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1 Introduction

Measurements of the Higgs bosons properties, such as of its couplings with other Stan-
dard Model (SM) particles, at the Future Circular Collider(FCC) will allow to further
understand its role in the SM and thereby in our universe. While the prospects for
Higgs studies at the HL-LHC as well as the FCC-ee will already advance current levels
of precision and insight significantly [1], [2], the hadron-hadron collider phase FCC-hh
is crucial to complete the picture, by enabling high precision measurements of Higgs
processes that remain out of reach for the nearer future. An example are the measure-
ments of its couplings in rare decay modes, such as H — uy , H - vy and H — Z~
, which will be statistically limited at the FCC-ee. A previous study of these Higgs
decay modes was performed as part of the Conceptual Design Report (CDR) [3, 4]
of the FCC-hh and detailed in Ref. [5], assuming the CDR baseline operation at /s=
100 TeV and an integrated luminosity of 30 ab™!. This study focused on analyzing
Higgs production at large transverse momenta, pf | exploiting the fact that with the
expected FCC-hh dataset even this region of phase space will be abundantly popu-
lated, and that experimental uncertainties in this region are typically smaller than at
lower p4 | where reconstruction of physics objects is more difficult due to e.g. trigger
thresholds or the impact of pile-up. In order to keep the projections robust and largely
independent of assumptions on the levels of theoretical (and to some extent experimen-
tal) uncertainties in the future, measurements of Higgs decay channels within similar
fiducial regions were combined into a measurement of the production ratio. Common
theoretical uncertainties regarding the production cross-section, as well as experimen-
tal uncertainties deriving from the luminosity measurement, vanish in such a ratio. In



this way, sub-percent level precision on the Higgs couplings in the H — pp , H — vy
and H — Z~ decay channels with CDR, baseline FCC-hh scenario were achieved.

This note presents on update to these Higgs boson studies in rare decay modes at
the FCC-hh. As a first case study, the measurement of the Higgs to muon coupling
exploiting the ratio of H — pp over H — ZZx — 4u production is revisited for the
updated FCC-hh baseline scenario, which assumes an integrated luminosity of 30 ab™*
at a center-of-mass energy of /s = 84 TeV. While the previous results were obtained
from a simple counting experiment, the new strategy exploits the different shapes of
the m,,, invariant mass and pr ,, distributions between signal and background in a
2D template fit. Moreover the estimation of the experimental systematic uncertainties
was further refined, using pr-dependent scale factors capturing the reconstruction
efficiency uncertainties of each muon, and measuring the non-resonant background in
a data-driven way from the large statistics in the sidebands.

In addition, several alternative operating scenarios for the FCC-hh in contrast to
the CDR baseline idea of a dataset of 30ab™' at 100 TeV center of mass energy have
come under discussion during the drafting process of the FCC feasibility study report
(FSR) [6-8]. The main limiting factor defining the different scenarios is the necessary
dipole magnet strength. Detailed descriptions of these scenarios are given in Ref. [9],
while Table 1 summarizes only the key parameters relevant for the physics studies
here. Updated results of the Higgs to muon couplings analysis are provided for the
four different scenarios listed in the table.

Scenario FSR baseline  CDR baseline F12PU  F20
V/s in TeV 84 100 72 120
Peak arc dipole field in T 14 16 12 20
Pile-up 590 950 950 141
Total int. luminosity in ab™?! 30 30 42 12

Table 1: Key parameters of the possible FCC-hh operating scenarios
studied in this note. The total integrated luminosities for the F12PU
and F20 scenario are derived by rescaling the baseline 30ab™! with the
relative fraction of achievable luminosity per year over the baseline in
each case. Details on the corresponding accelerator design parameters
can be found in Ref. [9] and Ref. [4].

Completion of this update by expanding the newly defined, more sensitive analysis
strategy also to the H — vy and H — Z~ channels is expected within the coming
months.

2 Event generation

The analysis relies on Monte Carlo generated events for both the signal and the back-
ground processes considered. In general, all samples are generated at leading-order
(LO) precision using MadGraph5_aMC@NLO [10] with NNPDF3.0NLO [11]. Pythia8 [12] is



used for the Higgs boson decay into two photons, parton showering, and hadroniza-
tion effects. Since the analysis aims to exploit the large statistics of events with large
transverse momentum of the Higgs to di-photon candidate, the generation of signal
and dominant background processes accounts for additional jets in the matrix ele-
ment, as specified in the following. The matching between matrix element and parton
shower jets employed follows the MLM-scheme described in Ref. [13].

For the Higgs boson signal, its leading production modes of gluon-gluon fusion
(99H ), vectorboson fusion (VBF H ), top-quark pair associated production (¢t¢H) and
the production in association with a vector boson (VH ), are considered. The event
generation of ggH and VH events includes contributions up-to and including two
additional jets in the matrix element, while that of VBF H and ttH events considers
only up to one additional jet. For each production mode the respective LO cross-
section is corrected to higher orders using k-factors derived from the most accurate
predictions in Ref. [14] for the studies at 100 TeV. These k-factors are thus assumed
to be independent of the center of mass energy.

In terms of background, only the dominant continuum backgrounds processes are
considered: that is the pp continuum in the H — pp analysis, and the 4¢ continuum
in the H — ZZx — 4p analysis. The generation of the former includes up to two
additional MLM-matched jets in the matrix element, while the latter stops at one
additional MLM-matched jet. In both cases, an invariant mass of the Higgs boson
candidate in the range of 50 < m? ', < 200 GeV is required at generator level, in
order to increase MC statistics in the phase space region of interest for the analysis.
The LO p continuum cross-section is corrected with a k-factor of 1.2 following Ref. [5]
and that of the 4¢ continuum with a k-factor of 1.6 extracted from the predictions
in Ref. [15]. Again, these k-factors were evaluated using the 100 TeV cross-sections.
Background contributions from mis-identified objects (fakes) were not considered in
the analysis.

Table 2 summarizes the respective cross-sections of each signal and background
process considered, for the various center of mass energies studied, including all
correction-factors as discussed above.

Cross-section in pb, for /s =

Process 72 TeV 84 TeV 100 TeV 120 TeV
Signals
ggH 543 657 802 999
VBF H 45 54 69 86
ttH 19 25 33 45
VH 19 22 27 32
Backgrounds
(e continuum 257 288 339 385
4¢ continuum 0.050 0.056 0.064 0.073

Table 2: Overview of total signal and background
cross-sections at different center of mass energies. The
background cross-sections refer to the fiducial region,
with 50 < m5", < 200 GeV.
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3 Event Reconstruction and Selection

A reference detector for the FCC-hh has been designed and described in the CDR. All
samples considered in this analysis rely on a fast simulation of this detector design with
the DELPHES tool [16], which describes the response of the detector components using
parameterizations of the resolution and efficiency functions. Details on the specific
assumptions and parameterizations for the FCC-hh reference detector scenario can be
found in Ref. [17], while Ref. [16] describes the generalities of object reconstruction
in DELPHES. The muons as used in this analysis, are reconstructed with a relative
momentum resolution of the percent-level, and an efficiency ranging from 90-97%.
Although no direct pile-up overlay is considered in the fast simulations performed
here, the impact of pile-up at LHC levels is implicitly included through the DELPHES
parameterizations.

For the technical implementation of the event generation and simulation, the com-
mon software stack for future facilities provided by the KEY4HEP framework [18, 19]
is employed. In particular, the samples used here are in EDM4HEP format [20]. The
complete list of generated samples can be found in Ref. [21]. The samples are further
processed with the FCCANALYSES framework [22], implementing the selection of final
state objects and events based on the criteria outlined in Table 3.

pr(p1) > 20 GeV
Muon transverse pr(p1) > 20 GeV pr(p2) > 10 GeV
momenta pr(p2) > 20 GeV pr(ug) > 7 GeV
pr(pns) > 5 GeV
Muon pseudorapidity [n(p)| < 4 [n(p)| < 4
Muon isolation rel. Iso. (p) < 0.2 rel. Iso. (p) < 0.2
Z decay 40 < my, (leading pair) < 120 GeV
candidates - 12 < myy, (subleading pair) < 120 GeV
Higgs candidate pr Pt > 50 GeV pf}“ > 50 GeV

Table 3: Summary of object and event selection criteria per analysis.

4 Analysis strategy and systematic uncertainties

The selected events are further split into different regions of the transverse momentum
of the Higgs candidate, pf!* and prF“ for the H — pup and H — ZZ* — 4 analysis
respectively. A template fit to the invariant mass of the Higgs candidate, m,,,, or mu,
is then performed in each bin, in order to extract the H — up and H — ZZ% —
4p signal strengths. This differential measurement approach enhances the sensitivity
of the analysis, as it exploits variations in the signal-to-background ratio across pr
regions, with higher pr regions generally offering improved separation between signal



and background. Moreover, it allows for better control of systematic uncertainties,
since low pr bins benefit from larger statistics than high p bins, but suffer from larger
systematic uncertainties than high pr bins.

The estimation of these systematic uncertainties is performed as follows:

Signal uncertainties

In each bin, a systematic uncertainty to account for the muon reconstruction efficien-
cies is determined from the parametrization first introduced in Ref. [5] and shown
in Figure 1a and the Higgs signal. The corresponding relative uncertainty value per
muon is taken from this parametrization depending on its transverse momentum, and
an overall scalefactor for the event is defined as the multiplication of the individ-
ual muon uncertainty scalefactors. A normalization uncertainty, averaging across all
events in the bin, is then determined from reweighting the invariant mass distributions
in each bin with the scalefactor and comparing to the nominal case. Figure 1b shows
the value of this muon reconstruction efficiency systematic per bin for each analysis.
To illustrate the procedure, Figure 1c compares the distributions of the transverse
momentum of the leading muon in the H — pp and H — ZZ% — 4p analysis in
an example pt bin. The resulting scalefactor, shown in Figure 1d, is larger in the
H — ZZ+ — 4p case, not only due to the higher muon multiplicity but also since the
muons in H — ZZ+ — 4p decays exhibit lower pr than those in H — pu decays for
this very reason. In the template fit, the muon reconstruction efficiency uncertainty
is described by a single nuisance parameter, therefore correlating the measurements
across all pr bins as well as between the H — up and H — ZZ% — 4pu analysis.
This gives a conservative estimate of the achievable sensitivity.

Additionally, a flat normalization uncertainty of 1% due the luminosity mea-
surement is applied to the signals. This impacts only the standalone results of the
H — pp and H - ZZx — 4pu  analyses, since in the ratio of H — puup  over
H — ZZ+ — 4p it cancels fully.
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Fig. 1: Estimation of systematic uncertainties relating to object reconstruction effi-
ciencies: (a) Parameterization of the assumed object reconstruction efficiencies as a
function of the objects’ transverse momentum, pr , (b) evolution of the resulting over-
all scalefactor in the H — up and H — ZZx — 4u analyses across the pr bins (c)
example distributions of the leading muons transverse momentum in H — pp and
H — ZZx — 4u events and the bin where 50 < pH < 100 GeV and (d) the distri-
bution of the muon efficiency uncertainty scalefactor per event in the same pff bin.
Here the ”up” variation of the scalefactor is shown.

Background uncertainties

As the background normalization can be determined from the data sidebands with
high precision, no further uncertainties on the background processes are assumed.
Instead, a free floating normalization factor for each background is used in the fit.
In the H — pp  analysis region the uncertainty on the pp continuum background



normalization factor is constrained down to the sub-per-mille level, while in the H —
ZZx — 4p analysis region the resulting 4¢ continuum normalization uncertainty is
approximately 1 per-cent.

Invariant mass distributions

Figures 2 and 3 show the resulting (pre-fit) distributions of the invariant mass of
the Higgs candidate for signals and background in the different bins of pf for the
H — pup and H — ZZx — 4 analysis respectively. The relative signal systematic
uncertainty bands determined as described above are shown in the bottom panel in
each case: While the solid area indicates the total signal uncertainty combining the flat
luminosity uncertainty with the pr dependent uncertainty accounting for the muon
reconstruction efficiency, the dashed area shows only the latter.
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Fig. 2: H — pp analysis: Distributions of m,, for the Higgs signals (red) and the pip
continuum background (blue), in the different bins of p4¥*. The bottom panel indicates
the relative signal systematic uncertainties.
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Fig. 3: H — ZZx — 4y analysis: Distributions of ma,, for the Higgs signals (red) and
the 4¢ continuum background (blue), in the different bins of p4T“. The bottom panel
indicates the relative signal systematic uncertainties.



5 Results

Figure 4 shows the results of a differential measurement of the ratio B(H —
win)/B(H — pppp) in different ranges of the transverse momentum of the Higgs candi-
date, pr(H), for the FSR baseline scenario of 84 TeV. Here, we use the same projection
for the total integrated luminosity of 30 ab™! as in the original CDR baseline, to be
collected over the full lifetime across different experiments. Clearly, the binning in
pr(H) can be further optimized. But in this first iteration it serves well as a proof-of-
concept, highlighting the key idea behind the FCC-hh measurements: that in phase
space regions with higher transverse momentum of the Higgs candidate, the impact
of the experimental uncertainties become smaller, and this benefit outweighs the loss
in precision to due loss of available statistics. Indeed, when considering only a single
bin in pr(H), there is an optimum point for the achievable precision between 100 to
250 GeV, much the same as was found in the previous studies in Ref. [5]. Of course,
the best sensitivity is achieved in the simultaneous fit across all pr(H) bins reported
in the bottom line of Figure 4, since the strength of each bin is fully exploited in this
case. Here, we want to note that the pr-dependent uncertainty on the muon recon-
struction is fully correlated across all bins in the simultaneous fit. This provides a
conservative projection of the precision, since when de-correlating it into individual
uncertainties that affect only a single bin each, the large size of the dataset leads to
large constraints on the associated nuisance parameters.

FCC-hh Simulation (Delphes) 'Is'otal
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Fig. 4: Differential measurements of the ratio B(H — pp)/B(H — pupp) for different
values of pr(H) and the different operating scenarios.

Comparing the updated results further to those reported in Ref. [5], the new anal-
ysis strategy is both more realistic, as well as (slightly) more sensitive: Where the
previous analysis discarded a significant fraction of the dataset by placing a high
threshold on the minimum pr(H), the simultaneous but differential fit exploits more
of the dataset. Moreover, in the previous study only the events in a fixed window of 1
GeV width around the Higgs mass were considered. The invariant mass resolution is
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however dependent on the pr(H), an effect which is much better captured in the tem-
plate fit across the larger mass range as performed here. Last, in the previous study
the impact of the muon reconstruction uncertainty was averaged across the pr in a
given bin, while here it is fully evaluated event by event in the given bin.

The results of this improved strategy employing a differential, simultaneous tem-
plate fit of the invariant mass spectra in different pr(H) bins in the four different
energy and luminosity scenarios for the FCC-hh as discussed above are compared in
Figure 5. Since the analysis is systematically dominated, the achievable precision is
very similar across all scenarios - in each case the ratio of signal strengths can be
measured down to the percent level. In particular, the results for the CDR baseline
of 100 TeV are only roughly a per-mill better compared to the new FSR baseline sce-
nario with a reduced energy of 84 TeV. Due to the smaller size of the dataset assumed
for the 120 TeV scenario, this scenario provides the least sensitive results, while the
impact of the lower center of mass energy in the 72 TeV scenario is fully compensated
by the increase in integrated luminosity. It should be noted that we have assumed
the same parametrization of the muon reconstruction uncertainty in all four scenarios
studied here - an assumption that may not be warranted, given e.g. the different levels
of pile-up for each case, as reported in Table 1. Further refinement of the systematic
uncertainties under this aspect would be beneficial, however it is difficult to estimate
the change of reconstruction uncertainties for such high levels of pile-ups (where we
have to extrapolate quite far away to, from LHC experience) for a project so far in
the future, which may employ advanced detector design and methods for pile-up sup-
pression. We want to therefore stress again, that measuring ratios of Higgs signal
strengths, allows to limit the impact of these kind of assumptions: in the H — pu
over H — ZZx — 4p measurement the muon reconstruction systematic uncertainty
cancels only partially, while which value is assumed exactly for the overall luminosity
uncertainty has no impact on the precision, as this common uncertainty vanishes fully
in the ratio.
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Fig. 5: Comparison of the best precision achieved from a differential measurement of
the ratio B(H — pp)/B(H — puppp) between different FCC-hh operating scenarios.
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Vs 84 TeV 100 TeV 72TeV  120TeV

Scenario FSR baseline CDR baseline F12PU F20
Int. lumi in ab™! 30 30 42 12
SgHpup/ gty in % 0.660 0.611 0.637 0.745

Table 4: Comparison of the precision on absolute coupling
strengths as inferred from the ratio analyses, for the four differ-
ent FCC-hh operating scenarios.

A further benefit of the ratio measurement is that it allows to translate the rel-
ative coupling measurements of the FCC-hh to an absolute coupling measurement:
in the full integrated FCC program, the branching ratio of Higgs to Z boson decays,
B(H — ZZ*), will be measured so precisely in the FCC-ee phase that all relative mea-
surements that involve the H — ZZ* coupling in the denominator can be converted
to absolute measurements of the branching fraction involved in the numerator. The
(naive) translations into the achievable precision on the absolute couplings strength to
muons, 0guuu/guuu, from the ratio results reported in Figure 5 are given in Table 4.
As can be seen, the results of the updated analyses confirm that a sub-percent level
precision measurement of the Higgs to muon coupling will be achievable with the FCC.

As supplementary material to the results discussed in detail in this section,
Appendix A.1 shows the full differential measurements of the H — uy over H —
ZZ+ — 4u ratio for each of the four different operating scenarios studied, while
Appendices A.2 and A.3 show the same results for the standalone H — pup  and
H — ZZ+ — 4 analyses respectively.

6 Conclusion

In this study, we revisited the prospects for precision measurements in rare decay
modes of the Higgs boson at the FCC-hh, performing a differential measurement with
respect to the transverse momentum of the Higgs candidate. By analyzing the ratio
of H— up over H — ZZx — 4 signal strengths, we demonstrated that this ratio
is largely independent of common theoretical and experimental uncertainties, such as
on the production cross-section and the luminosity, which cancel out in the ratio. Our
findings show that a precision on the ratio of signal strengths of 1.32% can be achieved,
which (naively) translates to a precision on the absolute coupling of the Higgs boson
to muons of 0.66% , for the FSR baseline operating scenario of 30 ab™! at a center of
mass energy of 84 TeV.

Furthermore, we compared these results across four different operating scenarios,
that have been under discussion for the FCC-hh: the CDR baseline of 30 ab™! at 100
TeV, a lower energy scenario at 72 TeV with slightly larger integrated luminosity of 42
ab™!, and a smaller dataset of 12 ab™ ' at a higher energy of 120 TeV. The impact on
the achievable precision on the Higgs to muon coupling was found to be minimal, as
the analysis is primarily limited by systematic uncertainties, which we have assumed
to be the same between the different scenarios. Further study of this may be of merit,
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as for example the levels of pile-up vary significantly between the different operating
scenarios as well.

This analysis highlights the robustness of the H — py to H — ZZx — 4 decay
ratio as a tool for precise measurements of the Higgs boson’s coupling to muons,
with the FCC-hh offering promising prospects for advancing our understanding of
Higgs physics, by allowing insight into rare Higgs decay processes that will remain
statistically limited with collider projects in the nearer future such as the HL-LHC
and the FCC-ee, and therefore only measured with limited precision. In this way,
precision Higgs measurements at the FCC-hh are complementary to those at FCC-ee,
underscoring the strength of the full integrated FCC program.
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A Appendix

A.1 Results of the H — up over H — ZZ% — 4p ratio
analysis for various operating scenarios

FCC-hh Simulation (Delphes) - ;"‘a' FCC-hh Simulation (Delphes) — ;otal

tat. tat.

Vs =84TeV, 30ab™* Syst Vs =100 TeV, 30 ab! Syst

Ratio H - pu over H—ZZ" - puup SM ' Ratio H - uu over H - ZZ" - uuuu SM '

Total Stat. Syst. Total Stat. Syst.
Pi = 500 GeV e 1.0000 +0.0358 (0.0347, 0.0088) pH = 500 GeV ———— 1.0000%0.0304 (0.0292, 0.0087)
450 < p%» =500 GeV | F——————gp——y 1.0000%0.0523 (0.0513, 0.0101) 450 < p%u 2500 Gey| F—————gg———y 1.0000£0.0464 (0.0453, 0.0100)
400 <pl <250 Gev{ F———=gp=———y 1.0000£0.0431 (0.0418, 0.0106) 400 = ph < 350 Gev RS G 1.0000 +0.0367 (0.0351, 0.0106)
350 = pb < 400 Gev ——p—— 1.0000 +0.0348 (0.0330, 0.0111) 350 = pl* < 400 GeV ————— 1.0000 £0.0312 (0.0292, 0.0112)
300 = pl* < 350 Gev fi— 1.0000 +0.0288 (0.0262, 0.0120) 300 = ¥ < 350 Gev ———— 1.0000 £0.0265 (0.0236, 0.0120)
250 = ph < 300 Gev e 1.0000 £0.0240 (0.0201, 0.0131) 250 = pl* < 300 Gev e—— 1.0000 £0.0222 (0.0180, 0.0130)
200 = pl# < 250 Gev fi— - 1.0000 £ 0.0215 (0.0159, 0.0144) 200 = pl < 250 Gev ——— 1.0000 +0.0204 (0.0145, 0.0144)
150 = pl < 200 Gev e 1.0000 £0.0206 (0.0127, 0.0162) 150 = p* < 200 Gev ——— 1.0000%0.0198 (0.0116, 0.0161)
100 = pl* < 150 Gev gt 1.0000 +0.0212 (0.0104, 0.0184) 100 = pl* < 150 Gev Vi 1.0000 +0.0207 (0.0096, 0.0184)
50 Sp@x <100 GeV ——p——i 1.0000 +0.0227 (0.0090, 0.0209) 50 < pgu <100 Gev S Gl 1.0000 +0.0223 (0.0079, 0.0208)
All P bins i 1.0000 £0.0132 (0.0049, 0.0122) Al 2 bins ——t 1.0000 £0.0122 (0.0044, 0.0114)
0.95 1.00 1.05 1.10 1.15 1.20 0.95 1.00 1.05 1.10 1.15 1.20
BR(H - pp) / BR(H = pippip) BR(H - pp) / BR(H = papp)
(a) FSR baseline of 84 TeV (b) CDR baseline of 100 TeV

FCC-hh Simulation (Delphes) - ;‘Z‘at' FCC-hh Simulation (Delphes) — ;‘Eti'

at. at.

Vs =72TeV, 42 ab™* Syst Vs=120TeV, 12 ab™! Syst

Ratio H - uu over H—ZZ" - uuuu sM ' Ratio H - uu over H-ZZ" - uuuu M '

Total Stat. Syst. Total Stat. Syst.

PH = 500 GeV — 1.0000 £ 0.0356 (0.0345, 0.0088) P = 500 GeV -3  1.0000+0.0394 (0.0384, 0.0086)

450 Sp%u Z500 GeV{ F—————@=————— 1.0000+0.0521 (0.0511, 0.0100) 450 < p%y Z500Gev 1.0000 £ 0.0606 (0.0598, 0.0099)
400 =pl“ <250 Gev{ F————#=————y  1.0000£0.0419 (0.0406, 0.0105) 400 = pl¥ <450 Gev{ F————g——y 1.00000.0491 (0.0479, 0.0105)
350 = ph < 400 Gev —— 1.0000 +0.0343 (0.0324, 0.0113) 350 = pl¥ < 400 GeV ———@————  1.00000.0407 (0.0391, 0.0112)
300 = b < 350 Gev ———— 1.0000 £0.0280 (0.0252, 0.0121) 300 = p < 350 Gev [P—— 1.0000+0.0336 (0.0314, 0.0119)
250 = b < 300 Gev [ 1.0000 £0.0232 (0.0191, 0.0131) 250 = pl* < 300 GeV —— 1.0000 £0.0280 (0.0249, 0.0130)
200 = b < 250 Gev ———— 1.0000 +0.0209 (0.0152, 0.0144) 200 = ph < 250 Gev J—— 1.0000 +0.0245 (0.0198, 0.0143)
150 = pl < 200 Gev i 1.0000 £0.0202 (0.0121, 0.0162) 150 = pl* < 200 Gev ———— 1.0000 +0.0227 (0.0161, 0.0161)
100 = pH# < 150 Gev i 1.0000 £0.0209 (0.0099, 0.0184) 100 = pl* < 150 Gev il 1.0000 +0.0228 (0.0136, 0.0183)
50 = p* < 100 GeV —p—i 1.0000 £0.0225 (0.0082, 0.0209) 50 < pl* < 100 GeV i 1.0000 £0.0237 (0.0115, 0.0208)
All pH¥ bins Vit 1.0000 £0.0127 (0.0046, 0.0119) Al p# bins iyt 1.0000 +0.0149  (0.0062, 0.0135)

0.95 1.00 1.05 1.10 1.15 1.20 0.95 1.00 1.05 1.10 1.15 1.20
BR(H — ) / BR(H — pyapy) BR(H - pp) / BR(H = pupp)
(c) F12PU scenario with 72 TeV (d) F20 scenario with 120 TeV

Fig. A.1l: Differential measurements of the ratio B(H — pu)/BH — pupp) for
different values of pr(H) and the different FCC-hh operating scenarios.
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A.2 Standalone results of the H — pp analysis

pi“ =500 GeV
450 < p* <500 GeV
400 < p* < 450 GeV
350 spL“ <400 GeV
300 = p# < 350 Gev
250 spL“ <300 GeV
200 = p# < 250 Gev
150 = pl < 200 Gev
100 = pb* < 150 Gev
50 < pi* < 100 GeV
All p# bins

pi“ =500 GeV

450 spL“ <500 GeV
400 SpL“ <450 GeV
350 spL“ <400 GeV
300 < pi* < 350 GeV
250 = b < 300 Gev
200 = ph# < 250 Gev
150 = pl < 200 Gev
100 spL“ <150 GeV
50= pé“ <100 GeV
All pi# bins

1.0000£0.0126 (0.0036, 0.0121)
0.95 1.00 1.05 1.10 1.15
(0w x BR(H = pp)) / (y x BR(H = 1)) sm
(a) FSR baseline of 84 TeV
FCC-hh Simulation (Delphes) —— Total
Stat.
Vs =72TeV, 42 ab™*
Syst.
H= — sMm
Total Stat. Syst.
———r 1.0000 £0.0247 (0.0219, 0.0114)
ey 1.0000+0.0331 (0.0311, 0.0115)
p——— 1.0000 £0.0274 (0.0249, 0.0116)
——— 1.0000 +0.0237 (0.0207, 0.0116)
—— 1.0000£0.0199 (0.0160, 0.0117)
—— 1.0000 +£0.0167 (0.0118, 0.0118)
——— 1.0000£0.0156 (0.0101, 0.0119)
- 1.0000 +0.0149 (0.0086, 0.0122)
- 1.0000 +0.0145 (0.0075, 0.0124)
i 1.0000%0.0144  (0.0069, 0.0126)
—— 1.0000+0.0126 (0.0035, 0.0121)
0.95 1.00 1.05 1.10 1.15 1.20

o
1.0000 +0.0240
1.0000 +0.0329
1.0000+0.0279
1.0000+0.0233
1.0000 +0.0203
1.0000 +0.0172
1.0000+0.0158
1.0000 +0.0150
1.0000 +0.0147
1.0000 +0.0147

annnll
HHHT]

FCC-hh Simulation (Delphes) - ;'Otal
Vs =84 TeV, 30 ab™! tat.
Syst.
Hom — sM
tal  Stat.  Syst.

(0.0212, 0.0114)
(0.0308, 0.0115)
(0.0254, 0.0116)
(0.0202, 0.0116)
(0.0166, 0.0117)
(0.0125, 0.0118)
(0.0103, 0.0119)
(0.0088, 0.0122)
(0.0078, 0.0124)
(0.0075, 0.0126)

1.20

(04X BR(H = ) / (01 x BR(H = i) sm

(c) F12PU scenario with 72 TeV

Fig. A.2: Differential measurements of the signal strength u

pf“ =500 GeV
450 < pi* <500 GeV
400 = p < 450 GeV
350 < pL“ <400 GeV
300 = pl* < 350 Gev
250 < pL“ <300 GeV
200 = pl¥ < 250 Gev
150 = pl < 200 Gev
100 = p < 150 Gev
50=< p?“ <100 GeV
All p# bins

FCC-hh Simulation (Delphes) - ;"‘a'
tat.
VS =100 TeV, 30 ab~?
Syst.
H =y — sM
otal Stat. Syst.
—— 1.0000 +£0.0212 (0.0179, 0.0114)
——p——i 1.0000 £0.0299  (0.0276, 0.0115)
1.0000 £0.0237 (0.0207, 0.0116)
JU—— 1.0000 +0.0206 (0.0169, 0.0116)
——i 1.0000 £0.0189 (0.0149, 0.0117)
= 1.0000 +0.0161 (0.0110, 0.0118)
e 1.0000 +0.0153 (0.0096, 0.0119)
o 1.00000.0146 (0.0081, 0.0122)
S S 1.0000 £0.0143  (0.0071, 0.0124)
il iy 1.0000 +0.0142 (0.0066, 0.0126)
—— 1.0000 £0.0125 (0.0032, 0.0121)
0.95 1.00 1.05 1.10 1.15 1.20
(0n X BR(H = pp)) / (0 x BR(H = up))sm
(b) CDR baseline of 100 TeV
FCC-hh Simulation (Delphes) —— Total
Stat.
VS =120 TeV, 12 ab™!
Syst.
H—p — sMm
Total Stat. Syst.

pf“ =500 GeV

450 < pL“ <500 GeV
400 = pl¥ <250 Gev
350 < pz“ <400 GeV
300 = ph < 350 Gev
250 = ph < 300 Gev
200 = pi¥ < 250 Gev
150 = pl¥ < 200 Gev
100 < pL“ <150 GeV
50 < p¥ < 100 Gev
All p# bins

1.0000 +0.0251
1.0000 +0.0349
1.0000 +0.0285
1.0000 +0.0253
1.0000 +0.0221
1.0000 +0.0192
1.0000+0.0173
1.0000 +0.0164
1.0000 +0.0160
1.0000 +0.0158
1.0000 +0.0129

ymmm
HEHTIT

(0.0224, 0.0114)
(0.0330, 0.0115)
(0.0260, 0.0116)
(0.0225, 0.0116)
(0.0187, 0.0117)
(0.0151, 0.0118)
(0.0125, 0.0119)
(0.0110, 0.0122)
(0.0100, 0.0124)
(0.0094, 0.0126)
(0.0044, 0.0121)

0.95 1.00 1.05 1.10

1.15 1.20

(onxBR(H - up)) / (oy x BR(H = ) sm

(d) F20 scenario with 120 TeV

(ouxBH —

i)/ (oux B(H — pp))gm for different values of pr(H) and the different FCC-hh
operating scenarios, as derived from the H — uu analysis.

15



A.3 Standalone results of the H — ZZx — 4u analysis

FCC-hh Simulation (Delphes) - ;0‘3'
tat.
Vs =84TeV, 30 ab™t ayst
H~ZZ" - ppup M
otal Stat. Syst.
Pi =500 GeV. i — 1.0000 £0.0326 (0.0275, 0.0175)
450 = pL» 2500 Goy{ F—————gpm————y  1.0000+0.0451 (0.0411, 0.0188)
400 = pl* <250 Gev ——&——  1.0000%0.0384 (0.0332, 0.0193)
350<pzu<400 GeV | 1.0000 +0.0328 (0.0261, 0.0198)
3002pﬂu< 350 GeV ey 1.0000 +0.0290 (0.0202, 0.0207)
zsozpﬂu< 300 Gev [N S 1.0000 +0.0269 (0.0158, 0.0218)
— ol 1.0000 £0.0262 (0.0121, 0.0233)
200 =< pH* < 250 GeV s ] .
150 = pl < 200 Gev —— 1.0000 £0.0268 (0.0092, 0.0252)
100 = pl* < 150 Gev —p——i 1.0000 £0.0286 (0.0070, 0.0277)
50 = pk < 100 Gev & 1.0000 £0.0307 (0.0049, 0.0303)
RN P4 bins —— 1.0000 +0.0200 (0.0033, 0.0197)
0.95 1.00 1.05 1.10 1.15 1.20
(oyx BR(H - ppup)) / (oy x BR(H = pppp) ) sm
(a) FSR baseline of 84 TeV
FCC-hh Simulation (Delphes) —o— Total
Stat.
Vs =72TeV, 42 ab™* oyt
H=ZZ" - ppjp M
Total Stat. Syst.
pH = 500 GeV e———y 1.0000+0.0318 (0.0266, 0.0175)
450 <pLH 2500 Gev{ H————gpm———y  1.0000+0.0447 (0.0406, 0.0187)
400:pl'm<450 Gev [ — 1.0000+0.0374 (0.0321, 0.0192)
350 = pb < 400 Gev | ———— 1.0000 +0.0320 (0.0250, 0.0200)
300< pL“ <350 GeV ————t 1.0000 +0.0285 (0.0195, 0.0208)
250 = b < 300 Gev ———i 1.0000 +0.0265 (0.0150, 0.0219)
200= pLP <250 GeV —p——| 1.0000 +0.0259 (0.0114, 0.0232)
ISOZpL“< 200 GeV Ve — 1.0000 +0.0266 (0.0085, 0.0252)
100;p5u< 150 GeV e — 1.0000 +0.0284 (0.0065, 0.0277)
50 <p1:u <100 GeV 1.0000 £0.0307 (0.0044, 0.0304)
RN P bins —— 1.0000 +0.0195 (0.0031, 0.0192)
0.95 1.00 1.05 1.10 1.15 1.20

(01 X BR(H = ppapp) 1 (0n x BR(H = i) )sp

(c) F12PU scenario with 72 TeV

FCC-hh Simulation (Delphes) - ;"ta'
tat.
Vs =100 TeV, 30 ab~! oyst

H~ZZ" - pppp M

otal Stat. Syst.
P > 500 GeV e 1.0000£0.0289 (0.0231, 0.0174)
450 = p* < 500 GeV gy  1.0000+0.0405 (0.0359, 0.0187)
400 ;p 1 < 450 GeV [ENSS— — 1.0000 +0.0343 (0.0284, 0.0192)
350 < pLu <400 GeV ———— 1.0000 +0.0309 (0.0237, 0.0199)
300 < pLu <350 GeV 1.0000 £0.0276 (0.0183, 0.0207)
250 = ph < 300 GeV ——— 1.0000 +0.0260 (0.0142, 0.0218)
200= me <250 GeV I G, 1.0000 £0.0256 (0.0109, 0.0232)
150 = pl* < 200 Gev V—i— 1.0000 +0.0265 (0.0083, 0.0251)
100 = pl* < 150 Gev S S 1.0000 +0.0284 (0.0064, 0.0276)
50 = ph < 100 Gev & 1.0000 £0.0306 (0.0045, 0.0303)
=0T Al U bins —— 1.0000 +0.0189 (0.0030, 0.0187)

0.95 1.00 1.05 1.10 1.15 1.20
(on x BR(H = pppp)) / (oy x BR(H = pppp)) sm
(b) CDR baseline of 100 TeV

FCC-hh Simulation (Delphes) - ;‘:ti'
at.
Vs =120TeV, 12 ab™! oyst

H~ZZ" - pjpp — sm

Total Stat. Syst.
pH = 500 GeV [PE= — 1.0000 £0.0358 (0.0313, 0.0174)
450 < pﬂu 2500 GeV{ F———————gpe————; 1.0000+0.0532 (0.0499, 0.0186)
400 = pl¥ <450 Gev{ F————g———— 1.0000+0.0446 (0.0403,0.0192)
350 < pEu <400 GeV ———— 1.0000+0.0377 (0.0320, 0.0198)
300 = pl* < 350 GeV [ — 1.0000 £0.0326 (0.0253, 0.0207)
250 = ph < 300 GeV |ei———{ 1.0000 +0.0293 (0.0197, 0.0217)
200 = ph < 250 Gev [ 1.0000 £0.0278 (0.0154, 0.0232)
150 = pl < 200 Gev ————i 1.0000 +0.0277 (0.0117, 0.0251)
100 < pEu <150 GeV [ S 1.0000 +0.0291 (0.0092, 0.0276)
50 SPE“ <100 GeV 1.0000 +£0.0310 (0.0066, 0.0303)
All o bins —— 1.0000 +0.0217 (0.0043, 0.0213)

0.95 1.00 1.05 1.10 1.15 1.20

(0 X BR(H = pppp)) / (01 x BR(H = i) sm

(d) F20 scenario with 120 TeV

Fig. A.3: Differential measurements of the signal strength p (ouxBH —
pppepe))/(oa x B(H — pppp))swm for different values of pp(H) and the different FCC-
hh operating scenarios, as derived from the H — ZZx — 4 analysis.
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