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1 Introduction

The Higgs boson is a central piece of our current understanding of fundamental particle physics
and, in turn, of the Standard Model (SM). After its discovery in 2012 , , the rich experimental
program of associated measurements aimed at exploring its properties as well as getting hints
of new physics beyond the weak scale (beyond the Standard Model, BSM).
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The ete™ Future Circular Collider (FCC-ee) [3] is a new Higgs factory proposed to be
built at CERN in the coming years. The core of the FCC-ee program is to measure Higgs
production inclusively [4]. This setup would result in a clean environment, without pile-up
collisions, underlying events, and a much larger signal-to-background ratio than at the Large
Hadron Collider (LHC), thus potentially achieving better results in less time.

The goal of this study is to estimate the achievable relative uncertainty on the cross-section
of the Higgs decay into a pair of taus in the ZH production channel at FCC-ee at /s = 240 GeV,
where circa 2 x 10% ZH events are expected in two years of operation. Additional opportunities
are present and studied in this work, regarding the operation at /s = 365 GeV, where the W
vector boson fusion (VBF) process becomes relevant alongside the ZH associated production.

The work is based on a fast simulation of the IDEA detector concept [5], one of the main
designs proposed for FCC-ee based on a short-drift wire chamber and a dual-readout calorimeter.
We consider three main variables to reconstruct the invariant mass of the H — 77 system.
Firstly, the invariant mass of the tau pair can be calculated using the collinear approximation
[6]. Secondly, the recoil mass, M, ecoi, of the system recoiling against the lepton pair is calculated
from the momenta of the decay products of the Z and the total energy-momentum conservation:

Mfecoil =5+ M% - 2\/§(E1 + E2)> (1)

where /s is the center of mass energy, E; are the energies of the Z decay products. Finally,
the invariant mass of the visible decay products of the taus forms the visible mass of the di-tau
system, My;sipie- These variables help differentiate H — 77 decays from background processes.
The first option is the most precise in visible Z decay channels, as it accounts for the missing
energy coming from the tau decay. The second is not as accurate if the recoil system is not well
determined, while the final option is usually the worst-performing but the only one accessible for
invisible Z decay. Both a traditional cut-based event selection and the performance of a boosted
decision tree (BDT) have been studied to increase the signal purity, and, in turn, the achievable
precision on the measurement.

2 Event simulation and reconstruction

Signal and background processes have been produced by the FCC-ee event generation contact
in the "Winter 2023” production campaign |7, |8] in the EDM4hep format [9]. Most samples
have been generated with Whizard v. 3.0.3 |10} |11], including a parameterization of initial state
radiation. Subsequently, Pythia6 |[12] was used to hadronize the initial and final states. In the
other cases, Pythia8 took care of both steps. Delphes v. 3.5.1pre05 [13] simulated the response
of the IDEA detector [5]. The analysis framework employed is common to all FCC analyses [14].

FastJet [15] is responsible for reconstructing jets. We tested two jet algorithms: the ete™
inclusive generalized k; algorithm with the jet-radius parameter equal to R = 0.5 and a cut on
the merging scale of pr; > 2 GeV, and the eTe™ exclusive Durham algorithm with njes equal
to the expected number of jets. Isolated electrons and muons, with p > 20 GeV and isolation
lower than 0.25, have been removed from the list of possible jet constituents. We noticed that
in both cases, the algorithms would cluster single photons as jets in about 1% of the events.
These single-photon cases have been removed from the list of jets.

A fundamental step in the analysis is the reconstruction of the Higgs boson via the taus.
Leptonic taus decays are identified by looking directly at the isolated leptons in the event. For
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the hadronic decays, comprising about 65% of the cases, we have compared two reconstruction
methods based on the initial reconstruction of jets in the events:

e Explicit tau reconstruction

Jets containing electrons or muons are immediately tagged as quark jets. For the remain-
ing, the four-vector of the taus, along with the charge (+1) and mass, are based on the
constituents spatially close (AR < 0.2) to the leading charged pion of the jet. The number
of charged pions and photons, in conjunction with a further selection on the total mass
being below 3 GeV, is used to infer the tau decay mode, assigning a separate value to the
rejected jets.

e ParticleNet tau reconstruction

We have also investigated how a ParticleNet algorithm, trained on di-jet Higgs events for
FCC-ee [16], performs in this analysis. In this instance, the tau jets are defined by a tau
score above 0.5, while quark jets did not meet this criterion.

We targeted the following combinations of Z and Higgs boson decays in the ZH channel:

o 7— Ul with £ = e, pu, 87 o H — 7y,
e Z— qq with q=u, d, s, b, c, 88 o H — 7y,
o 7— v, 89 o H — TpTh,

where 7, denotes leptonic taus decays and 7, hadronic decays. For the VBF channel, we
analyzed all three H — 77 decay modes. The decay of Z — 77 in ZH processes has been
considered as background. In this way, we have nine orthogonal categories based on the final
state objects.

If more than two leptons are present in the final state, we considered the pair with opposite
charge, same flavor, and invariant mass closest to 91 GeV to reconstruct the Z boson and assigned
the others to the tau leptonic decays. For the two categories where we expect no jets, only the
inclusive jet reconstruction has been employed. The scaled number of events after the object
selection can be found in Appendix [F]

3 Cross-section at /s =240 GeV

Tab[T] shows the tau reconstruction efficiency calculated for all combinations of tau reconstruc-
tion and jet algorithms by looking for reconstructed taus with AR < 0.2 from the true hadronic
taus. No other selection criteria were applied for this study. As one could expect, the perfor-
mance is worse in the Z — gq samples since there is more overlap between quark and tau jets.
The inclusive jet clustering has higher efficiency than the exclusive clustering in all cases. For
non-hadronic Z decays, the best efficiency comes from the ParticleNet tau reconstruction and
from the explicit reconstruction in the other cases, although they are comparable.
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Explicit tau reconstruction  ParticleNet tau reconstruction
Inclusive jets Exclusive jets Inclusive jets Exclusive jets

Z v, H— 11 90.34% 87.09% 97.60% 94.20%
Z —ee, H— 11 84.96% 78.07% 95.15% 83.21%
Z > pp, H— 71 84.96% 79.94% 95.15% 87.37%
Z —bb, H— 77 77.69% 77.31% 76.23% 65.72%
Z —ce, H— 7t 78.45% 78.07% 76.58% 65.72%
Z —ss, H— 11 78.82% 78.07% 76.15% 65.50%
Z —qq, H— 77 78.78% 77.95% 76.57% 65.50%

Table 1: Efficiency of hadronic tau decay reconstruction at /s = 240 GeV. The values corre-
spond to matching the reconstructed tau to the generated one in a cone of AR <0.2 rad. For
the exclusive jet algorithm, the efficiency is calculated by considering nj.;s = 2 for the leptonic
Z decays and njes = 4 for the hadronic ones.

3.1 Event selection

After the basic event selection to define the categories, we studied the performance of event
selection to reduce the signal-to-background ratio. These cuts only differ between the visible
and invisible Z decays as we have not optimized them further, finding that this did not have a
significant effect on the measurement. Tab. [2] and [3| describe the selection steps in detail. The
figures in Appendix [A]show some of the variables of interest in different categories after applying
the corresponding cuts. We have noticed that the reconstructed Z mass, and consequently the
recoil mass, in the Z — qq categories does not peak at the expected values due to suboptimal

jet clustering.

Cut description for Z — #¢ and Z — qq Values

1. Selection for Z — ¢ Two leptons with same flavor and opposite charges,
two taus with opposite charges*

1. Selection for Z — qq Two jets and two taus with opposite charges™

2. Collinear mass 100 < Moiiinear < 150 GeV

3. Recoil mass 115 < Myecoi < 160 GeV

4. Reconstructed Z mass 70 < Mz < 100 GeV

5. Angular distance between taus AR, >2

6. Cosine of the angle between taus cos O, < —0.6

7. Cosine of missing theta | cos ] < 0.98

Table 2: Table of subsequent cuts applied on the signal and background events in the Z — ¢/
and Z — qq categories at /s = 240 GeV. The requirement on the tau charge is only applied in
the case of explicit reconstruction.
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Cut description for Z — vv Values

1. Selection Two taus with opposite charges™
2. Missing energy F > 100 GeV

3. Missing rapidity ly| <1

4. Azimuthal angle between taus |Aprr| < 3

5. Angular distance between taus AR, >2

6. Cosine of the angle between taus cosb,r < —0.4

7. Cosine of missing theta | cos ] < 0.98

Table 3: Table of subsequent cuts applied on the signal and background events in the Z — vv
categories at /s = 240 GeV. The requirement on the tau charge is only applied in the case of
the explicit reconstruction.

3.2 BDT classifier

We trained different BDT classifiers in some categories where the number of events is sufficiently
high and the separation between signal and backgrounds from the event selection in Sec. is
not optimal. In particular, a BDT was trained in each sub-category of Z — qq and Z — vv
decays to focus it on the specific kinematics. For Z — gq the BDT has been trained and then
applied on events with 100 < M pjiinear < 150 GeV, while for Z — vv the events had £ > 100
GeV. The full list of variables used for the training can be found in Appendix

The number of events for each process used in the training reflects the expected number of
events in ZH collisions at FCC-ee. The signal samples limit this value and, from the sets built
in this way, 70% of the events are used for training while the remaining are used for testing. We
trained BDT's with a size of 200 trees and a depth of two. We have not excluded the training set
in the final analysis as we do not observe significant over-training, as shown by the signal and
background efficiencies in Appendix Fig. |l| shows the receiver operating characteristic (ROC)
curves for each of the training that was used in the analysis in two of the tau reconstruction
methods.
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Figure 1: ROC curves for each BDT training and corresponding area under the curve (AUC)
value at /s = 240 GeV. On the right: ParticleNet tau reconstruction with exclusive jets. On
the left: ParticleNet tau reconstruction with inclusive jets.

3.3 Results

We consider two parallel approaches for signal extraction, the ”cut-based analysis” and ”BDT
analysis”. The cut-based analysis considers events selected by the criteria described in Sec.
and evaluates signal strength with fits on kinematic variables: recoil mass for the Z — ¢¢ and
Z — qq categories, and visible mass for Z — vv categories. The BDT analysis takes the
BDT outputs derived from Sec. where applicable, instead of kinematic variables for signal
extraction. In particular, BDTs are not trained in the Z — ¢¢ categories, for which the fits on
recoil mass are included in the so-called BDT analysis.

The relative cross-section uncertainty has been computed by analyzing the discriminating
variables in a shape-based analysis with the CMS Combine tool [17]. Statistical uncertainties in
the model are handled automatically by the software using the Barlow-Beeston-lite technique
[18]. We also consider log-normal uncertainties on the cross-section of the background processes
ete™ — ZZ, ete” — WW, Drell-Yan, ZH, and photon-induced processes. A comparison
between the results from the cut-based analysis and those from BDT anlaysis is detailed in
App. [E] As the BDT approach presents better precision, it is considered the nominal result.

Table [ lists the relative precision for the ZH signal under different assumptions for back-
ground systematic uncertainties. The leading uncertainty is the signal uncertainty itself. The
statistical uncertainty from the finite size of the simulated samples also has a visible impact.
Instead, the choice of background normalization uncertainties does not make a visible change in
the results.

At FCC-ee, all relevant background processes are expected to be measured with a better
than 1% precision. We then chose the nominal scenario for systematic uncertainty for the 240
GeV analysis to be 1% normalization uncertainty for each background process and no statistical
uncertainty from the finite number of simulated events. The corresponding relative precision is
0.58% for oz x B(H — 77) at /s = 240 GeV with L;,; = 10.8 ab™ 1.
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Explicit tau reconstruction  ParticleNet tau reconstruction
Inclusive jets Exclusive jets Inclusive jets Exclusive jets

WW, Z7Z 2%, ZH 20%, others 20% +0.92% +0.78% +0.71% +0.63%
WW, Z7Z 1%, ZH 20%, others 20% +0.92% +0.78% +0.71% 4+0.63%
WW, Z7 1%, ZH 20%, others 1% +0.91% +0.77% +0.71% +0.63%
WW, Z7Z 1%, ZH 5%, others 1% +0.92% +0.77% +0.71% +0.63%
WW, Z7Z 1%, ZH 1%, others 1% +0.92% +0.77% +0.71% +0.63%
No MC stats, bkg norm unc 1% +0.87% +0.71% +0.66% +0.58%

Table 4: Relative uncertainty from the BDT-based analysis on oz x B(H — 77) expected from
FCC-ee data at /s = 240 GeV with L;,; = 10.8 ab~! form the different selection criteria and
tau reconstructions explored. The first column lists the systematic uncertainties set on WW,
77, 7ZH, and other backgrounds. Statistical uncertainty is included in all rows except the last.

4 Cross-section at /s =365 GeV

Tab. [b| shows the tau reconstruction efficiency calculated for all combinations of tau reconstruc-
tion and jet algorithm by looking for reconstructed taus within AR < 0.2 from the generated
hadronic taus. Similar conclusions to the /s = 240 GeV case can be made here.

Explicit tau reconstruction  ParticleNet tau reconstruction
Inclusive jets Exclusive jets Inclusive jets Exclusive jets

Z—vv, H—= 71T 90.98% 87.68% 97.97% 92.93%
Z —ee, H— 711 88.77% 78.90% 96.69% 79.40%
Z = pu, H—r11 89.71% 80.73% 97.30% 84.72%
Z —bb, H—= 711 86.31% 80.53% 89.18% 76.60%
Z—cc, H—= 711 86.53% 80.60% 88.93% 76.33%
Z —ss, H—r1r 86.56% 80.63% 88.95% 75.97%
Z —=qq, H— 7171 86.56% 80.56% 88.95% 76.28%

Table 5: Efficiency of hadronic tau decay reconstruction at /s = 365 GeV. The values corre-
spond to matching the reconstructed tau to the generated one in a cone of AR <0.2 rad. For
the exclusive jet algorithm, the efficiency is calculated by considering nj.;s = 2 for the leptonic
Z decays and njers = 4 for the hadronic ones.

4.1 Event selection

Tab. [6] and [7] describe the cuts applied in detail, which are only marginally different than at
Vs =240 GeV to account for the different kinematics.

At this energy, we expect a sizable contribution in the vv7r final state to come from the
vector boson fusion (VBF) channel. The major differences between VBF and ZH kinematics are
in the missing transverse momentum and missing mass. We then treat this process separately
from ZH events and build the subsequent analysis accounting for the two signal processes.
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Cut description for Z — ¢ and Z — qq Values

1. Selection for Z — ¢ Two leptons with same flavor and opposite charges,
two taus with opposite charges*

1. Selection for Z — qq Two jets and two taus with opposite charges*

2. Collinear mass 100 < M oiiinear < 150 GeV

3. Recoil mass 115 < Moo < 160 GeV

4. Reconstructed Z mass 70 < Mz < 100 GeV

5. Angular distance between taus AR, > 1

6. Cosine of the angle between taus cos B, < 0.25

7. Cosine of missing theta |cos @] < 0.98

Table 6: Table of subsequent cuts applied on the signal and background events in the Z — ¢/
and Z — qq categories at /s = 365 GeV. The requirement on the tau charge is only applied in
the case of explicit reconstruction.

Cut description for Z — vv Values

1. Selection Two taus with opposite charges™®
2. Missing energy ¥ > 180 GeV

3. Missing rapidity ly| <1

4. Azimuthal angle between taus |Aprr| < 3

5. Angular distance between taus AR, >1

6. Cosine of the angle between taus cos ., < 0.25

7. Cosine of missing theta | cos ] < 0.98

Table 7: Table of subsequent cuts applied on the signal and background events in the Z — vv
categories at /s = 365 GeV. The requirement on the tau charge is only applied in the case of
the explicit reconstruction.

4.2 BDT classifier

As illustrated in Sec. a BDT was trained in each sub-category of Z — ¢qq decays to focus
it on the specific kinematics. In the vv final states, we have trained a multi-class BDT to also
separate the ZH and VBF signatures. For Z — ¢q the BDT has been trained and then applied
on events with 100 < Mgoyinear < 150 GeV, while for vv the events passed the cut J > 180
GeV. The same variables and strategies as before have been applied here. We have not excluded
the training set in the final analysis as we do not observe significant over-training, Appendix D}
Fig. |2| shows the ROC curves for the signal-to-background separation for each of the training
that was used in the analysis in some of the tau reconstruction methods analyzed. Examples of
BDT output distributions are shown in Fig. [3] These distributions are used for the fit described
in the next section.
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Figure 2: ROC curves for each BDT training, separating the background events from the signal,
and corresponding AUC value at /s = 365 GeV. On the right: ParticleNet tau reconstruction
with exclusive jets. On the left: ParticleNet tau reconstruction with inclusive jets.
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Figure 3: Examples of BDT scores in the Z — qq, H — 7,7, category (left) and in the Z — v,
H — 1,73, (right) at /s =365 GeV.

4.3 Results

The relative uncertainty for the cross-section measurement at /s = 365 GeV has been computed
similarly as illustrated in Sec. When using BDT classifiers for the event selection, the fit
for the trained categories is based on the BDT background score (200 bins) for the Z — qq
categories and on the BDT VBF score (50 bins) for vv final states to maximize the sensitivity to
this signal. A comparison between the results from the cut-based analysis and those from BDT
anlaysis is detailed in App. [E] As the BDT approach presents better precision, it is considered

the nominal result.
Tab. [§] and [9]list the relative precision for ZH and VBF signals, respectively, under different
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assumptions for background systematic uncertainties. The ZH precision does not depend much
on the background uncertainties since the signal is well modeled, as illustrated in the left plot
of Fig. The leading uncertainty is, instead, the statistical uncertainty of the signal itself.
On the other hand, the VBF precision depends almost solely on the WW uncertainty since the
sample used for this analysis contains a limited number of events compared to its cross section,
while being the leading background, Fig. This statistical uncertainty from WW simulation
makes the precision estimate highly pessimistic (from 13.5% to 25%), while such limitation will
not be an issue for actual FCC-ee data. To properly address this systematic uncertainty, more
simulation samples will be generated for further evaluation, which is beyond the timescale of this
note. For this note, we choose not to consider statistical uncertainty from the current samples
as a systematic uncertainty.

The nominal scenario for systematic uncertainty for the /s =365 GeV analysis includes
1% normalization uncertainty for each background process and no statistical uncertainty from
the finite size of the simulated events. The corresponding relative precision is + 1.27% for
oz X B(H — 771) and £ 13.54% for 0,,,, g7 x B(H — 77) expected from FCC-ee at /s = 365
GeV with L;,; = 3 ab™!. Please note that, as discussed above, the treatment of statistical
uncertainty from simulation will be revisited in further studies, and the precision for the VBF
signal is expected to be re-evaluated.

Including MC stats Explicit tau reconstruction  ParticleNet tau reconstruction
Inclusive jets Exclusive jets Inclusive jets Exclusive jets
WW, Z7Z 2%, Higgs 20%, others 20% +2.11% +1.57% +1.69% +1.32%
WW, 727 1%, Higgs 20%, others 20% +2.11% +1.57% +1.69% +1.32%
WW, 27 1%, Higgs 20%, others 1% +£2.11% +1.57% +1.68% +1.32%
WW, ZZ 1%, Higgs 5%, others 1% +2.11% +1.57% +1.68% +1.31%
WW, Z7Z 1%, Higgs 1%, others 1% +2.09% +1.57% +1.69% +1.33%
No MC stats Explicit tau reconstruction  ParticleNet tau reconstruction
Inclusive jets Exclusive jets Inclusive jets Exclusive jets
WW, Z7 2%, Higgs 20%, others 20% +2.02% +1.45% +1.62% +1.27%
WW, ZZ 1%, Higgs 20%, others 20% +2.01% +1.45% +1.62% +1.28%
WW, ZZ 1%, Higgs 1%, others 1% +2.02% +1.44% +1.62% +1.27%
No bkg syst (0.01% for all) +2.02% +1.45% +1.62% +1.26%

Table 8: Relative uncertainty from the BDT-based analysis on ozy x B(H — 77) expected
from FCC-ee data at /s = 365 GeV with L,y = 3 ab~! form the different selection criteria
and tau reconstructions explored. Different assumptions on background uncertainties are tested.
The first table shows results considering statistical uncertainty from finite simulation samples.
The second table does not consider simulation statistical uncertainty. The first column lists the
systematic uncertainties set on WW, ZZ, ZH, and other backgrounds.

10
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Including MC stats Explicit tau reconstruction  ParticleNet tau reconstruction
Inclusive jets Exclusive jets Inclusive jets  Exclusive jets

WW, 727 2%, Higgs 20%, others 20% +25.01% +28.58% +20.83% +25.05%
WW, Z7 1%, Higgs 20%, others 20% +25.84% +28.57% +22.24% +24.60%
WW, Z7 1%, Higgs 20%, others 1% +25.84% +28.28% +22.22% +25.01%
WW, Z7 1%, Higgs 5%, others 1% +25.70% +28.58% +22.26% +25.03%
WW, 727 1%, Higgs 1%, others 1% +25.83% +28.58% +22.30% +25.04%
No MC stats Explicit tau reconstruction  ParticleNet tau reconstruction

Inclusive jets Exclusive jets Inclusive jets Exclusive jets

WW, Z7 2%, Higgs 20%, others 20%  +14.17% +15.55% +12.17% +13.60%
WW, ZZ 1%, Higgs 20%, others 20%  +14.20% £15.61% +12.16% +13.68%
WW, ZZ 1%, Higgs 1%, others 1% +14.04% +£15.63% +12.00% +13.54%
no bkg syst (0.01% for all) +£13.43% +£15.09% +12.17% +13.50%

Table 9: Relative uncertainty from the BDT-based analysis on o, , g X B(H — 77) expected
from FCC-ee at /s = 365 GeV with L, = 3 ab~! with the different selection criteria and tau
reconstructions explored. Different assumptions on background uncertainties are tested. The
first table shows results considering statistical uncertainty from finite simulation samples, while
the second does not. The first column lists the systematic uncertainties set on WW, ZZ, ZH,
and other backgrounds.

5 Conclusions

In this document, we have presented a first analysis of the expected H — 77 relative cross-
section uncertainty in the ZH associated production channel at /s = 240 GeV and from ZH
and vector boson fusion production modes at /s = 365 GeV for the ete™ Future Circular
Collider (FCC-ee). We achieved this result with a fast simulation of the IDEA detector concept
including all relevant background events and decay modes. We have also developed an algorithm
to reconstruct hadronic tau decays that we compared to a ParticleNet algorithm trained to
distinguish the jet flavor. Finally, we have employed a BDT classifier to get higher discriminating
power between signal and background. We have found that the tau reconstruction from the
ParticleNet algorithm, combined with the BDT event selection, resulted in a lower uncertainty
on the measurement. The following table [10| gives a summary of our results.

Vs 240 GeV 365 GeV
L 10.8 ab~! 3 ab~!
7H ZH VBF

H—rtr £058% +£1.27% =£13.54%

Table 10: Summary of the results of this paper. In particular, the second and third columns
show the relative uncertainty on oz x B(H — 77), while the last column refers to o, ., g X
B(H — 77). These values are extracted by considering the ParticleNet tau reconstruction with
exclusive jet clustering and a BDT event selection. As discussed in Sec. the precision on
the oy, 10 X B(H — 77) signal is preliminary and will be updated with further studies.
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A Sample of plots at /s = 240 GeV

The following plots use the exclusive jet algorithm and ParticleNet tau reconstruction. Similar
plots can be drawn for the other combinations of jet algorithms and tau reconstructions, also at

V5 = 365 GeV.
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Figure 4: Reconstructed recoil mass for the decay of Z — £¢ and the combinations of tau decays
using an exclusive jet algorithm and ParticleNet tau reconstruction. All signal and background
samples are shown, having passed the full set of cuts listed in Tab. E}
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Figure 5: Reconstructed collinear mass for the decay of Z — ¢¢ and the combinations of tau
decays using an exclusive jet algorithm and ParticleNet tau reconstruction. All signal and
background samples are shown, having passed the full set of cuts listed in Tab. E}
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Figure 6: Reconstructed recoil mass for the decay of Z — ¢q and the combinations of tau decays

using an exclusive jet algorithm and ParticleNet tau reconstruction. All signal and background

samples are shown, having passed the full set of cuts listed in Tab. E}
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Figure 7: Reconstructed collinear mass for the decay of Z — ggq and the combinations of tau

decays using an exclusive jet algorithm and ParticleNet tau reconstruction.

All signal and

background samples are shown, having passed the full set of cuts listed in Tab. E}
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Figure 8: Reconstructed visible mass for the decay of Z — vv and the combinations of tau decays

using an exclusive jet algorithm and ParticleNet tau reconstruction. All signal and background

samples are shown, having passed the full set of cuts listed in Tab. E}
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Figure 9: Reconstructed missing energy for the decay of Z — wv and the combinations of

tau decays using an exclusive jet algorithm and ParticleNet tau reconstruction. All signal and

background samples are shown, having passed the full set of cuts listed in Tab. E}
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Figure 10: Tau score from ParticleNet for the exclusive jets in the events for different Z decays

and H — 7p7p,. All signal and background samples are shown, having passed the full set of cuts

listed in Tab. El, E}

B List of variables for BDT training

The variables used for the BDT training at both energy points are for the Z — vv channel:

o RecoEmiss_pz,

e RecoEmiss_pt,

RecoEmiss_p,

e RecoEmiss_e,

RecoEmiss_costheta,

RecoH _pz,

RecoH _p,

229

230

231

232

233

234

235

e RecoH pt, 236
e RecoH e, 237
e RecoH _eta, 238
e Taulead_pz, 239
e TauLead_p, 240
e Taul.ead_pt, 241
e Taulead_e, 242

14

e TauLead_eta,

e Taulead_mass,

e TauSub_pz,

e TauSub_p,

e TauSub_pt,

e TauSub_e,

e TauSub_eta,



243

244

249

250

251

252

253

254

255

256

257

273

274

275

276

e TauSub_mass,

e Tau _DPhi,

245

246

e Tau DR,

e Tau_cos,

Similarly, for Z — qq the list is:

e RecoEmiss_pz,

o RecoEmiss_pt,

e RecoEmiss_p,

o RecoEmiss_e,

e RecoEmiss_costheta,
e RecoZ _pz,

e RecoZ._p,

e RecoZ_pt,

258

259

260

261

262

263

264

265

e RecoZ_e,

e RecoZ eta,
e RecoZ_mass,
e RecoH _pz,
e RecoH p,

e RecoH pt,

e RecoH e,

e RecoH _eta,

247

248

266

267

268

269

270

271

272

Tau_DEta,

Visible_mass.

RecoH _mass,
Tau_DPhi,
Tau_DR,
Tau_cos,
Tau_DEta,
Recoil,

Collinear_mass.

To these, TauLead_type (ParticleNet tau score), n_TauLead_charged_constituents,

n_TaulLead neutral_constituents, TauSub_type, n_TauSub_charged_constituents, and

n_TauSub_neutral_constituents are added when analyzing the ParticleNet reconstruction.

C BDT plots at /s = 240 GeV
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Figure 11: BDT score for the decay of Z — qq and the combinations of tau decays using an
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exclusive jet algorithm and ParticleNet tau reconstruction at /s = 240 GeV.

15



FCCAnalyses: FCC-ee Simulation (Delphes)
T T T T T
VS = 240 GeV, L=10.8 ab™

ee ~ZHZ - vv,H - 11

No additional selection

2(qa)H(T) =ww =z - Q0
=z ee- i
Z(DH() Hee-tw  Elee-vw.Z
—— Z(W)H(1T) ey - ez(l) yy -
I Z(TOH(TT) B Z(TOH(VV)
= V)V)'(*(WJ R Z(MHQQ)
H

1
BDT score

(a) Z = vv, H — 7¢7y.

Events

FCCAnalyses: FCC-ee Simulation (Delphes)
e
VS = 240 GeV, L=10.8 ab™

e'¢ ~ZH,Z ~ w,H - 17,

No additional selection

Z(Q@H() =ww mz
ZUpH(r) Eee- 1l [ee-
e vy, Z ey - ez
—— ZEWH() yo [ Z(t)H(a)
W Z(T)H(WV) CZ(wW)HWV)

O ZHvv) O Z@aHvv)

1
BDT score

01 02 03 04 05 06 07 08 09

(b) Z —vv, H—= 1y1h.

FCCAnalyses: FCC-ee Simulation (Delphes)
T T T T T T T T
VS = 240 GeV, L=10.8 ab™

ee ~ZHZ - vv,H - 11,

No additional selection

Z(qa)H(rT) =aww 8z -QQ
mmzz Emee- |l
Z()H() = W v, Z
—— Z(W)H(1T) ey - ez(l) yy - I
ER Z(r)H() I Z(TH(QQ)
[ Z(H(VWV) B Z(WHQQ)

O ZWHW)

6 07 08 09 1
BDT score

01 02 03 04 05 O.

(¢) Z = wvv, H— m37.

Figure 12: BDT score for the decay of Z — vv and the combinations of tau decays using an
exclusive jet algorithm and ParticleNet tau reconstruction at /s = 240 GeV.
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Figure 13: Overtraining test for the decay of Z — ¢q and the combinations of tau decays using
an exclusive jet algorithm and ParticleNet tau reconstruction at /s = 240 GeV.
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Figure 14: Overtraining test for the decay of Z — vv and the combinations of tau decays using
an exclusive jet algorithm and ParticleNet tau reconstruction at /s = 240 GeV.
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-» D BDT plots at /s = 365 GeV
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Figure 15: BDT VBF score for the vv final state and the combinations of tau decays using an
exclusive jet algorithm and ParticleNet tau reconstruction at /s = 365 GeV.
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Figure 16: Overtraining tests for vvH, H — 7,7, at /s = 365 GeV, using an exclusive jet

algorithm and ParticleNet tau reconstruction.
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Figure 17: Overtraining tests for vvH, H — 7473, at /s = 365 GeV,

using an exclusive jet
algorithm and ParticleNet tau reconstruction.
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Figure 18: Overtraining tests for vvH, H — 7479 at /s = 365 GeV, using an exclusive jet
algorithm and ParticleNet tau reconstruction.
E Detailed results for the cross-section uncertainty

Tables [11] to [13| shows the combined fit results for ZH signal at 240 GeV, ZH signal at 365 GeV,
and VBF signal at 365 GeV, respectively.

Explicit tau reconstruction ParticleNet tau reconstruction

Inclusive jets Exclusive jets  Inclusive jets  Exclusive jets
Cut-based analysis -1.24 %, +1.25% +1.49% -0.90%, +0.91% +1.01%
BDT analysis +0.92% +0.78 +0.71% +0.63%

Table 11: Relative uncertainty on oz x B(H — 77) expected from FCC-ee data at /s =
240 GeV with L;; = 10.8 ab™! form the different selection criteria and tau reconstructions
explored. Systematic uncertainties considered are 2% normalization uncertainty on WW and
77 backgrounds, 20% normalization uncertainty on ZH and other backgrounds, and statistical

uncertainty.
Explicit tau reconstruction  ParticleNet tau reconstruction
Inclusive jets Exclusive jets Inclusive jets Exclusive jets
Cut-based analysis +4.28% +4.10% +3.63% +3.19%
BDT analysis +2.11% +1.57% +1.69% +1.32%

Table 12: Relative uncertainty on oz x B(H — 77) expected from FCC-ee data at /s = 365
GeV with Li,; = 3 ab™! form the different selection criteria and tau reconstructions explored.
The table shows the sensitivity to ZH events. Systematic uncertainties considered are 2% nor-
malization uncertainty on WW and ZZ backgrounds, 20% normalization uncertainty on ZH and

other backgrounds, and statistical uncertainty.

18



281

282

283

Explicit tau reconstruction  ParticleNet tau reconstruction

Exclusive jets

+24.02%
+25.05%

Inclusive jets

+23.41%
+20.83%

Exclusive jets

+25.50%
+28.58%

Inclusive jets

+25.85%
+25.01%

Cut-based analysis
BDT analysis

Table 13: Relative uncertainty on o,,,, g x B(H — 77) expected from FCC-ee data at /s = 365
GeV with L = 3 ab™! form the different selection criteria and tau reconstructions explored.

Systematic uncertainties considered are 2% normalization uncertainty on WW and ZZ back-

grounds, 20% normalization uncertainty on ZH and other backgrounds, and statistical uncer-

tainty.

Tables and [19| consider the following systematic uncertainties: 2% nor-
malization uncertainty on WW and ZZ backgrounds, 20% normalization uncertainty on ZH and

other backgrounds, and statistical uncertainty.

Explicit tau reconstruction

Cut-based analysis

Inclusive jets Exclusive jets

BDT analysis

Inclusive jets Exclusive jets

Z —qq, H— 1y1p

-30.29% , +30.08% -29.96% , +29.49%

-4.66% , +4.75% -3.36% , +3.47%

Z — qq, H — 1913

-2.63% , +2.64% -2.97% , +2.93%

-1.87% , +1.94% -1.47% , +1.48%

Z —qq, H— 7

-2.55% , +2.54% -7.26% , +7.21%

-1.44% , +1.41% +1.22%

Z — qq

-1.78% , +1.80% -2.49% , +2.50%

-1.05% , +1.06% +0.84%

Z — U, H— 11y

-16.95% , +17.41%

Z — 0, H— 11,

-4.42% , +4.54% -4.10% , +4.18%

Z—)f[, H%ThTh

-2.34% , +2.36% -1.81% , +1.83%

Z—=U
Z —vv, H— 11y

-2.02% , +2.08% -1.66% , +1.67%
-420.15% , +418.79%

-104.80%, +105.46%

7z — v, H — ToTh

-54.81% , +54.76% -59.65% , +59.60%

-12.61% , +12.58%

-13.63% , +13.61%

7z — vy, H — ThTh

-27.90% , +27.81% -27.75% , +27.67%

-6.19% , +6.23% -6.33% , +6.37%

Z = v

-10.18% , +10.20% +10.35%

-4.72% , +4.74% -4.86% , +4.92%

Combined

-1.24% , +1.25% +1.49%

+1.03% +0.82%

Table 14: Relative uncertainty on ozg x B(H — 77) expected from FCC-ee at /s = 240
GeV with L;,; = 10.8 ab™! for each of the categories defined in Sec. The ”-” in the table
means BDT training are not available for Z — ¢/ categories, for which the cut-based results are
included in the BDT analysis.
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ParticleNet tau reconstruction

Cut-based analysis

Inclusive jets Exclusive jets

BDT analysis

Inclusive jets Exclusive jets

Z —qq, H— 1y1p

-26.36% , +26.12% -23.40% , +23.09%

-4.18% , +4.31% -2.86% , +2.91%

Z — qq, H — 113

-2.52% , +2.50% -2.47% , +2.42%

-1.51% , +1.50% -1.22% , +1.23%

Z > qq, H— o, -1.44% , +1.43%  -2.22% , +2.18%  -1.51% , +1.50% +0.97%

7 > qq +1.17% -1.42% , +1.46% +0.79% +0.67

Z =00, H—7my -16.95% , +17.41% -

Z =0, H—7m,  -410%, +4.18%  -5.22% , +5.39% -

Z =0, H—7m, -181%,+1.83%  -2.24% , +2.26% -

Z -1.66% , +1.67%  -2.03% , +2.08% -

Z = v, H—7my -420.15%, +418.79% -104.80%, +105.46%

Z —wvv, H—7m,  -64.14% , +64.10% -53.90% , +53.87% -13.67% , +13.72% -16.64% , +16.67%
Z s wvv, H—mm, -30.33% , +30.19% -39.76% , +39.59%  -6.15% , +6.13%  -6.27% , +6.31%
Z = v -10.06% , +10.10% -13.19% , +13.22%  -4.39% , +4.45%  -4.73% , +4.71%
Combined -0.90%, +0.91% +1.01% -0.77%, +0.78% +0.66%

Table 15: Relative uncertainty on ozy X B(H — 77) expected from FCC-ee at /s = 240
GeV with L;,; = 10.8 ab™! for each of the categories defined in Sec. The ”-” in the table
means BDT training are not available for Z — £/ categories, for which the cut-based results are
included in the BDT analysis.

Explicit tau reconstruction

Cut-based analysis

Inclusive jets Exclusive jets

BDT analysis

Inclusive jets Exclusive jets

Z = qq, H— 11y

-66.03%, +66.19% -47.14%, +47.05%

-22.80%, +23.05%

-11.98%, +12.11%

Z —qq, H— 7m,  -20.69%, +20.56% -18.14%, +17.93%  -3.86%, +3.94% -2.711%, +2.73%
Z —qq, H— mm  -8.76%, +8.75% -7.74%, +7.68% -2.96%, +3.00% -2.18%, +2.20%
Z = qq -8.18%, +8.17% -7.34%, +7.28% -2.31%, +2.33% +1.66%

Z — U, H— 141y -43.18%, +45.44% -

Z =0, H— 1, -10.68%, +11.32% -12.11%, +12.92% -

Z =0, H—= 1 -5.97%, +6.18% -6.19%, 4+6.41% -

Z = -5.21%, +5.37% -5.52%, 4+5.69% -

Z —vv, H— 11y +235.98% +212.36%

Z —vv, H— 7y, +63.73% +75.79% +71.75% +75.27%

Z = vv, H— 1, +26.11% +27.25% +31.15% +31.68%

Z = v +27.33% +26.62% +28.01% +29.02%
Combined +4.28% +4.10% +2.11% +1.57%

Table 16: Relative uncertainty on oz x B(H — 77) expected from FCC-ee at /s = 365 GeV
with L;,; = 3 ab™! for each of the categories defined in Sec. [2| with explicit tau reconstruction.
The ”-” in the table means BDT training are not available for Z — ¢¢ categories, for which the

cut-based results are included in the BDT analysis.
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ParticleNet tau reconstruction
Cut-based analysis BDT analysis

Inclusive jets Exclusive jets Inclusive jets Exclusive jets
Z = qq, H— 71y -63.23%, +63.32% -45.10%, +44.97% -18.75%, +18.93% -10.96%, +11.08%
Z —qq, H— 1om, -22.63%, +22.48% -16.82%, +16.64%  -3.24%, +3.29% -2.36%, +2.38%
Z —qq, H— w1, -8.58%, +8.54% -8.61%, +8.42% -2.31%, +2.36% -1.86%, +1.87%
Z = qq -8.04%, +8.01% S71.77%, +7.64% -1.79%, +1.85% -1.38%, +1.39%
Z =, H— 11y -43.18%, +45.44% -
Z =, H—7r, -9.97%, +10.47%  -13.75%, +14.56% -
Z =, H— 1 -4.77%, +4.89% -5.41%, +5.56% -

Z =00 -4.32%, +4.41% -5.04%, +5.16% -

Z —vv, H— 11y +235.98% +208.72%

Z —vv, H— 7y, +71.81% +69.37% +65.43% +79.14%
Z = vv, H— 1, +26.42% +26.55% +25.71% +30.04%
Z = v +25.78% +26.60% +23.98% +27.90%
Combined +3.63% +3.19% +1.69% +1.32%

Table 17: Relative uncertainty on ozy x B(H — 77) expected from FCC-ee at /s = 365
GeV with L;; = 3 ab™! for each of the categories defined in Sec. with ParticleNet tau
reconstruction. The ”-” in the table means BDT training are not available for Z — £¢ categories,
for which the cut-based results are included in the BDT analysis.

Explicit tau reconstruction

Cut-based analysis BDT analysis
Inclusive jets Exclusive jets Inclusive jets Exclusive jets
VeVe H(— Ty10) +336.67% +346.25%
VelVe H(— Tymh) +65.40% +79.74% +75.64% +84.15%
VeVe H(— m71) +24.84% +25.29% +27.94% +30.38%
VeV H +25.85% +25.50% +25.80% +28.63%

Table 18: Relative uncertainty on oy, g X B(H — 77) expected from FCC-ee at /s = 365 GeV
with L;; = 3 ab™! for each of the categories defined in Sec. With explicit tau reconstruction.

ParticleNet tau reconstruction

Cut-based analysis BDT analysis
Inclusive jets Exclusive jets Inclusive jets Exclusive jets
VeVe H(— 47¢) +336.67% +215.14%
VelVe H(— Tyh) +81.15% +77.27% +55.37% +64.16%
VeVe H(— T7h) +24.00% +23.18% +24.88% +26.89%
VeVe H +23.41% +24.02% +22.07% +25.06%

Table 19: Relative uncertainty on o, ,, g X B(H — 77) expected from FCC-ee at /s = 365
GeV with L;; = 3 ab™! for each of the categories defined in Sec. with ParticleNet tau

reconstruction.
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x F Process yields

‘ Uy, ‘ LTy, UtyTy VUTRTh VT VUTTy qqTRTh qqTeTh qqTeTe

ZH (HTT) 2.60e+03 | 7.84e+02 | 2.38e+02 | 1.10e+04 | 6.69e+03 | 1.01e+03 | 1.19e+04 | 6.63e+03 | 1.21e+03
ZH (H — non-77) | 3.00e+02 | 2.77e+02 | 6.77e4+02 | 5.64e+02 | 2.07e4+03 | 2.93¢+03 | 1.64e4+04 | 9.48¢+03 | 3.38e+04
DY 1.98e+03 | 1.27e+03 | 1.15e+03 | 3.31e+07 | 2.65e+07 | 2.35e+08 | 9.02e+06 | 8.17e+04 | 1.40e+05
WwW 1.83e+02 | 1.99e+02 | 4.55e+02 | 7.41e+05 | 5.05¢+06 | 8.67e+06 | 2.17e+06 | 4.08¢+06 | 2.19e+03
77 2.66e+04 | 7.90e+03 | 6.38e+04 | 7.34e+04 | 4.39e+04 | 3.60e+05 | 1.93e+05 | 8.85e+04 | 4.96e+05
ee = vvZ 0 0 0 4.75e+03 | 2.37e+03 | 2.15e+04 | 2.63e+03 | 6.65e+00 0

ey —eZ 0 0 1.12e400 | 2.05e+02 | 4.18e+04 | 2.00e+-06 0 1.14e+4-01 | 1.04e+03
vy — 0 0 0 5.11e+02 | 1.03e+05 | 4.83e+06 0 0 2.22e4-01
Yy =TT 0 0 0 0 0 0 0 0 0

Table 20: Table of expected yields of signal and background processes after category selection
at /s = 240 GeV with £ = 10.8 ab™! for explicit tau reconstruction using inclusive jets.

‘ Uty Ty ‘ Uty ‘ LlryTy ‘ VUTKTH, ‘ VYT, ‘ vUTITY ‘ qqThTH ‘ qqTeTh ‘ qQqTeTe

ZH (HTT) 2.42e4-03 | 6.03e402 | 2.38e402 | 1.18e+04 | 7.65e+03 | 1.01e+03 | 2.51e+04 | 1.31e+04 | 2.09e+03
ZH (H — non-77) | 5.55e+02 | 5.04e+02 | 6.77e4+02 | 3.11e+03 | 7.99e4+03 | 2.93¢+03 | 7.05e4+04 | 3.36e+04 | 9.43e404
DY 2.74e+03 | 1.19e+02 | 1.15e403 | 3.17e+07 | 1.88e407 | 2.35e+08 | 8.45e4+07 | 7.16e+05 | 3.11e4+05
WWwW 2.16e+02 | 1.60e402 | 4.55¢402 | 1.13e+06 | 6.39e+06 | 8.67e406 | 7.00e+06 | 1.19e+07 | 7.61e+03
77 2.90e+04 | 5.00e+03 | 6.38e+04 | 1.01e+05 | 5.23e4+04 | 3.60e+05 | 7.84e4+05 | 1.76e+05 | 1.00e+-06
ee - vvZ 0 0 0 5.38e+03 | 1.46e4+03 | 2.15e+04 | 2.89e+04 | 6.63e+01 | 1.26e+00
ey —eZ 0 0 1.12e+00 | 5.28e+01 | 1.03e+04 | 2.00e4+06 | 5.61e-01 | 3.70e+01 | 4.41e+03
vy — U 0 0 0 8.30e+01 | 1.29e+04 | 4.83e+406 0 0 2.98e+401
Yy =TT 0 0 0 0 0 0 0 0 0

Table 21: Table of expected yields of signal and background processes after category selection
at /s = 240 GeV with £ = 10.8 ab~! for explicit tau reconstruction using exclusive jets.

‘ Loty ‘ Uty ‘ 125y ‘ VUTRT, ‘ VUTYTH ‘ VUTETY ‘ qqTHhTh ‘ qqTeTh ‘ qqTeTe
ZH (HTT) 4.72e+03 | 1.02e4+03 | 2.38¢402 | 1.96e4+04 | 8.69¢+03 | 1.01e4+03 | 2.05e4+04 | 9.67e+03 | 1.11e4+03
ZH (H — non-77) | 8.49e+02 | 7.19¢+02 | 6.77e4+02 | 2.19¢+03 | 5.51e4+03 | 2.93¢+03 | 1.75e4+04 | 1.69e+04 | 3.57e+04
DY 4.83e+03 | 3.17e+02 | 1.15e403 | 5.43e4+07 | 5.79e4+07 | 2.35e4+08 | 6.91e4+06 | 2.72e405 | 1.61e405
WwW 4.66e+02 | 3.93e+02 | 4.55e4+02 | 1.55e406 | 7.25e406 | 8.67e4+06 | 1.58e406 | 3.98e406 | 1.97e403
77 5.36e404 | 2.48¢404 | 6.38¢+04 | 1.44e+05 | 1.39e+05 | 3.60e+05 | 2.57e+05 | 2.36e+05 | 5.86e+05
ee = vvZ 0 0 0 8.09e403 | 4.72e4+03 | 2.15e404 | 1.42e4+03 | 1.10e+01 0
ey — eZ 1.03e+03 | 6.62e+02 | 1.12e4+00 | 2.54e+04 | 2.15e+05 | 2.00e+06 0 0 0
vy — U 2.22e+01 0 0 3.08e+04 | 8.16e+05 | 4.83e+06 0 0 0
Yy =TT 0 0 0 0 0 0 0 0 0

Table 22: Table of expected yields of signal and background processes after category selection
at /s = 240 GeV with £ = 10.8 ab~! for ParticleNet tau reconstruction using inclusive jets.
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‘ Ll Uty Ulrory VUTRTH VUTITh vUTITY qqTRTH qQqTeTH qqTeTy

ZH (Hrr) 4.60e+03 | 7.63e+02 | 2.38¢+02 | 1.89e-+04 | 7.32e+03 | 1.01e+03 | 2.79e+04 | 1.55e+04 | 2.29e-+03
ZH (H — non-r7) | 8.24e+02 | 4.06e+02 | 6.77e+02 | 4.80e+03 | 5.16e+03 | 2.93¢+03 | 3.40e+04 | 3.26e+04 | 1.05e+05
DY 4.41e+04 | 3.01e+02 | 1.15e+03 | 5.17e+07 | 4.69e+07 | 2.35¢+08 | 3.76e+07 | 4.58¢+05 | 3.26e+05
WW 1.03¢+03 | 2.09¢+02 | 4.55¢+02 | 1.55¢+06 | 5.48¢+06 | 8.67e+06 | 2.60e+06 | 6.23¢+06 | 7.31e+03
7z 5.85¢+04 | 1.53¢+04 | 6.38e+04 | 1.81e+05 | 1.15e+05 | 3.60e+05 | 5.90e+05 | 3.92e-+05 | 1.22e+06
ce — vZ 1.26¢-+00 0 0 7.63¢+03 | 3.40e+03 | 2.15e+04 | 1.19e+04 | 2.43e+01 0
ey — eZ 4.34e+03 | 3.66e-+03 | 1.12e4+00 | 1.35e+04 | 1.94e+05 | 2.00e+06 0 0 0
vy — 0 2.98e+01 0 0 2.98¢+04 | 4.10e+05 | 4.83¢+06 0 0 0
vy =TT 0 0 0 0 0 0 0 0 0

Table 23: Table of expected yields of signal and background processes after category selection
at /s = 240 GeV with £ = 10.8 ab~! for ParticleNet tau reconstruction using exclusive jets.

‘ LTy, ‘ LTy, ‘ LTy ‘ VUTHTh ‘ vUTITH ‘ vUTITY ‘ qQqThTH ‘ qQqTeTh ‘ qQqTeTe

VBF H — 77 | 1.50e-02 0 0 1.91e+03 | 1.22e4+03 | 1.88e+-02 0 0 0

ZH (HTT) 6.10e+02 | 2.03e+02 | 6.46e+01 | 1.65e+03 | 1.11e+03 | 1.77e+02 | 2.07e+03 | 1.35e+03 | 2.52e+-02
H — non-77 | 6.34e4+01 | 6.55e+01 | 1.66e+02 | 7.19e+01 | 3.05e+02 | 4.56e+02 | 2.41e4+03 | 1.78e+03 | 8.51e+03
DY 1.73e+02 | 1.60e+01 | 5.77e4+01 | 1.82e+06 | 1.60e+06 | 8.42e4+06 | 3.16e+05 | 3.50e+03 | 1.46e+04
Ww 5.78e¢401 | 9.12e4-01 | 2.90e+02 | 1.29e+05 | 8.83e+05 | 1.52e+06 | 3.19e+05 | 5.54e+05 | 8.00e+4-02
77 3.12e4+03 | 1.17e4+03 | 7.58e+03 | 8.86e+03 | 6.82e+03 | 4.37e+04 | 2.41e+04 | 1.51e4+04 | 7.73e+04
tt 5.99e+-00 0 0 0 2.82e+00 | 2.82e+00 | 5.87e+03 | 3.38¢+04 | 4.97e+04
ee = vvZ 0 0 0 4.80e+03 | 2.74e+03 | 2.18e+04 | 2.29e+03 | 5.94e+00 0

ey —eZ 0 0 4.19e-01 | 6.91e+01 | 1.35e+04 | 6.44e+4-05 0 7.13e+00 | 5.93e+02
vy — 0 0 0 0 2.45e+02 | 5.16e+04 | 2.41e+06 0 0 7.72e+00
Yy =TT 0 0 0 0 0 0 0 0 0

Table 24: Table of expected yields of signal and background processes after category selection
at /s = 365 GeV with £ = 3 ab~! for explicit tau reconstruction using inclusive jets.

‘ Uty ‘ Ly, ‘ LlryTy ‘ VUTRTh, ‘ VUTYTh ‘ VUTTy ‘ qqTHTh ‘ qqTeTh ‘ qqTeTe

VBF H — 77 | 1.50e-02 0 0 1.80e+03 | 9.34e+02 | 1.88e+02 | 3.38e+-02 | 3.25e4-01 | 7.03e-03
ZH (HTT) 5.57e+02 | 1.60e402 | 6.46e+01 | 1.67e+03 | 1.08e403 | 1.77e+02 | 4.51e+03 | 2.92e4+03 | 5.17e+02
H — non-t7 | 8.96e+01 | 9.66e+01 | 1.66e+02 | 2.71e+02 | 9.15e+02 | 4.56e+02 | 8.60e+03 | 5.65e+03 | 2.34e+04
DY 1.75e4-02 | 1.58e401 | 5.77e+01 | 1.66e+06 | 1.21e4+06 | 8.42e4-06 | 3.89e406 | 4.33e+04 | 2.52e+04
Ww 7.16e+01 | 6.46e+01 | 2.90e+02 | 1.86e+05 | 1.00e+06 | 1.52e+06 | 9.84e+05 | 1.84e+06 | 3.81e+03
77 3.22e+03 | 8.22e+02 | 7.58e+03 | 1.10e+04 | 8.14e+03 | 4.37e+04 | 8.60e+04 | 2.63e+04 | 1.33e+05
tt 7.99e+00 0 0 2.40e+02 | 4.42e+03 | 2.82e400 | 2.07e4+04 | 1.03e+05 | 8.89e+04
ee - vvZ 0 0 0 5.17e4+03 | 1.75e+03 | 2.18e+04 | 2.85e+04 | 7.72e+01 | 3.78e-01
ey —eZ 0 0 4.19¢-01 | 1.77e401 | 3.58e+03 | 6.44e+05 0 2.11e+01 | 2.45e+03
vy = U 0 0 0 3.78e+01 | 7.10e+03 | 2.41e+06 0 0 1.10e+01
vy =TT 0 0 0 0 0 0 0 0 0

Table 25: Table of expected yields of signal and background processes after category selection
at /s = 365 GeV with £ = 3 ab~! for explicit tau reconstruction using exclusive jets.
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‘ ffThTh fleTh EETZT[ VVUTRTH VVUTyTh vvTyTy qQqThTh qQqTyTh qQqTyTy

VBF H — 77 | 1.31e-02 0 0 3.34e+03 | 1.58e+03 | 1.88e+02 0 0 0
ZH (HTT) 1.06e+03 | 2.65e+02 | 6.46e+01 | 2.78e+03 | 1.43e4+03 | 1.77e4+02 | 3.48e+03 | 1.85e+03 | 2.19e+02
H — non-t7 | 1.79e+02 | 1.56e+02 | 1.66e+02 | 2.73e4+02 | 7.51e402 | 4.56e+02 | 3.21e403 | 3.53e+03 | 8.91e+03
DY 2.35e+02 | 2.12e401 | 5.77e+01 | 2.89e4+06 | 2.90e406 | 8.42e+06 | 3.15e+05 | 1.54e+04 | 1.63e+04
Ww 1.30e+02 | 1.63e+02 | 2.90e+02 | 2.44e+05 | 1.21e+06 | 1.52e+06 | 2.74e+05 | 6.95e+05 | 6.77e+02
77 6.07e+03 | 3.41e+03 | 7.58e+03 | 1.69e+04 | 2.04e+04 | 4.37e+04 | 3.66e+04 | 3.92e+04 | 8.69e+04
it 0 0 0 4.79e4-00 | 4.23e4-00 | 2.82e+00 | 1.21e+04 | 4.98e+04 | 5.09e+04
ee = vvZ 0 0 0 8.23e+03 | 5.88¢+03 | 2.18e+04 | 1.44e+03 | 1.35e+01 0
ey —eZ 5.74e4+02 | 4.07e4+02 | 4.19e-01 | 2.07e+04 | 7.79e+04 | 6.44e+05 0 0 0
vy — 7.72e+00 0 0 2.07e+04 | 4.11e+05 | 2.41e+06 0 0 0
Yy =TT 0 0 0 0 0 0 0 0 0

Table 26: Table of expected yields of signal and background processes after category selection
at /s = 365 GeV with £ = 3 ab™! for ParticleNet tau reconstruction using inclusive jets.

‘ Loty ‘ Uy, ‘ Lty ‘ VUTKTh ‘ VT, ‘ VUTITY ‘ qQqThTH ‘ qqTeTh ‘ qqTeTe
VBF H — 77 | 1.31e-02 0 0 3.18e+03 | 1.11e+03 | 1.88e+02 | 3.05e-01 | 3.31e-02 0
ZH (HtT) 1.02e4-03 | 2.10e+02 | 6.46e4-01 | 2.65e+03 | 1.30e+03 | 1.77e4+02 | 5.75e+03 | 3.48¢403 | 5.23e+02
H — non-t7 | 1.85e4+02 | 1.02e+02 | 1.66e4-02 | 6.94e+02 | 8.60e+02 | 4.56e+02 | 6.74e+03 | 7.21e4-03 | 2.54e+04
DY 1.38e+03 | 2.06e+01 | 5.77e+01 | 2.78e+06 | 2.35e+06 | 8.42e+06 | 2.41e+06 | 2.44e+04 | 2.77e+04
Ww 3.52e+02 | 1.12e+02 | 2.90e+02 | 2.63e+05 | 9.90e+05 | 1.52e+06 | 4.86e+05 | 1.17e+06 | 3.39e+03
77 7.02e4+03 | 2.26e+03 | 7.58e+03 | 2.28e+04 | 1.70e+04 | 4.37e+04 | 8.09e+04 | 5.89e+04 | 1.52e+05
tt 0 0 0 5.64e+00 | 5.32e4+00 | 2.82e+00 | 2.04e4-04 | 7.70e+04 | 9.26e+04
ee - vvZ 3.78e-01 0 0 7.77e+03 | 4.00e+03 | 2.18e+04 | 1.24e+04 | 2.38e+01 0
ey —eZ 2.38e+03 | 1.91e4+03 | 4.19e-01 | 7.96e4+03 | 6.93e+04 | 6.44e+05 0 4.19e-01 0
vy — U 1.10e+01 0 0 2.14e+04 | 2.16e405 | 2.41e+06 0 0 0
Yy =TT 0 0 0 0 0 0 0 0 0

Table 27: Table of expected yields of signal and background processes after category selection
at /s = 365 GeV with £ = 3 ab™! for ParticleNet tau reconstruction using exclusive jets.
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