computing intensive
and time demanding with the resources available. For this
reason a hybrid fast-simulation/full-simulation approach has
been used:

• A sample of μ+μ−qq̄ events has been generated with
Madgraph with κ = 1.0 and processed with the detailed
detector simulation. This sample has been used to deter-
mine the reconstruction efficiencies and momentum res-
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Fig. 13 Cross sections obtained with Madgraph for the processes con-
sidered in the determination of the Higgs coupling modifier κ for Z and
W bosons

olutions for jets and muons, as well as their dependence
on the kinematics.

• μ+μ−qq̄ samples have been generated with Madgraph,
corresponding to 17 values ofκ ranging form− 0.2 to 2.0,
to which the resolutions and efficiencies obtained with
the detailed simulation have been applied. Resolutions
are applied as smearing factors and efficiencies as event
weights. The dependence on the kinematics is taken into
account.

• These fast-simulation samples are then used to perform
the likelihood scan for the determination of the uncer-
tainty on κ .

The cross sections, calculated with Madgraph, of the main
processes that contribute to μ+μ−qq̄ are shown in Fig. 13
as a function of κ . It is evident that μ+μ− → νμν̄μZ(→
μ+μ−)Z(→ qq̄) is the most sensitive process to κ .

In this analysis, jets and muons are reconstructed as in
Sect. 4.3. Events are selected requiring at least two opposite-
charge muons with pT > 15 GeV and at least two jets with
pT > 20 GeV. The positive and negative muons with the
highest pT are selected and required to have an invariant
mass between 85 and 97 GeV. Jets with a �R < 0.5 with
respect to any of the two selected muons are discarded. To
remove fake jets from the BIB, jets are required to contain at
least one track. After this requirement fake jets are assumed
to be negligible and they are not considered in the analysis.
Finally, the two jets with the highest pT are selected and
required to have an invariant mass greater than 50 GeV. The
invariant mass Mμμqq of all selected final state objects (μ+,
μ− and the two jets) is required to be between 180 and 1800
GeV.

Likelihood values are calculated comparing two-
dimensional distributions of Mμμqq and θZ Z (i.e. the angle
between the reconstructed Z bosons in the laboratory
frame) between pseudo-dataset and simulation distributions.
Pseudo-datasets are generated from the distribution with
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Fig. 14 Likelihood for the determination of κ , fitted with a 6th degree
polynomial. Likelihood scans for 50 pseudo-experiments are overlaid
(red lines), the points represent the average and standard deviations of
− 2� log(L) for the considered κ values. This result has been obtained
with a hybrid fast simulation/detailed simulation described in the text,
that takes into account the BIB impact

κ = 1. For each pseudo-dataset, the likelihood difference
between κ = 1 and a κ-hypothesis, − 2� log(L) as a func-
tion of κ is obtained. These values are fitted to a 6th degree
polynomial, and the 1 σ interval is estimated as the inter-
val around κ = 1 where the fitted polynomial has a value
below 1. For each pseudo-dataset, upper and lower bounds
are found, and the final result is given by averaging the inter-
vals obtained with 50 different generated pseudo-datasets.
The obtained likelihood scans are shown in Fig. 14. The final
result on the κ uncertainty interval is κ = 1+17%

−12%.
Starting from Eq. 15, it is possible to derive:

��H = �σ(H → Z Z∗) ⊕ (4 �κ) , (16)

where the ⊕ symbol means squared sum. Taking �σ(H →
Z Z∗) from Sect. 4.3, the final result is found to be

�H

�SM
H

= 1+71%
−88% . (17)

The result for the Higgs width is compared to the phenomeno-
logical study presented in Ref. [49]. In the article, the preci-
sion on the Higgs width, obtained with a fully general κ-fit, is
24%. However, the contribution obtained by exploiting only
the μ+μ− → νμν̄μZ Z and μ+μ− → νμν̄μW+W− chan-
nels is 58% [50]. The latter result includes different final
states (4q, 2q2l, and lνqq) and is of the same order as the
one presented in this section (��H ∼ 80%), which uses
only 2q2μ events and is based on the detailed detector simu-
lation. It is worth mentioning that the aforementioned article
quotes an uncertainty of ��H = 3.4% for muon collisions
at

√
s = 10 TeV. The limitation of MuC at at

√
s = 3 TeV

could be overcome by using higher energy muon collisions.
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6 Trilinear coupling

The state-of-the-art projections on theκλ3 sensitivity obtained
with MuC parametric simulations are reported in Refs. [12,
15]. In those studies, the 68% confidence-level bound,
obtained with L = 1 ab−1 of data collected at

√
s = 3

TeV, is composed of two intervals, corresponding to two dif-
ferent likelihood minima: 0.73 < κλ3 < 1.35 and 1.85 <

κλ3 < 1.94. It is also stated that the second minimum can be
removed by collecting L = 2 ab−1, leading to a 68% confi-
dence level of 0.85 < κλ3 < 1.16. In the following, the case
with L = 1 ab−1 is considered for the detailed simulation,
focusing on the first minimum, which is closer to the SM
value.

Section 6.1 describes the measurement of the double
Higgs production (HH ), which is the first step towards a
measurement of the trilinear coupling. Then, the trilinear
coupling extraction is presented in Sect. 6.2.

6.1 HH → bb̄bb̄ cross section determination

The HH production is studied using the H → bb̄ decay for
both Higgs bosons, since this final state exhibits the highest
branching ratio, and the channel with four b quarks provides
the highest statistics [51,52]. The contribution of other final
states, like HH → bb̄W+W−, will be investigated in future
studies.

In this analysis, at least four reconstructed jets are required
in the event with a minimum pT of 20 GeV. Input tracks for
jets are obtained with the CKF algorithm. The b-jet identifi-
cation efficiencies and the misidentification rates presented
in Sect. 3.4, have been applied to the reconstructed jets as
a function of the jet pT and taking into account the flavour
composition of the final state, as with the H → bb̄ analysis
in Sect. 4.1.

To reconstruct the HH events, all possible two-jet com-
binations are formed, in which at least one jet is requested to
be identified as a b-jet. Two Higgs boson candidates are then
built from the two jet pairs whose invariant masses m12 and
m34 minimize the figure of merit:

F =
√

(m12 − mH )2 + (m34 − mH )2 , (18)

where mH is the nominal Higgs boson mass.
The main physics background contribution comes from

processes with four heavy-quark jets in the final state,
μ+μ− → qhq̄hqhq̄h(νν, 

) (qh = b or c), which comprise
multiple intermediate electroweak gauge bosons. The other
important source of background is the process μ+μ− →
Hqhq̄h(νν, 

) → bb̄qhq̄h(νν, 

) where the HHH ver-
tex is not present. Physics backgrounds resulting from light
quarks and fake jets are assumed negligible. The rationale for
this assumption is that advanced tagging methods, based on

Table 7 Theoretical cross section within the kinematical fiducial vol-
ume, pre-selection efficiency, b-tagging efficiency, and expected events
for signal and background processes in the HH → bb̄bb̄ analysis with
μ+μ− collisions at 3 TeV and L = 1 ab−1. X indicates both νν̄ and 



Process σ [fb] εpresel [%] εtag[%] Nexp

μ+μ− → HHX → bb̄bb̄X 0.31 38.8 69.8 84

μ+μ− → H(→ bb̄)qhq̄h(νν, 

) 3.1 39.2 62.6 761

μ+μ− → qhq̄hqhq̄h(νν, 

) 5.9 36.5 49.5 1066

machine learning techniques, should be capable of rejecting
these events while keeping the signal, as discussed later in
Sect. 6.2. For this reason the μμ → qq̄qq̄ν
 background
is considered negligible. It has been also checked that the
μμ → qq̄qq̄ does not significantly enter the analysis. A sum-
mary table presenting the considered signal and background
processes, along with their cross sections and expected event
yields, is provided in Table 7.

A Multilayer Perceptron (MLP) [43] has been trained on
twelve observables to separate the signal events from the
physics background μ+μ− → qhq̄hqhq̄h X :

• the invariant masses of the jet pairs with the highest (lead-
ing candidate) and the lowest (sub-leading candidate)
transverse momentum;

• the module of the vectorial sum of the four jet momenta;
• the sum of the four jet energies;
• the angle between the two jets relative to the leading

candidate;
• the maximum separation angle between the jets in the

event;
• the angle between the highest-pT jet in the pair relative to

the leading candidate, and the angle between the highest-
pT jet in the pair relative to the sub-leading candidate,
with respect to the z-axis;

• the four jet transverse momenta.

The MLP output distributions for the HH signal and back-
ground samples are shown in Fig. 15. It can be observed that a
good separation between the HH and qhq̄hqhq̄h X processes
is achieved. It has been verified that an additional MLP to
separate the signal from the μ+μ− → H(→ bb̄)qhq̄h X
background does not improve significally the measurement,
since the kinematic properties of this process are very similar
to those of the signal.

Using the MLP output distributions, pseudo-datasets have
been generated according to the expected number of events.
The yield of the HH signal is extracted by fitting the MLP
distribution: an average statistical uncertainty of approxi-
mately 33% is obtained on the signal yield. The HH cross
section is calculated with Eq. 3. Therefore, assuming negli-
gible uncertainties on the selection efficiency and integrated
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Fig. 15 Distributions of the MLP output for the HH signal and the
main background contributions. The distributions are normalized to unit
area. In the legend, X stands for both νν̄ and 



luminosity, the statistical uncertainty on the double-Higgs
production cross section is:

�σ(HH → bb̄bb̄)

σ (HH → bb̄bb̄)
= 33% . (19)

At this time, there is no estimate of the statistical sensi-
tivity on the HH cross section based on a parametric simu-
lation of the detector but only on the trilinear coupling with
no detector effects [53].

6.2 Trilinear Higgs coupling precision determination

The total double-Higgs production cross section is sensi-
tive to the value of the trilinear self-coupling: Fig. 4 shows
the three Feynman diagrams that primarily contribute to the
double-Higgs production. The one on the left, where two
Higgs bosons are produced via an off-shell Higgs (H∗), is
the only process directly influenced by the value of the trilin-
ear Higgs self-coupling. The different kinematics of the HH
events coming from H∗ is exploited to extract the value of
λ3. The strategy employed to estimate the uncertainty on the
trilinear Higgs self-coupling is as follows:

• Samples of double-Higgs events are generated with
WHIZARD for different values of κλ3 = λ3/λ

SM
3 : 0.2,

0.4, 0.6, 0.8, 0.9, 1.0, 1.1, 1.2, 1.4, 1.6, 1.8. Subsequently,
the samples are simulated and reconstructed with the pro-
cedure described in Sect. 6.1. The κλ3 = 1 case repre-
sents the SM signal. Table 8 shows the expected number
of HH events for different κλ3 hypotheses.

• Two MLPs are trained independently:

1. The first MLP is the same as the one used for the HH
cross section determination in Sect. 6.1 to separate the
SM signal (κλ3 = 1) from the physics background.

Table 8 Theoretical cross section values, selection efficiencies, and
expected number of HH → bb̄bb̄ events for all κλ3 hypotheses, assum-
ing 1 ab−1 of integrated luminosity at

√
s = 3 TeV

κλ3 σ [fb] ε [%] Nevents

0.2 0.52 30.1 169

0.4 0.48 29.3 141

0.6 0.41 28.1 116

0.8 0.35 27.5 97

0.9 0.33 27.6 92

1.0 0.31 27.2 84

1.1 0.29 25.7 74

1.2 0.27 25.7 71

1.4 0.25 26.5 68

1.6 0.24 25.1 61

1.8 0.25 24.8 61

2. The other MLP is trained on four variables to differen-
tiate between the μ+μ− → HHνμν̄μ → bb̄bb̄νμν̄μ

process, where the Higgs pair is produced exclusively
via an off-shell H∗ and the other two contributions.
The rationale behind this approach is to construct a
MLP that leverages the kinematic properties specific
to the production of Higgs pairs via an off-shell Higgs
boson, which is indicative of the trilinear Higgs self-
coupling. This allows for the separation of this pro-
cess from other double-Higgs production processes.
The variables that allow the best separation are: the
angle between the two Higgs boson momenta in the
laboratory frame, the angle between the highest-pT
jet momenta of each pair with respect to the z axis,
and the helicity angle of the two Higgs boson candi-
dates.

• The scores of the two MLPs for the considered samples
have been arranged in two-dimensional histograms. To
obtain the expected data distribution, two-dimensional
templates of the signal and background components are
built for each κλ3 hypothesis. Signal and background
yields calculated in Tables 7 and 8 are used to weight
the templates.

• Pseudo-datasets are generated with the total 2D template
for the κλ3 = 1 hypothesis. For each pseudo-experiment,
the likelihood difference −�log(L) is calculated as a
function ofκλ3 by comparing the pseudo-data distribution
to the κλ3 templates.

• The log-likelihood profile has been fitted with a polyno-
mial function of fourth degree. The uncertainty on κλ3

at 68% C.L. is estimated as the interval around κλ3 = 1
where the fitted polynomial has a value below 0.5.
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Fig. 16 Left: invariant mass of the leading Higgs candidate compared
between HH events and qhq̄hqhq̄h events, with samples reconstructed
without the BIB. It is recalled here that the contribution from qhq̄H is
not included in this sample. In the legend, X stands for both νν̄ and 

.

Right: �LL as a function of κ hypothesis for samples reconstructed
without the BIB, selected by assuming LHCb tagging performance (b-
tagging efficiency of 76% and c-mistag rate of 20%), by requiring three
tagged jets in the event

As shown in Table 8, the expected production cross sec-
tions for κλ3 > 1 are very similar. Therefore, distinguishing
among them would require optimizing the jet reconstruction
algorithm with lower thresholds, which would result in very
high computational times. The result obtained with the cur-
rent algorithms, does not provide an adequate representation
of the true potential of MuC for this measurement. Neverthe-
less, it is possible to assess the impact of better performing
algorithms on the measurement, as discussed in the follow-
ing:

• With dedicated machine-learning algorithms that exploit
the jet sub-structure, it is possible to identify b-jets with a
performance comparable to that of hadron colliders. Such
algorithms are currently employed at LHC to enhance the
performance of jet flavor identification both in the central
region of pp collisions, like the DeepJet algorithm [54] at
CMS, and in the forward region at LHCb [55]. At a MuC,
b-jets from HH are expected to be produced mainly in
the forward region, which resembles the phase space cov-
ered by LHCb. Therefore, the LHCb tagging capabilities
are assumed for the MuC expectation: the b-tagging effi-
ciency and c-mistag rate are taken from Ref. [55], while
light jet mistag is assumed negligible, since its value is
really low (in the order of 0.1% in LHCb data). A work-
ing point for the HH analysis has been determined by
maximizing the significance (S/

√
S + B) of HH events

across various configurations of LHCb b-tagging and c-
mistag performance. The optimal configuration, yielding
the highest significance, requires: three tagged jets, a total
b-tagging efficiency of 76% and a c-mistag rate of 20%.
Simulated events for HH signal and background pro-
cesses are re-weighted according to these efficiencies.

• Several developments are currently underway to mini-
mize the impact of the BIB on multi-jet final state recon-

struction performance aiming to reduce it to a negligible
level. For example, the number of BIB hits in the tracker
system could be reduced by applying a cutting-edge
clustering algorithm capable of identifying and reject-
ing hits associated with low-momentum BIB particles,
which tend to deposit more ionization energy. This strat-
egy aims to decrease the occurrence of spurious tracks,
thereby enhancing the overall tracking performance. The
effect of the calorimeter energy threshold is studied by
reducing it from 2 MeV to 200 KeV. The improvement in
the jet energy resolution, demonstrated in Ref. [12], will
impact the HH analysis. The invariant mass distribution
of the leading Higgs candidate in HH events decaying
to qhq̄hqhq̄h events under the two threshold hypothe-
ses, both without the BIB overlay, is shown in Fig. 16
(left). The improved separation between the Higgs and Z
boson resonances with respect to what has been obtained
in Fig. 7 is evident. The jet momentum resolution in the
case without the BIB overlay is in the order of 10%, while
the resolution with the BIB is of about 15%. This 10%
resolution is used in the analysis to evaluate the trilinear
coupling precision.

The likelihood scan obtained with the previous assump-
tions on the tagging efficiencies and jet momentum resolution
is shown in Fig. 16 (right). The uncertainty on the trilinear
Higgs self-coupling is found to be 0.81 < κλ3 < 1.44 at
68 % confidence level. It could be noticed that the upper
bound is higher since the number of signal events as a func-
tion of κλ3 varies slowly for κλ3 > 1.0, as can be seen in
Table 8.

The result obtained here can be compared with the val-
ues found in Refs. [12,15]; for first minimum with the
same integrated luminosity of L = 1 ab−1, it is reported
0.73 < κλ3 < 1.35.
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7 Systematic uncertainties

The errors quoted in the previous sections include only the
statistical uncertainties, reflecting the level of precision tar-
geted with one experiment at 1 ab−1 of data collected at
a center-of-mass energy of 3 TeV. This study is crucial for
determining the detector requirements in the new background
environment.

A precise evaluation of the systematic uncertainties would
require knowledge of:

– the BIB for a given interaction region’s optical config-
uration, including the nozzle shape and material, which
can influence the number of produced particles and their
time, energy, and spatial distributions;

– the detector implementation, such as the positioning of
the detector services and their impact on the material
distribution;

– the combined effect of these factors that determines the
number of particles reaching the detector and their kine-
matic properties.

This is particularly challenging for high-energy muon col-
lisions, where there is little prior experience. Nevertheless,
a discussion based on simulations and expertise from other
experiments is provided to present the potential sources of
systematic uncertainties commonly considered.

Luminosity: The determination of the absolute integrated
luminosity for muon collisions at

√
s = 3 TeV has not

yet been studied. However, an evaluation of potential
precision has been performed for

√
s = 1.5 TeV [45].

This study is based on the measurement of the number of
μ+μ− → μ+μ− (muon Bhabha) events at large angles,
30◦ < θ < 150◦, to avoid the impact of the nozzles.
The statistical precision on the number of events is at
the permille level. To achieve similar precision for L, the
theoretical cross section must be known with equivalent
accuracy, which is not yet available for muon interac-
tions at this energy. If the Muon Collider is constructed,
theoretical predictions are expected to reach the required
precision. Therefore, assuming an accuracy at the percent
level is reasonable.

Jet energy scale: After the calorimeter calibration, the
remaining energy correction for jets originating from
Higgs boson decays will be evaluated once samples of
heavy-flavor and light-flavor jets become available. For
heavy-flavor jets, the procedure will rely on the recon-
struction of the Z → bb̄ invariant mass, as b-jets are pro-
duced with momenta similar to those from Higgs boson
decays. The expected number of Z → bb̄ events with the
same requirements as the analysis in Sect. 4.1, approxi-
mately 40k, should allow for a precision better than 0.5%

Fig. 17 Transverse momenta of b-quarks from the H → bb̄ decay, at√
s = 3 and

√
s = 10 TeV muon-antimuon collisions, determined with

Madgraph [56]

for the cases presented. Using this decay channel for cal-
ibration will also improve the energy resolution of b-jets.

Flavor tagging: In the presented studies, jets originating
from b-, c-, and light-quarks are identified based on the
properties of the secondary vertex reconstructed within
the jet itself. More advanced algorithms [54,55] can be
implemented, which is why, for multi-jet events, the per-
formance observed in the LHCb experiment is assumed to
represent a more realistic scenario. The systematic uncer-
tainty on jet tagging, on absolute efficiencies, and on the
kinematical variables will be evaluated using the tag-and-
probe method applied to Z → bb̄ events in addition to the
other methods in use at LHC. Assuming a 0.5% uncer-
tainty, which is a very conservative estimate, the error on
the H → bb̄ cross section is 0.5%.

8 Lesson learned: requirements for Higgs
measurements

The Higgs studies presented in this paper can serve as a guide-
line to establish the requirements for designing a detector
for

√
s = 10 TeV and to improve the reconstruction algo-

rithms of the physics objects at any center-of-mass energy.
In fact, the transverse momentum distributions of b-quarks
from H → bb̄ decays at

√
s = 3 and

√
s = 10 TeV are

very similar, with a peak around pT ∼ 100 GeV as shown in
Fig. 17.

Section 4.6 demonstrates that the results obtained for a√
s = 3 TeV MuC with the detailed detector simulation are

close to those determined with target performance.
Section 4 has shown how the detector and reconstruction

algorithms, discussed in Sect. 3, are sufficient to control the
BIB impact on the performance and allow to achieve the pre-
cision on single Higgs cross section, H → bb̄, below 1%.
On the other hand, Sect. 6.2 has shown how several improve-
ments on jet reconstruction and identification are needed to
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Table 9 Detector and reconstruction algorithm performance require-
ments for Higgs physics at the Muon Collider, determined with the
detailed detector simulation studies. The values have been obtained for
objects with pT of about 100 GeV, which is the average transverse
momentum of the particles from the 2-body decay of the Higgs boson
with

√
s = 3 TeV. The first set of requirements is intended for single

Higgs boson measurements, while more stringent requirements are pre-
sented for the trilinear coupling determination with the four-b-jet final
state

Object Requirements

muons �pT
pT

= 0.4%

photons �E
E = 3%

jets �pT
pT

= 15%

b-jets �pT
pT

= 15%

b efficiency = 60 %

c mistag = 20 %

b-jets �pT
pT

= 10%

(in multi-jet event) b efficiency = 76 %

c mistag = 20%

improve the analysis performance on multi-jets final state,
therefore the precision on the Higgs trilinear coupling.

In light of the previous considerations, the requirements
listed in Table 9 are determined as follows:

• For muons, photons, jets, and b-jets the requirements on
the resolutions are taken from the reconstruction perfor-
mance described in Sect. 3, and evaluated for objects with
pT = 100 GeV. The value of pT = 100 GeV is chosen
based on the peak position in the pT distribution of b
quarks from Higgs boson decays (Fig. 17). For b-jets the
identification efficiencies and the c-mistag rate are also
quoted. These requirements are sufficient to achieve a sta-
tistical sensitivity on the Higgs boson production cross
sections comparable to those obtained with the assumed
target performance.

• The efficiencies and resolutions described in Sect. 3 are
not sufficient to achieve the precision on λ3 obtainable
with the assumed target performance. This will be true for
any multi-jet final state. Therefore, for this event topol-
ogy, the requirements, in particular for b-jet identifica-
tion and pT resolution, are taken from the performance
described in Sect. 6.2 that is based on reasonable assump-
tions.

The performance requirements are summarized in Table 9.

9 Summary and outlook

The results presented in this paper demonstrate that, at a√
s = 3 TeV MuC, state-of-the-art detector technologies

and reconstruction algorithms enable high-precision mea-
surements of Higgs cross sections, including that for dou-
ble Higgs production and the Higgs trilinear self-coupling.
The sensitivities have been estimated using a detailed detec-
tor simulation that includes the BIB [22]. For each analy-
sis, the Higgs boson signal events and their corresponding
physics backgrounds were fully simulated and reconstructed
(Sect. 3). The statistical sensitivities on the Higgs cross sec-
tion measurements (Sect. 4) for the considered Higgs decay
channels (H → bb̄, H → WW ∗, H → Z Z∗, H → μ+μ−,
and H → γ γ ) are consistent with those obtained using tar-
get detector simulations without the BIB. This consistency
underscores the capability of the detector configuration and
reconstruction algorithms to effectively manage the effects
of the BIB.

This indicates that the 3 TeV center-of-mass energy is a
strong starting energy for studying the Higgs properties with
muon collisions, though it presents limitations for measuring
the Higgs width, as indicated by Refs. [48,49] and by the
analysis presented here in Sect. 5.

The precision on the Higgs trilinear self-coupling, dis-
cussed in Sect. 6, was evaluated under the reasonable assump-
tion that a b-jet identification performance comparable to that
of LHCb can be achieved. This result is compatible with that
obtained with parametric studies in Refs. [12,15].

Another significant outcome of this paper is the determi-
nation of detector requirements for Higgs physics (Sect. 8),
derived from detailed analyses that utilize various physics
objects. These requirements, listed in Table 9, have been
found to hold also at higher center-of-mass energies, as for
example

√
s = 10 TeV, and can serve as a basis for design-

ing a detector suitable to these energy levels. Indeed, the
kinematic distributions of the Higgs boson are quite simi-
lar at both 3 TeV and 10 TeV center-of-mass energies [56].
In this scenario, with the BIB at

√
s = 10 TeV expected

to be similar to that at
√
s = 3 TeV [22], the potential of

muon collisions at this higher energy could be fully realized.
For example, MuC running at

√
s = 10 TeV for 5 years

with an integrated luminosity of 10 ab−1, could achieve an
uncertainty of approximately 4% on the Higgs trilinear self-
coupling, representing one of the best precisions attainable
by any future collider.
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Appendix: A list of Monte Carlo samples

Table 10 summarizes all Monte Carlo samples used in
this paper. It lists the simulated processes, the generators
employed, and the generator-level cuts. Details on the event
generation are provided in Sect. 3.1. The generation require-
ments are applied to Pi

T, the transverse momentum with
respect to the z axis (where i is the particle type), to the
invariant mass of two particles M(i, j), to the pseudorapid-
ity ηi or to the distance between two particles in the η-φ

Table 10 Summary of the
generated samples indicating the
Monte Carlo generator used and
the kinematical requirements
applied to the final-state
particles. M represents the
invariant mass of the objects
shown in parentheses. The
symbol q stands for u, d, s, c, or
b quarks, while 
 stands for
electron, muon or tau. Symbol ν

stands for electron, muon or tau
neutrino. If qq̄ is present, all
possible combination of quark
flavours, even different flavours,
are considered by
WHIZARD/Madgraph. If the
Higgs boson is not indicated in
the process, Yukawa couplings
are switched off

Process Generator Kinematical requirements

μ+μ− → Hνμν̄μ; H → bb̄ WHIZARD -

μ+μ− → Hνμν̄μ; H → cc̄ WHIZARD -

μ+μ− → Hνμν̄μ; H → gg WHIZARD -

μ+μ− → Hνμν̄μ; H → WW ∗ → qq̄μνμ WHIZARD M(q, q̄) > 10 GeV

μ+μ− → Hνμν̄μ; H → WW ∗ → qq̄qq̄ WHIZARD M(q, q̄) > 10 GeV

μ+μ− → Hνμν̄μ; H → τ+τ− WHIZARD -

μ+μ− → Hνμν̄μ; H → μ+μ− MadGraph -

μ+μ− → HHνμν̄μ; H → bb̄, H → bb̄ WHIZARD -

μ+μ− → Hμ+μ−; H → WW ∗ → qq̄μνμ WHIZARD M(q, q̄) > 10 GeV

μ+μ− → Hμ+μ−; H → μ+μ− MadGraph M(μ,μ) > 100 GeV

μ+μ− → Hνμν̄μ; H → γ γ MadGraph Pγ
T > 10 GeV, |ηγ | < 2.436

μ+μ− → ZHνμν̄μ; Z → μ+μ−, H → bb̄ MadGraph Pμ
T > 1 GeV, |ημ| < 3

Pq
T > 5 GeV, |ηq | < 3

�R(q, q̄) > 0.2, �R(q, μ) > 0.05

μ+μ− → HZ; H → WW ∗ → qq̄μνμ, Z → μ+μ− WHIZARD M(q, q̄) > 10 GeV

μ+μ− → Hqq̄νν̄; H → bb̄ WHIZARD M(q, q̄) > 10 GeV

μ+μ− → Z Zνν̄; Z → μ+μ−, Z → qq̄ MadGraph Pμ
T > 1 GeV, |ημ| < 3

Pq
T > 5 GeV, |ηq | < 3

�R(q, q̄) > 0.2, �R(q, μ) > 0.05

μ+μ− → W±Zμν; W± → qq̄, Z → μ+μ− MadGraph Pμ
T > 10 GeV

Pq
T > 5 GeV, |ηq | < 3

�R(q, q̄) > 0.2, �R(q, μ) > 0.05
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Table 10 continued
Process Generator Kinematical requirements

μ+μ− → qq̄νν̄ WHIZARD M(q, q̄) > 10 GeV

μ+μ− → qq̄

 WHIZARD M(q, q̄) > 10 GeV

μ+μ− → qq̄
ν WHIZARD M(q, q̄) > 10 GeV

μ+μ− → qq̄qq̄νν̄ WHIZARD M(q, q̄) > 10 GeV

μ+μ− → qq̄qq̄

 WHIZARD M(q, q̄) > 10 GeV

μ+μ− → qq̄qq̄
ν WHIZARD M(q, q̄) > 10 GeV

μ+μ− → qq̄qq̄ WHIZARD M(q, q̄) > 10 GeV

μ+μ− → νμν̄μμ+μ−qq̄ WHIZARD 10 GeV < M(q, q̄) < 150 GeV

|ημ| < 2.5, |ηq | < 2.5

Pμ
T > 5 GeV, Pq

T > 5 GeV

�R(q, q̄) > 0.3

μ+μ− → μ+μ−νμν̄μ MadGraph 100 < M(μ,μ) < 150 GeV,

|ημ| < 2.66

μ+μ− → μ+μ−μ+μ− MadGraph 100 < M(μ,μ) < 150 GeV,

|ημ| < 2.66

μ+μ− → t t̄; t → Wb,W → μνμ MadGraph M(μ,μ) > 50 GeV

μ+μ− → γ γ νν̄ Madgraph Pγ
T > 10 GeV, |ηγ | < 2.436

μ+μ− → 

γ Madgraph Pγ
T > 10 GeV, |ηγ | < 2.436

μ+μ− → 

γ γ Madgraph Pγ
T > 10 GeV, |ηγ | < 2.436

μ+μ− → γ γ Madgraph Pγ
T > 10 GeV, |ηγ | < 2.436

space, �R(i, j) = √
(�η)2 + (�φ)2, where φ is the angle

with respect to the x axis in the x-y plane.
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