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Physics Opportunities at a Beam Dump Facility at PIP-II and 
Beyond
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PIP-II and the Fermilab Accelerator Complex Evolution (ACE)
• PIP-II Linac upgrade to the Fermilab 

accelerator complex enables among the 
highest power ~GeV proton beams in the 
world 
- Capable of 1.6 MW at 800 MeV proton energy 

continuous wave
- Small percentage of protons (1.1%) needed to 

support DUNE 
• ACE has two components
- Upgrades to Main Injector and target station 

allowing DUNE to achieve results on an 
accelerated schedule

- A Booster replacement, which will
• Provide a robust and reliable platform for the 

future of the Fermilab accelerator complex
• Enable the capability of the complex to serve 

precision experiments and searches for new 
physics with beams from 1-120 GeV

• Create the capacity to adapt to new discoveries
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Opportunity for GeV PIP-II Beam Dump Facility
• Accelerator-based dark sector searches were 

identified as an HEP priority during the most 
recent Snowmass process
• Proton beam dump-based dark sector 

searches highlighted as part of Fermilab’s 
future program

• Beam dump target facility and 
experimental hall can be optimized for 
HEP-based physics searches
- Low-Z target such as carbon, improve pion/

proton ratio 
- Optimize for neutron background suppression
- Multiple detectors at flexible locations
• Possibilities for different configurations 

from 0.8-2.0 GeV proton energy
• PIP-II Linac or an proton accumulator 

ring coupled to PIP-II 
• Physics opportunities studied at a recent 

PIP-II Beam Dump Workshop and the 
ACE Science Workshop held at Fermilab 
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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

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!

https://indico.fnal.gov/event/59430/
https://indico.fnal.gov/event/59663/
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Proposed Small- and Mid-scale Experiments at a PIP-II Beam Dump 
Facility
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a few new technologies
silicon CCDs : 3.7 eV threshold electron recoil

 4

100 gram scale now 
(SENSEI/DAMIC) 

1 kg  
DAMIC-M

10 kg 
28 GPix camera

counts single electrons

a few new technologies
silicon CCDs : 3.7 eV threshold electron recoil

 4

100 gram scale now 
(SENSEI/DAMIC) 

1 kg  
DAMIC-M

10 kg 
28 GPix camera

counts single electrons

eV-scale threshold
e.g. SENSEI@MINOS and Oscura: 
kg-scale skipper-CCD detectors
Millicharged particle searches 
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FIG. 4. Rendering of the baseline liquid argon detector considered for the PIP2-BD experiment. The inner 4.5 m diameter,
4.5 m height cylindrical volume is enclosed within a 6x6x6 m3 LAr cryostat. The fiducial mass of this detector is 100 tonnes.

teflon layer is set to have a 99% reflectivity for visible wavelengths and to completely absorb any LAr scintillation
light. The PMTs are not sensitive to 128 nm light but have an ⇠ 18% quantum e�ciency at ⇠ 400 nm wavelengths.
The 1 kHz PMT dark rate expected at LAr temperatures is also included in a post-processing stage and added to
simulated events. The LAr Rayleigh scattering length is wavelength-dependent and taken from Ref. [22] with the
values scaled such that the scattering length at 128 nm agrees with the measurement of 99.9 cm from Ref. [23]. The
refractive index of the LAr is also taken from Ref. [22] and is also wavelength-dependent. The absorption length for
all wavelengths is set to 20 m, representing the need for very high LAr purity as impurities decrease the absorption
length from this nominal value. Fig. 5 shows the light yield for electrons simulated at the center of the detector as a
function of absorption length to illustrate this e↵ect.

VI. SIGNAL AND BACKGROUND GENERATION

A. CEvNS

We simulate CEvNS events throughout the detector for ⌫µ, ⌫e, and ⌫̄µ produced in ⇡+
! µ+ + ⌫µ and subsequent

µ+
! e+ + ⌫e + ⌫̄µ decay. The ⌫µ are simulated with an energy of 29.8 MeV, while the energy spectra for the ⌫e and

⌫̄µ are sampled from the Michel spectra [24, 25]

f(E⌫e) =
96

m4
µ

E2
⌫e

(mµ � 2E⌫e)dE⌫e

f(E⌫̄µ) =
16

m4
µ

E2
⌫̄µ

(3mµ � 4E⌫̄µ)dE⌫̄µ

(1)

with 0  E⌫ 
mµ

2 = 52.8 MeV. Neutrino generation times are drawn according to the beam time structure and
the 26 ns and 2.2 µs lifetimes of the ⇡+ and µ+, and the neutrino generation positions within the source are drawn
according to a Gaussian distribution with a 30 cm width in each dimension.

keV-scale threshold
e.g. PIP2-BD: Large-scale 
LAr scintillation detector
Light dark sector searches

MeV-scale threshold
e.g. DAMSA: EM 
Calorimeter
Axion-like particle 
(ALP) searches

https://arxiv.org/pdf/2305.04964.pdf
https://arxiv.org/pdf/2203.08079.pdf
http://www.apple.com
https://journals.aps.org/prd/pdf/10.1103/PhysRevD.107.L031901
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Summary

• The PIP-II project at Fermilab and the further improvement under the ACE 
plan will produce among the most powerful GeV proton beams in the world

• There is a possibility to create an HEP-focused facility for dark sector 
searches by coupling PIP-II to a beam dump with or without an accumulator 
ring

• This facility could host a suite of small- to mid-scale with different detector 
thresholds to target a broad range of dark sector models

• The physics opportunities were explored at a recent PIP-II beam dump 
workshop and the ACE Science Workshop at Fermilab
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Thank you! 
 

Questions?

6


