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• 2014 P5 recommended building multi-MW 
LBNF beam power capacity for DUNE
• Current Booster cannot support this → 

“Booster Replacement” 

• Virtual workshop held May 19, 2020 to 
solicit input from the community about 
potential physics opportunities that could 
inform accelerator design

• Proceedings submitted as a Snowmass 
white paper: arXiv:2203.03925

Brief Introduction
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https://arxiv.org/abs/2203.03925
https://arxiv.org/abs/2203.03925


• Many ideas on the table spanning a range 
of physics topics
• Opportunity to define future program 

alongside DUNE 

• Beyond neutrino physics, two central 
physics themes emerged
• Dark sector searches
• Opportunities with muons

• Including muon collider R&D  

• This talk will overview these as well as 
other exciting physics ideas contributed 
during this process

White paper overview

3



• 2029 - 2037: “PIP-II era”
• >2037: “Booster Replacement era”

Timeline
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• DUNE phase II calls for 2.4 MW to LBNF → main physics driver 
• For impacts on DUNE physics program, see Chris Marshall’s talk

• Future beam configurations may give new/expanded DUNE physics opportunities
• Examples: “target-less” running, ντ appearance tests of the 3 neutrino flavor picture with 

high energy beam tune

DUNE & the Booster Replacement
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de Gouvêa et al, [1904.07265]

(light contours: substitute one year of running with a hypothetical high-energy beam tune)

https://arxiv.org/abs/1904.07265
https://arxiv.org/abs/1904.07265


• 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
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Vector portal

Higgs portal

Neutrino portal



• Minimal models can explain the thermal relic abundance of dark matter and predict 
sub-GeV dark matter that can be produced and detected at accelerator-based 
neutrino facilities (see MiniBooNE results, PRL 118, 221803 (2017), PRD98, 112004 (2018)) 

• Representative model: vector portal dark matter with   
 
 
 
 
 

• Minimum SM coupling  required for thermal freeze out 

• Complementary benchmarks exist that preferentially couple to e.g. hadrons, muons

Dark Sectors - Light Dark Matter
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• PIP-II can provide up to 1.6 MW of 800 MeV protons 
concurrently with 1.2 MW of 120 GeV protons to LBNF 

• Continuous-wave beam needs to be bunched into 
short pulses to be suitable for dark sector searches 

• Booster replacement era option
• Rapid Cycling Synchrotron Storage Ring (RCS-SR) 

 
• PIP-II era options (less expensive)

• PIP-II accumulator ring (PAR)
• Compact PIP-II accumulator ring (C-PAR)

Proton Beam Dump @ 1 GeV: PIP2-BD
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• Single-phase, 100 ton scintillation-only liquid argon 
detector located 18 m downstream, on axis
• Same technology as CENNS-10, CCM-200

• World-leading dark sector sensitivity, especially to 
hadrophilic dark matter, ALPs
• Also supports definitive active-sterile neutrino oscillation 

search, neutrino cross sections measurements, etc.

Proton Beam Dump @ 1 GeV: PIP2-BD
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• Up to 80 kW Booster beam available in PIP-II era in excess 
of DUNE needs; BNB target limited to 35 kW

• Concurrent neutrino and beam dump mode BNB running 
possible using existing SBND detector

• x10 signal-to-background improvement over MiniBooNE-DM 
search; also sensitive to hadrophilic dark sector mediators
• Setup also supports KPipe-style sterile neutrino search

• Program can be further extended in Booster replacement 
era with higher-power O(10 GeV) proton beam

Proton Beam Dump @ 8 GeV: SBN-BD
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• High-impact HEP dark sectors and NP/spin physics; 
strong complementarity with Fermilab capabilities and 
timelines for modest resources
• Capitalize on high-intensity 120 GeV proton beam, and 

unique and ready-made detector  

• SpinQuest (now!) 
• Cover open g-2 phase space, prompt S/V → μμ 
• Initial long-lived dark photon (μμ) searches 

• DarkQuest (soon ~ 2024-2025!) 
• Large increase in sensitivity to dark photon phase space 
• Cover open g-2 phase space, displaced S/V → ee,γγ 
• Enable searches for inelastic DM, SIMPs, ALPs, etc.

Proton Beam Dump @ 120 GeV: SpinQuest & DarkQuest
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Exploring visible dark photons

S.Gori

(dark photon mass)
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energy  
frontier

This entire parameter space predicts a dark 
sector in thermal equilibrium with the SM



• Search for minimal dark sector model 
needed to solve muon g-2 anomaly 

• Introduce a new light scalar S that 
couples to muons, not quarks, not DM 
(MeV< mS < 2mμ )  

• FNAL setup: 
• Simple
• Compact (could go into g-2 hall)
• Could run in parallel w/ g-2 exp 

Muon Beam Dump @ 3 GeV: FNALμ
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• Similar concept to electron missing momentum 
(LDMX) – still quite conceptual  

• Based on secondary muon beam with 
individually identified muons – very low current 
at ~15 GeV 
• needs to be at least > 10 GeV 

• Physics drivers
• Contributes leading DM sensitivity at ~100 MeV
• If g-2 persists, best way to find new physics in 

invisible final states

Muon Missing Momentum @ >10 GeV: M3
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Figure 2. Experimental schematic. The incoming muon beam passes through a tagging tracker in the

magnetic field region before entering the tungsten target. Outgoing muons are detected with a recoil tracker,

with the magnet fringe field providing a momentum measurement. Electromagnetic and hadronic calorimeters

veto on photons and hadrons produced in hard interactions in the target which could lead to significant muon

energy loss.

interactions, and V is identified as the gauge boson of this new U(1). Such models are inaccessible
with both traditional WIMP searches [19–25] and to most of the emerging sub-GeV dark matter
search program, which consists of of new direct detection [26–39] and fixed target experiments
with electron [12, 13, 40–43] and proton beams [16, 44–51]; for a review and summary, see [3].

We emphasize that M3 Phase 1 can be completed with minimal modifications to the Fermilab
muon source and with only a few months of data-taking. A null result would decisively exclude any
new-physics explanation of the (g � 2)µ anomaly from invisibly-decaying muon-philic particles below
100 MeV. Phase 2 is comparable to the CERN SPS proposal, and in this paper we focus specifically on
the advantages of pairing such an experiment with the lower-energy Fermilab muon beam, highlighting
the relevance of this search to the thermal DM parameter space. Furthermore, both phases could be
implemented as muon-beam reconfigurations of the proposed LDMX experiment with few additional
modifications.

This paper is organized as follows. In section 2 we review the physics motivation for our benchmark
models; in section 3 we discuss the characteristics of signal production; in section 4 we describe the
basic experimental setup and relevant background processes; in section 5 we describe the necessary
detector and beam properties; in section 6 we describe the projected sensitivities of our Phase 1 and
Phase 2 proposals; finally, in section 7 we o↵er some concluding remarks.

2 Physics Motivation

In this section we present the physics motivation for invisibly decaying muon-specific scalars S or
vectors V . We begin by reviewing the contributions of vector and scalar particles to (g � 2)µ, and
then present a concrete benchmark model with a muon-philic gauge interaction which can be coupled

– 4 –

Dark Sector Physics at High-Intensity Experiments 5
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Figure 2. Dark matter production at accelerators [2]: Thermal milestones for the kinetically mixed
dark photon model, a key light DM benchmark (shown as black solid lines), along with exclusions from
past experiments (gray shaded regions), projected sensitivities of future projects that are operating or have
secured full funding (colored shaded regions), and the experiments partially funded by the Dark Matter New
Initiatives (DMNI) program (solid colored lines). Other proposed experiments that can be realized within a
decade are shown as long-dashed colored lines if they are based in the US and/or have strong US leadership,
or as short-dashed colored lines if they are primarily international e↵orts. Proposed experiments that are
farther into the future are shown as thin dotted lines. As can be seen, the combination of operating and
DMNI experiments can fully explore the thermal DM targets, considered a major milestone of dark-sector
physics. Each line/region is color-coded according to which SM fermion coupling is employed to produce
the DM. In variations of this model, some species may have suppressed couplings, making lines of di↵erent
colors complementary in this extended model space.

Community Planning Exercise: Snowmass 2021



• Sensitive probe of physics beyond the SM
• Mu2e has x10,000 better sensitivity than SINDRUM-II
• Mu2e-II uses 100 kW of 800 MeV protons for x10 the statistics 

of Mu2e and can be staged in the PIP-II era
• ENIGMA targets μ-to-e conversion on gold and uses 1-3 GeV 

protons at beam powers of up to 2 MW

• ENIGMA requires a completely different beam structure 
relative to Mu2e/Mu2e-II

• Fixed-field alternating gradient accelerator (FFA) used as a 
muon storage ring/manipulator

• Proton bunch compressor used to deliver >1012 protons with a 
pulse length <30 ns at a rate of 100-1000 Hz 

• Similar parameters as C-PAR 

• PIP-II beam power can provide >1010 useful μ/s that could be 
delivered by the FFA to decay experiments providing x100 
improvement for μ → eγ and μ → 3e

Charged Lepton Flavor Violation Searches with Muons
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• Muonium (M):  µ+e– bound state, studied at very low 
energy at PSI, TRIUMF, ISIS, J-PARC

• M 1S-2S and hyperfine frequencies:
• M is pure QED atom of point-like leptons
• QCD corrections negligible
• High precision feasible, theoretically & experimentally  

• M-M̄ oscillation search:
• doubly charged-lepton flavor violating! 
• forbidden only by lepton-flavor conservation
• background negligible 

• M gravity:
• unique 2nd-generation antilepton equivalence-principle test

• 400 MeV Linac
• competitive w/ world leader (PSI)?

Slow Muonium Experiments
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new techniques will soon make feasible 
For the first time

previous results 
>20 years old – 
can now do 
substantially better 

! 3 

between the first and second gratings and an interferometric phase shift Φ = 2π gτ2/d ≈ 0.003 if d 
= 100 nm grating pitch is used, with ≈14% M survival and ≈10% transmission to the detector.  
The necessary gratings can be fabricated using state-of-the-art nanolithography, including 
electron beam lithography and pattern transfer into a free-standing film by reactive ion etching. 
Detection is straightforward using the coincident positron-annihilation and electron signals to 
suppress background. 12  Measuring Φ to 10% requires grating fabrication fidelity, and 
interferometer stabilization and alignment, at the few-picometer level; this is within the current 
state of the art.13  At the anticipated rate of 105 M atoms/s, and taking decays and inefficiencies 
into account, the measurement precision is 0.3g per √n

—
, where n is the exposure time in days.7 

 

Figure' 1:' ' Principle! of!Mach! Zehnder! three2grating! atom! interferometer.! ! The! de! Broglie!waves! due! to! each!
incident!atom!all!contribute!to!the!same!interference!pattern!over!a!range!of!incident!beam!angles!and!positions.!!
Each!diffraction!grating! is!a!50%!open!structure!with!a!slit!pitch!of!100!nm.! !The!assumed!grating!separation!
corresponds!to!one!muon!lifetime.!

!
!

!
Figure'2:' 'Concept!sketch!of!muonium!interferometer!setup!(many!details!omitted).! !A!≈micron2thick!layer!of!
SFHe!(possibly!with!a!small!3He!admixture)!stops!the!muon!beam!and!forms!muonium!(M)!which!exits!vertically!
and!is!reflected!into!the!horizontal!off!of!the!thin!SFHe!film!coating!the!cryostat!interior.'
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Experimental	setup	and	constraints

• Similar	experimental	set	ups	for	different	

experiments	

– example:	MACS	at	PSI	

– idea:	form	 	by	scafering	muon	( )	

beam	on	SiO2	powder	target	

• A	couple	of	“lifle	inconveniences”:	

➡ how	to	tell	 	apart	from	 	?	

– 		decay:	 	

– 		decay:	 	

– :	fast	 	(~53	MeV),	slow	 	(13.5	eV)	

➡ oscilla6ons	happen	in	magne6c	field	

– …	which	selects	 	vs.	

Mμ μ+

f f
Mμ → f Mμ → e+e−ν̄μνe

Mμ → f Mμ → e+e−ν̄eνμ

f e− e+

Mμ Mμ

Muonium-Antimuonium 
Conversion Spectrometer (MACS)

The most recent experimental data comes from 1999! Time is ripe for an update!

L. Willmann, et al. PRL 82 (1999) 49

7

e+

e-  

B

“MACS+”

(not to scale)

“Mage”



• High luminosity, high energy (10 TeV) muon 
Collider for BSM

• Requires 5-30 GeV protons with 1012 – 1013 
protons per bunch, bunch length 1-3 ns at a 
rate of 5-50 Hz
• Design of accumulator & buncher rings 

exists
• Demonstrate 6D muon beam cooling (muon 

momentum < 1 GeV/c) at PIP-II
• One of the key technical hurdles to 

overcome
• Share high energy μ/K beam after target 

• nuSTORM (μ momentum 1 < p < 6 GeV/c)
• ENUBET (K) 

Muon Collider R&D
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Y. Alexahin and V. Lebedev



• FTBF maxed out at ~20 experiments and 200+ users per year
• Located at end of aging beamline with increased upkeep, 

downtime
• Increased demand for clean, low energy electron, muon, mixed 

particle beams challenging for existing facility 

• Existing ITA operational until Linac turns off for PIP-II in ~2026  

• Jointly locate new test beam and irradiation facility central to 
accelerator complex, drawing beam from PIP-II, Booster 
replacement, Main Injector

• 4-6 beamlines + clean secondary lines for e, μ, π 

• PIP-II accelerator could reach radiation levels predicted at 
FCC (~1018 1-MeV neq / cm2) in ~days

• Flexible beam intensity and size to also support single event 
effect and electronics studies

• Irradiations with other particles or energies

Fermilab Test Beam Facility (FTBF) and Irradiation Test Area (ITA)
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Additional details: arXiv:2203.09944



• Test of CP invariance via Dalitz plot mirror asymmetry: η→ 
π0π+π-

• Search for asymmetries in the dalitz plot with very high statistics 
• Test of CP invariance via μ polarization studies: η→ π0μ+μ-, 
η→ 𝛾μ+μ-, η→ μ+μ-, 

• Measure the angular asymmetry between spin and momentum 
• Dark photon searches: η→ 𝛾A’, with A’→ μ+μ-, η→ e+e- 

• Need excellent vertexing and particle ID 
• QCD axion and ALP searches: η→ ππa, with a→ 𝛾𝛾 , a→ 
μ+μ-, η→e+e- 

• Dual (or triple!) calorimeters and vertexing 
• Dark scalar searches: η→ π0H, with H→ μ+μ-, H→ e+e- 

• Dual (or triple!) calorimeters and particle ID 
• Lepton Flavor Universality studies: η→ μ+μ-X, η→ e+e-X 

• Need excellent particle ID 

REDTOP: ~1014 η mesons/yr and ~1012 η’ mesons/yr 
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Main Physics Goals

Running Modes
• Baseline option – medium-energy CW proton beam 

• p on Li/Be target: ~1.8 GeV – 30 W (1011 POT/sec) 
• Pion beam option – low-energy pion beam 

• π+ on Li/Be or π- on LH: ~750 MeV – 2.5x109 πOT/sec 
• Ultimate option: Tagged η/η’ mesons (via He3++)

• High intensity proton beam on De target: ~0.9 GeV ; 0.1-1 MW
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• Frozen spin method: 
• Spin aligned with the momentum vector
• Radial E-field precesses EDM/spin vertically
• Monitoring the spin using a polarimeter

• Competitive EDM sensitivity: 
• New-Physics reach at 103 TeV
• Best probe on Higgs CPV, Marciano: proton 

is better than H→𝛾𝛾, and 30x more sensitive 
than electron with same EDM

• Three orders of magnitude improvement in 
𝜃QCD sensitivity

• Direct axion dark matter reach (best exp. 
sensitivity at very low frequencies)

• Experience with muon g-2 experiment; possible 
to have interesting results within the decade

Storage ring proton EDM at 10-29 e-cm 
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• Neutron electric dipole moments (EDMs) and neutron-
antineutron oscillations (n → n) provide some of our 
most sensitive low energy constraints on BSM physics

• Experimental limits for neutron EDMs and n → n are 
typically limited by available densities/fluxes of neutrons

• Conceptual design for an ultra cold neutron source 
allows for continuous proton beam powers in excess of 
1 MW (at an assumed 800 MeV proton beam energy) 
from PIP-II incident on the spallation target

• At 1 MW of proton beam power, inside the converter a 
UCN production rate of 2 × 109 s−1 and density of 5 × 
104 UCN/cm3 can be reached

• Expected delivery to an external experiment would be a 
UCN integrated flux of 5 × 108 UCN/s and a density of 1 
× 104 UCN/cm3 . 

• With these parameters, this source would have the 
highest integrated flux in the world, and ideally suited for 
an optimized n → n experiment, for example

Cold Neutron Source For n ↔ n Oscillations And Fundamental Physics
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• Tension in determination of the magnetic form factor of the proton 
using A1@MAMI or global data

• Also precision and kinematic range of neutron form factor data is 
lacking

• Motivates hydrogen and deuterium targets in a high-intensity 
electron or muon beam to improve on the precision of proton and 
neutron form factors

• To evaluate cross sections with muon and electron neutrinos, 
form factors should be measured at Q2 < 1 GeV2

• Assuming angular coverage of the detector up to 150 degrees, 
energies above 900 MeV are required to probe the Q2 < 1 GeV2 
range

• For a measurement using a very forward-angle detector, similar 
to the PRAD experiment at Jefferson Lab, larger energies (1–3 
GeV) would be desired. 

• Electron beam currents of roughly 1 nA are sufficient for forward-
angle measurements, and up to 1–10 µA for coverage of a wider 
range of kinematics

• For muon measurements, 107–108 μ/s would permit forward-
angle measurements and open up the desired kinematic range

Nucleon Electromagnetic Form Factors From Lepton Scattering
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• Upgraded Fermilab accelerator complex enables a wide array of physics 
opportunities spanning different subfields

• Themes of dark sector and muon-based searches featured prominently in white 
paper contributions 

• Many of these ideas required an accumulator ring to bunch PIP-II protons into 
pulses 

• Most of the ideas covered here are actually planned for the PIP-II era, rather than 
the Booster replacement era

Wrap up and conclusion

22



Thank you for your attention!
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Pion decay-at-rest facilities
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