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Abstract We study the expected sensitivity to measure the
branching ratio of Higgs boson decays to invisible parti-
cles at a future circular e*e~collider (FCC-ee) in the pro-
cess ete”™ — HZ with Z — €10~ ({ = e or u) using
an integrated luminosity of 3.5ab~! at a center-of-mass
energy /s = 240 GeV. The impact of the energy spread
of the FCC-ee beam and of the resolution in the reconstruc-
tion of the leptons is discussed. The minimum branching
ratio for a 5o observation after 3.5ab~! of data taking is
1.74+0.1%(stat +syst). The branching ratio exclusion limit
at 95% CL is 0.63 + 0.22%((stat + syst)).

1 Introduction

The absence of any evidence for new physics at the LHC has
turned our description of the electroweak scale even more
puzzling. The discovery of the Higgs boson with a mass of
125 GeV by ATLAS and CMS [1,2] increased the urgency to
understand the hierarchy problem. The nature of dark mat-
ter, the origin of the baryon asymmetry in the Universe, the
understanding of the very small neutrino masses are big ques-
tions, still missing an answer. These answers cannot be found
within the Standard Model (SM).

Some of these open questions could be answered by a
new generation of particle colliders as the Future Circular
Colliders (FCC) [3], a set of proposals for a proton-proton,
ete™, and e-proton colliders to be hosted in a 100 km tunnel
in the CERN area.

We concentrate on the e e~ -collider option (FCC-ee) [4,
5] and we explore its sensitivity to the decay of the Higgs
boson to invisible particles. The basic design of the FCC-ee
consists in a top-up booster and separate e and e~ beams,
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allowing to reach very large luminosities. The present base-
line figure for FCC-ee luminosity[6] at /s = 240 GeV is
1 ab—! per year with two interaction points and the design
target figure is 3.5ab™! per year with four interaction points.

A coupling of the Higgs boson (H) to non SM invisible
particles is predicted in many extensions of the SM, as for
instance in Higgs-portal model [7] of Dark Matter (DM).
In this scenario, one could explain why DM particles were
not yet detected in underground experiments, while easily
accommodating the experimental picture emerging from the
Run-I LHC data.

At the FCC-ee, H bosons could be copiously produced in
association to Z bosons (see Fig. 1), operating the collider
above the m z+m py energy threshold, where mz and mp are
the Z and H boson masses. At /s = 240 GeV, the largest
contribution to the H production cross section is given by
Higgsstrahlung process ete™ — HZ whose cross section
at this energy is 201 fb, as estimated with PYTHIAS [8].

Invisible H decays result in a mono-Z signature, in which
a Z boson is detected in events with no visible particle bal-
ancing its momentum. These events can be identified recon-
structing the Z boson and searching for an excess at 125 GeV
in the distribution of the event missing mass, recoiling to the
reconstructed Z boson.

In the clean environment provided by the FCC-ee, one can
tag H Z events through any decay of the Z boson to visible
particles. In this study, we concentrate on Z — eTe™ and
Z — wtu~ final states . Given the expected good resolution
for muon and electron momentum measurements, these final
states are characterized by the narrowest possible peak in
the missing-mass distribution of signal events. We will show
that the sensitivity of this analysis depends on the momen-
tum resolution and on the beam energy spread giving useful
information for the design of the detector and of the acceler-
ator.
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Fig. 1 Feynman diagrams for the main production mechanisms for:
(top left) Z H signal production; (fop right) Zvv production; and (bot-
tom) ZZ and WW production

Within the SM H bosons can decay to invisible final states
through a ZZ* decay with Z*) — v9. The Branching Ratio
(BR) of the full decay chain H — ZZ* — 2v2vis~ 0.1%.
This figure is small compared to the sensitivity of the analysis
discussed in this paper.

The main SM backgrounds originate from the produc-
tion of boson pairs ete™ — WW(ZZ) — £T¢ vb with
the production mechanisms shown in Fig. 1, which have a
cross section times BR in leptons and neutrinos of 370 fb
and 36 fb respectively. ZZ production mimics the H — inv
Z — £7¢~ signal events when one Z decays to leptons
and the other to neutrinos. These events are characterized
by a peak in the missing mass distribution at the Z pole,
with a tail to larger values originating from initial state radi-
ation (ISR) of a photon close to the beam axis. Opposite
charge, same flavor leptons originating from independent W
decays in WW events may have an invariant mass close to
the Z pole and thus be miss-tagged as a real Z boson recoil-
ing against invisible particles. Due to the large WW cross
section, this background is not negligible. Additional pro-
cesses like ete™ — Zvv (see Fig. 1) are found to be negli-
gible [4], given the small cross section. Moreover, we verified
that events with radiative return to the Z peak are completely
rejected by the selection criteria discussed in Sect. 4, and that
we can safely neglect any sources of acoplanar leptons in y y
processes.

The mono-Z and other signatures have been already
explored at the LHC, resulting in an upper limit on the H
boson invisible branching ratio of 25% [9,10]. Interesting
constraints are derived on the DM-nucleon scattering cross
section in Higgs portal models. Assuming the total H width
to agree with the SM prediction, a more stringent bound on
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['iny can be put from a global analysis of the H couplings to
visible SM particles [11].

Sensitivity studies of the invisible Higgs boson branch-
ing ratio measurement at future e e~ colliders exploiting the
Higgsstrahlung process and the missing mass technique have
been performed in the context of the International Linear
Collider [12] , of a 50-70 km long circular electron positron
collider (CEPC) [13] proposed by the Chinese high energy
physics community and also in a first look at the physics case
of FCC-ee [4]. They [14,15] show that significantly better
sensitivity can be obtained using also the channel H Z with
Z decaying into hadrons in spite of the lower missing mass
resolution because of its larger statistics.

This paper is organized as follows: Sect.2 describes the
relevant physics process and the procedure to generate the
corresponding Monte Carlo (MC) samples; Sect. 3 discusses
the approximations used to incorporate in the analysis the
resolution and efficiency effects of a realistic detector sim-
ulation. The events selection and the analysis strategy and
results are described in Sects.4 and 5, respectively.

2 Event generation

Signal and background samples are produced using the
PYTHIAS [8] MC leading-order event generator. We gener-
ate WW, ZZ and H Z events in which the W and Z bosons are
forced to decay in leptonic channel (e, i and 7). No additional
generator-level filter is applied. The possibility of exploiting
Z — 171 decays to increase the signal yield is not investi-
gated, given the worse resolution for the missing-mass peak.
However this decay mode provides a further source of non-
peaking background, when the two 7 leptons decay to a pair
of same-flavor and opposite-sign electrons or muons.

H bosons are forced to a decay to a pair of neutralinos
)Z? with mass m, = 5 GeV. The use of this specific bench-
mark for invisible particle does not limit the generality of our
results, as long as the condition 2m, < my is fulfilled.

3 Detector simulation

One of the goals of this study is to define criteria to be used
in the design of a detector for FCC-ee. The comparison of
the sensitivities reachable at FCC-ee using detector concepts
with different resolutions gives useful information. In order
for this study to be performed in a realistic condition, the
beam-energy spread expected at the FCC-ee (0.17% on single
beam, 0.12% on the center of mass energy) is included when
simulating the e*e~collisions.

In this study detector effects are simulated using the
Delphes 3.2.0 [16] parametric simulation with different con-
ditions. As conservative design we have chosen the CMS
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detector parametrized with (cards provided with the software
distribution delphes_card_CMS.tcl S) and the relevant distri-
bution of the missing mass to the lepton pair is compared for
validation with a similar study [17] performed with full simu-
lation of this detector. As a more performing design, we have
used the parametrization (cards provided by the DELPHES
collaboration, based on [18]) of one the two ILC detector
designs, being aware that this is a crude approximation since
the linear collider environment differs in an significant way
from the circular collider one with implications on detec-
tor parameters like cooling which can increase the detector
mass.

The reference system used in this analysis has the origin
at the nominal collision point, the z axis along the electron
direction and the x axis toward the center of the collider. The
polar angle 6 is defined with respect to the z positive axis. The
projection of the momentum on the plane perpendicular to the
beams is pr and the pseudorapidity nis n = — In(tan(6/2)).

The major differences between the two detector parametriza-

tion are listed below:

e Solenoid:

— Magnetic field strength: Bz: 3.5 T at ILD, 3.8 T at
CMS.

— Tracking radius: 1.8 m at ILD, 1.29 m at CMS.

— Half length of field coverage: 2.4 m at ILD, 3.0 m at
CMS.

e Tracking efficiency:

— ILD: 99% for particles with pr > 100 MeV and
[n| < 2.4, including muons and electrons.

— CMS: 95% for particles with pr > 100 MeV and
|n] < 2.5, including muons and electrons.

e Muon momentum resolution:

- ILD: A—If = O.l%—l—mfﬁ for |n| < 1 and 10 times

higher for |n| up to 2.4.
— CMS: between 1% and 5%.

Electron energy resolution:

LAE _ _16.6%
- ILD: 4F = 22 + 1.1%.
- CMS: &£ = VEZ%0.0072 + E % 0.072 + 0352, E
in GeV.

Particle reconstruction efficiency:

— ILD: 99% for e, i and y with Pr > 10 GeV.
— CMS: 85%-95% for the same pr range.

When running the Delphes detector simulation, the Parti-
cle Flow (PF) reconstruction option is activated, which pro-
duces alist of reconstructed particles (electrons, muons, pho-
tons, charged hadrons and neutral hadrons), to which an event

selection is applied. More details on the Delphes implemen-
tation of the PF algorithm can be found in Ref. [16].

4 Event selection

Signal and background events are selected applying the fol-
lowing requirements to the PF particles returned by Delphes:

e Reject events with photons with p7 > 20 GeV.

e Exactly two opposite-charge muons or electrons with
pr > 10 GeV.

e At most one reconstructed photon with pr > 10 GeV,
which could be an ISR or FSR photon. If present, the pho-
ton is considered to be the FSR of one of the two leptons
ifitis closer thandR = /8n? + 8¢2 < 0.4 to the lepton.
Its momentum is added to the di-lepton four-momentum,
to reconstruct the Z candidate four-momentum.

Following Ref. [17], the following requirements are applied:

e Angle between leptons in the laboratory frame A6, >
100°.

e Acoplanarity angle 6,., > 10°. The acoplanarity angle
is defined as the angle between the plane containing the
lepton momenta and the beam axis,

e Transverse momentum of the lepton pair pITl > 10 GeV.

e Longitudinal momentum of the lepton pair plL’ < 50GeV.

The first and fourth requirements reduce the ZZ background
contribution, while the second and third reject events with a
radiative return to the Z pole . A dilepton pair surviving this
selection is considered as a Z candidate if its mass is found
to be within 4 GeV from m .

The full selection efficiency for the signal is 74%, while
for ZZ and WW backgrounds is 36 and 3% respectively.

5 Analysis strategy and results

The main signal-to-background discriminating power comes
from the knowledge of the four-momenta of the colliding lep-
tons. This information is used to compute the four momen-
tum of the missing particles in the event, by difference. When
all missing particles in an event come from the decay of a
mother particle, the invariant mass computed from the miss-
ing four momentum resonates at the value of the mother-
particle mass.
We compute the event missing mass as:

Muiss =\ (/5 — E2)? = Ip2 (1)

@ Springer
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Missing Mass in Z— I'l tagged events (MZ+/- 4 GeV)
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Fig. 2 Missing mass distribution from simulation with BR(H —
inv) = 100% and the selection requirements described in the text

where (Ez, pz) is the four-momentum of the Z boson can-
didate, computed from the sum of the four-momenta of the
dilepton pair and, when found, an FSR photon. /s is the
nominal collision energy.

Figure 2 shows the missing mass distribution where a
branching ratio BR(H — inv) = 100% has been assumed
for illustration purposes. One notices the peaking ZZ back-
ground with a tail extending in the signal region and the
non peaking WW background. This figure has been drawn
assuming an integrated luminosity of 0.5 ab~! for direct com-
parison with Figure 6a of Ref. [17] done for the same channel
with full simulation of the CMS detector. A good agreement
is found on the width of the H and Z peaks validating the
Delphes simulation of this simple channel.

The H — inv signal is extracted from a template fit to
the Mp;ss distribution, using as templates the distributions of
the individual processes, derived from MC.

In an analysis with real data, control samples will be used
to validate the agreement between data and MC and/or derive
the template distributions. ZZ — 4¢ and WW — ev.uvy,
events provide control samples to study the ZZ and WW
backgrounds. In this work, we don’t attempt to simulate
the precision that these control-sample studies could reach.
Instead, we assume that the uncertainty on the template dis-
tributions could be reduced to a negligible level, by using a
combination of data control samples and accurate MC sim-
ulation.

The analysis performances are quantified generating
pseudo datasets with a total yield distributed around the
expected yield. The randomization of the total yield is done
assuming a Poisson distribution for the total event count-
ing. By running the template fit on each pseudo-experiment,
a determination of BR(H — inv) and the corresponding
uncertainties are derived. The exercise is performed as a
function of the true value assumed for BR(H — inv) in
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generation. In particular, fixing BR(H — inv) = 0 in gen-
eration, a distribution is derived for the 95% upper limit on
the H invisible branching ratio.

The sensitivity of a given experimental scenario is evalu-
ated quantifying the minimum discoverable BR(H — inv)
and the corresponding maximum excludable value. For dis-
covery and exclusion we use a reference 5o significance and
95% probability, respectively.

The minimum discoverable BR(H — inv) is quantified
using a set of signal+background pseudo experiments, with
a progressive increase of the amount of signal injected at a
fixed background amount. Each sample is fit under the sig-
nal+background hypothesis, and the likelihood ratio between
the best-fit signal and the no-signal hypothesis is used to
quantify the significance:

/ L
o= —2log£jb.
s

In the equation, £}, is the maximum likelihood value for
a background only fit while £, is the corresponding value
for the signal+background hypothesis. Varying the injected
BR(H — inv), we find the lowest BR value correspond-
ing to a 5o significance, as shown in the top plot of Fig. 3.
A Gaussian assumption for the shape of the likelihood is
intrinsic in this quantification of the significance. We veri-
fied a posteriori that such an assumption fairly describes the
likelihood distribution for our pseudo experiments.

To evaluate the BR limit at 95% CL, a background-only
pseudo experiment is fit many times, for different assumed
values of signal yield N;. The profile likelihood function of
Nj is derived from these fits, as shown in Fig. 4. An upper
limit N on N; is computed with a Bayesian procedure, inte-
grating the product function.

Ny
L(s + b|Ng)dNs = 0.95.
0

The value of N is translated into an upper limit on the
BR normalizing it to the expected number of produced H
bosons:

Ny

B Ros%1imit = P

where € is the selection efficiency (including the Z — €4
branching fractions) and L is the integrated luminosity.

5.1 Results

We evaluate the expected FCC-ee sensitivity to BR(H —
inv) assuming the ILD-like detector performances. ILD-like
combines excellent tracking capabilities to a finely-grained
calorimetry, which makes it a perfect detector for a PF-based
reconstruction strategy. The ILD-like performances are com-
pared to those obtained assuming a CMS-like detector. The
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Fig. 3 Top discovery significance as a function of the BR(H — inv),
derived from template fits to pseudo experiments. The line corre-
sponds to the minimum BR value necessary for a So-significance
discovery. Middle and bottom example of a signal+background (mid-
dle) and a background-only (bottom) fit for a pseudo data set with
BR(H — inv) = 20%. The output of these two fits is used to evaluate

the significance

CMS-like card set is optimized for hadronic collisions and
in particular for a lepton identification designed to suppress
the background from fake lepton candidates from QCD mul-
tijet events. If tuned on the topology considered in this work,
the lepton identification of the CMS-like detector could be
modified increasing the reconstruction efficiency.
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Fig. 4 Top Example of background only toy data set fitted with a
pdf signal+background for different values of Ny parameter. Bottom
A zoom in the My & my region, where the disagreement between
the pseudo-data distribution and the signal+background fit increases
with the increasing assumed value for Ny

We assume an integrated luminosity of 3.5ab~!. The
M pss distribution is shown in Fig. 5. As expected from the
higher resolution and efficiency features, the ILD-like distri-
bution is characterized by ~ 26% higher efficiency and a nar-
rower peak, both for the H Z signal and the Z Z background.
A more accurate comparison between CMS-like and ILD-
like detection for this analysis can be found in Appendix A.

The results for our pseudo-experiment analysis gives

BRjin9sae@ILD = 0.63 & (0.22) 54 %

@ Springer
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Fig. 5 Missing mass distribution fora H — inv 100% branching ratio
and standard cuts. ILD-like detector was used for this simulation and a
luminosity of 3.5ab~! assumed

BRs,@ILD = 1.7 + (0.1)5;0:%

for the ILD-like detector. Given the high resolution expected
for ILD-like, a bin size of 200 MeV has been assumed for the
template fit. The systematic uncertainty related to the binning
of the templates and the measured energy scale is evaluated
varying the bin width by £50 MeV and shifting the bin centre
up and down by half a bin width. It is found to be negligible.
For comparison, the corresponding results for a CMS-like
detector and using the same integrated luminosity are:

BR}im9sa @CMS = 0.92 £ (0.32)570:%

BR5s; @QCMS =2.5+£(0.2)514:%.

These limits on BR(H — inv) are at least an order of
magnitude better than the projected precision reachable with
the completion of HL-LHC (see Table 2 in [19]). They can be
compared directly to ILC sensitivity discussed in [14] where
the analysis performed considering only the decay channels
Z — ete” and Z — pTu~ excludes at 95% a branching
fraction BR(H — inv) of 3.5% using 250 fb~—! at 240 GeV.

5.2 Expected sensitivity to Higgs Portal models of Dark
Matter

Under the assumption of SM production cross section, exper-
imental upper limit on the H —inv branching fraction can
be used to set a limit on DM-nucleon scattering cross sec-
tion. This allows to compare the FCC-ee sensitivity to that
of direct-detection experiments underground [20-29], lim-
ited to the specific framework of the Higgs portal model, in
which DM particles couple to SM particles only through a
H exchange.
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The value of BR(H — inv) is related to the I'j,,, by the
relation

1_‘Inv
1—‘SM + 1-‘Inv

where I'spy = 4.07 MeV. Assuming that the DM candi-
date has a mass M, < mpy/2, a value for I'j,, can be
directly translated into a value for the spin-independent DM-
nucleon elastic cross section, according to the following rela-
tion (see [30]):

BRipy =

SI AT 1y mi}fpz]
oy == ; )
my v B (My +mn)

where a scalar (S) DM candidate is assumed (a vector or
fermionic case have also been considered but the scalar case is
the only one derived from a Lagrangian fully renormalizable,
see again [30]). In Eq. 2, mny = 0.939 GeV is the average
nucleon mass, v2v = 246 GeV is the H vacuum expec-

/1 —4M2/my?. The quantity fx
parameterizes the Higgs-nucleon coupling. The nominal val-
ues fn = 0.326 is taken from lattice calculations [31], while
the range found for fy by the MILC Collaboration [32],
0.260 < fy < 0.629, is used to estimate a corresponding
uncertainty range.

Following this procedure, the upper limit on BR(H —
inv) discussed in Sect. 5.1 is translated into a bound on the
DM-nucleon cross section. An improvements of about two
orders of magnitude is expected with respect to the current
bounds from H — inv searches at the LHC [9,10], with
3.5ab~! of FCC-ee run.

Figure 6 shows the comparison of the bound on the DM-
nucleon cross section obtained with 3.5ab~! of FCC-ee run
with the reach of planned direct detection experiments, such
as XENONNT (the upgrade of XENONIT), LZ and DAR-
WIN, which has been elaborated from [33]. Note that in the
comparison we adopt confidence limits of 90% as done by
the other experiments. The FCC-ee sensitivity would remain
competitive for DM masses smaller than 10 GeV.

tation value and f =

6 Summary

Assuming an integrated luminosity of 3.5ab~! for FCC-ee
at /s = 240 GeV with an ILD-like and a CMS-like detector,
we evaluate the discovery and exclusion reach for invisible
decays of the Higgs boson, using the process ete™ — HZ,
and considering only the decay channels Z — e*e™ and
Z — wtu~. The analysis is based on a template fit, in
which the signal and background distributions are assumed
to be well known from accurate detector simulations and
studies of data control samples. The results are summarized
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Fig. 6 Bounds on DM—nucleon cross section limits that can be set
after 3.5ab~! of data acquisition at FCC-ee with an ILD-like detector
compared to the projection of underground direct detection experiments

Table1 Discovery and exclusionreach for invisible decays of the Higgs
boson for 3.5ab~! of data acquisition at FCC-ee, using the process
ete”™ — HZ, and considering only the decay channels Z — ete
and Z — putp~

B Ros5%1imit BRss
CMS-like 0.92 +0.32% 2.5+0.2%
ILD-like 0.63 +£0.22% 1.7+0.1%

in Table 1. It is worth mentioning that it is possible to improve
these results by including hadronic Z decays in the analysis.

The limits of Table 1 are translated into the expected bound
on DM-nucleon cross section within the framework of Higgs-
portal models. The FCC-ee sensitivity projects to an improve-
ment by two orders of magnitude with respect to the LHC
bounds currently available and remains competitive with the
reach of planned direct detection experiments for DM masses
smaller than about 10 GeV.
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Appendix A: Comparison between CMS-like and
ILD-like designs

The numerical results shown in Sect. 5 shows that an ILD-like
detector design allows to improve by ~ 50% the results of a
CMS-like detector. This improvement has two causes: (i) the
better tracking resolution reduces the width of the My Sig-
nal peak; (ii) the ILD-like reconstruction benefits of a larger
efficiency for the lepton reconstruction and identification.

In this appendix, we discuss briefly the impact of the track-
ing resolution on the Mp;gs signal distribution. In an ideal
situation, one would push for the best possible tracking res-
olution. On the other hand, in final states like the one consid-
ered in this study the experimental resolution also depends on
the knowledge of the collision energy. At a high-luminosity
e*e~collider, beam-beam interactions introduce an energy
spread which randomizes the electron and positron momenta.
The typical spread is quite small (0.2%) and when computing
the missing mass with a CMS-like detector this effect is not
visible in the missing mass resolution. However, the energy
spread becomes a limiting factor if one pushes the tracking
resolution at the high-precision expected for the ILD-like
design.

To show the interplay between tracking resolution and
energy spread, we compare in Fig. 7 the My distribu-
tion in three scenarios: (i) an ILD-like detector taking data
at an ete collider with no energy spread; (ii) the same
ILD-like detector taking data at the FCC-ee, collider with
energy spread 0.17% per beam, resulting in 0.12% on the

Simulated missing mass normalized distribution in HZ and Z—
I' tagged events (M_+/- 4 GeV)

0.08
0.07
0.06
0.05
0.04
0.03
0.02
0.01

3.5ab" BR, . ~100% == ILD no BES, HWHM = 100 MeV

ILD, HWHM = 500 MeV

{5-240Gev, A5 - 0.12%
s : CMS, HWHM = 2.18 GeV

Events / 0.05 GeV

(AL A AN R AN RS EARAH L

e

0
120 122 124 126 128 130
Missing Mass [GeV]

Fig. 7 Muy;ss distribution for different configurations of tracking res-
olution and beam energy spread: (1) an ILD-like detector taking data
at an ideal e e~ collider with no energy spread; (2) the same ILD-like
detector taking data at the FCC-ee, collider with beam energy spread
0.17%, hence 0.12% on the total energy; a CMS-like detector, taking
data at the FCC-ee
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total energy; a CMS-like detector, taking data at the FCC-ee
including the energy spread. As the figure shows, introduc-
ing the energy spread in the simulation deteriorates substan-
tially the resolution of the Mp;ss signal peak of an ILD-like
detector, as the FWHM of the peak increases from 100 MeV
without energy spread to 500 MeV with the baseline spread.
The FWHM of the peak is roughly linear with the energy

sp

read for a change of +50% with respect to the baseline

value.
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