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We perform a feasibility study of a beam dump experiment at the International Linear Collider (ILC). To
investigate the sensitivity to new light particles at the experiment, we consider models for axion-like
particles (ALPs) and a light scalar particle coupled to charged leptons. For both models, we show that the
detection sensitivity is almost an order of magnitude higher than other beam dump experiments in the small
coupling region. For ALPs, it is shown that the ILC beam dump experiment is highly complementary to
bounds from astrophysics. In addition, for the model of the scalar particle, the region favored by the muon

g — 2 experiment can be explored.
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I. INTRODUCTION

The International Linear Collider (ILC) experiment is
one of the next generation experiments using high energy
collision with electron (¢™) and positron (e™) beams [1]. It
is expected to be used to search for new particles with the
electroweak charge and to measure the properties of the
Higgs boson precisely.

In the ILC experiment, main beam dumps are expected to
be installed for safety. Almost all e* e~ beams that pass the
collision point are discarded in the main beam dumps, and
photons, electrons, muons, etc. are produced in the electro-
magnetic shower. The muons pass through the beam dump
due to its strong permeability, and these energies are
injected into a muon shield that may be placed behind
the beam dump. If physics beyond the standard model
(BSM) predict particles whose interaction is very weak, the
injected energy into the beam dump can be converted to the
new particles. It is tempting to plan an experiment to
explore these new particles by using the discarded particles
after e™ e~ collisions.

An experiment to detect the signs of new particles with a
detector installed behind the beam dump is called a beam
dump experiment. Models containing these particles are
attractive candidates for BSM. For example, the Peccei-
Quinn symmetry, which solves the strong CP problem,
generates axion [2,3]. Also, light scalar particles that
interact with SM lepton [4-6] is known as a model that
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can explain muon g — 2 experiments [7-9]. Since the new
particles contained in these models can have a long life-
time, it is difficult to detect them in the LHC experiment
and the ILC main experiment. Therefore, the beam dump
experiment has a complementary role to the collider
experiments.

We perform a feasibility study of a beam dump experi-
ment at the ILC, which provides a possibility to search for
new light particles. In this paper, we show the sensitivity for
the beam dump experiment using photons, electrons and
muons. As benchmark models, we focus on axionlike
particles that interact with photons, and a light scalar
particle that interacts with the standard model leptons.
The two main features of the ILC beam dump experiment
can be summarized as follows. The first is that it can be
performed in parallel with the main experiment at ILC (the
ete™ collision experiment). Consequently, data can always
be acquired in the beam dump experiment while the main
experiment is running. The second is that multiple BSMs
can be probed at the same time using the photons, electrons,
and muons generated by the electromagnetic shower. In
contrast to Ref. [10], we also take into account the photons,
and muons for BSM searches. Moreover, it is advantageous
that the detailed design behind the main beam dump in the
ILC experiment is in the planning stage, which allows a
high degree of design freedom for the BSM searches.

II. EXPERIMENTAL SETUP

An experimental setup consists of four parts: the main
beam dump, a muon shield, a decay volume, and a detector.
Fig. 1 shows the outline of the layout. Water is planned as
the absorber in the main beam dump of ILC [11]. The
length of water cylinder along the beam axis (lgymp) i8
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approximately 11 m. In this calculation, the muon shield
length (Ig,) is set to 70 m' and the decay volume length
(lgee) 1s set to 50 m. It is assumed that lead is placed where
muons pass on the shield. For the convenience of calcu-
lation, the shape of the detector is a cylinder, and its axis
was aligned with the beam axis. The radius (rg) is set to
2 m and the detection efficiency is assumed to be 100%. We
assume that background events can be removed with veto
counters located behind the shield and in front of and
around the detector.

We consider the case of ILC-250 GeV [12,13] with the
beam energy Ep.,, = 125 GeV. The number of incident
electrons into the beam dump is assumed to be Ngor =
4 x 10 /year [1].* Inside the main beam dump, the
electromagnetic shower produces electrons, positrons,
and photons. Then, we consider processes: new scalar
particle emissions by the electron interactions with the
oxygen nucleus in the beam dump, and axionlike particle
emissions by the photons. In addition, we consider new
scalar particle emissions by muon interactions with a lead
nuclei in the muon shield. The muons generated in the
forward direction are mainly produced in the muon pair
production by areal photon.3 Many muons pass through the
beam dump due to their strong penetrating power, and
interact with a lead nuclei in the muon shield.

III. EXAMPLES OF DETECTABLE NEW PHYSICS

First, we consider axion-like particles (ALPs) described
by the following effective Lagrangian:

1 - 1 1
SL = _ZgawaFﬂvFW + E(a,,a)2 - imiaz, (1)

'We have confirmed by simulation that this length is sufficient
to shield muons and neutrons.

“In the high luminosity phase of ILC, the number of electrons
increases by a factor of about 2, but we do not take this into
account in this study.

The decay of pions coming from the photonuclear reactions
also produces muons. We guess the muon pair production by a
real photon to have a smaller emission angle and greater angular
acceptance.

Decay volume Detector

An experimental setup consisting of four parts: the main beam dump, a muon shield, a decay volume, and a detector.

where a is the ALP, F*¥ is a strength of the photon field,
and F* = ¢,,),F* /2. In our evaluation, it is assumed that
a coupling g,, and a ALP mass m, are independent
parameters. ALP is produced by a photon in the beam
dump, as shown in Fig. 1. After passing through the muon
shield, ALP decays in the decay volume and emits
two photons, which reach the detector and are observed
as a signal.

We estimate the number of signals with the following
equation:

Ebeam n Idec
N signal — Neor / dk / de, / dz
m, 0 0

NuoXodl, do,, dPg.
7, . . - 2
“TA dk de,  dz Orae=r1). ()

where Ngor(= 4 x 10?! /year) is the number of electrons
injected into the beam dump, Ep.,,(= 125 GeV) is the
electron beam energy, k is the photon energy produced in
the electromagnetic shower, z is the decay position of the
ALP (z = 0 indicates the beginning of the decay volume,
see Fig. 1), N,, is the Avogadro constant, X, is the
radiation length of water, and A is an effective mass number
of water. The photon track length in the beam dump is
parametrized as [14],

Al 0.964u )
dk  —1In(1 - u?) + 0.686u> — 0.5u*’

where u = k/E}.,,. For the ALP production, we used
the following angular differential cross section [15-18]
based on the improved Weizsacker-Williams approxima-
tion [19-21],

2 43
do,, N AGay, k0

e M6 (), )

where G, (1) =~ Z*(a’t/(1 + a®t))?/(1 +t/d)?, Z is an
effective atomic number of water, a = 1122713 /m,,
d = 0.164 GeV?, and m, is the electron mass. For the
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momentum transfer 7, we use the following approximation
to avoid cancellation of significant digits in numerical
calculations [17]: t ~ k*62 + m? /(4k?). For the form factor
G,, we use the combined simple atomic and nuclear form
factor, which takes into account the screening effect. The
decay probability of ALP as a function of z is given by

% — l e_(ldum9+15h+2>/la . (5)

dz 1,

The decay length is given by [, = 64zE,/ g%, mi. We use
the following approximation for the axion energy [17]:
E,~k-k&/(2My) — m?/(8Myk?), where My is an
effective target nucleus mass. The function © is the
Heaviside step function.

To estimate the angular acceptance, we need the typical
deviation of the photon emitted from the axion from the
beam axis (r, ). We estimate the deviation as

rJ_Nfunc

where 6, =8x 1073 GeV/k, 0,=40, 0;=m,/k,
ll = 12 = ldump =+ lsh + ldec’ and l3 = ldec —Z. 91 is the
expected angle of photon in the electromagnetic shower,"
6, is the ALP production angle, 05 is the expected decay
angle of photon from the ALP.” Moreover, /; represents the
distance from the point where the production or decay
labeled 1-3 above occurred to the place where the detector
is located. In our evaluation, we calculated the final
deviation by summing the squares of these deviations as
in the above equation. The uncertainty to this estimate is
represented by f,., which is expected to have a value on
the order of O(1). We set f,,c = 1.5 in this calculation. In
this setting, our calculation perfectly reproduces a result for
an electron beam dump experiment (E137 experiment [16])
in a previous study [25]. We will use results summarized in
[25] as a criterion for the other experimental results in
Fig. 2 in the next section, so taking f . in this way allows
for a fair comparison of our ILC calculations with the
results of the other experiments.

Next, we consider the following Lagrangian for a scalar
particle coupled to the charged leptons in the standard
model (SM):

“This is estimated in a Monte Carlo simulation using
EGS5 [22] implemented in PHITS [23].

>Before the electrons and positrons are injected into the beam
dump, these are swept with magnets to reduce the heat load on the
beam dump window, then have an angle. The size of that angle is
0 ~6x107* [24], and this effect is negligible in the current
experimental setup.
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FIG. 2. The red and black curves show the bounds of sensitivity
for ILC-250 GeV at 95% C.L. with 1- and 20-year statistics. The
shaded regions are constraints for E137 from [25], SN 1987A
from [25,26], HB stars from [27], and SHiP from [18,25,28].

1
oL =

1 _
=5 (9,8)* = EmﬁSz - > 98¢, (7)

=eu,t

where S is a new scalar particle, and g, is a coupling
between S and the SM charged leptons. Then we assume
two models as a benchmark:

gy My, (Model A) (8)

9 #0, (Model B)  (9)

9e = 9: = 0,

As shown in Fig. 1, the scalar particle can be produced in
bremsstrahlung from electron and muon. The generated
scalar particle decays into photons,” electron-positron, and
muon pair in the decay volume, which reach the detector
and become a signal. The decay channel depends on the
model and the mass of the scalar particle. The method of
evaluating the number of these signals is summarized in the
Supplemental Material [29].

IV. RESULTS

In Fig. 2, the red and black curves show the bounds
of sensitivity for ILC-250 GeV at 95% C.L. with 1- and
20-year statistics. The shaded regions are constraints from
E137 [16], SN 1987A [26], HB stars [27], and SHiP [30].
It can be seen that the ILC beam dump experiment has
almost an order of magnitude higher sensitivity than other
beam dump experiments in the small coupling region.

®In order to clarify the sensitivity of the muon to the light scalar
particle, we assume that the interaction between S and photon is
not generated at the tree level. Then, S decays into photons
because of the muon loop diagram.
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In addition, the ILC beam dump experiment is highly
complementary to bounds from astrophysics.

For ease of understanding Eq. (2), we discuss the
dependence of the parameters on the curves using some
approximations. Let us consider the case of [, > [, where
the ALP has a longer lifetime, and the decay probability
in Eq. (5) is roughly equal to [;'. The parameter dependence
of the curves is divided into two cases. Case I
m, < O(1072) GeV. Then, 6, tends to be greater than 6,
and 03, and the minimum value of photon energy is
approximately Ky ~8x 107 GeV X (Lgymp + lsh + laec) / Tdet
according to Eq. (6). Case Il: m, > O(1072) GeV, where 05
tends to be greater than 6; and 6,. Then, the minimum value
of photon energy is approximately proportional to m,
(kpin & m,) according to Eq. (6). Consequently, the number
of signals is approximately integrated as

N.. ~ Ebeam N EOT gay}/ 4
sienal 7\ 125 GeV ) \4 x 1021 ) \2 x 1077 GeV~!
« T get 2 Lgec ldump + Ly + lgec \ 72
2m 50 m 131 m
m 4
(m) s (Case I)

m 2
(m) s (Case H)

(10)

where we use following approximations: dl, / dk & Epeyy/k?,
E,~k, and dPg../dz ~1/1,, and neglect the logarithmic
dependence of k in o,,. Equation (10) shows the parameter
dependence on the lower side of the contour in Fig. 2. The
sensitivity to small coupling can be maximized by making
lgec = laump + Lsn and lgymp + gy short. By using Eq. (10)
and E137 setup (Epegm = 20 GeV, Ngop =2 x 10%,
lgump + Lsn = 179 m, lje. = 204 m, rge = 1.5 m), it becomes
clear that ILC is more sensitive to coupling 5-10 times
smaller than E137 for a given m,.

Next, consider the case of [/, < [y, where most ALPs
decay in the shield. The sensitivity is determined by the
exponential factor in Eq. (5). The upper side of the contour
in Fig. 2 corresponds to this case, which is characterized by
the following equation:

2 4 ldump + lsh

Gayy My ~ Const. (11)

Ebeam

By shortening the length of the beam dump and the muon
shield (lgump + L), the probability that ALP decays in
front of the decay volume can be reduced, and the
sensitivity region enlarge to the upper right. (See in the
Supplemental Material [29].) Moreover, the sensitivity can
be enlarged using higher energy beam (Ej.,,) because
the higher energy ALP has a longer lifetime by a larger
boost factor.
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FIG. 3. The top (bottom) figure is the result of a process

containing an electron (muon) in the initial state. The gray shaded
regions are a constraint from NA64u and muon g — 2 from [33].
Note that, although the results in mg > 2m, are absence for
NA64u, it would also have a sensitivity in that region generally.

Fig. 2 demonstrates that ILC has better sensitivity than
SHiP. In a proton beam dump experiment, the ALP is
generated in the Primakov production as in an electron
beam dump experiment. The main source of the photons in
the initial state would come from meson decays. We guess
that photons generated by meson decays have much larger
angles compared to the bremsstrahlung photon from the
electron, therefore the number of photons reaching the
detector is reduced in the proton beam dump experiment.

Now, let us move on sensitivities for the light scalar
particle introduced in Eq. (7). In Fig. 3, the red and black
curves show the bounds of sensitivity for ILC-250 GeV at
95% C.L. with 1- and 20-year statistics. The results for
Model A are shown. The top (bottom) figure is the result of
a process containing an electron (muon) in the initial state.
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FIG. 4. The same plot as Fig. 3 but for the Model B.

The gray shaded regions are the constraint from muon g — 2
and the sensitivity from NA64u [31-33]. The blue band
region is the favored region for muon g — 2 at 2 sigma level.
From Fig. 3, it can be seen that the ILC beam dump
experiment has high sensitivity in the small coupling
region. In addition, the ILC beam dump experiment has
sensitivity to the region favored by muon g — 2, similar to
the NA64u experiment, which is an experiment to measure
missing energy using an advanced technology. Thus, if the
experiment detects a sign of new physics in this region, it
can be verified by the configuration of this ILC beam dump
experiment using the developed technology for visible
particle searches.

Figure 4 is the same plot as Fig. 3 but for Model B. In
this model, only results are shown for the case where the
muon is the initial state, since the scalar particle has only
the Yukawa coupling with muons. In this case, the ILC
beam dump experiment can cover most of the region
favored by muon g — 2 in mg < 2m,,.

Here, we discuss the difference between the ILC beam
dump experiment and the missing energy search such as
NA64u and M? experiment [34]. In mg < 2m,,, the ILC
beam dump experiment detect the photons as signal events,
and the interaction between S and photon can control the
sensitivity of the experiment. In order to clarify the
sensitivity of the initial muon to the light particle search,
we assume that the interaction between S and photon is
only generated by the muon loop diagram. Then, the decay
width of S is summarized in [33] as

2,3
a~myg

" b4

> Lo+ (-ay@l . 12

I=e.u,t

with 7; = 4m?/m%, and

arcsin®(z71/2), > 1

o= —l[ln<”—m)—iﬂr, c<1 B

On the other hand, in NA64u and M? experiment,
the sensitivity is independent of the interaction
between § and photon because of the missing energy
search.

Here, we comment about the parameter dependence on
the lower side of contours. Similar to the ALPs, the cases
correspond to [y, < [g. For Model A corresponding to
Fig. 3, the number of signals is proportional to oy - I5! o
gpm3/E% i by using o5 g and [5' « gZm3/Eg, where
o is the production cross section for the scalar particle, /g
is the decay length of the scalar particle, and Ejg ., is the
minimum energy of the scalar particle that contributes to
the number of signals. Eg .,;, is approximately proportional
to myg according to Eq. (16) in the Supplemental Material
[29]. Consequently, the number of signals is proportional to
g,‘i, where the mg dependence vanishes. For Model B
corresponding to Fig. 4, [5' o gam$/Es because of decays
into photons, and the number of signals is proportional
to gim3.

Last, we comment on a structure of the contours around
mg = 2m,,. When mg becomes larger than 2m,,, the decay
mode into a muon pair opens, and its decay length suddenly
shortens. Therefore, the decay particles from the scalar
particle tend to be stopped in the muon shield. However, if
the coupling becomes smaller, the probability of decaying
particles passing through the muon shield increases. So a
constraint region appears in the smaller coupling region and
in mg > 2m,.

V. SUMMARY

We performed a feasibility study of an experiment
using the main beam dump at ILC. This experiment can
be performed in parallel with the main experiment at the
ILC using ete™ collisions, and almost all eTe~ beams
can be used for the beam dump experiment. An
experimental setup of approximately 130 m in length
was considered, including a main beam dump, muon
shield, decay region, and detector. Electrons, photons,
and muons generated by the electromagnetic shower in
the beam dump were used in the initial state of new
physics processes. To investigate the sensitivity to new
light particles at the experiment, we considered models
for axionlike particles (ALPs) and a light scalar particle
coupled to charged leptons. We considered the Primakov
process for the ALPs and bremsstrahlung from electron
or muon for the scalar particle. We have shown that the
sensitivity to both models is almost an order of
magnitude higher than other beam dump experiments
in the small coupling region. For the ALPs, it was

035024-5



YASUHITO SAKAKI and DAIKI UEDA

PHYS. REV. D 103, 035024 (2021)

shown that the ILC beam dump experiment has sensi-
tivity an unexplored region between the other beam
dump experiment and bounds from astrophysics. In
addition, for the model of the scalar particle, it was
shown that the region favored by the muon ¢g-—2
experiment can be explored.
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