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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, the sub-percent level precision on the Higgs couplings in the H — upu
H — ~v and H — Z~ with CDR baseline FCC-hh scenario are 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. Completion of this update
by expanding the newly defined, more sensitive analysis strategy also to the H —
and H — Zv channels as well as studying the complete set of alternative FCC-hh
running scenarios detailed in Ref. [6] 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 [7] with NNPDF3.0NLO [8]. Pythia8 [9] 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 [10].

For the Higgs boson signal, its leading production modes of gluon-gluon fusion
(9gH ), vectorboson fusion (VBF H ), top-quark pair associated production (¢tH) 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 [11] 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 pu 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
decay products in the range of 50 < miznor 4, <200 GeV at generator level, in order to
increase MC statistics in the phase space region of interest for the analysis. The LO uu
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. [12].
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 1 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 1: Overview of total signal and background
cross-sections at different center of mass energies. The
background cross-section refer to the fiducial region,
with 50 < m5°", < 200 GeV.

o or dpu

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 [13], 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. [14], while Ref. [13] 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 considered 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 [15, 16]
is employed. In particular, the samples used here are in EDM4HEP format [17]. The
complete list of generated samples can be found in Ref. [18]. The samples are further
processed with the FCCANALYSES framework [19], implementing the selection of final
state objects and events based on the criteria outlined in Table 2.



H — pp H— ZZ+x — 4pu
pr(p1) > 20 GeV

Muon transverse pr(p1) > 20 GeV pr(p2) > 10 GeV
momenta pr(p2) > 20 GeV pr(png) > 7 GeV
pr(pns) > 5 GeV
Muon pseudorapidity [n(p) < 4 [n(p) < 4
Muon isolation rel. Iso. (1) < 0.2 rel. Iso. (p) < 0.2
Z decay 40 < my, (leading pair) < 120 GeV
candidates - 12 < my, (subleading pair) < 120 GeV

Table 2: Summary of object and event selection criteria per analysis.

4 Analysis strategy and systematic uncertainties

The selected events are further split into different bins of the transverse momentum
of the Higgs candidate, p4* and p4T“ for the H — pp and H — ZZx — 4y analysis
respectively.

Figure 1 shows the resulting distributions for the H — pp analysis, and Figure 2
those of the H — ZZx — 4y analysis.

In each bin, a systematic uncertainty to account for the muon reconstruction effi-
ciencies is determined from the parametrization first introduced in Ref. [5] and applied
to the signals. The corresponding relative uncertainty value per muon is taken from
this parametrization depending on its transverse momentum, and an overall scalefac-
tor for the event is defined as the multiplication of the individual muon uncertainties.
A normalisation uncertainty, averaging across all events in the bin, is then determined
from reweighting the invariant mass distributions in each bin with scalefactor and
comparing to the nominal case. Figure ?? shows the value of this muon reconstruction
efficiency systematic per bin for each analysis. In the template fit, this uncertainty
is described by a single nuisance parameter, therefore correlating the measurements
across the pp bins as well as between the H — pyu and H — ZZx — 4p  analysis.
Additionally, a flat uncertainty of 1% on the luminosity measurement is assumed in
the standalone H — pp and H — ZZ+ — 4u results, is applied on the signals. In
the ratio of H — pp over H — ZZx — 4y this uncertainty fully cancels.

As the background normalisation can be determined from the data sidebands with
high precision, no further uncertainties on the background processes are assumed.
Instead, a free floating normalisation factor for each background is used in the fit.
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Fig. 1: H — pp analysis: Distributions of m,,,, for the Higgs signals (red) and the
ppt continuum background (blue), in the different bins of pi*.
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Fig. 2: H — ZZ% — 4y analysis: Distributions of my, for the Higgs signals (red)
and the 4¢ continuum background (blue), in the different bins of p4T“ .
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Fig. 3: Evolution of the ppr-dependent muon reconstruction uncertainty in the bins
on the Higgs candidate transverse momentum. Only the "up” variation is shown, the
uncertainty is assumed to be symmetric.

5 Results

Figure 4 shows the differential measurements of the ratio B(H — up)/B(H — pppp)
for different values of pp(H) for the new baseline scenario of 84 TeV, and the CDR
baseline scenario of 100 TeV. Since the analysis is systematically dominated, the loss
of precision from the simultaneous fit across all bins at the lower center of mass energy
is insignificant.
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Fig. 4: Differential measurements of the ratio B(H — uu)/B(H — pppp) for different
values of pr(H) and the different operating scenarios.
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