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Abstract The Future Circular Collider (FCC) stands at the
forefront of the European Strategy for Particle Physics as
the future flagship project at CERN. The H— 77 decay,
featuring a large branching ratio, clean identification in the
FCC-ee environment, and the possibility to reconstruct tau
spin-related observables, is an excellent channel to measure
Higgs boson properties. This work shows the expected preci-
sion for the H— 7t cross-section measurement at the FCC-
ee in the ZH production mechanism at /s = 240 GeV and
/s =365 GeV, as well as via the vector boson fusion process
at /s = 365 GeV. Furthermore, we explore and evaluate a set
of methods for reconstructing tau decays. These techniques
are critical for unlocking the full physics potential of the
FCC-ee and for improving the understanding of tau-related
observables in both Standard Model measurements and New
Physics searches. The obtained results significantly enhance
the FCC-ee outlook in the H— 77 channel, improving it
by at least an order of magnitude compared to the current
uncertainties on the cross-sections measured at the LHC.

1 Introduction

After more than a decade of measurements at the LHC, Higgs
boson couplings to Standard Model (SM) particles are now
probed with percent-level precision across multiple produc-
tion and decay channels, providing a unique window on the
dynamics of the Electroweak Symmetry Breaking mecha-
nism and possible new physics beyond the SM. In this con-
text, precision studies of Higgs boson Yukawa interactions
with charged leptons are especially powerful, since small
deviations from the SM pattern can signal new degrees of
freedom at higher scales. Among these, the H— 777~ decay
plays a central role: it is the most accessible leptonic Higgs
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boson decay mode at hadron colliders, with a relatively large
branching fraction and a more favorable background environ-
ment compared to H— bb. The ATLAS and CMS Run I com-
bination, obtained from proton—proton collisions at /s = 7
and 8 GeV, marked the first observation of the H— t+¢~
decay [1], while the first observation from a single experi-
ment was obtained by the CMS experiment using data col-
lected at a center-of-mass energy of 13 TeV [2].

The interest in the exploration of the Higgs boson sector
with new dedicated colliders, alongside top and electroweak
physics, has been recently formalized by the European Strat-
egy for Particle Physics Update [3—5]. These machines offer
a uniquely clean electron—positron collision environment,
combining unprecedented luminosity with excellent signal-
to-background ratios, and thereby enable major advances in
precision measurements on comparatively short data-taking
timescales.

The et e~ Future Circular Collider (FCC-ee) [6,7] is one
of such proposed machines to be built at CERN in the com-
ing years. The core of the FCC-ee program is to measure
Higgs boson production inclusively [8,9] with a dedicated
run at /s = 240 GeV, where about 2 million Higgs bosons
would be produced in association with Z bosons (ZH) for
an integrated luminosity of 10.8 ab~!. Additionally, a run
around the ¢7 threshold, at /s = 365 GeV with an expected
collected luminosity of 3 ab~!, would also make accessible
Higgs boson production from vector boson fusion (VBF). It
would then be the first time that the Higgs boson is produced
from e e collisions, allowing for model-independent mea-
surements of its properties [10].

The main goal of this letter is to estimate the achievable
relative uncertainty on the cross-section of the Higgs boson
decay into a pair of taus in the ZH production channel at
FCC-ee, at /s = 240 GeV and /s = 365 GeV, as well
as from VBF at the top threshold, with the respective Feyn-
man diagrams shown in Fig. 1. The current measurements
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Fig. 1 On the left: Feynman diagram of ZH events in e*Te™ collisions,
where the Z boson decays to leptons (electrons or muons considered in
this study), quark or neutrino pairs, and the Higgs boson decays to a
tau pair. On the right: Feynman diagram of VBF events (mediated by
W bosons) in e*e™ collisions, where the Higgs boson decays to a tau
pair

by the LHC experiments in these channels on the product
o -BR(H — t+t7), normalized to the SM predictions, are

respectively uzy = 1.89f8:gg and uypr = 0.86f8:% from

CMS [11], and puzp = 1.0070% and pypr = 1.00%7 7
from ATLAS [12], where the signal strength p is defined as
the ratio of the signal yield observed to that predicted by the
SM. This represents relative uncertainties of the order of 60%
in the first channel and 20% in the second. The projections
for HL-LHC, the next upgrade of the LHC with L;,;; = 3
ab—! and /s = 14 GeV, lower the value to 14% in the VH
channel and 4-8% in VBF [13,14]. A different way to inter-
pret the measurement is to consider the Higgs boson coupling
modifiers in the « framework [15,16], where «; parametrizes
the measurable ratio of the Higgs boson coupling strength to
particle i relative to the SM prediction. In this scheme, the
current value for ., which is related to the H— tT 7~ ver-
tex, is 0.92 £ 0.08, giving a relative precision of 8.6% from
CMS [11], and 0.93 £ 0.07, corresponding to 7.5% relative
precision, from ATLAS [12]. The corresponding estimation
at HL-LHC improves the relative precision to 1.9% [17].

In the scope of this study, we also review and compare
methods of tau reconstruction at future et e~ colliders, nec-
essary to achieve a high precision in the analyzed channel.
Among the charged leptons, the tau remains the least pre-
cisely characterized, largely because of its numerous, pre-
dominantly hadronic decay modes, with the Belle II collabo-
ration recently reporting the most precise measurement of its
mass [18]. It is expected that more than 10! tau pairs will be
produced at FCC-ee from the Z-pole stage alone (/s >~ 91
GeV with L;,; = 205 ab~! [7]), rivaling both dedicated fla-
vor factories, on account of the high luminosity achievable,
and hadron colliders, where information loss is caused by the
presence of underlying event, pileup, and unknown partonic
center-of-mass energy. This would result in the improvement
by several orders of magnitude of the current limits on tau
observables [19,20].

@ Springer

2 Event simulation and reconstruction

We use Monte Carlo (MC) samples for the signal and the SM
backgrounds, simulated at Leading Order with different MC
generators, including a parameterization of initial and final
state radiation. The SM signals and all the relevant Higgs
boson decays from ZH production (ZZ, Wrw-, gg, bb, cc,
and s5), are generated with Whizard v. 3.0.3 [21,22]. The
same generator is used to simulate single Z boson produc-
tion to leptons, yy — €T€~, ey — eZ with Z decaying
into electrons or muons, and ee — vvZ. The hadroniza-
tion of partons is simulated with Pythia6 [23]. The single Z
boson decay to quarks, eTe™ — ZZ,andeTe” — WTW™,
are instead produced with Pythia8 [24]. For the analysis per-
formed at /s = 365 GeV, the additional background coming
from #7 is considered and simulated with Pythia8.

A simulation of the IDEA detector concept [25], one of
the main designs proposed for FCC-ee based on a short-
drift wire chamber and a dual-readout calorimeter, is per-
formed. It relies on the fast-simulation package DELPHES
v.3.5.1pre05 [26]. Here, the reconstruction efficiencies are
defined so that all leptons have at least energy of 2 GeV,
pr > 0.1 GeV, and || < 2.56, photons have the same
energy requirement and |n| < 3.0, and charged hadrons pass
pr > 0.1 GeV. The Fastlet package [27] is used to clus-
ter particles into jets with the eTe™ exclusive Durham algo-
rithm, fixing 7 ¢4 to the expected jet multiplicity (including
hadronic tau decays) of the signal topology under study. The
exclusive clustering was proven to be the preferred approach
in lepton collider analyses, as the absence of underlying event
and pileup allows the jet count to be fixed directly to the
known hard-parton multiplicity of the signal process.

The analysis is organized into nine categories based on
the Z boson and tau decay modes. The defining characteris-
tic of each category is the number of leptons and hadronically
decaying particles present in the final state. Categories with
no hadronic decays bypass jet clustering entirely. For the rest,
leptons are excluded from the jet constituents, and 72 j;y is set
equal to the number of expected hadronic decays. In the spe-
cific case of Z — ¢¢g, we only consider leptons with p > 20
GeV and isolation p;or/ prepron < 0.25, where pyo; is the
sum of all particle’s momenta in a cone of 0.01 < AR < 0.5
around the lepton, since low-momentum leptons could arise
from the quark decays. The selection requirements and clus-
tering strategy for each category are summarized in Table 1.
The VBF channel follows the Z— vv selection.

Leptonic Z and tau decays (t¢) are both identified directly
from the isolated electrons and muons. To distinguish them
in case of ambiguity, we first identify the opposite-charge,
same-flavor lepton pair whose invariant mass is the closest
to the nominal Z boson mass and assign it to the Z candi-
date. The remaining leptons are then associated with the tau
candidates.
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Table 1 Definition of final object selection and clustering in each category of the analysis. Leptons, £, are either electrons or muons, ¢ stands for

all quarks except the top quark, and v includes all neutrino flavors

H— tuyty

H — 71 H — 71
Z— 0t Two leptons (opposite charge

same flavor), two jets
Z — vy No leptons, two jets
Z — qq Four jets

Three leptons (one opposite
charged pair), one jet
One lepton, one jet

One isolated lepton, three jets

Four leptons (opposite charged pairs with
one same flavor pair), no clustering
Two leptons (opposite charge), no clustering

Two isolated leptons, two jets

Hadronic tau decays (1)) are constructed starting from jets
with the procedure described in the following section, while
also separating them from quark jets.

Missing energy, Episs, is identified by subtracting the
momenta of all visible particles from the center-of-mass
energy of the collision, which, in the conditions of a lepton
collider, is expected to be precisely known and thus reliable.

3 Tau reconstruction at the FCC-ee

This section compares two techniques for reconstructing
hadronic tau decays at FCC-ee. In addition to their use in the
analyses presented in this letter, these methods are broadly
applicable to similar processes, such as Z — t+ 1~ events,
and are crucial to maximizing the physics reach of future
collider experiments. We examine a machine-learning-based
approach and a method that explicitly assigns events to indi-
vidual tau decay modes.

FarticleNet reconstruction. The ParticleNet algorithm [28],
based on a graph neural network architecture for jet flavor
identification, was previously trained in the collision environ-
ment of the IDEA detector on di-jet ZH events at /s = 240
GeV, with the Z boson decaying into a pair of neutrinos [29],
and offers the capability of distinguishing taus from jets by
providing, for each jet, a classification score corresponding
to the probability that it originates from a given quark flavor,
a gluon, or a tau. In this case, a jet is identified as a tau if
its tau score exceeds 0.5, a threshold chosen to reject most
quark and gluon jets while retaining a high tau identification
efficiency: the fake rate is 3.97 & 0.13% in the Z — ¢qgq
sample and the identification efficiency is 99.954 + 0.002%
in voH(— tj,71)) events. This value could be tuned in the
future to achieve better purity at the expense of efficiency.
The algorithm does not perform a tau decay mode identifi-
cation on its own, but the jet constituents information is still
available for further applications.

Explicit reconstruction. To identify the exact tau decay
mode, a function is implemented to scan through the single
jet constituents and identify the corresponding tau products.
First of all, jets containing electrons or muons are immedi-
ately tagged as quark jets. For the remaining, the four-vectors
are based on the constituents spatially close (A6 < 0.2) to

the leading charged particle of the jet. Further requirements
check for the sum of the charges to be = 1 and mass smaller
than 3 GeV, to be consistent with the hypothesis of a tau ori-
gin. The number of charged and neutral constituents, either
neutral kaons or photons, is used to infer the tau decay mode,
assigning a separate value to the rejected jets. The reconstruc-
tion of neutral pions from photons is not implemented in this
scope.

Table 2 shows the efficiency of both reconstruction meth-
ods, matching the reconstructed taus with the true ones in a
cone of AR = 0.2. It is expected that the efficiency drops
significantly when the Z decays hadronically, as these events
are less clean. The efficiencies of the two methods are com-
parable, so the choice is mainly motivated by the need to
identify the tau decay modes. The two methods could be com-
bined, performing decay-mode identification on tau-tagged
jets. This has not been explored in this analysis, as the nat-
ural combination of the methods would result in a loss of
efficiency, with a potential gain in purity that is not relevant
for the scope of this study.

In Fig.2, the confusion matrix for the individuated tau
decay mode against the generated ones is shown for the
cases where the truth-matching is successful. This illustrates
an almost perfect efficiency for all major decay modes. The
explicit reconstruction of neutral pions is not performed due
to the challenge of separating and reconstructing two or more
photons in their decays.

In electron—positron collisions, it is possible to recover
information about neutrinos in tau pairs with up to twofold
ambiguity by considering the event’s kinematics. However,
some considerations need to be made. Firstly, either the
center-of-mass of the di-tau system or the recoil system needs
to be well known, meaning the missing energy in the event
is exclusively related to the tau neutrinos. Secondly, the taus
need to have enough separation to be reconstructed in two
distinct jets. Finally, the tau mass is set a priori, and neutrinos
are treated as massless particles. Examples can be found in
Refs. [30,31]. In this analysis, we do not exploit the full tau
momentum information, as it does not significantly improve
tau identification. Instead, it is primarily relevant for extract-
ing sensitivity to new physics in the Higgs boson sector and
for studying the tau Yukawa coupling; therefore, these meth-
ods will not be discussed further.
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Table 2 Efficiency of hadronic

. . Efficiency [%] ParticleNet Explicit Reconstruction
tau decay reconstruction with
the ParticleNet algorithm and 240 GeV 365 GeV 240 GeV 365 GeV
explicit reconstruction at
/s = 240 GeV and 365 GeV. Z— v, H— 1t~ 95.03 £0.03 93.67 £ 0.03 89.02 £ 0.04 88.80 £+ 0.04
The values correspond to Z—ete™, H— 11~ 86.69 £ 0.08 81.43 £0.06 86.35 £ 0.08 84.14 £ 0.06
matching the reconstructed tau Z— utp~, H—> tro 90.69 + 0.07 87.17 £0.05 87.37 £ 0.08 85.95 & 0.06
to the generated one in a cone of _ _
AR < 0.2. The efficiencies for Z— qq, H—> 11 61.90 £ 0.07 74.20 £ 0.03 78.13 £ 0.06 80.92 £ 0.03
different quark flavors have been
combined since they are similar
to each other
FCC-ee Simulation (Delphes) .100 FCCAnalyses: FCC-ee Simulation (Delphes)
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Fig. 2 Confusion matrix of identified tau decay modes against truth
level ones from the explicit reconstruction method for Z— vv, H—
7177 events at \/s = 240 GeV, where two jets are clustered in the
events. Only taus that are matched in a cone of AR = 0.2 to the true
ones are considered. Upper bounds are calculated with the Clopper—
Pearson method

Since we are interested in studying the Higgs boson, we
also compare different approaches to obtain its mass. First of
all, the invariant mass of the tau pair is calculated using the
collinear approximation [32], M¢oijinear- Then, the mass of
the system recoiling against the tau lepton pair is extracted
from the momenta of the decay products of the Z and the
total energy-momentum conservation. Finally, we compare
them to the invariant mass of the visible decay products of
the taus. From Fig. 3, the visible mass of the two taus carries
the least amount of information, given the missing energy
of the neutrinos. The collinear and recoil masses are capa-
ble of identifying the Higgs boson precisely, with the latter
having an advantage shown by the very narrow peak with
respectively 60.97 £ 0.12% and 83.74 £ 0.09% of events in
a region between 120 and 132 GeV.

4 Cross-section at /s=240 and 365 GeV
From the discussion in Sect.3, we choose to proceed in this

analysis with the ParticleNet tau reconstruction, considering
that we do not exploit the decay mode information. Primary

@ Springer
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Fig. 3 Normalized distributions of the reconstructed Higgs boson mass
for Z — ete™, H — 1+t~ events for the visible, collinear approx-
imation, and recoil mass techniques. ParticleNet is employed on two
exclusive jets reconstructed in the event to identify taus

Table 3 The second, third, and fifth columns show the relative uncer-
tainty on oz x B(H — tt7) (ZH), while the fourth refers to
oy, H X B(H — 777) (VBF). The center-of-mass energy is /s =
240 GeV in the second column, /s =365 GeV in the third and fourth,
while the last column presents the combination of the two. All columns
indicate the corresponding integrated luminosity assumed in the analy-
sis. These values are extracted by considering the ParticleNet tau recon-
struction with exclusive jet clustering and a BDT event discrimination

s 240 GeV 365 GeV 2404365 GeV
L 108ab~!  3ab~! 13.8 ab~!

ZH ZH VBF ZH
H—tTt~ +£057% +1.17% +848% +£0.51%

results obtained with the explicit tau reconstruction showed
similar conclusions.

BDT classifier. A boosted decision tree (BDT) classifier is
trained in each signal category and at the different energies
to focus on the specific kinematics, to enhance the signal-to-
background separation compared to a traditional cut-based
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Fig. 4 On the left: BDT score distribution for Z— qg, H — r;' 7, at /s = 240 GeV. On the center: BDT score distribution for Z— ¢,
H — t;:" 1, at /s = 365 GeV. On the right: BDT score distribution for VBF H — t,j'fh_ at /s = 365 GeV

event selection. The BDT features include the di-tau A¢, An,
AR, missing four-momentum, reconstructed Z and Higgs
boson four-momentum. The M;..,i; and M ,jineqr features
are also included as the most relevant discriminators, except
for the Z — vv and VBF categories where these can not be
evaluated. Each BDT has a size of 200 trees and a depth of
two. Given the limited event statistics, the full samples are
used both for training and for the final analysis, after verifying
the absence of over-training by comparing the BDT output
distributions on training and testing subsets. For Z— ¢gg and
Z—> £7¢~, the BDTs are trained and then applied to events
with 100 < M oiiinear < 150 GeV for both energies, while
for Z— vv the events have E,,;s; > 100 GeV. At the higher
center-of-mass energy, a sizable contribution in the vt 7~
final state comes from the VBF channel, so a multi-class BDT
is used to separate the two production modes, with the major
differences being found in the missing transverse momen-
tum and missing energy due to the differences between ZH
and VBF topologies. In this case, the event selection for the
training is adjusted to E,,iss > 180 GeV to reflect the differ-
ent kinematics. Figure4 shows the BDT score distributions
of the most sensitive channels in each separate energy and
process.

Results. The cross-section measurement is extracted with
the CMS Combine tool [33]. The maximum likelihood fit
is performed using the BDT signal and background distri-
butions, with four times as many bins as shown in Fig.4.
We consider a log-normal uncertainty of 1% on the cross-
section of the background processes eTe™ — ZZ,eTe™ —
WT W™, Drell-Yan, ZH, and photon-induced processes. Sta-
tistical uncertainty from the limited number of simulated
events is not considered, as it does not significantly affect
the result. Table 3 shows the results for the combination of
each final state in the respective energies.

To extract the relative precision on k,, we consider the

relations [15,16]:
2,2
K=K
ozH X B(H — 'L’+‘L'_) X T_Z’
Ty
2,2
K=K
oveii X B(H = tht7) o« =2
Ty

where I'y is the width of the Higgs boson and «z and «yw
are the coupling modifiers of the ZZH and WWH vertices. At
the FCC-ee, the relative precision on these values is expected
to be around dkz = 0.1%, kw = 0.29%, and 6Ty =
0.78% [7]. Given this, we expect the relative precision on
8k, = 0.47% from the ZH production mode, while the VBF
channel gives a worse result (§x; = 4.26%) since it’s limited
by the higher background contribution.

5 Conclusions

In this letter, we have presented a first analysis of H— 777~
cross-section uncertainty in ZH events at /s = 240 GeV and
ZH and VBF events at /s = 365 GeV for the e*e™ Future
Circular Collider (FCC-ee). In particular, the relative uncer-
tainty expected at FCC-ee for oz x B(H — t+77) and
oy, H X B(H — tF77) is obtained with a fast simulation
of the IDEA detector concept, including all relevant back-
ground events and Z decay modes. We have also developed
an algorithm to reconstruct hadronic tau decays that has been
compared to a ParticleNet algorithm trained to recognize the
jet flavor. Finally, a BDT classifier is employed to get higher
discriminating power between signal and background.

The results of this study demonstrate that the FCC-ee
could reach sub-percent precision of H— 771~ cross-
section in the ZH production, significantly improving the cur-
rent measurement by orders of magnitude, also considering
the interpretation in the k framework. In contrast, in the VBF

@ Springer
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channel, the gain with respect to the LHC is less pronounced
due to the lower expected number of events. Nonetheless,
this illustrates how a future specialized Higgs boson factory
can provide valuable insights into the Higgs boson sector.
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