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We perform a feasibility study of a fixed-target experiment to search for axion-like particles
(ALPs) coupling to photons, utilizing electron and positron beams available at the KEK
linac. The sensitivity to ALPs is evaluated for two shielding setups in conjunction with
other beam dump experiments, fixed-target experiments, and ete™ collider experiments.
This study shows that the two setups explore the region that cannot be searched by other
proposed experiments. In particular, these are sensitive to regions with shorter lifetimes that
have not been explored by previous beam dump experiments.

Subject Index B37, C15, C31

1. Introduction

In recent years, various non-collider experiments to search for new particles in physics beyond
the Standard Model have been proposed [1,2]. One of them is the fixed-target experiment,
whose sensitivity to new particles is complementary to that of the collider experiment. In the
fixed-target experiment, new particles can be generated via a variety of physics processes like
meson decays and photon bremsstrahlung with large cross-sections, realizing high sensitivity
to new particles in the MeV-GeV range.

Each fixed-target experiment is characterized by the type of beam particles, the bunch charge,
and the decay process of the new particles produced. Electrons, positrons, protons, photons,
and muons are most commonly used as beam particles, inducing different physical processes
in the target. The bunch charge and beam extraction scheme are relevant to the amount of
the background occurring simultaneously in one bunch (pileup) and the final signal statistics.
The capability of searches for invisible decays strongly depends on such beam conditions. For
example, NA64(u) [3-6], MMAPS [7], LDMX [8.,9], and the positron beam experiments at
Jefferson Lab [10,11] use appropriate beam currents or bunch charges to reduce pileup and
enable the search for invisible decays.

© The Author(s) 2022. Published by Oxford University Press on behalf of the Physical Society of Japan. This is an Open Access article distributed under the
terms of the Creative Commons Attribution License (https://creativecommons.org/licenses/by/4.0/), which permits unrestricted reuse, distribution, and
reproduction in any medium, provided the original work is properly cited.

Funded by SCOAP?. SCOAP3 and OUP support the goals of the International Year of Basic Sciences for Sustainable Development

220z Jequiada 9g uo Jesn sayioligiqienusz-AS3d Agq G8e0129/S09E L L/ 1 L/220z/eoe/daid/wod dno-olwapede//:sdyy woj papeojumo(


mailto:sakakiy@post.kek.jp
https://creativecommons.org/licenses/by/4.0/
https://www.iybssd2022.org/en/home/

PTEP 2022, 113B05 A. Ishikawa et al.

Fig. 1. Schematic diagram of the production of ALPs (a) by the Primakoff process and their decay behind
a shield.

In this paper, we perform a feasibility study of a fixed-target experiment using 7 GeV elec-
tron and 4 GeV positron beams available at the KEK linac [12], investigating its sensitivity to
new physics, where we consider axion-like particles (ALPs) as a benchmark. The KEK linac
produces high bunch charge beams mainly for SuperKEKB, Photon Factory (PF), and PF
Advanced Ring (PF-AR) [13]. We studied experimental setups to search for a visible decay of
ALPs with high statistics by using the beam, where a large background due to the high bunch
charge should be dealt with by appropriate shielding.

We focus on parameter regions with shorter lifetimes than those explored in previous beam
dump experiments. In this region, short-lived new particles tend to decay in the shield, so this
region could not be explored in previous beam dump experiments with long shields. A short
experimental setup is therefore needed to explore the region of interest, and the SeaQuest ex-
periment [14] using proton beams is one good example. We evaluate sensitivity to ALPs in the
experiment using electron and positron beams, taking into account the background contami-
nation.

This paper is organized as follows. In Sect. 2, the ALP model is introduced. In Sect. 3, we
describe the experimental setup, in particular the geometry of the shielding system, the beam
conditions, and the detector concept. In Sect. 4, details of the background and signal estimation
are explained. In Sect. 5, the sensitivity to ALPs for the experimental setups is shown. Section 6
is devoted to the summary.

2. Model
We consider ALPs described by the following effective Lagrangian:
1 <1 1
3L = —ZgawaF,wF“ + E(aﬂaf — Emiaz, (1)

where a is the ALP, F*¥ is the strength of the photon field, and F* = €uipF* /2. In our
evaluation, it is assumed that a coupling g,,,, and an ALP mass m, are independent parameters.

In assuming this model, the ALPs are mainly produced by photon—nucleus interactions, the
Primakoff process, in the target as shown in Fig. 1. After passing through the shield, the ALP
decays into two photons that reach the detector and are observed as a signal. Generalized ALPs
that couple to photons, gluons, and fermions is also possible, but we consider only photon
coupling for simplicity.

For the ALP production, we use the following angular differential cross-section [15-18], based
on the improved Weizsacker—Williams approximation [19-21],
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Fig. 2. Schematic diagram of two shield systems, Setup-1 and Setup-2. For Setup-1, a 2 m tungsten shield
is placed and a 1 m decay volume is behind it. For Setup-2, there are two shields, Front shield and Hollow
shield. The thickness of the front shield is 7 = 20-25 cm. The hollow shield is hollowed out in the shape
of a truncated cone.

where « is the fine structure constant, k is the photon energy produced in the initial state, 6,
is the ALP’s emission angle along the beam axis, G»(¢) ~ Z*(a*t/(1 + a*0))* /(1 + t/d)?, Z is
the atomic number of the target, @ = 112Z""3/m,, d = 0.164GeV?, and m, is the electron
mass. The momentum transfer ¢ is approximated as ¢ ~ k?62 + m?/(4k?) to avoid cancellation
of significant digits in numerical calculations [18]. For the form factor G,, we use the combined
simple atomic and nuclear form factor, which takes into account the screening effect. The decay
width of the ALP is given by

g%zyymft

64

These formulae are adopted to calculate the signal yield.

r,= (3)

3. Experimental setups

This section describes the geometries of the shielding system, beam conditions, and detector
concept. We consider two experimental setups (Setup-1 and -2) with different shielding geome-
tries. In both setups, the maximum size is 5-10 m in the beam axis direction and 1-2m in the
vertical axis direction, which can be installed in the east beamline of the third beam switchyard
at the KEK linac facility (H. Iwase and M. Yoshida, private communication).

3.1 Geometries of the shielding system

In the range of ALP mass from MeV to GeV, most of the small coupling regions of ALPs (g,
< 107> 7%) have already been explored, mainly by a beam dump experiment with a very high
number of incident particles (SLAC-E137[16]) and by the SN1987A supernova cooling [22,23].
For that reason, we focus on the larger coupling region, in other words, the shorter-lifetime
region. To increase sensitivity to the region, the shield needs to be shortened to avoid ALPs
decaying within the shield. In the following, we consider two experimental setups with as short
a shield as possible.

3.1.1  Setup-1: Almost zero background. We first consider a simple setup, referred to as Setup-
1. Figure 2 (top) shows a schematic diagram of the setup. A 2 m tungsten shield is placed and a
1 m decay volume is behind it. A similar setup has been seen in previous experiments [16,24,25].
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This setup can reduce the beam-related background to a negligible level for the high-energy
signals that we are interested in. The main sources of background are high-energy muons and
neutral hadrons. A material with high density efficiently works as the absorber and tungsten is
sufficient for that purpose.

In Setup-1, we use positron beams with a lower energy of 4 GeV. In this zero-background
setup, both the ALP decay length and rate of background muons penetrating the shield are pro-
portional to the beam energy; therefore, the sensitivity to the shorter-lifetime region is almost
independent of the beam energy. We adopted the lower-energy beam, allowing us to remove
the muons with a shorter shield and accordingly reduce the total cost of the experiment.

3.1.2  Setup-2: With backgrounds. The second setup (Setup-2) has two shields, the front shield
and hollow shield, as shown in Fig. 2 (bottom). A feature of Setup-2 is that the front shield is
thinner than that of Setup-1. Although the background increases with the thinner shield, the
sensitivity to the shorter-lifetime region improves with respect to Setup-1 due to the exponential
increase of the signal.

In Setup-2, we use electron beams with a higher energy of 7 GeV. The number of ALPs pass-
ing through the shield becomes exponentially larger by using a higher-energy beam without a
significant increase in the background. This is because the decay length of ALPs is proportional
to the beam energy, while the energy dependence of the attenuation length of neutral hadrons,
the main background, is small.

We set the thickness of the front shield to 7= 20-25 cm (about 60-70 radiation length). The
shield reduces the energy deposition or radiation damage to the detector, mainly due to the
electromagnetic showers. The leakage of the neutral hadrons and the low-energy components
of the electromagnetic showers cannot be prevented by this front shield completely. A hollow
shield is placed just behind the front shield, which is hollowed out in the shape of a truncated
cone. The longitudinal length of the hollow shield is set to Lys = 100 cm. The upstream side
facing the front shield has a smaller radius of the truncated cone of 0.01 7" while the radius of
the downstream side is set to 0.1 Lys. This shape is efficient to reduce the leakage particles from
the front shield since they are produced at a wider angle than the signal. ALPs passing through
the front shield are emitted approximately on the beam axis. The ALPs or decayed photons
pass through the center (hollow part) of the hollow shield, and the signal photons can reach
the detector.

For brevity, this study assumes that charged particles can be removed by a sweeping magnet
placed behind the hollow shield. About 2 T-m is enough to bend charged particles with an
approximate beam energy of 0.1 rad without hitting the detector. The detector is located 5m
downstream of the upstream surface of the front shield with a radius of 50 cm.

The above shield parameters are tentative and their optimization depends on the configura-
tion of the detector, the available beam parameters, and the decay particles in the signal, which
we will leave as future work of great interest.

3.2 Beam conditions

The beam conditions assumed in this study are summarized in Table 1. To evaluate the sensi-
tivity in both experimental setups, the number of electrons and positrons incident on the target
is set to 6.5 x 10'8, which corresponds to the beam current supplied to SuperKEKB for one
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Table 1. Beam conditions assumed in this study.

Beam  Energy Total number of particles Bunch charge (density)
Setup-1 et 4GeV 6.5 x 108 -
Setup-2 e 7GeV 6.5 x 10'8 0.2nC (1.25 x 10 ¢)

4.0nC (2.5 x 1010¢)

month. The sensitivity in Setup-2 depends on the bunch charge of the beam, and we use two
cases with 0.2nC and 4nC as benchmarks. The former is the typical bunch charge supplied
by the KEK linac to PF and PF-AR, and the latter is that to be used in the final phase of
SuperKEKB.

The typical beam current supplied by the linac for SuperK EKB is 400 nA with a bunch charge
of 0.2nC, 40 bunches per pulse, and a pulse repetition frequency of 50 Hz. If the bunches are
evenly spaced in 4 us, a typical RF pulse width of the KEK linac, the bunch spacing is 100 ns.
For a 4nC bunch, the bunch spacing becomes longer than that due to the smaller number of
bunches per pulse.

3.3 Detector concept
For the detection of photons from an ALP decay, we assume multi-layers of a sampling electro-
magnetic (EM) calorimeter consisting of an active detector and tungsten absorber plate with
about 3.5 mm thickness.

The tungsten plate creates an electromagnetic shower, which is detected by the active detector
behind it. An example of the active detector is a scintillator with a silicon photomultiplier
(SiPM) readout, where the SiPM mounted on a printed circuit board (PCB) is housed in a
round cavity in the center of a scintillator tile with a size of 2cm x 2cm x 3 mm. This detector
concept is the same as the analogue hadron sampling calorimeter (AHCAL) developed by the
CALICE Collaboration [26]. If the detector is assumed to be a disk with a 50 cm radius, the
number of readout channels is about 2000 per layer.

The scintillator with SiPM readout has a timing resolution better than 1 ns with respect to
100 ns of the beam bunch space; therefore, hits originating from the same beam bunch can be
identified. The timing information is useful to reject backgrounds with two photons originating
from different bunches.

The analog-to-digital conversion can be performed in between two consecutive beam bunches
by using a flash ADC. The energy resolution is expected to be better than 15%/,/E /GeV, con-
sidering the number of electron—positron pairs generated in the electromagnetic shower in the
tungsten plate and using the flash ADC.

4. Background and signal estimations

4.1 Setup-1

In Setup-1, only the signal is considered since the background contamination is negligible. The
method of evaluating the number of signals is summarized in detail in Refs. [27,28]. The number
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of signals is given by

Epeam ks ldee
Nsignal = / dEy f dea / dz
my 0 0

dl, doy, dPse
dE, db6, d:z

where Npeam 1S the number of beam particles incident on the target, 71,0, 1S the number density
of tungsten atoms in the target, d/, /dE, is the track length of the photon in the target, do, ,/d6 ,
is the angular differential cross-section of ALPs, dPg../dz is the decay probability of ALPs, z
is the coordinate in the beam axis direction, starting at the rear of the shield, and /4 is the
decay volume length. The first Heaviside step function represents a detector angular acceptance,
where rge¢ and r, are the radius of the detector and the deviation of the signal photon from the
beam axis. The second Heaviside step function represents a detector energy acceptance, where
E, and E,(,CJ}”) are the ALP energy and a cutoff of the photon energy sum. We assume rge; =
15cm and E,S‘;}“) = 1 GeV in our analysis for Setup-1.

X Npeam Matom ®(rdet - VL)®(Ea - E)(/‘;lt))» (4)

4.2 Setup-2

In Setup-2, the main background is due to K” and neutrons produced in photonuclear reactions
from hard bremsstrahlung. In particular, Kg passing through the front shield and the hollow
shield decays almost 100% in front of the detector and makes a significant contribution to
the background. We note that the decay length of Kg with a kinetic energy of 6.3 GeV (the
maximum value when using a 7GeV beam) is 37 cm, which is much smaller than the distance
between the shields and the detector. Neutrons, K}, and other hadrons can produce 7° and n
through hadronic interactions in the front shield, the hollow shield, and the absorption layer
of the electromagnetic calorimeters, which can also produce background photons.

To estimate these backgrounds, we performed Monte Carlo simulations using PHITS [29]'.
We found that the Monte Carlo code underestimates the amount of K production, whose
cross-section was corrected in the code based on the experimental data [32]>. For the neutron
photoproduction, we confirmed that the Monte Carlo code reproduces well the experimental
data [34] at incident photon energies around 4 GeV; therefore, we do not correct the Monte
Carlo code.

For the evaluation of the signal, we implement the Primakoff process as well as the decay
process of the ALPs described in Sect. 2 in PHITS and then perform Monte Carlo simulations.
The accuracy of the equations for the Primakoff process used is at the O(«) level. The flux of
the initial photons in the electromagnetic shower is simulated by EGS5 [35] embedded in PHITS
with an accuracy of a few percent or less [36]. The signal is therefore expected to be predicted
with higher accuracy compared to the background.

Our detector simulation and analysis are performed as follows:

"We also used Geant4 [30] and FLUKA [31], but PHITS showed no unphysical structure in the distri-
bution of photoproduced hadrons, and reproduced the experimental data on the photonuclear reaction
relatively well.

~We found that, for both PHITS and Geant4, the Monte Carlo prediction tends to underestimate the
forward cross-section of the K-meson as the energy of the initial photon increases, so we have corrected
the code based on experimental data. The experimental values are for a charged K-meson rather than a
neutral one, but their cross-sections are similar at high energies [33].
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» Assuming a cell size of 2 cm x 2 cm, the energy of photons passing through the same cell in
the same bunch is simply combined, which we call a cluster. The cluster position is assigned
to its center.

« Smear the cluster energy with the assumed energy resolution o = 0.15/,/E, /GeV.

e Discard clusters with energy below 1 GeV. Select the hardest cluster (i = 1), create pair(s)
with it and other softer cluster(s) (i > 2), and calculate the energy sum (Ey, = E| + E)),
invariant mass (m,, ), and azimuthal angle (¢,,) for them. If there is more than one pair,
keep only the pair whose (¢, ) is the closest to = and eliminate the others. For single-cluster
events, it is set to Eyo = E, and m,,,, and ¢,,, are not defined or used for the cut.

Taking into account all photons coming from upstream, the hit occupancy in the EM
calorimeter with a segmentation of 2cm x 2 cm is expected to be maximally 1% with a 1 GeV
threshold even at the innermost region with a radius of 0—10 cm for 0.2 nC and 4.0 nC of beam
bunch charge with 7 = 20-25 cm. For that reason, a signal hit can be well separated from back-
ground hits, making the event reconstruction with the above criteria feasible.

To calculate the mass, we need to define the momentum vector of each photon. Assuming that
the photon is generated at the downstream surface of the front shield on the beam axis, we define
the momentum vector pointing to the cluster position from that of the photon generation. The
azimuthal angle is defined as the angle between the position vectors of the two clusters on the
detection plane, where the intersection of the beam axis and the detection plane is selected as
the origin (see Fig. 2).

The selection cuts using these variables are summarized as

° E[OI > 6 GeV,

* ¢, > 2.5,
« the mass window cut depending on ALP masses>.

The significance is calculated as the root sum square of the significances for the multiple- and
the single-cluster event categories.

Figure 3 shows the m,,,, distribution of the background and the signal after imposing the E,,,,
and ¢,, cuts. The bunch charge is assumed to be 4 nC and the thickness of the front shield is
set to 25 cm. The signal creates a clear bump for the signal with (14, g4,,,) = (0.075GeV, 5.3 x
107%/GeV).

For the background study, it would be possible to employ the region of small ¢,, and the
sideband region of ALP mass as control regions. Data for several shield thicknesses 7 would
also be useful since the 7-dependences of the attenuation lengths in the shield for the neutral
hadrons and ALPs are different. They would also work when the ALP mass is close to the 7°
mass.

The precision of the ALP mass is determined by resolutions of the energy and angle of two y
from an ALP decay, where the angular resolution depends on the segmentation of the calorime-
ter. Assuming an energy resolution of 15%/,/E/GeV, segmentation finer than 2 cm of the
calorimeter slightly improves the mass resolution and accordingly the sensitivity to the ALPs
only for ALP masses below ~100 MeV; it is not beneficial for larger masses.

3The width of the mass window is two standard deviations in the Gaussian fit of the mass distribution.
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Fig. 3. The m,, distribution of the signal and background after imposing Ei, and ¢,,, cuts. The red
dashed and blue dotted lines show the background and signal distributions respectively, and the black
solid line shows the sum of the two. The bunch charge is assumed to be 4 nC and the thickness of the
front shield is 25 cm. The parameter of the signal is (1,4, g4y, ) = (0.075GeV, 5.3 x 107%/GeV).

5. Results

In Fig. 4 (left), the blue and black lines show the 95% CL sensitivity to ALPs in Setup-1 and -2.
For each setup, the number of injected positrons or electrons is assumed to be 6.5 x 10'%, which
corresponds to one month of operation with the beam current at the KEK linac. For Setup-2,
the bunch charge is assumed to be 0.2nC. We do not mention the bunch charge for Setup-1
since the sensitivity of Setup-1 is independent of the bunch charge. The dashed lines show the
sensitivity from other beam dump and forward detector experiments, NA62 [17,37], NA64 [18],
SHiP[17,38], FASER [39], SeaQuest [14], ILC [27], and from the e™ e~ collider experiment Belle
I1 [23]. The gray shaded region shows the constraint from the previous studies [16,17,40-44].

Setup-1 has better sensitivity to larger-mass and smaller-coupling regions (bottom-right di-
rection on the plot) than the previous experiments and some future experiments. The num-
ber of incident particles is important for improving sensitivity in this direction; therefore, the
SHiP and ILC beam dump experiments, which use a larger number of incident particles, are
more sensitive to this region than Setup-1. We, however, emphasize the advantage of Setup-1,
which can be achieved much earlier and with a much lower cost than the SHiP and ILC beam
dump experiments. Setup-2 has a better sensitivity to larger-mass and larger-coupling regions
compared to other beam dump and forward detector experiments. Due to the increase of 7°-
induced background, the sensitivity to lower coupling (g4,, ~ 6 x 107°) at 7° mass is slightly
worsened.

Figure 4 (right) shows the variation of sensitivity with different bunch charges and thicknesses
of the front shield in Setup-2. The solid line is the same as the result of Setup-2 in Fig. 4 (left).
The red dashed line shows the case where the bunch charge is set to 4 nC, which is the maximum
value used for SuperKEK. The sensitivity decreases with higher bunch charge due to increase
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Fig. 4. Left: The blue and black lines show the 95% CL sensitivity to ALPs with Setup-1 and Setup-2,
respectively. For each setup, the number of injected particles is assumed to be 6.5 x 10'8, which is equal to
the number of particles using the beam current at the KEK linac for one month. For Setup-2, the bunch
charge is assumed to be 0.2 nC. The dashed lines show the sensitivity in other beam dump and forward
detector experiments, NA62 [17,37], NA64 [18], SHiP [17,38], FASER [39], SeaQuest [14], ILC [27], and
from the eTe™ collider experiment Belle II [23]. The gray shaded region shows the region excluded by
the previous studies [16,17,40—44]. Right: The change in sensitivity with different bunch charges and the
thickness of the front shield in Setup-2. The solid line is the same as the result of the left panel. The
red dashed line shows the case where the bunch charge is set to 4 nC, which is the maximum value used
for SuperKEK. The blue dotted line is for a 4 nC bunch with a shield thickness of 25cm. The signal
parameter used in Fig. 3 is marked with a star symbol.

of the pileup®*. The blue dotted line is for a 4 nC bunch with a shield thickness of 25 cm. It can
be seen that the upper boundary of the contour shrinks, compared to the case of 77 = 20 cm.
This is because the decay length of ALPs in that parameter region is only a few centimeters,
and a longer shield increases the probability of ALP decay in the shield and reduces the number
of signals. We note that the signal parameter in Fig. 3 is marked with a star symbol.

6. Summary

We performed a feasibility study of a fixed-target experiment using electron and positron beams
available at the KEK linac with two shielding setups (Setup-1 and -2) to search for ALPs cou-
pling to photons. These setups are designed to increase sensitivity to ALPs with a shorter life-
time than the previous beam dump experiments. Setup-1 is designed to use a 2 m shield, while
Setup-2 uses a 20-25 cm shield with an additional hollow shield.

The sensitivity of these setups to ALPs was evaluated and compared with that in the other
beam dump experiments, fixed-target experiments, and e*e~ collider experiments. We found
that the setups can explore the region that cannot be searched by other proposed experiments,
and in particular are highly sensitive to the gap between the regions explored by the previous
beam dump experiments and the Belle II experiment.

4With T = 20 cm and 4 nC bunch charge, it might be difficult to search for ALPs with small mass (m, <
0.04 GeV) and large coupling (g4, = 1072/GeV). This is because the number of low-energy photons
leaking from electromagnetic showers per bunch becomes sizable in the signal region of this parameter
space, which is the very forward region (< 10 mrad). The energy deposit in the detector by the leakage
photons depends on its configuration and detailed study is left as a subject for future work.
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