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We propose a detector concept, LAYered CAvern Surface Tracker (LAYCAST), to be installed on the
ceiling and the wall of the cavern hosting the main experiment of future electron-positron colliders such as
CEPC and FCC-ee. With detailed and realistic considerations of the design of such a new experiment, the
proposed detector is dedicated to extending the sensitivity reach of the main detector to various theoretical
scenarios of long-lived particles (LLPs). We study carefully four such scenarios involving a light scalar
boson X, the heavy neutral leptonN, the lightest neutralino χ̃01 in the R-parity-violating supersymmetry, and
the axionlike particle a. Long-lived light scalar bosons are considered to be produced from the Standard
Model (SM) Higgs boson’s decay (h → XX) at the center-of-mass energy

ffiffiffi
s

p ¼ 240 GeV, while the other
three types of LLPs are produced either from Z-boson decays (viz. Z → νN; χ̃01χ̃

0
1) or a direct scattering

process (e−eþ → γa) at
ffiffiffi
s

p ¼ 91.2 GeV, where γ and ν denote the SM photon and neutrino, respectively.
With Monte-Carlo simulations, we derive the sensitivities of the proposed experiment to these LLPs and the
corresponding signal-event numbers. We also provide a dedicated estimate of a potentially important SM
background from long-lived neutral kaons in hadronic Z decays, and show that it is strongly suppressed
by the combined requirements of the main detector and LAYCAST. Our findings show that LAYCAST
can probe large new parameter space beyond both current bounds and the expected reach of the main
experiments at CEPC and FCC-ee. Comparison with existing works in similar directions is also made.
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I. INTRODUCTION

In various theories beyond the Standard Model, long-
lived particles (LLPs) arise naturally for different reasons
such as feeble couplings to Standard Model (SM) particles
and a heavy particle mediating their decays. They are often
proposed as solutions to certain issues in the SM such as
dark matter and nonvanishing neutrino masses, and are thus
well motivated. Examples include heavy neutral leptons
(HNLs) [1–3] (see also the recent review [4]), dark photons
[5–9], and dark Higgs bosons [10–15]. LLPs can be
searched for at various terrestrial facilities such as beam-
dump experiments, B-factories, high-energy lepton or
hadron colliders, and neutrino experiments. Given their
relatively long lifetime, signatures of displaced objects are

the main targets of searches for LLPs, including displaced
vertex (DV), displaced leptons, and displaced jets. In
particular, the currently leading collider machine, the
LHC, has conducted multiple LLP searches at its main
experiments such as ATLAS [16–20] and CMS [21,22].
Furthermore, a series of auxiliary far-detector (FD) experi-

ments have been proposed to be operated in the vicinity of
the different interaction points (IPs) at the LHC, dedicated
mainly to searches for LLPs. They are supposed to be
external detectors with a distance of about 5–500 meters
away from their corresponding IP in the forward or trans-
verse directions. They are usually equipped with simple
tracking technologies, targeting DVs formed by LLPs that
may decay inside their fiducial volumes. These concepts
include FASER [23–25] and FASER2 [26], MATHUSLA
[27–29], MoEDAL-MAPP1 andMAPP2 [30,31], ANUBIS
[32], as well as CODEX-b [33,34]. Additional dedicated
detector concepts in complementary configurations include
milliQan [35] and the Forward Physics Facility program
and its proposed FORMOSA detector [36,37]. In particular,
FASER has been constructed and is currently under
operation, and the collaboration has published the experi-
ment’s first results excluding certain new parameter space
of the dark photons [38]. Phenomenological studies per-
formed in, e.g., Refs. [34,39–54], have shown that these
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relatively cheap external detectors can probe large parts of
the parameter space of a number of LLP models that would,
however, be inaccessible by the LHC main experiments.
We refer to Refs. [28,55–58] for reviews on LLP theories
and searches.
After the completion of the LHC programs in the mid-

2030s, next-generation colliders are planned including the
Circular Electron Positron Collider (CEPC) [59–61] in
China and Future Circular Collider-ee (FCC-ee) [62] at
CERN. Running as Z-boson or Higgs-boson factories,
these experiments allow unprecedented electroweak and
Higgs precision measurements [63–69]. Moreover, given
the comparatively clean environment at the electron-
positron colliders, lower levels of background events and
stronger sensitivities for searches for hidden particles
including LLPs are expected. Such searches have been
conducted in some past lepton-collider experiments such as
DELPHI [70]. Also, phenomenological studies have been
performed for the CEPC and FCC-ee main experiments,
estimating their expected sensitivity reach to multiple LLP
scenarios [71–82].
Similar to the LHC, for CEPC and FCC-ee, studies also

exist for evaluating the physics potential of external detec-
tors installed far from the IP [83–86]. Reference [83] (see
also Ref. [85]) considered a list of far-detector concepts and
estimated their sensitivities to several LLP benchmark
scenarios. These experiments would all be operated within
a macroscopic distance away from the IP, thus allowing
one to make use of the space in between for purposes of
shielding background events and thus achieving vanishing
background levels in general. The LLPs should travel
toward a far detector and decay inside its fiducial volume.
In comparison, Ref. [84] proposed a detector called the
HErmetic CAvern TrackEr (HECATE) which consists of
resistive plate chambers (RPCs) or scintillator plates,
constructed from extruded scintillating bars. The detector
would be installed on the cavern wall, ceiling, and floor, of
the CEPC/FCC-ee main experiment’s hall and thus enclose
the hall with a 4π solid-angle coverage. LLPs are supposed
to decay between the main detector (MD) and the inner
surface of experimental hall and their decay products are
detected by such a new detector. The effective decay
volume in this case is the space inside the cavern excluding
that occupied by the MD of the collider. The authors
consider the cavern as a spherical hermetic detector in
numerical computation, and use an HNL that mixes
exclusively with the muon neutrino as a benchmark model
to showcase the proposal’s potential in probing LLPs. All
these proposed auxiliary detectors are found to be sensitive
to parameter regions in various LLP models that neither the
LHC’s main and far detectors, nor the main detectors of
electron-positron colliders can probe.
Inspired by the previous proof-of-principle study [84],

in this work, we propose a similar tracker detector to be
installed on the wall and ceiling of the main cavern at future

electron-positron colliders such as CEPC and FCC-ee. The
fiducial volume is taken to be the space between the MD
and the cavern’s surface, similar to that of HECATE.
However, the difference is that we consider a more refined
geometry and integration assumptions, tailored to realistic
cavern constraints. First, the tracker is not installed on the
floor of the cavern because there will be load-bearing
components for the MD and other facilities on the
floor. Therefore, the detector is not hermetic, and LLPs
can escape the cavern through the floor. We, thus, name
the proposal the LAYered CAvern Surface Tracker
(LAYCAST). Besides, we also take into account other
specific and realistic factors, e.g., the actual planned
geometries of the MD and the caverns.1 We aim to achieve
more realistic considerations of the new detector’s fiducial
volume and acceptance, and hence more accurate sensi-
tivities to various LLPs.
We perform Monte Carlo (MC) simulations to evaluate

sensitivity reaches of the proposed detector to four LLP
benchmark models: a light scalar from exotic Higgs decays,
the HNL that mixes with the electron neutrino only, the
lightest neutralino in the R-parity-violating (RPV) super-
symmetry (SUSY), as well as axionlike particles that
couple to photons and Z bosons. We also compare our
estimated sensitivity results with existing bounds on the
models, and sensitivity reaches of proposed LHC far
detectors, or those of lepton-collider’s main and proposed
far detectors.
We note that in principle the same idea could also be

implemented at future linear lepton colliders including
the International Linear Collider (ILC) [87,88] (see also
Refs. [89–92] for LLP studies at a proposed ILC beam-
dump experiment) and the Compact Linear Collider (CLIC)
[93]. Geometries of the detector need to be adjusted
according to the cavern sizes of the ILC and CLIC.
We organize the paper as follows. In Sec. II we elaborate

on the experimental setup of LAYCAST at the CEPC/
FCC-ee cavern. We then introduce the theoretical models in
Sec. III for which we will perform sensitivity studies. In
Sec. IV, we detail the MC simulation procedures for the
signal events and explain how we compute the estimated
signal-event numbers. The numerical results are presented
and discussed in Sec. V. We conclude the paper in Sec. VI
with a summary. In addition, in Appendix A we show the
effect of the main cavern’s size by considering the past
and updated designs at the CEPC. Appendix B shows an

1The detector materials are supposed to be hanging from the
walls and the roof of the cavern, where elements including fire
fighting protocols, cranes, cabling, and platforms are planned to
be implemented. The detector materials should avoid these
elements. Similarly, the entrance to the cavern should be left
clear of detector materials. All these realistic factors will imply
somewhat reduced coverage and lead to weaker sensitivities. In
this study, we do not take this into account and assume that this
should affect the results to a minor extent.
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analysis of the effect of IP’s position relative to the cavern
floor (corresponding to a support for the MD, of different
heights). Furthermore, Appendix C illustrates briefly the
importance of the floor of the cuboid fiducial volume on the
expected sensitivities. Appendix D presents a dedicated
estimate of the SM KL background and illustrates how the
combined MD × FD requirements suppress it. Finally,
Appendix E includes a discussion on the impact of the
background level on the discovery sensitivities.

II. EXPERIMENTAL SETUP

We show schematic diagrams of LAYCAST in Fig. 1,
where the origin of the coordinates corresponds to the IP;
the z axis is in parallel with the beam axis with the positive
direction being the moving direction of the incident
electron beam; the y axis is the vertical direction with
the positive side pointing upward; and the x axis lies in the
horizontal plane and is perpendicular to the beam axis. The
left and right plots show section views of the experimental
setup in the xOy and yOz planes, respectively. In the plots,
the red cylinder enclosing the coordinate origin represents
the MD of CEPC/FCC-ee. The green area depicts the
proposed new detector, LAYCAST, in the shape of a thin
layer to be instrumented on the cavern surface. The shape
of the experimental hall is simplified into a cuboid.
Considering that the floor of the experiment hall cannot
be installed owing to load bearing and other reasons, the
LAYCASTwould be mounted on the roof surface and four
vertical walls of the experimental hall. The LLPs produced
at the IP, if decaying inside the MD, can potentially be
observed therein via the decay products. If they traverse the
MD and decay before reaching the cavern’s inner surface,
they may be detected by the LAYCAST experiment.
For quantitative evaluation, we consider the shape of

the cavern to be simply a cuboid with dimensions
(L ×W × H) of 40 m× 20 m × 30 m [94],2 excluding

the MD’s volume. The MD is cylindrical and has a radius
of 4.26 m and a half-length of 5.56 m, following the latest
design of the CEPC detector [95]. For various reasons
including the load bearing, the collision point and thus (the
center of) the MD are roughly 5 m or above the floor, held
by a support.3 Since the layered tracker is not installed on
the floor of the cuboid fiducial volume, LLP decay products
that reach the roof surface and the four vertical walls of
the experimental hall are taken into account. In order to
quantify the effect of both the relative position of the IP
from the cavern floor and omission of the floor on the
detector sensitivities, we study numerically and present the
results and discussion in Appendix B and Appendix C,
respectively. In general, we find these effects rather minor.
We note that the detector configurations investigated in

Ref. [83] are supposed to be located in a specific direction
relative to the IP and have a macroscopic distance from
the IP. We, thus, can add shielding between the IP and new
detectors to reduce the background events stemming from
the IP. In contrast, for the proposal in this work, the new
detector is capable of accepting LLPs from most directions,
so only the MD serves as the main background veto and it is
not easy to instrument more shielding. We thus propose no
shielding between the MD and the LAYCAST detector.
Therefore, in general, the design of such a cavern-surface
detector brings the advantage of a large solid-angle cover-
age, which can lead to better acceptances for the LLPs’
signal, but it potentially has higher levels of background
events, compared with the designs in Ref. [83].
Now we discuss the potential background sources,

mainly following the discussion given in Ref. [84]. The
MD acts as a veto for most SM particles from the primary
vertex. The remaining primary background sources consist
of cosmic-induced particles and neutrinos coming from the
IP. The former can be effectively rejected by directional
cuts and timing information that would be enabled if at least
two separated layers of detector material are implemented
[29,96], so that particles stemming from the IP and those
from the outside can be distinguished. For proper tracking,
though, at least four layers of detector materials would be
required. To support the layers, the mechanical structure
should be designed as modular and lightweight material
with high rigidity such as aluminum should be used.
At the CEPC/FCC-ee IP, neutrinos can be produced

from certain hard processes, and subsequently interact with

FIG. 1. Front and side cross-section views of the proposed
experiment.

2The surfaces of cavern might be curved in reality, which
would change the fiducial volume. However, with similar
distances from the IP, the change in the fiducial volume between
a curved surface and a flat one is expected to be small. The cuboid
setup then provides a valid approximation in such a case.

3In the latest design of the CEPC collider [61], the main cavern
is planned to have the dimensions 50 m × 30 m × 30 m, with the
beam-pipe channel above the cavern floor by 12.15 m. We
numerically verified that these changes relative to the setup
considered here would lead to only almost negligible improve-
ment on the sensitivity results presented in this work (see
Appendix A). For the FCC-ee infrastructure, the experiment
caverns are supposed to have dimensions 66 m × 35 m × 35 m
[62]; we also expect only rather minor improvement for the
results in this work with this geometrical setup.
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detector materials leading to production of charged par-
ticles in charged-current interactions. If such interactions
take place inside the MD, the produced charged particles
can be vetoed by various components of the MD. Even if
the neutrinos interact with the outer layers of the MD, an
additional layer for tracking could be installed just outside
the MD for veto purpose. For more detail, we refer to the
discussions below and Ref. [84]. We clarify the neutrino-
veto logic as follows: an additional veto layer placed just
outside the MD can be designed to be thin and low mass, so
that its neutrino-interaction probability is strongly reduced
compared to that in dense outer MD materials. Moreover,
charged-current neutrino interactions in dense material
typically yield multitrack and hadronic activity that can
be rejected using topology and timing once multiple
LAYCAST layers are available.
From an experimental-integration perspective,

LAYCAST can be operated as a stand-alone subsystem
with time-stamped readout synchronized to the machine
clock. Candidate displaced activity can then be associated
with objects reconstructed in the MD offline, avoiding
assumptions about a dedicated hardware-trigger coupling
between the two detectors. The large lever arm between
the MD and the cavern surface can further aid in track
matching and cosmic rejection. A quantitative assessment
of potential improvements in SM muon momentum reso-
lution would require a dedicated magnetic-field and
material model and is beyond the scope of this phenom-
enological study.
In addition, long-lived neutral kaons from hadronic Z

decays can traverse the main detector and decay in the
cavern, producing displaced photons that reach LAYCAST
and thus form an additional SM background [29]. In
Appendix D, we estimate this KL background and show
that the combinedMD × FD requirements strongly suppress
it; we illustrate this with the benchmark eþe− → Z → aγ
and an ultra-long-lived Axionlike Particle (ALP) a. Other
displaced signatures, such as lþl− pairs, are expected to be
similarly clean once a similar strategy including timing/
pointing and a “DV-in-air” requirement is imposed: prompt
dileptons are removed by pointing/timing; conversion-
induced displaced eþe− vertices are vetoed by mee ≃ 0,
small opening angle, and material-aligned vertices [97]; and
accidental displaced μþμ−-vertex candidates from cosmic
(or machine-induced) muons are rejected using multilayer
timing and directionality (4D vertexing) [32,98].
While a detailed analysis of these background events is

beyond the scope of the present work, for the numerical
results we will show contour curves corresponding to more
than one value of the signal-event number in order to
showcase the effect of background events on the sensitivity
reach. Additionally, the MD at CEPC or FCC-ee may also
suffer from background events for LLP searches; we study
the effect of the background level on the sensitivity reach
and provide a brief discussion in Appendix E.

We assume to use the plastic scintillator as the tracker
material, for its excellent capabilities of timing and spatial
measurements. The cost of such a layered tracker detector
stems primarily from the detector materials, i.e., scintilla-
tors. The secondary contribution is from readout electron-
ics. In Ref. [84], the total cost of the proposed detector
HECATE is estimated to be below 5 MCHF per layer.
Considering the same scintillator model (EJ-200) and the
same type of readout electronics (based on the Sci-Fi
detector from LHCb [99]) and rescaling the surface area
from HECATE to LAYCAST, our proposal should cost
below 3.6 MCHF per layer.
Finally, since we will compare numerical results of

LAYCAST with those of the MD at the CEPC/FCC-ee
and representative far-detector setups (“FD1,” “FD3,” and
“FD6”) considered in Ref. [83], we briefly describe their
geometries here. For the fiducial volume of MD, the
geometry of the baseline detector setup in Ref. [72] is
adopted for estimating its sensitivity results for all four LLP
scenarios. The three far-detector setups in Ref. [83] employ
a cuboid fiducial volume, centered around the θ ¼ π=2
direction, where θ is the polar angle with respect to the
positive z axis. FD1 has a volume of 5000 m3 with
dimensions (L ×W × H) 50 m × 10 m× 10 m, and is
located 5 m or 10 m horizontally from the IP. Both
FD3 and FD6 are placed on the ground with a vertical
distance of 50 m or 100 m from the IP, and are centrally
located in both the x- and z dimensions. FD3 (FD6) has
a volume of 8 × 105 m3 (8 × 107 m3) with dimensions
200 m× 200 m × 20 m (1000 m × 1000 m × 80 m).

III. THEORY MODELS

In this section, we briefly review the theoretical scenarios
for which we estimate the sensitivity reach of the proposed
experiment to the corresponding LLPs.

A. Exotic Higgs decays into light scalars

Ever since the discovery of the SMHiggs boson, h, at the
LHC in 2012 [100,101], it has been one of the utmost tasks
in high-energy physics to measure the properties of this
Higgs boson including its mass and couplings to various
particles. While the LHC experiments such as ATLAS
and CMS have published search results in this direction
[102–108], there is a consensus that the next-generation
electron-positron colliders running at the c.m. energy
around 240–250 GeV as Higgs-boson factories should be
able to perform more accurate precision measurements
on the SM Higgs boson [63–69]. Such measurements
include the Higgs boson decays into a pair of light scalar
bosons (dark Higgs), X’s, that arise in the minimal
extension of the Higgs sector of the SM where a singlet
scalar field is appended to the model and mixes with the
SM Higgs boson (SMþ X) [10–15]. CEPC and FCC-ee
can search for this dark Higgs boson, which may either
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decay promptly [109–112], be long-lived [71,73], or stay
invisible [112–115]. Further, the sensitivity reach of exter-
nal far detectors to this scenario has been estimated in
Ref. [83]. Since we will work with model-independent
parameters as in Ref. [83] such as the dark-Higgs mass mX
and proper decay length cτX, as well as the exotic Higgs
decay branching ratio Brðh → XXÞ, we choose not to
explicitly show the Lagrangian of the SMþ X model here.

B. Heavy neutral leptons

The observation of neutrino oscillations [116,117] has
confirmed the nonvanishing neutrino masses, which are in
disagreement with the SM. To provide an explanation, the
most common approach is to assume the existence of
electroweak singlet fermions, called sterile neutrinos, and
to apply seesaw mechanisms [118–128]. These sterile neu-
trinos are usually called “heavy neutral leptons,” N, in the
context of collider physics. Theymixwith the active neutrinos
and can participate in SM weak interactions suppressed by
themixing parameters. The interactions of theHNLswith the
W- and Z bosons, after the electroweak symmetry breaking,
are described by the following Lagrangian:

L ¼ gffiffiffi
2

p
X
α

VαNl̄αγ
μPLNW−

Lμ

þ g
2 cos θW

X
α;i

VL
αiV

�
αNN̄γμPLνiZμ; ð1Þ

where i ¼ 1, 2, 3, and lα (α ¼ e, μ, τ) are the charged
leptons of the SM. VL denotes the Pontecorvo–Maki–
Nakagawa–Sakata lepton-mixing matrix and V labels the
mixing between the active neutrinos and the HNLs.
Furthermore, PL ¼ ð1 − γ5Þ=2 is the left-chiral projection
operator, and WLμ and Zμ are the fields of the W- and Z
bosons, respectively.
In phenomenological studies, often a simple “3+1”

scenario is taken as a benchmark where there is only
one HNL and it mixes with only one flavor of the active
neutrinos; moreover, the mixing angle VαN and the HNL’s
mass are treated as independent parameters. Here, we
consider the Majorana HNL and study the case where
the HNL mixes with only να with α ¼ e or μ (but not both).
We focus on the Z-pole operation mode of the CEPC and
FCC-ee experiments, and restrict ourselves to the HNL
production mode Z → Nνα, of which the partial decay
width is computed analytically as follows:

ΓðZ → NναÞ ¼ 2 · ΓðZ → ναν̄αÞ · jVαN j2

·

�
1 −

m2
N

m2
Z

�
2
�
1þ 1

2

m2
N

m2
Z

�
: ð2Þ

The decays of the HNL are also mediated with the mixing
parameter, and all the two-body and three-body decay
widths at tree level are calculated with formulas given in

Ref. [129]. For an HNL with mass below mZ ∼ 90 GeV
and sufficiently small mixing angles, the HNL becomes
naturally long-lived. We will present sensitivity results in
the jVαN j2 vs mN plane.

C. R-parity-violating supersymmetry
and the lightest neutralino

In the R-parity-violating supersymmetry [130–132],
a GeV-scale lightest neutralino [133] is allowed by all
astrophysical and cosmological constraints [134–140], as
long as it is dominantly binolike [141,142] and can decay,
e.g., via an RPV coupling so as to avoid overclosing the
Universe [143], the Grand Unified Theory relation between
the gauginos M1 ≈ 0.5M2 is lifted [144,145], and the
dark matter is not comprised of the lightest neutralino
[146–151]. Further, the lightest neutralino is assumed to be
the lightest supersymmetric particle.
We write down the general RPV superpotential below,

WRPV ¼ μiHu · Li þ
1

2
λijkLi · LjĒk

þ λ0ijkLi ·QjD̄k þ
1

2
λ00ijkŪiD̄jD̄k; ð3Þ

where the chiral superfields are defined as usual, and μi,
λijk, λ0ijk, and λ

00
ijk are RPV couplings. We consider a simple

case where only one RPV operator, λ0112L1 ·Q1D̄2, is
nonvanishing, allowing for quick comparison with existing
works, which took the same operator.
For the production of the lightest neutralino, we focus on

the Z-boson decays: Z → χ̃01χ̃
0
1; note that even though the

vertex inducing this decay at tree level couples only to
the Higgsino components of the lightest neutralino, we
assume these components are sufficiently small so that the
mass bounds on the Higgsinos are circumvented [152]
and the upper bounds on the Higgs invisible decay width
[153,154] are also satisfied. We note that associated
production channels such as Z → χ̃01χ̃

0
2 can be relevant in

other neutralino-mixing scenarios and may feature a larger
rate; our sensitivity curves can be straightforwardly rein-
terpreted by rescaling the assumed production branching
ratio together with the visible branching fraction and
detector efficiency in Eq. (17). For numerical studies, we
will fix the Z-boson’s decay branching ratio BrðZ → χ̃01χ̃

0
1Þ

at 10−3 for mχ̃0
1
≪ mZ=2 so that the strong constraints on

the Z-boson invisible decay width [155,156] are also
satisfied; note that this choice of the BrðZ → χ̃01χ̃

0
1Þ) is

also allowed by the Higgsino mass bounds [39].
The decay of the lightest neutralino is then induced by

the λ0112 coupling via an off-shell sfermion. For the
calculation of the decay widths of the lightest neutralino,
we follow the treatment of Ref. [72], where it is found that
for mχ̃0

1
≲ 3.5 GeV the lightest neutralino decays domi-

nantly into a kaon and an SM lepton, and above this
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threshold three-body decays into a lepton and two jets
are dominant; the corresponding formulas for estimating
the two-body and three-body decay widths are given in
Ref. [157] and Ref. [72], respectively. In particular, for
mχ̃0

1
≲mZ=2 and sufficiently small λ0112 coupling, the

lightest neutralino travels a certain distance before
decaying. The sensitivity results will be presented in the

ðmχ̃0
1
; λ

0
112

m2

f̃

Þ plane, where mf̃ is the sfermion mass, which we

assume to be degenerate among all the sfermions. We note
that the present upper bound on λ0112=m

2
f̃
is [158,159]

λ0112=m
2
f̃
<

2.1 × 10−4

GeV ·mf̃
: ð4Þ

D. Axionlike particles

Axions and axionlike particles are pseudoscalar bosons
proposed for solving the QCD strong CP problem
[156,160,161] and can, additionally, serve as dark matter
candidates [162–168]. They arise as the pseudo-Goldstone
bosons when the global symmetry of an appended Uð1ÞPQ
gauge group breaks down at a high-energy scale [160,161].
Different from the axions, the ALPs do not fix the relation
between the ALP mass and the high symmetry-breaking
scale, implying a richer phenomenology at colliders such as
LHC [169–174]. In principle, the ALP can couple to not
only the SM gauge bosons, but also the Higgs boson and
the matter fields. Here, we focus on a scenario where the
ALP is only coupled to the SM electroweak gauge bosons,
and we write down the corresponding general effective
Lagrangian [175],

Leff ⊃
1

2
ð∂μaÞð∂μaÞ −

m2
a

2
a2 þ g2CWW

a
Λ
WA

μνW̃μν;A

þ g02CBB
a
Λ
BμνB̃μν; ð5Þ

where ma labels the mass of the ALP a, Λ is the global-
symmetry breaking scale, and CWW and CBB are coupling
constants. FurtherWA

μν and Bμν are the field strength tensors
of the SUð2ÞL and Uð1ÞY gauge groups, respectively,
and g and g0 are the corresponding gauge-group coupling
constants.
After electroweak symmetry breaking, the effective

Lagrangian including the interactions of the ALP with
the SM photon and the Z boson is expressed as [82]

Leff ⊃ e2Cγγ
a
Λ
FμνF̃μν þ 2e2

swcw
CγZ

a
Λ
FμνZ̃μν

þ e2

s2wc2w
CZZ

a
Λ
ZμνZ̃μν; ð6Þ

where Fμν and Zμν are the field strength tensors of the
photon and the Z-boson, respectively, s2w ¼ sin2 θw ≈ 0.23

with θw being the weak mixing angle and c2w ¼ cos2 θw,
and e ¼ gsw.
The Wilson coefficients in Eq. (6) are related to those in

Eq. (5) with [82]

Cγγ ¼ CWW þ CBB;

CγZ ¼ c2wCWW − s2wCBB;

CZZ ¼ c4wCWW þ s4wCBB: ð7Þ

As in Ref. [85] where the authors estimated the sensi-
tivity reach of a series of potential far detectors at the CEPC
or FCC-ee to this ALP scenario, we focus on the ALP
production associated with a photon in the process,
e−eþ → γa,4 shown in Fig. 2. The corresponding differ-
ential cross section is reproduced from Ref. [82] as

dσðe−eþ → γaÞ
dΩ

¼ 2παα2ðsÞ s
2

Λ2

�
1 −

m2
a

s

�
3

ð1þ cos2 θÞ

· ðjVγðsÞj2 þ jAγðsÞj2Þ; ð8Þ

where s is the CM energy squared and

VγðsÞ ¼
Cγγ

s
þ gV
2c2ws2w

CγZ

s −m2
Z þ imZΓZ

;

AγðsÞ ¼
gA

2c2ws2w

CγZ

s −m2
Z þ imZΓZ

; ð9Þ

with gV ¼ 2s2w − 1=2 and gA ¼ −1=2.
For ma ≲mZ, the ALP dominantly decays to a pair of

photons with the partial decay width [82,169]

Γða → γγÞ ¼ 4πα2m3
a

����Cγγ

Λ

����
2

: ð10Þ

Assuming the ALP total decay width Γa is saturated by
Eq. (10), we can compute the boosted decay length of the
ALP with the following expression [85],

FIG. 2. ALP production process, e−eþ → γa, at electron-
positron colliders [85].

4The other two possible production processes, e−eþ → Za and
Z → γa, are not considered here.
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λlaba ≈ 15 m

�
s −m2

a

ma
ffiffiffi
s

p
��

GeV
ma

�
3
�

Λ
TeV

�
2
�
10−4

Cγγ

�
2

; ð11Þ

as the Z bosons at the CM energy
ffiffiffi
s

p ¼ 91.2 GeV are
produced at rest.
We emphasize that in this study, the production of the

ALP is induced by both Cγγ and CγZ couplings and its
decay proceeds via the Cγγ coupling only. We therefore end
up with three model parameters: ma, Cγγ=Λ, and CγZ=Λ.

IV. MONTE-CARLO SIMULATION AND
NUMERICAL COMPUTATION

In this section, we elaborate on the computation of the
signal-event numbers in the considered benchmark theo-
retical scenarios, including the MC simulation method we
apply. We start with explaining how we estimate the total
production numbers of the LLPs, Nprod

LLP, in each scenario.
For the cases of the light scalar, the HNL, and the light
neutralino, we make use of the following formula,

Nprod
LLP ¼ NM · BrðM → nLLPLLPþ YÞ · nLLP; ð12Þ

where NM is the total number of the mother particle M of
the LLP withM denoting either the SM Higgs boson or the
Z boson. nLLP ¼ 1; 2;… is the number of the LLP(s)
produced in each signal decay of M. Y represents any
additional particles associated with the LLP production.
For the scenarios of the light scalar and the light neutralino,
we treat Br(M → nLLPLLPðsÞ þ YÞ ¼ Brðh → XXÞ and
BrðZ → χ̃01χ̃

0
1Þ, respectively, as independent parameters.

For the HNL study, we compute BrðZ → NναÞ with the
model parametersmN and jVαN j2 analytically using Eq. (2).
For the scenario of the ALP coupled to the electroweak

gauge bosons, we numerically calculate the scattering cross
sections of e−eþ → γa for various values of ma, Cγγ=Λ,
and CγZ=Λ, with MadGraph 5 [176,177] and the Universal
FeynRules Output (UFO) [178,179] model file “ALP linear
Lagrangian” [180], and parametrize these cross sections
with

σðe−eþ → γaÞ≈ 16 fb ·

�
TeV
Λ

�
2
�
1−

m2
a

s

�
3

× ðjCγγj2 þ 2680jCγZj2 − 0.082jCγγCγZjÞ:
ð13Þ

The dependence of Eq. (13) on the model parameters is
verified to be consistent with that of Eq. (8). We thus
compute the total production numbers of the ALP with,

Nprod
ALP ¼ σðe−eþ → γaÞ · LZ; ð14Þ

where LZ is the integrated luminosity at the Z pole.

For the MC generation of the signal events for the light
scalar, HNL, and light neutralino, we utilize the PYTHIA8

program with version 8.309 [181,182], which also per-
forms showering, and follow the same simulation proce-
dures as described in Ref. [83]. The c.m. energies are set to
be 240 GeVand 91.2 GeV for the light-scalar case, and the
HNL and light neutralino cases, respectively. For the ALPs,
we generate the signal scattering events with MadGraph5 at
the c.m. energy

ffiffiffi
s

p ¼ 91.2 GeV as described above, and
the output LHE [183] file is interfaced with PYTHIA8 for
showering. For all LLP cases, PYTHIA8 is interfaced to the
HepMC2 with version 2.06.09 [184] and provides the truth-
level information of the kinematics of the simulated LLPs
in the standard event record format.
The average decay probability of the LLPs in the

detector’s fiducial volume (f.v.), hP½LLP in f:v:�i, is esti-
mated with the following formula:

hP½LLP in f:v:�i ¼ 1

NMC
LLP

XNMC
LLP

i¼1

P½ðLLPÞi in f:v:�; ð15Þ

where NMC
LLP is the total number of MC-simulated LLPs.

P½ðLLPÞi in f:v:� is the individual decay probability of each
generated LLP in the simulation, computed with

P½ðLLPÞi in f:v:� ¼ eð−Dl:m:
i =λiÞ − eð−Da:c:

i =λiÞ: ð16Þ

Here, Dl:m:
i . and Da:c:

i . are the distances from the IP for the
ith simulated LLP to travel to leave the main detector and to
arrive at the cavern surface, respectively, if it has not
decayed beforehand. Furthermore, P½ðLLPÞi in f:v:� ¼ 0
if the ith simulated LLP does not travel in a direction
inside the coverage of the fiducial volume, e.g., it travels
toward the cavern’s floor. Here, λi is the lab-frame decay
length of the LLP and is computed with λi ¼ βiγicτ, where
βi and γi are the speed and boost factor of the ith generated
LLP, respectively, and cτ is the proper decay length of
the LLP.
Finally, the total signal-event number is calculated with

Nsignal
LLP ¼ Nprod

LLP · hP½LLP in f:v:�i · BrðLLP → visibleÞ;
ð17Þ

where BrðLLP → visibleÞ is the LLP’s decay branching
ratio into visible final states for the detector. We note that
for a realistic estimate, one should take into account
accurate values of the visible decay branching ratio and
the detector efficiency depending on the type and kinemat-
ics of the final-state particles. In this work, for simplicity,
we assume a flat 100% value for both of them. A realistic
consideration of such factors will weaken the sensitivities
accordingly.
As discussed in Sec. II, given the absence of shielding

between the main detector and the proposed cavern-surface
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detector, we do not simply assume vanishing background in
this work. Instead, we will show sensitivity results for both
three and 20 signal events for comparison purpose in the
following Section. These two choices correspond to exclu-
sion bounds at 95% confidence level (CL) for 0 and 100
background events, respectively. In addition, for simplicity
we will write Nsignal

LLP as NS in the rest of the paper.

V. SENSITIVITY RESULTS

We present our numerical results in this Section, for
each benchmark scenario separately. Not only will we show
the sensitivity reach in each model, but also the average
decay probabilities, since the latter are important for
understanding the final results. For the proposed detector,
we will plot sensitivity curves of both 3 and 20 signal
events, to illustrate the effect of potential background
events, cf. Sec. II. In addition, we make comparisons
with studies on other lepton-collider far detectors, CEPC/
FCC-ee’s main detectors, as well as LHC’s far detectors.
For the Higgs-factory mode at the cm.m energy

ffiffiffi
s

p ¼
240 GeV, we choose to confine ourselves to the case of
integrated luminosity Lh ¼ 5.6 ab−1 for the future high-
energy electron-positron colliders, delivering 1.14 × 106

Higgs bosons [63]. We note that, for example, CEPC with
potential upgrades of the collider technologies may deliver
up to 20 ab−1 integrated luminosity at the Higgs-factory
mode over the whole period of the experiment’s operation
time [185], which can lead to stronger discovery sensitiv-
ities. At the Z pole, we study two benchmark integrated
luminosities of 16 ab−1 and 150 ab−1 corresponding to
total production of 7 × 1011 and 5 × 1012 Z bosons.

A. Exotic Higgs decays

Figure 3 is a plot of hP½LLP in f:v:�i as functions
of cτX, for both the CEPC/FCC-ee’s main detector

and the LAYCAST experiment, with mX ¼ 0.5 GeV and
10 GeV. The maximal average decay probability that can be
attained for LAYCAST is about 0.26, at cτX ¼ 0.08 m and
1.65 m with mX ¼ 0.5 GeV and mX ¼ 10 GeV, respec-
tively. Because of their closer distance to the IP, the main
detectors are more sensitive to smaller cτX values, and
can reach up to 0.93 for the average decay probability at
cτX ¼ 0.003 m and 0.057 m for the same pair of X masses.
For the two mass choices, the two cτX values corre-

sponding to the maximal average decay probability differ
by a factor ∼20, which is exactly the ratio between the two
chosen mass values of the light scalar. This is because for
the maximal average decay probability, there is a corre-
sponding value of the boosted decay length βXγXcτX
approximately determined by the experiment’s geometry
and distance to the IP, where βXγX ¼ jp⃗Xj=mX, with jp⃗Xj
being the 3-momentum magnitude of the light scalar X.
Roughly speaking, then, varying mX by a factor 20 leads to
a general shift of βXγX by 20, and thus cτX should change
by 1=20 so as to keep the boosted decay length unchanged,
leading to the observed horizontal shift of the curves.
In the prompt regime (small cτX), the exponential

functions for the decay-position distributions change rap-
idly with cτX [see Eq. (16)], leading to the large slope of the
displayed curves in Fig. 3. On the other hand, for large cτX
values, the exponential function can be expanded and as a
result, hP½LLP in f:v:�i becomes linearly proportional to
1=cτX to first order, as shown in Fig. 3. In the remaining
benchmark scenarios, the same trend of the average decay
probability curves will also be observed.
In Fig. 4, we compare sensitivity reaches of the proposed

experiment shown in the ðcτX;Brðh → XXÞÞ plane to those
of FD1, FD3, and FD6 studied in Ref. [83]. Two plots are
for mX ¼ 0.5 GeV and 10 GeV, respectively; their main
difference is a horizontal shift, as discussed above. For
LAYCAST, we show both NS ¼ 3 and NS ¼ 20 sensitivity
curves.5

We find that it is more sensitive in the low and
medium cτX regions (cτX ≲ 1ð10Þ m) for mX ¼ 0.5 GeV
(mX ¼ 20 GeV). For longer decay lengths, FD3 and
especially FD6 are expected to perform better. We note
that FD1 is estimated to be similarly sensitive to the long-
lived light scalar as LAYCAST with NS ¼ 20. Among
these experiments, only the LAYCAST experiment with
zero background can reach Brðh → XXÞ down to the order
of 10−6 while all the other setups can probe the branching
ratio in the order of 10−5 at the best. These are all more than
three order of magnitude lower than the current upper
bound on the Higgs invisible decay branching ratio 13%
[186] shown as the horizontal gray dashed lines in the plots.

FIG. 3. Average decay probability of the light scalar X as
functions of cτX, for LAYCAST and the CEPC/FCC-ee’s main
detector and for mX ¼ 0.5 GeV and 10 GeV.

5Here, the obtained sensitivities are for an integrated lumi-
nosity of Lh ¼ 5.6 ab−1. For a higher integrated luminosity of
20 ab−1, the discovery sensitivities to Brðh → XXÞ can be
enhanced by a factor of 5.6=20 for each cτX value.

LU, MAO, WANG, and WANG PHYS. REV. D 113, 075012 (2026)

075012-8



In Fig. 5 we further overlap the sensitivity reach of
LAYCAST with that of the CEPC/FCC-ee’s main detector
and those of the proposed LHC’s far detectors CODEX-b
[33] and MATHUSLA [98]. The results of the MD are
calculated with the method described in this article, and
those of CODEX-b and MATHUSLA are reproduced from
Ref. [83]. As expected, the main detector shows dominant
sensitivity in the short-cτX regime, while for medium and
long decay-length regimes LAYCAST can compete with
CODEX-b and MATHUSLA, and shows promising sensi-
tivities at cτX values between the most sensitive positions
of the main detector and MATHUSLA.

B. Heavy neutral leptons

For the HNL study where the HNL is produced in
Z → ναN, we also start with showing a plot of

hP½LLP in f:v:�i, now as a function of the boosted decay
length λN of N, for the proposed experiment; see Fig. 6. We
find the maximal average decay probability 0.27 is
achieved at λN ∼ 10 m, in general alignment with the
cavern size. The result essentially does not depend on
the mass of the HNL.
Again, now in Fig. 7, we compare our proposal with

FD1, FD3, and FD6 from Ref. [83], shown in the plane
jVαN j2 vsmN with α ¼ e, μ. The upper (lower) plot is for an
integrated luminosity of L ¼ 16 ab−1 (L ¼ 150 ab−1).
In both plots, we find that LAYCAST has the largest

reach inmN , touching 16 GeVand 22 GeV forL ¼ 16 ab−1

and 150 ab−1, respectively, if no background is present.
Even for the case of 100 background events, it can still
probemN up to about 12 and 16 GeV for the two integrated
luminosities. FD1 has a slightly better sensitivity reach than

FIG. 4. Sensitivity reaches of LAYCAST compared to those of
FD1, FD3, and FD6 investigated in Ref. [83], shown in the
Br(h → XX) vs cτX plane for mX ¼ 0.5 GeV (upper panel) and
10 GeV (lower panel). Together shown is also the current limit
on the Higgs invisible decay branching ratio at 13% [186], as a
horizontal gray dashed line.

FIG. 5. Sensitivity reaches of LAYCAST compared to the
CEPC/FCC-ee’s main detector and the LHC’s far detectors
CODEX-b and MATHUSLA [83] for mX ¼ 0.5 GeV (upper
panel) and 10 GeV (lower panel). The present bound on the SM
Higgs invisible decay branching ratio 13% [186] is plotted as a
horizontal gray dashed curve.
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our proposal with NS ¼ 20 has, and FD3 and FD6 can
probe slightly smallermN and jVαN j2 regimes. We conclude
that the advantage of LAYCAST in this work is mainly the
sensitivity to slightly larger masses of the HNL.
In the background of these plots, we show as gray area

the current bounds on jVeN j2 as a function of mN obtained
from PIENU [187], KENU [188], NA62 [189], T2K [190],
BEBC [191], CMS [192–194], ATLAS [195], and L3
[196]. We show also a gray band covering the parameter
region that could explain the small but nonvanishing active-
neutrino mass with the type-I seesaw relation jVαN j2 ¼
mνα=mN , for mνα between 0.05 eV and 0.12 eV obtained
from neutrino-oscillation experiments [197] and cosmol-
ogy observations [198], respectively. In addition, the lower-
left gray dashed curve is the lower bound on the parameter
space, obtained from big bang nucleosynthesis [199,200].
In the upper plot of Fig. 8, we place the sensitivity reach

of LAYCAST for L ¼ 150 ab−1 together with that of other
future experiments including the LHC far detectors [39]
(CODEX-b, FASER2, MATHUSLA), the CEPC/FCC-ee’s
main detectors with 150 ab−1 [83], and beam-dump experi-
ments such as SHiP [201], NA62 [202], and LBNE [203].
In addition, the HECATE curve is reproduced here from
the red solid curve (with l0 ¼ 4 m, l1 ¼ 15 m) in Fig. 1 of
Ref. [84], with a correction factor applied in order to align
the integrated luminosities considered.6 We find that
compared to the LHC’s far detectors and the beam-dump
experiments, LAYCAST clearly shows a large advantage in

probing the mixing parameters for mN ≳ 3 GeV. Our
proposal can also extend the sensitivity reach of the main
detector to some extent for mN ≲ 20 GeV, in the case that
both experiments suffer from no background events. Our
results with NS ¼ 3 are almost identical to those of
HECATE with nine signal events, mainly as a result of
the more realistic setup of LAYCAST despite its bigger
fiducial volume.
The lower plot of Fig. 8 shows the sensitivity reach of

the LAYCAST experiment for both integrated lumino-
sities LZ ¼ 16 ab−1 and 150 ab−1, and both NS ¼ 3 and
NS ¼ 20. This plot shows the change in the sensitivity
when LZ or the background level varies.

FIG. 6. Average decay probability of the HNLs in the fiducial
volume of the LAYCAST experiment as a function of the boosted
decay length of the HNL.

FIG. 7. Sensitivity reaches of LAYCAST, and FD1, FD3, and
FD6 from Ref. [83], displayed in the jVαN j2 vs mN plane with
LZ ¼ 16 ab−1 (upper panel) and 150 ab−1 (lower panel). The
gray area in the background is the parameter region currently
excluded by experiments [187–196] on jVeN j2. The gray band
labeled with “Type-I Seesaw target region” corresponds to the
parameter space explaining the active neutrino mass between
0.05 eV [197] and 0.12 eV [198] with the type-I seesaw relation
jVαN j2 ¼ mνα=mN . The gray dashed curve in the lower left part is
the lower bound on the mixing angle, derived from consideration
of big bang nucleosynthesis [199,200].

6Reference [84] assumes an integrated luminosity half that we
assume. This leads to a reduction factor 2 on the signal-event
number. We extract the HECATE curve for 150 ab−1 from
Ref. [84] and apply a factor 1=

ffiffiffi
2

p
to jVαN j2 in the lower part

of the curve while keeping the upper part unchanged, and present
it in the upper plot of Fig. 8.
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C. Light neutralinos from Z-boson decays

Here, we refrain from showing a plot of the average
decay probability of the lightest neutralino at the proposed
experiment, since it would look similar to Fig. 6.
We present in Fig. 9 the sensitivity reach of LAYCAST

to the lightest neutralino in the RPV SUSY, shown in the
ðmχ̃0

1
; λ0112=m

2
f̃
Þ plane, together with the sensitivity reach of

FD1, FD3, and FD6 from Ref. [83]. The two plots are
for LZ ¼ 16 ab−1 and 150 ab−1, respectively. The current
bounds on the coupling λ0112=m

2
f̃
, cf. Eq. (4), for mf̃ ¼

2 TeV and 10 TeV are shown as horizontal gray dashed
curves in the plots. We find that these considered experi-
ments can reach λ0112=m

2
f̃
down to 10−15 − 10−14 GeV−2, at

mχ̃0
1
∼ 40 GeV, orders of magnitude below the current

bounds. In the absence of background events, LAYCAST
shows a slightly stronger sensitivity reach than FD3, and

for 100 background events, it is as sensitive as FD1. FD6 is
the strongest in both plots, mainly owing to its much larger
fiducial volume.
We further compare LAYCAST with some LHC’s far

detectors [39] and the CEPC/FCC-ee’s main detector [83],
in the upper plot of Fig. 10. For an integrated luminosity
of 150 ab−1, the proposed experiment for NS ¼ 20 can
probe similarly small values of λ0112=m

2
f̃

as the main

detector, while the latter is much more sensitive in the
large couplings’ limit. None of FASER2, CODEX-b, and
MATHUSLA can compete with the lepton-collider experi-
ments shown here.
In the lower plot of Fig. 10, we plot the sensitivity reach

of LAYCAST for NS ¼ 3 and 20, and for LZ ¼ 16 ab−1

FIG. 8. Upper panel: comparison of LAYCAST with other
experiments extracted from Refs. [39,83,84,201–203]. The
HECATE result [84] corresponds to nine signal events and has
been adjusted to account for the difference in the considered
integrated luminosities. Lower panel: sensitivity reaches of
LAYCAST with different luminosities.

FIG. 9. Sensitivity reach of LAYCAST in comparison with that
of FD1, FD3, and FD3 from Ref. [83], shown in the λ0112=m

2
f̃

vs mχ̃0
1
plane. We have assumed Br(Z → χ̃01χ̃

0
1) = 10−3 for

mχ̃0
1
≪ mZ=2. The two plots are for LZ ¼ 16 ab−1 (upper panel)

and 150 ab−1 (lower panel), respectively. The two horizontal
dashed curves correspond to the current bounds on the λ0112=m

2
f̃

for mf̃ ¼ 2 TeV and 10 TeV.
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(dashed) and 150 ab−1 (solid). We observe similar hier-
archies between these curves as we find in the lower plot
of Fig. 8.

D. Axionlike particles

In Fig. 11 we plot hP½LLP in f:v:�i as functions of the
ALP’s boosted decay length, λa, for not only LAYCAST,
but also the FCC-ee/CEPC’s main detector, and the
proposed far-detector setups from Ref. [85]. The results
of the MD are calculated with the method described in this
article, and those of FD1, FD3, and FD6 are extracted from
Ref. [85]. We find the maximal reach in hP½LLP in f:v:�i
for LAYCAST is about 0.26 at λa ∼ 10 m, roughly the
same as in Figs. 3 and 6. The main detector is more
sensitive to smaller λa values, and can reach the maximal
average decay probability of 0.93 at λa ∼ 0.33 m. We
observe that the average decay probability of the ALPs
at LAYCAST is slightly better than that at FD1, especially
for λa ∼ 10 m, while FD6 is more sensitive to larger λa

values. We note that as in the previous scenarios, these
results are insensitive to the LLP’s mass.
We present numerical results for the ALP model in

three cases: (1) CγZ ¼ 0; Cγγ ≠ 0, (2) CγZ ¼ Cγγ ≠ 0, and
(3) independent and nonvanishing CγZ and Cγγ parameters.
For the first case where CγZ ¼ 0, we take into account the
existing bounds on the coupling Cγγ=Λ extracted from the
summary in Ref. [55]; for the other two cases with nonzero
CγZ, these existing bounds, in principle, should only be
loosely related as they are obtained under the assumption of
the ALP coupled to the photons only.

1. CγZ = 0

Here, CγZ is assumed to be vanishing, and we have only
two parameters: Cγγ=Λ and ma. Therefore, we present the
sensitivity results in the plane Cγγ=Λ vs ma in Fig. 12. The
gray area in both plots corresponds to the currently
excluded region in the plane spanned by ma and Cγγ=Λ;
see Ref. [55] and the references therein.7

The upper plot of Fig. 12 shows the sensitivity reach of
LAYCAST, the CEPC/FCC-ee’s main detector, as well
as FD1, FD3, and FD6 from Ref. [83], for LZ ¼ 150 ab−1.
We observe that the CEPC/FCC-ee’s main detector can
reach the largest ALP mass, while LAYCASTwith NS ¼ 3
and FD6 can probe smaller values of Cγγ=Λ for ma ≲
Oð1Þ GeV. FD1 and the new proposal with NS ¼ 20 are
found again to have almost identical discovery potentials.
These experiments all could probe Cγγ=Λ down to the order

FIG. 10. Upper panel: sensitivity reach of LAYCAST com-
pared to those of the main detector [85] and the LHC’s far
detectors [39]. Lower panel: sensitivity reach of LAYCAST for
different integrated luminosities.

FIG. 11. Average decay probability of the ALP at the proposed
experiment, the FCC-ee/CEPC’s main detector, and FD1, FD3,
and FD6 [85], as functions of the ALP’s boosted decay length λa.

7In Ref. [55] the ALP-photon interaction Lagrangian has the
term − gaγ

4
aFμνF̃μν in its Eq. (D7), in comparison to our

e2Cγγ
a
ΛFμνF̃μν in Eq. (6). This relation allows one to convert

the bounds on gaγ given in Ref. [55] to those displayed in Fig. 12.
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of 10−3 TeV−1. Taking into account the existing constraints
shown in the background, we find that mainly the experi-
ments located closer to the IP can probe relatively larger
currently allowed regions where the ALPs are not so long
lived (with large ma and Cγγ=Λ).
In the lower plot, we illustrate the effect of the integrated

luminosity on the sensitivity results of experiments includ-
ing LAYCAST, the CEPC/FCC-ee’s main detector, and
FD1 [85]. The CEPC and FCC-ee benchmark integrated
luminosities, LZ ¼ 16 ab−1 (dashed) and 150 ab−1 (solid)
are considered. We observe that even with the minor
integrated luminosity of 16 ab−1 large unexcluded para-
meter space can be probed by these experiments.

2. CγZ =Cγγ

In this scenario, the model parameters CγZ and Cγγ are
assumed to be equal. We present the sensitivity results in
Fig. 13, in the Cγγ=Λ vs ma plane.
Figure 13 is the same as Fig. 12, except that nowwe switch

on CγZ and assume it is equal to Cγγ. The CγZ coupling does
not induce the ALP’s decays, but it enhances the production
rates of the ALP, cf. Eq. (13). We thus find generally stronger
sensitivity results compared to those given in Fig. 12, while
the comparisons between the various experiments investi-
gated remain unchanged. Now these experiments can probe
Cγγ=Λ down to the orders of magnitude 10−5–10−4 TeV−1

depending on the integrated luminosity.

3. Independent and nonvanishing CγZ
and Cγγ parameters

In this case, we assume that Cγγ and CγZ are decoupled
and vary independently. Given the three free parameters
now, we will show sensitivity results in the ðCγZ=Λ; Cγγ=ΛÞ
plane for fixed ALP masses.

FIG. 12. Upper panel: sensitivity reach of LAYCAST com-
pared to that of the CEPC/FCC-ee’s main detector, as well as
those of FD1, FD3, and FD6 from Ref. [85], for LZ ¼ 150 ab−1

and CγZ ¼ 0, presented in the Cγγ=Λ vs ma plane. Lower panel:
sensitivity reach of LAYCAST, FD1, as well as the main detector,
for LZ ¼ 16 ab−1 and 150 ab−1. In both plots, the gray area in the
background is the presently excluded region of the parameter
space ðma; Cγγ=ΛÞ, reproduced from Ref. [55] (see also the
references therein).

FIG. 13. Same plots as those in Fig. 12, but for CγZ ¼ Cγγ.
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The upper plot of Fig. 14 shows the sensitivities
of LAYCAST compared to those of the CEPC/FCC-ee’s
main detector, and FD1, FD3, and FD6 from Ref. [85]. We
fixma at 1 GeV, and take LZ ¼ 150 ab−1 as the benchmark
integrated luminosity. Among the far detectors including
LAYCAST, FD6 can probe the smallest values ofCγγ=Λ for
CγZ=Λ down to about 7 × 10−5 TeV−1. LAYCAST with
NS ¼ 20 shows a similar sensitivity reach to FD1, and for
NS ¼ 3 it can probe Cγγ=Λ for the smallest values of
CγZ=Λ. The CEPC/FCC-ee’s main detector shows sensi-
tivities to Cγγ=Λ for CγZ=Λ below 5 × 10−5 TeV−1 where
all the far-detector experiments have no sensitivity; in fact,
even for vanishing CγZ, the main detector is sensitive to
Cγγ=Λ between 2 × 10−3 TeV−1 and 9 × 10−2 TeV−1, in
good agreement with the upper plot of Fig. 12.

The lower plot shows the change in the sensitivities for
LAYCAST, the CEPC/FCC-ee’s main detector, as well as
FD1 [85], resulting from differences in the integrated
luminosity LZ ¼ 16 ab−1 and 150 ab−1.
Finally, to understand how the sensitivities change with

varying ALP mass, in Fig. 15, we show two sensitivity
plots in the planeCγγ=Λ vs CγZ=Λ, forma ¼ 0.01 GeV and
1 GeV (upper panel) and ma ¼ 10 GeV and 90 GeV
(lower panel). The integrated luminosity is fixed at
150 ab−1 in these plots. We take into account LAYCAST,
FD1 (for which the results are extracted from Ref. [85]),
and the CEPC/FCC-ee’s main detector. In each plot, for the
lower (higher) mass value the sensitivity curves are plotted
in the dashed (solid) style.
In the upper plot, we find that for ma ¼ 0.01 GeV now

all of the considered detectors show a funnel behavior at the
small values of CγZ=Λ, and this can be explained with the

FIG. 14. Upper panel: sensitivity reach of LAYCAST, the
CEPC/FCC-ee’s main detector, as well as FD1, FD3, and FD6
from Ref. [85] for ma ¼ 1 GeV and LZ ¼ 150 ab−1, shown in
the plane Cγγ=Λ vs CγZ=Λ. Lower panel: sensitivity reach of
LAYCAST, FD1, as well as the CEPC/FCC-ee’s main detector
with ma ¼ 1 GeV, for LZ ¼ 16 ab−1 and 150 ab−1.

FIG. 15. Upper panel: sensitivity reaches of representative
detectors and integrated luminosity of LZ ¼ 150 ab−1 in the
Cγγ=Λ vs CγZ=Λ plane for ma ¼ 0.01 GeV and 1 GeV. Lower
panel: the same format for ma ¼ 10 GeV and 90 GeV.
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same argument we provide above for the sensitivity curves
of the CEPC/FCC-ee’s main detector shown in Fig. 14. For
ma ¼ 10 GeV and 90 GeV, no such funnel is observed for
the same reasons.
In general, these two plots show that for increasing

ALP mass, the sensitive regions in general shift in the
lower-right direction, requiring larger values of CγZ=Λ and
smaller values ofCγγ=Λ. This can be understood as follows.
For a heavier ALP, its decay width increases thus making
the ALP more prompt and less likely to decay inside the
fiducial volume. To restore the decay probabilities in the
fiducial volume, a smaller decay coupling, Cγγ=Λ is
required; however, this would also decrease the produc-
tion rate, which can be offset, in turn, by a larger value
of CγZ=Λ.

VI. CONCLUSIONS

In this work, we have proposed a dedicated LLP
detector, LAYCAST, for future electron-positron colliders
such as CEPC and FCC-ee, based on and intended to
emulate the proposal from Ref. [84]. Using the main
detector of the circular lepton colliders as an effective veto
for (most) SM background events, the idea of this work is to
regard the space between the main detector and the surface
of the main experimental cavern of CEPC and FCC-ee, as
the fiducial volume where an LLP may decay with the
decay products detected by the layered scintillators or
RPCs to be installed on the inner surface of the cavern.
Besides, for load bearing and other reasons, we assume that
LAYCAST would not be mounted on the floor of the
experiment hall.
To good approximation we treat the fiducial volume as a

cuboid, excluding the internal space occupied by the
cylindrical main detector. We assess the sensitivity reach
of LAYCAST at CEPC and FCC-ee to a series of bench-
mark models with LLPs: a light scalar X from exotic Higgs
decays h → XX that arise in a minimal extension of the SM
Higgs sector with an SM-singlet scalar field, an HNL N
from Z-boson decays Z → ναN, the lightest neutralino in
the RPV SUSY from Z-boson decays Z → χ̃01χ̃

0
1, and an

ALP a coupled to the SM photon and the Z-boson
produced in direct scattering processes e−eþ → γa via
an s-channel photon or Z boson. We check these sensitivity
results against existing bounds, and also compare them
with those obtained for the CEPC/FCC-ee’s main detector,
the LHC’s far detectors, as well as proposed LLP detectors
at future e−eþ colliders [83,84]. Moreover, since the new
proposed detector is capable of accepting LLPs from most
directions, it is not easy to add additional shielding for the
detector, and it may suffer from nonvanishing background
events. We, thus, show the sensitivity reach at 95% CL for
both 0 and 100 background events, corresponding to 3 and
20 signal events, respectively.

Compared to the FD1, FD3, and FD6 setups initially
studied in Ref. [83] where zero background is (legitimately)
assumed, we find that the sensitivity results of LAYCAST
with NS ¼ 20 are similar to those of FD1, while FD3 and
FD6 are sensitive to relatively larger proper decay lengths
cτ (corresponding to smaller mass or decay coupling) of the
LLPs. The latter two’s stronger sensitivities are mainly due
to their much larger volumes.
The main detectors at CEPC and FCC-ee, owing to their

proximity to the IP, are most sensitive to LLPs with small
cτ, and can also cover the intermediate-cτ regime thanks to
their large acceptance. LAYCAST is instead most com-
petitive at larger cτ, and in the zero-background limit it can
probe regions beyond the main detectors. As a concrete
SM background case, Appendix D presents a dedicated
estimate of the KL contribution from hadronic Z decays
(with KL decaying in the cavern volume before the first
LAYCAST layer), showing that the MD × FD require-
ments suppress it to a negligible level, especially for the
Big layout. If Oð100Þ background events were neverthe-
less present for LAYCAST, it would not outperform a
background-free main-detector search; conversely, if the
main detector also suffers from sizable backgrounds,
LAYCAST can again access to parameter space that
becomes inaccessible to the main detector (Appendix E).
Compared to the far detectors at the LHC, LAYCAST is

more sensitive for smaller cτ values. In the long-lifetime
regime, we find it can probe larger LLP masses or smaller
decay couplings. In addition, HECATE [84] focused on an
HNL mixed with the muon neutrino. We observe that the
sensitivity reach of HECATE with nine signal events shown
in the plane ðmN; jVαN j2Þ is almost the same as that of
LAYCAST studied in this work with three signal events.
This is mainly due to the more realistic setup of the new
detector.
Furthermore, in Appendix A, we study numerically

different sensitivity reaches between the geometries of the
cavern that we use in this work [94] and the slightly larger,
updated configuration [61], and find that the effect is essen-
tially small for such a variation in the cavern geometries.
Finally, we comment that we have fixed the distance

between the IP and the cavern floor to be 5 m correspond-
ing to a support holding the main detector, and have
excluded the cavern floor from the locations where the
scintillators can be installed. Via numerical checks, we find
that these two factors do not play an important role in the
sensitivity-reach estimates. These findings are explained in
detail in Appendix B and Appendix C.

Note added. Following standard practice in high-energy
physics, authors are listed in strict alphabetical order by
surname. This ordering should not be interpreted as
indicating any ranking of contribution, seniority, or lead-
ership. All authors contributed equally to this work.
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APPENDIX A: EFFECTS OF VARYING THE
CAVERN GEOMETRIES

As mentioned in footnote 3, the latest design of the
CEPC cavern [61] employs dimensions (L ×W × H) of
50 m × 30 m× 30 m with a support length of 12.15 m,
slightly larger than the geometry setup used for numerical
studies in this work (40 m × 20 m × 30 m with a support
of 5 m height [94].) In this appendix, we use the light scalar
and the HNL scenarios to illustrate the effect on the average
decay probability and the sensitivity reach at LAYCAST,
arising from this difference in the cavern geometries.
In Fig. 16 we display two comparison plots shown in the

plane hP½LLP in f:v:�i vs cτX and Brðh → XXÞ vs cτX,
respectively, with mX ¼ 0.5 GeV. The brown curve cor-
responds to the geometrical setup of the CEPC experiment
cavern we have used for the main results in the present
work, and the green one to the latest design of the main
cavern. We find that with the latest design of the CEPC
cavern, owing to its larger volume, LAYCAST is predicted
to perform slightly better than with the setup we have
been using.

Figure 17 makes the same comparison as Fig. 16,
except that it is now for the HNL model. We draw the
similar conclusion that with the two geometrical configu-
rations of the CEPC cavern the proposed LAYCAST
experiment is projected to have almost the same con-
straining power.

FIG. 16. Upper panel: the average decay probability at LAY-
CAST as functions of the proper decay length cτX , for our used
CEPC cavern geometry (brown) and the latest geometry (green),
in the light-scalar model with mX ¼ 0.5 GeV. Lower panel: the
sensitivity reach of LAYCAST in the ðcτX;Brðh → XXÞÞ plane
for mX ¼ 0.5 GeV, comparing the two geometrical configura-
tions of the CEPC cavern.
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APPENDIX B: EFFECTS OF VARYING THE
POSITION OF THE COLLISION POINT

Because of the load bearing and other factors in the main
cavern, the beam collision point has been set at 5 m above
the cavern’s floor. We take the ALP model as an example to
showcase the effect of the relative position of the IP from the
cavern floor, by numerically estimating the proportion of the
long-lived ALPs traveling toward all six planes of the cuboid
fiducial volume, for lsupport ¼ 5 m and 15 m, where lsupport is
the length of the vertical support. For lsupport ¼ 15 m, the IP
is roughly in the middle of the experiment cavern.
The results are listed in Table I.We observe that for the case

with a smaller value of lsupport, the proportion of the ALPs
leaving the cavern through the floor (the−y column) is larger
and correspondingly fewer ALPs travel toward the other
five surfaces. This is mainly due to the larger solid-angle
coverage between the IP and the cavern floor. Therefore, the

conclusion is for a longer vertical support, and the cavern
floor is less important to some extent. We note also that
these results are almost independent of the ALP mass.

APPENDIX C: EFFECTS OF ADDING THE
CAVERN FLOOR

In the main text, we have assumed that it is impossible to
install detector materials on the cavern floor for the purpose
of detecting LLPs. In order to analyze the effect of this
exclusion on the final sensitivity results, we check the
average decay probabilities of the long-lived ALP for both
cases of including and excluding the cavern floor as part of
the fiducial volume of LAYCAST, and present the results in
Fig. 18, showing two curves for the two cases, respectively,
where we have fixed the support length to be 5 m. The two
curves shown in the figure almost completely overlap with
each other. More concretely, the maximal average decay
probability that can be achieved for λ just below 10 m in
both cases, is 0.32 and 0.26, for including and excluding
the cavern floor, respectively. We thus conclude that the
cavern floor has only a small effect on the final sensitivities.
In addition, we recall that as discussed in Sec. V, the mass
of the LLP is unimportant in the considered benchmark
scenarios for the plots of the average decay probability as
functions of the lab-frame decay length of the LLP.

FIG. 17. Upper panel: average decay probability at LAYCAST
as functions of the boosted decay length λ, for our used CEPC
cavern geometry (brown) and the latest geometry (green), in the
HNL model. Lower panel: sensitivity reach of LAYCAST in the
ðmN; jVαN j2Þ plane, comparing the two geometrical configura-
tions of the CEPC cavern.

FIG. 18. Average decay probability of the ALP at LAYCASTas
a function of the boosted decay length of the ALP λ, for the two
cases of including and excluding the bottom surface of the cavern
as part of LAYCAST’s fiducial volume.

TABLE I. Proportion of LLP events detected on each surface of
the fiducial volume for the IP located at 5 m and 15 m above the
floor of the experiment cavern. ð−Þx; ð−Þy, and ð−Þz represent
the surfaces lying on the corresponding side and perpendicular to
the corresponding axis.

Proportion x −x y −y z −z

lsupport ¼ 5 m 0.2148 0.2218 0.0617 0.3448 0.0805 0.0763
lsupport ¼ 15 m 0.2577 0.2661 0.1290 0.1383 0.1043 0.1046
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APPENDIX D: KL BACKGROUND ESTIMATE

Neutral long-lived kaons from hadronic Z decays can
constitute a non-negligible SM background for LAYCAST.
The KL mean proper decay length is cτ ≃ 15.34 m [156],
so a sizeable fraction may traverse the main detector and
decay in the cavern volume between the main-detector
outer surface and the first LAYCAST layer. Photons from
such decays (directly or via π0 production) may reach
LAYCAST and mimic displaced, signal-like activity. This
appendix summarizes our estimate of the KL background
for the two main-detector layouts. As a concrete bench-
mark, we use eþe− → Z → aγ with an ultra-long-lived
ALP a, and illustrate how the combined main-detector ×
far-detector (MD × FD) requirements suppress the KL
contribution.
Geometry of the main detector. Figure 19 shows a side

cross section of the simplified main detector used in this
study. The electromagnetic calorimeter (ECAL), hadronic
calorimeter (HCAL), and muon detector (MuD) are
approximated as coaxial hollow cylinders. Table II sum-
marizes the corresponding geometry inputs (barrel and
endcaps) for the “Small” and “Big” detector designs; all
dimensions are in mm.
KL production at the Z pole. The signal process eþe− →

Z → aγ features a single isolated photon in the MD and no

additional visible activity, while the ultra-long-lived ALP a
traverses the MD and produces displaced photon activity in
the LAYCAST layers after decaying in the cavern volume.
The relevant KL background is therefore not inclusive of

Z → hadrons production, but the rare topology in which
(i) a KL is produced at the IP and exits the MD, and (ii) the
accompanying hadronic system is sufficiently quiet in the
MD such that the event passes the “single-photon + veto”
requirement (i.e., the MD reconstructs only one isolated
photon and no additional hadronic activity). For this
purpose we model the background with two parton-level
channels: (a) eþe− → ss̄, where the recoil hemisphere
fakes a photon candidate (merged π0 → γγ or jet → γ),
and (b) eþe− → ss̄γ, where the photon arises from QED
radiation and the hadronic activity is suppressed by the MD
veto. In both cases, any additional hadrons near the KL
flight direction would fail the MD veto and are not part of
the targeted background configuration.
As shown in Sec. V, at the Z pole we consider LZ ¼

16 ab−1 and 150 ab−1, corresponding to NZ ¼ 7 × 1011

and 5 × 1012 on-shell Z bosons, respectively. To estimate
the number of potentially relevant KL mesons we do not
normalize to the inclusive neutral-kaon multiplicities mea-
sured at LEP [156], since those correspond to generic
hadronic Z events with substantial hadronization activity,
which are efficiently rejected by the MD veto. Instead we
introduce an effective probability Pisoðs=s̄ → KLÞ for an s
or s̄ quark to yield an “isolated” KL configuration com-
patible with the MD single-photon requirement, and we
conservatively take Piso ¼ 1=4. Using the PDG down-type
average fraction BrðZ → ddþ ssþ bbÞ=3 ≃ 0.156 as a
proxy for BrðZ → ss̄Þ [156], we obtain

NK ≈ 2NZ · BrðZ → ss̄Þ · Pisoðs=s̄ → KLÞ ≈ 0.078NZ

≈
�
5.5 × 1010; ðLZ ¼ 16 ab−1Þ;
3.9 × 1011; ðLZ ¼ 150 ab−1Þ: ðD1Þ

For the polar angle θ (defined with respect to the beam
axis), we adopt the standard even component

FIG. 19. Side cross-section views of the main detector.

TABLE II. Subdetector geometry summary, and the unit is mm.

Detector Component

Small design Big design

Z range Radius range Z range Radius range

ECAL Barrel ð−3370; 3370Þ (2000, 2330) ð−2350; 2350Þ (1810, 2140)
Endcap Left ð−3370;−3040Þ (400, 2000) ð−2680;−2350Þ (329, 2140)
Endcap Right (3040, 3370) (400, 2000) (2350, 2680) (329, 2140)

HCAL Barrel ð−4445; 4445Þ (2585, 3660) ð−2680; 2680Þ (2140, 3380)
Endcap Left ð−4445;−3370Þ (400, 2330) ð−4143;−2680Þ (329, 3380)
Endcap Right (3370, 4445) (400, 2330) (2680, 4143) (329, 3380)

MuD Barrel ð−4445; 4445Þ (3660, 4260) ð−4143; 4143Þ (4400, 6080)
Endcap Left ð−5560;−4660Þ (650, 4260) ð−5863;−4143Þ (329, 6080)
Endcap Right (4660, 5560) (650, 4260) (4143, 5863) (329, 6080)
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1

NK

dNK

d cos θ
¼ 3

8
ð1þ cos2 θÞ; ðD2Þ

which corresponds to the familiar ð1þ cos2 θÞ dependence
for eþe− → ff̄ in the ultrarelativistic limit [156]. At the Z
pole a forward-backward term proportional to cos θ can
appear, but it largely cancels in symmetric acceptances and
is neglected here for a baseline estimate.
Based on Eq. (8) [82], the benchmark signal process

eþe− → Z → aγ follows the same θ weighting as Eq. (D2),
so that central vs forward regions receive identical relative
weights in signal and background integrals.

1. Combined main/far-detector strategy for suppressing
the KL background

Here, we summarize the principles and working formulas
underlying the combined MD × FD strategy for suppressing
the long-lived neutral-kaon background at a Tera-Z eþe−

collider (
ffiffiffi
s

p ¼ 91.2 GeV). In this appendix, the FD refers
to the LAYCAST layers installed on the cavern surface.
The signal is the two-body process eþe− → aγ, where the
axionlike particle a is ultra-long-lived, traverses the main
detector, and decays in the cavern volume, yielding displaced
photon activity in LAYCAST. In contrast, Standard Model
KL mesons are abundantly produced in hadronic Z decays
and can occasionally escape the main detector and decay in
the same cavern volume, producing photons predominantly
via neutral-hadronic decays involving π0 → γγ and, sub-
dominantly, radiative modes [156].
The MD × FD selection combines (i) two-body photon

kinematics and tight photon identification in the main
detector with (ii) a displaced two-photon vertex and
energy-momentum consistency in the far detector, together
with an event-level matching between the two subsystems
(e.g., pointing and timing consistency).
For the two-body signal at the Z pole, the photon energy

is sharply peaked,

Esig
γ ¼ s −m2

a

2
ffiffiffi
s

p : ðD3Þ

The main-detector signature is therefore a single isolated
high-energy photon plus large missing energy with min-
imal additional activity. Tight electromagnetic-cluster iden-
tification (e.g., shower-shape, conversion veto, pointing)
and isolation, together with narrow windows in Eγ, strongly
suppress generic Z → hadrons events in which a KL is
produced alongside sizeable hadronic activity.
The expected number of KL background events passing

the full MD × FD analysis can be factorized as

NB ≃ NK · Psel · Pdet · BrðKL → γγ þ XÞ; ðD4Þ

where Psel denotes the efficiency of the combined MD and
FD analysis cuts (including the MD-FDmatching), and Pdet

encodes the probability for a KL to (i) escape the main
detector without being absorbed and (ii) decay inside the
fiducial volume of the far detector.
We note that, once the diphoton γγ is detected by the far

detector, the diphoton invariant mass mγγ can be recon-
structed. For the signal, mγγ peaks at ma (up to detector
resolution and photon-energy scale). For KL-induced
photon pairs, however, mγγ is in general not correlated
with ma: photons typically originate from neutral-hadronic
decays involving π0 → γγ (leading to structures near mπ0)
or from broader multibody final states, while the rare two-
body mode KL → γγ yields a narrow peak near mK [156].
Therefore, requiring mγγ to lie within a narrow window
around ma can provide an additional handle to further
suppress the KL background (except in the special case
where ma happens to be close to mπ0 or mK). We do not
impose this requirement in the baseline estimate; our
quoted KL background should thus be regarded as
conservative. This effect can be incorporated by multiply-
ing Eq. (D4) by an additional factor Pmγγ

, which we
conservatively set to unity in this estimate.

2. Selection of final state and kinematics
in the main detector

This Subsection evaluates the selection factor Psel enter-
ing Eq. (D4). It quantifies the probability for a hadronic Z
event containing a KL to pass the MD preselection and to
satisfy kinematic criteria similar to the two-body signal. We
parametrize it as

Psel ¼ ϵMD
pre · ϵMD

kin ; ðD5Þ

where ϵMD
pre is the probability that the hadronic event

produces exactly one isolated photon and exactly one
candidate KL in the MD with no other significant hadronic
activity, and ϵMD

kin encodes the efficiency for the surviving
events to have photon and KL kinematics consistent with
the two-body signal hypothesis.
Event generation and MD preselection. To estimate the

above factors, we generate hadronic background samples
eþe− → ss̄ and eþe− → ss̄γ at

ffiffiffi
s

p ¼ 91.2 GeV using
MadGraph5_aMC@NLO interfaced with PYTHIA8 for par-
ton showering and hadronization [177,182], followed by a
fast detector simulation with Delphes using a CEPC
configuration [204,205]. The photon in the ss̄γ sample
arises from QED radiation. Although the ss̄γ background is
more signal-like in kinematics, its cross section is much
smaller,

σss̄γ
σss̄

≃ 4.4 × 10−3: ðD6Þ

We therefore define the total effective selection effi-
ciency as the cross-section–weighted efficiency of the
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two components under the selection criteria,

ϵMD ¼ σss̄ϵss̄ þ σss̄γϵss̄γ
σss̄ þ σss̄γ

: ðD7Þ

We first impose two simple MD-level preselection
criteria: (i) exactly one reconstructed isolated photon;
(ii) exactly one reconstructed jet (taken as a proxy for
the recoiling hadronic system), with no other significant
activity. Under these requirements the overall preselection
efficiency factor can be written as the product of the
isolated-photon selection efficiency and the fraction of
events that contain a suitable KL candidate,

ϵMD
pre ¼ ϵMD

1γ · PMD
KL;pre

≃ ð3.2 × 10−2Þ · ð2.9 × 10−1Þ
≃ 9.3 × 10−3: ðD8Þ

Kinematic consistency with the signal. Figures 20 and 21
show the photon-energy spectra for the signal and the two
background samples. As expected from two-body kinemat-
ics, the signal peaks near Eγ ≃ 45 GeV (ma ¼ 10 GeV)
and 25 GeV (ma ¼ 60 GeV). We define ϵMD

kin via an Eγ

window around the signal peak,

ϵMD
kin ≃

�
1.2× 10−2; 40<Eγ < 50 GeV ðma ¼ 10 GeVÞ;
3.3× 10−2; 20<Eγ < 30 GeV ðma ¼ 60 GeVÞ:

ðD9Þ

Combining the above factors gives

Psel ≃
�
1.11 × 10−4; ma ¼ 10 GeV;

3.06 × 10−4; ma ¼ 60 GeV:
ðD10Þ

3. Detection in the FD

Traversal of the main detector (survival). A KL pro-
duced at the IP must traverse the ECAL, HCAL, and MuD
before entering the cavern region. We model hadronic
interactions in detector material with an exponential sur-
vival probability,

PsurvðθÞ ¼ exp½−dEðθÞ − dHðθÞ − dμðθÞ�; ðD11Þ

diðθÞ ¼
LiðθÞfT

λi
; i∈ fE;H; μg; ðD12Þ

where LiðθÞ are the path lengths through each subdetector
along polar angle θ, obtained piecewise from Fig. 19
and Table II. They depend on the angle θ only, since the
MD is azimuthally symmetric. The factor fT is an effec-
tive material fill factor (accounting for gaps and non-
absorbing volumes), and λi are effective absorption lengths
for neutral-kaon interactions, taken as λE ¼ 9.6 cm,
λH ¼ 17 cm, and λμ ¼ 16.8 cm for tungsten, steel, and
iron, respectively [63]. We normalize the optical depths at
θ ¼ π=2 as dE ¼ 0.875 and dH ¼ 4.7 for both layouts, and
use dμ ¼ 2.39ð6.7Þ with fT ¼ 0.67 for the Small (Big)
design. Integrating PsurvðθÞ over the central polar range
0.17 ≤ θ ≤ π − 0.17 gives the fraction of kaons that exit the
main detector.
Decays in the cavern before reaching LAYCAST (geom-

etry, lifetime, and azimuthal acceptance). Let D1ðθÞ be the
distance from the IP to the outer surface of the main
detector, and D2ðθ;φÞ the distance to the first LAYCAST
layer along direction ðθ;φÞ. Because LAYCAST is not
azimuthally symmetric and does not provide full azimuthal

FIG. 20. Photon-energy spectrum in the main detector for the
signal eþe− → aγ with ma ¼ 10 GeV and the background
samples eþe− → ss̄ and eþe− → ss̄γ at

ffiffiffi
s

p ¼ 91.2 GeV. Dis-
tributions are shown after the MD preselection and normalized to
unit area for shape comparison.

FIG. 21. Same as Fig. 20, but for the signal mass
ma ¼ 60 GeV.
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coverage, D2 depends on φ, and for directions without
instrumentation—in particular, trajectories pointing toward
the cavern floor where no LAYCAST layers are installed—
we set the decay probability to zero. At the Z pole the KL
decay length is

λK ¼ βKγKcτK ¼ pK

mK
cτK ≈

mZcτK
2mK

≈ 1.405 km: ðD13Þ

The probability for a KL to decay in the cavern volume
between the main detector and the first LAYCAST layer is

Pdecayðθ;φÞ ¼ e−D1ðθÞ=λK − e−D2ðθ;φÞ=λK ðD14Þ

≈
D2ðθ;φÞ −D1ðθÞ

λK
; ðD15Þ

where the linearization holds when λK ≫ D1;2.
The FD detection factor is obtained by combining the

survival probability in the main detector with the proba-
bility to decay in the cavern region before the first
LAYCAST layer, and integrating over the instrumented
solid angle. We evaluate this integral numerically via
Monte Carlo integration: we generate 2 × 108 KL direc-
tions with the polar-angle distribution in Eq. (D2) and a
uniform azimuthal angle φ∈ ½0; 2πÞ, apply the LAYCAST
azimuthal acceptance, and average the product PsurvðθÞ ·
Pdecayðθ;φÞ. The resulting θ dependences for the Small and
Big layouts after integrating φ are shown in Figs. 22 and 23,
respectively.
We integrate the above results to obtain

Pdet ≃
�

1.21 × 10−6 ðSmallMDÞ;
8.55 × 10−9 ðBigMDÞ: ðD16Þ

Finally, to obtain a γγ-like background we require at least
one π0 in the KL decay chain. As a simple estimate we
retain the dominant π0-rich hadronic modes [156],

BrðKL → γγ þ XÞ ≈ BrðKL → π0 þ XÞ ≈ 0.32: ðD17Þ

4. Final background estimate

We define the net per-KL probability to enter the γγ
background category as

Pnet ≡ Psel · Pdet · BrðKL → γγ þ XÞ: ðD18Þ

The expected number of background events then follows
from Eq. (D4) as NB ¼ NKL

· Pnet ≈ 0.078NZ · Pnet.
Table III summarizes the resulting Pnet and NB for the
two main detector layouts and benchmark ALP masses.
Overall, the MD × FD strategy suppresses the KL back-

ground to Oð1–10Þ events for the Small layout, and well
below one event for the Big layout at the same integrated
luminosities. A full detector simulation will refine these
numbers, but the conclusion is robust: the combined
requirements of only one signal-like isolated photon in
the main detector and FD-side displaced γγ activity,
matched at the event level, render the KL contribution
negligible, especially for the Big layout.
Validation and dominant uncertainties. Most inputs to

NB can be validated or constrained with data control
samples and sidebands: the MD single-photon selection
and kinematic windows can be calibrated in Z → qq̄ data

FIG. 22. Small main-detector layout: angular dependence of the
KL survival probability Psurv, cavern-decay probability Pdecay,
and their product entering Pdet.

FIG. 23. Big main-detector layout: same as Fig. 22.

TABLE III. Net per-KL probability P and expected KL back-
ground yield NB after the full MD × FD selection.

Layout ma (GeV) Pnet LZ (ab−1) NB

Small 10 4.3 × 10−11 16 2.4
150 17

60 1.18 × 10−10 16 6.5
150 46

Big 10 3.04 × 10−13 16 0.016
150 0.12

60 8.37 × 10−13 16 0.046
150 0.33

LAYERED CAVERN SURFACE TRACKER AT FUTURE … PHYS. REV. D 113, 075012 (2026)

075012-21



using isolation and recoil-mass sidebands, while the
MD-FD consistency can be benchmarked with geometry-
and kinematics-based studies. The KL rate relevant for this
estimate is not the inclusive neutral-kaon multiplicity, but
the rare “quiet” topology that survives the MD veto; it can
be cross-checked with dedicated Z → hadrons control
samples passing the same MD preselection. The dominant
uncertainties are expected to come from the effective
absorption lengths (material modeling), the modeling of
veto-surviving hadronization topologies, and the detailed
cavern/acceptance geometry [notably D2ðθ;φÞ and azimu-
thal holes]; these will be refined with full simulation and
in situ calibrations.

APPENDIX E: SENSITIVITY BENCHMARKS FOR
DIFFERENT SIGNAL-YIELD THRESHOLDS

The numerical results given in Sec. V show the already
excellent sensitivity reaches of the CEPC/FCC-ee’s main
detectors; however, this is obtained under the assumption of
zero background. This may not be the case in reality and
there can be multiple background events depending on the
final-state signatures. In order to illustrate the effect of
nonvanishing background events on the sensitivity reach of
the main detectors, we show here sensitivity curves of not
only three, but also 20 and 50 signal events corresponding
to 95% CL exclusion bounds for 100 and 625 background
events, respectively. For illustrative purpose, we take the
light scalar and the ALP models as examples.
In the upper plot of Fig. 24, we show the comparison of

the sensitivity reaches of CEPC/FCC-ee’s main detector
with that of LAYCAST, for the long-lived light scalar X
with mX ¼ 0.5 GeV, considering various background
levels. In the prompt regime, we observe that the main
detector always shows much better performance, because
its fiducial volume cuts on the minimal radial distance
according to the OðmmÞ beam-pipe radius [83]. However,
with larger samples of background events for the main
detector, we find that LAYCAST can be much more
sensitive in the large cτX regime. This leads us to solidify
the conclusion that LAYCAST can be complementary to
the main detectors to a large extent in the optimal case.
Then in the lower panel of Fig. 24 we make the same

comparison but for the long-lived ALP model with CγZ set
to 0, now given in the Cγγ=Λ vs ma plane. We find that
when background events are present for the main detector,

the corresponding discovery potentials are weakened and
thus LAYCAST shows some advantage in probing Cγγ=Λ
for ma ≲ 1 GeV. Consistent with the findings in the upper
plot of Fig. 24, we conclude that in the presence of
background events for the CEPC/FCC-ee’s main detector,
the LAYCAST experiment can probe new parameter space
for larger cτ values.

FIG. 24. Upper panel: comparison of the sensitivity reaches of
CEPC/FCC-ee’s main detector with those of LAYCAST, for
different number of light-scalar signal events, shown in the
Br(h → XX) vs cτX plane for mX ¼ 0.5 GeV. Lower panel: the
same comparison but for the ALP scenario with LZ ¼ 150 ab−1

and CγZ ¼ 0, in the Cγγ=Λ vs ma plane.
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