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ABSTRACT: The Future Circular hadron Collider (FCC-hh) is a proposed successor of the
Large Hadron Collider (LHC). FCC-hh would push both the energy and intensity frontiers
of searches for new physics particles. In particular, due to higher energy and luminosity
than at the LHC, at FCC-hh there would be produced around =~ 30 times larger amount
of B mesons and ~ 120 times of W bosons, which then may decay into feebly interacting
particles. In this paper we demonstrate the potential of FCC-hh by studying its sensitivity
to heavy neutral leptons (HNLs) with masses my < mp. We consider various locations
of a displaced decay volume embedded in the planned infrastructure of FCC-hh. We
demonstrate that FCC-hh may substantially improve the reach of the parameter space of
HNLs as compared to the searches proposed at the LHC.
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1 Introduction

The Standard Model (SM) of particle physics is extremely successful in describing accel-
erator data. However, it fails to explain several phenomena: neutrino oscillations, dark
matter, and baryon asymmetry of the Universe. One way to resolve the incompleteness
of the SM is to extend it by adding renormalizable interaction operators with SM par-
ticles and new feebly interacting particles. These hypothetical particles may explain the
phenomena by themselves, or instead serve as a “portal” to the dark sector [1].

Among the portals, an attractive option is heavy neutral leptons (HNLs) — hypothet-
ical fermion particles coupled to the Higgs doublet H and the left-chiral SM lepton doublet
Ly, a = e, u, 7 (see [2] and references therein):

LuNL = Fa[EQgN[ + h.c., (11)

where Ny, I =1,2,... is an HNL, H is the Higgs doublet in the conjugated representation,
and F,; are complex couplings. Phenomenologically, the HNL is a heavy neutrino, whose
mass mixing with active neutrino gives rise to the weak interaction with the coupling
suppressed by the mixing angle U,,.

HNLs themselves may be responsible for the resolution of all the mentioned prob-
lems beyond the SM. In particular, within the scope of neutrino Minimal Standard Model
(vMSM), which adds three HNLs, one with mass in keV range and large lifetime 7y >
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Figure 1. Constraints on heavy neutral leptons which interact solely with v,. The domain of
currently unexplored parameters lies between the regions excluded by past experiments (see [2, 14]
for references), big bang nucleosynthesis [19, 20], and the region in which couplings of HNLs are
too small to generate SM neutrino masses (defined by the seesaw bound). The brown domain
indicates the couplings for which HNLs are not able to explain the neutrino oscillations data. The
colored curves denote the sensitivity of future proposed experiments, including LHC, LHC-based
and extracted beam lines experiments (see references in text), and FCC-ee [14].

tUniverse, and two quasi-degenerate heavier HNLs, it is possible to resolve all the three phe-
nomena simultaneously (see [3, 4]). The requirement to solve the problems beyond the SM
does not fix the HNL mass scale; it may vary from O(MeV) to 10 GeV (see [2, 5-7] and
references therein).

HNLs with masses my < myz may be copiously produced in decays of heavy bosons Z
and W, and searched for at the LHC by their decays into charged particles. Such searches
are currently running [8, 9], with being significantly improved during the High-Luminosity
phase of the LHC (see, e.g., [10]). Future leptonic colliders, such as FCC-ee [11, 12] and
CEPC [13], that would operate in the regime of Z resonance (y/s = my), may further
explore the probed parameter space [14], (see [15-18] for the discussion of other type of
searches).

For large masses my ~ 30— 60 GeV, the reach of FCC-ee is close to the seesaw bound,
below which in models with HNLs it is not possible to generate neutrino masses. However,
the sensitivity quickly drops with the decrease of the HNL mass, which is because of the
scaling of the number of events Nevents X Nz X Pgecay, Where the probability to decay inside
the detector volume scales as Pyecay < I'y o< m?VUg, see figure 1.

One of the ways to improve the sensitivity would be to increase the flux of mother
particles producing HNLs. During the last decade, a class of such experiments has been
proposed to probe the parameter space my < mp ~ 5 GeV. These experiments would use
~ 3 orders of magnitude larger flux of mesons B, D to produce HNLs. The (incomplete) list
includes SHiP [21], SHADOWS [22] FASER (23, 24], MATHUSLA [25, 26], FACET [27],



CODEX-b [28], ANUBIS [29, 30], AL3X [31]. One of the strongest potential to probe
HNLs with the mixing angles close to the seesaw bound has SHiP. With its reach in the
signal [32] and absence of background (see [32] and references therein), SHiP is a perfect
experiment for the next 10-15 years.

The next step to further explore the parameter space of HNLs would be to search for
them at the proposed future hadronic collider FCC-hh [34]. FCC-hh would collide protons
at the energy /s = 100 TeV with ~ 6 times larger intensity than at the LHC. Thanks to
these factors, in particular, the amount of produced B mesons at FCC-hh will be around
30 times larger that at the LHC. So far, however, the sensitivity of FCC-hh to HNLs from
B mesons has not been studied in the literature, see [2, 18, 33].

In this paper, we study the sensitivity of FCC-hh to HNLs by considering additional
detectors, similar to the proposals of the LHC-based experiments. In order to keep costs
of these experiments minimal, we focus on the locations within the infrastructure planned
for the FCC.

The paper is organized as follows. In section 2, we overview the FCC-hh facility. In
section 3, we discuss various locations of the experiments at FCC-hh. In section 4, we study
their potential to search for HNLs and compare it with the reach of SHiP by performing
analytic estimates and accurate numerical calculations, and make costs estimate for the
experiments having the best potential.

2 FCC-hh

The Future Circular Collider (FCC) will be located at Geneva lake basin and linked to the
existing CERN facilities. It has two stages: the electron-positron collider FCC-ee, and the
proton-proton collider FCC-hh, with the circumference of around 100 km. The work on
the tunnel construction is planned to start around 2030, the first FCC-ee collisions would
be around 2040, while FCC-hh would be launched around 2065-2070.

FCC-hh will continue the scientific program of the LHC. It would operate at the
collision energy /s = 100 TeV, accumulating the total luminosity £ = 20 ab™!. The
layout of FCC-hh is shown in figure 2. Similarly to the case of the LHC, there are two
high-luminosity interaction points PA and PG, and two low-luminosity points PB and PL.
Due to larger boosts of particles at FCC-hh compared to the LHC, the main detectors must
cover the domain of larger 1 (as compared to |n| < 2.5 at the LHC). The reference detector
(see figure 3) has a diameter of 20 m and length of 50 m. It has the central and forward
parts. The central part covers |n| < 2.5 and houses tracking, EM and hadronic calorimetry
inside a 4T solenoid. The forward part is displaced from the collision point along the
beam axis. It has two forward magnets, resulting in 32 m length of solenoid volume for
high-precision momentum spectroscopy up to || < 4 and tracking up to |n| < 6.

3 Experiments at FCC-hh

In this section, we consider possible FCC-based counterparts of the LHC-based experi-
ments. Since we are interested in as low cost spending as possible, the priority will be given
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Figure 2. The conceptual layout of FCC-hh. PB, PL denote the proton beams injection points
combined with secondary experiments. PA, PG denote the main experiments. PD denotes the
beam extraction point. The figure is taken from [34].
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Figure 3. The longitudinal cross section of the FCC-hh reference detector at one of two main
experiments. The figure is taken from [34].



Exp.QFCC Decay volume dimensions Oaa
FACET Annulus, 101 < z< 119 m, 7, =20 cm, royy=1m | (1.6, 10) mrad
ANUBIS Cylinder, 5<2<23 m, R=9 m,h=56 m (0.8, /2) rad

FCC-hh Mid-n; | Annulus, 0<|2| <33 m, 7y =10 m, 7out =15 m | (0.42, 7/2) rad
FCC-hh Mid-n2 | Annulus, 12<|2| <33 m, iy =5 m, 7oyt =15 m | (0.15, 0.42) rad
MATHUSLA Box, 120 <y < 170 m, = x z =200 x 200 m? (0.44, 0.88) rad

Table 1. Parameters of FCC-hh-based experiments considered in this paper.

to the experiments utilizing the infrastructure planned to construct FCC-hh. We will con-
sider the analogs of FACET and ANUBIS experiments, with modifications caused by differ-
ent geometry of the infrastructure of FCC-hh. In addition, we discuss an experiment which
may be installed in the free space inside the experimental cavern around the main FCC-hh
detector. Finally, for illustrative purposes, we also consider a MATHUSLA-like experiment.

Throughout the paper, we do not study technical aspects of the detectors and, there-
fore, are only interested in the geometry of the detectors and the corresponding decay
volumes. The parameters of the detectors are summarized in table 1.

3.1 FACETQFCC

FACET is a proposed subsystem of the CMS experiment dedicated to search for FIPs.
The concept of the experiment is to replace a section of the beam pipe downstream the
interaction point with a larger pipe playing the role of the decay volume, see figure 4. The
section is followed by a 8 m long set of detectors surrounding the beam pipe and covering
the angular range 6 € (1,4) mrad. The decay volume is lgq = 18 m long, locating from
z =101 to z = 119 m. FACET benefits from longer decay volume and closer location as
compared to the far-forward experiments (e.g. FASER/FASER2 [23, 24]), providing larger
solid angle coverage.

We consider a possible modification of the FACET experiment for the FCC-hh —
FACETQFCC. The flux of B mesons produced at FCC-hh is concentrated in the forward
direction and, therefore, a forward detector may be suitable for search for FIPs produces
in decays of B mesons. On the other hand, forward particles carry large momentum, which
suppresses their decay probability Piecay = lfd/ldecay X 1/7 by the v factor, with lgecay
being the decay length of HNLs.

We assume that the inner radius of the decay volume is 20 cm in order to envelop the
beam pipes. The outer radius is taken to be 1 m, and we assume the detector location to
be the same as for FACET, i.e. z = (101,119) m.

3.2 ANUBISQFCC

The ANUBIS experiment is a proposal to use the shafts near the ATLAS experiment to
host a detector to search for FIPs [29]. Exploiting the existing infrastructure allows to
have good detector performance at a moderate cost of the whole experiment.
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Figure 4. Left: layout of the FACET detector at LHC from [27]. A section of the proton beam pipe
is replaced with a larger pipe followed by detectors. Right: cross section of the FCC tunnel [34]. All
distances are in mm. The minimal radius of the FACET decay volume is about 20 c¢m, to account
for the beam pipes.

The detector has the form of a cylinder shown in figure 5. Four detector plates of
approximately circular shape with 9 m radius are to be installed in the PX14 shaft at equal
distances. In the vertical direction, the detector is located at 24m < y < 80m, with the
axis of the cylinder being displaced by 14 m in the direction along the beam line. Although
the distribution of FIPs at the large angles 8 ~ 1 rad covered by the detector is suppressed
compared to the forward direction. Nevertheless, it covers much larger solid angle, which
may partially compensate for this suppression. In addition, at the lower bound, the decay
probability at ANUBIS may be much higher comparable to forward experiments because
of the smaller gamma factor and hence increased decay probability of the FIPs.

To estimate the reach of a similar detector installed at FCC-hh, we assume the same
geometry for ANUBISQFCC.

3.3 MATHUSLAQFCC

MATHUSLA [26, 35] is a 100 x 100 m? box of 25 m height, which is to be located at the
surface near the CMS detector. The geometry of the experiment and the top view are shown
in figure 6. The PA interaction point of FCC-hh is planned to be 150 m underground and
have a surface site with the size from 6 to 9 hectares [34]. To account for larger displacement
and possible improvement of the detector, we consider a simplified setup with the same
geometry as shown in figure 6 but with all the distances doubled.

3.4 Mid-n

The experimental cavern at the FCC-hh interaction point has dimensions 66 x 35 x 35 m3.
The design of the reference detector shown in figure 3 leaves free space inside the cavern,
which may be used to host a detector with large angular coverage, such as HECATE [16].
The decay signature is a displaced vertex inside the decay volume, while the main detector
acts as a veto for the SM particles. We propose two options for a new experiment:
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Figure 7. Schematic picture of the geometry of the mid-n experiments. The red and green boxes
are the decay volumes, while the thick parts represent the detectors. Only the z > 0 region is shown.

1. Mid-n;: an annulus with the inner and outer radii 10 and 15 m, occupying —33 m <
z < 33 m and having detector systems at the outer side. This design covers a large
solid angle and covers domain of small 7, || < 1.5.

2. Mid-n2: two mirrored annuli at 12 m < |z| < 33 m with the inner 5 m and outer 15
m radii. The detector system is located at the base, in the = — y plane at |z| = 33 m.
In this case, the detector covers larger 1.5 < |n| < 2.6, which allows to have many
FIPs even with the smaller solid angle. At the same time, this also implies a larger
flux of the SM particles and hence potentially larger background.

The signal would be the presence of at least two charged tracks that point to a vertex
appearing inside the decay volume. We assume the minimal detector configuration allowing
to reconstruct vertex with high accuracy without measuring kinematics such as invariant
mass and momentum. As for the detector technology, we consider the Resistive Plate
Chamber (RPC), and in particular the BIS78 RPCs installed at ATLAS in 2020 [36],
which has also been considered in the ANUBIS proposal [29]. The tracking stations consist
of two layers of tracking detectors separated by 1 m, and have spatial resolution dz < 1 mm,
which translates into the angular resolution of order dav < 0.01 rad, while timing resolution
0t < 0.4ns may substantially reduce background. With the total cost of a tracking detector
3.1k€/m? and the full detector areas, we estimate the cost of the mid-n; detector as 20 M€
and mid-n, as 4 M€.

4 Comparison of different locations

4.1 Signal yield
4.1.1 Analytic estimates

To make simple estimates of the reaches of the experiments, we follow [37]. At the lower
bound of the reach, the decay length of a FIP is much larger than the scale of the experiment



Exp.@QFCC 9| epeom, B | 28 | egeom -l 22 | lum | fpRL 4yl
FACET 18 0.08 150 0.01 1.8 101
ANUBIS ~30 | 0001 | 1.1 0.03 0.08 ~ 24

FCC-hh Mid-n; | =5 | 0.16 | 1.4 > 0.5 0.2 10
FCC-hh Mid-; | ~20 | 017 | 3.3 0.9 0.3 13
MATHUSLA | ~70 | 0.007 | 1.6 0.3 0.015 160
MATHUSLAGCMS | 35 | 001 | 1.7 0.2 0.03 80

Table 2. Values of the experiment-dependent parameters in eq. (4.1): the average length of the
decay volume lgq; the geometric acceptance €geom — the fraction of B mesons flying in the direction
of detector; the mean momentum of B mesons ppg; the product of these parameters determining
the number of events in the regime of small lifetimes ¢y > lnin + laq (larger is better); the
characteristic minimal distance from the collision point to the beginning of the decay volume Iy ;
the ratio (pp)/lmin determining the sensitiivity in the regime of large lifetimes c¢my < lnin + lad
(larger is better).

lgecay > lgqa. This allows to find the approximate number of signal events by using

my  lfd
Nevents = U* x Np x Brya_y (B — N) X €geom X ——

PN CTr2—1

X €det (4.1)

where Ng = 1.5-10'7 is the total number of B mesons at FCC-hh with 20 ab~! integrated
luminosity, 7721 = U?-79 with 79 being the HNL lifetime at rest, lgq is the typical length of
HNLs paths inside the decay volume, py is the average HNL momentum, and Bry2_, (B —
N) =3 f,xBr(X — N)/U? is the weighted branching fraction over the meson species
with the corresponding values f,_,go p- = 0.324, f, ,p, = 0.088, f.p, = 2.6 1073, The
geometric acceptance €geom is the fraction of HNLs whose trajectories lie within the solid
angle covered by the detector plates. The detection efficiency e4et accounts for signal recon-
struction efficiency and background suppression. For an estimate, we assume eqe; = 100%.

For simplicity, we approximate the parameters entering eq. (4.1) by parameters of B
mesons, which is a reasonable approximation for heavy HNLs with my ~ mp. We use
the distribution of B mesons at FCC-hh from [38] to compute the averaged values for the
experiment-dependent quantities appearing in eq. (4.1), which are given in table 2.

From the table, we see that the mid-n experiments have the strongest potential. Given
the ratio N rcconn/Np Luc =~ 30, the number of events at the mid-n experiments exceeds
the number of events at MATHUSLAQCMS by a factor of 100, which results in an order
of magnitude improvement in the sensitivity at the lower bound.

Compared to these experiments, FACET@QFCC has similar €geom but much higher ~
factor. The last feature may improve or worsen the sensitivity, depending on the decay
length lqecay = 7. In the regime of large lifetimes, when c7 becomes already comparable to
the spatial scale of the experiment, the number of events behaves as Ngyents o l;elcay ox vl
This means that FACETQFCC would have worse sensitivity than mid-n experiments to



very long-lived particles. On the other hand, if the lifetime c¢7 is smaller than the distance
Imin from the production point to the beginning of the decay volume, one needs large ~
factor for the decay length to be comparable with I,,,;,; otherwise, the particle would decay
before reaching the decay volume. The sensitivity of the experiment in this regime improves
with the increasing of the ratio v/lmin [37], which is the largest for FACETQFCC (see
table 2). Therefore, as we will see from the final results, FACET@QFCC would have the best
sensitivity among the proposed experiments to short-lived particles (figure 8). In addition,
unlike the other proposals, FACET is an on-axis experiment, which means that it should
have an excellent sensitivity to particles whose production is limited by small polar angles;
examples of such models are e.g. dark photon and ALP with the photon coupling [39].

ANUBIS has mean « factor comparable to MATHUSLA and mid-n, but very small ge-
ometric acceptance. The sensitivities of ANUBISQFCC and FACETQFCC are comparable
to MATHUSLAQCMS, for which the reduction in Npg is compensated by the geometry of
the experiment. Finally, MATHUSLAQFCC is competitive with the mid-n experiments in
the number of events, might have potentially lower background due to the rock shielding,
but be very expensive in construction.

4.1.2 Numeric calculations

To extend the analytic estimates made in section 4 by adding the contribution from decays
of D mesons and W bosons, estimating the upper bound, and the maximal probed mass,
we calculate the sensitivity numerically. The number of events is

Nevents ~ Z Nx BI'(X — N) X /d@NledEN
X=B,W,D

X) e~ IN/eTNIN

X fe(]\hENW : 6azimuthal(lNa GN) : 6decay(lN7 9N> 7N) ’ BI"(N - ViS) (4'2)

Here, fﬁ(i,)EN is the distribution function of HNLs produced by decays of X. [y is the
modulus of the path traveled by the HNL from the production point. €uimuthal({n, On) is the
azimuthal acceptance — the fraction of the azimuthal angle at the given HNL decay point
(parametrized by 6y, ) for which the HNL points to the detector plates. Br(N — vis) is
the branching ratio of decays of HNLs into at least two charged particles. €qecay is the decay
acceptance — the fraction of decay products of an HNL with energy En and decaying at
point Oy, [y (within the azimuthal acceptance), which point to the detector plates.

We use the distributions of B mesons and D mesons at the LHC from FONLL [40-43],
while W bosons at the LHC and particles at FCC-hh from [38], which used PyTHIAS.!
For the total numbers of B, D mesons at the LHC, we use the predictions of FONLL at
the upper bound of uncertainty (see a discussion on the FONLL predictions in [37]). For
the total number of W bosons, we use the results of [44]. For the numbers of particles at
FCC-hh, we use the prediction of PYTHIA8. To calculate fg)fv By We approximated decays
of X by two-body decays into an HNL and electron. Finally, in order to estimate €gecay,
we performed a toy simulation, approximating decays of HNLs by three-body decays via
the charged current into massless particles.

! B, mesons.

~10 -
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Figure 8. The sensitivity of various LHC-based experiments and experiments at FCC-hh proposed
in this paper. For the case of the LHC experiments, we show MATHUSLA, ANUBIS, and (for
the first time) FACET, indicated by solid lines; note that the sensitivity of ANUBIS we obtained
is significantly weaker than reported in [30], see text for details. For the case of the FCC-hh
experiments, we show the sensitivities of counterparts of ANUBIS, FACET, and MATHUSLA
experiments, as well as the reach of novel proposals — the mid-n experiments, covering |n| < 2.6
(see section 3). We also show the sensitivity of FCC-ee and HECATEQFCC-ee, using their setup
from [2]. All the curves of the LHC-based and FCC-based experiments are obtained under the
assumption of zero background (see section 4.2) and at 95% CL.

For all experiments, we show the event contours Neyents > 3, which corresponds to
95% CL region in background-free regime (we will discuss the background in section 4.2).

The sensitivity of the configurations of experiments at FCC-hh discussed in this paper,
together with the sensitivity of MATHUSLA, FACET and ANUBIS at the LHC is shown
in figure 8, and for mid-n configurations only in figure 9. At the lower bound of the
sensitivities, the numerical results agree with the analytic estimates. At the upper bound,
the scaling agrees with the qualitative estimate Uupper X (EN)/lmin, where [y, is the
minimal distance to the decay volume.

Together with FACETQFCC, the mid-7n experiments would provide the opportunity to
search for HNLs with mass up to my =~ 20 GeV produced by decays of W bosons. In addi-
tion, at the lower bound, the sensitivity of the mid-7 experiments to HNLs from W bosons
may be competitive to the sensitivity of FCC-ee. Indeed, the ratio of the number of events is

w -n 3
NYECChh N bccnn - € Br(W — N)  [idn(gECC-ce)
ZFCCoc X X o X (4.3)
N ents NzFcc-ce Br(Z — N) = IES (ERid-ny

11 -
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Figure 9. Sensitivity of mid-n configurations to HNLs with different mixing patterns: pure e,
pure pu, pure 7. For reference, the sensitivity regions of FCC-ee and SHiP are also shown. The
assumptions are the same as in figure 8.

Using the mid-ny experiment, for masses my < 20 GeV one has N, WFCC-hh 9 5. 1013,

events
eg‘g}n ~ 0.1, (En) =~ 150 GeV. Collecting these numbers, one has
NW,FtCC-hh 6chtC-hh
events e ~
W [ad 05 X 0(1) X 20 X 02 X eFCC—ee = 2 (44)
events det

From eq. (4.4), we conclude that FCC-hh-based experiments may have better potential to
probe small couplings than FCC-ee. However, an important remark should be made with
regards to this statement. Namely, FCC-ee would be equipped by the detector system
allowing to reconstruct the full kinematics of the decay process, e.g. 4-momenta of the
decay products and hence the invariant mass of the decaying particle [14]. This option
is difficult to implement for the most of the FCC-hh-based experiments proposed in this
paper (except for FACET@QFCC) due to their placement and a large decay volume.?

4.2 Backgrounds

Depending on the location of the experiment, the background may consist of: combinatorial
muon background; background originated from inelastic scatterings of muons off the decay
volume walls; scattering of neutral particles such as neutrons, K9 off air inside the decay
volume or their decays; beam-induced background (the beam gas and beam-collimator
collisions); cosmic background.

The cosmic background may be removed by the directional cuts; in addition, timing
information may be used to disentangle it from the events originated from pp collisions
at FCC-hh. For the other backgrounds, FCC-hh may use the methods developed for the
LHC-based experiments, keeping the background under control by a combination of vari-
ous factors: a magnetized iron deflecting charged particles and an high-precision upstream
hodoscope for FACET [27], hundred meters of rock and a floor veto layer at MATH-
USLA [25, 26], off-axis placement and making use of the muon spectrometer and calorimeter
at ATLAS as an active veto systems for the muons and neutral hadrons at ANUBIS [29, 30].

The same methods may be applied to the considered FCC-hh-based experiments, given
their similar placements. Let us however separately comment on the mid-n experiments,
which do not have an analog among the proposed LHC-based experiments. In a close

2The same statement is true when comparing FCC-ee and FCC-ee-based experiments, e.g. HECATE.
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analogy to ANUBIS, the backgrounds may originate from muons and residual hadrons,
e.g. K and neutrons. These backgrounds, however, would be larger than at ANUBIS
due to smaller angles covered by the decay volume. To veto them, one may use the CMS
main detector: the muon system [45], and hadronic calorimeter. Finally, a floor veto would
provide additional rejecting power.

In general, the conclusion whether the proposed experiments at FCC-hh may be made
background-free requires however full-scale simulations, as the background at the FCC-hh-
based experiments (even if assuming exactly the same location and geometry as for their
LHC analogs) would be more numerous (due to a larger intensity) and more energetic (due
to a larger collision energy).

5 Conclusions

Heavy Neutral Leptons are a promising Standard Model extension that may resolve major
problems beyond the Standard Model.

It may be possible to probe the parameter space of HNLs in a broad mass range from
sub-GeV to a few hundred of GeV at colliders: in the next decade at the LHC in the high
luminosity phase, and in a few decades at proposed future colliders, including lepton (FCC-
ee, ILC, CEPC), and hadron (FCC-eh, FCC-hh). The sensitivity of the colliders quickly
drops with the HNL mass (see section 1), which is especially important given the natural
lower bound in the parameter space of models with HNLs provided by their ability to
generate the neutrino masses (the seesaw bound). In particular, the sensitivity of the lepton
colliders is very close to the seesaw bound for the HNL mass range my ~ 40 — 50 GeV,
but quickly departs from it at smaller masses (figure 1).

There are two options to better explore the parameter space of light HNLs: use larger
decay volume, or consider production channels providing much more numerous flux of
HNLs, compared to the main production channel considered at colliders, W/Z — N + X.
In this paper, we have investigated FCC-hh-based experiments — a large displaced decay
volume to be located near the FCC-hh interaction points. This type of experiments may
provide simultaneously with these two options, with the production channel from much
more numerous B mesons.

For the prototypes of these experiments, we have considered analogs of the proposals of
the LHC-based experiments, motivated by extensive background and technology studies for
the latter (section 3 and table 1): MATHUSLAQFCC, FACETQFCC, ANUBISQFCC. In
addition, we came up with an alternative configuration — the so-called mid-7 experiments,
that have a decay volume covering the pseudorapidity range |n| < 2.5 (section 3.4), where
we have also estimated the total cost for this experiment at the level of 4M€.

In section 4, we have made an analytic comparison of the reach of these experiments by
estimating the quantities defining the lower and upper bounds of the sensitivity to HNLs.
We have found (table 2) that the mid-n experiments have the largest flux of HNLs for
small mixing angles, while FACETQFCC the largest flux for large mixing angles, which
is dictated by its on-axis placement. Figure 8 summarizes numeric sensitivity estimates
for these experiments. Compared to the LHC-based experiments, we conclude that may

~13 -



L T I TR S T N | L 1 L T I R Tt

1 2 5 10 20 50
my [GeV]

Figure 10. The sensitivity of future proposed experiments to HNLs mixed solely with v,: SHiP
(from [46]), FCC-ee, and FCC-hh-based experiments proposed in this paper (see section 3.4): mid-
11, which covers the domain |n| < 1.5, and mid-n,, which covers 1.5 < |n| < 2.6. The curves are ob-
tained under the assumption of zero background has been assumed (see section 4.2) and at 95% CL.

be possible to improve the reach of the LHC at the lower bound by at least one order of
magnitude. A more accurate conclusion about the sensitivities may be made after per-
forming a careful background studies: although the background reduction at the proposed
experiments may be made with the help of the methods similar to the ones used for the
LHC-based experiments, the background at FCC-hh is qualitatively different due to larger
collision energy (see section 4.2).

To summarize, we conclude that the FCC-hh-based experiments may be complemen-
tary to lepton colliders, covering the domain of the HNL masses my < 10 GeV.
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