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Abstract The potential of the intense secondary muon,
neutrino, and (hypothetical) light dark matter beams at the
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Thomas Jefferson National Accelerator Facility (Jefferson
Lab) is explored. These are produced in the high-power
dumps with high-current electron beams. Light dark matter
searches with the approved Beam Dump eXperiment (BDX)
are driving the realization of a new underground vault behind
Hall A that could be extended to a Beamdump Facility with
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little additional installations. High-energy muons created via
the Bethe–Heitler process uniquely do not proceed through
the more common pion production and decay channels. Sev-
eral possible muon physics applications are highlighted. Neu-
trino detector technologies and experiments suitable for a
beamdump facility are outlined.

1 Introduction

Jefferson Lab is known for its comprehensive scientific pro-
gram in hadron physics using electrons accelerated up to
12 GeV with the Continuous Electron Beam Accelerator
Facility (CEBAF) [1], primarily involving fixed-target exper-
iments. The interaction of the high-current (up to 100μA)
electron beam with the dumps behind Halls A and C gener-
ates intense secondary beams of muons, neutrinos, neutrons,
and hypothetical dark matter particles [2]. The potential of a
light dark matter (LDM) beam is being explored by the Beam-
Dump eXperiment (BDX) that has been approved by the
Physics Advisory Committee of Jefferson Lab [3]. The BDX-
MINI experiment has already demonstrated the concept by
successfully performing a LDM search with a dumped 2.1-
GeV electron beam [4]. The required underground vault
behind Hall A could also host additional instrumentation for
opportunistic experiments with secondary beams and could
thereby expanded into a Beamdump Facility. The Interna-
tional Workshop on Secondary Beams at Jefferson Lab: BDX
& Beyond (indico.jlab.org/event/951/) explored the potential
of intense muon and neutrino secondary beams at such a facil-
ity. A parallel study is underway to evaluate the potential of
secondary neutron beams.

2 The Beam Dump eXperiment (BDX) at Jefferson Lab

2.1 Probing light dark matter at the Beamdump facility

Astrophysical observations suggest the possible existence of
a new form of matter that does not interact directly with
light: Dark Matter (DM). While the gravitational effects of
DM are well established, its particle nature remains unknown
despite extensive experimental efforts. Traditional searches
have largely focused on the WIMP paradigm, which pos-
tulates weakly interacting massive particles (WIMPs) with
masses above 1 GeV, but have so far yielded no conclu-
sive evidence. This has motivated increasing interest in the
exploration of DM in the MeV – GeV mass range: light
dark matter (LDM). Such a scenario is theoretically well
motivated under the hypothesis of a thermal origin of DM:
interactions with Standard Model (SM) particles would have
enabled thermal equilibrium in the early universe, with the
subsequent cosmic expansion freezing the DM abundance

at its present value. For sub-GeV thermal DM, this mecha-
nism requires the presence of new light mediators in the dark
sector, capable of providing the necessary annihilation chan-
nels. Such mediators must couple to visible matter and be
neutral under the SM U (1) gauge group. Theoretical exten-
sions of the SM that introduce new interactions and parti-
cles are highly constrained. Among the simplest extensions
are scenarios involving new particles with a small electric
charge (millicharged particles), light mediators such as dark
photons, or more intricate hidden-sector structures. A com-
monly studied benchmark is the vector portal, where a dark
photon (A′) kinetically mixes with the SM hypercharge [5].
In this framework, LDM can be produced through real or
virtual decays of the A′.

On the experimental side, existing data, often collected
in setups optimized for other physics goals, have been rean-
alyzed to set exclusion limits in the parameter space of the
different models. A new generation of dedicated experiments
with unprecedented sensitivity has already started data taking
or is planned for the near future [6]. Present accelerator tech-
nology provides high intensity particle beams of moderate
energy that are well suited for the discovery of LDM [7,8]. In
particular, electron beamdump experiments have been shown
to have high sensitivity to LDM [9–11]. In these experiments,
LDM particle pairs (χχ̄ pairs) are conjectured to be pro-
duced when the electron beam interacts with nucleons and
electrons in the beamdump via an A′ radiative process (A′-
strahlung) or the annihilation (resonant and non-resonant)
of positrons produced by the electromagnetic shower gener-
ated therein [12–14]. A detector located downstream of the
beamdump, shielded from SM background particles (other
than neutrinos), could be sensitive to the interaction of χs.

Jefferson Lab, providing one of the most intense elec-
tron beams worldwide, offers unique conditions for exploring
the dark sector. BDX will be the first full-scale beamdump
experiment explicitly designed for LDM searches. Planned
to operate in parallel with the MOLLER experiment, BDX
will exploit CEBAF’s high-current 11-GeV electron beam
interaction with Hall A beamdump. A detector will be placed
about 20 m downstream in an underground vault. The BDX
detector consists of an electromagnetic calorimeter, made of
approximately one-cubic-meter of BGO and PbWO4 crys-
tals, surrounded by plastic scintillators and lead layers serv-
ing as active and passive veto systems. The characteristic
signature of χ–electron scattering will be an electromag-
netic shower with deposited energy above 10 MeV, effi-
ciently detectable by the calorimeter. Given the small pro-
duction cross sections and interaction rates, a large number of
electron-on-target (EOT) is required. With an expected accu-
mulated charge of ∼1022 EOT collected during the experi-
ment lifetime, BDX will cover previously unexplored regions
of the parameter space. BDX will test the model of LDM pro-
duction via the A′ decay with a sensitivity exceeding up to
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Fig. 1 Projected BDX sensitivity for scalar LDM in the parameter y
versus mass mχ plane assuming αD = 0.1 and mA′ = 3mχ shown by
the green line. The BDX reach is compared to existing exclusion limits
and the thermal targets

two orders of magnitude the reach of existing experiments,
see Fig. 1. Other scenarios, including LDM interaction medi-
ated by leptophilic mediators [13], ALPs [15], and inelastic
LDM will be tested as well using the same detector.

2.2 Probing Millicharged particles at the Beamdump
facility

Millicharged particles can also be copiously produced in
high-intensity electron beamdump experiments. The BDX
detector is optimized for electron–recoil searches and oper-
ates at a relatively high energy threshold ∼ O(100 MeV). As
a consequence, its sensitivity to millicharged particles with
m < O(10 MeV) is very limited. To overcome this, and
following the strategy outlined in [16], BDX can be com-
plemented with ultralow-threshold Skipper-Charge Coupled
Devices (Skipper-CCDs)[17]. A large flux of millicharged
particles can be produced in the dump, allowing even a mod-
est 2×14 array of Skipper-CCDs to exceed the sensitivity of
all existing searches for millicharged particle masses below
1.5 GeV, and to be either competitive or world-leading when
compared to other proposed experiments. The potential of
Skipper-CCD technology for accelerator-based dark-sector
searches has already been demonstrated by the SENSEI col-
laboration, which set limits using a single device oppor-
tunistically located downstream of the NuMI beam at Fermi-
lab [18], and is being further pursued by Oscura with a staged
program towards kg-scale detectors [19]. Additional searches
have also been carried out in reactor environments [20].

Integrating Skipper-CCDs into BDX would provide a
powerful and versatile complement to the calorimetric detec-
tor, extending the physics reach to a broad class of light and

Fig. 2 Projected BDX sensitivity to millicharged particles in the mil-
licharge ε versus massmχ plane of a Skipper-CCD detector array placed
behind the proposed BDX detector. The reach is compared to existing
exclusion limits (gray areas) and the reach of other proposed experi-
ments (dashed curves)

feebly interacting particles, including millicharged particles,
as shown in Fig. 2, and dark photons. This idea has been
formalized in a Letter of Intent submitted to Jefferson Lab’s
Program Advisory Committee (PAC53), which recognized
its potential and recommended that the proponents submit a
full proposal.

3 Baseline design for the Beamdump facility

The BDX detector will be installed in a dedicated facility
located downstream of the Hall-A beamdump. An artist’s
conception is shown in Fig. 3. The main features of the
beamdump facility include a vault divided into two areas:
the upstream section, which serves as shielding and has no
ceiling, and the downstream section, which houses the BDX
detector and is covered by an above-ground building.

The vault is designed as a reinforced underground struc-
ture. The floor elevation in Hall A is 3 ft 6” above sea level,
while the beamdump floor is set at 10 ft. The vault will have
a floor elevation of approximately 10 ft 6”. The interior of
the vault will be positioned 42 ft 4” from the interior face of
the beamdump (24 ft 4” from the exterior of the shielding).
Since the vault floor is significantly below the water table,
the design includes waterproofing and a sump pump system
to remove accumulated water. The weight of the concrete
structure will also be sufficient to counteract buoyant forces
and prevent flotation due to groundwater pressure.

The interior dimensions of the vault are 34 ft 4” in length
and 10 ft in width, providing sufficient space for shielding
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Fig. 3 Sketch of the electron beamdump in Hall A (left) where intense beams of secondary neutrons, neutrinos and muons are produced. The
designed beamdump facility (right) would provide many science applications for these beams

Fig. 4 Design dimensions of the underground vault of the beamdump facility. The drawing indicates the position of shielding and calorimeter
blocks for BDX
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and detector installation while allowing safe personnel access
and navigation. The plan is shown in Fig. 4. The back section
of the vault, measuring 15 ft 9”, lies beneath the superstruc-
ture, which houses electronics and provides ladder access.
The vault depth is approximately 28 ft, although the final
depth will be determined to ensure precise alignment with
the Hall A beamline.

The vault floor will be constructed as a monolithic slab of
uniform thickness. It must accommodate 1,070 ft3 of shield-
ing steel weighing approximately 524,000 lb (262 tons). This
requires a load-bearing capacity of 2,550 lb/ft2. Due to the
vault’s long walls, additional reinforcement may be neces-
sary to prevent buckling; this can be achieved using a partial
interior partition or exterior supports such as soldier piles.
An access panel will be installed adjacent to the superstruc-
ture, minimizing or eliminating the need for cranes inside
the structure. Shielding blocks and detector components will
be lowered through the access panel onto supporting rails
mounted on the vault floor. Once positioned, mechanical
jacks or winches will allow sliding the components into their
final locations. Personnel access will be provided by a lad-
der equipped with a protective cage. Due to the ladder’s
height, additional fall-protection systems may be required.
The superstructure, extending above the rear portion of the
vault, has exterior dimensions of 19 ft 4” in length and 15 ft 9”
in width. The interior height is 12 ft, although usable clear-
ance may be reduced locally by structural girders.

Because of the vault overlap, usable floor space within
the superstructure is 8 ft 8” long and 15 ft 9” wide. A person-
nel access door and a roll-up door (10 ft tall, 8 ft wide) will
be provided. The superstructure will also host the electronic
readout systems, with electrical power and minimal cooling
supplied as required. The superstructure will receive 480 V,
three-phase electrical service, with step-down transformers
for 110 V loads. The main feeder will include surge protec-
tion, and a robust grounding system will be implemented
using busbars in both the superstructure and vault. The elec-
trical system will also support lighting, cooling, and conve-
nience outlets. Air conditioning will regulate the superstruc-
ture environment at 75◦F. The vault will not be cooled, though
an isolating barrier may be installed between the regions. A
sump pump with failure alarms will manage water accumu-
lation in the vault. Two 4” conduits will connect the super-
structure to the Building 92 manhole, providing paths for
network and signal cables. A 24-strand fiber optic link will
connect the superstructure to the second floor of the Count-
ing House. Fire protection will be provided for both the vault
and the superstructure. A lightning arrest system will also
be installed on the superstructure to protect equipment and
personnel.

This beamdump facility is being designed by the Facility
Management Division at Jefferson Lab and the final draw-

ings for the construction tender are under preparation. The
realization of this vault is possible as early as 2026–27.

4 Muons beams and physics

4.1 Muon beams at the beamdump facility

Major laboratories such as CERN, PSI, J-PARC, TRIUMF
and Fermilab host muon beamlines. China and South Korea
are planning muon sources. Surface muon beams are pro-
duced by the decay of positive pions stopped near the surface
of a muon production target. The momentum is 27.4 MeV/c,
and the beam polarization is almost 100 %. Decay muon
beams are generated from pion decays in flight, includ-
ing positive and negative muons within a wide momentum
range. Muon Spin Rotation/Relaxation/Resonance (μSR)
techniques are tools for probing the local magnetic fields and
electronic environments within materials. They are widely
used to study superconductivity, magnetism, and phase tran-
sitions in complex materials. High-intensity muon beams
enable searches for rare muon decays (e.g., μ → eγ or
μ → eee), which are sensitive probes of BSM physics.
Stored high-energy muons facilitate precision measurements
of the muon’s anomalous magnetic moment (g − 2), such as
the experiments at Fermilab and J-PARC. Additionally, muon
beams can explore dark sector interactions, such as hypothet-
ical dark photons or light dark matter candidates produced via
muon interactions. Experiments like Mu2e at Fermilab aim
to detect the coherent conversion of a muon to an electron in
the field of a nucleus, a SM-forbidden process but predicted
in many new physics scenarios. An extensive international
R&D program is currently underway to develop and validate
the required technologies for a multi-TeV muon collider and
to explore viable technical solutions.

Muons are also a powerful probe for applications like
tomography of large, dense objects, with uses in geological
surveying, nuclear non-proliferation, and industrial inspec-
tion. However, the field is constrained by relying on cosmic
rays characterized by a low and non-directional flux, hence
requiring long exposure times, limiting muography to static
targets.

The muon beams at Jefferson Lab originating from the
beamdumps are unique, as they include both charge states
with a bremsstrahlung-like energy spectrum extending up to
6 GeV and high degrees of polarization at the higher energies.
Pair-produced muons may have both left and right helicity for
the muon of a given charge as opposed to muons from pion
decay. At the exit of the Hall-A beamdump concrete vault,
located 5.5 m downstream, the flux through a plane of 1 m2 is
up to ∼ 2.5×10−6 μ/EOT, corresponding to an intensity of
8×108 μ/s for an electron beam current of 50μA [2]. At this
position, the muon beam has a Gaussian 1-σ width of 25 cm.
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Fig. 5 Muon flux for a primary 11-GeV electron beam sampled at the location at the end of the beamdump concrete enclosure indicated by the
blue line in Fig. 6. Left: Muon beam energy distribution. Center: Muon beam spatial distribution. Right: Muon beam energy vs. polar angle

Fig. 6 Geometry of the simulated setup showing the horizontal pipe
connecting the exit of the beamdump vault to the entrance of the beam-
dump facility. The purple line indicates the location where the off-axis
neutrino flux is sampled. The blue line indicates the location where the

on-axis neutrino and muon fluxes are sampled. The green line indicates
the location where the on-axis muon flux is sampled at the beginning
of the beamdump facility

Figure 5 shows the muon energy spectrum and the spatial
and angular distributions. At the entrance of the beamdump
facility the muon beam retains a similar energy spectrum,
with a maximum at ∼ 4 GeV, a total flux of 9 × 107 μ/s,
and a 1-σ width of 35 cm. Preliminary simulations indicate
that a 10”- (20”-)diameter horizontal pipe—connecting the
exit of the concrete vault to the beamdump facility entrance
and filled with air—would result in a flux of 1.8 × 108 μ/s
(2.8 × 108 μ/s), a maximum energy of 6 GeV (7 GeV).
Figure 6 shows the experimental set-up. Figure 7 gives a
comparison of muon energy spectra at the exit of the vault
and at the entrance of beamdump facility with dirt (no pipe
installed) and with 10”- and 20”-diameter air-filled pipes.

4.2 Muon beamlines at the beamdump facility

Extending the beamdump facility upstream would make it
possible to install a focusing system to reduce the muon beam
size [21].

Superconducting solenoid focusing
Siemens sells a 7 T whole body MRI scanner with self-
contained cooling system. General Electric Medical Systems
produces MRI systems up to 3 T. Figure 8 suggests that try-
ing to buy three 3-T units could be a viable solution. Cor-
rection coils are not needed for this purpose so one could
also attempt to purchase units custom manufactured without
them. In Fig. 8 the solenoidal field is 150 cm and the cryostats
are 200 cm in length. Cryostat bore ∼ 90 cm. These assump-
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Fig. 7 Muon energy spectra at the exit of the beamdump vault and at
the entrance of the beamdump facility (green line in Fig. 6) with and
without an air-filled 10”- or 20”-diameter pipe

tions allow only 37.5 cm each to concrete from the front of
the first cryostat and the end of the last cryostat and 12.5 cm
between the cryostats. If the magnets were cooled with GM or
pulse-tube refrigerators, not liquid He, they could be placed
in an underground vault with only electrical service. Person-
nel access will be required on each side of the three-solenoid
sequence as 37.5 cm is insufficient per life safety code. If
only two cryostats fit in the 7 m available, focusing will be
substantially reduced.

Quadrupole Focusing
A 104 mm inner diameter by 350 mm long quadrupole

design was scaled to 416 mm inner diameter by 2000 mm
length. Current densities from 25 to 400 A/cm2 were mod-
eled: 275 A/cm2 proved a practical limit given low carbon
steel saturation and the 20 bar upper bound of cooling water
pressure at Jefferson Lab. At this current density the surface
field on the poles approaches 2.5 T. Figure 9 shows the design.
Each quadrupole requires a 500 kW power supply and 14 l/s
cooling water flow for 42 K temperature rise.

Using this quadrupole design, a triplet focusing beamline
was modeled. For 2 GeV muons it has a peak radius 400 mm
so the muon beam will be clipped but the muons remain-
ing can be brought to a 200 mm radius focus. 6 GeV muons
cannot be brought to a focus and peak radius in the line is
600 mm so more will be clipped.

Triplet focusing of the muons, assuming that half or more
are discarded, also proves possible with the 416 mm inner
diameter quadrupoles. Lengths shown in the Fig. 10 are
150 cm, 200 cm and 150ċm. These lengths could be short-
ened to 120 cm, 160 cm and 120 cm. Building all three to
165.1 cm (65”) or 167.6 cm (66”) would reduce cost and pro-
vide a few percent headroom for the middle magnet. Five-
sixths is a reasonable multiplier for the power and cooling
water requirements if the 66” length is chosen. Since these are
resistive quadrupoles one can adjust the focusing to achieve
roughly the same beam profile at the end of the vault for each
momentum modeled. A beam pipe starts at z = 7 m: If a 12”
tube with 1” wall is used, this is 25.4 cm diameter. With 16”

Fig. 8 Design for a focusing
muon beamline with three 3 T
solenoids in persistent mode.
The four pairs of lines, starting
from the top, represent the 1-σ
horizontal (red) and vertical
(green) betatron envelope for
8-GeV, 6-GeV, 4-GeV, and
2-GeV muons. The exterior of
the underground vault is
represented by the tick mark at
7 m at the top of the figure
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Fig. 9 Quadrupole design for a muon beamline. Field on the surface for a current of 360 A that provides 16% headroom in the 8-m layout with
150 cm length. Pink corresponds to 2.5 T. The quadrupole has an inner diameter of 416 mm

Fig. 10 Design for a focusing muon beamline using a triplet of 150-cm, 200-cm, and 150-cm long quadrupoles. The 1-σ horizontal (red) and
vertical (green) beam envelopes are shown for 2-GeV (left) and 6-GeV (right) muons

tube and 1” wall, this is 35.6 cm diameter and with 18” tube
and 1” wall, this is 40.6 cm diameter. The quadrupole inner
diameter is 41.6 cm.

Other considerations
It is possible to focus the muons exiting the Hall A beam-
dump in the seven meters available between the concrete
enclosures of the dump and the vault. Use of 3-T supercon-
ducting solenoids may have higher capital cost and would
have much lower operating cost. Use of resistive quadrupoles

would have much higher operating cost but provide some-
what better momentum selection. Capital cost might be sim-
ilar because of the quadrupole size, required power supplies
and a significant upgrade of the Jefferson Lab’s cooling water
system. Moving the vault downstream one meter is advanta-
geous if focusing is desired: both solenoids and quadrupoles
are closer together than desirable for installation and main-
tenance. The quadrupoles with 167.6 cm long steel have an
overall length of 198 cm including coils so the extra meter
is imperative. A few cm of detectors might also be mounted
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between the magnets if this were done. Putting the vault as
close to the road as possible would be good.

If the vault is doubled in area, to 5 m by 12 m, this would
allow the steel shielding or either of the two muon focus-
ing solutions to be installed inside. It should be placed to
allow personnel access to either side of the beam line so
equipment can be installed and maintained. The spiral stair-
case suggested at the workshop should be incorporated as
well and could double as a forced ventilation chase if that is
required given number of personnel allowed in the vault. The
quadrupoles are ∼ 36 tonnes each, when estimated as 50%
dense 2.6 m diameter by 1.7 m long steel cylinder, so floor
capacity should be at least ten tonnes per square meter. The
3-T superconducting MRI magnets would be approximately
a tenth of this.

4.3 Comparison with existing and planned muon facilities

Figure 11 shows a comparison between the muon beam
intensity at the beamdump facility and that of existing beams
at other facilities worldwide. Table 1 lists the momentum
ranges, intensities, and types of muons beams.

Muon Beamlines at CERN
CERN provides a wide range of secondary beams for detector
R&D and fixed-target experiments. In the North Area, origi-
nating from the 400 GeV/c primary proton beam of the SPS,
the M2 beamline in EHN2 offers tunable muon momenta
between 50 GeV/c and 220 GeV/c with ≥ 3.7% momentum
spread with a maximum intensity of 5 × 107 μ/s with future
upgrades post Long Shutdown 3 aiming at 1 × 108 μ/s. The
secondary beam lines in EHN1 in the North Area can also
provide high energy, wide momentum spread muon beams
with a maximum intensity of 104 μ/s. Additionally, the East

Fig. 11 Comparison of energy spectra at different muon facilities. The
intensities are indicative for the respective facility and can not represent
a typical value for every operation mode. Details and references are
given in the text

Area secondary beamlines, T9 and T10, offer muons beams in
the range of 0.1 GeV/c to 15 GeV/c, at a maximum intensity
of 2×103 μ/s with a wide momentum spread (∼ 10−15%).
Together, the CERN North and East Area facilities consti-
tute one of the most versatile infrastructures for secondary
and tertiary beams worldwide, serving over 200 user teams
annually.

Muon Beamlines at Fermilab
Fermilab has a broad range of accelerators. Pions are col-
lected from the Booster synchrotron into the Recycler ring,
which are then sent into the muon beam storage rings (E989
and E821) to be used for the Mu2e and g − 2 experiments.
The muon beam is set at a “magic momentum” of 3.1 GeV/c.
The use of electrostatic quadrupoles doesn’t affect the muon
spin, which allows for the precise measurement of the muon’s
anomalous magnetic dipole moment [22].

Muon Beamlines at ISIS RIKEN-RAL
The RIKEN-RAL muon facility at the ISIS Neutron and
Muon Source [23] at the Rutherford Appleton Laboratory
(RAL) in the UK originated from a collaboration with
RIKEN in Japan. A proton beam from the ISIS accel-
erator (800 MeV, typically 200μA) is producing positive
(4 × 105 μ+/s at 60 MeV/c) and negative (7 × 104 μ−/s at
60 MeV/c) muon beams with a momentum selected between
17 and 120 MeV/c. A surface muon beam at 27 MeV/c with
1.5 × 106/s intensity is also available. The facility supports
both fundamental and applied research. Among the research
activities at ISIS, the FAMU experiment [24] is a preci-
sion measurement of the ground state hyperfine splitting in
muonic hydrogen with an accuracy of ∼ 10−5, enabling the
evaluation of the proton Zemach radius with unprecedented
accuracy lower than 1%, along with testing QED corrections.
The muonic hydrogen atoms are produced with the RIKEN-
RAL Port1 pulsed negative muon beam, with an average
pulse rate of 40 Hz, and set to a momentum of 55 MeV/c,
and a monitored intensity of O(104) muons/s [25]. Muons
are injected in a target containing a multi-pass optical cavity.
When the μH atoms are thermalized, medium infrared laser
light is injected in the target. The marker for the transition is
an excess of muonic oxygen characteristic X-rays following
the laser injection. The experiment is currently running. In
addition, a prominent activity at ISIS is the elemental and
isotopic non-destructive characterization of samples using
muonic atom X-ray emission analysis (μ-XES). This tech-
nique is based on the detection and quantification of the X-
and γ -rays emitted by a sample when irradiated with negative
muons. The beam momentum sets the depth of penetration
of muons in the sample, allowing for depth-dependent mea-
surements. Muon imaging and isotopic measurements are
also under development. At RIKEN-RAL, one of the irradi-
ation ports is equipped with a μSR spectrometer capable of
using surface and decay muons of either polarity, whereas
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Fig. 12 Size of the predicted TPE effect as a function of ε and Q2 for
five muon energies. The points shown represent statistical uncertain-
ties only assuming a one meter long liquid hydrogen target and a muon

intensity of 1×107 μ/s. The uncertainties are calculated for one year of
data taking, and detection at scattering angles θ = {10, 20, 30, 40, 50}◦
in 5◦ wide bins in θ

Table 1 Comparison of momentum ranges, beam types, and beam intensities at muon facilities. The entries are indicative for the respective facility
and can not represent a typcial value for every operation mode. Details and references are given in the text

Beamlines Momentum Intensity Type
(GeV/c) (μ/s)

CERN East Area T9, T10 0.1 – 15 2 × 103 μ±

CERN North Area M2 50 – 220 5 × 107 μ±

Fermilab (USA) MTest, g-2 beamline 3.1 1 × 107 μ+

ISIS RIKEN-RAL (UK) Port 1/2, Port 3/4 0.02 – 0.12 5.9 × 105 surf., μ±

J-PARC MLF (Japan) D, U, S, H 0.002 – 0.12 1 × 108 surf., μ±, cloud μ−

PSI (Switzerland) PiE5, PiE3, PiM3, MuE4, MuE1 0.01 – 0.12 1.6 × 108 surf., μ±, cloud μ−

RCNP (Japan) DC Beam Line – M1 0.03 – 0.08 6 × 104 μ±

TRIUMF (Canada) M13, M15, M20 0.02 – 0.30 1.4 × 106 surf.

Jefferson Lab Beamdump Facility < 6 1 × 108 pol. μ±

at ISIS three additional μSR instruments operate exclusively
with surface muons. These facilities are primarily dedicated
to condensed matter research.

Muon Beamlines at J-PARC MLF
At the J-PARC MLF facility, high-intensity muon beams are
produced by a 3-GeV proton beam (beam power 1 MW, rep-
etition rate 25 Hz) impinging on a 20 mm thick graphite tar-
get. Pions generated by nuclear reactions of the protons in the
target decay producing muons and neutrinos. Two different
modes are commonly used to extract muons as secondary
beams: surface muons and decay muons. Currently, four
muon beamlines (the D-, U-, S-, and H-lines) are expected
to extend from the target to the experimental halls. These
beamlines are designed to provide high-flux muon beams
with different properties to meet the requirements of a vari-
ety of muon experiments [26].

The D-line provides surface muons with an intensity
of 107/s as well as decay positive/negative muons with

momenta of up to 120 MeV/c with a typical intensity of
106 − 107/s at 60 MeV/c. The experimental area served by
the D-line hosts a a μSR spectrometer and Ge detector for
muonic X-ray analysis. The U-line, under commissioning,
is designed to produce an ultra-slow muon beam (kinetic
energy from a few eV to 30 keV.) [27]. A μSR spectrometer
is installed in the experimental area for “nm-μSR” for thin
sample irradiation and surface analysis, while, for thicker
samples, moreover a compact AVF cyclotron re-accelerates
ultra-slow muons up to 5 MeV. In the S-line surface muon
beams are used for μSR experiments [28] and laser spec-
troscopy of the muonium 1 S–2 S energy splitting. The H-line
is a high-intensity muon beamline for general use [29]. Sur-
face muon beams with intensities of up to 108/s and cloud
muon beams up to 120 MeV/c are available. Precision mea-
surements of the hyperfine structure of muonium [30] and a
search for μ-e conversion [31] are underway. Re-accelerated
muons up to 4 MeV will become available in 2027. The H-line
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is planned to be extended to develop a novel low-emittance
muon beamline [32].

Muon Beamlines at LBNL
Laser-plasma accelerators, which use PW-class lasers to gen-
erate 10 s of GV/m accelerating gradients, produce multi-
GeV electron beams in plasma targets that are 10 s of cm
in length. In a recent experiment at the BELLA Center at
LBNL, muon beams were generated using an electron beam
with energies extending up to 8 GeV driven by a laser-plasma
accelerators. The electron beam was stopped in the beam
dump, and the resulting muons were detected behind a 90-
cm concrete wall. Muon production was unambiguously con-
firmed by capturing delayed signals in plastic scintillators,
corresponding to the decay of stopped muons. Muon pro-
duction in this environment is driven by two primary mecha-
nisms: (i) a forward-directed, high-energy muon beam from
the Bethe–Heitler process in the main beam dump, and (ii) a
quasi-isotropic, lower-energy flux from meson decays. At a
typical repetition rate of ∼ 1 Hz, this flux is orders of magni-
tude more intense than the cosmic ray background for hori-
zontal muography, paving the way for compact, transportable
systems for rapid imaging.

Muon Beamlines at PSI
The Paul Scherrer Institute (PSI) in Switzerland is a leading
center for neutron and muon science. Its 590-MeV proton
accelerator, operating at currents up to 2.3 mA, delivers a
beam power of over 1.3 MW. This beam is directed to two
meson production targets (Target M and Target E), which
produce pions and muons. After passing through these tar-
gets, the remaining proton beam is directed to the Swiss
Spallation Neutron Source (SINQ) for neutron production.
PSI operates seven secondary beamlines for muon and pion
extraction. These beamlines serve both particle physics and
material science experiments. Two beamlines are dedicated
to particle physics, including πE5, a high-intensity pion and
muon beamline with a momentum range of 10–120 MeV/c.
It can deliver up to 5 × 108 muons/s at 120 MeV/c.

PSI is well known as a leading facility for searches for
charged lepton flavor violation with muons [33]. These exper-
iments and other high-precision experiments with muonic
atoms and muonium provide tests of QED and low-energy
QCD and benchmarks for nuclear physics and weak interac-
tions. The installation of high-intensity muon beamlines is
part of the ongoing IMPACT project [34] that will allow to
deliver roughly two orders of magnitude increased intensities
to experiments.

The beamlines πE3, πM3, and μE4 are used for μSR and
other material science applications. These typically operate
with surface muons at 28 MeV/c, with intensities in the 106−
108 μ+/s range. The πE1 beamline provides both positive
and negative muons with a wide momentum range of 10 –

500 MeV/c, depending on the optical mode used. It is one of
the most versatile beamlines at PSI [35].

Muon Beamlines at RCNP
MUon Science Innovative muon beam Channel (MuSIC) at
Osaka University is a muon beam facility with a continuous
time structure. The muon generation employs a pion pro-
duction target made of a long graphite placed in a 3.5 T
solenoid magnetic field, which produces muons more than
1000 times more efficiently than conventional methods. This
technology allows MuSIC to reach a maximum momentum
of 80 MeV/c. For positive muons the typical beam intensity
at 30 MeV/c is 1 × 105/s. For negative muons the momen-
tum the typical beam intensity at a momentum of 60 MeV/c is
2 × 104. In addition to particle and nuclear experiments and
muon non-destructive analysis, experiments are also being
carried out using a muon spin rotation measurement device
for condensed matter research installed at the exit of the
beamline [36].

Muon beamlines at TRIUMF
The Center for Molecular and Materials Science at TRI-
UMF serves four beam lines M15, M13, M20, and M9B
for spin-polarized muons (μ+ or μ−), which are implanted
in materials and characterized with μSR (muon spin rota-
tion/relaxation/resonance) andβNMR (beta-detected nuclear
magnetic resonance) techniques. M15 and M13 transport
momenta between ∼ 20 to 30 or 40 MeV/c. M15 provides
an intensity of 1.9 × 106/s, M13 an intensity of 1.8 × 105/s.
M20 and M9B reach 200 MeV/c in momentum. M20 deliv-
ers a μ+ intensity of 2.1 × 106, M9B delivers a μ− intensity
of 1.4 × 106 [37].

Future Muon Beamlines at SHINE
Possible muon beam at the Shanghai SHINE facility have
recently been discussed [38]. For SHINE, also surface muons
have been considered.

4.4 Prospects for muon physics at the beamdump facility

Several outstanding topics of physics can be addressed with
muons: verification of e − μ − τ universality, limits on
lepton number violation and physics beyond the standard
model; nuclear physics studies with muons, lepton-mass
effects and QED corrections; muon sources as a testbed for
the Muon Collider R&D on muon generation and beam cool-
ing; physics and recent progress in muon-facilitated nuclear
fusion. Given the huge progress made in the past years in
the computation of QED corrections to low-energy scatter-
ing processes [39], the bottleneck towards further improve-
ments is now often due to the impact of non-perturbative
hadronic effects. By turning the argument on its head, this
can be exploited to obtain additional information on non-
perturbative effects from precision experiments. Prime exam-
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ples are the extraction of the hadronic vacuum polariza-
tion through muon–electron scattering by MUonE [40,41] or
learning about two-photon exchange contributions in lepton–
proton scattering [42]. Studying processes with external
muons rather than electrons can offer advantages, since QED
corrections tend to be smaller and, hence, non-perturbative
effects are enhanced w.r.t. remaining uncertainties.

Additional input from muon experiments with secondary
beams can be used to improve the knowledge of non-
perturbative effects in QED calculations.

As an example for a nuclear physics topic, the process
μ± N → μ± N e+ e− could be studied. This process is one
of the main backgrounds for the MUonE experiment, and
experimental data can be used to test the theoretical descrip-
tion. In the most advanced calculation [43] this background
process is described as the scattering of a muon in the exter-
nal Coulomb field, using a form factor to describe the nuclear
charge distribution.

4.4.1 Elastic muon–proton scattering

There is significant interest from both theoretical and experi-
mental communities in determining the size of the hard two-
photon exchange (TPE) effect. The hard TPE can be accessed
directly through experiment by measuring the cross section

ratio Rexp.
± = σ(�+ p)

σ (�− p) ≈ 1−2δ2γ . Recently the TPE has been

studied with e± beams [44–46]. The effect appears to be
small, approximately 1%, in the measured region. However,
these experiments did not have a sufficient reach in the four-
momentum transfer (Q2) region where the hard TPE effect
is predicted to be more pronounced. The TPE effect can also
be studied with muons. Currently there are two experiments
taking data with μ± beams, COMPASS++/AMBER [47] and
MUSE [48], that aim to measure two-photon effects. Both
experiments have limitations in their sensitivity to the TPE.
MUSE measures at low Q2 while COMPASS++/AMBER
measures at ε ≈ 1.

A novel experimental design situated at a high-energy
muon beamline could be constructed to take advantage of
a wide range of Q2 and ε in order to probe the hard TPE in a
region where it is predicted to be large. Jefferson Lab’s muon
beam can provide a unique opportunity to measure R±. The
size of the TPE effect using the parameterization from [45]
is shown in Fig. 12. It is worthwhile to note that all energies
and both charge polarities are in the beam at once, potentially
allowing for simultaneous measurement. However, in order
to properly reconstruct scattering events, the initial particle
momentum and species must be known.

Fig. 13 Comparison of flux-weighted cross sections relevant for neu-
trino experiments. The corresponding fluxes are normalized to the same
area for ease of comparison. Shown are the spectra for the DUNE Near
Detector (orange) and Hyper-K Near Detector (red), compared to the
expected muon fluxes at the beamdump facility (dashed light blue). The
vertical dashed lines indicate the energy coverage of the e4ν program
at Jefferson Lab

Targets and instrumentation required
Given the complex beam properties, a series of incoming
beamline detectors will be needed. Tracking detectors to
measure the incoming beam trajectory will allow for a pre-
cise scattering vertex determination in conjunction with a
scattered particle tracker. A large-area GEM detector would
be well suited as an incoming tracker. For a scattered particle
spectrometer it will be important to cover the largest possi-
ble solid angle. A magnetic spectrometer would be needed
to identify elastic scattering events, and reject muon decay
events. The hydrogen target requires a large scattering cham-
ber. The MOLLER target is 125 cm in length and the chamber
is 2 m in diameter.

Required infrastructures
A muon capture beamline will likely be required to maximize
the incident beam flux on the target. Depending on spectrom-
eter design, some excavation of the vault may be necessary
to accommodate the spectrometer as it moves to backward
angles.

The underground vault as proposed is likely sufficiently
long to install it, but is narrow enough that installing a detec-
tor that has significant reach in scattering angle will be a
challenge.

4.4.2 Muon–electron scattering

Muon-electron scattering of two pointlike fermions is a fun-
damental textbook process. At high muon energies of 160
GeV available to MUonE at CERN, this process is used to

123



Eur. Phys. J. A           (2025) 61:285 Page 13 of 20   285 

Fig. 14 Energy distributions of neutrinos produced by the interaction of an 11-GeV electron beam with the Hall-A beamdump. Left: Off-axis ∼
10 m above the dump. Right: On-axis ∼ 5 m downstream of the dump

probe hadronic vacuum polarization, a higher-order radiative
correction relevant for accurate calculations of the muon’s
g − 2 value.

With the availability of a secondary muon beam at Jeffer-
son Lab, using a diffuse target, tracking and timing before
and after the scattering, as well as particle ID and calorimetry
of the outgoing muon and electron, would allow to measure
this fundamental SM process. With available muon energies
up to a few GeV, such a muon-electron scattering experiment
would overlap with the onset of the phase space covered by
MUonE at CERN using 160 GeV muons, and it would be
suited to probe fundamental fermionic cross sections and
radiative effects with high precision.

Targets and instrumentation required
The detectors needed for this measurement are similar to
the ones proposed for the TPE physics: beamline detectors
for determine incoming trajectories and particle momenta,
along with scattered particle spectrometers instrumented
with GEM tracking detectors and trigger hodoscopes.

Required infrastructures
The experiment would benefit from a muon capture beamline.

4.4.3 Muon–nucleus scattering

Jefferson Lab’s e4ν program leverages 1–6 GeV electron-
scattering data from CLAS to benchmark and constrain
neutrino event generators [49,50]. Complementary to the
e4ν program, muons can be exploited to probe the nuclear
response in lepton–nucleus interactions, with the added
advantage of smaller radiative effects compared to elec-

trons [51]. The muon beam at the beamdump facility
offers a unique opportunity for high-precision lepton–
nucleus measurements relevant for neutrino physics. With a
bremsstrahlung-like energy spectrum extending up to 6 GeV
for the 11-GeV electron beams it enables detailed studies
of lepton–nucleus cross sections. Furthermore, if the facil-
ity could provide the capability to tag muon energies with
percent-level accuracy, this would allow the e4ν program to
be extended in the sub-GeV region beyond the its current
reach, see Fig. 13, and would make it interesting also for the
Hyper-K experiment. In addition, one could quantify differ-
ences between muon– and electron–nucleus scattering cross-
sections at low energies. By combining the e4ν and the beam-
dump muon physics program with direct CEvNS measure-
ments, the facility enables powerful cross-checks that help
reduce systematic uncertainties for neutrino experiments.

4.4.4 Muon Tomography

Practical muography for imaging requires detecting each
muon’s position and direction before and after the object
of interest. The trajectory is then reconstructed to build up a
density map [52,53]. The number of muons required to image
a meter-scale object is 106 − 109, depending on the desired
resolution. The high-current electron beam at Jefferson Lab
is expected to deliver this number of muons on a timescale
of minutes. The large muon flux available at the beamdump
facility would not only enable rapid, high-resolution imaging
far beyond the capabilities of cosmic rays or current laser-
plasma accelerators, but also open up new opportunities for
other high-statistics muon experiments.
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Targets and instrumentation required
To measure the muon trajectories, position-sensitive detec-
tors such as silicon-based trackers or scintillator hodoscopes
would be placed before and after the imaging sample. Ideal
detectors should have a fast recovery time, on the order of
tens of nanoseconds, to mitigate event pile-up. Suitable tech-
nologies include detectors based on fast-timing ASICs like
the ITkPix [54] or Timepix [55] chips.

Required infrastructures
Muography applications can be operated parasitically.

4.4.5 Testbed for a muon collider demonstrator

A multi-TeV muon collider has the unique potential to pro-
vide both precision measurements and the highest energy
reach in one machine. One of the key challenges in its devel-
opment is the delivery of a high brightness muon beam, which
is essential to produce sufficient luminosity. Ionization cool-
ing is currently the only feasible option for cooling a muon
beam. In the muon collider current design, the injected muons
will undergo ionization cooling, passing through 12 cooling
stages, each stage consisting of about 100 identical cells.
Each cell is composed of an absorber, an RF cavity, and a
magnetic lens. Cells in different stages vary in complexity,
starting with a simple magnetic arrangement and evolving
to a much more complicated configuration at the end of the
cooling channel. Although MICE proved the physics princi-
ples of ionization cooling,the challenges associated with the
cooling technology and its integration remain the bottleneck.
To understand and mitigate these risks, a demonstrator facil-
ity containing a sequence of ionization cooling cells, closely
resembling a realistic cooling channel, is required. Such a
facility will not only enable the design and testing of each
component of a cooling cell but will also allow the integrated
performance of the full system to be demonstrated, ensuring
that no showstoppers exist for such technologies.

Considering that the muon injector is expected to deliver
200-MeV muons at the front end, followed by a cooling sec-
tion to reduce the emittance of the beam before acceleration,
the Jefferson Lab secondary beam could serve as a testbed
for the first cooling sections at selected energy intervals from
100 MeV to a few GeV and for supporting the development
of the ancillary equipment necessary for beam diagnostics.

5 Neutrino beams and physics

5.1 Neutrino beams at the beamdump facility

The study of neutrino interactions has become a cornerstone
of modern particle physics, with direct implications for our
understanding of the SM, the properties of nuclear matter, and

possible BSM physics. The next generation of long-baseline
neutrino experiments, such as DUNE and Hyper-K, will rely
on precise knowledge of neutrino–nucleus interactions over
a broad energy range. Achieving this precision requires both
high-statistics measurements and careful control of system-
atic uncertainties. Jefferson Lab provides unique opportuni-
ties for this program. Its continuous-wave high-intense elec-
tron beam, combined with the planned beamdump facility,
can serve as an intense and clean secondary source of neu-
trinos. Primary e− interactions in the Hall A dump gener-
ate secondary π+ and K+ that are stopped before decaying
and produce well-characterized neutrino fluxes from pion
decay at rest (π–DAR) and kaon decay at rest (K–DAR) [2].
π–DAR produces a prompt (τπ � 26 ns) monoenergetic
νμ at Eν = 29.8 MeV from π+ → μ+νμ, and delayed
(τμ � 2.2 μs) νe and ν̄μ from μ+ → e+νeν̄μ with ener-
gies up to ∼ 50 MeV. K–DAR yields a monoenergetic νμ at
Eν = 236 MeV from K+ →μ+νμ (BR ∼ 65%). These well-
understood spectra enable precision SM measurements and
sensitive BSM searches, and their reach should be evaluated
in the context of complementary proton beamdump based
stopped-meson sources worldwide (e.g., at ORNL, LANL,
FNAL, J-PARC).

To characterize this source, realistic Monte Carlo simu-
lations were carried out to evaluate the neutrino flux gener-
ated by the interaction of an 11-GeV, 50-μA electron beam
with the Hall-A beamdump. The flux was sampled at two
locations: an off-axis position approximately 10 m above the
dump and an on-axis position downstream of the dump. Fig-
ure 14 shows the corresponding neutrino energy spectra.

The results indicate that the off-axis neutrino spectrum
is consistent with that expected from a DAR source. In
this configuration, the total neutrino flux in the energy
range 0–100 MeV is about 6.6 × 10−5 ν/EOT, accounting
for ∼ 99% of the spectrum. For the on-axis configuration,
although the DAR contribution remains dominant, a small
but non-negligible high-energy component (Eν > 100 MeV)
is observed. The total on-axis neutrino flux in the range
0–500 MeV is approximately 2.9 × 10−5 ν/EOT, with the
DAR component representing ∼ 96% of the overall yield.
The resulting flux of electron and muon neutrinos, peaking
below 55 MeV and extending up to ∼ 200 MeV, provides an
optimal environment to explore coherent elastic neutrino–
nucleus scattering (CEvNS), search for LDM, and test neu-
trino event generators in a new regime.

5.2 Neutrino detection at the beamdump facility

5.2.1 Using a liquid argon detector

The expected neutrino interaction rates range from several
tens to few hundreds of electron neutrino charge current and
from several hundred to a few thousand coherent neutrino
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Fig. 15 Projected uncertainty for a CEvNS measurement of the Wein-
berg angle (sin2 θW ) obtained from one year of exposure of a 1 m3

liquid Ar detector operated at a 10 keV energy threshold. The total error
includes systematic uncertainties, dominated by the beam-related neu-
tron background, assumed to be mitigated by ∼ 1 m of lead shielding
placed beneath the detector

scattering events per year per ton of target material positioned
in proximity of the beamdump. The liquid Ar time projec-
tion chamber is a well-established technology conceived and
widely used for neutrino physics and rare event searches in
the energy range from few MeV to several GeV. The dou-
ble phase liquid Ar time projection chamber technology was
specifically developed to identify low energy nuclear recoils
(from few to several ten keV Ar recoil energy) produced by
interaction of DM in the form of WIMPs; it is therefore per-
fectly suited to detect coherent neutrino scattering events and
its dynamic energy range could be easily extended to a few
tens of MeV.

First estimates show that, in a year of exposure, thousands
of CEνNS events could be recorded in a ∼ 1 ton liquid Ar
detector operating at a ∼ 10 keV energy detection thresh-
old, located above the beamdump. This would allow, for
instance, the extraction of θW with a precision at the level of
∼ 10% (including systematic uncertainties dominated by the
neutron background), which represents a far better accuracy
than the current extraction performed by the COHERENT
experiment, based on only a few hundred events. Figure 15
illustrates the potential of a CEvNS measurement at Jeffer-
son Lab. Despite the fact that this would not be competitive
with the projected precision of the MOLLER experiment, it
would provide an important cross-check of the measurement
in a completely independent way and in an unexplored kine-

matic region. Further studies are necessary to optimize the
shielding and evaluate the sensitivity of such a measurement
to other physics observables (e.g., BSM physics).

Targets and instrumentation required
Considering the significant R&D effort carried out by leading
multi-ton experiments that use this technology, such as Dark-
Side and DUNE, liquid argon prototype detectors with active
target masses ranging from tens to hundreds of kilograms are
already available for test experiments. The detector could be
installed in a suitable location off-axis near the beamdump to
maximize the exposure to the secondary low energy neutrino
beam while minimizing the high energy secondary particles
produced in the dump. A few meters of concrete would pro-
vide the minimal required shielding against cosmic rays and
beam-related background. Such an exploratory measurement
would provide significant insight before planning for a full-
scale experiment in a optimized facility.

Required infrastructures
After a pilot experiment performed above ground, which
would require only minimal dedicated infrastructure (e.g., a
shelter with concrete shielding for the prototype, power, and
air conditioning), a new underground dedicated hall adjacent
to the vault would be needed. The footprint of a liquid argon-
based detector is estimated to be 5–10 m2, including space
for readout electronics. Cryogenic systems, such as recircu-
lation and purification, are required for operation. The typi-
cal power consumption for few-ton-scale detectors is below
50 kW. The thickness of the neutron shielding must be eval-
uated based on the neutron energy spectrum and the chosen
shielding material.

5.2.2 Using Opaque Liquid Scintillators

A promising technology for neutrino detection involves the
use of opaque liquid scintillators read out by optical fibres,
a novel class of scintillating detectors where the scintillat-
ing liquid is made optically opaque by adding materials like
waxes [56]. Key features are (i) light transport by scatter-
ing and (ii) segmentation without physical barriers. Further
advantages are reduced optical cross-talk, good spatial recon-
struction, and potential cost savings in the case of large
volumes. Applications include particle detectors where the
topology of the interaction and timing are important.

A new technological advancement for reducing light
losses in wavelength-shifting light guides are fibers where
the wavelength-shifter material is located near the outer sur-
face. Photons that are absorbed and emitted on the outer sur-
face have a higher chance of being captured by total inter-
nal reflection compared to those closer to the center of the
fiber [57]. Recently, it was demonstrated that detectors can
achieve few-mm spatial resolution [58].
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An additional detector based on opaque scintillators would
have the potential to improve the sensitivity of DM searches
to lower masses by lowering the energy threshold and
complementing the BDX program. The tracking capabil-
ities of such a detector can also help reject low-energy
cosmic-ray–induced backgrounds through reconstruction of
the event spatial topology. The simulation of 2 GeV muons
detected by the proposed detector design is shown in Fig. 16.

The neutrino energy range at Jefferson Lab is well suited
for liquid scintillators in general. However, considering a
1 m3 detector volume filled with an opaque liquid scintillator
with density ρ ≈ 1 g/cm3 and a neutrino interaction cross
section in the MeV range of 10−43 cm2, fewer than one inter-
action per year on hydrogen and approximately two inter-
actions per year on carbon are expected. Therefore, for neu-
trino applications in the MeV range, a larger detector volume
is necessary. Such a detector could be placed off-axis with
respect to the beamdump. In addition to enabling detection
of CEvNs on hydrogen/carbon, such a detector could be used
for studying specific neutrino–nucleus reaction channels for
improving ν–nucleus interaction models in the O(100 MeV)
range for applications to oscillation experiments with beams
from kaon decays at rest [59].

Targets and instrumentation required
The detector could consist of a ∼ 1 m3 tank containing
the opaque scintillator, enclosed within an outer tank filled
with transparent scintillator, resulting in a total footprint of
approximately 1.7 m2. Additional space of about ∼ 1 m2 is
needed for scintillator preparation and mixing. Furthermore,
plastic scintillators may be required as additional cosmic-ray
veto detectors.

Required infrastructure
Considering a 1 cm spacing between the fibers and dual
readout, we estimate a total of 20,000 channels. The light
collected by the fibers is detected by silicon photomultipli-
ers (SiPMs). The main contributor to power consumption
is the waveform digitizers (e.g., CAEN 1740 modules con-
suming approximately 31 W per module with 64 channels
each). Including SiPM biasing, pre-amplifiers, DAQ comput-
ers, cooling, and racks, the total estimated power consump-
tion is about 26 kW. Power consumption and rack footprint
could be reduced in future designs by using denser mod-
ules or dedicated ASIC readout. The infrastructure could be
shared with a LAr detector of similar size and the two could
run in parallel.

5.3 Prospects for neutrino physics at the beamdump facility

The neutrino flux from π– and K–DAR spans tens to hun-
dreds of MeV, enabling access to a broad range of interac-
tion channels. At π–DAR energies (Eν � 50 MeV), coher-
ent elastic neutrino–nucleus scattering (CEvNS) dominates

(Fig. 17-left). This process, in which the neutrino scatters
coherently off the entire nucleus, benefits from an enhance-
ment proportional to the square of the neutron number and
leads to a characteristic nuclear recoil in theO(10−100) keV
range. Theoretical uncertainties on CEvNS cross section are
estimated of the order of a few percent, supporting precision
SM tests and sensitivity to BSM signals [60,61].

Inelastic channels (Fig. 17-right), both charged-current
and neutral-current, are also accessible. For π–DAR ener-
gies, these probe nuclear excitations with O(10 MeV) γ ,
p, and n emissions. These processes are complementary
to neutrinos from the core-collapse supernova, whose ener-
gies overlap with the pion decay at rest neutrinos. Such
cross sections remain poorly known, with limited measure-
ments and no existing data for the argon nucleus relevant for
DUNE’s supernova program. For K–DAR at 236 MeV, inter-
actions occur in the challenging transition between collec-
tive nuclear excitations and quasielastic scattering off bound
nucleons [59]

This physics program enables a range of SM measure-
ments, π–DAR CEvNS enables precision extractions of
nuclear weak form factors and neutron radii, complementing
parity-violating electron scattering experiments at Jefferson
Lab, and measurements of sin2 θW at low Q2, complementing
the MOLLER experiment. π–DAR inelastic scattering mea-
surements would shed light on low-energy nuclear structure
that would complement supernova neutrino studies. K–DAR
scattering would provide valuable constraints on the axial
component of the neutrino–nucleus interaction at low ener-
gies, using monoenergetic beams to enable missing-energy
determinations [62].

From the BSM perspective, CEvNS offers a powerful
probe of new physics: deviations from the SM prediction,
whether in the total event rate or in the shape of the nuclear
recoil spectrum, would signal additional contributions to the
cross section. These can arise from neutrino electromagnetic
properties (neutrino magnetic moment and neutrino charge
radius), non-standard interactions of neutrinos, or even be
sensitive to sterile neutrino oscillations [60,61].

The modeling of neutrino–nucleus interactions is a leading
source of uncertainty in oscillation measurements. Upcom-
ing long-baseline neutrino experiments such as DUNE and
Hyper-K have dedicated programs to measure relevant cross
sections [63,64], though these efforts are complicated by
the broad energy distribution of neutrino beams. As dis-
cussed in the previous section, lepton–nucleus scattering
measurements provide a complementary approach, probing
key aspects of nuclear dynamics with charged beams and
high statistics.
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Fig. 16 Simulation of the light signal for 2-GeV muons entering a 1 m3

opaque liquid scintillator detector with fibers spaced at 1 cm (courtesy
by J. Pätschke). Left: Muon entering the detector from above parallel to

the fiber direction. Right: Muon entering from the front face orthogo-
nal to the fiber direction. Shown are selected events in which secondary
interactions are visible

Fig. 17 Neutrino–nucleus interactions. Left: Coherent ν-nucleus elastic scattering. Right: Inelastic scattering

6 Synergies and funding opportunities

Experiments with secondary beams at Jefferson Lab, build-
ing upon the approved LDM searches, would significantly
extend the current physics program of the laboratory. This
would place Jefferson Lab in line with other world-leading
facilities such as Fermilab, TRIUMF, CERN, PSI, J-PARC,
and RIKEN, where secondary beams already enrich their pri-
mary missions. Pilot experiments could be carried out with
minimal additional infrastructure, attracting new users from
diverse physics communities (basic science, high-energy
physics, applied physics, condensed matter) and enhancing
the laboratory’s role at the national level. Upon verification of
the potential of an opportunistic secondary beam program at
Jefferson Lab, dedicated and optimized infrastructures could

be designed and deployed to take full advantage of a world-
competitive facility.

A diversified scientific program would be of significant
interest both to institutions already engaged in Jefferson
Lab’s scientific program and to new partners willing to con-
tribute. For instance, Collaborative NSF grants with Pri-
marily Undergraduate Institutions (PUIs) for the beamdump
facility represent an opportunity to broaden participation in
nuclear physics. PUIs play a critical role in advancing sci-
entific education and research by fostering hands-on learn-
ing and mentorship opportunities for students. They can also
contribute to the beamdump facility through participation
in NSF Major Research Instrumentation (MRI) grants. By
focusing on detector component development and testing, or
on software development, PUIs can contribute meaningfully
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to large-scale experiments while providing transformative
research opportunities for undergraduates. These activities
not only advance the experiment but also immerse students
in authentic research, aligning with the NSF’s goal of broad-
ening participation in STEM [65]. The success of new institu-
tional involvement will hinge on collaboration between new
and established research institutions, thereby strengthening
Jefferson Lab’s partnerships. An NSF MRI grant can further
enable a consortium approach, where multiple institutions
pool resources to support a broad scientific program. Shared
instrumentation and expertise would allow each partner to
focus on complementary aspects of detector development.
Funding opportunities will not be limited to NSF or DOE;
other agencies already engaged at the laboratory, as well as
new international collaborators, could also support a sec-
ondary beam program.

7 Summary

A beamdump facility at Jefferson Lab offers unique and
pioneering opportunities once constructed. Besides the light
dark matter searches carried out by BDX, intense muon and
neutrino beams over a wide energy range could be exploited
to broaden the current scientific program of the laboratory.

A secondary muon beam with energies from 100 MeV to
a few GeV would be competitive with the highest-intensity
beams available in the US and overseas, providing unique
features such as GeV-energy fully polarized muons. These
could strengthen the current nuclear physics program (e.g.,
precise studies of QED effects in electron scattering, nucleon
form factor determination), offer new opportunities in BSM
physics (e.g., muon–electron scattering), support applied
physics (e.g., muon tomography and elemental analysis), and
serve as a testbed for R&D of future muon-collider compo-
nents.

Jefferson Lab’s secondary neutrino beam program repre-
sents a unique and timely opportunity. By combining intense
neutrino fluxes with a characteristic DAR energy spectrum
and advanced low-threshold detectors (liquid Ar or novel
scintillating materials), it can deliver precision measurements
of Coherent Elastic Neutrino-Nucleus Scattering (CEvNS), a
recently confirmed process that provides information on fun-
damental observables such as the Weinberg angle, opens new
opportunities for BSM searches, and delivers critical input for
long-baseline oscillation experiments (e.g., DUNE). Lever-
aging the existing infrastructure and expertise, Jefferson Lab
is positioned to become a leading hub for intensity-frontier
neutrino physics.

Although not the subject of the work, opportunities with
high-intensity secondary neutron beams have also been
explored. Preliminary results indicate that, for certain energy
ranges, Jefferson Lab’s neutron beam could be competitive. A

detailed discussion of secondary neutron beams at Jefferson
Lab will be addressed in a future edition of this workshop.

In conclusion, a secondary beam program at Jefferson
Lab would enhance the current scientific program by offer-
ing intense muon and neutrino beams. This program could
attract a diversified community from high-energy, basic sci-
ence, applied, and condensed matter physics, complement-
ing the laboratory’s leading role in nuclear physics. Lever-
aging the underground vault planned for light dark matter
searches, opportunistic pilot experiments and demonstrators
can be deployed efficiently. Optimized infrastructures would
further reinforce Jefferson Lab’s strategic role as a unique,
multi-purpose accelerator facility.
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