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We propose a new beam dump experiment at future colliders with electron (e−) and positron
(e+) beams, BDee, which will provide a new possibility to search for hidden particles, like hidden
photon. If a particle detector is installed behind the beam dump, it can detect the signal of in-flight
decay of the hidden particles produced by the scatterings of e± beams off materials for dumping.
We show that, compared to past experiments, BDee (in particular BDee at e

+
e
− linear collider)

significantly enlarges the parameter region where the signal of the hidden particle can be discovered.

High energy colliders with electron (e−) and positron
(e+) beams, such as the International Linear Collider
(ILC) [1], the Compact Linear Collider (CLIC) [2], and
Future Circular Collider with e+e− beams (FCC-ee) [3],
are widely appreciated as prominent candidates of future
experiments. One of the reasons is that, with the dis-
covery of Higgs boson at the LHC [4], detailed studies
of Higgs properties at e+e− colliders are now very im-
portant [5]. In addition, e+e− colliders have sensitivity
to new particles at TeV scale or below if they have elec-
troweak quantum numbers.
Although e+e− colliders have many advantages in

studying physics beyond the standard model (BSM), they
can hardly probe BSM particles whose interaction is very
weak. We call such particles hidden particles, which ap-
pear in various BSM models. For example, there may
exist a gauge symmetry other than those of the stan-
dard model (SM), as is often the case in string theory.
If the breaking scale of such a hidden gauge symmetry
is lower than the electroweak scale, the associated gauge
boson can be regarded as a hidden particle [6]. In string
theory, it has also been pointed out that there may exist
axion-like particles (ALPs) [7]; they are also candidates of
the hidden particle. Sterile neutrino is another example.
These particles interact very weakly with SM particles,
and are hardly accessed by studying e+e− collisions. If
e+e− colliders will be built in the future, it is desirable
to make it possible to study hidden particles as well.
In this letter, we discuss a possibility to detect hidden

particles at the e+e− facilities. We propose a beam dump
experiment at future e+e− colliders (BDee), in which the
beam after the e+e− collision is used for the beam dump
experiment. In particular, at the ILC and CLIC, the e±

beams will be dumped after each collision, which makes
a large number of e± available for the beam dump ex-
periment. Using the hidden photon, which is the gauge
boson associated with a (spontaneously broken) hidden
U(1) symmetry, as an example, we show that the BDee
can cover a parameter region which has not been explored
by past experiments.
Let us first summarize the basic setup of BDee. We

simply assume the current design of the beam dump sys-
tem of the ILC although one may consider other possi-
bilities. The main beam dumps of the ILC will consist
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FIG. 1: Schematic view of BDee. The electron (or positron)
beam is injected into the beam dump from the left.

of 1.8 m-diameter cylindrical stainless-steel high-pressure
(10 bar) water vessels [1]. The e± beams after passing
through the interaction point are injected into the dump,
which absorbs the energy of the electromagnetic shower
in 11 m of water. If there exists a hidden particle, like hid-
den photon, for example, it is produced by the e±-H2O
scattering process. In this letter, to make our discussion
concrete, we consider the case where the target is H2O,
although other materials may be used as a target. The
number of the hidden photon produced in the dump is
insensitive to the target material.
Our proposal is to install a particle detector behind

the dump, with which we can observe signals of hidden
particles produced in the dump. The schematic picture
of the setup of BDee is shown in Fig. 1. The decay vol-
ume is a vacuum vessel with the length of Ldec; the signal
of the hidden particle is detected if the hidden particle
decays into (visible) SM particles in the decay volume.
A tracking detector is used to detect the hidden parti-
cle decaying into a pair of charged particles. Additional
detectors such as calorimeters and muon detectors may
be installed to enrich the physics case. As well as the
hidden particles, charged particles are also produced in
the dump; rejection of those particles is essential to sup-
press backgrounds. In particular, a significant amount of
muons are produced, as we will discuss in the following.
Thus, we expect to install shields and veto counters be-
tween the dump and the decay volume. Additional veto
counters surrounding the detector serve to reject cosmic
rays.
To see the sensitivity of BDee, we consider a model

 X
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of 1.8 m-diameter cylindrical stainless-steel high-pressure
(10 bar) water vessels [1]. The e± beams after passing
through the interaction point are injected into the dump,
which absorbs the energy of the electromagnetic shower
in 11 m of water. If there exists a hidden particle, like hid-
den photon, for example, it is produced by the e±-H2O
scattering process. In this letter, to make our discussion
concrete, we consider the case where the target is H2O,
although other materials may be used as a target. The
number of the hidden photon produced in the dump is
insensitive to the target material.
Our proposal is to install a particle detector behind

the dump, with which we can observe signals of hidden
particles produced in the dump. The schematic picture
of the setup of BDee is shown in Fig. 1. The decay vol-
ume is a vacuum vessel with the length of Ldec; the signal
of the hidden particle is detected if the hidden particle
decays into (visible) SM particles in the decay volume.
A tracking detector is used to detect the hidden parti-
cle decaying into a pair of charged particles. Additional
detectors such as calorimeters and muon detectors may
be installed to enrich the physics case. As well as the
hidden particles, charged particles are also produced in
the dump; rejection of those particles is essential to sup-
press backgrounds. In particular, a significant amount of
muons are produced, as we will discuss in the following.
Thus, we expect to install shields and veto counters be-
tween the dump and the decay volume. Additional veto
counters surrounding the detector serve to reject cosmic
rays.
To see the sensitivity of BDee, we consider a model
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the dump, with which we can observe signals of hidden
particles produced in the dump. The schematic picture
of the setup of BDee is shown in Fig. 1. The decay vol-
ume is a vacuum vessel with the length of Ldec; the signal
of the hidden particle is detected if the hidden particle
decays into (visible) SM particles in the decay volume.
A tracking detector is used to detect the hidden parti-
cle decaying into a pair of charged particles. Additional
detectors such as calorimeters and muon detectors may
be installed to enrich the physics case. As well as the
hidden particles, charged particles are also produced in
the dump; rejection of those particles is essential to sup-
press backgrounds. In particular, a significant amount of
muons are produced, as we will discuss in the following.
Thus, we expect to install shields and veto counters be-
tween the dump and the decay volume. Additional veto
counters surrounding the detector serve to reject cosmic
rays.
To see the sensitivity of BDee, we consider a model
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FIG. 2: Contours of constant Nsig on the mX vs. ε plane
for Ebeam = 250 (red), 500 (blue), and 1500 GeV (green),
taking Ne = 4 × 1021, Ldump = 11 m, Lsh = 50 m, and
Ldec = 50 m. The dotted, solid, short-dashed, and long-
dashed lines correspond to Nsig = 10−2, 1, 102, and 104,
respectively. The gray-shaded regions are already excluded by
past beam dump experiments [10] (light-gray) or supernova
bounds [14] (dark-gray), while SHiP experiment, if approved,
will cover the yellow-shaded one [15].

Finally, we compare BDee with another possible hid-
den particle search in the future, SHiP experiment [16].
The expected discovery reach of SHiP is also shown in
Fig. 2 for the hidden photon model. We can see that, if
approved, SHiP will also cover the parameter region on
which BDee has a sensitivity. It should be noted that
SHiP is a fixed target experiment with proton beam, so

the fundamental processes producing hidden particles are
different. If signals of a hidden particle are discovered,
discrimination of various possibilities of hidden particles
may become possible by combining the results of BDee
and SHiP.

In summary, given the fact that a large number of e±

will become available for beam dump experiment once
e+e− collider starts its operation, we propose to install
a particle detector behind its dump. Using the hidden
photon model as an example, we have shown that the
beam dump experiment at e+e− colliders, BDee, signif-
icantly enlarges the discovery reach of hidden particles.
To understand the potential of BDee, case studies for
other hidden particles, like ALPs and sterile neutrinos,
should be performed. In doing so, the full capabilities
of the machine, such as the use of positrons which yield
annihilation processes, and, in the case of linear colliders,
the use of beam polarization, should be explored. In ad-
dition, the discovery reach depends on the detail of the
configurations of detectors and shields. As we have dis-
cussed, the muons produced in the dump are potential
serious background and hence careful designs of detectors
and shields are needed. These issues will be discussed
elsewhere [17]. BDee will provide a new possibility to
probe hidden particles, and hence is worth being consid-
ered seriously as an important addition to future e+e−

facilities.
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[Y. Sakaki, DU. arXiv:2009.13790]
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[Y. Sakaki, DU. arXiv:2009.13790]
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e
<latexit sha1_base64="NIv/hW5HWe7U/hVFpQ0m9xhNBew=">AAAB7nicbZDLSsNAFIZP6q3WW9Wlm8EiuCqJIrrSghuXFewF2lAm05N26EwSZiZCCX0INy4Ucet7+AbufBunaRfa+sPAx/+fw5xzgkRwbVz32ymsrK6tbxQ3S1vbO7t75f2Dpo5TxbDBYhGrdkA1Ch5hw3AjsJ0opDIQ2ApGt9O89YhK8zh6MOMEfUkHEQ85o8ZarayrJMFJr1xxq24usgzeHCo3n+e56r3yV7cfs1RiZJigWnc8NzF+RpXhTOCk1E01JpSN6AA7FiMqUftZPu6EnFinT8JY2RcZkru/OzIqtR7LwFZKaoZ6MZua/2Wd1IRXfsajJDUYsdlHYSqIicl0d9LnCpkRYwuUKW5nJWxIFWXGXqhkj+AtrrwMzbOqd169uHcrtWuYqQhHcAyn4MEl1OAO6tAABiN4ghd4dRLn2Xlz3melBWfecwh/5Hz8AC3lkas=</latexit>

S
<latexit sha1_base64="h5yq53RRFM89pQ76PBrihKujjdU=">AAAB6HicbZDLSsNAFIZP6q3WW9Wlm2ARXJXEIrrSghuXLdoLtKFMpift2MkkzEyEEvoEblwo4tZX8Q3c+TZO0y609YeBj/8/hznn+DFnSjvOt5VbWV1b38hvFra2d3b3ivsHTRUlkmKDRjySbZ8o5ExgQzPNsR1LJKHPseWPbqZ56xGlYpG41+MYvZAMBAsYJdpY9bteseSUnUz2MrhzKF1/VjLVesWvbj+iSYhCU06U6rhOrL2USM0ox0mhmyiMCR2RAXYMChKi8tJs0Il9Ypy+HUTSPKHtzP3dkZJQqXHom8qQ6KFazKbmf1kn0cGllzIRJxoFnX0UJNzWkT3d2u4ziVTzsQFCJTOz2nRIJKHa3KZgjuAurrwMzbOyWymf151S9QpmysMRHMMpuHABVbiFGjSAAsITvMCr9WA9W2/W+6w0Z817DuGPrI8fpq6PCg==</latexit>S

<latexit sha1_base64="h5yq53RRFM89pQ76PBrihKujjdU=">AAAB6HicbZDLSsNAFIZP6q3WW9Wlm2ARXJXEIrrSghuXLdoLtKFMpift2MkkzEyEEvoEblwo4tZX8Q3c+TZO0y609YeBj/8/hznn+DFnSjvOt5VbWV1b38hvFra2d3b3ivsHTRUlkmKDRjySbZ8o5ExgQzPNsR1LJKHPseWPbqZ56xGlYpG41+MYvZAMBAsYJdpY9bteseSUnUz2MrhzKF1/VjLVesWvbj+iSYhCU06U6rhOrL2USM0ox0mhmyiMCR2RAXYMChKi8tJs0Il9Ypy+HUTSPKHtzP3dkZJQqXHom8qQ6KFazKbmf1kn0cGllzIRJxoFnX0UJNzWkT3d2u4ziVTzsQFCJTOz2nRIJKHa3KZgjuAurrwMzbOyWymf151S9QpmysMRHMMpuHABVbiFGjSAAsITvMCr9WA9W2/W+6w0Z817DuGPrI8fpq6PCg==</latexit>
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�
<latexit sha1_base64="UMLrRJRz2J/4WhcRSjknK/XO0y8=">AAAB7XicbVC7SgNBFJ2NrxgfiVpY2AwGwSrsKqKFSMDGMoJ5QLKEu5PZZMzM7DIzK4Ql/2BjoYitH+Cf2PkBtvkGJ49CEw9cOJxzL/feE8ScaeO6X05maXlldS27ntvY3NrOF3Z2azpKFKFVEvFINQLQlDNJq4YZThuxoiACTutB/3rs1x+o0iySd2YQU19AV7KQETBWqrW6IAS0C0W35E6AF4k3I8Xy/miUv/z4rrQLn61ORBJBpSEctG56bmz8FJRhhNNhrpVoGgPpQ5c2LZUgqPbTybVDfGSVDg4jZUsaPFF/T6QgtB6IwHYKMD09743F/7xmYsILP2UyTgyVZLooTDg2ER6/jjtMUWL4wBIgitlbMemBAmJsQDkbgjf/8iKpnZS809LZrU3jCk2RRQfoEB0jD52jMrpBFVRFBN2jR/SMXpzIeXJenbdpa8aZzeyhP3DefwAEY5Mq</latexit>

a
<latexit sha1_base64="W70o3gDRNlq2ua2FPb60YiM62OA=">AAAB6HicbZDLSgMxFIbP1Futt6pLN8EiuCoziuhKC25ctmAv0A4lk55pYzOZIckIpfQJ3LhQxK2v4hu4821Mp11o6w+Bj/8/h5xzgkRwbVz328mtrK6tb+Q3C1vbO7t7xf2Dho5TxbDOYhGrVkA1Ci6xbrgR2EoU0igQ2AyGt9O8+YhK81jem1GCfkT7koecUWOtGu0WS27ZzUSWwZtD6ebzPFO1W/zq9GKWRigNE1Trtucmxh9TZTgTOCl0Uo0JZUPax7ZFSSPU/jgbdEJOrNMjYazsk4Zk7u+OMY20HkWBrYyoGejFbGr+l7VTE175Yy6T1KBks4/CVBATk+nWpMcVMiNGFihT3M5K2IAqyoy9TcEewVtceRkaZ2XvvHxRc0uVa5gpD0dwDKfgwSVU4A6qUAcGCE/wAq/Og/PsvDnvs9KcM+85hD9yPn4Au+aPGA==</latexit>

[Y. Sakaki, DU. arXiv:2009.13790]

e+

・

- New particle production by secondary particles such as photon and muon

Many photons, electrons, and positrons are produced
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<latexit sha1_base64="UMLrRJRz2J/4WhcRSjknK/XO0y8=">AAAB7XicbVC7SgNBFJ2NrxgfiVpY2AwGwSrsKqKFSMDGMoJ5QLKEu5PZZMzM7DIzK4Ql/2BjoYitH+Cf2PkBtvkGJ49CEw9cOJxzL/feE8ScaeO6X05maXlldS27ntvY3NrOF3Z2azpKFKFVEvFINQLQlDNJq4YZThuxoiACTutB/3rs1x+o0iySd2YQU19AV7KQETBWqrW6IAS0C0W35E6AF4k3I8Xy/miUv/z4rrQLn61ORBJBpSEctG56bmz8FJRhhNNhrpVoGgPpQ5c2LZUgqPbTybVDfGSVDg4jZUsaPFF/T6QgtB6IwHYKMD09743F/7xmYsILP2UyTgyVZLooTDg2ER6/jjtMUWL4wBIgitlbMemBAmJsQDkbgjf/8iKpnZS809LZrU3jCk2RRQfoEB0jD52jMrpBFVRFBN2jR/SMXpzIeXJenbdpa8aZzeyhP3DefwAEY5Mq</latexit>

a
<latexit sha1_base64="W70o3gDRNlq2ua2FPb60YiM62OA=">AAAB6HicbZDLSgMxFIbP1Futt6pLN8EiuCoziuhKC25ctmAv0A4lk55pYzOZIckIpfQJ3LhQxK2v4hu4821Mp11o6w+Bj/8/h5xzgkRwbVz328mtrK6tb+Q3C1vbO7t7xf2Dho5TxbDOYhGrVkA1Ci6xbrgR2EoU0igQ2AyGt9O8+YhK81jem1GCfkT7koecUWOtGu0WS27ZzUSWwZtD6ebzPFO1W/zq9GKWRigNE1Trtucmxh9TZTgTOCl0Uo0JZUPax7ZFSSPU/jgbdEJOrNMjYazsk4Zk7u+OMY20HkWBrYyoGejFbGr+l7VTE175Yy6T1KBks4/CVBATk+nWpMcVMiNGFihT3M5K2IAqyoy9TcEewVtceRkaZ2XvvHxRc0uVa5gpD0dwDKfgwSVU4A6qUAcGCE/wAq/Og/PsvDnvs9KcM+85hD9yPn4Au+aPGA==</latexit>

µ
<latexit sha1_base64="tLLSGts4/L+ga5ylJjQ6xRVSLjY=">AAAB6nicbVC7SgNBFL0bXzE+ErWwsBkMglXYVUQLkYCNZUTzgGQJs5PZZMjM7DIzK4Qln2BjoYitf+Cf2PkBtvkGJ49CEw9cOJxzL/feE8ScaeO6X05maXlldS27ntvY3NrOF3Z2azpKFKFVEvFINQKsKWeSVg0znDZiRbEIOK0H/euxX3+gSrNI3ptBTH2Bu5KFjGBjpbuWSNqFoltyJ0CLxJuRYnl/NMpffnxX2oXPViciiaDSEI61bnpubPwUK8MIp8NcK9E0xqSPu7RpqcSCaj+dnDpER1bpoDBStqRBE/X3RIqF1gMR2E6BTU/Pe2PxP6+ZmPDCT5mME0MlmS4KE45MhMZ/ow5TlBg+sAQTxeytiPSwwsTYdHI2BG/+5UVSOyl5p6WzW5vGFUyRhQM4hGPw4BzKcAMVqAKBLjzCM7w43HlyXp23aWvGmc3swR847z/ax5Hr</latexit>

e
<latexit sha1_base64="NIv/hW5HWe7U/hVFpQ0m9xhNBew=">AAAB7nicbZDLSsNAFIZP6q3WW9Wlm8EiuCqJIrrSghuXFewF2lAm05N26EwSZiZCCX0INy4Ucet7+AbufBunaRfa+sPAx/+fw5xzgkRwbVz32ymsrK6tbxQ3S1vbO7t75f2Dpo5TxbDBYhGrdkA1Ch5hw3AjsJ0opDIQ2ApGt9O89YhK8zh6MOMEfUkHEQ85o8ZarayrJMFJr1xxq24usgzeHCo3n+e56r3yV7cfs1RiZJigWnc8NzF+RpXhTOCk1E01JpSN6AA7FiMqUftZPu6EnFinT8JY2RcZkru/OzIqtR7LwFZKaoZ6MZua/2Wd1IRXfsajJDUYsdlHYSqIicl0d9LnCpkRYwuUKW5nJWxIFWXGXqhkj+AtrrwMzbOqd169uHcrtWuYqQhHcAyn4MEl1OAO6tAABiN4ghd4dRLn2Xlz3melBWfecwh/5Hz8AC3lkas=</latexit>

e
<latexit sha1_base64="NIv/hW5HWe7U/hVFpQ0m9xhNBew=">AAAB7nicbZDLSsNAFIZP6q3WW9Wlm8EiuCqJIrrSghuXFewF2lAm05N26EwSZiZCCX0INy4Ucet7+AbufBunaRfa+sPAx/+fw5xzgkRwbVz32ymsrK6tbxQ3S1vbO7t75f2Dpo5TxbDBYhGrdkA1Ch5hw3AjsJ0opDIQ2ApGt9O89YhK8zh6MOMEfUkHEQ85o8ZarayrJMFJr1xxq24usgzeHCo3n+e56r3yV7cfs1RiZJigWnc8NzF+RpXhTOCk1E01JpSN6AA7FiMqUftZPu6EnFinT8JY2RcZkru/OzIqtR7LwFZKaoZ6MZua/2Wd1IRXfsajJDUYsdlHYSqIicl0d9LnCpkRYwuUKW5nJWxIFWXGXqhkj+AtrrwMzbOqd169uHcrtWuYqQhHcAyn4MEl1OAO6tAABiN4ghd4dRLn2Xlz3melBWfecwh/5Hz8AC3lkas=</latexit>

S
<latexit sha1_base64="h5yq53RRFM89pQ76PBrihKujjdU=">AAAB6HicbZDLSsNAFIZP6q3WW9Wlm2ARXJXEIrrSghuXLdoLtKFMpift2MkkzEyEEvoEblwo4tZX8Q3c+TZO0y609YeBj/8/hznn+DFnSjvOt5VbWV1b38hvFra2d3b3ivsHTRUlkmKDRjySbZ8o5ExgQzPNsR1LJKHPseWPbqZ56xGlYpG41+MYvZAMBAsYJdpY9bteseSUnUz2MrhzKF1/VjLVesWvbj+iSYhCU06U6rhOrL2USM0ox0mhmyiMCR2RAXYMChKi8tJs0Il9Ypy+HUTSPKHtzP3dkZJQqXHom8qQ6KFazKbmf1kn0cGllzIRJxoFnX0UJNzWkT3d2u4ziVTzsQFCJTOz2nRIJKHa3KZgjuAurrwMzbOyWymf151S9QpmysMRHMMpuHABVbiFGjSAAsITvMCr9WA9W2/W+6w0Z817DuGPrI8fpq6PCg==</latexit>S

<latexit sha1_base64="h5yq53RRFM89pQ76PBrihKujjdU=">AAAB6HicbZDLSsNAFIZP6q3WW9Wlm2ARXJXEIrrSghuXLdoLtKFMpift2MkkzEyEEvoEblwo4tZX8Q3c+TZO0y609YeBj/8/hznn+DFnSjvOt5VbWV1b38hvFra2d3b3ivsHTRUlkmKDRjySbZ8o5ExgQzPNsR1LJKHPseWPbqZ56xGlYpG41+MYvZAMBAsYJdpY9bteseSUnUz2MrhzKF1/VjLVesWvbj+iSYhCU06U6rhOrL2USM0ox0mhmyiMCR2RAXYMChKi8tJs0Il9Ypy+HUTSPKHtzP3dkZJQqXHom8qQ6KFazKbmf1kn0cGllzIRJxoFnX0UJNzWkT3d2u4ziVTzsQFCJTOz2nRIJKHa3KZgjuAurrwMzbOyWymf151S9QpmysMRHMMpuHABVbiFGjSAAsITvMCr9WA9W2/W+6w0Z817DuGPrI8fpq6PCg==</latexit>
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�
<latexit sha1_base64="UMLrRJRz2J/4WhcRSjknK/XO0y8=">AAAB7XicbVC7SgNBFJ2NrxgfiVpY2AwGwSrsKqKFSMDGMoJ5QLKEu5PZZMzM7DIzK4Ql/2BjoYitH+Cf2PkBtvkGJ49CEw9cOJxzL/feE8ScaeO6X05maXlldS27ntvY3NrOF3Z2azpKFKFVEvFINQLQlDNJq4YZThuxoiACTutB/3rs1x+o0iySd2YQU19AV7KQETBWqrW6IAS0C0W35E6AF4k3I8Xy/miUv/z4rrQLn61ORBJBpSEctG56bmz8FJRhhNNhrpVoGgPpQ5c2LZUgqPbTybVDfGSVDg4jZUsaPFF/T6QgtB6IwHYKMD09743F/7xmYsILP2UyTgyVZLooTDg2ER6/jjtMUWL4wBIgitlbMemBAmJsQDkbgjf/8iKpnZS809LZrU3jCk2RRQfoEB0jD52jMrpBFVRFBN2jR/SMXpzIeXJenbdpa8aZzeyhP3DefwAEY5Mq</latexit>

a
<latexit sha1_base64="W70o3gDRNlq2ua2FPb60YiM62OA=">AAAB6HicbZDLSgMxFIbP1Futt6pLN8EiuCoziuhKC25ctmAv0A4lk55pYzOZIckIpfQJ3LhQxK2v4hu4821Mp11o6w+Bj/8/h5xzgkRwbVz328mtrK6tb+Q3C1vbO7t7xf2Dho5TxbDOYhGrVkA1Ci6xbrgR2EoU0igQ2AyGt9O8+YhK81jem1GCfkT7koecUWOtGu0WS27ZzUSWwZtD6ebzPFO1W/zq9GKWRigNE1Trtucmxh9TZTgTOCl0Uo0JZUPax7ZFSSPU/jgbdEJOrNMjYazsk4Zk7u+OMY20HkWBrYyoGejFbGr+l7VTE175Yy6T1KBks4/CVBATk+nWpMcVMiNGFihT3M5K2IAqyoy9TcEewVtceRkaZ2XvvHxRc0uVa5gpD0dwDKfgwSVU4A6qUAcGCE/wAq/Og/PsvDnvs9KcM+85hD9yPn4Au+aPGA==</latexit>

[Y. Sakaki, DU. arXiv:2009.13790]
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・- Installing cheap muon shield was proposed ⇒ zero background 

- New particle production by secondary particles such as photon and muon
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a
<latexit sha1_base64="W70o3gDRNlq2ua2FPb60YiM62OA=">AAAB6HicbZDLSgMxFIbP1Futt6pLN8EiuCoziuhKC25ctmAv0A4lk55pYzOZIckIpfQJ3LhQxK2v4hu4821Mp11o6w+Bj/8/h5xzgkRwbVz328mtrK6tb+Q3C1vbO7t7xf2Dho5TxbDOYhGrVkA1Ci6xbrgR2EoU0igQ2AyGt9O8+YhK81jem1GCfkT7koecUWOtGu0WS27ZzUSWwZtD6ebzPFO1W/zq9GKWRigNE1Trtucmxh9TZTgTOCl0Uo0JZUPax7ZFSSPU/jgbdEJOrNMjYazsk4Zk7u+OMY20HkWBrYyoGejFbGr+l7VTE175Yy6T1KBks4/CVBATk+nWpMcVMiNGFihT3M5K2IAqyoy9TcEewVtceRkaZ2XvvHxRc0uVa5gpD0dwDKfgwSVU4A6qUAcGCE/wAq/Og/PsvDnvs9KcM+85hD9yPn4Au+aPGA==</latexit>

µ
<latexit sha1_base64="tLLSGts4/L+ga5ylJjQ6xRVSLjY=">AAAB6nicbVC7SgNBFL0bXzE+ErWwsBkMglXYVUQLkYCNZUTzgGQJs5PZZMjM7DIzK4Qln2BjoYitf+Cf2PkBtvkGJ49CEw9cOJxzL/feE8ScaeO6X05maXlldS27ntvY3NrOF3Z2azpKFKFVEvFINQKsKWeSVg0znDZiRbEIOK0H/euxX3+gSrNI3ptBTH2Bu5KFjGBjpbuWSNqFoltyJ0CLxJuRYnl/NMpffnxX2oXPViciiaDSEI61bnpubPwUK8MIp8NcK9E0xqSPu7RpqcSCaj+dnDpER1bpoDBStqRBE/X3RIqF1gMR2E6BTU/Pe2PxP6+ZmPDCT5mME0MlmS4KE45MhMZ/ow5TlBg+sAQTxeytiPSwwsTYdHI2BG/+5UVSOyl5p6WzW5vGFUyRhQM4hGPw4BzKcAMVqAKBLjzCM7w43HlyXp23aWvGmc3swR847z/ax5Hr</latexit>

e
<latexit sha1_base64="NIv/hW5HWe7U/hVFpQ0m9xhNBew=">AAAB7nicbZDLSsNAFIZP6q3WW9Wlm8EiuCqJIrrSghuXFewF2lAm05N26EwSZiZCCX0INy4Ucet7+AbufBunaRfa+sPAx/+fw5xzgkRwbVz32ymsrK6tbxQ3S1vbO7t75f2Dpo5TxbDBYhGrdkA1Ch5hw3AjsJ0opDIQ2ApGt9O89YhK8zh6MOMEfUkHEQ85o8ZarayrJMFJr1xxq24usgzeHCo3n+e56r3yV7cfs1RiZJigWnc8NzF+RpXhTOCk1E01JpSN6AA7FiMqUftZPu6EnFinT8JY2RcZkru/OzIqtR7LwFZKaoZ6MZua/2Wd1IRXfsajJDUYsdlHYSqIicl0d9LnCpkRYwuUKW5nJWxIFWXGXqhkj+AtrrwMzbOqd169uHcrtWuYqQhHcAyn4MEl1OAO6tAABiN4ghd4dRLn2Xlz3melBWfecwh/5Hz8AC3lkas=</latexit>

e
<latexit sha1_base64="NIv/hW5HWe7U/hVFpQ0m9xhNBew=">AAAB7nicbZDLSsNAFIZP6q3WW9Wlm8EiuCqJIrrSghuXFewF2lAm05N26EwSZiZCCX0INy4Ucet7+AbufBunaRfa+sPAx/+fw5xzgkRwbVz32ymsrK6tbxQ3S1vbO7t75f2Dpo5TxbDBYhGrdkA1Ch5hw3AjsJ0opDIQ2ApGt9O89YhK8zh6MOMEfUkHEQ85o8ZarayrJMFJr1xxq24usgzeHCo3n+e56r3yV7cfs1RiZJigWnc8NzF+RpXhTOCk1E01JpSN6AA7FiMqUftZPu6EnFinT8JY2RcZkru/OzIqtR7LwFZKaoZ6MZua/2Wd1IRXfsajJDUYsdlHYSqIicl0d9LnCpkRYwuUKW5nJWxIFWXGXqhkj+AtrrwMzbOqd169uHcrtWuYqQhHcAyn4MEl1OAO6tAABiN4ghd4dRLn2Xlz3melBWfecwh/5Hz8AC3lkas=</latexit>

S
<latexit sha1_base64="h5yq53RRFM89pQ76PBrihKujjdU=">AAAB6HicbZDLSsNAFIZP6q3WW9Wlm2ARXJXEIrrSghuXLdoLtKFMpift2MkkzEyEEvoEblwo4tZX8Q3c+TZO0y609YeBj/8/hznn+DFnSjvOt5VbWV1b38hvFra2d3b3ivsHTRUlkmKDRjySbZ8o5ExgQzPNsR1LJKHPseWPbqZ56xGlYpG41+MYvZAMBAsYJdpY9bteseSUnUz2MrhzKF1/VjLVesWvbj+iSYhCU06U6rhOrL2USM0ox0mhmyiMCR2RAXYMChKi8tJs0Il9Ypy+HUTSPKHtzP3dkZJQqXHom8qQ6KFazKbmf1kn0cGllzIRJxoFnX0UJNzWkT3d2u4ziVTzsQFCJTOz2nRIJKHa3KZgjuAurrwMzbOyWymf151S9QpmysMRHMMpuHABVbiFGjSAAsITvMCr9WA9W2/W+6w0Z817DuGPrI8fpq6PCg==</latexit>S
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[Y. Sakaki, DU. arXiv:2009.13790]
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✓ An order of magnitude better sensitivity 
than other beam dump experiments
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YS, D.Ueda arXiv: 2009.13790

✓ Good sensitivity to small coupling.
✓ The “hot spot” relating muon g-2 can be explored.
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21Contributions of secondary particles are significant

- New particle production by secondary particles such as photon and muon
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Figure 3: The red and black curves show the bounds of sensitivity for ILC-250 at 95% C.L.

with 1- and 20-year statistics. The solid lines are the dark photon bremsstrahlung and

the dotted lines the dark photon production from the pair annihilation of positrons. The

light-gray shaded region is excluded by past beam dump experiments at 95% C.L. [22] The

dark-gray shade shows the region excluded by SN 1987A [23], while the yellow shade shows

the sensitivity of the SHiP experiment [24].

For ease of understanding the dark photon production, we provide approximated for-

mulae of Eq. (2.1) for three production mechanisms.

(a) Pair-annihilation. Let us focus on the contour lines in the small ✏ regions, where the

dark photon has a longer lifetime, and the decay probability in Eq. (2.4) becomes

dPdec/dz ' 1/l(lab)A0 . Also, the energy of the produced dark photon is approximately

E
lab

A0 ' Ee+ ' m
2

A0/2me. In the case of the positron beam dump experiment, as shown

in Fig. 9 of Appendix A, the primary positron beam contributions to the positron track

length becomes comparable to the shower’s e↵ects near O(10�1) . Ee+/Ebeam, which

corresponds to O(10�1) GeV . mA0 . Then, the number of events is approximately

given by

Nsignal ⇠

✓
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ldec
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✏
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✓
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, (3.5)

where we used an approximation: dle�/dEe� ' (dle�/dEe�)primary / 1/Ee� , �(e+e� !

A
0) / ✏

2, and (l(lab)A0 )�1
/ ✏

2
m

2

A0/E
lab

A0 .

In the positron beam dump experiment formA0 . O(10�1) GeV, and the electron beam

7

Electron beam dump

3.1 Dark photon

The dark photon A
0µ is described by the following Lagrangian:

L � �
1

4
F

(A0
)

µ⌫ F
(A0

)µ⌫
�

✏

2
F

(em)

µ⌫ F
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)µ⌫ +
m
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2
A

0
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0µ
, (3.1)

where F
(em)

µ⌫ and F
(A0

)

µ⌫ are field strength tensors of electromagnetic and dark photons, and

mA0 is the mass of the dark photon. The second term of Eq. (3.1) is the gauge kinetic

mixing term between the electromagnetic and dark photons. Through this mixing, the

dark photon couples to the electromagnetic current of the SM particles as

Lint ' �✏eA
0
µj

µ
em

, (3.2)

with e being the electromagnetic charge and j
µ
em

the electromagnetic current of the SM

particles.

Dark photons are produced by pair-annihilation (Fig. 2a) and bremsstrahlung (Fig. 2c),

with the production cross sections summarized in Appendix B. The partial decay widths

of the dark photon are given by

�(A0
! `¯̀) =

1

3
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2
mA0

✓
1 +

2m2
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m
2

A0

◆s
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, (3.3)

�(A0
! hadrons) = �(A0

! µ
+
µ
�)R(m2

A0) (3.4)

with ↵ being the fine structure constant, m` the lepton mass, and R(s) ⌘ �(e+e� !

hadrons)/�(e+e� ! µ
+
µ
�) the ratio between the production cross section of hadronic final

states and muon pairs in e
+
e
� collisions [21].

Figure 3 summarizes the prospects in ILC-250. The red (black) curves show the expected

95% C.L. exclusion sensitivity with 1-year (20-year) statistics, based on the respective pro-

duction mechanism. The solid lines correspond to the limit obtained by the bremsstrahlung

productions, while the dotted lines show the limit from the pair-annihilation process. The

gray-shaded regions are constrained from past beam dump experiments (light gray) [22]

and supernova bounds (dark gray) [23]. The yellow-shaded one is the expected sensitivity

of SHiP experiment [24].

The bremsstrahlung limit (the solid lines) was previously studied in Ref. [6]#6, and it

became clear that the ILC beam dump experiment has almost the same sensitivity as the

SHiP experiment. Focusing on small gauge kinetic mixing regions, it can be seen that the

pair annihilation of positrons in the ILC beam dump can enlarge the sensitivity of the ILC

beam dump experiment [6] by almost an order of magnitude.

#6In Ref. [6], the angular acceptance and the positron track length coming from the electromagnetic
shower were neglected.

6

Dark photon: 

Positron beam dump
[K. Asai, S. Iwamoto, Y. Sakaki, DU. arXiv:2105.13768]

Nsig = 3 Nsig = 3
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Figure 3: The red and black curves show the bounds of sensitivity for ILC-250 at 95% C.L.

with 1- and 20-year statistics. The solid lines are the dark photon bremsstrahlung and

the dotted lines the dark photon production from the pair annihilation of positrons. The

light-gray shaded region is excluded by past beam dump experiments at 95% C.L. [22] The

dark-gray shade shows the region excluded by SN 1987A [23], while the yellow shade shows

the sensitivity of the SHiP experiment [24].

For ease of understanding the dark photon production, we provide approximated for-

mulae of Eq. (2.1) for three production mechanisms.

(a) Pair-annihilation. Let us focus on the contour lines in the small ✏ regions, where the

dark photon has a longer lifetime, and the decay probability in Eq. (2.4) becomes

dPdec/dz ' 1/l(lab)A0 . Also, the energy of the produced dark photon is approximately
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in Fig. 9 of Appendix A, the primary positron beam contributions to the positron track

length becomes comparable to the shower’s e↵ects near O(10�1) . Ee+/Ebeam, which
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where F
(em)

µ⌫ and F
(A0

)

µ⌫ are field strength tensors of electromagnetic and dark photons, and

mA0 is the mass of the dark photon. The second term of Eq. (3.1) is the gauge kinetic

mixing term between the electromagnetic and dark photons. Through this mixing, the

dark photon couples to the electromagnetic current of the SM particles as
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with e being the electromagnetic charge and j
µ
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the electromagnetic current of the SM

particles.

Dark photons are produced by pair-annihilation (Fig. 2a) and bremsstrahlung (Fig. 2c),

with the production cross sections summarized in Appendix B. The partial decay widths

of the dark photon are given by
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with ↵ being the fine structure constant, m` the lepton mass, and R(s) ⌘ �(e+e� !

hadrons)/�(e+e� ! µ
+
µ
�) the ratio between the production cross section of hadronic final

states and muon pairs in e
+
e
� collisions [21].

Figure 3 summarizes the prospects in ILC-250. The red (black) curves show the expected

95% C.L. exclusion sensitivity with 1-year (20-year) statistics, based on the respective pro-

duction mechanism. The solid lines correspond to the limit obtained by the bremsstrahlung

productions, while the dotted lines show the limit from the pair-annihilation process. The

gray-shaded regions are constrained from past beam dump experiments (light gray) [22]

and supernova bounds (dark gray) [23]. The yellow-shaded one is the expected sensitivity

of SHiP experiment [24].

The bremsstrahlung limit (the solid lines) was previously studied in Ref. [6]#6, and it

became clear that the ILC beam dump experiment has almost the same sensitivity as the

SHiP experiment. Focusing on small gauge kinetic mixing regions, it can be seen that the

pair annihilation of positrons in the ILC beam dump can enlarge the sensitivity of the ILC

beam dump experiment [6] by almost an order of magnitude.

#6In Ref. [6], the angular acceptance and the positron track length coming from the electromagnetic
shower were neglected.
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dark-gray shade shows the region excluded by SN 1987A [23], while the yellow shade shows

the sensitivity of the SHiP experiment [24].
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in Fig. 9 of Appendix A, the primary positron beam contributions to the positron track
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states and muon pairs in e
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duction mechanism. The solid lines correspond to the limit obtained by the bremsstrahlung

productions, while the dotted lines show the limit from the pair-annihilation process. The

gray-shaded regions are constrained from past beam dump experiments (light gray) [22]

and supernova bounds (dark gray) [23]. The yellow-shaded one is the expected sensitivity

of SHiP experiment [24].

The bremsstrahlung limit (the solid lines) was previously studied in Ref. [6]#6, and it

became clear that the ILC beam dump experiment has almost the same sensitivity as the

SHiP experiment. Focusing on small gauge kinetic mixing regions, it can be seen that the

pair annihilation of positrons in the ILC beam dump can enlarge the sensitivity of the ILC

beam dump experiment [6] by almost an order of magnitude.

#6In Ref. [6], the angular acceptance and the positron track length coming from the electromagnetic
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with 1- and 20-year statistics. The solid lines are the dark photon bremsstrahlung and

the dotted lines the dark photon production from the pair annihilation of positrons. The

light-gray shaded region is excluded by past beam dump experiments at 95% C.L. [22] The

dark-gray shade shows the region excluded by SN 1987A [23], while the yellow shade shows

the sensitivity of the SHiP experiment [24].
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states and muon pairs in e
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Figure 3 summarizes the prospects in ILC-250. The red (black) curves show the expected

95% C.L. exclusion sensitivity with 1-year (20-year) statistics, based on the respective pro-

duction mechanism. The solid lines correspond to the limit obtained by the bremsstrahlung

productions, while the dotted lines show the limit from the pair-annihilation process. The

gray-shaded regions are constrained from past beam dump experiments (light gray) [22]

and supernova bounds (dark gray) [23]. The yellow-shaded one is the expected sensitivity

of SHiP experiment [24].

The bremsstrahlung limit (the solid lines) was previously studied in Ref. [6]#6, and it

became clear that the ILC beam dump experiment has almost the same sensitivity as the

SHiP experiment. Focusing on small gauge kinetic mixing regions, it can be seen that the

pair annihilation of positrons in the ILC beam dump can enlarge the sensitivity of the ILC

beam dump experiment [6] by almost an order of magnitude.

#6In Ref. [6], the angular acceptance and the positron track length coming from the electromagnetic
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Figure 4: The result of Case I. The red and black curves show the bounds of sensitivity

for ILC-250 at 95% C.L. with 1- and 20-year statistics. The solid lines are the ALP

bremsstrahlung production, the dash-dotted lines are the Primako↵ process, and the dotted

lines the ALP production from the pair annihilation of positrons. The shaded regions are

constraints from the E137 experiments.
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Figure 5: The same plot as Fig. 4 but in the (ma, ga��) plane.
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dump experiment, the electromagnetic shower makes dominant in the positron track

length. Then, the number of events is approximately calculated as
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Because of the angular acceptance in Eq. (2.3), the positron energy in the beam dump

less than (16 MeV) ⇥ (ldump + lsh + ldec)/rdet is not detectable, and the dark photon

mass less than
p
2meEe+,min is excluded. Also, in the larger coupling regions, where
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(c) Bremsstrahlung. The number of events in the small ✏ regions is estimated as
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tion of mA0 between the cross section and the decay length, the number of signals does

not much depend on mA0 .

Similar to the pair annihilation process, the contour lines in the larger coupling regions

behave as Eq. (3.7). In contrast to the pair annihilation process, E lab

A0 is not proportional

to mA0 , and Eq. (3.7) becomes ✏2m2
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with ma being the ALP mass, ca`` the coupling to the SM charged leptons, ⇤ the char-

acteristic breaking scale of the global U(1) symmetry, and ga�� the axion-photon coupling
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ALPs: 

[K. Asai, S. Iwamoto, Y. Sakaki, DU. arXiv:2105.13768]
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Figure 4: The result of Case I. The red and black curves show the bounds of sensitivity

for ILC-250 at 95% C.L. with 1- and 20-year statistics. The solid lines are the ALP

bremsstrahlung production, the dash-dotted lines are the Primako↵ process, and the dotted

lines the ALP production from the pair annihilation of positrons. The shaded regions are

constraints from the E137 experiments.
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Figure 5: The same plot as Fig. 4 but in the (ma, ga��) plane.
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acteristic breaking scale of the global U(1) symmetry, and ga�� the axion-photon coupling

8

dump experiment, the electromagnetic shower makes dominant in the positron track

length. Then, the number of events is approximately calculated as

Nsignal ⇠

✓
Ne±

4⇥ 1021

◆✓
Ebeam

125 GeV

◆✓
ldec

50 m

◆✓
✏

8⇥ 10�9

◆4 ✓0.1 GeV

mA0

◆4

, (3.6)

where we used approximations: dle�/dEe� ' (dle�/dEe�)shower / Ebeam/E
2

e� , �(e
+ +

e
�
! A

0) / ✏
2, and (l(lab)A0 )�1

/ ✏
2
m

2

A0/E
lab

A0 .

Because of the angular acceptance in Eq. (2.3), the positron energy in the beam dump

less than (16 MeV) ⇥ (ldump + lsh + ldec)/rdet is not detectable, and the dark photon

mass less than
p
2meEe+,min is excluded. Also, in the larger coupling regions, where

l
(lab)

A0 ⌧ lsh, the shape of the upper side of dotted contour lines in Fig. 3 is determined

by the exponential factor in Eq. (2.4). Then, the contour lines are characterized by

mA0�A0

E
lab

A0
(ldump + lsh) ⇠ const. (3.7)

Combing E
lab

A0 ' m
2

A0/2me and �A0 / ✏
2
· mA0 , Eq. (3.7) becomes ✏

2
⇠ const. This

means that the upper side of the dotted contour lines does not depend on the mass

mA0 .

(c) Bremsstrahlung. The number of events in the small ✏ regions is estimated as

Nsignal ⇠

✓
Ne±

4⇥ 1021

◆✓
Ebeam

125 GeV

◆✓
ldec

50 m

◆⇣
rdet

2 m

⌘✓
131 m

ldump + lsh + ldec

◆⇣
✏

10�8

⌘4

(3.8)

with the following approximations: dle±/dEe± ' (dle±/dEe±)shower / Ebeam/E
2

e� ,

�(e±N ! e
±
A

0N) / ✏
2
/m

2

A0 , and (l(lab)A0 )�1
/ ✏

2
m

2

X/E
lab

A0 . Because of the cancella-

tion of mA0 between the cross section and the decay length, the number of signals does

not much depend on mA0 .

Similar to the pair annihilation process, the contour lines in the larger coupling regions

behave as Eq. (3.7). In contrast to the pair annihilation process, E lab

A0 is not proportional

to mA0 , and Eq. (3.7) becomes ✏2m2

A0 ⇠ const.

3.2 ALPs

The Lagrangian related to the ALP a is written as follows :

L �
1

2
@µa@

µ
a�

1

2
m

2

aa
2 +

X

`=e,µ,⌧

1

2
ca``

@µa

⇤
¯̀�µ

�5`�
1

4
ga��aFµ⌫F̃

µ⌫ (3.9)

with ma being the ALP mass, ca`` the coupling to the SM charged leptons, ⇤ the char-

acteristic breaking scale of the global U(1) symmetry, and ga�� the axion-photon coupling
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ALPs: 

[K. Asai, S. Iwamoto, Y. Sakaki, DU. arXiv:2105.13768]
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Figure 8: The red and black curves show the perspectives of sensitivity for ILC-250 at 95%

C.L. with 1- and 20-year statistics. The solid lines are for the bremsstrahlung process,

the dash-dotted lines are for the Primako↵ process, and the dotted lines are for the pair

annihilation of positrons. The shaded blue region is a constraint from muon g � 2 and the

shaded gray region is a perspective of a sensitivity of the NA64µ experiment.

Fig. 8. Above the pion threshold, the decay mode into two pions opens, and the contours

would behave just like the region above the muon threshold in Fig. 8.

Let us explore the results in details, highlighting each of the processes.

(a) Pair-annihilation. Similar to the case of the dark photon and ALP production, with

the minimum allowed positron energy Ee+,min ' 16 MeV⇥ (ldump + lsh + ldec)/rdet, the

minimum allowed mass is determined as mS,min '
p

2meEe+,min. Focusing on the small

coupling regions, the number of events in both the positron and electron beam dump

experiment for mS  2mµ is approximately calculated as

Nsignal ⇠

✓
Ebeam

125 GeV

◆✓
Ne±

4⇥ 1021

◆✓
ldec

50 m

◆✓
gµ

5⇥ 10�7

◆4 ✓0.1 GeV

mS

◆4

. (3.28)

For 2mµ  mS, the decay mode into a muon pair opens, and the possibility of decaying

particles passing through the shield increases. Consequently, constraint regions in

smaller coupling arise.

In the larger coupling regions, the upper contour lines behave as

mS�S

E
lab

S

(ldump + lsh) ⇠ const. (3.29)

16

e+

�
<latexit sha1_base64="UMLrRJRz2J/4WhcRSjknK/XO0y8=">AAAB7XicbVC7SgNBFJ2NrxgfiVpY2AwGwSrsKqKFSMDGMoJ5QLKEu5PZZMzM7DIzK4Ql/2BjoYitH+Cf2PkBtvkGJ49CEw9cOJxzL/feE8ScaeO6X05maXlldS27ntvY3NrOF3Z2azpKFKFVEvFINQLQlDNJq4YZThuxoiACTutB/3rs1x+o0iySd2YQU19AV7KQETBWqrW6IAS0C0W35E6AF4k3I8Xy/miUv/z4rrQLn61ORBJBpSEctG56bmz8FJRhhNNhrpVoGgPpQ5c2LZUgqPbTybVDfGSVDg4jZUsaPFF/T6QgtB6IwHYKMD09743F/7xmYsILP2UyTgyVZLooTDg2ER6/jjtMUWL4wBIgitlbMemBAmJsQDkbgjf/8iKpnZS809LZrU3jCk2RRQfoEB0jD52jMrpBFVRFBN2jR/SMXpzIeXJenbdpa8aZzeyhP3DefwAEY5Mq</latexit>

Atomic electron Nucleus

e−e−

Nucleus

S S
S

If the ALP mass exceeds 1.2⇥103me, the decay mode into photons becomes comparable

to that of an electron pair, and the above formula is slightly modified.

In the larger coupling regions, the contour lines are determined by the acceptance in

Eq. (2.3). The contour lines are characterized by

|call|
2
/

(
m

�2

a for ma < 1.2⇥ 103me,

m
�4

a for 1.2⇥ 103me  ma,
(3.21)

where �a / |call|
2
ma for ma < 1.2 ⇥ 103me, and �a / |call|

2
m

3

a for 1.2 ⇥ 103me  ma

are used.

(c) Bremsstrahlung. In the small coupling regions, the decay probability in Eq. (2.4)

behave as dPdec/dz ' (l(lab)a )�1. For ma < 2me, the decay length is dominated by the

decay mode into photons, and ✓1 is greater than ✓2 and ✓3. Then, the number of signals

is approximately obtained as

Nsignal ⇠

✓
Ebeam

125 GeV

◆✓
Ne±

4⇥ 1021

◆⇣
rdet

2 m

⌘✓
ldec

50 m

◆✓
131 m

ldump + lsh + ldec

◆

⇥

✓
|caee/⇤|

5⇥ 10�3 GeV�1

◆4 ✓
ma

3⇥ 10�4 GeV

◆8

, (3.22)

where dle±/dEe± ' (dle±/dEe±)shower / Ebeam/E
2

e± , �(e
±N ! e

±
aN) / |caee/⇤|

2 for

ma ⌧ 2me, (l
(lab)

a )�1
/ |caee/⇤ · B1(xe)|

2
m

4

a/E
lab

a , and B1(xe) ' �m
2

a/12m
2

e are used.

As shown in Eqs. (3.10) and (3.11), the axion-photon coupling constant is proportional

to m
2

a in the low mass region, for which the lower side of the solid contour lines in

Figs. 5 and 7 do not depend on the ALP mass. For 2me  ma < O(10�2) GeV, the

decay into an electron pair makes dominant in the total decay width of the ALP, and

✓1 is still greater than ✓2 and ✓3. Then, the number of signals behave as

Nsignal ⇠

✓
Ebeam

125 GeV

◆✓
Ne±

4⇥ 1021

◆✓
ldec

50 m

◆⇣
rdet

2 m

⌘✓
131 m

ldump + lsh + ldec

◆

⇥

✓
|caee/⇤|

10�5 GeV�1

◆4

,

(3.23)

where dle±/dEe± ' (dle±/dEe±)shower / Ebeam/E
2

e± , �(e
±N ! e

±
aN) / |caee/⇤|

2
m

�2

a ,

and (l(lab)a )�1
/ |caee/⇤|

2
m

2

a/E
lab

a are used. Similar to the Primako↵ process, in the

larger coupling regions, the upper lines of the contour plot behave as Eq. (3.21).

3.3 Light scalar bosons

The Lagrangian related to the CP-even scalar particle S is written as follows :

L =
1

2
(@µS)

2
�

1

2
m

2

SS
2
�

X

`=e,µ,⌧

g`S
¯̀̀ �

1

4
gS��SFµ⌫F

µ⌫ (3.24)
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Figure 3: The red and black curves show the bounds of sensitivity for ILC-250 at 95% C.L.

with 1- and 20-year statistics. The solid lines are the dark photon bremsstrahlung and

the dotted lines the dark photon production from the pair annihilation of positrons. The

light-gray shaded region is excluded by past beam dump experiments at 95% C.L. [22] The

dark-gray shade shows the region excluded by SN 1987A [23], while the yellow shade shows

the sensitivity of the SHiP experiment [24].

For ease of understanding the dark photon production, we provide approximated for-

mulae of Eq. (2.1) for three production mechanisms.

(a) Pair-annihilation. Let us focus on the contour lines in the small ✏ regions, where the

dark photon has a longer lifetime, and the decay probability in Eq. (2.4) becomes

dPdec/dz ' 1/l(lab)A0 . Also, the energy of the produced dark photon is approximately

E
lab

A0 ' Ee+ ' m
2

A0/2me. In the case of the positron beam dump experiment, as shown

in Fig. 9 of Appendix A, the primary positron beam contributions to the positron track

length becomes comparable to the shower’s e↵ects near O(10�1) . Ee+/Ebeam, which

corresponds to O(10�1) GeV . mA0 . Then, the number of events is approximately

given by

Nsignal ⇠

✓
Ne±

4⇥ 1021

◆✓
ldec

50 m

◆⇣
✏

10�8

⌘4
✓
0.2 GeV

mA0

◆2

, (3.5)

where we used an approximation: dle�/dEe� ' (dle�/dEe�)primary / 1/Ee� , �(e+e� !

A
0) / ✏

2, and (l(lab)A0 )�1
/ ✏

2
m

2

A0/E
lab

A0 .

In the positron beam dump experiment formA0 . O(10�1) GeV, and the electron beam

7

Electron beam dump

Primary beamの寄与3.1 Dark photon

The dark photon A
0µ is described by the following Lagrangian:

L � �
1

4
F

(A0
)

µ⌫ F
(A0

)µ⌫
�

✏

2
F

(em)

µ⌫ F
(A0

)µ⌫ +
m

2

A0

2
A

0
µA

0µ
, (3.1)

where F
(em)

µ⌫ and F
(A0

)

µ⌫ are field strength tensors of electromagnetic and dark photons, and

mA0 is the mass of the dark photon. The second term of Eq. (3.1) is the gauge kinetic

mixing term between the electromagnetic and dark photons. Through this mixing, the

dark photon couples to the electromagnetic current of the SM particles as

Lint ' �✏eA
0
µj

µ
em

, (3.2)

with e being the electromagnetic charge and j
µ
em

the electromagnetic current of the SM

particles.

Dark photons are produced by pair-annihilation (Fig. 2a) and bremsstrahlung (Fig. 2c),

with the production cross sections summarized in Appendix B. The partial decay widths

of the dark photon are given by

�(A0
! `¯̀) =

1

3
↵✏

2
mA0

✓
1 +

2m2

`

m
2

A0

◆s

1�
4m2

`

m
2

A0
, (3.3)

�(A0
! hadrons) = �(A0

! µ
+
µ
�)R(m2

A0) (3.4)

with ↵ being the fine structure constant, m` the lepton mass, and R(s) ⌘ �(e+e� !

hadrons)/�(e+e� ! µ
+
µ
�) the ratio between the production cross section of hadronic final

states and muon pairs in e
+
e
� collisions [21].

Figure 3 summarizes the prospects in ILC-250. The red (black) curves show the expected

95% C.L. exclusion sensitivity with 1-year (20-year) statistics, based on the respective pro-

duction mechanism. The solid lines correspond to the limit obtained by the bremsstrahlung

productions, while the dotted lines show the limit from the pair-annihilation process. The

gray-shaded regions are constrained from past beam dump experiments (light gray) [22]

and supernova bounds (dark gray) [23]. The yellow-shaded one is the expected sensitivity

of SHiP experiment [24].

The bremsstrahlung limit (the solid lines) was previously studied in Ref. [6]#6, and it

became clear that the ILC beam dump experiment has almost the same sensitivity as the

SHiP experiment. Focusing on small gauge kinetic mixing regions, it can be seen that the

pair annihilation of positrons in the ILC beam dump can enlarge the sensitivity of the ILC

beam dump experiment [6] by almost an order of magnitude.

#6In Ref. [6], the angular acceptance and the positron track length coming from the electromagnetic
shower were neglected.
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Figure 4: The result of Case I. The red and black curves show the bounds of sensitivity

for ILC-250 at 95% C.L. with 1- and 20-year statistics. The solid lines are the ALP

bremsstrahlung production, the dash-dotted lines are the Primako↵ process, and the dotted

lines the ALP production from the pair annihilation of positrons. The shaded regions are

constraints from the E137 experiments.
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Figure 5: The same plot as Fig. 4 but in the (ma, ga��) plane.
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Nucleus

ALPs: 

[K. Asai, S. Iwamoto, Y. Sakaki, DU. arXiv:2105.13768]

• Sensitivity of ILC main beam dump to visibly-decaying LLP have been studied

• How about invisibly-decaying particle searches using ILC main beam dump?
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Invisible-decaying particles search at ILC
• “Normal” bunch charge of ILC beam is very high 

• Because of pileup, active beam-dump experiment using active target is 
challenging  

• BDX-like setup is possible at ILC main beam dump, and estimation of 
sensitivity is similar to visible-decaying LLPs search

- Buch charge (density) at ILC: 3.2nC (2*1010 e/bunch) 

We started to evaluate sensitivity of ILC-BDX experiment



ILC-BDX setup
• Setup similar to visibly-decaying LLP searches   
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FIG. 3. Left: Continuous lines show exclusion limits at 90% CL for electron BDE and aBDE due to resonant and non-resonant
positron annihilation (only). Dashed lines show exclusion limits obtained by considering A0 � strahlung only. The combined
exclusion region is shown as filled area: light-gray indicates previous limits (including E137, BaBar [23] and LSND [24]);
dark-gray shows the e↵ect of including positron annihilation on existing limits. Di↵erent colors correspond to the di↵erent
experiments: E137 (blue), BDX (magenta), NA64 (yellow), and LDMX (brown). Limits are given for the parameter y ⌘
↵D"2

⇣
m�

mA0

⌘4
as a function of m�. The prescription ↵D = 0.5, mA0 = 3m� is adopted when applicable. Right: The same

as in the Left plot but for possible positron-beam BDE and aBDE. Exclusion limits are derived assuming the same (positron)
charge and experimental e�ciency quoted for the corresponding e�-beam setup.

ing in e
+

e
� pairs, requiring a deposited energy in the

calorimeter larger than 1 GeV with a track pointing to
the beam-dump production vertex. The absence of any
signal above threshold, satisfying a tight directionality
cut (✓track < 30 mrad), provided stringent limits on ax-
ions/photinos. Negative results were used in [25] to pro-
vide the most stringent limits in LDM parameters space
in the mass range 1 MeV/c2 < m� < 100 MeV/c2.

BDX is a BDE planned at JLab that will improve
the E137 sensitivity by using the high intensity CEBAF
beam [26], running for ⇠1 year with currents up to 60
µA, and positioning the detector closer to the dump.
The main parameters of the experiments are reported in
Tab. I. The detector consists of a ' 0.5 m3 EM calorime-
ter made by CsI(Tl) scintillating crystals, surrounded by
two active veto layers made by plastic scintillator for cos-
mic backgrounds rejection. The average signal e�ciency
is ⇠ 15%. The experiment sensitivity is ultimately lim-
ited by the irreducible neutrino background, expected to
be at level of O(few) events for 1022 electrons on target
(EOT). In case of a negative result, BDX is expected to
improve the E137 exclusion limit by one or two order of
magnitudes, depending on the � mass.

The NA64 experiment is an aBDE making use of the
100 GeV secondary electron beam at SPS-CERN. The
detector consists of an upstream magnetic spectrometer
(tracker + bending magnet), followed by an active tar-
get, a Shashlik-type EM calorimeter made of lead and

plastic-scintillator plates. A signal event is defined as an
upstream reconstructed track with less than 50 GeV en-
ergy deposited in the EM calorimeter, and no activity in
the surrounding veto system or in the hadron-calorimeter
installed downstream. The corresponding detection e�-
ciency, slightly dependent on mA0 , is about 50%. NA64
accumulated so far 4.3 · 1010 EOT, with no events mea-
sured in the signal-search window, and an expected back-
ground contribution of 0.12 events. The 90% CL exclu-
sion limit extracted from the measurement spans from
" ' 2 · 10�5 at mA0 = 1 MeV/c2 to " ' 3.6 · 10�2 at
mA0 = 1 GeV/c2.

LDMX is a missing momentum experiment proposed
at SLAC that will use the LCLS-II 4 GeV e

� beam [27].
The detector is made by a silicon tracker surrounding
a 10% X0 Tungsten thin-target to measure each incom-
ing and outgoing electrons individually; a fast and highly
hermetic Si-W sampling EM calorimeter, and a hadron-
calorimeter used to identify and reject penetrating par-
ticles. In the first phase, LDMX plans to collect ' 1014

EOT, with an expected sensitivity for a zero background
measurement that spans from " ' 1.2 · 10�6 at mA0 = 1
MeV/c2 to " ' 7 · 10�3 at mA0 = 1 GeV/c2. Although
LDMX is designed for missing-momentum searches us-
ing tracker and the EM calorimeter information, it can
also acts as aBDE using the EM calorimeter as an active
target with a corresponding energy cut of 1.2 GeV.

The new exclusion limits at 90% C.L. obtained consid-
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FIG. 3. Left: Continuous lines show exclusion limits at 90% CL for electron BDE and aBDE due to resonant and non-resonant
positron annihilation (only). Dashed lines show exclusion limits obtained by considering A0 � strahlung only. The combined
exclusion region is shown as filled area: light-gray indicates previous limits (including E137, BaBar [23] and LSND [24]);
dark-gray shows the e↵ect of including positron annihilation on existing limits. Di↵erent colors correspond to the di↵erent
experiments: E137 (blue), BDX (magenta), NA64 (yellow), and LDMX (brown). Limits are given for the parameter y ⌘
↵D"2

⇣
m�

mA0

⌘4
as a function of m�. The prescription ↵D = 0.5, mA0 = 3m� is adopted when applicable. Right: The same

as in the Left plot but for possible positron-beam BDE and aBDE. Exclusion limits are derived assuming the same (positron)
charge and experimental e�ciency quoted for the corresponding e�-beam setup.

ing in e
+

e
� pairs, requiring a deposited energy in the

calorimeter larger than 1 GeV with a track pointing to
the beam-dump production vertex. The absence of any
signal above threshold, satisfying a tight directionality
cut (✓track < 30 mrad), provided stringent limits on ax-
ions/photinos. Negative results were used in [25] to pro-
vide the most stringent limits in LDM parameters space
in the mass range 1 MeV/c2 < m� < 100 MeV/c2.

BDX is a BDE planned at JLab that will improve
the E137 sensitivity by using the high intensity CEBAF
beam [26], running for ⇠1 year with currents up to 60
µA, and positioning the detector closer to the dump.
The main parameters of the experiments are reported in
Tab. I. The detector consists of a ' 0.5 m3 EM calorime-
ter made by CsI(Tl) scintillating crystals, surrounded by
two active veto layers made by plastic scintillator for cos-
mic backgrounds rejection. The average signal e�ciency
is ⇠ 15%. The experiment sensitivity is ultimately lim-
ited by the irreducible neutrino background, expected to
be at level of O(few) events for 1022 electrons on target
(EOT). In case of a negative result, BDX is expected to
improve the E137 exclusion limit by one or two order of
magnitudes, depending on the � mass.

The NA64 experiment is an aBDE making use of the
100 GeV secondary electron beam at SPS-CERN. The
detector consists of an upstream magnetic spectrometer
(tracker + bending magnet), followed by an active tar-
get, a Shashlik-type EM calorimeter made of lead and

plastic-scintillator plates. A signal event is defined as an
upstream reconstructed track with less than 50 GeV en-
ergy deposited in the EM calorimeter, and no activity in
the surrounding veto system or in the hadron-calorimeter
installed downstream. The corresponding detection e�-
ciency, slightly dependent on mA0 , is about 50%. NA64
accumulated so far 4.3 · 1010 EOT, with no events mea-
sured in the signal-search window, and an expected back-
ground contribution of 0.12 events. The 90% CL exclu-
sion limit extracted from the measurement spans from
" ' 2 · 10�5 at mA0 = 1 MeV/c2 to " ' 3.6 · 10�2 at
mA0 = 1 GeV/c2.

LDMX is a missing momentum experiment proposed
at SLAC that will use the LCLS-II 4 GeV e

� beam [27].
The detector is made by a silicon tracker surrounding
a 10% X0 Tungsten thin-target to measure each incom-
ing and outgoing electrons individually; a fast and highly
hermetic Si-W sampling EM calorimeter, and a hadron-
calorimeter used to identify and reject penetrating par-
ticles. In the first phase, LDMX plans to collect ' 1014

EOT, with an expected sensitivity for a zero background
measurement that spans from " ' 1.2 · 10�6 at mA0 = 1
MeV/c2 to " ' 7 · 10�3 at mA0 = 1 GeV/c2. Although
LDMX is designed for missing-momentum searches us-
ing tracker and the EM calorimeter information, it can
also acts as aBDE using the EM calorimeter as an active
target with a corresponding energy cut of 1.2 GeV.

The new exclusion limits at 90% C.L. obtained consid-
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FIG. 3: The ✏2 sensitivity of electron-beam fixed-target experiments plotted alongside existing constraints for benchmark values
of m�, mA0 , and ↵D. The solid, dashed, and dot-dashed red curves mark the parameter space for which our basic setup — a
12 GeV beam impinging on an aluminum beam dump, with a 1 m3 mineral oil detector placed 20 m downstream of the dump
— respectively yields 40, 103, and 2 · 104 �-nucleon quasi-elastic scattering events with Q2 & (140 MeV)2 per 1022 electrons
on target (EOT). The orange curve shows the 10 event reach for an ILC style 125 GeV beam assuming the same detector
and luminosity. Comparable sensitivity can be achieved with much smaller fiducial volumes than we consider, especially for
detectors with active muon and neutron shielding and/or veto capabilities. The upper plots show the ✏ sensitivity for ↵D = 0.1
(left) and ↵D = 1 (right). In these plots LSND may also have sensitivity to ✏2 ⇠ 10�8 � 10�6 via ⇡0 ! ���̄ decays for
2m� < mA0 < m⇡ [16]. The lower left plot shows the reach for m� = m⇡0/2 ' 68 MeV where the production from pion
decays is kinematically inaccessible and LSND has no significant sensitivity. The lower right plot recasts the ✏2 sensitivity for
fixed mA0 and ↵D as a (model-dependent) probe of the �-electron direct detection cross section ��e and includes XENON 10
limits from [56]. The black curve assumes ⌦� = ⌦DM ; the direct detection constraint is weaker when � is only a component
of the total abundance. The light green band is the region in which an A0 resolves the (g � 2)µ discrepancy to within 2�; the
dark green curve is the boundary at which contributions to (g � 2)µ exceed the measured value by 5� [64]. The bound from
e+e� ! �+ invisibles is introduced in detail in section III A Other constraints in the literature arise from invisible J/ decays
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electron beams. MeV-to-GeV � are also produced with
very forward-peaked kinematics (enhanced at high beam
energy), permitting large angular acceptance even for a
small detector. Furthermore, the expected cosmogenic
backgrounds are known, measurable in situ, and system-
atically reducible; with a pulsed electron beam, beam
timing alone dramatically reduces these backgrounds.

The plan of this paper is as follows. In the remain-
der of this introduction, we summarize the discovery
potential of electron beam dump experiments that can
be readily carried out within the next few years, and

highlight their complementarity with other searches for
dark sector particles. In Section II we discuss several
viable scenarios for MeV�GeV scale dark matter and
present an explicit model. In Section III we summarize
existing constraints on light � interacting with ordinary
matter through kinetically mixed gauge bosons. Among
these, the B-factory and supernova constraints discussed
in parts III A and III B have not been previously con-
sidered in the literature. In Section IV, we discuss the
production of long-lived dark sector states and their scat-
tering in the detector, providing approximate formulae
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Things to study
• Background estimations: 

- beam-related background coming from neutrinos produced in the beam dump and muon shield

- We have already obtained neutrino fluxes by Monte Carlo simulation 

• Comparison between electron and nucleon recoils: 

- Using same parameters for electron and nucleon recoil we’ll calculate the sensitivities again 

• Complementarity of visibly-decaying LLP search and DM search: 

- In  on-shell dark photon is LLP and visibly-decaying LLP search becomes important mA′ 
< 2mχ


