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Abstract

The Fermilab Proton-Improvement-Plan-II (PIP-II) is being implemented in order to sup-
port the precision neutrino oscillation measurements at the Deep Underground Neutrino
Experiment, the U.S. flagship neutrino experiment. The PIP-II LINAC is presently un-
der construction and is expected to provide 800 MeV protons with 2 mA current. This
white paper summarizes the outcome of the first workshop on May 10 through 13, 2023,
to exploit this capability for new physics opportunities in the kinematic regime that are un-
available to other facilities, in particular a potential beam dump facility implemented at the
end of the LINAC. Various new physics opportunities have been discussed in a wide range
of kinematic regime, from eV scale to keV and MeV.
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1. Introduction1

The precision measurements of the neutrino oscillation parameters require high intensity2

neutrino beams to ensure high statistics. High intensity proton beams enable production of3

high flux neutrinos. The PIP-II LINAC is designed to fulfil this task. The capability of the4

accelerator which can provide up to 2 mA of protons of 800 MeV is sufficient to enable the5

precision required for neutrino oscillation parameter measurements, by using just 1 ∼ 2%6

of the total beam flux.7

It is this proton driver capability that enables exploring a brand new area of physics8

which has been difficult to contemplate in the traditional fixed target environment. In ad-9

dition, several recent theoretical advances on the physics at the low energy scale reachable10

at fixed target experiment enable expansion of the scope and the complementary measure-11

ments to those experiments at other frontiers, including the energy frontier. One such12

example is the potential of producing dark sector particles (DSP) which do not interact di-13

rectly with the Standard Model (SM) particles but could results in SM particles in the final14

state via a kinetic coupling of a new U(1) gauge which couples to the SM photons.15

In order to exploit the capability of the physics reach made possible by the PIP-II fa-16

cility, the first workshop on Physics Opportunity at PIP-II Beam Dump was held on May17

10 through May 13, 2023 at Fermilab. The outcome of this workshop is summarized in the18

following sections.19

This white paper is organized as follows. Section 2 describes the PIP-II facility as20

currently planned and some potential modifications to enhance the physics capabilities of21

the facility. Section 3 lays down the theoretical foundations and its directions, including22

the signal and related backgrounds. Section 4 focuses on experimental considerations in23

exploring the physics in a wide ranging energy scale, eV to MeV. Section 5 presents var-24

ious detector technologies and potential experiments which could utilize the PIP-II beam25

dump facility. Finally, section 6 provides outlook for the physics at PIP-II beam dump fa-26

cility, including a proposal for moving forward to establish such facility to fully exploit its27

capability.28

2. PIP-II and ACE Proton Sources29

2.1 PIP-II Linac Capabilities30

The PIP-II CDR [1] describes the planned performance and pulse structure of the PIP-II31

Linac. The PIP-II linac will be continuous wave (CW) capable, but will operate in a pulsed32

fashion if the Booster is the only user. All systems are designed to capable of CW operation33

with a small fraction (percent-level) of the overall project cost. The PIP-II bunch-by-bunch34

chopper is the only system not necessarily compatible with CW operation, but even this35

case upgrade options can still be considered.36

With CW-capability, the “macropulse” structure (greater than microsecond timescale)37

is that the H− beam current of the PIP-II linac cannot exceed 2 mA and can be turned38

off or on a ms-timescale (by the LEBT chopper). The “micropulse” structure (less than39
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a microsecond timescale) is that the H− beam is composed of a series of ∼1ns bunches40

(650 MHz RF) separated by 6.2 ns intervals (162.5 MHz), and bunches can be removed41

in any specified pattern (by the bunch-by-bunch MEBT chopper). The individual bunch42

charge cannot exceed 14×107 H− particles. If every bunch is populated with 14×107 H−
43

particles and no bunches are removed, that would exceed the 2 mA overall beam current,44

so 14× 107 H− particles can only be achieved if 55% or more bunches are removed on a45

microsecond-scale interval.46

We provide several examples of PIP-II linac pulse structures that may be illustrative.47

The first example is PIP-II beam for Fermilab Booster operation. The micropulse structure48

is two 14× 107 H- bunches, separated by 6.2ns, then another 16.2ns until the next pair49

of bunchest, repeating every 22.4ns (to match to Booster RF buckets). The macropulse50

structure is the bunch pattern repeats for 0.6ms (averaging 2mA in that 0.6ms) and then no51

beam until the next pulse 50ms later (to match the Booster cycle time).52

A second example is PIP-II beam for proposed mu2e-II experiment. In this case it is53

a sequence of ten 14× 107 proton pulses, then 1.693us until the next set of ten, repeating54

for 50ms (or until the next Booster pulse). The mu2e-II current averages only 0.13mA55

(leaving opportunities for other experiments to receive beam in the the 1.693us intervals).56

The proton beam (rather than H− beam) would be delivered for mu2e-II by using a single-57

pass beam-stripping foil (or series of foils) in the beamline between the end of the PIP-II58

linac and the mu2e-II target.59

A third example is the capabilities for unchopped steady PIP-II pulses. Without bunch-60

by-bunch chopping, each bunch must be 8×107 H− particles to fall under the 2 mA current61

limit. If a truly uniform beam is desired, it may be possible to increase the ns bunch-length62

(i.e. “de-bunch”) in the beamline to experiment.63

Many particle experiments, accelerated-based dark-sector searches among them [2],64

require beams with substantially higher current and lower duty factor than is generally65

provided by linac beam sources. A well-established technique for adapting low-current66

high-duty H− beams to high-current low-duty proton beams is H− foil stripping injection67

(sometimes termed “charge exchange” stripping) into an accumulator ring (AR). Fig. 168

shows a detail of the AR injection region. In H− foil stripping injection, the trajectories69

of H− particles from the linac coincide with the trajectories of proton particles circulating70

in the AR on a (usually Carbon) foil, and the phase-space density of circulating protons to71

be enhanced when the electrons are removed by the foil. In this way, the beam current can72

be enhanced tens to thousands of times over before encountering a “space-charge limit” in73

the number of particles stored in the ring or a “foil heating limit” in the density of particles74

interacting with the foil.75

2.2 ACE Scenarios and Capabilities76

The Fermilab Accelerator Complex Evolution (ACE) is a series of accelerator upgrade sce-77

narios to achieve 2.4 MW beam power to the DUNE/LBNF program, improve accelerator78

reliability, and set the stage for next generation Intensity Frontier experimental program at79
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Fig. 1. Foil-stripping injection of H− beam into a proton AR. Adapted from [3]

Fermilab. To that end, engagement with the HEP community, including the accelerator-80

based dark sector search community, is critical for determining which accelerator upgrade81

scenario ACE should take. Fig. 2 shows the improvement in the integrated protons on target82

for the DUNE/LBNF program provided by the ACE upgrade.83

Fig. 2. Timeline assumes that main Injector cycle time is decreased at Year 2 and Booster is
replaced with a new 8 GeV machine at Year 8.

The first phase of ACE is a plan to improve the Main Injector ramp from ∼1.2s to84

∼0.7 s, which will result in a ∼ 70% improvement to 120 GeV DUNE/LBNF beam power85

(at the expense of pulsed to the 8 GeV beam program). This consists of upgrading Main86

Injector RF systems, magnet power supplies and service buildings as well as a series of87

infrastructure and controls upgrades to improve reliability of old systems. Ideally, this88

upgrade would occur as soon as possible to be ready for the end of the mu2e run, around89

2033.90

However, the largest and most critical system to replace is the Fermilab Booster that91
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(a) Potential siting of ACE RCS configuration.
The Tevatron field can accommodate other ARs
or beamlines to operate alongside the 2-GeV
Linac and 8-GeV RCS.

(b) Potential siting of ACE Linac configuration.
The Tevatron field can accommodate other ARs
or beamlines to operate alongside the 8-GeV
Linac and 8-GeV AR.

drives the faster ramping Main Injector (nearly 60 years old when PIP-II comes online).92

Consequently, the second aspect of ACE is to replace the Fermilab Booster with a new93

8 GeV proton machine that will ensure the reliability of the DUNE/LBNF program and94

open up HEP opportunities at 2 GeV, 8 GeV, and 120 GeV. With DOE funding at a similar95

rate to the PIP-II upgrade, the Booster replacements phase of the ACE upgrade could be96

completed in around 2038 (± 2 years).97

Detailed scenarios were developed for six configurations of ACE booster replacements.98

The first three, termed “RCS configurations”, call for a 2 GeV extension of the PIP-II99

linac and a new high-power 2-8 GeV rapid-cycling synchrotron (RCS). The remaining100

three, termed “Linac configurations” call for an 8 GeV extension of the PIP-II linac and101

a new 8 GeV AR. In either case, the PIP-II linac is brought out to (at least) 2 GeV, and102

an abundance of pulsed proton power is available at 8 GeV. Fig. 3a and Fig. 3b show the103

potential siting of the six configurations.104

The linac beams available at 0.8 GeV, 2 GeV, and 8 GeV differ significantly across105

the six ACE configurations, as shown in Table 1 below. In the three 5 mA ACE scenarios106

(RCS v3, Linac v3, Linac v3), the PIP-II linac would no longer operate in CW-mode and107

the impact on any potential users would have to be evaluated. On the other hand, two ACE108

RCS configurations extend the CW capability out to 2 GeV.109

One of the three RCS configurations (ACE RCS v2) requires a 2 GeV AR to facilitate110

injection (although its circumference must match that of the RCS). In the other configu-111
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Linac Beam at
0.0-0.8 GeV 0.8-2 GeV 2-8 GeV

PIP-II 2mA, CW - -
ACE RCS v1 2mA, CW 2mA, CW -
ACE RCS v2 2mA, CW 2mA, CW -
ACE RCS v3 5mA, 2ms, 20Hz 5mA, 2ms, 20Hz -
ACE Linac v1 2.7mA, CW 2.7mA, 2ms, 20Hz 2.7, 1.5ms, 10Hz
ACE Linac v2 5mA, 2ms, 20Hz 5mA, 2ms, 20Hz 5mA, 2ms, 10Hz
ACE Linac v3 5mA, 2ms, 20Hz 5mA, 2ms, 20Hz 5mA, 2ms, 20Hz

Table 1. Linac capabilities of three ACE RCS configurations and three ACE Linac configurations
considered as upgrades of PIP-II linac capability.

rations, the GeV-scale AR rings are optional and would be designed to the needs of the112

GeV-scale experimental program.113

Table 2 gives the pulsed power potentially available at 0.8-2 GeV and 8-GeV. The 0.8-114

2 GeV requires a separate accumulator ring, with power and pulse structure limited by the115

performance that AR. At higher energies, greater AR performance is generally possible.116

All the ACE configurations enhanced 8 GeV beam power, although the range of beam117

powers span nearly an order of magnitude with 1200 kW beam power achieved with the118

ACE Linac v3 configuration.119

Pulsed Power at
0.8-2.0 GeV∗ 8 GeV

PIP-II up to 2000 kW 80 kW
ACE RCS v1 up to 4000 kW 160 kW
ACE RCS v2 up to 2000 kW 720 kW
ACE RCS v3 400 kW 720 kW
ACE Linac v1 up to 2000 kW 160 kW
ACE Linac v2 400 kW 570 kW
ACE Linac v3 400 kW 1200 kW

Table 2. Potentially achievable pulsed beam power for three ACE RCS configurations and three
ACE Linac configurations considered as upgrades of PIP-II upgrade. ∗The 0.8-2 GeV pulsed
power is only available if an AR is constructed, and with power and pulse structure limited by the
performance of that AR. Only the ACE RCS v2 configuration requires a 2-GeV AR, the others
consider an option. The 8 GeV beam power given above is what is available after providing pulses
to the RR/MI for a 2.4 MW DUNE/LBNF program (about 160 kW).

The ACE upgrade is not intended to support a 120 GeV fast-extraction program to run120

concurrently with 2.4 MW DUNE/LBNF and the LBNF beamline cannot support beam121
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powers in excess of 2.4 MW. However, ACE should be considered a prerequisite for achiev-122

ing 3-5 MW at 120 GeV (i.e. multiple megawatt-scale programs) in the Main Injector in a123

future upgrade, beyond the scope of this workshop.124

2.3 Accumulator Rings in PIP-II and ACE Era125

2.3.1 PIP-II Accumulator Ring (PAR)126

A PIP-II proton accumulator ring (PAR) is proposed to be built simultaneously with PIP-II.127

It could effectively serve several purposes: a) meeting the needs of delivering high intensity128

bunched beams for possible future rare processes experimental program by accumulating129

long low current PIP-II pulse of H− particles into few short high intensity 0.8-1 GeV proton130

bunches with O(100 kW) average beam power, b) improvement of the Booster operation131

for neutrino program with > 2 MW out of the Main Injector due to elimination of very132

challenging H− charge-exchange injection system from the Booster – that can be more133

easily done in PAR. As the result, a single turn 2µs injection from PAR to the Booster134

would be greatly superior to the 0.55ms long pulse injection directly from the PIP-II linac135

and, therefore, will significantly reduce the beam losses in the Booster and allow higher136

intensity operation and potentially better reliability; c) staging for a potential future 1 GeV137

upgrade of the Booster injector energy.138

PAR is a low cost accumulator ring to be located adjacent to the PIP-II Booster trans-139

fer line (BTL) near the planned Booster injection point. The H− charge-exchange injec-140

tion into PAR will feature a number of modern design improvements over H− charge-141

exchange injection system into the Booster, including the extraction unstripped H- to an142

external absorber rather than increasing activation in the ring and better control of large-143

angle Coulomb-scattering losses off the injection foil. This compact ring is designed to fit144

alongside the BTL to allow easy transfer of beam to and from the BTL as well as to a rare145

processes physics program to be located in the middle of the PAR. The PAR will accumu-146

late the PIP-II beam with one of two planned RF systems. The bunched beam will then be147

extracted to either the Booster in a single turn injection or to a beam dump experiment. The148

PAR extraction rate for the Booster beam cycles would remain at 20 Hz with the required149

accumulation time. The rate for the other PAR users would be limited by the injection and150

pulsed extraction systems. The baseline design is 100 Hz operation with 100 kW to 200151

kW beam power.152

The footprint of PAR is constrained by the Booster in the west, the Booster transfer153

line (BTL) in the south and PIP-II in the east. Working with the PIP-II civil engineers and154

Proton Source personnel, a suitable location for PAR was found that met all the constraints155

of the existing infrastructure and PIP-II plans. The limited spacing for PAR requires that156

the tunnel be smaller than the present Booster circumference. However, a desire to keep157

the PAR as a Booster loader required that we have a nearly identical harmonic number.158

To accommodate the Booster injection needs, a folded accelerator and lattice design was159

developed. More details on the PAR lattice will be presented in the following subsection.160

The PAR will cross the present Main Ring tunnel twice, which is unavoidable. The crossing161
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Fig. 4. Schematic view of the PAR. A folded figure-8 design has the necessary injection region,
two extraction regions, and two RF systems, all in an approximately 244 m circumference tunnel.

will be similar to the BTL but the rings will not be at the same elevation.162

The placement of PAR will enable the commissioning of PIP-II to the BTL and Booster163

independently from the commissioning of PAR. The independence is achieved by having a164

fast switching magnet near the last BTL dipoles. The pulser magnet will either kick beam165

into the transfer line to PAR or remain on the BTL to Booster trajectory. This method of166

beam transfer is only required for the commissioning period of the PAR. Once commis-167

sioned, the pulsed magnet system is replaced with DC dipoles magnets and injection to168

the Booster will pass through PAR. One dipole bends beam to the PAR and another would169

bend the extracted PAR beam onto the BTL to be injected into the Booster before the BTL170

passes through beam pipe.171

The present civil construction plan for PAR has a service building located near the172

injection and extraction area to house the power supplies required for the pulsed systems.173

The exact placement has yet to be determined but will be chosen to satisfy the needs of the174

planned dark sector (DS) physics program and other potential PAR users.175

PAR has been designed around a list of key parameters which are presented in the PAR176

parameter table. As work continues on the PAR design, these parameters will be adjusted.177

However, it should be noted that they have not changed significantly over the past year. The178

PAR beam pipe aperture is 28% larger than the Booster dipole aperture. This will allow179

for low loss accumulation and higher beam flux for the dump experiments. This aperture180

is also the same as the new wide bore Booster RF cavities. A larger aperture will make181

the RF cavity the aperture restriction which will require a new RF cavity design and testing182

program. This aperture is well suited for the delivery of several hundred kW of beam power183

to a DS program. Additionally, this aperture allows PAR to use existing FNAL magnets184

which are in storage - significantly reducing cost. The PAR has looked at several designs185

to best match or optimize the dark sector physics reach. The present idea is to use a ring186

harmonic number of 2. This option looks to deliver the highest intensity and shortest bunch187

lengths. The key aspects of the H=2 PAR can been seen in the PAR overview options figure.188

The H=2 column is the base PAR dark sector design. The impact of the harmonic number189
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Fig. 5. The location PAR is adjacent to Booster and Booster Transfer Line.

for PAR can be seen in Fig. 6, where a harmonic number of two is considered the baseline190

for DS operation.191

Parameter PAR Base PAR Upgrade
Cycle Rate 100 Hz 100 Hz
Beam Intensity 10×1012 in 2 bunches 15×1012 in 2 bunches
Beam Power 120 kW 240 kW
Proton structure 140 ns FBW per bunch 140 ns FBW per bunch

Table 3. Key PAR specifications of both baseline and upgrade scenarios.

The baseline power that might be delivered to the DS dump experiment is estimated to192

be 125 kW. This will require 100 Hz operation with 1E13 protons per cycle. The intensity193

limit is based upon a conservative value for space charge at 800 MeV. A future upgrade to194

the PIP-II linac to 1 GeV will allow for the PAR base intensity to be increased to 1.5E13195

protons per pulse. The higher energy and intensity will increase the delivered power to196

the DS program to 240 kW. A DS physics program would be competitive at these power197

numbers and provide a new beam based DS program here at FNAL.198

2.3.2 Compact PIP-II Accumulator Rings (CPAR)199

Three scenarios were developed for the PIP2-BD Snowmass paper [2], given by the table200

below 4. PAR is the proposed AR described above, which every 20 Hz serves to facili-201

tate injection into the Booster and at 100 Hz provides for a 100 kW beam dump physics202
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Fig. 6. PAR option table with Booster and DS options.

program. For PAR, a detailed design has been completed and preliminary tracking per-203

formance verified. For RCS-SR and CPAR, the parameters can be re-optimized as the204

designs progress. The version of RCS-SR described here is for a 2-GeV AR that would205

have a circumference designed to facilitate injection into an ACE-RCS configuration and206

an transverse aperture appropriate for a MW-class beam program. The concept of Compact207

PIP-II Accumulator Ring (CPAR) is a more compact ring that are better optimized for the208

low-duty factor experiments. The version of CPAR described here is for a 100 m AR with209

the capability of rapid bunch-by-bunch extraction, a small aperture to save on initial AR210

costs, and a subsequent 1.2 GeV energy upgrade (perhaps as part of ACE).211

Facility Beam
energy
(GeV)

Repetition
rate (Hz)

Pulse
length
(s)

Beam
power
(MW)

PAR 0.8 100 2×10−6 0.1
CPAR 1.2 100 2×10−8 0.09
RCS-SR 2 120 2×10−6 1.3

Table 4. The parameters of three possible accumulator ring scenarios considered as low
duty-factor upgrades to the PIP-II linac. Adapted from [2].

Of the three-scenarios considered, CPAR delivers the best outcome for the PIP2-BD212

program because of its compact geometry and rapid short-pulse extraction rate [4, 5]. Fur-213

ther optimization is possible. Without significantly increasing project cost, AR perfor-214

mance can likely benefit from design work towards a compact accelerator lattice, rapid215

extraction kickers, and/or open-plane magnets. At increased project cost, the AR pulse in-216

tensity can also be straight-forwardly increased with a larger transverse aperture or a higher217
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injection energy. An AR can be designed to accommodate a greater injection energy than218

it initially operates, allowing for the possibility of a staged power increase -for instance219

upgrading the energy from 0.8 GeV to 1.2 GeV allows for a factor of 3 increased in pulse220

power.221

In addition to the optimization of AR design parameters, the same AR can operate with222

multiple extraction modes depending on the needs of the experimental program (possibly223

switching between modes in the same run). Table 5 gives the pulse structure for three beam224

operating modes with a common CPAR design (at 0.8 GeV, more ambitious parameters225

than the [2] CPAR design). Fig. 7 illustrates the beam modes conceptually. The simplest is226

“direct extraction” mode, in which the ring is filled to maximum intensity and all particles227

in the ring are extracted simultaneously regardless of bunch structure (this maximizes pulse228

intensity). The next best-established is “bunch-rotation” in which the beam is initially gath-229

ered into a small number of long-bunches (4 in this case), an RF manipulation compresses230

those bunches (increasing the momentum spread), and then each of those long-bunches are231

extracted as individual pulses in quick succession. The last mode is “bunch-by-bunch” in232

which the beam is collected into short evenly space (in this case every other RF bucket) and233

a series of high rep. rate kickers extract each bunch as an individual pulse. The maximum234

kicker rep rate is a matter of further engineering work.235

Operating Pulse Pulse Extr. Rep. Beam Duty
Mode Intensity Length (4σ ) Rate Power Factor
Direct Extraction 12×1012 540 ns 100 Hz 150 kW 5.4×10−5

Bunch Rotation 2.2×1012 ∼60 ns 400 Hz 110 kW 1.6e×10−5

Bunch-by-Bunch 0.8×1012 ∼20 ns 800 Hz 82 kW 1.2×10−5

Table 5. Three possible operating modes for the same CPAR ring design.

Present design efforts are towards a 150 m 0.8 GeV ring with the capabilities described236

in Table 5 above. The major design features would also be compatible with a larger aper-237

ture version, with four times greater pulse intensity (for greater project cost) for all beam238

modes, Regardless of the aperture parameter, the AR would also be capable of a subse-239

quent 1.2 GeV upgrade for twice the pulse intensity (or three times the pulse power) for all240

beam modes. These more ambitious parameters are consistent with the requirements for241

the proposed muon charged-lepton flavor violation (CLFV) called Advanced Muon Facility242

(AMF) [4], but also a range of prospective beam powers for a beam dump physics facility.243

3. Theory Directions244

245

The existence of new physics beyond the Standard Model(SM) is certainly well-motivated,246

since many puzzles, e.g., origins of neutrino masses and mixing, dark matter (DM), baryon247

abundance, fermion mass hierarchies, strong CP, etc. are yet to be resolved. The solutions248

to the existing riddles can emerge from new physics emerging from sub-GeV scale which249
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Fig. 7. a) Direct Extraction mode. b) Bunch-by-Bunch Mode c-d) Bunch-Rotation mode,
before/after rotation in the AR. Particles (in orange) that are extracted together are encircled in
blue.

can be investigated at the ongoing proton accelerator based neutrino facilities, FASER,250

electron beam dump based experiments. Among, proton beam based neutrino facilities,251

CCM and COHERENT with ∼ 1 GeV proton beam, the J-PARC with ∼ 3 GeV proton252

beam, and the Fermilab SBN program with 8 GeV BNB and 120 GeV NuMI beams are253

providing opportunities to establish crucial new physics extensions of the SM addressing254

its several shortcomings.255

The 1 GeV beam based experiments, e.g., CCM and COHERENT are sensitive to ∼256

O(keV) to ∼ O(100) MeV energy depositions which are very interesting to search for a va-257

riety of new physics scenarios. Both COHERENT [6] and CCM[7] have already shown the258

feasibility of O(keV) searches and CCM has recently established the feasibility of searches259

associated with O(MeV) deposition [8]. The proposed PIP2-BD will also be sensitive to260

these regions using a 100ton LAr detector261

The O(keV) region sensitivity is important to search for coherent scattering based nu-262

clear recoil in these experiments which can investigate light dark matter models [8, 9],263

NSI [10, 11, 12, 13, 14], sterile neutrino parameter space (via νe,µ disappearances) [15].264

The SM background for new physics searches will emerge from the neutrino coherent elas-265

tic neutrino-nucleus scattering (CEνNS) processes which, however, can be reduced by the266

timing and energy cuts on the prompt and delay neutrinos emerging from charged pion and267

muon decays respectively [16, 17].268

The O(MeV) region is important in investigating various new physics scenarios, e.g.,269

ALP via decays, scattering, and absorption, dark photon, light dark matter via nucleus270
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inelastic scattering, Milli-Charged particles, heavy neutral leptons, MiniBooNE anomaly,271

N − N̄ oscillations, light dark matter via electron elastic scattering, etc. The SM back-272

ground, in this case, emerges from neutrino-nucleus inelastic scattering and neutrino elec-273

tron scattering which are small. In fact, the small neutrino backgrounds for the MeV regions274

make this stopped pion experiment very interesting for new physics searches compared to275

the neutrino facilities where higher energy beams are used which produce neutrinos from276

pions in flight. Further, the proximity of the detectors at (∼ 20 m) and high-intensity proton277

beams (∼ 1023 POT) allow PIP2-BD to investigate complementary regions of new physics278

parameter spaces.279

3.1 Production of new physics particles280

When a high-intensity proton beam ∼ 1 GeV strikes a target, high-intensity flux of γ , e±,281

π±,0, η , de-excitation γs are produced. In fig. 8, we show the photon and e± flux for a 800282

MeV beam hitting a Tungsten target. The typical numbers of π+, π0 are about ∼ 0.08/POT283

and π− is mostly absorbed. In general, π0 is not produced at rest and the resulting π0 flux284

is slightly in the forward direction [17]. We also show the de-excitation photons in Fig.9.285

These lines emerge when the proton beam hits a lighter target, e.g., carbon, Be etc. We use286

carbon as a target material for the figure.
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Fig. 8. MC energy spectra for photons (top plot) and e± (bottom plot) at the Lujan source,
simulated with GEANT4 10.7 using the QGSP BIC HP library [18] by generating 105 protons
incident on a tungsten target. The different photoproduction sources are shown as non-stacked
histograms in the top plot, with the total rate shown in black [17].

287

3.2 Neutrinos as Signal and as Background288

Protons with energies > 300 MeV produce large numbers of positively charged pions,289

these pions can lose energy in dense material, stop and decay after coming to rest. Clean290

stopped-pion neutrinos can be produced with proton energies of the order of 1 GeV or291
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Fig. 9. MC energy spectra for photons for 105 protons incident on a carbon target.

less [19] (that limits the decay-in-flight component), and with a dense target to allow the292

pions to stop and decay at rest. The dominant neutrino production from stopped pions is293

from the weak-interaction two-body prompt decay π+ → µ++ νµ (τ ∼ 26 ns) followed294

by a three-body delayed decay of muons µ+ → e++ νe + ν̄µ (τ ∼ 2.2 µs) producing a295

well known spectrum shape. The prompt νµ is monoenergetic (29.8 MeV) while νes and296

ν̄µs energies spread out up to mµ/2. The stopped pion decay spectrum is relatively well297

known, radiative corrections to pions and muons decaying at rest account for a tiny fraction298

of additional uncertainty [20].299

300

These tens of MeV neutrinos can scatter off the target nucleus in the detector either301

via (i) neutral current CEνNS producing keV scale energy nuclear recoil signature, or302

(ii) charged current (only νes) or neutral current (all favors) inelastic scattering producing303

MeV scale energy signatures. These neutrinos can be treated as a signal for various SM and304

BSM studies, and they form the background to various BSM physics signals as described305

further in Ref. [21]. The pulsed time structure of these neutrinos gives a strong handle on306

suppressing the background.307

3.2.1 Elastic Scattering and keV Scale Physics308

In the CEνNS case, the neutrino scatters off an entire nucleus, exchanging a Z0 boson and
transferring some of its momenta to the nucleus as a whole, the scattered nucleus remains
in its ground state. For a few tens of MeV energy neutrinos and scattering off medium-
sized nuclei, a dominant fraction of interactions are expected to be of coherent type. The
differential cross-section of the process is written as:

dσ

dT
=

G2
F

π
MA

(
1− T

Eν

− MAT
2E2

ν

)
Q2

W
4

F2
W (Q2), (1)

where GF is the Fermi coupling constant, and QW is the weak nuclear charge given as309

Q2
W = [gV

p Z + gV
n N]2 = [(1− 4sin2

θW)Z −N]2. N (Z) are neutron (proton) numbers, θW310
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is the weak mixing angle, Eν is the neutrino energy, T is the nuclear recoil energy, and311

MA is the nuclear target mass. F2
W (Q2) is the weak form factor of the nucleus. The weak-312

interaction charge of the proton is small compared to that of the neutron, so the CEνNS313

rate primarily depends upon N2, the square of the number of neutrons.314

315

The uncertainty on the CEνNS cross section is dominated by the weak form factor316

of the nucleus and is estimated to be a few percent level [22], the radiative corrections317

form a tiny fraction of the total uncertainty [23]. Since the uncertainties on SM predicted318

CEνNS cross-section is relatively small, CEνNS cross-section measurements allow testing319

of SM weak physics (e.g. weak nuclear form factor of a nucleus and weak mixing angle) or320

probing many new physics signals (e.g. non-standard interactions, sterile neutrinos, light321

dark matter) where CEνNS form the primary irreducible background. Any deviation from322

the SM predicted event rate either with a change in the total event rate or with a change323

in the shape of the recoil spectrum, could indicate new contributions to the interaction324

cross-section. The experimental signature of CEνNS is low-energy nuclear recoils T of325

O(keV). The pulsed time structure of these neutrinos gives a strong handle on suppressing326

the background for BSM physics signals.327

3.2.2 Inelastic Scattering and MeV Scale Physics328

In the inelastic NC or CC scattering, where a single W+ (CC) or Z0 (NC) boson is ex-329

changed between neutrino and target nucleus, the neutrino excites the target nucleus to a330

low-lying nuclear state, followed by nuclear de-excitation products such as gamma rays or331

ejected nucleon. The interaction cross sections for these processes do not have the N2 en-332

hancement therefore they are typically an order of magnitude smaller than that of CEνNS333

process. The observable final-state particles of these inelastic scattering have typical en-334

ergies of the same order as the incident neutrino energies, O(MeV). Inelastic neutrino-335

nucleus cross-sections in these tens of MeV regime are quite poorly understood. Theoret-336

ical understanding of these processes is also relatively poor, due to the strong dependence337

of the interaction rates on the specific initial- and final-state nuclear wavefunctions, and338

experimental measurements are sparse [22, 24, 25]. The neutrinos from the galactic core-339

collapse supernova carry similar energies as the well-understood stopped-pion neutrinos,340

therefore measuring inelastic neutrino interaction off nuclei (in particular off argon) can341

provide a unique opportunity to enable future neutrino experiments’ (e.g. DUNE) capabil-342

ity to detect supernova neutrinos [26], please see Sec. 5.4.343

344

In addition to probing standard model nuclear structure physics and enabling super-345

nova detection capabilities, inelastic neutrino-nucleus scattering also forms the irreducible346

background to some BSM signals including ALP and inelastic DM-nucleus scattering that347

produce similar MeV scale signature. Alternate to widely explored elastic scattering keV348

scale signals of e.g. dark photon models, the inelastic scattering of the same DM candi-349

dates has a smaller cross section but the MeV scale gamma rays signature can have higher350
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signal-to-background ratios [27, 28] (discussed later). The decay of nuclei excited by the351

inelastic scattering of DM is an unexploited channel that has a significantly lower back-352

ground compared to similar searches using the elastic scattering channel. These models353

can be explored at decay at rest facilities using detectors with MeV scale signal sensitivity.354

The detectors with MeV energy threshold are discussed in Sec. 4.3.355

3.3 New physics model sensitivities at PIP2-BD: A few examples356

We now discuss new physics model sensitivities at PIP2-BD. Examples include ALPs,357

dark photon and light dark matter. All these examples are final states involving O(MeV)358

electromagnetic energy. This is certainly not an exhaustive list and analyses such as those359

involving HNLs, N − N̄ oscillations, dark pion, mirror neutron models, explanations of360

MiniBooNE excess events will be included in the future.361

3.3.1 Axion-like particles via decays and scattering362

High intensity gamma sources at a neutrino experiment can allow us explore axions via
Primakoff production processes first pointed out in [29]. Generic models of ALPs with
couplings to photons and electrons can be investigated at PIP2-BD. These interactions can
be parameterized:

LALP ⊃ − gaγ

4
aFµν F̃µν − gae a ē iγ5 e , (2)

F̃µν ) Fµν is the electromagnetic (dual-)field strength tensor. We will adopt a simplified363

model approach by considering two limiting cases: in the first, we set gae = 0, so that the364

ALP phenomenology is completely determined by its electromagnetic interactions param-365

eterized by gaγ ; and in the second case, we assume that gae is sufficiently large to dominate366

ALP production and detection.367

In Fig. 10, we show the PIP2 sensitivity for the gaγγ vs ma parameter space. Here the368

ALPs are produced by the Primakoff process and detected by the inverse Primakoff and369

decay to two-photon final states.370

In Fig. 11, we show the PIP2 sensitivity for the gae vs ma parameter space. Here the371

ALPs are produced by the Compton, associated, resonance production process and detected372

by the inverse Compton and decay to e+e− final states.373
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Fig. 10. [Preliminary] ALP search sensitivity using gaγγ coupling [30]

Fig. 11. [Preliminary] ALP search sensitivity using gae coupling [30]

3.3.2 Axion-like particles via transition lines374

Another ALP production mechanism is to exploit the coupling of ALPs to nuclei. The de-
cay rate ratio Γa/Γγ for nuclear decay N∗ → N +a/γ . Since ALPs are pseudoscalars, ALP
a is associated with MJ transitions (magnetic multipole transitions with angular momentum
J). The coupling gaNN is given by [31]

LaN = iaψ̄Nγ5(g0
aNN +g1

aNNτ3)ψN (3)

20



where ψN =

(
p
n

)
. The branching ratio for the transitions to ALPs is [32]375

(
Γa

Γγ

)

MJ
=

1
πα

1
1+δ 2

J
J+1

( |p⃗a|
|p⃗γ |

)2J+1

×
(

g0
aNNβ +g1

aNN
(µ0 −1/2)β +µ1 −η

)2

, (4)

where β and η are nuclear structure factors, which have default values β = 1, η = 0.5 in376

the absence of nuclear data to support their calculation.377

The GEANT4 simulation of PIP2-BD target Be provides several transition lines. Simi-378

lar transition lines are utilized in the context of IsoDAR [31]. Lighter nuclear targets with379

lower energy beams exhibit these kinds of excited lines. In Fig.12, we show gaNN ×gaγγ as380

a function of ma. PIP2-BD can probe larger regions of parameter space compared to any381

other experiment using Ni60, N15 lines. For the plot, we use the axions produced from the382

transition lines and detection lines via two photon decays (green and orange lines) while383

axions produced via Primakoff and detection via nuclear excitation lines (by absorption) at384

the target (red and blue lines).385
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Fig. 12. [Preliminary] ALP search sensitivity using gaNN ×gaγγ coupling [33]

3.3.3 Dark photon386

Dark photons can be searched at PIP2BD, using decays, scattering and nuclear absorptions.
We can use the following Lagrangian

L ⊃ e f ε
f A′

µ f̄ γ
µ f (5)

where e f = eQ f . If we use A′ → e+e−, we show the parameter space that can be probed at387

PIP2-BD [34] in Fig. 13. We find that the complementary regions of parameter space can388

be covered at PIP2-BD compared to other ongoing neutrino experiments and FASER. The389

complementary feature emerges due to the near location (∼ 20 m) of the detectors.390
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Fig. 13. [Preliminary] Dark photon parameter space to be probed at PIP2-BD [34]

3.3.4 Light dark matter via inelastic nuclear scattering391

Light DM emerging from the decays of a vector mediator, for example, a dark photon,392

has been proposed in numerous studies as a viable DM candidate [16, 35, 36] and the393

existing searches have looked for the elastic scattering signature of DM in the detectors of394

pion decay-at-rest experiments, e.g., COHERENT, CCM. The interaction Lagrangian for395

fermionic, χ , and scalar, φ , DM coupled to the SM via the dark photon is expressed as396

L f ⊃ gDA′
µ χ̄γ

µ
χ + eεQqA′

µ q̄γ
µq (6)

Ls ⊃ |Dµφ |2 + eεQqA′
µ q̄γ

µq

where gD is the dark coupling constant, ε is the mixing parameter, Qq is quark’s electric397

charge. The dark photon can be produced through pion capture, pion/eta decay, and photons398

emerging from cascades. Among these production processes, the pion decay provides the399

dominant contributions.400

Recently, we executed a similar DM search strategy via the inelastic channel [27, 28],401

which makes use of the photon spectrum produced through the decay of excited nuclear402

states (N∗ → Nγ). Though this channel has smaller rates compared to the elastic channel it403

has a significantly reduced background containing an irreducible component coming from404

neutrino inelastic scattering. Due to the larger energies deposited during inelastic scattering405

the sensitivity in this channel is not limited by the detector threshold.406
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To a good approximation, the inelastic cross-section to a given final state J f is:

dσDM
inel

d cosθ
=

2e2ε2g2
DE ′

χ p′χ
(2mNEr +m2

A′ −∆E2)2
1

2π

4π

2J+1
(7)

× ∑
si,s f

l⃗ · l⃗∗ g2
A

12π
|⟨J f ||

A

∑
i=1

1
2

σ̂iτ̂0||Ji⟩|2

where ∆E, mN , and J are the excitation energy, nuclear mass and spin, respectively. The407

DM currents, l⃗, depend on the DM spin under consideration and we consider both fermionic408

and scalar DM:409

∑
si,s f

(
l⃗ · l⃗∗

)
f

= 3− 1
4EχE ′

χ

[
2
(

p2
χ + p′2χ −2mNEr

)
+3m2

χ

]

∑
si,s f

(
l⃗ · l⃗∗

)
s

=
1

2Eφ E ′
φ

(
p2

φ + p′2φ −2mNEr

)

In Fig. 14, we show the current limits from KARMEN (existing data [37]), ongo-410

ing CCM, and PIP2-BD expected sensitivity reach. The excitation of nuclei via neu-411

tral current ν scattering was observed by the KARMEN experiment using the 12C(ν ,412

ν ′)12C∗(1+,1;15.1 MeV) reaction at the ISIS neutron source [37, 38, 39]. We use this413

measurement to constrain the parameter space [27].414
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Fig. 14. Light dark matter via inelastic nuclear scattering channel PIP2-BD where we use
mA′/mχ = 3, and gD = 0.5 [27]

3.3.5 Dark sector models to explain the MiniBooNE excess415

Neutrino-based new physics explanations have been popular solutions to the MiniBooNE416

electron-like excess events [40, 41, 42]. The dark sector-based light mediator-motivated417

solutions have constraints from the MiniBooNE dump results when the light mediators418

emerge from the neutral meson decays [43, 44]. However, the helicity unsuppressed charged419

meson 3 body decays can provide a solution to the excess since due to the focussing420

horns MiniBooNE detector observes much higher flux of light mediators from the charged421

mesons compared to the neutral mesons decays [45].422

Recently, we explained the MiniBooNE excess using (pseudo)scalar and vector me-
diators emerging from the charged pion decays which subsequently produce an inverse
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Primakoff-like-scattering at the detector. For example,

π± X(a, φ ,A′)

ν

ℓ

+

X γ

NN
Y

This inverse Primakoff scattering helps to explain the energy and angular spectra of the423

electron-like excess events [45]. This explanation can purely emerge from a dark sector424

that does not have any neutrino interactions.425

The existence of high-intensity sources for charged and neutral pions at the stopped426

pion experiments can probe these dark sector models in a complementary way. In Fig.15,427

we show the MiniBooNE excess fit in the parameter space of dark sector models where428

the couplings of light mediators to charged and neutral pions are assumed to be model429

independent. We find that the ongoing CCM and the future PIP2-BD will cover a large430

region of the excess parameter space via π0 and π± production processes where the signal431

is 1γ +0p. For this example, we used a light vector mediator which can be produced from432

π+, π0 decays (viaπ± → lνV and π0 → γv) which then produces a photon via scattering at433

the target by exchanging π0 with the nucleus(via π0 − γ −V and π0 −N −N interactions).434

We also show the MicroBooNe sensitivity region in the same parameter space.435

The dark sector models also give rise to e+e− signals via inelastic dark matter where χ1436

emerging from the decays of light mediator can upscatter to χ2 which subsequently decays437

into χ2 → χ1e+e− [45]. The 2 GeV proton beam energy at PIP-II will help us to probe438

the parameter space of this signal since the χ2 upscattered production as required for the439

explanation of the excess is mostly inaccessible at 1 GeV proton beam energy.440

Fig. 15. [Preliminary]Dark sector solution parameter space sensitivity at PIP2-BD [46]

26



p

Target γ*

γ

χπ0, η

χ
_

Fig. 16. Schematic of millicharged particle production in the NuMI beam via a meson decay and a
virtual photon [56].

3.4 Millicharged particles441

The physics origin and the nature of charge quantization are unknown [47], and the search
for millicharged particles (MCPs) could help reveal the underlying physics. Further, frac-
tionally charged particles exist in the SM: quarks and antiquarks have an electric charge
±1/3 or ±2/3 that of the electron. Millicharged particle (mCP) models are extensions of
the SM where a new particle is introduced with a very small electric charge. This can be
achieved by a new fermion charged under the Standard Model hypercharge with a small
charge, e.g.,

LmCP = iχ̄(/∂ − iε ′g′/B+MmCP)χ , (8)

where χ is the particle, /B is the SM electroweak vector boson and ε is the millicharge.442

More generally, we can focus on the millicharged particle couples to photons (e.g., the
hypercharged particle after electroweak symmetry breaking),

LmCP = iχ̄(/∂ − iεe/A+MmCP)χ , (9)

For instance, MCPs may emerge in models where a dark photon has minor kinetic inter-443

action with the Standard Model (SM) photon. This interaction leads to an extremely mi-444

nuscule charge for particles in the dark sector [48, 49]. In such a scenario, another vector445

boson, referred to as /B′, needs to be taken into account [50, 51]. It’s also worth noting that446

mCPs have been proposed as potential dark matter (DM) candidates [52] and can help ex-447

plain various experimental anomalies [53, 54, 55]. Because of these reasons, experiments448

frequently target mCPs in the MeV to GeV mass range.449

In numerous neutrino experiments, accelerator-based neutrino beams originate from450

a high-intensity proton beam colliding with a fixed target. Assuming mCPs exist, they451

could be produced in line with the neutrino beam through photon-mediated decays of scalar452

mesons, vector mesons, and direct Drell-Yan processes during each collision (Fig. 16).453

The high-intensity PIP-II beam offers a unique opportunity to explore millicharged par-454

ticles within the MeV domain.455

3.5 Heavy Neutral Leptons456

The neutrino oscillation is clear evidence of physics beyond the Standard Model (SM) as457

the neutrinos are exactly massless within the SM. It indicates the existence of new particles458

and/or new interactions in the neutrino sector, and the Heavy Neutral Lepton (HNL) is a459

particularly motivated candidate for such a new physics (see, e.g., Refs. [57, 58, 59, 60, 61]460

and references therein). If the HNL is lighter than the pion and the muon, the HNL can461
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be produced from the decay of pions and muons, and hence the PIP2-BD experiment can462

be an HNL factory due to its large statistics of stopped pions and muons. In the follow-463

ing, we estimate the future sensitivity of the PIP2-BD experiment on the HNL that mixes464

dominantly with either muon neutrinos or electron neutrinos.465

The HNL interacts with SM particles through the mixing with neutrinos as

L = N̄
(
i/∂ −mN

)
N − g√

2
U∗

lN l̄ /W−N − g
2cosθW

U∗
lN ν̄l/ZN +(h.c.), (10)

where N is the HNL with its mass mN , g is the SU(2) gauge coupling, l is the SM charged
lepton (we focus on l = e or µ), νl is the SM neutrino, θW is the weak mixing angle, and UlN
is the mixing angle between the HNL and the SM neutrino. To be specific, we take N the
Dirac fermion. We focus on the mass region mN < mπ with mπ the (charged) pion mass. In
this case, the main HNL production mode is the decay of stopped muons and pions. In the
parameter space of our interest, the mean decay length of the HNL is significantly longer
than the laboratory scale. Therefore, after being produced at the target, a small portion of
the HNL travels downward and decays into an electron-positron pair plus a neutrino inside
the detector. The total event number of such a decay inside the detector is estimated as

N(i)
ee = ∑

i=µ,π

Ni × εdet ×
1
Γi

∫
dEN

dΓ(i → f N)

dEN
× Ldet

γβcτN→eeν

, (11)

where the superscript i indicates whether the HNL is from the muon or pion decay, Ni is466

the total number of stopped muons and pions, εdet is the angular coverage of the detector,467

Γi is the total decay width of the muon and pion, dΓ(i → f N)/dEN is the differential decay468

rate of i with EN the HNL energy. Here f = e+ν for i = µ and f = µ or e for i = π (note469

that the chirality flip can be supplied by the HNL mass in the electron mixing case). The470

mean decay length is given by a product of the HNL (partial) decay length at rest cτN→eeν471

and the relativistic factor γβ =
√

E2
N −m2

N/mN , and Ldet is the detector length.472

In the following estimate, we take 1.2× 1023 as the total number of proton-on-target473

and 0.1 as the formation rate of stopped π+ (and hence µ+) per proton, which results in474

Nπ = Nµ = 1.2× 1022. We assume that the active volume of the detector is cylindrical475

in shape, with 4.5 m in height and 4.5 m in diameter, located 18 m away from the HNL476

production point, which fixes the other parameters as εdet ≃ 3.9× 10−3 and Ldet = 4.5m.477

Without any dedicated study on backgrounds at this moment, we may draw the lines that478

correspond to 3 and 50 events of the HNL decay inside the detector, assuming 75 % of479

event acceptance. In Fig. 17, we show the future sensitivity of PIP2-BD, together with480

the expected sensitivities of DUNE [73] and PIONEER [74, 75]. The solid orange line481

corresponds to 3 events, while the dashed orange line corresponds to 50 events. The figure482

shows that PIP2-BD has the potential to explore the new parameter region, in particular in483

the muon mixing case.484
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Fig. 17. The sensitivity of PIP2-BD on |UlN |2 is shown in orange color, where the solid (dashed)
orange line corresponds to 3 (50) events of the HNL decay inside the detector [62]. The existing
limit from the LSND experiment [62, 63] is shown in blue, which demonstrates the potential of
stopped muons and pions as the HNL source. The previous constraints (all at 90% C.L.) from
PSI [64], TRIUMF [65], PIENU [66, 67, 68], T2K [69, 70], and µBooNE [71, 72], as well as the
expected future sensitivities of DUNE [73] and PIONEER [74, 75], are also shown in gray color
(the data adapted from Heavy-Neutrino-Limits [76]). Left: the muon mixing case. Right: the
electron mixing case.

4. Experimental Considerations485

486

4.1 Opportunities for detectors with eV threshold.487

488

Significant developments were made on low threshold detector technologies in recent489

years. This effort is mostly driven by low mass direct dark matter searches and includes490

phonon sensitive calorimeters [? ? ], semiconductor detectors [77], and scintillating bubble491

chambers using noble liquid detectors [? ].492

In many cases the number of dark sector signal events in a beam dump experiment ex-493

pected for a detector has been shown to scale linearly with the detector threshold. This494

is the case for the kinetic mixing models discussed in [? ] and also for the millicharged495

particles model discussed in [? ]. The power of low threshold detectors in beam dump496

dark sector experiments has been recently demonstrated by the world leading result in mil-497

licharged particles(mCP) established by the SENSEI experiment with a 9 g-day exposure498

in the MINOS beam at Fermilab [? ].499

The high intensity of the PIP-II proton beam, together with the novel low threshold500

technologies present a unique new opportunity for the development of a low threshold dark501

sector program at Fermilab. As a demonstration of this we have estimated the flux of mCPs502

for a detector in a PIP-II beam dump, compared with the flux for SENSEI at MINOS,503
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shown in Fig.22.504

The main challenge for taking advantage of this opportunity consists of managing the505

backgrounds at low energies. This includes the environmental radiation background along506

with the background produced by the beam.507

Extensive studies of environmental background have been performed at the shallow un-508

derground facility at Stanford during the early stages of the superCDMS program [? ] with509

a overburden of 17 meters water equivalent. In those studies it was demonstrated that with510

a 10 cm lead shield, the event rate in a keV threshold germanium detector can be reduced511

to 100 events/kg/day/keV (dru). When an additional veto is introduced to reject the events512

produced by cosmic muons it achieves a significant reduction on the background rate in513

the higher energy (MeV) regime. Extensive studies were also completed for neutron back-514

ground at that site. It was observed that cosmic muons hitting the 10 cm lead shield used515

to suppress gammas generate a significant flux of additional neutrons that are produced by516

spallation. In the same study it was demonstrated that a neutron moderator shield of 30 cm517

was needed to suppress these neutrons []. For low threshold detectors at the PIP-II beam518

dump facility we will assume a shallow site with a overburden of approximately 20 m.w.e.519

with environmental background rates similar to those reported at the Stanford shallow un-520

derground facility. The beam timing structure could provide additional suppression of the521

environmental background.522

A realistic simulation is needed of the low energy background associated with the beam523

to perform more detailed studies.524

4.1.1 ALP production and detection525

Proton beam dumps produce not only a large quantity of hadrons such as pions, but also526

a large quantity of other particles, including photons, electrons, and positrons. Therefore,527

they also provide excellent opportunities to search for axion-like particles (ALPs). ALPs528

can be produced in the beam dump via Primakoff processes and propagate to the detector.529

At the same time, ALPs can also be produced by a Compton-like process.530

Sensor technologies with an eV-energy threshold can benefit from the increase in the531

number of low-energy ALPs produced at the beam dump as part of the electromagnetic532

shower. The inverse Compton scattering and the axioelectric channel enable new detection533

channels for low-energy threshold detectors.534

4.1.2 DM production and detection535

Recent results from the COHERENT and Coherent CAPTAIN-Mills experiments [40, 41]536

have demonstrated how detectors capable of measuring coherent elastic neutrino-nucleus537

scattering (CEvNS) with very low energy thresholds can also be used to set limits on vector538

portal and leptophobic DM at proton beam dumps. Low-energy threshold detectors enable539

access to the DM-nucleus scattering channel with energy depositions in the keV range. The540

conversion efficiency to a detectable signal (for example ionized charge) leaves a signature541

of less than few hundred of eVee for detection.542
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Fig. 18

4.2 Opportunities for detectors with keV threshold543

544

The proton collisions with a proposed PIP-II beam dump produce both charged and545

neutral mesons depending on the proton energy. At < 2 GeV, pion production is the dom-546

inant source of mesons. At energies > 2 GeV which is achieved under some the of ACE547

scenarios that are described in Sec. 2.3. Under the beam dump scenario, a large fraction of548

the mesons decay-at-rest, producing a clean and well-known neutrino spectrum and multi-549

ple flavors. The pion decays-at-rest produce a prompt monoenergetic νµ at 30 MeV and a550

delayed νe and ν̄µ with a Michel spectrum that has an endpoint at mµ

2 . Having a handle on551

the meson production is important to reduce flux-related uncertainties.552

The discovery of coherent elastic neutrino-nucleus scattering (CEvNS) by the COHER-553

ENT collaboration [6, 78] opens the door for exciting physics explorations with a keV-scale554

threshold detector. At a pion decay-at-rest neutrino source, these interactions produce nu-555

clear recoils of O(10 keV). The ability to detect these signatures also opens up the possibil-556

ities of dark sector searches and sterile neutrinos where the detectable signature is similar557
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to CEvNS as a low-energy nuclear recoil. It is important to understand558

The addition of an accumulator ring to the PIP-II linac allows optimal sensitivities559

to light dark matter models described in Sec. ??. The bunched structure of the beam560

allows for a powerful reduction in steady state backgrounds. A beam bunch timing of561

O(10 ns) as explored for the C-PAR concept allows in some light dark matter models562

to even separate the boosted dark matter signal from the prompt neutrino. The timing563

between the prompt and delayed neutrino signals still allows for understanding the scale of564

the neutrino backgrounds.565

A stopped-pion neutrino source also allows for a definitive sterile neutrino search taking566

advantage of the monoenergetic νµ signature such that the oscillation will vary only on the567

baseline L assuming two identical detectors are placed into the experimental hall. Searches568

for an eV-scale sterile neutrino is a current focus of the Short Baseline Neutrino (SBN)569

Program [79] and one of the main possibilities to explain the anomalies seen in previous570

short-baseline neutrino experiments such as LSND and MiniBooNE.571

4.3 Opportunities for detectors with MeV threshold572

Fixed target experiments at PIP-II beam energy scales enable exploration of MeV scale573

physics which are difficult to access at the collider experiment environments. The high574

intensity proton beams in a sufficiently long target or thick dump at the PIP-II generate a575

large number of mesons and photons that could couple to dark sector mediators and produce576

dark sector particles (DSP). This section presents several experimental considerations must577

be reflected into designing an experiment in order to take full advantage of the capabilities578

of the facility.579

4.3.1 DSP Signature Categories580

The DSP direct observations from PIP-II beam dump require high beam flux, large-mass581

high density detector for scattering signatures, large volume low-density detector for decay582

signatures. They would also benefit from low energy threshold for expanding search kine-583

matic phase space and underground location or an overburden of 20WME for low cosmic584

ray background. Finally, the MeV level neutrinos from the low energy pions in the target585

or dump could provide an opportunity for BSM signatures based on oscillatory behaviors.586

4.3.2 Signal and Background Considerations587

Most signatures for dark sector particle (DSP) discovery include leptons (e±, µ±) and588

photons in the final states, as described in section 3. The signals with two EM particle final589

states from DSPs such as the Axion-like particles (ALPs) or dark photon decays have clear590

advantage over that of single EM particle final state. The impact of the ν −N interaction591

backgrounds is less for more EM particle final states. In addition, thanks to the low proton592

beam energy, the uncertainties in ν −Ninteraction modeling effect is expected to be small593

compared to the higher energy beam case, such as in DUNE.594
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While the number of neutrinos produced from the beam in the target/dump for PIP-II595

energy level, the beam related neutrons (BRNs) become primary backgrounds especially596

for the experiments to be stationed at a shorter distance to the beam source, such as DAMSA597

described in section 5.6 Therefore, it is essential to factor in the selection of detector tech-598

nologies and the experimental environments599

4.3.3 Beam, Target and Dump Considerations600

The primary goal of the beam, target and dump selection is to ensure creating as many601

source particles for signal production as possible, while enabling minimizing the source of602

backgrounds. Some of the considerations for the beam are (1) the optimal Ep, (2) beam603

timing structure such as continuous wave versus pulses, why and at what spacing, (3) op-604

timal beam transverse size and why (4) can the accelerator meet these requirements at a605

reasonable cost and timescale? Considerations for the target are (1) what would be the606

optimal target material and its dimensions, (2) would dump work better? Finally, if a good607

combination of the beam, target and dump is accomplished, it becomes a facility. There-608

fore, the natural question is what other physics can be explored. Given the opportunities609

that PIP-II facility provides, it would be ideal to have a common study tool infrastructure610

for these can be performed.611

4.3.4 Detector Considerations612

The primary goal of the detector is to ensure capturing the signal at the high efficiency,613

while enabling backgrounds mitigation at the hardware and analysis level. The characteris-614

tics of detector depends on the signal and the kinematic phase space of the DSP. The decay615

signatures requires large volume, low density detector. What would be the most optimal616

dimensions of the detector? Can we implement decay volume in the upstream of the de-617

tector? What would be the thinnest wall thickness that can help minimizing background618

interactions, such as those from BRNs?619

Some of capabilities of the detector to accomplish the above goals must be considered620

are (1) the position, momentum and energy resolutions for MeV range signals whose final621

state particle energies are of the order few 100s of MeV, (2) are the good timing capabilities622

needed? How good do they have to be and why? (2)low energy threshold capability is623

definitely advantageous for the expansion of kinematic phase space and (4) What would be624

the most optimal material and the dimensions of the detector to accomplish the goal?625

4.3.5 Detector Technologies626

For low Ep beams, such as 800MeV PIP-II LINAC onto beam dump, BRNs rather than the627

beam generated neutrinos would become the primary background. Taking into account the628

signal final states, the following detector capabilities are needed:629

1. Excellent EM particle identification – LArTPC, fine granular total absorption calorime-630

try, magnetized detectors sandwiched with a few layers of silicon detector631
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2. High position and angular resolution – LArTPC632

3. Low energy threshold – LArTPC, total absorption calorimetry633

4. Fine energy, momentum and invariant mass resolution – fine granular total absorption634

calorimetry, LArTPC, gas TPC635

5. High precision vertex pointing capability – Some combination of precision si layers636

sandwiched in longitudinal layers of fine granular total absorption calorimeter637

6. Fast timing (ideally at sub-ns level) with a well separated beam pulses helps a great638

deal in beating down the BRN backgrounds – Crystal or Scintillator based photon639

detectors640

• The necessary timing depends heavily on the distance from the beam source to641

the detector642

• For 10m distance, it takes 30ns for the speed of light – This parameter depends643

heavily on the mass of the signal particle644

4.3.6 Potential MeV Scale Detectors for PIP-II645

LArTPC detectors provide precision 3D image along with energy measurements. Given646

that several versions of these detectors have been built and operating, LArTPC is an excel-647

lent candidate to meet the timeline for the completion of the PIP-II LINAC. In particular,648

the 2×2 prototype DUNE LArTPC near detector which is to be operating soon has a pix-649

elated PCB read out through LArPIX cold electronics chip. A new version of cold readout650

electronics called the Q-Pix chip which is equipped with self-triggering capability is under651

intense R&D. Given these, a similar version of a pixelated LArTPC detector read out by652

a Q-Pix chip could be ready in time for the 2029 time scale when the PIP-II LINAC is to653

complete.654

Another detector that can meet the detector considerations discussed in the previous655

sections is the DAMSA experimental concept which utilizes a fast timing fine granular656

total absorption EM calorimeter, described in detail in section 5.6. Such calorimeter can be657

made of the standard scintillation counters read out by the SiPM’s and could be augmented658

by a small number of silicon layers that can provide precision vertex pointing capability.659

4.3.7 Experiment Timeline Considerations660

5. Detector Technologies and Potential Experiments661

5.1 Charged-Coupled Devices662

Charge-Coupled Devices (CCDs) are pixelated semiconductor sensors that are commonly663

made of silicon. Ionizing radiation interacting in the CCD substrate generates electron-hole664

pairs. A substrate voltage is applied to drift the generated charge carriers towards the CCD665
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surface, minimizing charge recombination. Potential wells under biased metal electrode666

structures at the sensor’s surface allow for charge collection. During readout, charge is667

transferred pixel by pixel along each parallel register (column of pixels) in the CCD towards668

the serial register (last row of pixels) by sequentially clocking the potentials applied to the669

surface electrodes. Then, charge is transferred along the serial register towards the CCD670

output stage where charge is read.671

In conventional scientific CCDs, widely used in astronomy due to their low readout672

noise (∼3.5 e−), the common floating-diffusion output stage only allows for charge de-673

structive readout. The new-generation skipper-CCDs implement a floating-gate output674

stage where multiple (Nskp) non-destructive measurements of the same charge packet are675

allowed. By averaging the Nskp independent samples off-chip, the impact of the low-676

frequency noise is greatly reduced, and the readout noise decreases as σ = σ1/
√

Nskp,677

where σ1 corresponds to the readout noise of one sample. By increasing Nskp, sub-electron678

noise can be achieved, allowing to precisely count the number of electrons in each charge679

packet. However, as the sensor’s readout time is proportional to Nskp, performing multi-680

ple measurements limits the sensor’s time resolution. Performing smart readout [80] has681

been proposed to decrease the readout time of the skipper-CCDs while maintaining their682

electron-counting capability. Some other efforts related to CCD technology which aim to683

increase the readout rate are also being explored, such as CCDs with Single electron Sen-684

sitive ReadOut (SiSeRO) stages, Multi-Amplifier Sensing (MAS) CCDs and CMOS with685

skipper output stages [81].686

The Skipper-CCD technology has been demonstrated to be highly competitive in search-687

ing for sub-GeV DM, leading to the current state-of-the-art limits in several DM-electron688

interactions for masses below ∼5 MeV [77, 82]. Several active and planned experiments689

form part of the ongoing effort to search for sub-GeV DM with skipper-CCDs, aiming to in-690

crease their sensitivities through understanding and reducing their low-energy backgrounds691

and having larger detector masses. Within these, the most ambitious one is Oscura, plan-692

ning to deploy a low-background ∼10-kg skipper-CCD detector at SNOLAB by 2028.693

New ideas on sensors packaging, cryogenics and electronics for Oscura have been devel-694

oped during its R&D stage. Derived from these ideas, we put together the largest skipper-695

CCD instrument ever built, in terms of active mass (∼80 g) and number of channels (160).696

Details on this system, currently operating at FNAL with single-electron resolution, can be697

found in Ref. [83]. This massive instrument, or a similar one, can be used for beam-dump698

searches.699

5.1.1 Skipper-CCD detector at MINOS700

SENSEI running at MINOS has recently demonstrated to have the world-leading exclu-701

sion limit for millicharged particles (mCPs) between 30 and 380 MeV using this technol-702

ogy [84]. Motivated by these results and the development of the Oscura experiment, an703

engineering test conducted with an active mass of 1 kg of Skipper-CCD was proposed to704

investigate millicharged particles by utilizing the NuMI beam with the detector located in705
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the MINOS underground area [85]. Preliminary estimations indicate that this engineering706

run could become a pioneering endeavor in the exploration of low-mass mCPs, with the707

potential to provide world-leading limits.708

Various strategies were assessed ranging from the most basic scenario, which only con-709

siders single tracks, to more advanced approaches that treat tracks with two or more hits710

as potential mCP signals. The former strategy proves the most effective in the low mass711

range. However, as the mCP mass increases to above 200 MeV, the background becomes712

more prominent and the resilience of tracks becomes a more competitive factor.713

5.1.2 Skipper-CCD detector at PIP-II714

Fig. 19. Concept for a kg scale skipper-CCD off-axis experiment in the PIP-II beam dump.

We simulated π0 mesons generated by protons striking a fixed target using the BdMNC715

code [35]. We analyzed the case of a 800 MeV proton beam using the Burman and Smith716

parametrization of the expected π0 distribution []. This distribution depends on the number717

of protons and neutrons in the target. The simulations assumed a Carbon target, Z = 14, and718

simulated 106π0 being created at the beam dump. The two-dimensional momentum-angle719

distributions for this case is shown in Fig. 20.720
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Fig. 20. Left: Momentum-angle distributions for π0 being produced by a 800 MeV proton beam
hitting a fixed Carbon target. The color scale is a relative measure of how many pions have the
corresponding angle and momentum. Right: Energy spectra for neutral Pions coming out of the
beam dump.

As can be noted from Fig. 20 (left), a lot of the pions being produced by the proton721

beam have an angular dispersion higher than 1 radian or 60 degrees with respect to the722

beam axis. The energy distribution of these pions is shown in Fig. 20 (right).723

Neutral meson decay is the main production channel for millicharged particles and724

specifically in the case of the π0, millicharged particles are produced from π0 → χχ̄γ725

which are analogous to Dalitz decays. For these three body decays the branching ratio can726

be related to that of π0 → γγ using727

Br(π0 → χχ̄γ) = 2ε
2
αEMBr(π0 → γγ)I(3)

( m2
χ

m2
π0

)
(12)

where ε is the millicharge or the coupling of these particles to the SM photon, Br(π0 →728

γγ) = 0.988, and I(3)(x) is a dimensionless function defined as729

I(3)(x) =
2

3π

∫ 1

4x
dz

√
1− 4x

z
(1− z)3

z2 (2x+ z) (13)

In order to carry out π0 decays into millicharged pairs we used the momentum of pions730

provided by BdMNC in combination with the python package phasespace [? ] Decay731

kinematics can easily be taken into account for different χ masses using phasepace. The732

two-dimensional momentum-angle distribution of mCPs coming from π0 decays is shown733

in Fig. 21.734
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Fig. 21. Left: Momentum-angle distributions for mCPs χ after pion decays, the angle is measured
relative to the beam axis. The color scale is a relative measure of how many particles have the
corresponding angle and momentum. Right: Energy spectra of produced millicharged particles
from pion decays at a mass of 10MeV.

As we can see from Fig. 21, mCPs have a relatively large angular distribution. This735

means that in order to maximize the expected signal for a dark sector search experiment,736

the detector should be placed off axis. The optimized location for a detector hunting for737

these types of particles would be around 35 or 36 degrees. For a detector being placed at738

35 degrees we expect around 9600 mCPs coming from the 106 pions being generated from739

the target without taking into account the branching ratio. This means that we expect only740

0.96% from the particles being generated to reach the detector if none of them are deflected741

or their energy is affected by materials between the target and the detector. For this case,742

energy losses and deflections are important and need to be taken into account more carefully743

due to the fact that these mCPs have order MeV of energy, Fig. 21. Following [86], the744

deflection angle is proportional to the millicharge ε and inversely proportional to the energy745

of the mCPs. If the detector is placed near the target, then we expect a higher flux of mCPs746

to reach the detector but that also creates challenges when trying to implement tracking747

strategies to mitigate backgrounds. To quantify the mCP flux in terms of the area of a cone748

subtended from 35 to 36 degrees we simply integrate over the expected flux. The total749

expected rate of mCPs is also affected by the millicharge being considered and the mass750

of the particle as described by Eq. 12. In Fig. 22, we show the expected rate of mCPs for751

different masses for a detector placed 10 meters away from the target, 0.1 π0 per POT and752

1021 POT per day.753
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Fig. 22. Millicharged flux arriving to a detector placed 10m away from a fixed Target at PIP - II,
compared with the amount of mCPs arriving to the SENSEI detector placed in the NuMI beamline.

Skipper-CCDs are a demonstrated technology able to hunt for these particles with an754

unprecedented sensitivity. Using what we learned from previous searches, we can calculate755

the sensitivity to mCPs for a 1kg-year Skipper-CCD experiment placed near the PIP-II756

target. An assumption that most mCPs arrive at the detector with β ≈ 1, breaks down as757

the mCP mass reaches higher energies. The results are shown in comparison with previous758

mCP searches and the Oscura Integration Test projection (OIT) in Fig. 23759
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Fig. 23. Projected constraints for millicharged and mass of mCPs with a 90% C.L comparing with
previous experiments, and the projections for the Oscura Integration Test installation at the NuMI
beamline. Both projections are assuming 10 kdru, which is the level of background reached by
surface experiments and a 1kg-year total exposure. In cyan the curve represents the 95% C.L limit
obtained by SENSEI using a Skipper-CCD in the NuMI beamline [56].

5.1.3 Synergy with LHC760

Skipper-CCDs have shown to be a very competitive technology for searching for mCPs761

using high-intensity proton beams as described in the previous section. The projections for762

Skipper-CCD detectors given enough detector mass could surpass the projects from FOR-763

MOSA [87] or FerMINI [88], shown in Figure 24, until the sensitivity rapidly degrades764

for mCP masses of ≥ 0.4 GeV.765

The 14 TeV proton beam at the HL-LHC could cover the high mass mCP search region.766

Currently, there is one experiment designed to search for mCPs running at LHC called767

milliQan [89]. A previous experiment, the ”milliQan demonstrator” [90], was located768

at the CMS experimental site and aligned with the CMS interaction point(IP) 70 meters769

underground. The detector is shielded for most particles produced in the LHC collisions770

due to the 17 m of rock between the CMS IP and the demonstrator. About one percent771

of the full milliQan detector and 37.5 fb−1 of data collected already provides competitive772

constraints on millicharged particles with a mass of 20–4700 MeV/c2 and Q=e ∼ 0.01–0.3.773

This result also shows the range improvements achievable with more energetic beams. An774

upgrade to this experiment is currently running at the LHC and is planned for the HL-LHC775

with 3000 fb−1.776

Recently, another proposal called FORMOSA with similar technology than milliQan777

has been done. It will be located at a different place in the ring, at 480 meters downstream778

from the ATLAS interaction point in UJ12 for FORMOSA-I. Because FORMOSA looks779
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Fig. 24. Projection for mCPs sensitivity placed in a 120 GeV proton beam for Skipper-CCDs over
a range of detector masses on the left, and the projection using the expected luminosity delivered
by HL-LHC of 5 ·1034/cm2/seg. The plot also shows the results from previous experiments and
projections from MilliQan at LHC, FORMOSA at HL-LHC and FerMINI at NuMI/DUNE sites

at the forward detector instead of the central one, there is up to a factor of 250 higher780

mCP rate compared to milliQan, but the backgrounds to worry about are different (cosmic781

vs beam induced). There are also plans for a Forward Physics Facility (FPF) [91], located782

several hundred meters from the ATLAS interaction point and shielded by concrete and783

rock. FPF will host a suite of experiments to probe standard model (SM) processes and784

search for physics beyond the standard model (BSM). If we are able to install a few skipper785

CCD modules at this new facility FPF, we could improve the limit based on the projections786

at low-energy beams and shown on the right side of the Figure ??. The FPF is planned to be787

built during long shutdown 3 from 2026–28, with support services and experiments being788

installed starting in 2029. This provides an opportunity to propose and install the CCDs789

modules there by 2029. The schedule is very similar to the simple PIP-II which will allow790

to explore the full mass range at same time. So far, there is a big gap for heavier ( GeV) low-791

charged particles, which requires a dedicated experiment to be covered. Adding the skipper792

CCDs to the already programmed experiments at LHC could help a lot to this. There will793

have to be a big effort in studying the backgrounds in that environment different from794

PiP-II, for instance the production of neutrinos and muons from the collisions or others.795

The Figure 24 on the right side shows the prediction for 1kg of skippers CCDs located at796

FPF. This technology extend the sensitivity region further than any other experiment up to797

masses of almost 1GeV including 1000 dru of background and up to 5 GeV without any798

background.799

5.2 Cryogenic Microcalorimenters800

The baseline detector technology used by the SuperCDMS and the MINER experiment is801

a low temperature (∼ few mK) phonon-mediated semiconductor detector (kg-scale germa-802
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nium/silicon) with photolithographically patterned Quasi-particle assisted Electro-thermal803

feedback Transition Edge Sensors (QET), as shown in Fig. 25. At the heart of the QETs are804

superconducting Transition Edge Sensors (TES) that are voltage biased to a stable quiescent805

point in the middle of the transition spontaneously held by the electro-thermal Feedback806

(ETF) mechanism [92]. The majority of the QET surface is made of large area aluminum807

fins that are connected to the much smaller area TES, whose function is to transform the808

phonon energy to quasi-particles. The quasi-particles diffuse and get trapped in the tung-809

sten TES due to the smaller band gap (compared to aluminum), leading to a sharp temper-810

ature and thus sharp resistance increase. The primary function of the QET is to collect the811

energy and concentrate to the TES similar to the concave mirror of a reflective telescope.812

For the SuperCDMS SNOLAB Dark Matter search experiment, we use two different813

but complementary techniques. The iZIP detector simultaneously measures ionization and814

phonons. In ER events, the particle loses energy through interaction with the valence elec-815

trons that leads to efficient ionization through sparse deposition of energy over a larger vol-816

ume. In NR events, the particle loses energy through interaction with the nucleus, which817

leads to a dense deposition of energy that is not favorable to efficient ionization and produce818

approximately one-third (Lindahard) electron-hole pairs, compared to ER events. Thus, the819

ratio of ionization to phonon energy, called Ionization Yield , provides discrimination be-820

tween ER and NR events. However, this discrimination stops at a keV-scale due to the821

limited ionization signal produced and the limiting charge readout noise.822

Fig. 25. (a) Interleaved Z-senstive Ionization and Phonon (iZIP) detector developed for
SuperCDMS and MINER, Data taken with an implanted 210Pb source, demonstrates excellent
surface event rejection, (b) Phonons, from interaction in crystal, break cooper pairs in
superconducting aluminum fins, which are then collected by tungsten Transition Edge Sensors
with high ∆R/∆T (inset).

For the very low mass DM causing a nuclear recoil, the ionization signal may become823

smaller than the Signal-to-Noise Ratio (SNR) offered by standard ionization readout ruin-824

ing the discrimination. To measure very low ionization, we use a High Voltage (HV) de-825

tector technology where the limited ionization signal is amplified to a much larger phonon826

signal using the NTL effect, albeit at the expense of background discrimination.827

The measurement principle is based on the fact that carriers drifting through crystals828
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under an applied electric field generate additional phonons whose total energy is propor-829

tional to the number of carriers generated by the recoil as well as the applied bias voltage:830

ELuke =VbiasE/ε , where E is the energy of the interaction and ε is the average energy nec-831

essary to produce electron and hole pairs. Since the total signal is proportional to the bias832

potential, in the absence of any leakage current, the SNR improves proportionally to the833

bias and can be improved down to single electron-hole sensitivity.834

A combination of the iZIP and the HV detectors, with well-demonstrated low-threshold835

performance, will provide excellent sensitivity to Dark Sector searches at PIP-II.836

5.3 Scintillating Bubble Chamber837

Bubble chambers offer a powerful tool for detecting low-energy nuclear recoils, particu-838

larly when faced with large electron-recoil backgrounds: the COUPP and PICO dark matter839

detection experiments have demonstrated O(1010) electron recoil rejection [93], operating840

in modes where every nuclear recoil above threshold creates a single bubble in the detec-841

tor, but electron recoils create no bubbles at all. Liquid-noble bubble chambers enhance842

this discrimination, lowering the minimum threshold for a nuclear-recoil-only search from843

O(keV) to O(100-eV), and at the same time add a scintillation signal can can be used for844

energy reconstruction at recoil energies above a few keV [94, 95]. The first physics-scale845

demonstration of the liquid-noble bubble chamber technique will be SBC-LAr10 (Fig. 26),846

a 10-kg argon bubble chamber set to turn on in the MINOS tunnel at Fermilab in 2024847

[96], performing precision calibrations of sensitivity to sub-keV nuclear recoils with a tar-848

get threshold of 100 eV.849

The existing SBC physics program is focused on light (1–10 GeV) dark matter direct850

detection and reactor neutrino CEνNS measurements, [96, 97, 98], but these detectors851

are also unique and powerful tools at a beam dump facility. Their excellent background852

rejection (from the combination of ER-discrimination, mm-resolution 3-D position recon-853

struction, and scintillation-based energy reconstruction) enables a stopped-pion CEνNS854

measurement even in continuous-wave mode, while in pulsed mode the timing from the855

scintillation signal (∼10-ns resolution) can be used to identify prompt relativistic particles.856

This allows for example the separation of the prompt mono-energetic pion-decay neutrino857

from delayed muon-decay neutrinos. The SBC chamber design also accommodates a vari-858

ety of targets, allowing measurements of neutrino interactions not just in noble liquids (Ar,859

Xe) but also in other inert liquids such as N2 and CF4 — targets that give unique sensitivity860

to axial-vector coupling, but that scintillate too weakly to show the CEνNS signal in any861

channel besides bubble nucleation. Finally, bubble chambers are scalable. The design of862

the 10-kg pathfinder scales readily to a 1-ton target.863

Operating a bubble chamber near a beam dump will require a shallow underground site,864

as the bubble chamber is intrinsically a low-rate detector, capable of detecting only O(103)865

nuclear recoils per day per device. An overburden of several meters water equivalent to866

eliminate the hadronic portion of cosmic ray showers is both necessary and sufficient for867

bubble chamber operation.868
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Fig. 26. Schematic and images of the SBC-LAr10 bubble chamber [96]. Nuclear recoils from
neutrons, neutrinos or dark sector particles nucleate a single bubble in the bubble chamber with a
coincident flash of scintillation light. Electron recoils create scintillation light only.

5.4 LArTPC ideas869

A strong physics motivation to deploy a liquid-argon time-projection chamber (LArTPC)870

at the PIP-II Beam Dump facility is to provide important supporting measurements for871

DUNE. One of DUNE’s primary physics goals is detection of neutrinos produced by core-872

collapse supernova explosions. These neutrinos, with energy of a few to a few tens of873

MeV, carry 99% of the gravitational potential energy of the supernova, and are uniquely874

suited to characterize the features of the supernova and its explosion mechanism. They875

also allow measurements for studying particle physics, such as neutrino mass hierarchy876

and non-standard interactions from neutrino mixing in extreme conditions which cannot be877

obtained in terrestrial laboratories. In addition, measurements of supernova neutrino fluxes878

can be used to constrain a swath of parameter space of physics beyond the Standard Model879

(BSM). Given that detection of all flavors of supernova neutrinos is desired, DUNE, based880

on the LArTPC technology, is uniquely sensitive to electron neutrinos by the charged-881

current (CC) interaction, and will provide complementary information to other massive882

neutrino detectors, which are mainly sensitive to νe.883

The detected neutrino fluxes are convolved with neutrino cross sections and detection884

resolution, while the original neutrino fluxes are of interests in astrophysics and particle885

physics. To disentangle the neutrino fluxes, it is important to understand the neutrino886

cross sections and detector resolution. However, the νe–Ar CC cross sections at the en-887

ergy regime of supernove neutrinos have never been measured, and the uncertainties owing888

to the large variation from different theoretical models are therefore relevant.889
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The recent released paper from the DUNE collaboration suggests that with a 20% pre-890

cision of total νe–Ar CC cross section, it is achievable to obtain a decent measurement891

of supernova neutrino flux parameters in DUNE. An ongoing study confirms this state-892

ment, and further indicates that measurements of the νe–Ar CC cross section with a well-893

characterized artificial neutrino source and a detector functionally equivalent to the DUNE894

far detector can significantly improve the supernova neutrino flux measurements in DUNE.895

While the statistical uncertainties are not considered in both the studies, they strongly moti-896

vate precise measurements of the νe–Ar CC cross sections in a few tens MeV, which aligns897

with the energy range of neutrinos produced from pions decay at rest.898

LArTPCs detect charged particles, which can be produced from neutrino interactions or899

decays from an electrically neutral particle. The charged particles ionize the argon atoms,900

producing ionization electrons and scintillation light. The light is collected in ∼10 ns by901

the light detection system, determining the event time, while the ionization electrons drift,902

along with the high electric field, typically 500V/cm, towards the anode in milliseconds903

and are eventually collected by the charge detection system with millimeter granularity904

at the anode. With the constant drift velocity, the drift time represents the position of905

the event along the drift coordinate (time projection), and therefore 3-dimensional event906

kinematics can be obtained with a few 1-dimensional or one 2-dimensional instrumenta-907

tion. Further, the millimeter tracking capabilities enable BSM opportunities, for example,908

search for axion-like paricles decaying into two photons or e+e−. However, the trade-off is909

the millisecond-long events, which will include a number of background, such as cosmic910

rays, beam-related neutrons, and other environmental and radiological sources. A pulsed911

beam, well-considered shielding and veto systems, are hence extremely important, and will912

determine the optimal detector dimension and the sensitivity of the measurements.913

LArTPCs have been used in measuring the GeV neutrino interactions and in searching914

for keV recoils from dark matter. Detection of MeV-scale particles is not fully explored,915

and a number of R&D programs are underway. Examples include the field structure R&D916

for modular LArTPCs and a grid activated multi-scale pixel (GAMPix) charge detection917

system at SLAC. Specifically, the GAMPix design aims to implement 500-µm pixels trig-918

gered by coarser, millimeter scale wire grid, and can reach a noise level of 50 e−, thereby919

efficiently collecting sub-MeV scale charge deposition. Precise calorimetry and electron920

drift distance can also be obtained by combining signals on the wires and on the pixels. It921

is originally proposed for MeV-scale γ-ray detection in space, but also serves as a candidate922

of the charge detection system in LArTPCs measuring MeV-scale neutrinos and searching923

for BSM particles.924

For detection of keV activities, as an alternative to dual phase detectors, R&D efforts925

are ongoing to investigate the feasibility of single phase LAr-TPC with a keV detection926

threshold to simplify the detector design and facilitate its scalability to very large masses.927

This is done by attempting the production of secondary ionization and/or scintillation di-928

rectly in the liquid phase in close proximity of the anode, through electric fields with a local929

intensity of the order of hundreds of kV/cm. If successful, this would provide an extremely930

promising detector technology for application in the PIP-II beam dump complex.931
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5.4.1 Low-threshold LArTPCs932

Dual-phase LArTPCs using underground argon (low in 39Ar [99]) have been successfully933

used by the DarkSide-50 dark matter direct detection experiment to search for dark mat-934

ter with nuclear couplings ranging from 10 TeV/c2 down to 1.2 GeV/c2—40 MeV/c2 ac-935

counting for the Migdal effect [100, 101]. DarkSide-50 also constrained electron-scattering936

dark matter with 16 MeV/c2 to 1000 MeV/c2 masses and dark photons and axion-like par-937

ticles between 30 eV/c2 and 20 keV/c2 [102]. This sensitivity was achieved using both938

scintillation (S1) and ionization (S2) signals for energy depositions above ∼3keV electron939

recoil (∼12 keV nuclear recoil), and the S2-only channel for lower energies. The S2-only940

channel achieved sub-keV thresholds due to the amplification of ionization electrons in the941

gas pocket, allowing them to be detected with near-perfect efficiency. DarkSide-50 cali-942

brated its ionization response to electron recoils down to ∼180 eV and to nuclear recoils943

down to ∼400 eV [103]. Single-electron signals are estimated to correspond to ∼20 eV944

electronic recoils (set by the energy required to produce an electron-ion pair) and ∼140 eV945

nuclear recoils, though sensitivity at the lowest energies is limited by spurious electron946

noise [104]. The DarkSide-LowMass experiment is now being planned as a tonne-scale947

LArTPC optimized for a low-threshold S2-only search, detailed in Ref. [104]. Depend-948

ing on its spurious electron background rate, 2 e− to 4 e− thresholds may be achievable,949

corresponding to 20 eV to 60 eV electron equivalent, or 140 eV to 600 eV nuclear recoil.950

A similar detector at a beam dump facility may see sub-keV S2-only signals. Spurious951

electrons typically follow primary ionization events by 5 ms to 50 ms timescales; if they952

can be mitigated with beam timing cuts, lower energies may be within reach. A dual-phase953

LArTPC doped with xenon or photo-sensitive dopants that enhance the ionization yield954

may reach even lower energies. By considering signals with S1 and S2, the dynamic range955

of such a detector can be extended to the MeV scale and beyond. While the S2-only channel956

has absolute timing resolution limited by the maximum drift time of TPC, scintillation light957

at higher energies can enable nanosecond-scale timing resolution, and higher-multiplicity958

signals (e.g. those with coincident γ-rays) can be identified by the number of S2 pulses.959

In DarkSide-50, S2 pulses arising from interactions separated by more than 4.7 mm were960

efficiently identified. In addition to accessing a large dynamic range, extending to sub-keV961

thresholds, a LArTPC benefits from a scalable design. However, larger detectors may be962

overrun by cosmogenic backgrounds and require several meters of overburden.963

5.5 PIP2-BD964

The reference PIP2-BD detector is a 100-tonne scale liquid argon (LAr) scintillation-only965

detector installed near the PIP-II target at a distance of ∼20 m. The active volume of966

the detector consists of a 2.5-m right cylinder inside a 5-m per side cubic volume which967

can also be instrumented as a active veto. The endcaps and side regions of the cylinder968

is covered in 8” PMTs cut out of a reflective teflon layer coated in the wavelength shifter969

tetraphenyl butadiene (TPB) that shifts the 128-nm LAr scintillation light to ∼400 nm970

which is detectable by the PMTs. A custom Geant4-based simulation using GDML input971

46



models the response of the detector. Figure 27 shows the rendering of the detector within972

the simulation. The simulation uses a full optical photon generation and transport model in973

order to reconstruct the signals from neutrino and different dark sector signatures.974

Fig. 27. Geant4 rendering of the PIP2-BD detector. The active volume of the detector consists of a
4.5 m right cylinder inside of a 5 m per side cubic volume.

A detector of this scale has leading sensitivity to various dark sector models when cou-975

pled to an accumulator ring. Current models explored in advance of the recent Snowmass976

process include dark photon decays, dark matter nucleus inelastic scattering, axion-like977

particles (ALPs). Possibilities also exist in the neutrino sector via sterile neutrino searches978

or probing non-standard neutrino interactions through the CEvNS interaction. The pulsed979

structure of even the minimal accumulator ring scenarios described in this white paper will980

greatly reduce the steady-state backgrounds, namely 39Ar, that are present when searching981

for keV-scale new physics such as the vector-portal light dark matter models. This detector982

also presents possibilities to search for new physics where the detectable signal is at the983

MeV-scale. A main next step for the detector response simulation is providing a reliable984

response model for MeV-scale physics985

A combination of light dark matter particles produced by the BdNMC code [35] and the986

Geant4 detector response simulation for background estimates provide a sensitivity study987

to the vector-portal light dark matter model. These studies assume that a 20 keV detector988
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threshold is achievable in this detector which the current detector model simulations show989

with the addition of high purity liquid argon. These threshold have been achieved in other990

LAr scintillation detectors such as in COHERENT [78] so the main question is the ease of991

the scalability of these thresholds. We explored three accelerator scenarios similar to those992

described in 2; one similar to the PAR concept at 800 MeV proton energy, one similar to the993

C-PAR concept at 1.2 GeV proton energy, and one Rapid Cycling Synchrotron scenario at994

2 GeV proton energy. The timing provided by the C-PAR scenario is found to be a powerful995

discriminator of the CEvNS background and provides the best sensitivity to the light dark996

matter models over a 5-year run of the PIP2-BD detector. Fig. 28 shows the results of the997

PIP2-BD sensitivity studies using the detector model described in this section.998
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Fig. 28. Sensitivity studies of PIP2-BD baseline detector concept to vector-portal light dark matter.
The studies show the ability for leading probes on this model with the detector coupled to a PIP-II
accumulator ring facility.

Additionally, the produced dark matter can inelastically scatter within the detector999

where at low momentum transfer the inelastic scattering cross section is dominated by1000

the Gamow-Teller transitions. Including the inelastic component improves the sensitivity1001

at the lower dark matter mass regime. A background-free study showing the dark matter1002

sensitivity similar to the RCS-SR scenario in Fig. 28 for the inelastic channel is shown in1003
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Fig. 4 of Ref. [27] and described further in Sec. 3.3.4.1004

The baseline PIP2-BD detector provides powerful probes of ALPs coupling to both1005

electrons and photons. The photon, electron, and positron flux above 100 keV is extracted1006

from the beam dump simulation producing the proton collisions with the fixed target. Af-1007

ter calculating the probability that a generated ALP decays in our detector, the 3-event,1008

statistics-only, background-free sensitivity to gaγ and gae scanning over the ma parameter1009

space assuming a 75% efficiency above 100 keV with a 5-year run of the PIP2-BD de-1010

tector, shown in Fig. 29. For the photon couplings, the PIP2-BD detector explores the1011

”cosmological triangle” region of the gaγ coupling parameter space.1012
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Fig. 29. Statistics-only, background-free, 90% C.L. sensitivity estimates for the axion-like particle
(ALP) model. In five years of running, PIP2-BD can scan the gaγ “cosmological triangle” region a
large part of an untested parameter region for gae.

Additionally, the PIP2-BD detector coupled to an accumulator ring is a powerful tool1013

for exploring the neutrino sector. The monoenergetic muon neutrino disappearance to-1014

gether with the summed disappearance of νµ , νe, and ν̄µ allows for a definitive sterile1015

neutrino search through the CEvNS interaction. With the addition of a second, identical,1016

PIP2-BD detector at distances of 15 m and 30 m from the beam dump and assuming a 70%1017

efficiency. Calculating the rate-only 90% confidence limits on the νµ → νS mixing parame-1018

ters including a 9% normalization systematic, the PIP2-BD detector setup sets strong limits1019

on the sterile neutrino over a 5 year run with the C-PAR setup described in 2.3, shown in1020

Fig. 30.1021

5.6 DAMSA1022

1023

5.6.1 DAMSA Concept and Physics Motivation1024

DAMSA stands for Dump-produced Aboriginal Matter Search at an Accelerator and means1025

deep thoughts, rumination, or reflection in Korean. Its goal is to search for dark matter in1026
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Fig. 30. PIP2-BD 90% confidence limits on active-to-sterile neutrino mixing compared to existing
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the νµ .

the low mass regime, using the high-intensity 600 MeV proton beam accelerator capability1027

for the rare isotope production, focusing on the Axion-Like Particles (ALP) [105]. Such a1028

facility is advantageous for ALP discoveries due to the greatly reduced neutrino produced1029

from the dump, given the beam energy the smaller number of charged pions are produced,1030

and high-energy ones get absorbed before the decay. Therefore, the PIP-II facility fits well1031

with DAMSA’s physics goals.1032

5.6.2 Beam Dump and the Decay Vacuum Chamber1033

In order to explore the higher mass and/or larger coupling region of ALP parameter space,1034

we put the detector as close as possible to the target. This allows to capture of relatively1035

short-lived ALPs as well and expands the sensitivity reach in the higher mass and/or larger1036

coupling regions.1037

In the current version of the experiment design as shown in Fig. 31, we choose Tung-1038

sten(W) as the dump material and it has a cylindrical shape with 1 m diameter and 1 m1039

deep. 1-meter deep tungsten contributes to creating lots of neutrons inside the dump but at1040

the same time, 1 m is about 10 λint. in terms of the nuclear interaction length of tungsten1041

and so the dump absorbs the neutrons as well. Also, we have a 20 cm thick polyurethane1042

neutron moderator surrounding it. The absorption or moderation capability as a function1043

of its thickness has been studied with a Geant4 simulation and we have observed that the1044

neutron moderation behavior follows a power law distribution and we have chosen 20 cm1045

as an optimized thickness.1046

Remarkably, to handle the beam-induced neutrons, we placed a cylindrical vacuum1047
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chamber between the beam dump and the detector. and behind the moderator, we placed a1048

vacuum decay chamber made of 0.6 cm thick, 10 m diameter, and 10 m long stainless steel1049

plate.1050

𝜃det = 0.5 rad

proton
W target

Decay chamber 
(vacuum vessel)

1 m 10 m

Polyurethane
moderator

0.2 m

ECAL

Fig. 31. DAMSA Experimental Configuration

5.6.3 Neutron Background Mitigation Strategy1051

This section discusses the neutron background mitigation strategy for the DAMSA exper-1052

iment, which covered three energy levels for protons on target (POT): 600 MeV, 800 MeV,1053

and 1 GeV. The motivation is to analyze the sources of background. An initial simulation1054

was conducted using GEANT4 with QGSP BIC AllHP physics list to determine the particles1055

present, following the tungsten dump and polyurethane neutron moderator, and their counts1056

relative to the POT (106 POT).1057

With the primary interest determined to be neutrons, due to spallation and excess pho-1058

tons, a neutron-only distribution was also simulated following the tungsten dump and1059

polyurethane neutron moderator. A higher number of protons on target was used to create1060

a high statistics neutron-only distribution (108 POT). This distribution was then used in a1061

subsequent simulation for the decay volume.1062

This simulation of the decay volume was fed via a magnified version of the high-1063

statistics neutron distribution to provide the equivalent of 1011 POT. Particle data was1064

recorded following the decay volume.1065

Final photon pairs expected from a single beam pulse were analyzed based on their1066

position, momentum, and time of arrival, and the appropriate/potential efficiency cuts that1067

could be made were explored. Three cuts have been considered in the current analysis.1068

A 15 MeV cut on individual photons was taken considering detector sensitivity threshold1069

limitations. The Distance of Closest Approach (DCA) and Difference in Time of Arrival1070

(TOA) were also considered, and efficiencies were graphed and tabled. The final part of1071

the analysis considered the appropriate levels of energy, DCA, and TOA cuts.1072

51



Description (per pulse) 600 MeV 800 MeV 1 GeV
Protons per pulse (np) 6.87×1014 6.87×1014 6.87×1014

Beam-induced neutrons (nn) 1.32×1012 2.35×1012 3.46×1012

Neutron-induced photons (nγ ) 9.21×1010 1.66×1011 2.47×1011

γ after Eγ > 15 MeV cut (nγ,Eγ
) 4.87×106 3.30×107 7.19×107

γ-pairs before DCA/∆TOA (nγγ ) 2.37×1013 1.09×1015 5.17×1015

γ-pairs after DCA < 1 cm (nγγ,DCA) 7.35×1010 3.25×1012 1.49×1013

γ-pairs after ∆TOA < 0.1 nsec (nγγ,DCA,∆TOA) 6.48×108 3.05×1010 1.38×1011

Photon pair selection criteria 600 MeV 800 MeV 1 GeV
DCA < 1 cm (εDCA) 3.10×10−3 2.98×10−3 2.88×10−3

∆TOA < 0.1 nsec (ε∆TOA) 8.82×10−3 9.38×10−3 9.29×10−3

Invariant Mass 4 MeV < Mγγ < 6 MeV 1.63×10−2 1.62×10−2 1.75×10−2

Invariant Mass 9 MeV < Mγγ < 11 MeV 1.88×10−4 2.07×10−4 2.61×10−4

Table 6. A summary of the numbers related to the neutron-induced background mitigation and
individual performance of the cuts.

For future work, it will be important to consider detector capabilities to provide tighter1073

constraints on efficiency cuts. As well as conduct a sensitivity study to determine the level1074

of sensitivity to Axion-like particles.1075

5.6.4 Detector Requirements1076

1077

In the previous section, we discussed strategies to mitigate photons generated by beam-1078

related neutrons, and the result of it is summarized in Table 6. Based on this result, we can1079

establish a design goal for the detector. Assuming the energy threshold Ethr. = 15 MeV,1080

in order to discriminate neutron-induced photons without losing signals, we require the1081

following detector performance characteristics:1082

• The detector must have a good angular resolution in order to determine the vertex1083

of two photons and the angular resolution depends on the position resolution of the1084

detector, so we require a fine granularity electromagnetic calorimeter with position1085

resolution, σx < 1 cm,1086

• The diphoton invariant mass depends on the energy resolution of the detector and in1087

this study we assumed σE < 1 MeV, and1088

• In order to examine the temporal correlation between two photons, we need good1089

timing resolution, and our requirement in this study is 0.1 nsec.1090

When applying all independent cuts, for example with a 10 MeV ALP, we can expect1091

background rejection factors for each proton energy configuration 600 MeV, 800 MeV, and1092

52



1000 MeV as 5.14× 10−9, 5.69× 10−9, and 6.98× 10−9, respectively. Based on further1093

studies in [105], we could expect an additional O(2) background rejection factor which1094

comes from the fiducial volume cut of the decay chamber and back-trace study of two1095

photons momenta that selects photons emitted from the beam dump. Therefore, in the end,1096

we expect 10−11 level of background rejection from the current strategy.1097

5.6.5 Expected Sensitivity1098

Taking into account the configuration of the experiment and the neutron-induced back-1099

ground estimate described in the previous sections, Fig. 32 shows the sensitivity reach1100

of the DAMSA experiment. The sensitivity reach is compared between PIP-II 800 MeV1101

(blue), PIP-II 1 GeV (green), and RAON, the nuclear rare isotope facility at 600 MeV (red).1102

The solid lines represent the reach with one-year data taking while the dotted lines represent1103

10 years running. Thanks to the 1 m proximity of the detector to the beam source including1104

the decay volume, DAMSA can reach higher mass or higher coupling ALPs, which have1105

not been accessible by other beam dump experiments within one year of data taking.1106

Fig. 32. Expected DAMSA Sensitivity at RAON (600 MeV) and PIP-II energies (800 MeV and
1 GeV)

5.7 Coherent CAPTAIN-Mills1107

The Coherent CAPTAIN-Mills (CCM) is a newly operating experiment to search for dark1108

sector physics at the MeV mass scale. Highly motivated new vector portal dark sector1109

models predict the existence of sub-GeV dark matter that can be tested at accelerator-based1110
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beam-dump experiments like CCM. They are sensitive to production of such dark mat-1111

ter allowing for probing early universe relic density limits. As well, CCM can probe for1112

Axion Like Particles (ALP’s) parameter space un-tested by previous experiments and cos-1113

mological constraints, and dark sector coupling to meson decay motivated by the enduring1114

MiniBooNE anomaly. Many of the CCM limits were shown in the corresponding limits for1115

PIP2-BD, and CCM is therefore a theoretical and experimental proving ground for these1116

long term physics goals. CCM operates at the LANSCE Lujan Center which is a 100-kW1117

neutron and stopped pion source that delivers an 800-MeV proton beam onto a tungsten1118

target at 20 Hz with a short pulse width of 290 ns. The CCM detector is placed 23 m1119

from the target behind extensive shielding (5 m steel and 3 m concrete) and is a state of1120

the art 10-ton liquid argon scintillation light detector. It is instrumented with 200 fast 8”1121

Hamamatsu 5912-mod PMT’s that can reconstruct scattering events from as low as 20 keV1122

thresholds up to hundreds of MeV. The fast pulsing of the beam and nano-second time re-1123

sponse of the detector is crucial for isolating relativistic dark sector events in time with the1124

beam separating them from the prolific, but slower neutron backgrounds. A preliminary six1125

week engineering run in 2019 has produced first physics results demonstrating the experi-1126

ment works and significant dark sector searches are achievable with a stopped pion source1127

and fast LAr detector [7, 8, 106]. With the lessons learned from the engineering run [7]1128

an improved CCM200 detector was built and began running in 2021. The physics run will1129

continue till 2025 to reach the predicted sensitivities. Over the next year planned upgrades1130

of the Lujan-PSR to a 120 nsec short pulse mode and detector Cerenkov light reconstruction1131

will reduce backgrounds and enhance signal sensitivity beyond current predictions.1132

6. Conclusions1133
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