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We explore the discovery potential for long-lived particles at the 250-GeV ILC. The goal is to investigate
possible gains of a dedicated far detector over the main detector ILD. For concreteness, we perform our
study for sub-GeV axionlike particles a produced via eTe™ — ay or ete™ — Zy — (ay)y and decaying
into pairs of charged leptons. In the ideal case of zero background and perfect detection efficiency, we find
that far detectors placed in the planned underground cavities or a large cuboid on the ground can enhance
the sensitivity to long-lived pseudoscalars at best moderately. On the other hand, the ILD itself is a perfect
environment to search for long-lived particles, due to its excellent angular coverage and radial thickness.
For long-lived particles produced with cross sections of a few picobarns, the ILD could probe lifetimes up
to 300 ns, or proper decay lengths up to 100 m, in 250 fb~! of data. For axionlike particles produced
through weak interactions, the ILC can reach an even higher sensitivity than searches for displaced vertices
in meson decays at Belle II. Our findings apply similarly to other proposed electron-positron experiments
with a high angular coverage, such as the FCC-ee and CEPC.
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I. INTRODUCTION

Current searches for long-lived particles (LLP) are often
driven by opportunism. Existing particle colliders are found
to be sensitive to LLPs with a certain range of masses and
couplings, which is determined by the particle source
and the detector geometry [1]. For the LHC, new search
strategies [2,3], as well as several annex experiments like
FASER [4,5], MATHUSLA [6], and CODEX-b [7] have
been proposed to optimize and extend the reach for LLPs.'

For the next high-energy particle collider, it is advisable
to explore the discovery potential for LL.Ps and optimize
the detector setup before construction. The key question to
answer is: Where should an LLP detector ideally be placed
and with what geometry?

In this work we answer this question for future high-
energy electron-positron experiments. While we focus on the

*r.schaefer@thphys.uni—heidelberg.de

“tillinger@thphys.uni-heidelberg.de

“susanne.westhoff@ru.nl

'FASER is currently constructed and has demonstrated its
capability to detect neutrinos with a test run [8].
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International Linear Collider (ILC) [9], most of our results
can be transferred to the FCC-ee [10] and CEPC [11].
Previous analyses for future e™e™ colliders have focused on
LLPs produced via Higgs or Z boson decays [12-14] or
sterile neutrinos [15] and decaying in the main detector. The
physics potential of far detectors has been explored at the
FCC-ee or CEPC [16,17] and at future lepton colliders
running at the Z pole [18]. Alternatively, light LLPs produced
from the electron or positron beams could be observed in
beam dump experiments, as proposed for the ILC [19].

We conduct the first study of realistic far detector
options for the ILC with a center-of-mass energy of
/s = 250 GeV. A central aspect of our work is to compare
the reach for LLPs at far detectors with the main detector
ILD. We perform this comparison systematically for
LLPs produced with different kinematic distributions.
This allows us to determine the key features required for
a detector to be sensitive to LLPs with specific production
kinematics and decay lengths. For concreteness, we focus
on axionlike particles (ALPs) a with masses well below the
weak scale, produced via ete™ — ay and ete” - Zy —
(ay)y and decaying into pairs of displaced charged leptons.
These two scenarios can be considered as benchmarks for a
larger class of light new particles with similar production
kinematics and decay lengths, which should lead to very
similar results.

The second main aspect of our work is to compare our
results for the ILC with low-energy electron-positron

Published by the American Physical Society
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colliders, most notably the Belle II experiment [20]. While
both experiments benefit from a clean environment and
an excellent angular coverage of the main detector, the
dominant production channels and decay kinematics of
an LLP are very different due to the different collision
energies. If and how a high-energy -electron-positron
collider can extend the reach for LLPs beyond Belle II
is therefore a tricky question with a high impact on the
discovery potential of future experiments.

This paper is structured as follows: In Sec. II, we
introduce the model used for our analysis and discuss
the main production channels and kinematic distributions
of axionlike particles at the ILC. In Sec. III, we design three
far detectors at the ILC and analyze how their position and
geometry affects the expected event rates of decaying
LLPs. In Sec. IV, we discuss the discovery potential for
ALPs at the ILC far detectors in detail and compare it with
the ILD. In Sec. V, we compare the sensitivity at the ILC
with ALPs from meson decays at Belle II, before con-
cluding in Sec. VL

II. AXIONLIKE PARTICLES AT THE ILC

Axionlike particles (ALPs) are pseudoscalars that could
originate as pseudo-Nambu-Goldstone bosons from a chiral
symmetry broken at a scale A and whose couplings respect
a shift symmetry a — a 4+ ¢. We focus on a benchmark
model with ALPs coupling only to light leptons £ = {e, u}
and weak gauge fields. At energies above the weak scale,
U, the ALP couplings are described by an effective
Lagrangian [21]

o _
% fa (Zyurst) + CWW%i

Az f,

‘Ceff(:u > :“w) = W/Tle‘;y’

(2.1)

where ¢, denotes the ALP coupling to leptons, and ¢y is
the coupling to weak gauge bosons with field strength
tensor Wj,. The latter is normalized to the weak gauge
coupling a, = a/s2, with the fine structure constant & and
the sine of the weak mixing angle, s, =sind,,. The
effective theory is valid at energies up to a cutoff scale
A =4xf,, where it is to be completed by a full model. For
the QCD axion, the scale f, is related to the axion decay
constant.

Below the scale of electroweak symmetry breaking, the
ALP interactions with photons and Z bosons read
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with the field strength tensors of the photon, F,,, and the Z
boson, Z,,, and the couplings

FIG. 1. Feynman diagrams for ALP production via ete™ — ay
(left) and eTe™ — Zy — (ay)y (right).

Cyy = Cww> Cyz = CrCwws czz = cheww-  (2.3)
At the ILC running at a center-of-mass energy of
/s = 250 GeV, ALPs with masses below the weak scale
can be efficiently produced through the coupling CWW2 via
two main production channels
ete” »ay and efe” - Zy - (ay)y. (24)

Illustrative Feynman diagrams are shown in Fig. 1. In
ete” = ay [22,23], the ALP is directly produced in
association with a photon; the cross section scales as
olete™ = ay) ~cy, or ¢cj,. In ete” —» Zy — (ay)y, the
production proceeds through an on-shell Z boson, which
decays with a branching ratio B(Z — ay) ~ c2, so that

clete” - (ay)y) =o(ete” = Zy)B(Z - ay). (2.5)
At /s = 250 GeV and with unpolarized beams, the ALP
production rates are given by

2
o(ete” - ay) =298 (%) fb,

olete™ — (ay)y) = 144 (ﬂ)z fb. (2.6)

fa [TeV]

ALP production through weak boson fusion, ete™ —
aete” or ete” — avp, is smaller by about an order of
magnitude at \/s = 250 GeV, but could become relevant at
higher collision energies. The production of sub-GeV ALPs
through meson decays, notably B - Ka and K — za, is
suppressed by several orders of magnitude due to the small
branching ratio, see e. g. [24].

Sub-GeV ALPs could also be produced in the material
around the ILD via the Primakoff process, thus enhancing
the ALP rate in the far detectors compared to the ILD.? At
long lifetimes, however, we do not expect a significant
enhancement, due to the shorter distance between

2ALP production from electrons is strongly suppressed by the
small electron mass.

3This effect has been studied at the LHC for the far forward
facility FASER [25].
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production and detection point and due to the lower boost
of Primakoff-produced ALPs. A dedicated investigation
of this effect is nevertheless interesting; we leave it for
future work.

Very light ALPs could finally be produced from photon
conversion in the magnetic field inside the beam pipe. We
do not consider this option and focus on ALPs with masses
between the MeV scale and the weak scale.

In our numerical analysis we set

Cww - 0.3

f. TeV

and m, =300 MeV, (2.7)

unless specified otherwise, and keep the lepton coupling
cqp as a free parameter. Varying the coupling changes the
production rate as (cyw/f4)?, see (2.6). Varying the mass
has almost no impact on the production rate, as long
as m, < my.

The lifetime and decay channels of the ALP, however,
depend strongly on its mass and couplings. In our bench-
mark scenario, the ALP decays mostly into muon pairs; for
cer/cww < 0.002 the decay to photons starts dominating.4
The ALP decay width to muons is

2 2 4 2
F(a_)//ﬁ”—)_w(%) 1= (2.8)

87 \ /. m’
where m, is the muon mass. For m, =300 MeV and
cep/cww 2 0.002, the proper decay length of the ALP is
given by

T, =

c fa [TeV]) 2
~ 50 . 2.9
I(a—ptu”) < Cer pm. - (29)

The decay length observed in the laboratory frame,
d = (Py),ct,, is related to the proper decay length cz,
by the boost (fy),. Most of our analysis relies on the
production kinematics and decay length of the ALP. Using
(2.6) and (2.9), the results can be translated to other light
(pseudo)scalars with different decay modes, as long as the
production kinematics are similar.

The rate of ALP decays inside a detector depends not
only on the ALP decay length, but also on its kinematic
distributions. In Fig. 2, we show the differential distribu-
tions of the ALP in energy E,, transverse momentum p$,
and scattering angle 0, off the electron beam for the two
production processes ete™ — ay and eTe™ — (ay)y.” All
kinematic variables are defined in the laboratory frame,
which corresponds with the e*e™ center-of-mass frame.

*We also allow for decays to electrons, which however are
strongly suppressed and negligible for ALPs with masses above
the dimuon threshold.

>These distributions have been obtained from simulations
using MadGraph5_aMC@NLO [26,27]. See Sec. IV for details.

For ee™ — ay, the energy of the two final-state par-
ticles is peaked at E, = \/s/2 = 125 GeV. This is also
reflected in the transverse momentum spectrum of the ALP,
which peaks near p% =~ 125 GeV. The angular distribution

do(ete” — ay)

a0, o sind,(1 + cos?6,)

(2.10)

causes the majority of ALPs to be emitted in the central
region perpendicular to the beam axis.

For e™e™ — (ay)y, the kinematic distributions look very
different, due to the intermediate on-shell Z boson. The
cross section for ete™ — Zy features a collinear enhance-
ment in the forward region, see, e.g., (7) in [28], so that the
Z boson is emitted along the beam line. Due to momentum
conservation, the ALP in Z — ay is produced either in or
against the direction of the Z. In the former case the ALP
carries the energy of the Z boson, E, ~ 125 GeV, while in
the latter case the ALP carries just enough momentum to
balance the recoil of the two photons. This explains the
enhancement in the energy spectrum near the kinematic
endpoints, as well as the enhancement in the forward and
backward direction in the angular distribution.

In summary, the ALP distributions from the two pro-
duction processes have different features:

ete” > ay: (By),~ E/m, =400
ete” — (ay)y: 60 < (Py), <400

(central)

(forward). (2.11)

From these considerations it becomes clear that the
number of ALP decays within a detector with limited
angular coverage and thickness depends significantly on
the production kinematics and the placement of the detector
with respect to the production point.

In other models, long-lived particles might be produced
through alternative processes, for instance, dark scalars
from Higgs decays [13,14,16] or sterile neutrinos from
t-channel W boson exchange [14,16]. As long as their
angular distribution and boost are comparable to those for
ALPs, we expect a similar reach in lifetime at far detectors.
Our expectation is based on the fact that the decay rate
within a certain detector volume relies on the kinematics
and the lifetime of the particle, not on the exact details of its
couplings or production channels. Such similarities have
previously been observed in a study of far detectors at the
et e experiment Belle II, similar in spirit, which compares
models with ALPs, dark scalars and sterile neutrinos [29].
The reach of far detectors in that study are largely
independent of the model details, as long as the direction
and boost of the long-lived particles are comparable.

III. FAR DETECTOR OPTIONS

The detection of a long-lived particle crucially depends
on its decay probability at a distance from the production

076022-3



R. SCHAFER, F. TILLINGER, and S. WESTHOFF

PHYS. REV. D 107, 076022 (2023)

Nevents [a.u.]

0 25 50 75 100 125
p3 [GeV]

0.6
MW ete -ay
ete - (ay)y
S04
5
2
g
= 0.2
% 25 50 75 100 125
E, [GeV]
0.6
0.5

n/4

W ete >ay
ete~ - (ay)y

/2 3n/4
6,

FIG.2. Kinematic distributions of an ALP with m, = 300 MeV, produced via e*e™ — ay (dark blue) and e* e~ — (ay)y (light red) at
the ILC with /s = 250 GeV: energy E, (upper left), transverse momentum p4% (upper right), and scattering angle 0, (lower).

point. In this section, we review how the decay probability
scales with the geometry and the position of a detector.
Based on these considerations, we design three realistic far
detectors at the ILC and compare their expected acceptance
with the proposed main detector ILD.

A. Decay probability

The probability for a particle a, produced in the direction
7, with decay length d,, to decay within a distance r €
[0, 94 from its production point is given by

. rin out
P,(d,;7,) = exp (—d—”> — exp (— ; ) (3.1)

a a

In practice, " and 79" are the positions at which the
particle’s trajectory intersects with the detector boundaries.
For a sample of N particles, the average decay probability is
obtained as

1 N
(P) =< Pu(dy;7a). (32)
a=1

=]

For particles with very long decay lengths, the average
decay probability can be approximated by

> () (P z%% (3.3)

where Q is the solid angle covered by the detector, (r) is the
average radial thickness of the detector, and (d) is the
particle’s decay length averaged over its boost. As long as
the kinematic distribution is sufficiently isotropic, the
probability of very long-lived and/or highly boosted par-
ticles to decay inside the detector scales linearly with the
detector dimensions Q - (r). Below we will use Q - (r) as a
measure of acceptance when we consider different detector
geometries.

At the ILC, we calculate the number of particles a that
decay within a certain detector volume as’

that is, we weigh the probability that particle a decays
within the detector with the differential production cross

%The approximation is valid for isotropic particle production
and decay. In our numerical analysis we perform a full Monte
Carlo simulation without making approximations.
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section, sum over all events ¢ = 1, ...N and normalize to
the total number of a decays, N. The integrated luminosity
is set to £ = 250 fb~! in our analysis.

B. Near and far detectors

Two concepts for near detectors at the ILC have been
developed, named ILD and SiD [30,31]. We focus on the
ILD, which is designed to be bigger and a priori more
sensitive to particle decays away from the e*e™ collision
point. For our numerical analysis, we consider two parts of
the detector that are well suited to reconstruct displaced
vertices of charged particles: the multilayer pixel vertex
detector (VTX), which promises a high-precision vertex
reconstruction, and the time projection chamber (TPC),
which allows for tracking and timing over a larger volume.
Taken together, the VTX and TPC parts of the ILD form a
cylindrical decay volume for LLPs centered around the
eTe™ collision point, with

(i) ILD: z e [-235,235] cm,

0 e [8,172]°.
Here z is the e~ beam direction, p is the radial distance from
the beam axis, and @ is the polar angle around the beam.
The ILD has an excellent angular coverage, so that almost
all LLPs decaying within the cylindrical shell with p €
[0.6,180.8] cm can be detected.

In addition to the ILD, we consider three options for
far detectors that could be installed in planned under-
ground cavities around the ILC detector hall or on the
ground. One possible site is the vertical shaft above the
collision point, which will be used to lower the main ILD
and SiD detectors into the detector hall. A second pos-
sibility is to place a far detector inside the access tunnel that
surrounds the detector hall. As a third option, we consider a
large detector placed on the ground above the detector hall.
We design three cuboid detectors with the following
extensions:

(i) Shaft (S): 18 x 30 x 18 m, centered around (0,45,0) m.

(i) Tunnel (T): 140 x 10 x 10 m, centered around

(0,-5,-35) m.
(iii) Ground (G): 1000 x 10 x 1000 m, centered around
(0,75,0) m.
The positioning (x, y, z) of the detectors in the reference
frame around the e™e™ interaction point is illustrated in
Fig. 3. As suggested by (3.3), the detector acceptance for
long-lived particles is determined by the product of angular
coverage and average radial thickness, Q - (r).” In Table I,
we summarize these properties for the four proposed
detector geometries. Based on the measure of acceptance,
Q - (r), we expect that the ILD will detect larger numbers of
long-lived particles compared to the shaft and tunnel

p €[0.6,180.8] cm,

"We calculate (r) as the arithmetic mean of the distances 3" —

rif in a large sample of N particle trajectories that intersect the
detector volume, (r) = N~! ZZVZI (rout — yiny,

Ground
[IShaft
|—°_|£|Tunne|

x ILD[{]

| Shaft

Tunnel

FIG. 3. Far detector options around the ILC interaction point
(IP). Shown are a side view (left) and top view (right) of the
projected far detectors in the shaft (S, blue), in the tunnel
(T, purple), and on the ground (G, red), as well as the main
detector ILD (green). The ground detector is centered around
(x,z) = (0,0) and is too large to appear in the top view.

detectors, which suffer from a small angular coverage.
With the ground detector option, the acceptance increases
by roughly a factor of 4 compared to the ILD. This is due to
the huge extent of the ground detector, which compensates
for the loss in angular coverage at a large distance from the
collision point. Such a huge detector seems technically
unrealistic. We choose this extreme design to demonstrate
the maximum gain that could be achieved with any
realizable large surface detector.

Notice that these considerations apply for isotropically
produced particles. For particles emitted mostly
perpendicular to the beam line, the fraction of detected
events at all three far detectors increases. At the ILD, in
turn, the detection rate depends little on the angular
distribution, due to the almost perfect angular coverage.

TABLE 1. Geometric properties of the ILD and the three
projected far detectors shaft, tunnel, and ground: angular cover-
age Q/(4r); average radial thickness (r); and measure of
acceptance Q- (r).

ILD Shaft Tunnel Ground
Q/(4r) 0.999 0.026 0.046 0.44
(r) [m] 2.2 16 11 23
Q- (r) [srm] 27 5 6 126
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IV. ILC DISCOVERY POTENTIAL

Based on the results of Secs. II and III, we determine the
reach of the three proposed far detectors for long-lived
ALPs and compare it with the ILD. To this end, we have
simulated 100 k events for each of the processes ete™ —
ay and eTe™ — Zy — (ay)y with unpolarized initial lep-
tons, using MadGraph5_aMC@NLO [26,27]. With these sam-
ples, we then analyze the sensitivity of all four detectors to
long-lived ALPs using our own analysis framework written
in PYTHON [32] and JUPYTER [33].

A. Theoretical sensitivity to long-lived ALPs

In Fig. 4, we show the expected number of ALPs, N, as
defined in (3.4), for the ILD (blue), as well as the far
detectors shaft (green), tunnel (red), and ground (orange).
We display the event rates as a function of the coupling
¢sr/ fq which determines the ALP’s decay width (2.8), for
fixed cyw/f. = 0.3/TeV. Going from larger to smaller
couplings ¢,/ f,, the event rates in all detectors increase
exponentially as (P) ~ exp(—r'"(czz/f4)*) and eventually
drop as (P) ~ (r)(css/fa)?, see (3.1) and (3.3). For the
ILD, the event rate reaches its maximum at larger values of
Cpe/far i €., at smaller decay lengths (d) ~ (csp/fa)™>
than for the far detectors, because the ILD is located closer
to the production point. Moreover, the ILD curve features a
plateau around 7" < (d) < (r), which is not observed for
the far detectors. Indeed, the ILD is thick compared to its
distance from the production point, (r) > ri", so that the
exponential increase of the event rate with (d) saturates
before it decreases at large decay lengths. For a thinner
detector at the same location or for the same detector
located further away from the production point, the plateau
becomes less broad and eventually disappears. This is the
case for the far detectors, where (r) < r" and the event
rates peak around (d) > r'", see also Ref. [18].

10* ete -ay
— ILD
Nk Ground
10°} . shaft
— Tunnel

Zm 102 cww/fa = 0.3/TeV

10! /

100 / /1/ ".3'1 \
1073 10™* 1073 1072 107! 10°
culfs [TeV‘l]

Besides the detector position and geometry, the absolute
event rate also depends on the production cross sections
from (2.6). For a specific production process, the predicted
rate for the ILD is much larger than at the far detectors,
except for ALPs with small couplings or long lifetimes.
Moreover, for the ILD the shape of the distribution is
largely process-independent. Both features are due to the
excellent angular coverage of the ILD around the produc-
tion point. In turn, at the far detectors the sensitivity to
ALPs with different lifetimes depends on the production
kinematics. In particular, ALPs from ete™ — (ay)y are
boosted along the beam direction, see Fig. 2. Since the
event rates depend on the ratio of boost and coupling,
d~ (By),(cee/fa)72, a larger boost is compensated by a
larger coupling and vice versa. This effect leads to
enhanced event rates at large couplings for the tunnel
detector (placed in the beam direction) and reduced rates at
the shaft detector (located centrally and perpendicular to
the beam).

To illustrate the expected sensitivity to an ALP signal, in
Fig. 4 we indicate event rates of N, =3 as horizontal
dashed lines. In the ideal case of zero background, the
observation of 3 events would correspond to excluding the
no-signal hypothesis at 95% C.L., assuming Poisson
statistics and 100% reconstruction efficiency. Of course,
such a scenario is unrealistic, given that the detectability of
the ALP decay products can strongly depend on whether
they can be resolved or how much distance they penetrate
in the detector. Optimizing the detection technique, for
instance by triggering on prompt associated particles in the
ILD or by using timing information, would be worth a
study on its own. Here we confine ourselves to comparing
the sensitivity of the respective detector geometries, assum-
ing that the background rate and reconstruction efficiency is
similar for all detectors. In Table II, we show the smallest
ALP couplings c../f, that can be probed at the ILD and
at the far detectors. Smaller couplings imply a higher

ete - (ay)y

104
— ILD
Nk Ground
10°} . shaft
—- Tunnel

Zm 102 cwwl/fa = 0.3/TeV

10! ,

77T

100 ’///'" ; i \

107> 10™* 1073 1072 107! 10°
culfs [TeV‘l]

FIG. 4. Number of ALPs, N,,, decaying within various ILC detectors, as a function of the effective coupling to leptons, ¢,/ f,,, fixing
cww/fa = 0.3/TeV and m, = 300 MeV. The event rates correspond to the production channels ete™ — ay (left) and eTe™ — Zy —
(ay)y (right) at /s = 250 GeV and with £ = 250 fb~!. Shown are predictions for the ILD (blue, plain) and far detectors placed in the
shaft (green, dotted), in the tunnel (red, dot-dashed), and on the ground (orange, dashed).
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TABLEII. Expected sensitivity to the ALP coupling to leptons,
cep/far for two production processes with fixed cyw/f, =
0.3/TeV, at the ILD and three far detectors. The values
correspond to observing N, = 3 signal events from an ALP with
mass m, = 300 MeV in an ideal experiment with zero back-
ground, which would exclude the no-signal hypothesis at the
95% C.L.. Small couplings c../f, indicate a high sensitivity to
ALPs with long lifetimes.

cpelfa [1074/TeV] ILD Shaft Tunnel Ground
ete” = ay 4.2 10.8 8.2 2.1
ete” = (ay)y 3.9 12.3 8.0 2.4

sensitivity to long-lived ALPs. A large Ground detector can
improve the sensitivity by at most a factor 2 compared to
the ILD. Notice that the improvement is much smaller than
naively expected from the acceptance measures in Table 1.
The reason is that the approximation (P) ~ Q- (r) from
(3.3) does not apply for the ILD, because the condition
(d) > r™™ (r) is not fulfilled for the processes we consider.
The shaft and tunnel detectors collect smaller event rates
than the ILD. They might only be useful additions in the
case of better background rejection or higher reconstruction
efficiency than at the ILD.

B. Generalization

For a less model-dependent interpretation of these
results, in Fig. 5 we show contours of N, = 3 as a function
of the production cross section ¢ and the proper lifetime cz,,
of the ALP. An ideal ILC experiment would probe the area
above these contours. Since these results only depend on
the production kinematics and the lifetime of the ALP, any
(pseudo)scalar particles with flavor-hierarchical couplings
and masses well below the weak scale should lead to very
similar results. This allows us to conclude more generally
that only far detectors with a very large geometric

e+e‘ - ay

100 H ///
;5_ /
— 107!
X
< 1072
)
|T 1073
g -- Ground
@ 1074 - Shaft
© —- Tunnel

107>

10~3 107! 10! 103 10°
ct[cm]

FIG. 5.

section, o, and the proper lifetime, c¢z,. Shown are the production channels e

acceptance Q- (r) can improve the sensitivity to such
LLPs, provided that the production cross section is large
enough to probe particles with lifetimes beyond the reach
of the ILD.

C. Experimental sensitivity

In our estimates, we have assumed that every ALP that
decays inside the detector is reconstructed. In reality,
however, the reconstruction of a displaced vertex of
charged tracks from a — #*#~ decays depends on the
track length, angular separation and boost of the charged
particles. The effective detection volume is thus smaller
than the detector acceptance. This effect is particularly
important for detectors that are relatively thin and far away
from the production point, where the decay probability is
proportional to the thickness, (P) ~ (r).

To illustrate the dependence of the sensitivity on the
event rates, in Fig. 6 we show the predicted number of
ALPs decaying within the ILD as a function of the
production cross section and lifetime. The event rate
decreases proportionally with the cross section and anti-
proportionally with the lifetime in the limit of long decay
lengths, as expected from (3.4) and (3.3).

The signal sensitivity is also expected to be reduced in
the presence of background. At hadron colliders, the
dominant source of background for displaced charged
vertices are meson decays. At the ILC, mesons are
produced at comparably lower, but still substantial rates,
for example from hadronic Z boson decays. Further back-
ground sources could be misreconstructed muon decays
originating from e™ e~ collisions or from cosmic rays. Ideas
to tame such and other backgrounds have been discussed
for Belle II in Ref. [29]. Notice that background can affect
not only the absolute, but also the relative sensitivity of the
various detectors. A dedicated background analysis goes
beyond the scope of this work, but is crucial to determine
the ultimate sensitivity of the ILC to long-lived particles.

ete” > (ayly

— 10° /

Ne] s

2

& 1071
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Contours of N, = 3 ALPs with m, = 300 MeV decaying within various ILC detectors, as a function of the production cross

te~ — ay (left) and ete™ — Zy — (ay)y (right) at

/s =250 GeV and with £ = 250 fb~!. Predictions are made for the ILD (blue, plain) and far detectors placed in the shaft (green,
dotted), in the tunnel (red, dot-dashed) and on the ground (orange, dotted). The branching ratio of the ALP into muons is indicated by 13,

076022-7



R. SCHAFER, F. TILLINGER, and S. WESTHOFF

PHYS. REV. D 107, 076022 (2023)

ole*e™— ay)xB, [pb]

10°
10*
103
102

10!

FIG. 6. Eventrates N, of ALPs with m, = 300 MeV decaying within the ILD, as a function of the production cross section, o, and the
proper lifetime, cz,,. Shown are the production channels e™e™ — ay (left) and e™e™ — Zy — (ay)y (right) at /s = 250 GeV and with
L = 250 fb~!. The branching ratio of the ALP into muons is indicated by B,.

FIG.7. Feynman diagrams for ALP production in meson decays B™ — K" a (left) and loop-induced flavor-changing coupling Cy, of

an ALP with gauge coupling cyy (right).

V. ILC VERSUS BELLE II

Long-lived particles with masses below a few GeV could
well be observed at flavor experiments. ALPs produced
through gauge interactions and decaying into leptons can
be efficiently searched for in meson decays B — Ka,a —
utp~ or K - zwa,a — ptu~. In these decays, the ALP can
be reconstructed from a prompt or displaced vertex,
depending on its lifetime. At ete™ experiments, ALPs
could also be produced directly viaete™ — ya,a — £7¢7,
resulting in a signature of a displaced vertex and a prompt
photon. This signature has recently been explored for a
similar scenario with dark photons at Belle II and found to
probe very small couplings [34]. An interpretation for
ALPs would be a worthwhile endeavor, but goes beyond
the scope of this work.

A. ALPs in meson decays

The currently strongest bounds on long-lived ALPs in
B - Ka,a — u"u~ have been obtained by the LHCb
collaboration [35]. The Belle II experiment can search
for these decays in et e~ collisions at the T (4S) resonance
/s = 10.58 GeV and potentially extend the reach for long-
lived light pseudoscalars [24,36,37]. It is thus interesting to

compare the projected sensitivity for Belle II with our
predictions for the ILC. While both experiments rely on
electron-positron collisions, they probe ALPs in different
production channels and phase-space regions.

For ALPs with coupling cyy, the decay B — Ka is
induced by flavor-changing neutral currents at one-loop
level, as illustrated in Fig. 7. At energies u < u,, below the
weak scale, the ALP coupling to left-handed bottom and
strange quarks is described by a local operator in the
effective Lagrangian

ta _
Lege(u < ) D Cypp(4) —— (S.v,br) + H.ec. (5.1)

Ja

At the weak scale u,, ® my, the Wilson coefficient reads

o 3a 1—x,+x,1Inx,

C =-ViVy—
sb(.uw) tsV tb 471'271’5‘%, (1 —)C,)Z

CWW()“W)’

(5.2)

where a, = y?/4x and x, = m?/m?,. The evolution down
to the bottom mass scale m, can be neglected, so that
Cyp(pty) = Cy,(my) [38]. The decay rate is finally given by
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x (m%, m%, m?), (5.3)
with the kinematic function A(a,b,c) = a*> + b* + ¢* —
2(ab + ac + bc) and the B — K scalar form factor f(g?)
at momentum transfer ¢g> = m2 [39].

B. Belle II ’s sensitivity to long-lived ALPs

To determine the expected event rates for BT — K'ta,
a — utu~, we closely follow the analysis of Ref. [29].
Based on a sample of 10,000 simulated events,8 we
determine the number of ALPs that decay within the
Belle II tracking detector as

N, = NgpB(B — Ka)B(a = utu~)(P). (5.4)
Here Ny = 5 x 10'? is the number of BB pairs expected at
Belle II for an integrated luminosity of 50 ab~—! and (P) is
the average probability for an ALP to decay within the
Belle II detector volume. We consider only the tracking
parts of the Belle II detector, i. e., the PXD, SVD, and CDC,
which feature a good reconstruction efficiency for dis-
placed vertices [20]. Furthermore, we reduce the outer
radius of the CDC from 113 cm to 60 cm, in order to allow
for long enough tracks that can be reconstructed with less
detector resolution than in the PXD and SVD.” The
resulting effective detection volume is defined as

(i) Belle II :z € [-55,140] cm, p € [0.9,60] cm, 6 €

[17,150]°,
with the electron beam pointing along the positive z direction
and the e e~ collision point placed at (z,p) = (0,0).

In Fig. 8, we show a contour of N, = 3 ALP decays as
expected from BT — K¥a,a — u"pu~ decays at Belle II for
50 ab~! of data. The area above the contour can be probed
with meson decays. The results are shown for an ALP mass
m, = 300 MeV and as a function of the ALP couplings
cww and cgp. From (5.2) and (5.3), it is apparent that
the production rate of the ALPs scales as B(B — Ka)~
(cww/fa)?*. The event rate N, also depends on the lepton
coupling through the branching ratio into muons and
through the lifetime of the ALP, see (5.4). For large decay
lengths or small couplings, see (3.3), the event rate scales as
N, ~ (cwwege/f2)?, resulting in a straight line on the
double-logarithmic scale. Notice that in the long-lifetime
limit the event rate only depends on the partial width
into muons, I'(a — utu™), not on the branching ratio,
B(a = putu~)=T(a - pu"pu~)/T,. The dependence on
the total width, I',, cancels with the decay probabil-
ity, (P) ~T,.

¥We thank Torben Ferber for sharing his event samples with us.
“We have not made such a request for the ILC detectors, which
leads to a slight bias in the comparison with Belle II.

C. Sensitivity at Belle II versus ILC

For comparison, in Fig. 8 we also show the expected
reach of the ILD for ALPs produced via eTe™ — ay and
ete™ - Zy — (ay)y. For decay lengths (d) > 2 m, the
event rate (3.4) scales with the couplings as N,~
(cwweee/f2)?, as for meson decays. In our benchmark
scenario with m, = 300 MeV and c,./f, < 1/TeV, we
find N, = 3 events for

Belle Il BY — KTa: |cyweeel/f2 =2.0x 107*/TeV?
ILD ete™ = ay: |cwweeel/f2 =124 x 107*/TeV?
ILD ete™ = (ay)y: |ewweeel/f2 = 1.17 x 1074/TeV?,
(5.5)

assuming luminosities of 50 ab™! for Belle II and 250 fb~!
for the ILC. In Fig. 8, these values define the straight lines
at small c,./f,. At the ILD, the expected sensitivity to
small couplings is thus improved by about 60% compared
with Belle II. More generally, the ILD will be more
sensitive to long-lived ALPs than Belle II throughout the
parameter space. The gain is particularly large at small
cww, due to the larger production rates and the excellent
detector coverage around the ILC interaction point. For
ete™ — ay, the sensitivity at small ¢y, is larger than for
ete” — Zy — (ay)y, due to the larger cross section (2.6).

From the positions of the minima along the contours, we
deduce that the ILD is most sensitive at larger ¢, or shorter
lifetimes compared to Belle II, due to the higher boost of
the ALPs at the ILC. At very short lifetimes, both Belle 11
and the ILC can efficiently search for promptly decaying

10°

T 100
&
=
u.“’

<1072

© — Bellel: B*-»K*a  ~"m==777
-- ILC;e*Te "~ ay
~ ILC; ete™ - (ay)y
-3
10 104 10-2 100
Culfs [Tev1]
FIG. 8. Sensitivity projections for long-lived ALPs with m,, =

300 MeV at the ILC and at Belle II, as a function of the couplings
cww/faand czp/ f,. Shown are N, = 3 contours for ALP decays
within the ILD for e"e™ — ay (blue, dashed) and eTe™ — Zy —
(ay)y (red, dotted) production at /s =250 GeV and with
£ =250 fb~!. For comparison, N, =3 contours are shown
for Bt - K*a,a — u*u~ decays within the tracking chambers
of the Belle II detector with £ = 50 ab™! (green).
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particles and complement the reach of displaced vertex
searches.

D. Sensitivity at other current and future experiments

Besides eTe~ colliders, ALPs can be searched for in
other environments like hadron colliders, fixed-target
experiments, or in astrophysics observables. For ALPs
with MeV-GeV masses and pure couplings to gauge bosons
or leptons, bounds have been derived for instance in
Refs. [24,40-43]. Some of them constrain parts of the
{¢s¢, cww} parameter space, mostly in the upper right
corner of Fig. 8. Fixed-target experiments probe the
smallest cyy couplings. However, an extra ¢y, coupling
shortens the ALP’s lifetime, such that it decays before the
detector and is vetoed at most long-baseline experiments.
We therefore do not expect additional stringent bounds on
the {c,z, cww} space from such experiments. Deriving the
exact bounds would require a dedicated reanalysis of each
search, because the production rate, decay modes, and
lifetime of the ALP all change compared to the case of pure
lepton or gauge couplings. As our main goal is to explore
the potential added value of far detectors compared to the
main detector at the ILC, we leave the detailed comparison
with other experiments for future research.

Future experiments and annexes to existing experiments
can extend the current sensitivity to ALPs. At the FCC-ee,
which is closest in setup to the ILC, the projected
sensitivity to long-lived ALPs [12,44] is comparable with
that of the ILC main detector. Searches for ALP decays to
photons can further enhance the sensitivity to the ALP
coupling cyy at both experiments. As for the ILC, far
detectors at Belle II cannot provide much gain over the
main Belle II detector, which has an excellent angular
coverage and detection efficiency [29]. On the other hand,
proposed far detectors around the LHC such as FASER,
MATHUSLA, CODEX-b, or Anubis, as well as future
searches at fixed-target experiments have a high potential to
probe feebly coupling ALPs [45]. Analyzing the comple-
mentarity of these searches is a community effort, which
already shows that much of the currently unexplored
parameter space could be tested in the near future.

VI. CONCLUSIONS

In this work we have been guided by the question
whether near or far detectors are more sensitive to long-
lived particles produced at future electron-positron col-
liders. To explore this question concretely, we have
performed a comparative study for sub-GeV axionlike
particles produced via ete™ — ay and ete” - Zy —
(ay)y at the ILC. The two production channels lead to
different kinematic distributions: ALPs from ete™ — ay
are emitted mostly in the central region, while ALPs from Z
boson decays in ete™ — Zy — (ay)y are boosted along the
beam axis. These kinematics affect the relative sensitivity

of detectors placed in the forward direction or in the central
region. We have demonstrated this effect for two realistic
far detector options, one placed in a supply tunnel in the
forward region and one placed in a vertical shaft above the
ILC interaction point.

Neither of these underground far detectors can enhance
the sensitivity to ALPs compared to the main detector ILD.
This is mostly due to the almost full angular coverage and
relative thickness of the ILD, which captures a large
number of particles with decay lengths even beyond its
geometric extensions. To enhance the sensitivity, any far
detector must have a large angular coverage and a larger
radial thickness than the ILD. For an underground experi-
ment, such conditions can realistically only be fulfilled on
the ground. Even with a (technically unrealistic) kilometer-
sized cuboid on the surface above the ILC detector hall, the
sensitivity to long-lived ALPs increases by at most a factor
of four. Moderate improvements with far detectors thus
require a substantial extra construction effort.

A key result of our analysis is that the ILC main detector
itself is very sensitive to long-lived particles. For light
ALPs produced at picobarn rates, the ILD can probe decay
lengths up to 100 m with a luminosity of 250 fb~!. For
smaller cross sections in the femtobarn range, the sensi-
tivity still reaches decay lengths of about 10 cm.

To quantify the gain of a high-energy lepton collider over
current low-energy experiments, we have compared our
predictions for the ILC with searches for long-lived ALPs
produced from meson decays at Belle II. At long lifetimes,
the ILC can improve the sensitivity to the product of ALP
couplings, cywcysz/ f2, by about 60% compared to Belle I1.
At shorter lifetimes, where the ILC reaches its maximum
sensitivity, the ILD can probe ALPs produced through
couplings ¢y that are an order of magnitude smaller than
the reach of Belle II with its total expected luminosity
of 50 ab™!.

These results apply more generally for ALPs that are
effectively massless at the ILC, i.e., ALPs with masses
below a few GeV, provided that the lifetime is rescaled
accordingly. Heavier ALPs are produced with tendentially
lower boosts and have shorter lifetimes. Both features lead
to enhanced event rates in near detectors. The main results
of our analysis rely mostly on the detector geometry and
position, rather than on the exact production mode and
kinematic distribution of the ALP. Therefore we expect
similar relative sensitivities of the main and far detectors to
other LLPs with comparable lifetimes.

All our statements are based on pure event rates, assuming
a perfect detector with zero background and excellent
reconstruction efficiency. Realistic predictions of the ulti-
mate sensitivity require a dedicated analysis of background
and detector effects, which goes beyond the scope of this
study. However, our predictions for the ILC under ideal
conditions allow for a better comparison with other electron-
positron colliders. For similar collision energies, the main
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messages from this work should apply as well to the FCC-ee
and CEPC. They can serve as a guideline to optimize the
LLP program at the next high-energy collider.
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