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The associated production of a Higgs boson with a Z boson in the
collisions of electron and positron beams at the Future Circular Collider
(FCC-ee) have been studied. Here, the Z boson decays into dileptons, while
the Higgs boson decays to all possible channels, mostly to the bb̄. The col-
lisions provide a clean and powerful channel to probe the (HZZ) coupling
at future lepton colliders. Following the event generation, the analysis
is performed using the recoil mass method, which allows for the model-
independent reconstruction of the Higgs boson depending on the kinemat-
ics of the final-state leptons. This method enables precise identification
of the Higgs signal peak independent of its decay mode and significantly
reduces systematic uncertainties. The recoil mass distributions from the
signal process (e+e− → HZ, Z → l+l−) and the main backgrounds (ZZ,
WW , tt̄, and other Standard Model processes) have been analyzed using
a dedicated analysis code. Monte Carlo simulations corresponding to an in-
tegrated luminosity of 5 ab−1 have been used for the analysis, assuming the
high performance of the IDEA detector concept. The results are presented
for center-of-mass energies of

√
s = 240 GeV and

√
s = 365 GeV to com-

pare the sensitivities and highlight the potential of future e+e− colliders in
probing the HZZ interaction with high precision.

DOI:10.5506/APhysPolB.57.1-A1

1. Introduction

The Higgs boson [1] is considered to be sensitive to New Physics beyond
the Standard Model (BSM) of particle physics. This particle was discov-
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ered by the ATLAS and CMS experiments [2] at the Large Hadron Collider
(LHC). Higgs physics is related to numerous questions, then searches for its
properties at future colliders may provide some answers.

The measurement of the single Higgs boson production cross section, us-
ing the recoil mass method, sets the scale for Higgs coupling measurements.
This method enables the study of the Higgs boson without the need to re-
construct its decay products, and it plays a central role in determining the
Higgs mass and measuring the inclusive cross section of the process, which
in turn provides direct access to the HZZ coupling.

The future circular e+e− collider (FCC-ee) [3, 4] would allow the Higgs
scalar sector to be probed with high precision beyond that achievable at the
LHC. Focus on the Higgs searches at the e+e− collider would be model-
independent determination of the Higgs couplings to gauge bosons and
fermions.

In this study, the aim is to evaluate the performance of the recoil mass
method for measuring the Higgs mass and cross section of the HZ production
at two proposed operating energies of the future circular electron–positron
collider (FCC-ee) with 240 GeV and 365 GeV stages. The recoil mass dis-
tributions from the signal (e+e− → HZ, Z → l+l−) and the backgrounds
(mainly ZZ, WW , tt̄, and others) have been analyzed and the parameters
have been optimized to obtain more precise results. Using simulated sig-
nal and background events, we analyze how the measurement sensitivities
vary with center-of-mass energies. This method plays an important role in
probing the HZZ interactions.

2. Associated production and decay process

The Standard Model (SM) of particle physics describes three fundamen-
tal interactions between elementary particles. It is a renormalizable gauge
theory based on the symmetry group SU(3)C×SU(2)L×U(1)Y , see Ref. [5].
The Higgs scalar sector of the model is central to the physics program of
present and future colliders.

The associated production of the Higgs boson with the Z boson in the
electron–positron collider is described at leading order by the Feynman di-
agram involving s-channel Z boson exchange. The cross section for this
process is sensitive to the strength of the HZZ coupling, which can be pa-
rameterized in the Lagrangian as

LHZZ = −gHZZHZµZ
µ , (1)

where gHZZ is the coupling constant that determines the interaction strength
between the Higgs and Z bosons. In the production mode, the weak neu-
tral current interactions related to the charged leptons are described by the
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Lagrangian
LZll = −l̄γµ(gLPL + gRPR)lZµ , (2)

where PL,R = (1 ∓ γ5)/2 are left and right chiral projections and gL,R are
the chiral couplings of the Z boson to corresponding leptons. One may use
the notation for these couplings such as gL,R = g/ cos θW(T3L,R + sin2 θW),
where T3 is the third component of weak isospin of the corresponding lepton,
and θW is the weak mixing Weinberg angle.

In the decay channel, the interaction of the Higgs boson with fermions
is described by the Yukawa coupling term in the Lagrangian

LHff = −
∑
f

mf

v
Hf̄f , (3)

where mf is the mass of the fermion (f) and v is the vacuum expectation
value of the Higgs field (H). This term implies that the coupling strength of
the Higgs boson to fermions is proportional to the fermion mass. As a result,
the dominant decay channel of the SM Higgs boson is into a pair of bottom
quarks (H → bb̄ ), with a branching ratio of approximately 58%, see Ref. [5].
Other important decay modes include H → WW ∗, gg, τ+τ−, ZZ∗, and
others.

The cross section for the associated HZ production is proportional to
the square of the coupling

σ(e+e− → ZH) ∝ |gHZZ |2 (4)

which highlights that any measurement of the production rate directly con-
strains the HZZ coupling. The cross section for the exclusive fermionic or
bosonic final (F ) state decays (H → FF ) can be expressed as

σ(e+e− → ZH)× BR(H → FF ) ∝ |gHZZ |2|gHFF |2/ΓH . (5)

At a center-of-mass energy of 240 GeV, the cross section of the process
is maximized, and the recoil mass resolution becomes optimal due to the
limited phase space for the final states. At a higher energy of 365 GeV, the
process benefits from higher recoil energies and extended kinematic reach,
though the cross section is relatively smaller. These features make both
energy points complementary in probing different aspects of Higgs physics.

3. Recoil mass method

We focus on a model-independent approach to Higgs boson measurement
using the recoil mass method. This allows for the identification of Higgs
events by reconstructing only the decay products of the associated Z boson,
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particularly in the leptonic decay mode (Z → l+l−), without depending on
the specific Higgs decay channel. This approach enables precise determi-
nation of the inclusive Higgs production cross section σ(e+e− → HZ) and
provides direct sensitivity to the HZZ coupling strength gHZZ . By analyz-
ing the recoil mass spectrum, one can extract both the production rate and
test the structure of the HZZ interaction with minimal model dependence.
This is particularly advantageous at lepton colliders such as FCC-ee, where
clean experimental environments allow for high-precision measurements, see
Ref. [6].

The recoil mass squared expression is defined as

M2
recoil =

(√
s− Ell

)2 − |p⃗ll|2 = s− 2
√
sEll +m2

ll , (6)

where Ell and p⃗ll are the energy and momentum of the lepton pair originating
from the Z-boson decay, mll is the invariant mass of two leptons showing
peak around mZ , and

√
s is the center-of-mass energy of the collision. This

recoil mass method allows for the reconstruction of the Higgs boson mass
peak without requiring direct reconstruction of its decay products, enabling
a model-independent measurement.

The measurement of the single Higgs boson production cross section us-
ing the recoil mass method determines the scale of Higgs coupling measure-
ments. The HZ events can be determined easily by counting the normalized
entries from the collection around the Higgs mass. The number of events
allows for the determination of HZ cross section σ(HZ). This cross section
is proportional to the square of the coupling gHZZ . In most studies, the
recoil mass method has been applied to the e+e− → HZ process, where
the Z boson decays into two oppositely-charged leptons, see Refs. [3, 7].
However, a detailed study has shown that hadronic decays of the Z boson
enhance sensitivity due to their larger branching ratio, see Ref. [8].

4. Associated Higgs production

In e+e− collisions at 240 GeV and 365 GeV, the interaction vertex HZZ
can be investigated through two main production mechanisms which corre-
spond to ZH production (Higgsstrahlung) (as shown in Fig. 1 and left panel
of Fig. 2) and the ZZ fusion process shown in the right panel of Fig. 2. The
cross section for the s-channel ZH production process is higher than the
t-channel ZZ fusion process, as indicated in Table 1. The cross sections
have been calculated separately for the di-electron and di-muon channel,
and included both s-channel and t-channel contributions in the di-electron
channel.
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We have calculated cross sections of single Higgs boson production pro-
cesses at

√
s = 240 GeV and

√
s = 365 GeV with and without initial-state

radiation (ISR) and beamstrahlung (BS) effects. We find the ratio of cross
sections σ(ISR + BS)/σ to be around 0.85 at

√
s = 240 GeV, and around

1.04 at 365 GeV. In these calculations, we have used MadGraph5 [9] with the
inclusion of ISR+BS parametrization fcce240ll and fcce365ll as mentioned in
Ref. [10].

Fig. 1. Relevant diagrams including the HZZ (or hzz) interaction vertex and
leading to hµ+µ− state, where µ± is denoted as mu+/mu− in the figure due to
the particle definition in the event generator.

Fig. 2. Relevant diagrams including the HZZ (or hzz) interaction vertex and
leading to he+e− state, where e± is denoted as e+/e− in the figure due to the
particle definition in the event generator.

Table 1 presents the cross sections of various single Higgs boson produc-
tion processes at center-of-mass energies

√
s = 240 GeV and

√
s = 365 GeV,

and it shows the ratio σ(ISR + BS)/σ for these processes. The branching
ratios BR(h → bb̄ ) = 0.58 and BR(Z → l+l−) = 3.37×10−2 can be used for
the final state. As seen in this table, the cross section of the signal process
reaches its maximum value at 240 GeV.
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Table 1. Cross sections of single Higgs boson production processes at
√
s = 240 GeV

and
√
s = 365 GeV. The branching ratios BR(h → bb̄ ) = 0.58 and BR(Z → l+l−) =

3.37× 10−2 can be used for the final state.

Process
√
s = 240 GeV

√
s = 365 GeV

σ [pb] σ(ISR+BS)/σ σ [pb] σ(ISR + BS)/σ

e+e− → hZ 2.404× 10−1 0.845 1.172× 10−1 1.052

e+e− → he+e− 7.847× 10−3 0.849 6.760× 10−3 0.981

e+e− → hµ+µ− 7.435× 10−3 0.847 3.803× 10−3 1.044

e+e− → hτ+τ− 7.425× 10−3 0.844 3.806× 10−3 1.046

e+e− → hνeν̄e 2.250× 10−2 0.865 4.073× 10−2 0.923

e+e− → hνµ,τ ν̄µ,τ 1.576× 10−2 0.846 9.645× 10−3 1.048

e+e− → h(uū/cc̄ ) 2.042× 10−2 0.852 1.156× 10−2 1.029

e+e− → h(dd̄/ss̄ ) 2.632× 10−2 0.847 1.481× 10−2 1.032

e+e− → hbb̄ 3.487× 10−2 0.847 1.758× 10−2 1.046

At
√
s = 240 GeV, the ISR+BS effects reduce the cross sections for all

processes by approximately 15%. The ratios range between 0.842 and 0.849,
indicating a consistent negative impact of ISR and BS at this center-of-mass
energy. At

√
s = 365 GeV, the ISR+BS effects vary more significantly be-

tween processes. Some channels such as e+e− → HZ, Hµ+µ−, and Hτ+τ−

experience a slight enhancement in the cross section (up to 5%), with ratios
exceeding 1.0. Conversely, processes such as hνeν̄e and huū/hcc̄ still exhibit
a moderate reduction (around 7–9%), as shown in Table 2.

This variation implies that the ISR and BS contributions depend on the
specific final state and the center-of-mass energy. Hence, proper simulation
and correction of ISR+BS effects are crucial in precision measurements of
Higgs properties at future e+e− colliders.

The dominant production process is clearly e+e− → HZ, with a max-
imum cross section of 2.404 × 10−1 pb at

√
s = 240 GeV, reducing to

1.172×10−1 pb at
√
s = 365 GeV. This makes the 240 GeV stage optimal for

model-independent Higgs studies using the recoil mass method. Other pro-
cesses such as e+e− → he+e− and e+e− → hνeν̄e are representative of vector
boson fusion (VBF) contributions. Their cross sections increase mildly at
365 GeV, illustrating how VBF becomes more prominent at higher ener-
gies. For example, VBF contribution to the cross section for e+e− → hνeν̄e
increases from 6.315× 10−3 pb at 240 GeV to 3.483× 10−2 pb at 365 GeV.
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The inclusion of final states such as h → bb̄, cc̄, τ+τ−, and hadronic
decays of the Z boson allows for enhanced sensitivity due to higher branching
ratios [8]. However, the leptonic decay channel remains the cleanest for recoil
mass measurements due to its low background and excellent mass resolution.

The cross-section values guide the event selection strategy and detector
optimization for FCC-ee physics analyses. The complementarity between
240 GeV and 365 GeV stages highlights the benefit of running at both energy
points: the lower energy for optimal recoil resolution, and the higher energy
for enhanced sensitivity to alternative Higgs production mechanisms and
New Physics effects.

Figure 3 illustrates the variation of the cross section for the single Higgs
boson production as a function of center-of-mass energy. At both 240 GeV
and 365 GeV energy levels, the signal process has the highest cross section
compared to other single production channels. In the event generation step
a minimal pT cut and η cut have been applied to detectable particles. By
default, at the event generation level, pT > 10 GeV and |η| < 2.5 cuts are
applied to charged leptons (electrons or muons), while no pT and η cuts are
applied to bottom quarks, which can also originate from W/Z/H hadronic
decays, then we apply cuts on b-jets at analysis level after hadronization.
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Fig. 3. Cross section as a function of center-of-mass energy for various single Higgs
production channels at electron–positron colliders. The highest cross section is
observed for the e+e− → HZ process at

√
s = 240 GeV and 365 GeV.

The e+e− → HZ process (red curve) dominates the production at lower
energies and reaches its maximum around

√
s = 240 GeV. This makes the

240 GeV stage optimal for Higgs production via the Higgsstrahlung mecha-
nism, especially when using the recoil mass method for model-independent
analyses.
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Other production mechanisms, such as vector boson fusion (VBF) chan-
nels (He+e−, Hνeν̄e), exhibit a steady increase or flattening trend (depend-
ing on initial cuts) with rising

√
s, and become more significant at higher

energies. This behavior is expected, as VBF processes benefit from larger
phase space and higher boost at elevated energies. Consequently, the FCC-ee
with 365 GeV stage provides enhanced sensitivity to these processes and is
crucial for exploring HV V interactions and deviations from Standard Model
predictions.

Fermionic Higgs decay modes such as H → bb̄, cc̄, and τ+τ− remain rel-
atively flat across the energy spectrum, with their yields primarily governed
by branching ratios rather than center-of-mass energy.

The complementarity of the 240 GeV and 365 GeV energy points is ev-
ident: while 240 GeV allows for precise Higgs mass and coupling measure-
ments via HZ production, the 365 GeV stage enhances sensitivity to VBF
processes and New Physics effects. Therefore, a multi-energy running strat-
egy at FCC-ee maximizes the physics potential for Higgs studies.

5. Backgrounds

It is crucial to understand and suppress the Standard Model (SM) back-
ground processes that can resemble the ZH final state such as 2l + X or
most probable final state (2l + 2j).

The most significant irreducible background comes from processes with
the same visible final states as the signal: e+e− → ZZ; this is the domi-
nant background when one Z decays leptonically (Z → l+l−) and the other
Z decays hadronically (Z → jj or bb̄ ), closely resembling ZH → l+l−bb̄
events. Distinguishing the Higgs from the Z requires excellent invariant
mass resolution and b-tagging efficiency. The ISR and BS can lower the
effective center-of-mass energy and distort the kinematic distributions, en-
hancing contributions from processes like e+e− → ZZ at lower invariant
masses. Accurate modeling and correction of the ISR effects are necessary
for precision studies.

Some reducible backgrounds may be suppressed through selection cuts
but still contribute due to detector resolution effects or misidentification:
e+e− → W+W− → l+l− +MET: although the final state includes missing
transverse energy (MET), some W+W− events can pass the signal selection
if a lepton and two jets are reconstructed similarly to a ZH candidate.

At
√
s = 240 GeV center-of-mass energy, there is no contribution from

real top–antitop (tt̄ ) production to the background. Only off-shell produc-
tion contributes through the e+e− → W+W−bb̄ (2 → 4) process. However,
the ZH analyses at 240 GeV are not much impacted by this t∗t̄∗ process.
This is also one of the reasons why FCC-ee chooses this energy point for
precision Higgs studies. At

√
s = 365 GeV, tt̄ is an important and poten-
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tially irreducible background for certain ZH final states. A careful analysis
is needed to control and subtract it, especially when studying H → bb̄ or
other hadronic Higgs decays.

For FCC-ee at 240 GeV and 365 GeV, the overlay of multiple γγ →
hadrons events per bunch crossing is smaller but still relevant for precision jet
measurements. This background mainly affects jet reconstruction and event
pile-up-like contamination, especially in the forward region. It contributes
additional low-pT tracks and calorimeter clusters, which degrades b-tagging
performance, jet energy resolution, and recoil mass resolution. After cleaning
jets, the resolution can be nearly recovered at the mentioned energy scales.
Here, it does not dominate our event counts, a quantitative impact at most
10% on mass resolution, however it is important for detector performance
and precision observables (especially for hadronic final states), see Refs. [8,
11].

Here, we are interested in the main backgrounds resulting in two opposite-
sign leptons (electron or muon) and at least two jets (at least one is b-tagged).
There may be other relevant backgrounds, but we need to avoid them over-
lapping with the main ZZ or tt̄ background. The cross sections for the
backgrounds calculated by MadGraph5_aMC@NLO [9] including (ISR+BS)
at two different center-of-mass energies have been shown in Table 2.

Table 2. Cross sections for the background processes at
√
s = 240 GeV and

√
s =

365 GeV. Respective branching ratios BR(W → lν) = 1.08 × 10−1 and BR(Z →
l+l−) = 3.37× 10−2 can be used for the final state.

√
s = 240 GeV

√
s = 365 GeV

Process σ σ (ISR+BS) σ σ (ISR+BS)

[pb] [pb] [pb] [pb]

e+e− → ZZ 1.162× 100 1.112× 100 6.425× 10−1 6.717× 10−1

e+e− → W+W− 1.715× 101 1.679× 101 1.078× 101 1.107× 101

e+e− → ZZ bb̄ 3.293× 10−4 2.776× 10−4 3.093× 10−4 2.699× 10−4

e+e− → W+W− bb̄ 9.638× 10−5 8.510× 10−5 4.062× 10−1 2.616× 10−1

e+e− → tt̄ — — 4.883× 10−1 3.708× 10−1

e+e− → l+l− 6.721× 102 6.758× 102 2.913× 102 2.918× 102

6. Detector and event simulation

The detector design and event simulation strategy play a crucial role in
studying the associated production of the Higgs boson with the Z boson
at future lepton colliders. In this work, we consider the IDEA (Innovative
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Detector for Electron–positron Accelerator) detector concept proposed for
the FCC-ee, which offers excellent tracking and calorimetric performance,
optimized for precision measurements in clean environments.

The IDEA detector consists of:

— a low-material, high-granularity cylindrical tracker to minimize multi-
ple scattering,

— a high-resolution vertex detector for precise reconstruction of displaced
vertices and impact parameters,

— a finely segmented calorimeter system for accurate energy measure-
ments of electromagnetic and hadronic showers.

These features collectively enable excellent momentum and energy res-
olution for charged leptons and jets, which is critical for processes like
e+e− → ZH, especially when identifying final-state leptons and reconstruct-
ing recoil mass distributions. Simulated signal and background events were
generated using MadGraph5_aMC@NLO [9], showered with PYTHIA 8 [12],
and processed through Delphes [13] using the IDEA card. In general, electron
ID and muon ID efficiencies can be slightly different as they are identified
by different sub-detectors, however for momentum pT > 10 GeV, here it is
assumed to be 98–99%. We combine electron and muon channels as leptons
for a phenomenological analysis.

7. Analysis and results

The analysis focuses on the e+e− → HZ production, and Z → l+l−

decay, where l = e or µ. Event selection criteria are as follows:

— Exactly the same flavor and two oppositely-charged leptons (e± or µ±)
with transverse momentum pT > 20 GeV and pseudorapidity |η| < 2.5;

— Dilepton transverse momentum pllT > 40 GeV;

— Absolute difference from the Z-boson mass |mll−91.18 GeV| < 20 GeV;

— Recoil mass for the system within 120 GeV < mll < 140 GeV.

The efficiency after the pT cut and η cut mentioned in the text is about
65% for the signal. Most of the dilepton events lie in the invariant mass
inside the Z-boson mass window for the signal.

In our analysis, recoil mass distributions were obtained from simulated
e+e− → ZH events at both 240 GeV and 365 GeV center-of-mass ener-
gies at an integrated luminosity of 5 ab−1. The signal manifests as a clear
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peak around the nominal Higgs mass of 125 GeV 1. The background contri-
butions, mainly from ZZ and WW processes, form a smooth distribution
under the peak. These results demonstrate that the recoil mass method
at future circular electron–positron colliders offers a powerful and precise
tool for Higgs mass measurement, with complementary benefits at different
operating energies.

The recoil mass distribution obtained from simulated signal events at√
s = 240 GeV, with the Z boson decaying leptonically (Z → l+l−) has

been shown in figure 4. This distribution was fitted using a signal-plus-
background (S+B) model. The fit yields a Higgs boson mass of mH =
125.032 GeV (mean) with σH = 0.256 GeV (sigma) from the recoil mass
distribution.
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Fig. 4. Recoil mass distribution at
√
s = 240 GeV with S+B fit. The events are

presented for an integrated luminosity of 5 ab−1.

This result demonstrates the excellent recoil mass resolution achievable
with the IDEA detector at FCC-ee. The mass resolution of approximately
0.25 GeV is consistent with expectations for a clean leptonic final state (Z →
l+l−) and confirms the ability of the detector and reconstruction methods to
precisely resolve the Higgs boson signal. Such precision is crucial for probing
the HZZ coupling and for potential deviations from the Standard Model
predictions. The distribution exhibits a clear and narrow peak centered
around the nominal Higgs mass. This narrow peak around 125 GeV enables
accurate extraction of the inclusive e+e− → HZ cross section and related
coupling parameters. The cross section is expected to have about 0.5%
precision at FCC-ee [6].

1 We use natural units with ℏ = 1 and c = 1.
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The signal was modeled using a Double Side Crystal Ball (DSCB) func-
tion from the RooFit package of the data analysis software framework ROOT
[14], and the background with a smooth polynomial shape. A combined
signal-plus-background (S+B) fit was applied to extract the Higgs mass and
resolution parameters. The sharp peak near 125 GeV demonstrates the ex-
cellent mass resolution achievable with the recoil technique at this energy.

Background contributions, mainly from ZZ and WW processes, form
a smooth underlying distribution, well-separated from the Higgs signal. The
clean experimental conditions at 240 GeV and the high signal-to-background
ratio allow for the accurate extraction of Higgs properties.

Figure 5 presents the recoil mass distribution for the e+e− → ZH process
at a center-of-mass energy of

√
s = 365 GeV, where the Z boson decays into a

pair of leptons. At this energy, the recoil mass distribution exhibits a broader
peak compared to the 240 GeV case, as expected due to the increased beam
energy spread and more significant initial/final-state radiation effects. The
fit to the signal plus background yields: mH = 124.69 GeV (mean) with
σH = 0.60 GeV (sigma) from the recoil mass distribution.
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Fig. 5. Recoil mass distribution at
√
s = 365 GeV with S+B fit. The events are

presented for an integrated luminosity of 5 ab−1.

While the mass resolution at 365 GeV is large compared to the 240 GeV
case, the extended kinematic range provides enhanced sensitivity to the
high-pT regime of the final-state leptons. This energy stage is therefore well-
suited for complementary studies of the HZZ vertex and possible deviations
from the Standard Model expectations in the off-shell or boosted kinematic
regions.
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The signal peak remains centered near the Higgs boson mass, but appears
broader due to the increased effects of initial/final-state radiation, beam
energy spread, and reduced phase-space constraints and a wider width of
the recoil peak indicates a degradation in mass resolution compared to the
240 GeV case. This is expected, as the higher center-of-mass energy leads
to larger ISR and more pronounced beamstrahlung effects, both of which
smear the reconstructed mass distribution.

Despite the increased background activity and broader peak, the signal
remains clearly distinguishable. The 365 GeV energy point offers comple-
mentary advantages, such as access to higher recoil momentum and sen-
sitivity to potential deviations in differential distributions. These features
are valuable for probing anomalous couplings and studying the momentum
dependence of the HZZ interaction.

Overall, the recoil mass method remains effective at higher energies, and
combining measurements at both 240 GeV and 365 GeV enhances the global
sensitivity to Higgs properties and New Physics scenarios.

As a result, fitting the recoil mass peak with an appropriate function
(DSCB) allows for extraction of the Higgs mass and its resolution. As ex-
pected, the recoil mass resolution is better at 240 GeV due to smaller BS
effects and more constrained kinematics, resulting in a narrower peak and
thus a more precise Higgs mass measurement. At 365 GeV, although the re-
coil mass peak is broader due to increased ISR and beam energy spread, the
higher cross section for some background processes requires more detailed
background modeling (beam-induced pairs, γγ → hadrons, ISR+BS effects,
boosted objects (H,Z), lepton momentum/energy scale, etc.). The signal
peak near 125 GeV is clearly visible. The background is modeled by the
fitted functions. The 365 GeV simulation data exhibits broader resolution
but higher sensitivity at large transverse momentum.

8. Conclusion

In this study, the associated production of the Higgs boson with the Z bo-
son at the FCC-ee was investigated using the recoil mass method, focusing
on the leptonic decay channel of the Z boson. The analysis was performed at
two center-of-mass energies,

√
s = 240 GeV and

√
s = 365 GeV, using fully

simulated signal and background events processed through a fast detector
simulation with the IDEA detector model.

The recoil mass method enabled a model-independent reconstruction of
the Higgs boson without relying on its decay products. This allowed precise
measurements of the Higgs boson mass and the cross section of the e+e− →
ZH process, which are directly sensitive to the HZZ coupling.
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The results showed that: (i) at
√
s = 240 GeV, the recoil mass resolution

is optimal, providing a narrow Higgs peak with reduced background contam-
ination; (ii) at

√
s = 365 GeV, although the resolution is slightly degraded

due to the increased initial-state radiation and beam energy spread, the
higher recoil momentum regime improves sensitivity to certain New Physics
effects.

The optimized event selection and fitting procedure demonstrated that
both energy stages of FCC-ee are complementary in probing the Higgs sector.
These measurements are crucial for testing the Standard Model predictions
and searching for potential deviations that may indicate New Physics.

The recoil mass method, supported by a clean experimental environment
and high luminosity at FCC-ee, remains one of the most powerful tools for
precision Higgs physics and model-independent coupling extraction. Future
extensions of this work may include the incorporation of hadronic Z decays,
differential cross-section analyses, and studies of angular distributions to
further constrain the Higgs properties and possible anomalous couplings.

This work was partially supported by the Turkish Energy, Nuclear and
Mineral Research Agency (TENMAK) under project number 2025TENMAK
(CERN) A5.H3.F2-05.
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