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Overview 

• What do we know about the possibility of new physics beyond the Standard 
Model of Particle Physics?

• How can the Fermilab Accelerator Complex answer be used to answer these 
questions?

• How can we leverage the accelerator upgrades for dark sector searches 
moving forward with a new high-power particle beam?
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What do we know about the possibility of new physics beyond 
the Standard Model of Particle Physics?
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The Standard Model of Particle Physics
• The Standard Model is the 

theory that describes all 
fundamental matter and 
particle interactions

• It has proven remarkably 
successful since it was 
established, but there are still 
open questions surrounding 
this picture
- Neutrino mass?
- Particle/antiparticles behave in 

the same way?
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Is the SM Complete?
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Dark Sector Physics at High-Intensity Experiments 3

Objectives and structure of this report. This report summarizes the scientific importance of and
motivations for searches for dark-sector particles below the EW scale, the current status and recent progress
made in these endeavors, the landscape and major milestones motivating future exploration, and the most
promising and exciting opportunities to reach these milestones over the next decade. We summarize the
di↵erent experimental approaches and we discuss proposed experiments and their accelerator facilities. In
addition, as part of the Snowmass process, we defined three primary research areas, each with associated
ambitious—but achievable—goals for the next decade. This categorization is motivated, in part, by how we
search for DM in di↵erent scenarios. When DM is light, portals to the dark sector allow its production and
detection at accelerators (e.g., in mediator decay if the DM is lighter than half of the mediator mass, or
coupled through an o↵-shell mediator). In fact, accelerators can probe DM interaction strengths motivated
by thermal freeze-out explanations for the cosmological abundance of DM. If DM is heavier, the mediator
decays into visible SM particles. In addition to thermal DM models, visible mediators also arise in theories
that address various open problems in particle physics (e.g., the strong-CP problem, neutrino masses, and
the hierarchy problem). A third scenario is where the dark sector is richer, which can lead to decays of
the mediator to both DM and SM particles, or to other final states not considered in the standard minimal
benchmark models. Each of these research areas is discussed in detail in this report.

Theoretical Framework

The leading possible interactions between ordinary and dark-sector particles, classified below, are known
as portals. The strength of portal interactions can be naturally suppressed by symmetry reasons, and can
arise only at higher orders in perturbation theory. Figure 1 shows a schematic representation of the dark-
sector paradigm. This simple scenario where dark-sector particles only couple indirectly to ordinary matter
naturally leads to feeble interactions, and opens the door to the possibility that BSM physics may exist
below the EW scale. In fact, the mass of dark-sector particles might be naturally light if protected by some
symmetry (this is the case, e.g., for ALPs). In addition, the inherently feeble interactions of dark-sector
matter with ordinary matter provides a natural thermal-production origin for DM for the case where DM
is light, extending the well-known WIMP miracle to lower mass scales. Due to the Lee-Weinberg bound,
light mediators are generically needed if DM is at or below the GeV scale. Therefore, testing the dark-sector
hypothesis requires innovative high-intensity experiments, not necessarily high energies.

The landscape of potentially viable dark sectors is broad with many regions largely untested experimentally
and unexplored theoretically. Even so, the physics of dark sectors can be systematically studied using the
few allowed portal interactions as a guide. The gauge and Lorentz symmetries of the SM greatly restrict how
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Figure 1. Cartoon schematic of the dark-sector paradigm. The same complexity observed in ordinary
matter, as described by the Standard Model, may also be present in the dark sector. Interactions between
the Standard Model and the dark sector can arise via the so-called portal interactions.

Community Planning Exercise: Snowmass 2021

No, we have evidence that it is incomplete!
A prominent example of physics beyond the 
Standard Model!

Dark matter
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Dark Matter Observations
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Mass/Energy Content of the Universe

2

CMB measurements by Planck and WMAP
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An Entire Dark Sector?

• A dark sector is motivated by the existence of dark matter
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the hierarchy problem). A third scenario is where the dark sector is richer, which can lead to decays of
the mediator to both DM and SM particles, or to other final states not considered in the standard minimal
benchmark models. Each of these research areas is discussed in detail in this report.

Theoretical Framework

The leading possible interactions between ordinary and dark-sector particles, classified below, are known
as portals. The strength of portal interactions can be naturally suppressed by symmetry reasons, and can
arise only at higher orders in perturbation theory. Figure 1 shows a schematic representation of the dark-
sector paradigm. This simple scenario where dark-sector particles only couple indirectly to ordinary matter
naturally leads to feeble interactions, and opens the door to the possibility that BSM physics may exist
below the EW scale. In fact, the mass of dark-sector particles might be naturally light if protected by some
symmetry (this is the case, e.g., for ALPs). In addition, the inherently feeble interactions of dark-sector
matter with ordinary matter provides a natural thermal-production origin for DM for the case where DM
is light, extending the well-known WIMP miracle to lower mass scales. Due to the Lee-Weinberg bound,
light mediators are generically needed if DM is at or below the GeV scale. Therefore, testing the dark-sector
hypothesis requires innovative high-intensity experiments, not necessarily high energies.

The landscape of potentially viable dark sectors is broad with many regions largely untested experimentally
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Figure 1. Cartoon schematic of the dark-sector paradigm. The same complexity observed in ordinary
matter, as described by the Standard Model, may also be present in the dark sector. Interactions between
the Standard Model and the dark sector can arise via the so-called portal interactions.

Community Planning Exercise: Snowmass 2021
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Current Landscape of Dark Matter and Dark Sector Searches
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• Allowed range of dark sector space is very large
• For sub-GeV dark matter, the new physics is theorized to be neutral under SM 

forces 
• A finite set of operators serve as a portal to a possible dark sector

• The existence of dark matter motivates a dark sector  

• Intense particle beams represent an excellent opportunity to search for these  

• New physics posited to be neutral (“dark”) under SM forces (EM, weak, strong)  

• Connects to SM through finite list of “portal” operators, enabling systematic 
exploration  
 
 
 

Dark Sector Searches

6

Vector portal

Higgs portal

Neutrino portal
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[6]. In recent years, it has become widely appreciated that SM neutral DM in the
MeV-GeV range can realize many compelling and predictive cosmological production
mechanisms by interacting with the SM through light new force carriers (“media-
tors”). In parallel, there has also been a fertile e↵ort to design new searches for
such particles at existing and proposed high-intensity accelerator facilities [2]. In this
document, we survey the landscape of such e↵orts with an emphasis on dark matter
production and its subsequent detection in a controlled laboratory environment.

MeV ⇠ me GeV ⇠ mp

“WIMPs”

mZ,h

LDM
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⇠ 10s TeV

Figure 2: Although the a priori DM mass can span scores of orders of magnitude, only the MeV-
100 TeV range is compatible with thermal freeze-out. The ⇠ MeV-GeV range is poorly constrained
by existing WIMP techniques and calls for a novel search program [11].

[79] and heavier DM would be in conflict with gravitational lensing observations [48, 83]. Thus, a
priori, the DM mass scale is wildly unconstrained and compatible with any value across scores of
orders of magnitude.

Fortunately, many of the most compelling scenarios in this broad landscape highlight important
mass ranges of interest, which enable DM search programs to be organized around well defined
targets of opportunity. For example, if DM and SM particles are ever in thermal equilibrium in the
early universe, the DM abundance can be achieved through the predictive freeze-out mechanism
in which DM annihilation to SM particles sets the relic density when the photon temperature falls
below the DM mass. In this scenario, the DM mass must fall between ⇠ MeV-100 TeV (see Fig. 2)
which includes both the familiar WIMP paradigm near the weak scale, and extends down to much
lighter “dark sector” DM, which can rigorously be tested with a program of fixed-target accelerator
searches. Alternatively, if DM is produced non-thermally, it may harbor secrets about high energy
physics including the GUT scale associated the unification of known gauge forces or the Planck
scale associated with quantum gravity; as we will see in Sec 2, such DM particles lend themselves
to a novel program of direct detection searches involving state-of-the-art quantum sensor arrays.

In this proposal the PI will launch two novel search programs: 1) new fixed target accelerator
searches for sub-GeV DM plus associated hidden forces; and 2) new direct detection concepts based
on quantum sensory arrays to detect GUT or Planck scale DM particles in the laboratory. This
e↵ort consists of three principal pillars:

• Pillar I: Light (< GeV) DM at Fixed-Target Accelerators
The MeV-GeV DM mass range represents half the parameter space over which DM can have
a predictive thermal origin, yet traditional detection strategies are insensitive to candidates
below the ⇠ GeV scale. The PI has recently proposed multiple new fixed-target missing-
momentum experiments and proton beam-dump searches that o↵er unprecedented sensitivity
to thermal freeze-out milestones in this mass range. This pillar aims to develop this program
by leveraging every available relativistic particle beam:

– Electron Beam (LDMX): The PI and postdocs will advance the LDMX physics pro-
gram with comprehensive kinematic studies of DM signals and SM backgrounds that
could arise in an electron beam fixed-target setup. They will also compute DM produc-
tion milestones for various under-explored, yet fully testable DM scenarios – e.g. models
with predominantly hadron- or muon-philic interactions.

– Muon Beam (M3): Perform a design study for the newly proposed M3 experiment
at Fermilab, which is based on a muon-beam missing momentum technique. This exper-

2

FIG. 4: Viable mass range for DM that equillibrates with visible matter in the early
universe. Masses below ⇠ MeV conflict with BBN [7] and masses above few 10s of
TeV violate perturbative unitarity for interaction strengths that avoid cosmological
overproduction [8]. This mass range applies to any scenario in which DM is
thermalized with SM particles prior to BBN, independently of how its late-time
abundance is ultimately set.

Unless the DM-SM interaction is ultra feeble [9], the particles in the dark sector will
generically be in chemical equilibrium with visible matter in the early universe. As a
corollary, every DM candidate testable at accelerators is necessarily in equilibrium at
early times, under standard cosmological assumptions. Independently of how its ex-
cess thermal entropy is depleted to achieve the observed DM density, any equillibrated
DM candidate must have mass in the ⇠ MeV-100 TeV range; sub-MeV thermalized
particles conflict with cosmological observables [7] and particles above the ⇠ 100 TeV
scale with su�cient interaction strength violate unitariy [8]. The upper (10 GeV-100
TeV) half of this viable range is currently being probed by nuclear-recoil direct de-
tection, indirect detection, and high energy collider searches. By contrast, the lower
(MeV-10 GeV) range of the thermal window is comparatively under-explored with
few dedicated experiments for light DM.

Unlike heaver WIMP-like DM, which can undergo freeze out through the SM
weak force, sub-GeV DM must couple to light new mediators to yield the observed
abundance; either through canonical thermal freeze out or via alternative mecha-
nisms [10, 11]; for such light states interactions through weak scale (or heavier)
particles violate the Lee-Weinberg bound and overclose the universe. If freeze out is
a one-step process that directly annihilates the DM into SM particles (as opposed
to annihilation to new unstable particles), the DM-SM coupling is in one-to-one
correspondence with the DM abundance and sets a sharp experimental target for
accelerator searches.

Existing experimental limits require sub-GeV DM particles to be neutral under
SM gauge interactions; any such states would have been discovered at previous col-

Axion portal

 (“dark force, dark photon”)

(“dark Higgs, dark scalar”)

(“dark lepton, 
heavy neutral lepton”)

(“axion-like particle”)
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hypothesis requires innovative high-intensity experiments, not necessarily high energies.

The landscape of potentially viable dark sectors is broad with many regions largely untested experimentally
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Figure 1. Cartoon schematic of the dark-sector paradigm. The same complexity observed in ordinary
matter, as described by the Standard Model, may also be present in the dark sector. Interactions between
the Standard Model and the dark sector can arise via the so-called portal interactions.

Community Planning Exercise: Snowmass 2021
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How can the Fermilab Accelerator Complex be used to answer 
some of these questions?
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The Current Fermilab Accelerator Complex

• The current Fermilab accelerator complex hosts energetic beams of particles 
that can be used to answer some of these questions

10

Accelerator Complex

5/3/2023 Jeff Eldred | ACE: Fermilab Upgrade at NuFACT3

Short Baseline Neutrino:
ICARUS, ANNIE, SBND

Long Baseline Neutrino:
NOvA

Muon Campus:
g-2 (completes this year), 
Mu2e (commissioning)

SwitchYard120:
test beam (FTBF),
SpinQuest

Irradiation Test 
Area (ITA) in Linac
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Particle Production with Energetic Proton Beams

11

Accelerator-based neutrino beams
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The Deep Underground Neutrino Experiment (DUNE)

• DUNE can provide input on the neutrino mass, the matter/antimatter 
asymmetry, and is a laboratory for Beyond the Standard Model (BSM) physics

• DUNE consists of a high intensity neutrino beam and near detector complex at 
Fermilab, including a liquid argon detector

• Large, deep underground liquid argon far detectors at SURF in Lead, SD

12
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The Proton Improvement Plan II (PIP-II) Project
• The physics goals of DUNE 

require an upgrade of the 
accelerator complex

• The PIP-II project will make 
the Fermilab Accelerator 
Complex among the highest 
power ~GeV proton beams in 
the world 
- Completion date around the end 

of this decade 
- DUNE only requires a small 

fraction of the available protons
- These upgrades open the door to 

other exciting physics searches, 
as you will see in the rest of this 
talk! 

13

11/8/201910/1/2020

PIP-II will support a world-leading neutrino program @ FNAL

• Expected completion in FY27
- Ready for baselining (CD2/3a) this year

• Will be among the highest-power ~GeV 
proton beams in the world  

• Key high-level metrics for SC LINAC: 
- Capable of 2 mA @ 800 MeV (1.6 MW)  

- DUNE only uses 1.1% of this beam to achieve 
its physics goals 

• How can we best leverage this advanced 
beam facility to search for new physics?

2 M. Toups | Proton Fixed-Target Searches for New Physics at Fermilab 
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PIP-II Timeline

14

PIP-II Schedule

13

✅

We are here!

The view from my office!
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The Fermilab Accelerator Complex Evolution (ACE)

• Upgrades to the Main Injector and LBNF 
Target station in the early 2030s (ACE-
MIRT) to improve the cycle time providing 
a path to multi-MW class beams for DUNE 

• Establish project to replace the Fermilab 
Booster in late 2030’s (ACE-BR) 
• Provide reliable platform for the future of 

the FNAL Accelerator Complex replacing 
the current synchrotron

• Next generation possibilities include a 
higher energy linac and an accumulator 
ring

15

Example Booster Replacement options and possible add-ons 

5/10/202312

2 GeV 
CW

2 GeV 
pulsed

2 GeV pulsed

C2a: SRF Linac + 8 GeV Accumulator ring

Main Elements:
1-2 GeV Linac
Optional ~1-2 GeV Accumulator Ring
8 GeV Linac
8 GeV Accumulator Ring

Opportunities for Beam Dump 
Experiments: 1-2, 8, 120 GeV

Brenna Flaugher | FNAL Accelerator ComplexHighlighting a lot of the possibilities of ACE!
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Physics Possible with ACE

16

• In light of PIU-CDG findings and Snowmass
• Step back and re-evaluate ACE Science 

program and design
• Collate community input and understand 

physics thrust complementarity 

• ACE Science Workshop (June 14-15)
• https://indico.fnal.gov/event/59663/
• First in a series of workshops to co-design 

physics case and technical design
• Physics cases largely developed 

orthogonally, need to understand synergies

Recent-est History

6

Muon Collider CLFV

Neutrinos Dark Sectors

Overlaps

Additional physics?

Physics Thrusts

There are opportunities in several 
physics sectors for Fermilab via ACE to 
provide world-leading capabilities
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Future Muon Collider R&D

• T here are discussions about the next large-scale collider project after the 
Large Hadron Collider at CERN 

• One possibility being considered is a muon collider
• The synchrotron replacements envisioned under ACE are similar to those 

needed for a muon collider and could represent an R&D opportunity at 
Fermilab towards this goal

17

Muon Collider Proton Driver:
8 GeV program

21

ACE-BR scenarios 
considered do not exactly 
map to Muon Collider 
requirements but not far off

Similar to ACE scenario
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Charged Lepton Flavor Violation (CLFV)

• Possibility that the lepton flavor number in interactions is not conserved 
• Represents another clear signature of Beyond the Standard Model physics!
• Improving on current limits requires high-intensity muon beams

- The proton beams at Fermilab can also produce muon beams!

18

6/10/23 Yuri Oksuzian Mu2e-II : next generation muon conversion experiment 

Mu2e

2

Mu2e will search for a neutrino-less  conversion on Al
Improve the current limit on the conversion rate ( ) by four orders of magnitude:

 

Mu2e will produce and stop  muons on aluminum foils
‣ Searching for ~105 MeV electrons originating from the stopping target  

‣ In SM,  is practically forbidden ( )

Signal observation at Mu2e is unambiguous sign of New Physics

μ−N → e−N
Rμe

Rμ→e =
Γ (μ− + N(Z, A) → e− + N(Z, A))

Γ (μ− + N(Z, A) → νμ + N(Z − 1,A))
< 6 × 10−17 (90% CL)

7 × 1018

μ−N → e−N Rμe ∼ 10−54

Charged Lepton Flavor Violation (CLFV)
§ Neutrino oscillations = Neutral Lepton Flavor Violation
§ The minimal extension of the Standard Model, including masses of neutrinos, allows for CLFV at loop level, mediated by W 

bosons.

§ Rates heavily suppressed by GIM suppression and are far below any conceivable experiment could measure:

using best-fit values for neutrino data (!!"	for the neutrino mass and ##" for the element of the PMNS matrix).
If observed in any experiment this would be an unambiguous sign of physics beyond the Standard Model (BSM).

3The Advanced Muon Facility at Fermilab – Sophie Middleton – sophie@fnal.gov

! " → $% ∼ 	((*+!"#)

No outgoing neutrinos!

2. Theory Overview

This review will focus on the experimental methods, history, and prospects

for charged lepton flavor violation experiments. For context and completeness

we devote this Section to theoretical considerations. The interested reader

should consult the reviews mentioned in Section 1 for details. This Section

is heavily indebted to the reviews by Marciano et al. [2008] and de Gouvêa

and Vogel [2013].

The discovery of neutrino mass and neutrino oscillations guarantees that

Standard Model charged lepton flavor violation must occur through oscilla-

tions in loops. Such transitions are suppressed by sums over (�mij/MW )4.

Now that ✓13 has been measured by An et al. [2012] and Ahn et al. [2012] we

can calculate, for the µ ! e� decay:

B(µ ! e�) =
3↵

32⇡

�����
X

i=2,3

U⇤
µiUei

�m2
i1

M2
W

�����

2

⇠ 10�54 , (1)

and as calculated in Marciano et al. [2008] other muon processes we will

discuss are suppressed to similar unmeasurable levels.

Therefore any detection of charged lepton flavor violation is an unambigu-

ous signal of physics beyond the Standard Model. It is often speculated that

the rates for charged lepton flavor violation are “just around the corner” from

existing experimental limits. The reason is that the physics of electroweak

symmetry breaking is expected to have mass scales O(1) TeV/c2. If one

assumes large couplings , as is typical in SUSY models, then the next gener-

ation of experiments should see a signal. There is no dearth of models and

it would be convenient to have some generic parameterization. de Gouvêa,

in de Gouvêa and Saoulidou [2010] or Appel et al. [2008] and most recently
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in de Gouvêa and Saoulidou [2010] or Appel et al. [2008] and most recently

5

The Standard Model predicts:
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Muon Physics and Mu2e-II

• Opportunity at Fermilab to 
improve on existing CLFV 
limits through experiments 
such as Mu2e and Mu2e-II 
using PIP-II and ACE

19

E.g. Physics from 0.8-2 GeV

20

Advanced Muon Facility 

See more, e.g. at  
“Workshop on a future muon program at Fermilab”


https://indico.fnal.gov/event/57834/


Dark Sector Beam Dumps 

See more, e.g. at  
“Physics Opportunities at Beam Dump Facility in 

PIP-II and Beyond”

https://indico.fnal.gov/event/59430/

Fermilab	ACE	Science	Mee1ng:		Brief	Remarks	Session				6/15/23D.	M.	Kaplan,	IIT 25

PIP-II Muonium Potential

M → M

MACS

???

LAMPF

Experiments  
performed at FNAL

TRIUMF

[after R. H. Bernstein]

Similar to ACE scenario



02/22/2024

How can we leverage the accelerator upgrades for dark sector 
searches moving forward with a new high-power particle beam?

20



02/22/2024

Why accelerator-based dark sector searches?

• GeV-scale dark matter candidates (“WIMPs”) well covered by direct 
detection dark matter experiments

• Experiments based at high intensity particle beams well equipped to 
search for sub-GeV scale dark sector

21
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[6]. In recent years, it has become widely appreciated that SM neutral DM in the
MeV-GeV range can realize many compelling and predictive cosmological production
mechanisms by interacting with the SM through light new force carriers (“media-
tors”). In parallel, there has also been a fertile e↵ort to design new searches for
such particles at existing and proposed high-intensity accelerator facilities [2]. In this
document, we survey the landscape of such e↵orts with an emphasis on dark matter
production and its subsequent detection in a controlled laboratory environment.

MeV ⇠ me GeV ⇠ mp

“WIMPs”

mZ,h

LDM
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Figure 2: Although the a priori DM mass can span scores of orders of magnitude, only the MeV-
100 TeV range is compatible with thermal freeze-out. The ⇠ MeV-GeV range is poorly constrained
by existing WIMP techniques and calls for a novel search program [11].

[79] and heavier DM would be in conflict with gravitational lensing observations [48, 83]. Thus, a
priori, the DM mass scale is wildly unconstrained and compatible with any value across scores of
orders of magnitude.

Fortunately, many of the most compelling scenarios in this broad landscape highlight important
mass ranges of interest, which enable DM search programs to be organized around well defined
targets of opportunity. For example, if DM and SM particles are ever in thermal equilibrium in the
early universe, the DM abundance can be achieved through the predictive freeze-out mechanism
in which DM annihilation to SM particles sets the relic density when the photon temperature falls
below the DM mass. In this scenario, the DM mass must fall between ⇠ MeV-100 TeV (see Fig. 2)
which includes both the familiar WIMP paradigm near the weak scale, and extends down to much
lighter “dark sector” DM, which can rigorously be tested with a program of fixed-target accelerator
searches. Alternatively, if DM is produced non-thermally, it may harbor secrets about high energy
physics including the GUT scale associated the unification of known gauge forces or the Planck
scale associated with quantum gravity; as we will see in Sec 2, such DM particles lend themselves
to a novel program of direct detection searches involving state-of-the-art quantum sensor arrays.

In this proposal the PI will launch two novel search programs: 1) new fixed target accelerator
searches for sub-GeV DM plus associated hidden forces; and 2) new direct detection concepts based
on quantum sensory arrays to detect GUT or Planck scale DM particles in the laboratory. This
e↵ort consists of three principal pillars:

• Pillar I: Light (< GeV) DM at Fixed-Target Accelerators
The MeV-GeV DM mass range represents half the parameter space over which DM can have
a predictive thermal origin, yet traditional detection strategies are insensitive to candidates
below the ⇠ GeV scale. The PI has recently proposed multiple new fixed-target missing-
momentum experiments and proton beam-dump searches that o↵er unprecedented sensitivity
to thermal freeze-out milestones in this mass range. This pillar aims to develop this program
by leveraging every available relativistic particle beam:

– Electron Beam (LDMX): The PI and postdocs will advance the LDMX physics pro-
gram with comprehensive kinematic studies of DM signals and SM backgrounds that
could arise in an electron beam fixed-target setup. They will also compute DM produc-
tion milestones for various under-explored, yet fully testable DM scenarios – e.g. models
with predominantly hadron- or muon-philic interactions.

– Muon Beam (M3): Perform a design study for the newly proposed M3 experiment
at Fermilab, which is based on a muon-beam missing momentum technique. This exper-

2

FIG. 4: Viable mass range for DM that equillibrates with visible matter in the early
universe. Masses below ⇠ MeV conflict with BBN [7] and masses above few 10s of
TeV violate perturbative unitarity for interaction strengths that avoid cosmological
overproduction [8]. This mass range applies to any scenario in which DM is
thermalized with SM particles prior to BBN, independently of how its late-time
abundance is ultimately set.

Unless the DM-SM interaction is ultra feeble [9], the particles in the dark sector will
generically be in chemical equilibrium with visible matter in the early universe. As a
corollary, every DM candidate testable at accelerators is necessarily in equilibrium at
early times, under standard cosmological assumptions. Independently of how its ex-
cess thermal entropy is depleted to achieve the observed DM density, any equillibrated
DM candidate must have mass in the ⇠ MeV-100 TeV range; sub-MeV thermalized
particles conflict with cosmological observables [7] and particles above the ⇠ 100 TeV
scale with su�cient interaction strength violate unitariy [8]. The upper (10 GeV-100
TeV) half of this viable range is currently being probed by nuclear-recoil direct de-
tection, indirect detection, and high energy collider searches. By contrast, the lower
(MeV-10 GeV) range of the thermal window is comparatively under-explored with
few dedicated experiments for light DM.

Unlike heaver WIMP-like DM, which can undergo freeze out through the SM
weak force, sub-GeV DM must couple to light new mediators to yield the observed
abundance; either through canonical thermal freeze out or via alternative mecha-
nisms [10, 11]; for such light states interactions through weak scale (or heavier)
particles violate the Lee-Weinberg bound and overclose the universe. If freeze out is
a one-step process that directly annihilates the DM into SM particles (as opposed
to annihilation to new unstable particles), the DM-SM coupling is in one-to-one
correspondence with the DM abundance and sets a sharp experimental target for
accelerator searches.

Existing experimental limits require sub-GeV DM particles to be neutral under
SM gauge interactions; any such states would have been discovered at previous col-

The energetic beams at 
Fermilab represent 
opportunities here!

Well covered by direct detection 
dark matter experiments
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BSM signatures at accelerator facilities

• Accelerator-based facilities with intense particle beams represent an 
excellent opportunity to search for dark sectors and other BSM physics

• BSM-physics signatures possible in some models through similar channels 
as neutrino production from accelerator-based neutrino beams 

22

BSM

BSM

BSM

“beam dump”

SM<—>Dark sector
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Searching for Dark Sectors at Beam Dump Experiments

• Breadth of ideas within a program 
important!
• In case of discovery, allows for 

studying dark sector mass and 
interaction strength

• Will focus here on ideas for methods 
2 and 3 across visible energy 
detection thresholds!

23

Search techniques for dark sectors at accelerators

S.Gori 43

The experimental 
techniques are only 3

2. Re-scattering

1. Missing energy/ 
momentum/mass

1. fixed target, 

2.
colliders

Production of dark matter

S.Gori 4

Production of unstable dark sector 
particles

2. Re-scattering

1. Missing energy/ 
momentum/mass

3

The experimental 
techniques are only 3

1. fixed target, 

2.
colliders 3. Visible                        

decay products

1. fixed target, 

2.
colliders

Production of dark matter

Search techniques for dark sectors at accelerators

Adapted from S. Gori

A.
B.
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Integrating a dark sector search program at Fermilab

• There are many potential sitings for a 
dark sector search plan representing 
different accelerator configuration 
possibilities
• Can use both continuous and bunched 

beams 
• Take advantage of all of these scenarios 

for complementary approaches to re-
scattering and decay dark sector 
searches
• Pair detectors with the accelerator 

upgrades to create a dark sector 
search experimental program at 
Fermilab  

24

Example Booster Replacement options and possible add-ons 

5/10/202312

2 GeV 
CW

2 GeV 
pulsed

2 GeV pulsed

C2a: SRF Linac + 8 GeV Accumulator ring

Main Elements:
1-2 GeV Linac
Optional ~1-2 GeV Accumulator Ring
8 GeV Linac
8 GeV Accumulator Ring

Opportunities for Beam Dump 
Experiments: 1-2, 8, 120 GeV

Brenna Flaugher | FNAL Accelerator Complex
This diagram highlights a 
lot of the possibilities!
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Beam Dump with PIP-II+ACE

25

Beam Dump

1. Take continuous beam and steer into the beam dump!
Two main options being explored!
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Dark sector re-scattering signature at PIP-II: millicharged particles

• Millicharged particles arise from extensions of the Standard Model that 
include a massless dark photon

• Millicharged particles are produced in high energy collisions at particle 
accelerators

26

Detector
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Re-scattering experiments using PIP-II continuous beam

27

• Significant progress on developing new detector technologies for direct 
detection dark matter searches 

• Opportunity to leverage these technologies for dark sector searches at high-
intensity beams such as millicharged particles

Scintillating Bubble Chamber (SBC) Silicon skipper-CCD detectors

Cryogenic micro-calorimeters

8/25/2023 J. Zettlemoyer I Physics Opportunities at a PIP-II Beam Dump Facility

Examples of very low threshold detector technologies

11

8/25/2023 J. Zettlemoyer I Physics Opportunities at a PIP-II Beam Dump Facility

Examples of very low threshold detector technologies

11

8/25/2023 J. Zettlemoyer I Physics Opportunities at a PIP-II Beam Dump Facility

Examples of very low threshold detector technologies

11
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Experimental siting at PIP-II Beam Dump

• What are we interested in when siting a potential dark sector search 
experiment at a PIP-II beam dump?
• Detector close to the beam dump
• Shallow underground lab with sufficient shielding from cosmic backgrounds
• Ability to implement multiple experiments at one time

28

Example of: 
kg-scale skipper-CCD experiment
~10 m away from target
Using full PIP-II CW current
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Expected limits for skipper-CCD detectors at PIP-II CW

29

SENSEI@MINOS results: L. Barak et al., arXiv:2305.04964
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Visible decay dark sector signatures: Axion-like particles

• Some axions are predicted dark sector particles in models that extend the 
Standard Model

• Axion like particles (ALPs) also produced through copious EM interactions 
that arise from beam dump collisions

• ALPs are a viable dark matter candidate related to unanswered questions 
around the strong nuclear force

30

Detector

Beam Dump

Proton beam

Decay region

matter, dark mediators, and BSM neutrino physics [4]. The
vast ALP parameter space, which spans many orders of
magnitude in mass and couplings to photons, electrons, and
nucleons, is being probed by a broad experimental effort.
These include ongoing and proposed experiments such
as haloscopes (ADMX [5,6], ABRACADABRA [7,8],
HAYSTAC [9,10], CASPEr [11]), helioscopes (CAST
[12,13], IAXO [14,15]), interferometry [16–19], light-
shining-through-wall experiments [20], ongoing and future
accelerator-based experiments (NA62 [21], NA64 [22,23],
FASER [24], LDMX [25,26], SeaQuest [27], SHiP [28],
PASSAT [29]), reactor experiments (e.g., MINER,
CONUS, TEXONO etc. [30–32]), dark matter experiments
(DAMA [33], XMASS [34], EDELWEISS [35,36],
SuperCDMS [37], XENON [38,39], PandaX [40]), reso-
nant absorption by nuclei [41–50], astrophysical observa-
tions [51–61], etc.
In the 1970s and 1980s, the QCD axion was extensively

searched for in beam dump, fixed target, and reactor
experiments (see, for example, Refs. [32,62–69]). This
effort has been revived with the modern Intensity Frontier
experimental program to explore more generic ALP
signals. Over the past three decades advances in accel-
erators have enabled modern experiments to gain an order
of magnitude or more in instantaneous beam luminosity,
while advances in instrumentation have led to significant
improvements in detection efficiency, in energy, spatial,
and timing resolution, lower-detection thresholds, and
particle identification (see e.g., Refs. [70–73] for a
review). In particular, the high-intensity photon flux
and associated electromagnetic cascades in reactor and
accelerator neutrino experiments offer new opportunities
to explore ALP production via its electromagnetic and
leptonic couplings [30,31,74].
For ALPs that couple predominantly to photons, the

Primakoff and inverse-Primakoff processes can be
exploited for ALP production and detection, respectively.
These processes, illustrated in Figs. 1(a) and 1(b), are
coherently enhanced by a factor of Z2, where Z is the
atomic number of the target nucleus. The ALP flux can
produce electromagnetic signals in the detector via inverse
Primakoff scattering or decay to a photon pair within the
detector’s fiducial volume [Fig. 1(d)].
For ALPs with significant couplings to electrons, other

processes can also contribute to its production, including
Compton-like scattering [Fig. 1(c)], eþe− annihilation
[Figs. 1(e) and 1(g)], and ALP-bremsstrahlung [Fig. 1(i)].
Such ALPs can be detected via inverse-Compton scattering
[Fig. 1(f)] and eþe− conversion [Fig. 1(j)], or, if sufficiently
short-lived, via decay to eþe− within the detector [Fig. 1(h)].
Detailed descriptions of the amplitudes relevant for these
processes are given in Appendix A.
Previous studies have shown that ongoing reactor-based

neutrino experiments such as CONUS, CONNIE, MINER,
etc. [30,31], and upcoming accelerator-based neutrino

experiments such as DUNE [74] will be able to probe
parameter space for ALPs in the MeV mass range coupling
to electrons, photons, and nucleons. This mass range has
remained inaccessible to terrestrial and astrophysical obser-
vations to date. In this paper, we investigate the sensitivity
of the Coherent CAPTAIN-Mills (CCM) experiment to
ALPs coupled electromagnetically or electronically and
push the sensitivity envelope in the MeV mass region of
ALP parameter space. The LANSCE accelerator and
proton storage ring provides an 800 MeV, 100 μA, short
290 ns pulse of protons (triangular shape) impinging on a
thick tungsten target and producing significant hadronic
activity and a high-intensity flux of photons and electro-
magnetic cascades in the Oð0.1–1000Þ MeV energy range.
ALPs produced through photons and e$ interacting with
the tungsten target material could be detected at the 5-ton
(fiducial cylinder approximately 1 m height by 2 m
diameter) liquid argon detector located 23 meters away
from the target and 90° from the beam direction, as shown

FIG. 1. Processes contributing to ALP production (left column)
and detection (right column) considered in this analysis.

A. A. AGUILAR-AREVALO et al. PHYS. REV. D 107, 095036 (2023)

095036-2
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The DAMSA Experiment Concept

• Dump-produced Aboriginal Matter Searches at an Accelerator (DAMSA)
• Search for axion like particles decaying to two photons, along with 

possibilities for dark photon decay to e+/e- searches
• Place vacuum volume very close to the beam dump with broad angular 

coverage

31

Vacuum decay volume 
~m scale

Electromagnetic 
calorimeter

W. Y. Jang et al., Phys. Rev D 107, L031901 (2023)

Beam 
dump
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DAMSA Sensitivity to axion-like particles

32

Opportunity here to search 
for short-lived ALPs that 
produce decay products 
before the detector 

Adapted from W. Y. Jang et al., Phys. Rev D 107, L031901 (2023)
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How can we extend this program even further using the 
opportunities afforded under ACE?

33
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Accumulator Ring with PIP-II+ACE

34

2. Bunch the available beam via an accumulator ring!
Two main options being explored!

Accumulator 
ring (AR)

Beam Dump
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Accumulator Ring Concept

35

24
Proposed PIP-II Accumulator Ring (PAR)

Shiltsev | Accelerator Frontier 24

Features:
- Fixed E=0.8-1.0 GeV proton storage ring
- C=480m in the form of a folded figure 8
- Power 100 kW for Dark Sector program, 100Hz
- There is also compact version C=120 m

PIP-II linac current
~ ms long pulse

every 10 ms beam out of PAR
~10ns pulses

07/22/2022

Fermilab
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Beam to dark sector experiment

~10 ms

~20-500 ns

Allows precise knowledge of beam timing!
Important for reducing backgrounds that are not related to the beam itself!
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PIP-II + ACE Accumulator Ring Scenarios

36

3.1 Spallation Neutron Sources 15

Figure 10: Duty factor vs. beam power for a number of proton accelerator facilities around the world,
including the spallation neutron sources discussed in the text [72–74]. The over-simplistic iso-lines of
signal-to-background shown are in consideration of power as a proxy for signal and beam duty factor as a
proxy for steady-state background (e.g. cosmics) rejection factor.

present, very few neutrino experiments making measurements at these sources: CCM [70], COHER-
ENT [71], and JSNS2 [68] are the only experiments presently taking data. In fact, for many years
before COHERENT started taking data at ORNL in 2015 there were no neutrino detectors taking
advantage of these existing, powerful, and pure sources. Fortunately, this lack of neutrino experi-
ments at spallation neutron sources paradigm is slowly changing as the importance of these facilities
to neutrino physics becomes more clear to the wider scientific community and funding agencies. In-
deed, there are a wide variety of proposals, featuring both physics measurements and technological
development, that can take advantage of these existing and highly upgradeable sources in the future.
The current landscape of accelerator-based sources (including spallation neutron sources), near-past,
present, and future, in terms of primary beam energy, accelerator duty factor, and beam power is
shown in Figure 10.

Notably, these spallation neutron sources (and, usually, the associated neutrino detectors) can be
utilized for sensitive dark matter searches as well (see, e.g., Refs. [75, 76]). While outside of the
scope of this Neutrino Frontier focused document, it bears mentioning that, for certain classes/masses
of dark matter, high-power, GeV-scale proton-on-dump configurations, coupled with a downstream,
nominally-neutrino (or, more dedicated, dark matter) detector, may represent an optimal setup
for achieving sensitivity. Put simply, there is a non-negligible possibility that the spallation neu-
tron/neutrino sources discussed here double as dark matter sources.

NF09 Topical Group Report Snowmass 2021
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Experimental Ideas: The PIP2-BD Concept
• 100 tonne liquid argon (LAr) scintillation detector 

instrumented with 1200 photomultiplier tubes 
(PMTs)

• These detectors provide excellent dark sector 
search capabilities with the improved timing 
capabilities afforded by the PIP-II beam bunched 
by an accumulator ring which allows powerful 
background rejection capabilities

37

Rendering of PIP2-BD detector concept
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PIP2-BD can measure both re-scattering and decay signatures

38

Re-sc
attering

Decay

This is enabled by the broad range of 
energies detectable by the liquid argon 
technology used by PIP2-BD!

matter, dark mediators, and BSM neutrino physics [4]. The
vast ALP parameter space, which spans many orders of
magnitude in mass and couplings to photons, electrons, and
nucleons, is being probed by a broad experimental effort.
These include ongoing and proposed experiments such
as haloscopes (ADMX [5,6], ABRACADABRA [7,8],
HAYSTAC [9,10], CASPEr [11]), helioscopes (CAST
[12,13], IAXO [14,15]), interferometry [16–19], light-
shining-through-wall experiments [20], ongoing and future
accelerator-based experiments (NA62 [21], NA64 [22,23],
FASER [24], LDMX [25,26], SeaQuest [27], SHiP [28],
PASSAT [29]), reactor experiments (e.g., MINER,
CONUS, TEXONO etc. [30–32]), dark matter experiments
(DAMA [33], XMASS [34], EDELWEISS [35,36],
SuperCDMS [37], XENON [38,39], PandaX [40]), reso-
nant absorption by nuclei [41–50], astrophysical observa-
tions [51–61], etc.
In the 1970s and 1980s, the QCD axion was extensively

searched for in beam dump, fixed target, and reactor
experiments (see, for example, Refs. [32,62–69]). This
effort has been revived with the modern Intensity Frontier
experimental program to explore more generic ALP
signals. Over the past three decades advances in accel-
erators have enabled modern experiments to gain an order
of magnitude or more in instantaneous beam luminosity,
while advances in instrumentation have led to significant
improvements in detection efficiency, in energy, spatial,
and timing resolution, lower-detection thresholds, and
particle identification (see e.g., Refs. [70–73] for a
review). In particular, the high-intensity photon flux
and associated electromagnetic cascades in reactor and
accelerator neutrino experiments offer new opportunities
to explore ALP production via its electromagnetic and
leptonic couplings [30,31,74].
For ALPs that couple predominantly to photons, the

Primakoff and inverse-Primakoff processes can be
exploited for ALP production and detection, respectively.
These processes, illustrated in Figs. 1(a) and 1(b), are
coherently enhanced by a factor of Z2, where Z is the
atomic number of the target nucleus. The ALP flux can
produce electromagnetic signals in the detector via inverse
Primakoff scattering or decay to a photon pair within the
detector’s fiducial volume [Fig. 1(d)].
For ALPs with significant couplings to electrons, other

processes can also contribute to its production, including
Compton-like scattering [Fig. 1(c)], eþe− annihilation
[Figs. 1(e) and 1(g)], and ALP-bremsstrahlung [Fig. 1(i)].
Such ALPs can be detected via inverse-Compton scattering
[Fig. 1(f)] and eþe− conversion [Fig. 1(j)], or, if sufficiently
short-lived, via decay to eþe− within the detector [Fig. 1(h)].
Detailed descriptions of the amplitudes relevant for these
processes are given in Appendix A.
Previous studies have shown that ongoing reactor-based

neutrino experiments such as CONUS, CONNIE, MINER,
etc. [30,31], and upcoming accelerator-based neutrino

experiments such as DUNE [74] will be able to probe
parameter space for ALPs in the MeV mass range coupling
to electrons, photons, and nucleons. This mass range has
remained inaccessible to terrestrial and astrophysical obser-
vations to date. In this paper, we investigate the sensitivity
of the Coherent CAPTAIN-Mills (CCM) experiment to
ALPs coupled electromagnetically or electronically and
push the sensitivity envelope in the MeV mass region of
ALP parameter space. The LANSCE accelerator and
proton storage ring provides an 800 MeV, 100 μA, short
290 ns pulse of protons (triangular shape) impinging on a
thick tungsten target and producing significant hadronic
activity and a high-intensity flux of photons and electro-
magnetic cascades in the Oð0.1–1000Þ MeV energy range.
ALPs produced through photons and e$ interacting with
the tungsten target material could be detected at the 5-ton
(fiducial cylinder approximately 1 m height by 2 m
diameter) liquid argon detector located 23 meters away
from the target and 90° from the beam direction, as shown

FIG. 1. Processes contributing to ALP production (left column)
and detection (right column) considered in this analysis.

A. A. AGUILAR-AREVALO et al. PHYS. REV. D 107, 095036 (2023)

095036-2
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PIP2-BD represents the next generation of a successful 
technology

• The capability for measuring re-scattering signatures with liquid argon was 
pioneered by the 24 kg COH-Ar-10 detector operating at the high-intensity 
proton beam at the Spallation Neutron Source at Oak Ridge National Laboratory

• Currently building a tonne-scale detector COH-Ar-750 to probe into the re-
scattering parameter space

39

Phys. Rev. Lett 130, 051803 (2023)

2

of the long-baseline neutrino oscillation program [8–11].
The process also probes the weak nuclear charge [12–17]
and the weak mixing angle at novel momentum trans-
fer [6, 18]. Additionally, CEvNS-sensitive detectors could
play future roles as non-intrusive nuclear reactor moni-
tors [19–21].

CEvNS has numerous connections to possible hidden-
sector particles. It is sensitive to Z

0 models which could
explain the theoretical tension with measurements of
the muon anomalous magnetic moment [22]. CEvNS
from solar and atmospheric neutrinos constitute the so-
called “neutrino floor” background in future dark mat-
ter searches [23], and CEvNS cross section measure-
ments quantify this background. CEvNS experiments
at accelerators are also sensitive to sub-GeV accelerator-
produced dark matter particle models [24–28]. The po-
tential relevance of CEvNS to core-collapse supernovae
was quickly recognized [29], and though its role in super-
nova dynamics is uncertain [30, 31], CEvNS is expected
to be the source of neutrino opacity in these events [32].
Supernova neutrinos convey information about super-
nova dynamics, and could be detected via CEvNS [33].

CEvNS measurements require detectors with low
nuclear-recoil-energy threshold in a low-background en-
vironment with an intense neutrino flux. The COHER-
ENT collaboration has deployed a suite of detectors in
a dedicated neutrino laboratory (“Neutrino Alley”) at
the Spallation Neutron Source (SNS) at Oak Ridge Na-
tional Laboratory (ORNL) [7, 34]. We reported the first
observation of CEvNS on heavy nuclei using a 14.6-kg,
low-background, low-threshold CsI[Na] detector located
19.3 m from the SNS target [7].

As part of the COHERENT program, we deployed the
24-kg active-mass liquid-argon (LAr) CENNS-10 scintil-
lator detector (Fig. 1) in Neutrino Alley to detect CEvNS
in a light nucleus. The initial CENNS-10 deployment set
a limit on the CEvNS cross section for argon and quan-
tified backgrounds [35]. A subsequent upgrade provided
a lower energy threshold with an eight-fold improvement
in light collection e�ciency.

Experiment — The 1-GeV, 1.4-MW proton beam of
the SNS accelerator strikes a liquid-Hg target in 360 ns
FWHM pulses at 60Hz to produce neutrons that are
moderated and delivered to experiments. Additionally,
(9.0 ± 0.9) ⇥ 10�2

⇡
+ are produced for each proton-on-

target (POT) leading to a large flux of pion-decay-at-rest
neutrinos. The ⇡

+ produce a prompt 29.8MeV ⌫µ along
with a µ

+ , which subsequently decays yielding a three-
body spectrum of ⌫µ and ⌫e with an endpoint energy
of 52.8MeV. This time structure is convolved with the
proton beam pulse yielding a prompt ⌫µ neutrino flux
followed by a delayed flux of ⌫µ and ⌫e [7, 34].

The CENNS-10 detector, designed and built at Fer-
milab [36], sits 27.5 m from the SNS target in Neutrino
Alley. The active volume of CENNS-10 is defined by
a cylindrical polytetrafluoroethylene (PTFE) shell and
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230mm H2O
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FIG. 1. CENNS-10 liquid argon detector and associated
shielding as configured for the results reported here.

two 8” Hamamatsu R5912-02MOD photomultiplier tubes
(PMTs) resulting in active mass of 24 kg of atmospheric
argon (99.6% 40Ar). The PTFE and PMT glass are
coated with a 0.2 mg/cm2 layer of 1,1,4,4-tetraphenyl-
1,3-butadiene (TPB) to wavelength-shift the 128-nm ar-
gon scintillation light to a distribution peaked at 420 nm
where the PMTs have quantum e�ciency of 18%. This
configuration provides a ⇠ 20 keVnr (nuclear-recoil) en-
ergy threshold.
Argon scintillation light from particle interactions is

produced from both “fast” singlet (⌧s ⇡ 6 ns) and “slow”
triplet (⌧t ⇡ 1600 ns) excited molecular states [37]. Elec-
tron recoils (ER) and argon nuclear recoils (NR) populate
these states in di↵erent proportions, allowing for pulse-
shape discrimination (PSD) to suppress ER backgrounds
from electron-gamma background sources compared to
the CEvNS NR recoil signal. Neutron sources, from the
accelerator or surrounding materials, will also create a
NR signal, so shielding is required to reduce this back-
ground.
During SNS operation, each PMT waveform is digi-

tized at 250 MHz in a 33-µs window around each POT
pulse (“on-beam” data) together with a subsequent 33-µs
window between POT pulses (“o↵-beam” data) to allow
a measure of beam-unrelated backgrounds. Calibration
data were acquired using 57Co and 241Am sources placed
within the water shield, a sample of 83mKr gas injected
via the argon re-circulation system [38], as well as an
external americium-beryllium (AmBe) neutron source.

R. Tayloe, NDM225/16/22

COHERENT with CsI[Na]

CsI[Na] scintillating crystal: 
• 14.6 kg sodium-doped CsI
• high light yield (13.35 pe/keVee)
• Manufactured by Amcrys-H
• Single R877-100 PMT

2017 results (~1.5yrs of data)
• 6.7s discovery of CEvNS
• consistent w/SM within 1s

19

My past life!

Re-scattering search capabilities: Phys. Rev. Lett 130 051803 (2023)
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PIP2-BD represents the next generation of a successful 
technology

• The Coherent Captain Mills (CCM) experiment located at the proton beam at 
the Lujan Center at Los Alamos National Laboratory uses liquid argon 
technology at the 10-tonne scale to probe decay signatures

40

5

FIG. 5. The inside of the CCM120 detector. The 120 inner
PMTs are placed around the cylinder barrel, 96 coated, 24
uncoated, and TPB painted reflective foils are also shown.

FIG. 6. The CCM detector in the ER2 region of the LANSCE
Lujan facility with the concrete/poly shielding around it.

and oxygen; however, this was not operational for the
CCM120 engineering run. The PMTs operate at posi-
tive high voltage, with the photocathodes at ground, so
that a single cable provides both the high voltage and
readout signal for each PMT. Finally, the CCM cryostat
is designed to be movable for distances between 20m to
40m from the neutrino source. This provides space for
steel and concrete shielding upstream of the detector that
will reduce beam neutron background to a su�ciently low
level. The 800MeV proton beam strikes the target from
above so the neutrinos and DM particles reaching the de-
tector travel at 90o with respect to the beam direction.

1. The phototubes

There are 120 Hamamatsu R5912-mod2 PMTs (8-inch
hemispherical PMTs) mounted on a cylindrical barrel
(5 rows ⇥ 24 columns) facing inward toward the 5 ton
fiducial volume as shown in Fig. 5. In addition, the outer
20 cm of the cryostat is optically isolated from the inner
detector and serves as a veto region for detecting particles
that enter or leave the inner volume. There are 28 PMTs
placed in the veto region to reject particles traveling in
or out of the detector. At the bottom endcap, 5 veto

PMTS (R5912-mod2) are placed underneath the inner
vessel facing the cryostat wall every 72o. The other 23
PMTs in the veto region are 1-inch Hamamatsu PMTs.
Of the 23 1-inch veto PMTs, 7 are placed above the inner
vessel and the remaining 16 are placed around the barrel
with a larger concentration on the upstream side of the
CCM detector.
The 120 PMTs facing the fiducial volume provides

25% photocathode coverage. Of the 120 PMTs, 96
of them have surfaces sandblasted to add scintillation
grade Tetraphenyl Butadiene (TPB) wavelength shifter
to their surfaces. The TPB is used to shift the 128 nm
scintillation light into a wavelength (⇠425 nm) better
matched to the quantum e�ciency of the R5912-mod2
PMT. The other 24 PMTs remain uncoated. The combi-
nation of coated and uncoated PMTs are used to disen-
tangle the TPB properties when calibrating the detector
(see Sec. IVB). The 24 uncoated PMT are located in the
2nd and 3rd rows in an alternating pattern (i.e., one in
each of the 24 column). The top, bottom and the re-
gion between the 120 PMTs facing the fiducial volume
are also covered with reflective foils painted with TPB
to improve the light gathering capability of the detector.
The 1-inch veto PMT’s have TPB painted acrylic plates
mounted in front of the photocathode.
Both the 8-inch and 1-inch PMTs use the same cold

and warm cables, thus minimizing the timing di↵erences.
However, the 1-inch PMTs have a 42 ns faster response
time when compared to the 8-inch PMTs, and this is
accounted for in the analysis.
The 8-inch PMTs are prepared for the SBND experi-

ment and are optimized for linearity up to about 50PEs.
The single PE pulse height is around 10mV, or 40 ADC
counts, far above the electronic background (⇠ a few
ADC counts). The 1-inch PMTs in CCM120 are decom-
missioned from the Mini-CAPTAIN detector. All the
PMTs are connected with 8 meters of RG-316 cables in-
side the cryostat, and 22 meters of LM-195 cables on the
outside to be consistent with the SBND requirements.

2. Electronics and Data Acquisition

Eleven CAEN VX1730 boards are used to digitize
the signals coming from the CCM PMTs and from sur-
rounding detectors and monitoring devices. The CAEN
VX1730 has 14-bit flash ADCs operating at 500 MHz.
The DAQ window is set to 16µs and data from 172 chan-
nels are saved for each trigger. With a trigger rate of
22.2Hz (beam on) and 2.2Hz (beam o↵ ) about 5.2TB of
raw data are taken each day. The raw data files, shortly
after being created, are passed to a processing script that
locates pulses for each PMT and reduces the file sizes by
about a factor of 10. These processed files are saved to
disk, and each file contains 1000 triggers.
The triggers composing the data stream are beam

(20Hz), random (1.1Hz), and LED (1.1Hz). The LED
trigger is always 500ms after the random trigger. Both
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FIG. 6. The CCM detector in the ER2 region of the LANSCE
Lujan facility with the concrete/poly shielding around it.
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First decay signature results:
Phys. Rev. D 107, 095036 (2023) 
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Dark sector decay searches at PIP2-BD
• PIP2-BD provides sensitivity to the other interesting region relating 

to the QCD axion that is not covered by terrestrial or astrophysical 
sources

41

103 104 105 106 107 108 109 1010

ma in eV

10°9

10°8

10°7

10°6

10°5

10°4

10°3

10°2

10°1

g a
∞

in
G

eV
°

1
NOMAD

SN1987aHB Stars

e+e° ! inv. + ∞

QCD
Axio

n (K
SV

Z)

Beam
D
um

p

LEP

800 MeV Beam (1.18 · 1023 POT)

2 GeV Beam (4.95 · 1023 POT)

AL
P 

co
up

lin
g 

to
 p

ho
to

ns
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Opportunity in this space to 
search for longer-lived ALPs 
that decay inside the detector
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PIP2-BD Dark sector re-scattering search
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M. Toups et al., arXiv:2203.08079• Can probe light dark 
matter scenarios both 
coupling to leptons or 
not

• Same production 
mechanism, but 
opportunity to provide 
world-leading searches 
with energetic beams 
such as those at 
Fermilab
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What’s next: The 2023 P5 report and the 
ASTAE program

• The 2023 P5 report recommended the formation of a portfolio for small 
experiments called ASTAE

• Directly suggests exploring possibilities using the excess protons at PIP-II 
under this program and specifically for dark sector searches
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The Fermilab Facility for Dark Matter Discovery (F2D2)
• PIP-II beam dump facility to host dark sector ASTAE experiments
• White paper from a workshop held at Fermilab in May 2023 on the physics 

program and possible experiments hosted at F2D2  
- DAMSA: Very short baseline beam dump experiment 
- OSCURA: Skipper CCD, low threshold 
- PIP2-BD: 100t LAr Scintillator 
- And other opportunities 

• Based on this work, Fermilab is forming a task force to develop a more 
detailed picture of what would be required to realize these opportunities
- See K. Burkett’s Jan. 2024 Fermilab PAC talk
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arXiv:2311.09915

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.107.L031901
https://arxiv.org/abs/2304.08625
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F2D2

Adapted from E. Lisi, NuINT 2018
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Dark Sector Physics at High-Intensity Experiments 3

Objectives and structure of this report. This report summarizes the scientific importance of and
motivations for searches for dark-sector particles below the EW scale, the current status and recent progress
made in these endeavors, the landscape and major milestones motivating future exploration, and the most
promising and exciting opportunities to reach these milestones over the next decade. We summarize the
di↵erent experimental approaches and we discuss proposed experiments and their accelerator facilities. In
addition, as part of the Snowmass process, we defined three primary research areas, each with associated
ambitious—but achievable—goals for the next decade. This categorization is motivated, in part, by how we
search for DM in di↵erent scenarios. When DM is light, portals to the dark sector allow its production and
detection at accelerators (e.g., in mediator decay if the DM is lighter than half of the mediator mass, or
coupled through an o↵-shell mediator). In fact, accelerators can probe DM interaction strengths motivated
by thermal freeze-out explanations for the cosmological abundance of DM. If DM is heavier, the mediator
decays into visible SM particles. In addition to thermal DM models, visible mediators also arise in theories
that address various open problems in particle physics (e.g., the strong-CP problem, neutrino masses, and
the hierarchy problem). A third scenario is where the dark sector is richer, which can lead to decays of
the mediator to both DM and SM particles, or to other final states not considered in the standard minimal
benchmark models. Each of these research areas is discussed in detail in this report.

Theoretical Framework

The leading possible interactions between ordinary and dark-sector particles, classified below, are known
as portals. The strength of portal interactions can be naturally suppressed by symmetry reasons, and can
arise only at higher orders in perturbation theory. Figure 1 shows a schematic representation of the dark-
sector paradigm. This simple scenario where dark-sector particles only couple indirectly to ordinary matter
naturally leads to feeble interactions, and opens the door to the possibility that BSM physics may exist
below the EW scale. In fact, the mass of dark-sector particles might be naturally light if protected by some
symmetry (this is the case, e.g., for ALPs). In addition, the inherently feeble interactions of dark-sector
matter with ordinary matter provides a natural thermal-production origin for DM for the case where DM
is light, extending the well-known WIMP miracle to lower mass scales. Due to the Lee-Weinberg bound,
light mediators are generically needed if DM is at or below the GeV scale. Therefore, testing the dark-sector
hypothesis requires innovative high-intensity experiments, not necessarily high energies.

The landscape of potentially viable dark sectors is broad with many regions largely untested experimentally
and unexplored theoretically. Even so, the physics of dark sectors can be systematically studied using the
few allowed portal interactions as a guide. The gauge and Lorentz symmetries of the SM greatly restrict how
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Figure 1. Cartoon schematic of the dark-sector paradigm. The same complexity observed in ordinary
matter, as described by the Standard Model, may also be present in the dark sector. Interactions between
the Standard Model and the dark sector can arise via the so-called portal interactions.

Community Planning Exercise: Snowmass 2021
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Exciting opportunities to uncover new physics using 
the accelerator facilities at Fermilab in the next decade-
plus with the opportunities provided by PIP-II and ACE!

Thank you!

The future is light and dark!


